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a b s t r a c t

Natural gas hydrates (hereinafter referred to as hydrates) are a promising clean energy source. However,
their current development is far from reaching commercial exploitation. Reservoir stimulation tech-
nology provides new approaches to enhance hydrate development effectiveness. Addressing the current
lack of quantitative and objective methods for evaluating the fracability of hydrate reservoirs, this study
clarifies the relationship between geological and engineering fracability and proposes a comprehensive
evaluation model for hydrate reservoir fracability based on grey relational analysis and the criteria
importance through intercriteria correlation method. By integrating results from hydraulic fracturing
experiments on hydrate sediments, the fracability of hydrate reservoirs is assessed. The concept of critical
construction parameter curves for hydrate reservoirs is introduced for the first time. Additionally, two-
dimensional fracability index evaluation charts and three-dimensional fracability construction condition
discrimination charts are established. The results indicate that as the comprehensive fracability index
increases, the feasibility of forming fractures in hydrate reservoirs improves, and the required normalized
fracturing construction parameters gradually decrease. The accuracy rate of the charts in judging
experimental results reached 89.74%, enabling quick evaluations of whether hydrate reservoirs are worth
fracturing, easy to fracture, and capable of being fractured. This has significant engineering implications
for the hydraulic fracturing of hydrate reservoirs.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Natural gas hydrate (hereinafter referred to as hydrate) is a cage-
like crystalline compound that exists in low-temperature and high-
pressure environments (Sloan, 2003). It mainly occurs in sand and
silty clay sedimentary layers. According to preliminary estimates,
the amount of natural gas resources existing in hydrates has
reached 3 � 1015 m3, which is regarded as the most potential clean
energy source to replace conventional oil and natural gas resources
in the 21st century (Sun et al., 2023). Therefore, the development
).
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and utilization of hydrates is of great significance to optimizing the
energy structure and improving the climate environment (Cheng
et al., 2023).

In the past 30 years, research on the development of hydrate
resources has achieved outstanding results, and 11 trial-production
tests have been carried out on the hydrate reservoir worldwide
(Kurihara et al., 2010; Schoderbek et al., 2013; Yamamoto et al.,
2014; Chen et al., 2018; Liu et al., 2023), but there is still a gap
between gas production and the threshold for commercial devel-
opment of hydrates (Chen et al., 2022). Taking the hydrates in the
Shenhu Sea area as an example, indoor core permeability test re-
sults show that the absolute permeability of the hydrate reservoir is
mostly lower than 10 mD (Wei et al., 2021), which greatly inhibits
the transmission of pressure drop and the flow of fluids, hindering
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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hydrate decomposition and gas production (Wang et al., 2018).
Therefore, the key to the mining method of hydrate sediments is to
greatly improve the seepage capacity of the hydrate sediment layer
and expand the scope of hydrate decomposition.

In recent years, some scholars have proposed the idea of using
hydraulic fracturing technology to transform reservoirs to increase
hydrate production capacity. They have also conducted preliminary
studies of the fracturing characteristics of hydrate sediments
through indoor experiments and numerical simulations, confirm-
ing the fracability of hydrate deposits (Too et al., 2018; De Silva
et al., 2019; Liu et al., 2021, 2022a; Sun et al., 2021; Ge et al.,
2023). Ito et al. (2008) conducted hydraulic fracturing experi-
ments on unconsolidated samples of sand-mud interbeds, and
found that at low injection rates, single fractures were mainly
generated, while at high injection rates, branch fractures were
easily formed. Konno et al. (2016) carried out hydraulic fracturing
experiments on sandy deposits with a gas hydrate saturation of 72%
in a triaxial pressure vessel, and found that the initiation pressure
was higher than the minimum principal stress by 2.9e3.9 MPa, and
the permeability of the samples significantly increased after frac-
turing. Too et al. (2018) observed vertical fractures along the axis of
the injection pipe in the injection experiments of sandy hydrate
samples. Zhang et al. (2020) prepared experimental samples that
could simulate hydrate formations in permafrost regions of Alaska.
The results showed that compared to unconsolidated pure sand
samples, the initiation pressure of hydrated sand samples was
higher, and complex fractures were easily formed under high vis-
cosity fracturing fluids. Yang et al. (2020) found that under the
combined influence of fluid pressure and thermal stress, there was
a delayed effect in fracture propagation in hydrate sediments. Sun
et al. (2021) found that regardless of the existence of confining
pressure, mud-rich sandy hydrate sediments could form single-
wing fractures, and there were two fracturing stages of tensile
fracture and erosion. Ma et al. (2022) investigated the pseudo-
triaxial fracturing behavior of mud-rich sandy sediments contain-
ing ice or hydrates, and found that macroscopic fractures could still
be formed evenwith hydrate saturation as lowas 25%e32%. Lu et al.
(2021) found that under high confining pressure, mud-rich sandy
hydrate sediments exhibited stronger plasticity and wider frac-
tures. The above experiments preliminarily demonstrated the
fracability of hydrate sediments. However, existing experimental
research is still in the stage of phenomenological analysis, lacking
quantitative evaluation of the fracability of hydrates under the
comprehensive action of multiple factors.

Existing reservoir fracability assessments mainly focus on shale
reservoirs (Guo et al., 2015; Qu et al., 2017). Chong et al. (2010) first
proposed the use of quantified values of rock brittleness to char-
acterize the fracability of reservoirs, where a higher brittleness
index indicates that the reservoir is more prone to fracturing under
external forces. According to research statistics, there are approx-
imatelymore than twentymethods for calculating brittleness index
(Yagiz, 2006; Rick et al., 2008; Guo et al., 2017), including strength-
based brittleness evaluation methods, hardness or firmness-based
brittleness evaluation methods, and brittleness evaluation
methods based on full stress-strain curve analysis, among others.
Among them, Young's modulus and Poisson's ratio are two
important mechanical parameters for calculating brittleness index,
which are closely related to the brittleness of rocks (Rick et al.,
2008). Brittleness can also be characterized based on mineral
composition, where Maende and Jarvie (2008) defined brittleness
index as the content of brittle mineral quartz in rocks; quartz is a
brittle mineral, and reservoirs with higher quartz content have
higherfracability. The brittleness index method is simple to calcu-
late and operationally feasible, but it only considers the potential
for reservoirs to form fracture networks and cannot reflect the
1141
hydrocarbon content of reservoirs.
Currently, the mainstream method for evaluating reservoir

fracability involves the comprehensive analysis of the relationship
between various influencing factors and production, and the
establishment of a multi-parameter fracability evaluation coeffi-
cient (Jin et al., 2014; Guo et al., 2022). Different scholars choose
different parameters for evaluating fracability, which can be
divided into two main categories: geological influencing parame-
ters and engineering influencing parameters. Jin et al. (2014)
established a fracability evaluation model based on the critical
strain energy release rate of reservoir core fracture extension and
the brittleness index of reservoir core. Wang et al. (2015) consid-
ered the brittleness index, fracture density, and stress sensitivity as
the main factors affecting reservoir fracability, which were firstly
used as basic parameters for fracability evaluation, and calculated
the fracability index of reservoirs accordingly. Sui et al. (2016)
separately considered six influencing factors including clay min-
eral content, brittleness index, and uniaxial compressive strength
on fracability, thereby establishing a fracability evaluation model
with six evaluation parameters. Due to the fact that marine hydrate
reservoirs are composed of loose sediment particles and hydrate
particles with cohesive properties, and they possess characteristics
such as shallow burial depth, weak/unconsolidated, and non-
lithification, the fracturing behavior of hydrate reservoirs exhibits
certain uniqueness. Therefore, it is an urgent issue to establish a
fracability evaluation method suitable for hydrate reservoirs.

Currently, there are few reports on the assessability of hydraulic
fracability of natural gas hydrate reservoirs. Liu et al. (2022b)
conducted hydraulic fracturing experiments on different types of
hydrate sediment, considering the influence of hydrate saturation,
brittleness index, clay content, and differential stress. They estab-
lished an assessment model for the fracability of hydrate reservoirs
based on the analytic hierarchy process (AHP) and entropy method
(EM), proposing criteria for evaluating the applicability of hydraulic
fracturing in hydrate reservoirs based on fractureability index,
fracturing fluid viscosity, and flow rate. Liu et al.'s research has
made significant progress in evaluating the fracability of hydrate
reservoirs, positively contributing to the assessment of hydraulic
fracturing in hydrate reservoirs (Liu et al., 2022b). However, the
study still faces some limitations. Firstly, the use of the AHP in the
study to determine the weights of each parameter involves sub-
jective judgments and blindness as it requires the subjective
determination of the relative importance between factors.
Although the EM was used to correct the weights in AHP, it still
cannot overcome the fundamental flaw of subjective determination
of variable importance, which is a current technical bottleneck in
the evaluation of reservoir fracability. Secondly, the study did not
provide a method for determining the sensitivity of each influ-
encing factor to the changes in fracability; instead, it qualitatively
specified the importance of each influencing factor, lacking quan-
titative research on the influencing factors.

To address the aforementioned issues, this study has defined the
concept of fracability for both geological and engineering aspects of
hydrate reservoirs. Based on the results of hydrate hydraulic frac-
turing experiments, the study quantitatively calculates the weights
of various influencing factors using the grey relational analysis
method. It then combine the criteria importance through intercri-
teria correlation (CRITIC) method to construct a comprehensive
evaluation model for the fracability of hydrate reservoirs, which is
highly applicable and objective. This paper is organized as follows:
(1) we established a comprehensive geological-engineering eval-
uationmodel for the fracability of hydrate reservoirs in the chapter;
(2) we introduced the true triaxial hydraulic fracturing experiment
of hydrate sediments and the experimental results; (3) we applied
the hydrate reservoir fracturability evaluation model in
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combination with the experimental results and compared them
with the results of previous studies; (4) we put forward conclusions
and suggestions in Section 6. This model has engineering signifi-
cance for selecting sweet spots for hydraulic fracturing in hydrate
reservoirs, designing fracturing construction schemes, predicting
and evaluating fracturing effects, among other engineering guid-
ance purposes.

2. The comprehensive geological-engineering evaluation
model for the fracability of hydrate reservoirs

2.1. Comprehensive fracability index

Generally speaking, from the perspective of geological factors,
regions with abundant oil and gas resources and favorable physical
properties are considered as the material basis for efficient reser-
voir development, emphasizing the innate conditions of reservoirs
for development potential. From the perspective of engineering
factors, regions conducive to the formation of complex fractures
after fracturing are regarded as the technical guarantee for efficient
reservoir development, emphasizing the potential for reservoirs to
bemodified post-development. Therefore, the concept of fracability
itself encompasses both geological and engineering implications:
only in areas with significant reservoir reserves and favorable
geological conditions can economically viable gas flow be gener-
ated from the formation of complex fractures through fracturing
operations. To accurately characterize and quantify geological and
engineering fracability, the definitions of geological fracability in-
dex and engineering fracability index for hydrate reservoirs are
established: regions with higher geological fracability index have
better hydrate formation and reservoir physical conditions; simi-
larly, the engineering fracability index represents the extent to
which existing fracturing techniques can generate fractures and
achieve maximum volume of hydrate reservoir modification. The
overlapping area of geological and engineering fracability indices is
defined as the comprehensive fracability index of the reservoir, as
shown in Fig. 1.

2.2. Evaluation parameters for the fracability of hydrate reservoirs

2.2.1. Geological evaluation parameters
2.2.1.1. Porosity. Porosity is an extremely important parameter in
reservoir evaluation. The greater the reservoir porosity, the more
natural gas hydrate content is available at the same hydrate satu-
ration. This implies more decomposable hydrate and higher gas
production efficiency. Consequently, the higher the value of frac-
turing and exploitation. The impact of porosity on the fracability of
Fig. 1. Schematic diagram of com
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hydrates can be represented by f.

2.2.1.2. Hydrate saturation. There are primarily three distribution
patterns of hydrates within sediments: pore-filling suspension,
contact cementation, and skeleton support. At low hydrate satu-
rations, hydrates mainly suspend in dispersed form within the
skeletal pores, known as the pore-filling suspension type, with
weak reservoir cementation. As hydrate saturation increases, hy-
drate particles with cohesive properties act as "bridges" between
loose sediment particles. Hydrate particles can become part of the
sediment framework (Winters et al., 2004). Therefore, hydrate
saturation is an important parameter influencing the physical and
mechanical properties of hydrate reservoirs. The impact of satura-
tion on the fracability of hydrates can be represented by Shy.

Shy ¼
Vhy

V
(1)

where Vhy and V respectively represent the volume of hydrates and
the volume of reservoir pores, m3.

2.2.2. Engineering evaluation parameters
2.2.2.1. Burial depth. The greater the burial depth, the higher the
vertical stress, making it more difficult for fractures to initiate and
propagate. The effect of burial depth on fracability can be reflected
by the vertical stress, denoted by sv.

2.2.2.2. Differential stress. The initiation and propagation of hy-
draulic fractures require overcoming the combined constraints of
rock tensile strength and differential stress. Fractures generally
tend to propagate perpendicular to the direction of minimum
horizontal principal stress. In hydraulic fracturing of shale forma-
tions with weak planes, it is generally believed that the smaller the
stress anisotropy, the better the fracturing effect (Tang et al., 2011).
This is because under lower stress differentials, hydraulic fractures
are more likely to propagate along both the matrix and weak
planes, forming complex fractures. In contrast, natural weak planes
are not developed in hydrate reservoirs, and the degree of stress
anisotropy is greater, making fractures more likely to propagate
along dominant planes. Therefore, the influence of differential
stress on hydraulic fracturing in hydrate reservoirs can be repre-
sented by the coefficient of horizontal stress differential (K).

K ¼ sH � sh
sh

(2)

where sH represents the maximum horizontal principal stress,
MPa; sh represents the minimum horizontal principal stress, MPa.
prehensive fracability index.
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2.2.2.3. Brittleness index. Rock brittleness refers to an inherent
property exhibited by rocks during stress-induced failure. It is
generally defined as the ease of transient changes in rocks before
rupture occurs and can be quantitatively characterized by a brit-
tleness index. The brittleness index is a key indicator for evaluating
the mechanical properties of reservoirs, with reservoirs having
higher brittleness indices typically exhibiting better fracability. The
dimensionless brittleness index (BI) can be characterized based on
the elastic modulus and Poisson's ratio of rocks as proposed by
Rickman et al. (2008).

BI¼ En þ mn
2

(3)

En¼ E � Emin
Emax � Emin

(4)

mn¼
mmax � m

mmax � mmin
(5)

where BI is the brittleness index; En is the normalized elastic
modulus, GPa; mn is the dimensionless normalized Poisson's ratio; E
is the static elastic modulus, GPa; m is the static Poisson's ratio; Emax
and Emin are the maximum and minimum static elastic modulus of
the target formation in GPa, respectively; mmax and mmin are the
maximum and minimum static Poisson's ratio of the target for-
mation, respectively.
2.2.2.4. Mineral composition. Hydrate reservoirs commonly
contain a certain amount of clay components, and the mineral
composition differences in hydrate reservoirs can significantly
affect their fracability. Clay and other plastic mineral components
are not conducive to the initiation and propagation of hydraulic
fractures, while reservoirs with high contents of brittle minerals
such as quartz, feldspar, and calcite are more prone to fracture
during hydraulic fracturing processes. Maende and Jarvie (2008)
proposed a mineral composition index (Bw) based on the content
of brittle minerals per unit volume of rock.

Bw ¼wcalcite þwfeldspar þwquartz

wall
(6)

wherewcalcite, wfeldspar, and wquartz are the mass of calcite, feldspar,
and quartz in the hydrate-bearing sediments components,
respectively, kg; wall is the mass of all mineral components, kg.
2.3. Data standardization processing

The units and dimensions of the six parameters (porosity, hy-
drate saturation, vertical stress, coefficient of horizontal stress
differential, brittleness index, and mineral composition index) are
all different, which can affect the accuracy of data analysis and
evaluation results. It is necessary to normalize these parameters to
maintain consistency. The differential transformation method can
be used to standardize the parameters, including forward and
reverse indicators (Zhao et al., 2017; Guo et al., 2020a).

The forward index is expressed as

S¼ X � Xmin
Xmax � Xmin

(7)

The reverse index is presented as
1143
S¼ Xmax � X
Xmax � Xmin

(8)

where S is the standardized value of the evaluation parameter,
dimensionless; X is the value of the evaluation parameter; Xmax and
Xmin are the maximum and minimum values of the evaluation pa-
rameters in the target sediment, respectively.
2.4. Geological-engineering fracability index model

The fracability index is divided into geological fracability index
and engineering fracability index. The fracability index integrates
the influences of various factors, obtained by weighting the stan-
dardized evaluation parameters with coefficient weights. The
calculation formula is

�
wG ¼ fs,lf þ Shy

s,ls
wE ¼ sv

s,lv þ Ks,lK þ BIs,lBI þ Bws,lB
(9)

where wG represents the geological fracability index; and wE rep-
resents the engineering fracability index; fs, Shy

s, svs, Ks, BIs, Bws

are the evaluation parameters after standardization; lf, ls, lv, lK,
lBI , lB are the weight coefficients corresponding to the evaluation
parameters.

Weights represent the relative importance of parameters
contributing to the overall value, and their accuracy directly affects
the evaluation effectiveness. Currently, there are many methods for
determining weights, each with its own characteristics and appli-
cability. The most commonly used method for determining weight
coefficients is the AHP. However, AHP requires experts to make
judgments and comparisons during the weight determination
process, making it susceptible to subjective factors. Different ex-
perts may have different preferences and judgments, leading to
uncertainty in the results. Moreover, if the user lacks detailed
geological and engineering data for the evaluation area, it may
result in significant deviations between the analysis results and the
actual reservoir performance.

Therefore, in order to objectively and quantitatively calculate
the weights of each evaluation parameter, a comprehensive weight
model combining grey relational analysis and criteria importance
through intercriteria correlation (CRITIC) methods is proposed. The
grey relational analysis method compares and analyzes multiple
parameters to determine the relative impact of several discrete
functions on the objective function (Wang et al., 2023). This
method has the advantages of simple calculation and insensitivity
to small sample sizes (Wang, 2012). Simultaneously, the CRITIC
method is introduced to evaluate the internal and intercriteria
correlations. Based on this, a comprehensive weight calculation
model suitable for evaluating the fracability of hydrate reservoirs is
proposed, as elaborated below.
2.4.1. Grey relational analysis
Define Dij as the deviation between the standardized jth eval-

uation parameter xij of the ith sample and the evaluation standard
yj

Dij ¼
���xij � yj

���; i ¼ 1;2;/;n; j ¼ 1;2;/;m (10)

The grey relational coefficient rij between the jth evaluation
parameter of the ith sample and the evaluation standard is defined
as
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rij ¼
mina minbDab þ rmaxa maxbDab

Dij þ rmaxa maxbDab
(11)

where a ¼ 1, 2, …, n; b ¼ 1, 2, …, m; r is the resolution coefficient,
typically taken as 0.5 (Han et al., 2024).

Taking the average of the grey relational coefficients rij for the
jth evaluation parameter, we obtain the grey relational coefficient εj
between the jth evaluation parameter and the evaluation standard.

εj ¼
rijPn

i¼1
rij

; j ¼ 1;2;/;m (12)

In this method, the evaluation standard is determined by calcu-
lating the ratio of the fracture area (the area of fracture extension
divided by the cross-sectional area of the sample), denoted as R,
based on the results of hydraulic fracturing experiments conducted
on hydrate reservoirs.

2.4.2. CRITIC method
According to the CRITIC method, c is defined as the information

content of indicators in the evaluation system. Therefore, the in-
formation content of the jth evaluation indicator is

cj ¼ sj
Xm
k¼1

�
1� rjk

�
; j ¼ 1;2;/;m (13)

where sj represents the standard deviation of the jth evaluation
indicator, indicating the internal contrast strength of the individual
evaluation indicator; rjk represents the correlation coefficient be-
tween evaluation indicators j and k.

When cj is larger, it indicates that the jth evaluation index
contains more information, and its corresponding weight should be
higher. So, the objective weight uj of the jth indicator is given by

uj ¼ cj

,Xm
k¼1

ck; j ¼ 1;2;/;m (14)

2.4.3. Comprehensive weight calculation
Considering the combined influence of grey relational analysis

and the CRITIC method, after obtaining the grey relational coeffi-
cient εj and the CRITIC weight uj, normalization analysis is per-
formed on both. The formula for calculating the comprehensive
weight lj of the jth evaluation indicator is

lj ¼ εjuj

, Xn
i¼1

εiui

!
(15)

2.5. Determination of comprehensive fracability index

The methods described above can be used to obtain the
geological fracability index and the engineering fracability index.
The relationship function between the two and the comprehensive
fracability index is given by

FI¼a,wG þ b,wE (16)

where FI represents the fracability index; a and b are the weights
related to geological and engineering fracability indexes, respec-
tively, and obtained using a method based on multiple regression.
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The fracture area ratio (R) is selected as the target parameter, and
the linear correlation between R, wG and wE is established. The
regression coefficients e and f in the formula are determined by
multiple regression method, and then a and b are calculated.

R¼ e,wG þ f ,wE þ g (17)

8>>><
>>>:

a ¼ e
eþ f

b ¼ f
eþ f

(18)

3. Hydraulic fracturing experiments under true triaxial stress
conditions for hydrate sediment

Evaluation of the fracability of hydrate reservoirs requires the
integration of comprehensive fracability index and hydraulic frac-
turing experimental results. Initially, hydrate sediment samples are
constructed, and their physical and mechanical properties are
tested. Subsequently, hydraulic fracturing experiments are
conducted.

3.1. Testing of the physical and mechanical properties of hydrate
sediment

The testing of physical and mechanical properties of hydrate
sediment primarily focuses on parameters such as porosity, elastic
modulus, and Poisson's ratio. Porosity is measured using gas
measurement methods, with the aim of calculating the volume of
pores in hydrate sediment. This calculation allows for the deter-
mination of the amount of tetrahydrofuran (THF) and water
required for different hydrate saturation levels based on the
experimentally designed hydrate saturation. Elastic modulus and
Poisson's ratio are obtained through shear experiments using an in-
situ hydrate sediment triaxial mechanical parameter measurement
device (Guo et al., 2014, 2020b).

The hydrate sediment is composed of pure natural quartz sand
with a skeletal density of 2.65 g/cm3, with particle sizes ranging
from 0.089 to 0.104 mm, serving as the medium for hydrate
occurrence. To simulate two types of hydrate sediment, namely
unconsolidated clayey silt hydrate sediment and weakly consoli-
dated clayey silt hydrate sediment, different amounts of clay
(composed of montmorillonite, kaolinite, and illite in a mass ratio
of 7:2:1) and lime are added to the quartz sand. To expedite hydrate
formation and enhance experimental efficiency, THF is used as the
hydrate-forming agent. The hydrate formation temperature is set to
1 �C to ensure it is above the freezing point of water, avoiding
interference from ice formation during the experiment. A low-
temperature and high-pressure environment for THF hydrate for-
mation is established. During shearing, the system is maintained at
a stable temperature of 1 �C to prevent hydrate decomposition.

3.2. Hydraulic fracturing experiments on hydrate sediment

In the hydraulic fracturing experiments on hydrate sediment,
the same formula as that used for the skeletal framework in the
shear experiments on hydrate sediment is utilized to construct the
fracturing samples. Based on the skeletal volume and the measured
skeletal porosity, the amount of tetrahydrofuran required for
different hydrate saturations is calculated, and tetrahydrofuran
solution is prepared accordingly. The skeletal framework is
immersed in the prepared mixed solution for saturation.
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Subsequently, the framework is wrapped with rubber film, sub-
jected to two cycles of temperature elevation and reduction, and
then placed in the sample holder. The cold storage temperature is
set to 1 �C andmaintained for 24 h, with nitrogen gas introduced to
a pressure of 4.5 MPa to ensure the completion of tetrahydrofuran
hydrate formation. Through this process, two types of fracturing
samples are created: unconsolidated clayey silt hydrate sediment
and weakly consolidated clayey silt hydrate sediment, which
respectively simulate hydrate reservoirs in marine clayey silt and
permafrost regions. The hydraulic fracturing experiments on hy-
drate sediment employ a self-developed low-temperature true
triaxial hydraulic fracturing simulation experimental system
(Fig. 2). The specific experimental scheme is outlined in Table 1.

Based on the proportions of components such as quartz sand,
clay, and lime in the hydrate sediment, the mineral composition
index can be calculated. The elastic modulus and Poisson's ratio
obtained from the triaxial shear experiments on hydrate sediment
can be used to calculate the brittleness index of the hydrate sedi-
ment. The vertical stress and the calculation of the horizontal stress
differential coefficient can be obtained based on the triaxial stress
settings in the hydraulic fracturing experiments.

Fig. 3 shows the fracturing results of the unconsolidated clayey
silty sand hydrate sediment. No crosslinker was added to the
samples, relying solely on hydrate bonding and the cohesion be-
tween clay and silt sand. The samples contain a certain amount of
clay components, exhibiting low elastic modulus, high Poisson's
ratio, and strong plasticity overall. Among the four sets of samples
(No. 1, No. 3, No. 4, and No. 6) subjected to low flow rates (5 mL/
min) for fracturing, no fractures were formed. The fracturing fluid
infiltrated the samples in a seepage form, resulting in substantial
loss and causing clay component mudification within the sample.
Particularly, severe mudification occurred around the wellbore,
leading to sediment deformation, reduced bonding strength, and
evenwellbore collapse. The other six sets of samples were fractured
by increasing either the fluid volume (up to 20 mL/min) or viscosity
(up to 240 mPa s), resulting in the formation of fractures with
varied morphologies.

Fig. 4 depicts the fracturing results of the weakly cemented
clayey silty sand hydrate sediment. Taking sample No. 11 as an
example, clear fractures and fracturing fluid outflowwere observed
along the boundary in the direction of the maximum principal
Fig. 2. Low temperature resistance true triaxial hydraulic fracturing simulation test
system.
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stress. However, the rock-breaking process caused the sample to
fragment, making it impossible to showcase the interior of the
fractures. The other six sets of samples all formed fractures with
varying morphologies after fracturing.
4. Application of the hydrate reservoir fracability evaluation
model

4.1. Calculation of model parameters

Based on the principle of controlling variables, under the con-
ditions of fracturing fluid viscosity of 30 mPa s and fracturing fluid
flow rate of 10 mL/min, four samples (No. 2, No. 9, No. 19, and No.
20) were selected. Utilizing computer image processing technology,
the fracture area ratio (R) of the samples was calculated. Firstly, the
distribution of surface fractures on the samples after fracturing was
observed, and then the samples were cut along the surface frac-
tures. Next, the extent of internal hydraulic fracture expansion was
observed, and the fracture expansion surface was intercepted. Im-
age grayscale processing was performed, converting it into a binary
image with pixels only in white (representing unexpanded areas)
and black (representing expanded areas). Finally, the ratio of black
pixels Nf to total pixels Ns was calculated to obtain the fracture area
ratio. The specific operational procedures and results are shown in
Fig. 5.

The results of grey relational analysis, CRITIC method, and the
comprehensive weight calculation of each parameter are shown in
Table 2. Based on Eq. (17), the regression equation for geological
and engineering fracability indices with fracture area ratio is ob-
tained as follows:

R¼0:2231,wG þ 0:222,wE þ 0:289 (19)

According to Eq. (18), a and b are calculated as 0.51 and 0.49,
respectively. Finally, the formula for calculating the fracability in-
dex is obtained as

FI¼0:51
�
0:8344Shy þ0:1656f

�
þ 0:49ð0:0683sv þ0:2022K þ0:6830BIþ0:0466BwÞ (20)
4.2. Assessment of hydrate reservoir fracability

Eq. (20) is applied to calculate the fracability index of the 20 sets
of hydrate sediment samples as shown in Table 3. Since the injec-
tion volume of fracturing fluid is controlled to be very small during
the experiment, it cannot directly guide field practice. The experi-
mental flow rate is converted from the injection volume according
to the wellbore diameter, calculated as follows:

v¼ q
A

(21)

where v represents the flow velocity of the fracturing fluid inside
the wellbore, m/s; q represents the pumping rate of the fracturing
fluid, m3/s; A represents the cross-sectional area of the wellbore,
m2.

According to Table 3, when the geological fracability indices are
similar, a higher engineering fracability index corresponds to a
greater feasibility of forming fractures in gas hydrate sediments
during fracturing operations, resulting in a larger comprehensive
fracability index, FI (samples No. 4, No. 5, No. 6, No.14, No.17, andNo.
20). Overall, the FI determined by the intrinsic properties of gas
hydrate sediments plays a crucial role in their fracability. However,



Table 1
Hydrate sediment hydraulic fracturing experimental plan.

No. Type of hydrate sediment Vertical stress
sV/sH/sh, MPa

Hydrate
saturation

Fracturing fluid
volume, mL/min

Fracturing fluid
viscosity, mPa s

1 Unconsolidated clayey silty sand hydrate sediment 8/6/4 10 5 120
2 10 30

3 30 5 30
4 120
5 240

6 5 1
7 10
8 20

9 10 30

10 50 10 30

11 Weakly consolidated clayey silty sand hydrate sediment 8/6/4 10 10 30
12 30 5 1
13 15
14 30
15 45

16 10 30
17 3

18 50 10 30

19 7/6/4 10 10 30
20 7/6/3 30

Fig. 3. The fracturing results of the unconsolidated clayey silty sand hydrate sediment are shown in (a)e(j) for samples No. 1 to No. 10.
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taking samples No. 2, No. 3, and No. 4 as examples, although FINo. 2 is
lower than FINo. 3 and FINo. 4, fissures formed after fracturing sample
No. 2, while samples No. 3 and No. 4 did not form fissures. This
1146
indicates that the fracability of gas hydrate sediments is not only
related to fracability indices but also closely related to construction
parameters such as fracturing fluid viscosity and pumping rate.



Fig. 4. The fracturing results of the weakly cemented clayey silty sand hydrate sediment are shown in (a)e(j) for samples No. 11 to No. 20.
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Sample No. 11 has a lower FI compared to sample No. 12.
However, both the fracturing fluid viscosity and pumping rate of
sample No. 11 are greater than those of sample No. 12. After frac-
turing, sample No. 11 formed fissures, while sample No. 12 did not.
It appears that increasing the fracturing fluid viscosity and pump-
ing rate can aid in fissure formation. When comparing sample No. 2
(FI¼ 0.12, with fissures) to sample No.1 (FI¼ 0.11, without fissures),
although their FI values are similar, the fracturing fluid viscosity of
sample No. 2 decreased by 75%, and the pumping rate increased by
50%. Fissures formed after fracturing, indicating that the impact of
pumping rate on the fracability of gas hydrate sediments is greater
than that of fracturing fluid viscosity.

To investigate the influence of fracturing construction parame-
ters on the fracturing effectiveness of gas hydrate sediments, a
comprehensive characterization method for fracturing construc-
tion parameters was established based on multiple linear regres-
sion. Firstly, the data of pumping rate (v) and fracturing fluid
viscosity (u) were standardized. The correlation function between
the normalized fracturing construction parameters vu and v and u is
defined as

vu¼ d,vþ h,u (22)

where vu represents the normalized fracturing construction pa-
rameters; d and h respectively represent the weights associated
with pumping rate and fracturing fluid viscosity.

Select the fracturing outcome (F) as the target parameter, where
1 indicates the presence of fractures and 0 indicates their absence.
Establish a linear correlation equation between F, FI, fracturing fluid
velocity (v), and fracturing fluid viscosity (u). Using multiple
regression analysis, determine the regression coefficients h, i, and j
in the equation, and then calculate d and h.
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F ¼ o,FI þ p,vþ s,uþ t (23)

8>><
>>:

d ¼ p
pþ s

h ¼ s
pþ s

(24)

According to the results in Table 3, regression based on Eq. (23)
yields the following equation:

F ¼1:112FI þ 1:274vþ 0:563u� 0:196 (25)

According to Eq. (24), the calculated values of d and h are 0.69
and 0.31, respectively. The results indicate that the influence of
fracturing fluid velocity on the fracturing outcome is higher than
that of fracturing fluid viscosity, consistent with the observed
pattern in the experiments. The final formula for normalized frac-
turing construction parameters is

vu¼0:69vþ 0:31u (26)

Based on Eq. (26), the value of parameter vu for 20 sets of gas
hydrate sediment samples is calculated. The compressibility of gas
hydrate sediment samples with different FI under different values
of vu according to the comprehensive fracability index and the re-
sults of fracturing tests, is shown in Fig. 6.

According to Fig. 6, as the FI increases, the value of vu required
for gas hydrate sediment samples to fracture gradually decreases,
reflecting that sediment samples with higher FI exhibit better
fracability. Additionally, for each FI, there should be a critical vu0

under which fracturing conditions (vu � vu0) allow the sediment
samples to fracture, while conditions (vu< vu0) do not. This critical



Fig. 5. The calculation procedure and results of the fracture area ratio.

Table 2
The weight calculation results.

Method Geological parameter Engineering parameter

Hydrate saturation Porosity Vertical stress Horizontal stress differential coefficient Brittleness index Mineral composition index

Grey relational analysis 0.7809 0.5755 0.4279 0.5688 0.9666 0.7220
CRITIC 0.7879 0.2121 0.1240 0.2765 0.5494 0.0501
Comprehensive weight 0.8344 0.1656 0.0683 0.2022 0.6830 0.0466

T.-K. Guo, L.-R. Xue, M. Chen et al. Petroleum Science 22 (2025) 1140e1154
relationship is depicted as a curve in the graph, defined as the
critical construction parameter curve. To find this critical con-
struction parameter curve, various regression forms (logarithmic,
exponential, linear, and polynomial regression) were attempted
based on experimental results to regress FI and vu0. Different
regression results are shown in Fig. 6.

According to the linear regression results (Fig. 7(c)), when FI is
greater than 0.8, vu0 displays as a negative value. However, the
range of vu0 should be within [0, 1], so the critical construction
parameter curve obtained by linear regression is numerically un-
reasonable. According to the polynomial regression results
(Fig. 7(d)), with the increase of FI, vu0 exhibits a feature of first
1148
decreasing and then increasing, which does not match the trend
obtained from the experiment. Therefore, the critical construction
parameter curve obtained by polynomial regression is physically
unreasonable.

Comparing the results of logarithmic regression and exponen-
tial regression (Fig. 7(a) and (b)), the values of vu0 obtained by both
methods within the range FI2½0;1Þ are greater than 0, and the
trend decreases gradually with the increase of FI, which conforms
to the experimental law. For FI2ð0;0:1Þ, there is no experimental
evidence for the trend. However, based on experimental laws and
common knowledge, when FI/0, the sediment sample of gas hy-
drate tends towards being unfracturable, meaning that fractures
cannot be generated under any fracturing construction parameters.



Table 3
Fracability index and fracturing outcome.

Type of hydrate sediment No. E, GPa m v, 10�2 m/s u, mPa s Shy f BI Bw sV K wG wE FI Result

Unconsolidated clayey silty sand hydrate sediment 1 0.68 0.36 8 120 0.1 0.37 0.00 0.7 7 0.5 0.08 0.13 0.11 No fracture
2 0.69 0.36 16 30 0.1 0.36 0.00 0.7 7 0.5 0.10 0.14 0.12 Fracture
3 0.81 0.35 8 30 0.3 0.35 0.03 0.7 7 0.5 0.29 0.15 0.22 No fracture
4 0.83 0.36 8 120 0.3 0.34 0.04 0.7 7 0.5 0.29 0.16 0.22 No fracture
5 0.82 0.35 8 240 0.3 0.35 0.11 0.7 7 0.5 0.29 0.21 0.25 Fracture
6 0.85 0.36 8 1 0.3 0.35 0.04 0.7 7 0.5 0.29 0.16 0.22 No fracture
7 0.86 0.35 16 1 0.3 0.34 0.12 0.7 7 0.5 0.31 0.22 0.26 Fracture
8 0.85 0.34 32 1 0.3 0.34 0.20 0.7 7 0.5 0.31 0.27 0.29 Fracture
9 0.87 0.35 16 30 0.3 0.34 0.12 0.7 7 0.5 0.31 0.22 0.26 Fracture
10 1.41 0.33 16 30 0.5 0.32 0.41 0.7 7 0.5 0.51 0.41 0.46 Fracture

Weakly consolidated clayey silty sand hydrate sediment 11 2.21 0.33 16 30 0.1 0.32 0.58 0.8 7 0.1 0.18 0.46 0.31 Fracture
12 2.72 0.32 8 1 0.3 0.31 0.78 0.8 7 0.5 0.36 0.67 0.51 No fracture
13 2.71 0.32 8 15 0.3 0.32 0.78 0.8 7 0.5 0.34 0.67 0.50 No fracture
14 2.83 0.30 8 30 0.3 0.31 0.97 0.8 7 0.5 0.38 0.80 0.59 Fracture
15 2.73 0.33 8 45 0.3 0.33 0.70 0.8 7 0.5 0.32 0.61 0.47 Fracture
16 2.78 0.31 16 30 0.3 0.3 0.88 0.8 7 0.5 0.38 0.74 0.55 Fracture
17 2.81 0.30 4.8 30 0.3 0.32 0.97 0.8 7 0.5 0.38 0.80 0.58 No fracture
18 2.97 0.30 16 30 0.5 0.28 1.00 0.8 7 0.5 0.58 0.82 0.70 Fracture
19 2.21 0.33 16 30 0.1 0.32 0.58 0.8 6 0.5 0.18 0.61 0.39 Fracture
20 2.81 0.31 16 30 0.3 0.3 0.88 0.8 6 1.0 0.38 0.91 0.64 Fracture

Fig. 6. vu calculation results.
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The corresponding vu0 will tend towards infinity. However, the re-
sults of exponential regression indicate that FI/0: vu0 ¼ 0:41,
while the results of logarithmic regression indicate that FI/ 0:
vu0/∞. Therefore, based on the above analysis, it is concluded that
the result obtained by logarithmic regression is the critical con-
struction parameter curve, with its calculation formula as follows:

vu0 ¼ �0:129 lnðFIÞ þ 0:0451 (27)

where vu0 represents the critical normalized hydraulic fracturing
construction parameter.

In practical applications, the comprehensive fracability index FI
of gas hydrate reservoirs can be calculated using a geological-
engineering comprehensive evaluation model. Then, according to
Eq. (26), the normalized critical hydraulic fracturing construction
parameter vu0 can be obtained. By comparing it with the actual
hydraulic fracturing construction parameters calculated for vu, one
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can determine whether fracturing can occur.

4.3. Gas hydrate reservoir fracability chart

To rapidly assess the fracability of gas hydrate reservoirs, a two-
dimensional fracability index evaluation chart is established based
on experimental results and the correlation between geological
fracability index, engineering fracability index, and comprehensive
fracability index as described in Section 2.5. This chart is shown in
Fig. 8. In practical applications, the wG and wE of gas hydrate res-
ervoirs can be calculated using Eq. (20) and then projected onto the
two-dimensional fracability index evaluation chart. This allows for
a rapid quantitative assessment of their fracability: the larger the
wG, the more "worthwhile" the reservoir is for fracturing, while the
larger the wE, the more "feasible" it is to fracture the reservoir.

Additionally, based on this, on-site practitioners can flexibly
define and delineate comprehensive fracability zones. For instance,
setting FI ¼ 0:5 as the lower limit of the comprehensive fracability
zone in advance, when the FI of a reservoir is located in the region
above the contour line representing FI ¼ 0:5, the fracability of this
gas hydrate reservoir meets the development requirements.

Upon completing the identification of gas hydrate reservoir
fracability and determining the fracturing construction parameters,
to facilitate rapid on-site assessment of whether fractures can be
induced in the reservoir under the chosen fracturing conditions, a
three-dimensional fracturing construction condition discrimina-
tion chart for gas hydrate reservoirs has been established, as shown
in Fig. 9. In practical applications, after determining the FI of the
reservoir and the critical construction parameter vu, they are pro-
jected onto the three-dimensional fracturing construction condi-
tion discrimination chart. If the projected point lies above the
purple surface, it indicates that fractures can be induced in the
reservoir under the selected fracturing construction conditions.

4.4. Model comparison and evaluation

Applying the GC model from this study and the AE model (Liu
et al., 2022b), we calculated the fracturability of samples in
Experiment A and Experiment B (Liu et al., 2022b) to assess
whether the samples could form fractures, the results are shown in
Table 4.

The calculated results of FI and vu by the GC model for



Fig. 7. Regression results of critical construction parameter curve: (a) logarithmic regression, (b) exponential regression, (c) linear regression, (d) polynomial regression.

Fig. 8. Two-dimensional fracability index evaluation chart.

Fig. 9. Three-dimensional fracturing construction condition discrimination chart.

T.-K. Guo, L.-R. Xue, M. Chen et al. Petroleum Science 22 (2025) 1140e1154

1150
specimens in Experiment A and Experiment B, as well as the
discrimination of fracturing results by the critical construction
parameter curve, are shown in Fig. 10.



Table 4
Fracability index and fracturing results.

Experiment A Experiment B

No. Fracturing result Result of the GC model Result of the AE model No. Fracturing result Result of the GC model Result of the AE model

1 No fracture No fracture Uncertain ☒☒ 1 No fracture No fracture No fracture
2 Fracture Fracture Uncertain ☒☒ 2 No fracture No fracture No fracture
3 No fracture No fracture Uncertain ☒☒ 3 No fracture No fracture No fracture
4 No fracture No fracture Uncertain ☒☒ 4 No fracture No fracture No fracture
5 Fracture Fracture Uncertain ☒☒ 5 No fracture No fracture No fracture
6 No fracture No fracture Uncertain ☒☒ 6 No fracture No fracture Uncertain ☒☒
7 Fracture Fracture Uncertain ☒☒ 7 Fracture No fracture ☒☒ Uncertain ☒☒
8 Fracture Fracture Uncertain ☒☒ 8 No fracture No fracture Uncertain ☒☒
9 Fracture Fracture Uncertain ☒☒ 9 No fracture No fracture Uncertain ☒☒
10 Fracture Fracture Uncertain ☒☒ 10 Fracture No fracture ☒☒ Fracture
11 Fracture Fracture Uncertain ☒☒ 11 No fracture No fracture No fracture ☒☒
12 No fracture No fracture Uncertain ☒☒ 12 No fracture Fracture ☒☒ No fracture ☒☒
13 No fracture No fracture Uncertain ☒☒ 13 Fracture Fracture Fracture
14 Fracture Fracture Uncertain ☒☒ 14 Fracture Fracture Fracture
15 Fracture No fracture ☒☒ Uncertain ☒☒ 15 Fracture Fracture Fracture
16 Fracture Fracture Uncertain ☒☒ 16 Fracture Fracture Fracture
17 No fracture No fracture Uncertain ☒☒ 17 Fracture Fracture Fracture
18 Fracture Fracture Uncertain ☒☒ 18 Fracture Fracture Fracture
19 Fracture Fracture Uncertain ☒☒ 19 Fracture Fracture Fracture
20 Fracture Fracture Uncertain ☒☒ When the model is uncertain about whether fractures are formed, it is defined as a

misjudgment

Fig. 10. The computed results of the GC model and AE model.

Table 5
Confusion matrix table.

Actual label Predicted label

Positive instances Negative instances

Positive instances TP (true positives) FN (false negatives)
Negative instances FP (false positives) TN (true negatives)
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Considering the model's determination of whether fractures are
formed in the specimen as a binary classification problem, the
concept of a confusion matrix is introduced to compare the pre-
dicted results from themodel with the actual results and categorize
them into four scenarios (True positives: model assess the samples
could form fractures and samples form fractures; False negatives:
model assess the samples couldn't form fractures but samples form
fractures; False positives: model assess the samples could form
fractures but samples didn't form fractures; True negatives: model
assess the samples couldn't form fractures and samples didn't form
fractures) (Table 5) to evaluate the model performance. Evaluation
metrics include accuracy, precision, recall, and F1 score.

(1) Accuracy (A)

Predicted correct samples as a percentage of the total, with the
specific formula as follows:
1151
A¼ TP þ TN
TP þ FN þ FP þ TN

� 100% (28)

(2) Precision (P)

An evaluation metric for predicted results, also known as pre-
cision. It measures the percentage of truly positive samples among
those predicted as positive. The specific formula is as follows:

P¼ TP
TP þ FP

� 100% (29)

(3) Recall (R)

An evaluation metric for the original samples, also known as
recall. It measures the percentage of samples predicted as positive
among the actual positive samples. The specific formula is as
follows:

R¼ TP
TP þ FN

� 100% (30)

(4) F1 score (F1)

F1 score is a harmonicmean that balances precision and recall. It
is used to consider both metrics simultaneously. The specific
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formula is as follows:

F1¼2� P � R
P þ R

� 100% (31)

Combining the results from Table 4 and Fig. 10, the calculated
evaluation metrics for both the GC model and the AE model are
presented in Table 6. The radar chart in Fig. 11 illustrates the per-
formance comparison of the models. It can be observed that the GC
model achieves accuracy, precision, recall, and F1 score all above
85%, while all evaluation metrics for the AE model are below 50%.
This indicates that the model established in this paper can more
accurately evaluate the fracability of gas hydrate reservoirs.
Fig. 11. Model performance comparison radar chart.
5. Application and limitation

This study established a comprehensive evaluation model of gas
hydrate reservoir fracability from an objective perspective, deter-
mining the influence of various factors on the fracability of gas
hydrate reservoirs. Further development of gas hydrate reservoir
fracturing techniques was achieved, providing a theoretical basis
for the design of gas hydrate reservoir fracturing schemes. The
fracability chart developed in this research assists in flexibly
defining and delineating comprehensive fracturing zones on-site,
providing technical means for rapidly analyzing the fracability of
gas hydrate reservoirs.

However, this study only used the fracture area ratio as an
evaluation metric to quantitatively analyze the importance of
various influencing factors. If production rates could be combined
to calculate the weights of influencing factors, the results might be
more objective and accurate. Currently, there is a lack of experi-
mental analysis on gas hydrate reservoir fracturing production
rates. It is recommended to improve experimental methods in the
future to explore the impact of various factors on post-fracturing
production in gas hydrate reservoirs and further optimize model
weights.
6. Conclusions

This study has established a comprehensive evaluation model
for the fracability of gas hydrate reservoirs based on grey relational
analysis and the CRITIC method. By combining with hydraulic
fracturing experiments on gas hydrate sediments, the fracability of
gas hydrate reservoirs was evaluated. The specific research con-
clusions are as follows.

(1) The concept of gas hydrate reservoir fracability is a
comprehensive evaluation indicator of reservoir geological
conditions and the difficulty level of fracturing construction.
The importance of factors affecting geological fracability is
ranked as follows (in brackets is the comprehensive weight):
gas hydrate saturation (0.8344) > porosity (0.1656). The
importance of factors affecting engineering fracability is
ranked as follows: brittleness (0.6830) > horizontal stress
Table 6
Calculation results of evaluation metrics for two models.

Evaluation metrics Calculation result

GC model AE model

Accuracy, % 89.74 33.33
Precision, % 95.00 40.00
Recall, % 86.36 36.36
F1 score, % 90.48 38.10
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difference coefficient (0.2022) > vertical geostress
(0.0683) > mineral composition index (0.0466).

(2) Normalized fracturing construction parameters were defined
to comprehensively characterize the influence of construc-
tion parameters on the fracability of gas hydrate reservoirs.
The impact of fracturing fluid flow rate (weight of 0.69) on
whether fracturing forms fractures is higher than the impact
of fracturing fluid viscosity (weight of 0.31). The concept of a
critical construction parameter curve was first defined. Four
regression results show that using logarithmic regression to
calculate the critical construction parameter curve results in
a better fit with experimental and physical laws. Overall, as
the comprehensive fracability index increases, the feasibility
of gas hydrate reservoir fracturing increases, and the frac-
turing fluid viscosity and volume required to generate frac-
tures gradually decrease.

(3) Based on experimental results, a two-dimensional fracability
index evaluation chart was established, which can be used to
flexibly define and delineate comprehensive fracturing
zones: a larger wG indicates a reservoir more "worthy" of
fracturing, while a larger wE indicates a reservoir more
"easily" fractured. A three-dimensional fracturing construc-
tion condition discrimination chart was established based on
the critical construction parameter curve, facilitating rapid
on-site determination of whether fractures can be generated
in the reservoir under the specified fracturing construction
conditions.

(4) The applicability of the comprehensive geological-
engineering fracability evaluation model for gas hydrate
reservoirs established in this study is good, with strong ob-
jectivity. It achieves rapid evaluation of whether gas hydrate
reservoirs are worth fracturing, whether they are easily
fractured, and whether they can be fractured. The accuracy
rate of judging experimental results reaches 89.74%, which
has engineering guidance significance for hydraulic frac-
turing in gas hydrate reservoirs.
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