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Abstract. Fracability, a key indicator for reservoir stimulation assessment, is di-

rectly related to shale gas production and resource extraction efficiency. In this 

study, a comprehensive fracability evaluation model for the shale reservoirs of 

the Wufeng-Longmaxi Formation in the Sichuan Basin was developed by taking 

into account factors such as brittleness, geostress differences, and natural frac-

tures. The fracability of the Wufeng-Longmaxi Formation shale was evaluated 

quantitatively from the log data, and analyzed in relation to the actual fracturing 

of the deep well. The results show that the established model can effectively pre-

dict the fracturing potential of the reservoir. Shale brittleness is not equivalent to 

fracability. The brittleness index alone is not sufficient to characterize the ability 

of deep shale reservoirs to produce complex fracture networks after fracturing, 

but it is still a key factor in fracability evaluation. The established model can 

effectively predict the fracturing potential of the reservoir, which can provide a 

scientific basis for the fracturing modification and sweet spot preference of deep 

shale reservoirs in the Sichuan Basin. The purpose of this study is to use the 

comprehensive evaluation model to more accurately predict the fracturing poten-

tial of the Wufeng-Longmaxi Formation shale reservoirs in the Sichuan Basin, 

providing theoretical support for fracture stimulation and sweet spot optimiza-

tion. 
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1 Introduction

Fracability, which refers to the ease with which a reservoir can be effectively stimu-
lated, is one of the important indicators for assessing the exploitation value of a reser-
voir and predicting production [1-3]. In the extraction of unconventional energy sources
such as natural gas, shale gas, and geothermal energy, the quantitative assessment of
fracability is particularly crucial [4-5]. The Wufeng-Longmaxi Formation shale reser-
voirs in the Sichuan Basin are characterized by multiple developed stratigraphic se-
quences, a large temporal span, complex tectonic deformation, and great burial depth
[6-7]. These factors increase the difficulty of fracturing design for deep reservoirs and
lead to significantly poorer post-fracturing results. Therefore, scientifically evaluating
the fracability of shale gas reservoirs is key to achieving effective fracturing and im-
proving the efficiency of resource exploitation.

In early studies, the brittleness index was predominantly used as the sole parameter
to evaluate reservoir fracability [8-9]. However, subsequent research has shown that
brittleness is not equivalent to fracability [10-12]. A reservoir with high brittleness may
have lower fracability due to high fracture initiation pressure [12]. Thus, a single brit-
tleness index cannot fully reflect the fracturing potential of a reservoir. Hou et al. rede-
fined fracability to better distinguish between brittleness and fracability as the fracture
initiation pressure under certain rock mechanics (mainly brittleness), geological and
injection conditions [13]. Iyare et al. investigated the fracability of the Upper Creta-
ceous Naparima Hill Formation based on in-door experiments such as XRD mineral
fraction tests, wave velocity tests and uniaxial compression. Further, the effects of min-
eral fraction, strength, brittleness and fracture toughness on fracability are discussed
and analyzed. However, the limitation is that the experimental results were not com-
pared and analyzed with the actual situation at the fracturing site or the fracturing effect
[1]. This realization highlights a significant gap in the early research on fracability,
where a more comprehensive approach is needed to accurately assess reservoir stimu-
lation potential.

Unlike previous models that relied on brittleness as the primary metric, our model
incorporates a multifactorial approach. Based on the complex fracture network for-
mation mechanism and controlling factors of shale reservoirs, this study comprehen-
sively considers multiple factors including brittleness, in-situ stress, and natural frac-
tures to establish a fracability evaluation model suitable for the Wufeng-Longmaxi For-
mation shale reservoirs in the Sichuan Basin. The fracability of the Wufeng-Longmaxi
Formation shale was evaluated quantitatively by analyzing the log data and verified by
comparing with the on-site fracturing results. This integrated approach allows for a
more nuanced understanding of the fracturing potential, which is particularly signifi-
cant for deep reservoirs where traditional methods fall short. The results of this study
will provide a scientific basis for the efficient development of deep shale reservoirs in
the Sichuan Basin and a reference for the development of unconventional oil and gas
resources under similar geological conditions.
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2 Fracability Evaluation Model

Fracability evaluation of reservoirs is an important prerequisite step for unconventional
oil and gas development [10]. Fracability is commonly used to assess the performance
of unconventional reservoirs simulated by hydraulic fracturing to produce complex
fracture networks under the same technical conditions. In this study, fracability index
is defined as a composite variable that combines the effects of all the above factors to
quantitatively characterize the ability to form complex fracture networks in deep shale
reservoirs. The rationale behind selecting a composite fracability index as our method
stems from the recognition that no single parameter can fully encapsulate the multifac-
eted nature of fracture network formation in shale reservoirs. Brittleness, while a key
factor, does not solely determine the success of fracturing operations. Therefore, our
approach integrates multiple parameters to provide a more holistic evaluation of
fracability. Based on the fracability prediction results, the fracability of each sublayer
of shale in the Wufeng-Longmaxi Formation in the preferred target block was evalu-
ated, which guided the selection of engineering sweet spot and fracturing segmentation
design.

2.1 Brittleness

Brittleness is an important mechanical property of rock masses, reflecting the defor-
mation and failure characteristics of rock under external loads [14-15]. It is also a key
parameter in various engineering practices, such as the stability analysis of rock engi-
neering, the assessment of impact and rock breaking efficiency, and the identification
of hydraulic fracturing target areas [16-17]. In the selection of target zones for hydraulic
fracturing of shale reservoirs, shale brittleness has an important impact on wellbore
stability and reservoir fracability, and is a key indicator for evaluating the mechanical
properties of the reservoir and the effectiveness of fracturing [18]. However, due to the
lack of a unified standard, there is no widely accepted definition or mathematical for-
mula for quantitatively analyzing the brittleness of rocks [14]. Currently, the acquisition
of rock brittleness indices is mostly based on mineral composition [19-20], deformation
parameters [21-22], strength parameters [23], and energy parameters [24-25]. However,
they also have their limitations in different engineering applications or geological con-
ditions. The brittleness index obtained from deformation and strength parameters does
not well characterize the impact of temperature and confining pressure on rock brittle-
ness [14]. This may be because the brittleness index ignores the failure mechanism of
rocks during the deformation process, especially the post-peak phase, which to some
extent leads to some contradictory assessment results.

The stress-strain relationship of rocks is a comprehensive response of the rock's me-
chanical parameters and the action of external loads [26-27]. Compared with the brit-
tleness index derived from parameters such as mineral composition and strength, the
brittleness index based on energy parameters can contain more information about the
deformation and failure process of rocks under external forces [28]. Additionally, at the
current stage of rock mechanics development, the vast majority of rock engineering
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requires related experiments to further understand the mechanical properties and stabil-
ity of the base rock. The test methods are very mature, with convenient parameter ac-
quisition.

Therefore, this study adopts the brittleness index proposed by Zhao et al, which starts
from the basic definition of brittleness and the energy evolution during the deformation
and failure process of shale under different temperatures and pressures [14]. It compre-
hensively analyzes various characteristics of the complete stress-strain curve before and
after the peak.

e

pre
P

P

UBI
U

< (1)

e

post 1 e

e
p r

e
p a r

U U
BI

U W U
,

<
∗ ,

(2)

post 2 exp( )post
e e
p r

U
BI

U U
< ,

,
(3)

pre post1 post2BI BI BI BI α φ< ∗ ∗ (4)

where α, β, γ are the proportions of the three parts of the index, respectively, and
α+β+γ=1. A detailed characterization of the key energy parameters is shown in Fig. 1.

Fig. 1. Key energy parameters for rock brittleness calculations [14]

Further, the evolution of brittleness on the longitudinal profile of the reservoir is
calculated from the log data based on the neural network method [29].
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2.2 In-Situ Stress

The direction and morphology of hydraulic fractures can be affected by variations in
the horizontal geostress differential [30]. Under different stress regimes, such as normal
fault stress, strike-slip fault stress, and reverse fault stress, the trends and patterns of
fracture propagation will differ, thereby affecting the fracability of the reservoir. The
horizontal stress differential coefficient (Kh) affects the complexity of the fracture net-
work. A lower Kh value favors the formation of a complex fracture network, while a
higher Kh value tends to result in a single main fracture. The vertical stress difference
coefficient (Kv) determines the shape of the hydraulic fracture and thus affects the res-
ervoir's fracability.

In the development of deep shale gas, high in-situ stress conditions significantly af-
fect reservoir stimulation and fracture propagation. The difference in stress, particularly
between horizontal and vertical stresses, plays a crucial role in the fracability evaluation
of shale reservoirs [30]. Under high in-situ stress conditions, the reservoir's fracture
pressure is relatively high, which may require greater pressure to form an effective
fracture network during hydraulic fracturing. Variations in horizontal stress can alter
the direction and pattern of fracture propagation, subsequently affecting the reservoir's
permeability and fluid mobility [3]. For instance, in the marine shale reservoirs of the
Sichuan Basin in China, complex geological structures and high in-situ stress condi-
tions result in higher minimum horizontal principal stress, which lead to higher fracture
pressures, thus adversely affecting drilling and fracturing effectiveness.

Furthermore, the uneven distribution of in-situ stress can also impact the develop-
ment of natural fractures, thereby affecting the fracability of shale reservoirs [31]. The
degree of development and orientation of natural fractures, as a network of fractures
already existing within the reservoir, has a great impact on the hydraulic fracturing ef-
fect. During the fracturing process, the interaction between natural and induced frac-
tures is crucial for the formation of the fracture network [3]. Therefore, the distribution
and variation of geostress are of great practical importance in evaluating the fracability
of reservoirs.

Horizontal geostress differential profiles were calculated based on the results of ge-
ostress logging interpretation. Horizontal stress difference index, calculated according
to Equation (5), which is a dimensionless parameter representing the difference in hor-
izontal stress.
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where I1F  is the horizontal stress difference index, hρ  is the minimum horizontal
principal stress, Hρ  is the maximum horizontal principal stress,  is the horizon-
tal stress difference.
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During the fracturing process, the premise of crack initiation and propagation is that
the injected fluid should overcome the rock's tensile strength, the induced stress near
the wellbore, and the far-field horizontal stress [32]. Field practice has shown that the
magnitude of the minimum horizontal stress and the difference between horizontal
stresses are crucial in reservoir selection. When the difference between the principal
horizontal stresses is small, hydraulic fracturing technology can randomly communi-
cate with natural fractures, which is conducive to forming a sufficient fracture network
and is more favorable for volumetric modification; as the difference between the prin-
cipal horizontal stresses increases, the control effect of stress on fracturing fractures
gradually strengthens, and at this time, the fracturing fractures mainly expand along the
direction of the maximum horizontal principal stress, and the fracture pattern is rela-
tively single [33].

As analyzed above, existing studies on the evaluation of unconventional reservoir
fracability have focused more on the impact of horizontal stress differences and have
achieved some regular understanding recognized by most scholars. However, the im-
pact of vertical stress differences has been less considered. In fact, for transversely iso-
tropic shale reservoirs, to a certain extent, there is a clear connection between the ver-
tical stress difference and the local permeability of the reservoir. When the vertical
stress is less than the two horizontal principal stresses, horizontal fractures may be pro-
duced, and more bedding fractures may also be induced during this process. On the
contrary, fractures are more inclined to extend vertically [34].

Based on the interpretation results of the in-situ stress logging, calculate the vertical
stress difference profile. According to Equation (6), calculate the vertical stress differ-
ence index, which is a dimensionless parameter representing the difference in vertical
stress:
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where I2F  is the vertical stress difference index, vρ  is the vertical stress, vρΧ  is

the vertical stress difference.
In summary, the geostress difference index is characterized as follows:

1 2I I IF m F n F< ) ∗ ) (7)

where m, n are the weight values of the horizontal stress difference index and vertical
stress difference index, respectively. In this study m and n are assigned as 0.6 and 0.4.
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2.3 Natural Fractures

The development of natural fractures and layering in shale reservoirs significantly in-
fluences the fracability of the formation [35]. The presence of natural fractures can alter
the propagation path of hydraulic fractures, leading to the formation of a more complex
fracture network.

In deep shale reservoirs, the impact of layering and natural fractures on fracability is
multifaceted, with these factors collectively determining the effectiveness of hydraulic
fracturing and the formation of fracture networks [36]. The existence of layering and
natural fractures significantly affects the fracability of shale reservoirs. Layering, as a
natural weak plane within shale, can cause fractures to exhibit different morphologies
during propagation due to variations in cementation strength. When hydraulic fractures
are perpendicular to layering, areas with lower cementation strength are prone to frac-
ture branching and deflection, forming complex mesh-like fracture structures [37]. In
contrast, areas with higher cementation strength facilitate the penetration and extension
of fractures. Additionally, the dip and strike angles of layering also influence the prop-
agation path of fractures, with fractures tending to extend along the layering planes,
especially when there is a significant angle between the layering plane and the direction
of fracture propagation.

On the one hand, these discontinuities can provide weak zones for the deflection of
hydraulic fractures, enabling the formation of a more complex fracture network inside
the reservoir after fracturing, which is conducive to improving the local permeability
of the reservoir [38]. On the other hand, as the mechanically weak parts of rocks, natural
weaknesses can reduce the fracture pressure required for reservoir fracturing. Existing
technologies can predict natural fracture zones or fault zones, allowing horizontal wells
to effectively avoid unfavorable areas [39]. However, shale gas reservoirs are actually
distributed with natural fractures and bedding planes of meters and smaller scales,
which also greatly affect the mechanical properties of the reservoir. However, accu-
rately predicting and quantitatively evaluating the development degree of natural dis-
continuities (number and distribution) in shale reservoirs is very difficult. Especially in
deep reservoirs, this also makes it rare for the existing evaluation models of unconven-
tional reservoirs to consider the impact of this factor.

The development of natural fractures plays a significant role in the fracability of
shale reservoirs. To quantitatively assess the impact of natural fractures on the reser-
voir's fracability, the normalized natural fracture density and the angle between the
main natural fracture strike and the direction of the maximum horizontal principal stress
are considered using the harmonic mean method. The calculations are performed using
Equations (8) and (9) as follows:

fi fmin
f

fmax fmin

θ θ
θ

θ θ
,

<
,

(8)

where fθ  is the normalized natural fracture density, dimensionless, fiθ  is the frac-
ture density, in number of fractures per meter, fmaxθ  is the maximum fracture density,

fminθ  is the minimum fracture density.
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where π  is the normalized angle between the main natural fracture strike and the di-
rection of the maximum horizontal principal stress, iπ  is the angle between the main

natural fracture strike and the direction of the maximum horizontal principal stress, 45
is the average angle.

The development index of natural fractures is then calculated using the harmonic
mean approach as shown in Equation (10):

f

2
(1 1 )fN

θ π
<

∗
(10)

where fN  is the index of natural fracture development.
This index combines the normalized fracture density and the normalized fracture

strike angle to provide a comprehensive measure of the natural fracture development
within the reservoir. A higher value of fN  indicates a more developed natural frac-
ture network, which generally contributes to better fracability and potential for hydrau-
lic fracturing success. This method allows for a more accurate assessment of the reser-
voir's ability to be effectively fractured and provides valuable insights for fracture de-
sign and stimulation strategies in shale reservoirs.

These indices are crucial for evaluating the potential of shale reservoirs to be effec-
tively fractured and can guide the design of hydraulic fracturing treatments to enhance
the development of shale gas resources. The study also notes that the uneven distribu-
tion of in-situ stress can affect the development of natural fractures, thereby influencing
the fracability of shale reservoirs. Natural fractures, as pre-existing fracture networks
within the reservoir, significantly influence the effectiveness of hydraulic fracturing
due to their degree of development and orientation. During the fracturing process, the
interaction between natural and induced fractures is crucial for the formation of the
fracture network. Therefore, the distribution and variation of in-situ stress have signif-
icant guiding implications for the evaluation of fracability and the design of hydraulic
fracturing in shale reservoirs.

2.4 Fracablity Index

Combining the above indicators, the shale fracability index (FI) shown in Equation 10
was established in this study. The model provides a comprehensive quantitative evalu-
ation of shale fracability by considering the effects of brittleness index, ground stress,
and the degree of natural fracture development on the formation of complex fracture
networks through the weighting analysis method.

1 2FI=a*BI * * *I I fb F c F d N∗ ∗ ∗ (11)
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where FI is the shale fracability index.
In this study, the hierarchical analysis method, which is commonly used for multi-

indicator weighting analysis [40], was used to obtain the weights of the above indicators
in the fracability evaluation, respectively.

3 Case Study

Some studies have shown that fracability results obtained from indoor experiments
have been validated to some extent, but this is not sufficient to evaluate fracability in
the longitudinal profile of the reservoir at the fracturing site [35]. The aim of hydraulic
fracturing for deep shale is to maximise the connectivity of the producing layers to
improve economic efficiency. Therefore, formation identification is the first and most
critical step in the evaluation of the fracability of deep shale reservoirs through log data
[41]. In this study, fracability evaluation of Longmaxi Formation shale in wells S in
Sichuan Basin was carried out, including vertical wells and horizontally segmented
fracturing wells. In detail, the fracability index calculated from log data was used for
the validation and application of reservoir evaluation of multi-layer sections of vertical
wells and production profile analysis of horizontal wells.

Based on the above method, the fracability evaluation of the shale reservoir of the
Longmaxi Formation in deep wells S in the Sichuan Basin was carried out, as shown in
Figs. 2 and 3. It can be seen that fracability is higher in the depth section from 4024 to
4031m (layers L1-L3), implying that this section is more likely to form a complex frac-
ture network after fracturing compared to other sections. Horizontal wells penetrate
through the layers mainly in the above mentioned layers, and this prediction is con-
sistent with the results of the fracturing design in the field. The Wufeng Formation is
an engineering sweet zone with lower fracability than the above layers, mainly due to
the large difference in horizontal stresses and the poor complexity of forming cracks.
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Fig. 2. Variation of each influencing factor with depth in the vertical well
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Fig. 3. Variation of fracability with depth in vertical well section

Based on the log data and geological information of the horizontal well sections, the
fracability evaluation of each section of the horizontal well was carried out to guide
fracturing design in the field, as shown in Fig. 4. The fracability index is not exactly
unidirectionally positively correlated with the brittleness index. It was observed that the
brittleness decreased significantly with fracturing during segmental fracturing of long
horizontal wells, which coincides with the findings of this Zhao et al. The main reason
for this is the reduced brittleness of the shale due to shale-fracturing fluid interactions
under high-temperature pressure conditions [24]. If only the brittleness index is used to
evaluate the fracability of the reservoir, only the 5200 m section can be regarded as a
fracturable section, so the brittleness index is insufficient for evaluating the fracability.
In fact, for this type of reservoir, the hydraulic fracture expansion ability is weak after
fracturing. A crack-like fracture network may be formed around the near-wellbore, re-
sulting in a small modified reservoir volume (SRV), poor fracturing effect, and limited
production increase. Noting that an appropriate reduction in the number of clusters of
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shot holes and an increase in the discharge rate promote the expansion of hydraulic
fractures to distant locations and ensure the formation of a more complex fracture net-
work.
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This horizontal well was fractured in a total of 32 sections and monitored with trac-
ers. In detail, 30 fractured segments (segments 1-28, 31-32) had tracers added and mon-
itored according to the fracturing design. Sections 29 and 30 were combined for frack-
ing. The average gas production percentage profile for each section of this well is shown
in Fig. 5. Among the 30 fractured segments, segments 1, 2-6, 10 and 12 showed an
increasing trend in the percentage of gas production during the sampling and testing
cycle. Sections 15, 28, 31 and 32 showed a decreasing trend in the percentage of gas
production. There are 8 segments with >4% of gas production, with a total of 42.7% of
gas production. 15 segments with 2-4% of gas production, accounting for 41.7% of
total gas production. 7 segments with <2% of gas production, with a total of 8.9% of
gas production. However, it could not be accurately determined whether all of the tracer
had travelled into the stratigraphy of Sections 29 or 30.

Fig. 5. Average gas production percentage profile for each fractured section of horizontal wells
S
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Fig. 6. Relationship between fracability index and gas production

The relationship between the fracability index and the percentage of gas produced
in each fractured section of a horizontal well was analyzed using the same fracturing
process and data with similar section lengths, as shown in Fig. 6. Overall, the correla-
tion between the fracability prediction results and the production profile results is as
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high as 92.63% for fractured sections with similar section lengths and the same fractur-
ing process used. Therefore, the model, which integrates multiple factors, can effec-
tively predict the fracturing effect of shale, providing an important reference for the
development of reservoir modification and exploitation strategies.

4 Conclusion

(1) Fracability evaluation shows that the shale reservoir of Longmaxi Formation in the
study area is moderately fracability and has certain potential for reservoir stimulation.
The model calculation results are in good agreement with the actual situation after frac-
turing, indicating that the evaluation method is more reasonable and the results are re-
liable.

(2) The shale fracability evaluation model established in this study provides a scien-
tific evaluation method and basis for shale gas development in the Wufeng-Longmaxi
formation in the Sichuan Basin.

(3) Brittleness is not equivalent to fracability. The brittleness index alone is not suf-
ficient to characterize the ability of deep shale reservoirs to produce complex fracture
networks after fracturing, but it is still a key factor in fracability evaluation.

Although our model includes factors such as in-situ stress and natural fractures, it
may not capture all the complexities involved in the fracturing process, such as the
impact of fluid properties or the dynamic interactions between fractures. Future studies
could explore the inclusion of additional factors, such as fluid properties or the effects
of multiple fracturing stages, to further enhance the accuracy and comprehensiveness
of fracability evaluations.
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