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a b s t r a c t

For shale reservoir operations, assessing the brittleness of anisotropic shales is vital of optimizing 
wellbore stability analysis and fracturing design. Current brittleness indices lack effectiveness in char-
acterizing shale brittleness anisotropy. Consequently, the experimental results reported in this paper 
derived from triaxial tests conducted on shale core samples from the Qingshankou Formation of the 
Songliao Basin. This study investigates the anisotropy of shale failure patterns and mechanical prop-
erties with respect to the bedding plane dip angle (θ), and quantifies the effect of confining pressure. 
Building on the cohesion weakening and friction strengthening (CWFS) theory, we established a novel 
triaxial brittleness index (B t ). This index uniquely combines the uniaxial brittleness index (B u ), reflecting 
inherent brittleness, with the brittleness weakening coefficient (B w ), quantifying the effect of confining 
pressure. Assessment of the anisotropic brittleness of shale based on B t under varying confining pres-
sures reveals that B t first increases but then decreases with increasing θ. The brittleness peaks at θ = 0 ◦ 

and reaches its lowest point at θ = 60 ◦ , a trend that aligns closely with the observed variations in the 
failure patterns of shale. Furthermore, the ability of the confining pressure to decrease shale brittleness 
varies with θ. At θ = 0 ◦ , the uniaxial brittleness is the highest, but the confining pressure has the 
strongest weakening effect on shale brittleness. In contrast, the uniaxial brittleness at θ = 90 ◦ is second 
only to that at 0 ◦ , but the brittleness in this direction is least affected by the confining pressure. 
Compared with the five existing brittleness indices, the proposed index accounts for both inherent and 
apparent brittleness. It is more sensitive to internal lithological characteristics and external stress 
conditions and has strong potential for integration with geophysical data. This study provides valuable 
guidance for sweet spot identification, wellbore stability assessment, and fracturing scheme optimi-
zation in shale oil and gas exploration.
© 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

Shale oil, recognized as a pivotal clean energy source, is gaining 
increased attention amidst the advancement of unconventional oil 
and gas resources. Its economical and efficient recovery necessi-
tates the application of horizontal drilling coupled with multi-
cluster hydraulic fracturing. Horizontal wells increase the contact

length and oil discharge area between the wellbore and reservoir, 
while the fracture network generated by hydraulic fracturing en-
hances the permeability of shale formations (Zhang et al., 2022b; 
Zhang et al., 2023a, 2023b; Gu et al., 2024; Yan et al., 2025). Hor-
izontal drilling and hydraulic fracturing critically depend on the 
precise determination of essential reservoir mechanical parame-
ters, notably in-situ stress, strength, and Young’s modulus. 
Generally, higher brittleness increases the risk of wellbore collapse 
during drilling, as documented by Holt et al. (2015) and Gui et al. 
(2018). Concurrently, it promotes the formation of intricate frac-
ture networks under hydraulic stimulation, a phenomenon sup-
ported by Zhang et al. (2016). However, shale, being a sedimentary 
rock, demonstrates pronounced mechanical anisotropy owing to 
its intricate bedding structure and mineral composition. This
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anisotropy affects the strength and deformation of shale, directly 
impacting its brittleness and influencing fracture propagation 
during hydraulic fracturing. Hence, research on the mechanical 
anisotropy of shale, specifically its anisotropic brittleness, is the 
key to improving hydraulic fracturing outcomes during shale oil 
extraction.

By comparing three different types of shale, Wu et al. (2020) 
and Patel et al. (2022) reported that shale rich in clay has stronger 
anisotropic characteristics. In addition to the influence of mineral 
composition, the bedding planes in the shale matrix, which act as 
weak planes, significantly affect its strength and fracture mode 
(Yang et al., 2020). In the past few decades, many researchers have 
conducted various laboratory tests to explore the anisotropic 
properties of various mechanical properties of shale. Uniaxial 
compression experiments by Wang and Li (2017) revealed that the 
dip angle of a bedding plane (θ) significantly affects the mechan-
ical properties and velocity response of rocks, with longitudinal 
and transverse wave velocities decreasing with increasing bedding 
angle. Through a series of triaxial compressive strength tests, Jia 
et al. (2021) and Dong et al. (2024) reported that the failure 
modes of shale with different bedding angles (θ) can be divided 
into five types. In addition, the compressive strength tends to first 
decrease but then increase with increasing bedding angle. Heng 
et al. (2015) investigated the anisotropy of shale shear strength 
parameters and reported that the shear strength, cohesion, and 
internal friction angle reached their maximum and minimum 

values at σ = 60 ◦ and σ = 0 ◦ , respectively. Ma et al. (2023) further 
reported that the fracture toughness and tensile strength of shale 
gradually increase with increasing bedding angle. However, ac-
cording to Wang et al. (2023), Brazilian splitting samples 
frequently undergo significant shear displacement along bedding 
planes, while their tensile strength reaches a nadir at θ = 60 ◦ . Kong 
et al. (2022) investigated the anisotropic characteristics of energy 
evolution in shale under cyclic loading, and the results revealed 
that elastic energy storage was greatest at 15 ◦ , and lowest at 60 ◦ 

and 90 ◦ . The dissipated energy in the 45 ◦ and 75 ◦ bedding di-
rections is much greater than that in the other bedding directions. 
In addition to its macroscopic mechanical properties, shale ex-
hibits significant anisotropy at the microscopic scale. Wu et al.

(2020) reported through cross scale, big data based statistical 
nanoindentation techniques that shale exhibits multiscale elastic 
anisotropy. Through microindentation tests, Ma et al. (2024) re-
ported that the microhardness, elastic modulus, compressive 
strength, and brittleness of shale in the normal parallel bedding 
direction are greater than those in the vertical bedding direction, 
whereas the fracture toughness shows the opposite pattern. 
Compared with the extensive research on the anisotropy of other 
mechanical parameters, relatively little has been conducted on 
shale brittleness anisotropy, with most studies focusing on the 
Longmaxi Formation shale in Sichuan, China (Geng et al., 2016). 
However, the shale brittleness anisotropy obtained is quite 
different. For example, Wang et al. (2017b) and Gui et al. (2023) 
reported that the trend of shale brittleness with increasing 
bedding angle is similar, however, Wang reported that shale brit-
tleness reaches its maximum value at a bedding angle of 30 ◦ or 
60 ◦ , whereas Gui reported that the shale brittleness index is the 
lowest at a bedding angle of 60 ◦ . Meanwhile, Zhang et al. (2017) 
reported that shale brittleness decreases first but then increases 
with increasing bedding angle, with the lowest brittleness occur-
ring at 60 ◦ . The main reason is that there is currently no suitable 
method for evaluating the anisotropic brittleness of shale. At 
present, the brittleness indices for rock materials can be broadly 
categorized into five types. The first category relies on the pro-
portion of brittle minerals within the rock composition (Jarvie 
et al., 2007; Wang and Gale, 2009; Glorioso and Rattia, 2012; 
Alzahabi et al., 2015). This approach stems from the understand-
ing that minerals such as quartz and feldspar are key contributors 
to rock brittleness and fracture. However, these methods often fail 
to capture brittle anisotropy because they ignore the influence of 
rock diagenesis and stress conditions, i.e. mineral composition 
does not change with changes in bedding direction. The second 
category utilizes elastic properties determined through analysis of 
well log data (Rickman et al., 2008; Guo et al., 2015). This view-
point posits that brittleness is positively correlated with material 
stiffness (elastic modulus), but inversely correlated with Poisson’s 
ratio. Nevertheless, the variation in the Poisson’s ratio with θ lacks 
a consistent trend, hindering the precise assessment of shale 
brittleness using such approaches. The third and fourth categories 
of brittleness indices are both derived from the mechanical pa-
rameters reflected in the stress‒strain curve obtained through 
rock mechanics tests. The former approach assesses rock brittle-
ness through deformation characteristics (Andreev, 1995; 
Hajiabdolmajid and Kaiser, 2003; Gong and Sun, 2015), whereas
the latter directly links brittleness to the bearing capacity or 
strength parameters (Bishop, 1967; Altindag, 2003, 2010; €Ozfırat
et al., 2016). Owing to the influence of bedding planes, shale 
stress‒strain curves frequently display pronounced fluctuations 
both before and after peak stress. This behaviour complicates the 
identification of key characteristic points on the curve. For 
example, calculating brittleness indices that depend on the post-
failure curve’s strength decline rate and magnitude requires pre-
cise determination of residual strength. Brittleness indices of the 
fifth category utilize energy-based principles governing rock fail-
ure, specifically quantifying prepeak energy storage and post-
failure dissipation dynamics (Tarasov and Randolph, 2011; Ai et al., 
2016; Li et al., 2017). Brittleness indices derived from an energy 
perspective offer superior insight into rock failure, as they 
explicitly account for the energy dissipation governing brittle 
fracture, revealing its underlying mechanics more faithfully than 
traditional metrics. At present, energy-based brittleness indices 
have become relatively scientific methods for evaluating rock 
brittleness, but they also have two limitations when evaluating 
shale brittleness. On the one hand, the highly developed bedding 
planes in shale cause the fracturing process to involve friction and
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opening along these weak surfaces. This leads to significant fluc-
tuations in the stress-strain curve, especially in the postpeak stage, 
making the determination of fracture strain energy and residual 
strain energy extremely difficult. On the other hand, the inability 
to combine energy parameters with geophysical logging data 
means that such methods cannot continuously characterize the 
brittleness of formations at different depths and have limited 
applicability.

In this study, the anisotropy of failure patterns and key me-
chanical properties in the Qingshankou Formation shale (Songliao 
Basin) was investigated using triaxial compression experiments. 
Building on the cohesion weakening friction strengthening (CWFS) 
constitutive framework, we analysed how cohesion weakening 
and friction strengthening correlate with strain energy evolution 
and brittle fracture modes. Analysis demonstrated that the 
intrinsic parameters of the internal friction angle and cohesion 
fundamentally govern the extrinsic mechanical response and en-
ergy dissipation characteristics of rock. On the basis of these 
findings, novel brittleness indices for uniaxial and triaxial stress 
states were developed and subsequently applied to quantify the 
anisotropy in shale brittleness under these conditions.

2. Geological setting

Located in Northeastern China, Songliao Basin ranks among the 
world’s richest land-phase hydrocarbon basins. Within its central 
Gulong Depression, large deep and semideep lake systems devel-
oped, leading to the deposition of two extensive sequences of fine-
grained lacustrine sediment. These constitute the high-quality 
Qingshankou and Nenjiang Formation source rocks, which host 
substantial shale oil resources. Vertically, the enriched shale oil 
layers are distributed mainly in the lower parts of the Qing-1 and 
Qing-2 members of the Qingshankou Formation. According to the 
sedimentary gyre, lithological characteristics, mineral composi-
tion, TOC, etc., it is divided into 9 oil layers (Q 1 –Q 9 ). The Qing-
shankou shale is mainly composed of matrix pore-shingle seams, 
and the pore types include organic matter pore seams, clay min-
eral intergranular pores and solution pores. The nanoscale pore-
seam system controlled by horizontal shale greatly improves the 
physical properties of the reservoir, with pore widths ranging from 

70 to 5000 nm, accounting for more than 75% of the total surface 
porosity. The horizontal permeability under overpressure condi-
tions ranges from 0.011 × 10 − 3 to 1.620 × 10 − 3 μm 2 , with an 
average of 0.580 × 10 − 3 μm 2 , and the vertical permeability is less 
than 0.0001 × 10 − 3 μm 2 , forming a highly porous seepage zone in 
the horizontal direction. The shale in the Qingshankou Formation 
accounts for over 95% and is interbedded with a small number of

thin layers of dolomite, shell limestone, and siltstone, but the 
thickness of each layer is generally only a few centimetres. XRD 
analysis was conducted on 9 Qingshankou Formation shale sam-
ples (Fig. 1). The quartz content ranges from 30.8% to 35.6%, with 
an average of 33.5%, while the feldspar contet ranges between 9.7% 
and 24.7%, with an average of 18.4%. Calcite and dolomite are the 
primary carbonate minerals and are present at 3.1%–10.4% 
(average: 6.1%). The clay mineral content varies from 32.8% to 
41.8%, with an average value of 37.4%. The remaining minerals 
collectively constitute less than 10%. The clay fraction is dominated 
by illite (50%–90%), an illite-montmorillonite mixed layer 
(20%–40%), and chlorite (10%–30%).

3. Method for testing the anisotropic mechanical properties 
of shale

XRD analysis revealed that the Qingshankou shale contains a 
high proportion of brittle minerals (>50%), facilitating the forma-
tion of complex hydraulic fractures. However, the well-developed 
bedding system in the Qingshankou Formation induces significant 
anisotropy in the mechanical properties of the shale, altering the 
brittle failure characteristics in different directions and impacting 
hydraulic fracture propagation. To investigate the mechanical 
properties of the shale, particularly its brittle anisotropy, Brazilian 
splitting and conventional triaxial compression tests were con-
ducted at the National Key Laboratory of Northeast Petroleum 

University, utilizing its GCTS RTR-1500 rock triaxial system (Fig. 2).
Samples with seven distinct bedding plane orientations (θ = 0 ◦, 
15 ◦ , 30 ◦ , 45 ◦ , 60 ◦ , 75 ◦ , and 90 ◦ ; Fig. 3) were prepared and tested. To 
maintain the initial state of the sample as much as possible, the 
full-diameter sample was immediately wrapped and sealed with 
cling film until the preparation of the mechanical experiment 
sample begin. Owing to the high content of clay minerals in shale 
samples, their mechanical properties may deteriorate when 
exposed to water. In this experiment, shale samples were prepared 
into 25 × 50 mm and 50 × 25 mm sizes using wire-cutting 
equipment under anhydrous conditions. After online cutting, the 
samples were finely polished according to the ISRM (Ulusay, 2015) 
recommended method to ensure that the end face flatness error 
was less than 0.01 mm and that the diameter size error was less 
than 0.3 mm. Brazilian splitting tests were performed without 
confining pressure. Triaxial compression tests, however, applied 
confining pressures ranging from 0 to 30 MPa in 10 MPa in-
crements (specifically, 0, 10, 20, and 30 MPa). All testing was 
implemented under axial displacement control. An initial pre-
loading phase at 10 mm/min was applied until the axial load 
reached 1 kN. The displacement rate was subsequently switched to 
0.06 mm/min for the main loading phase until sample failure. To 
reduce experimental variability and potential errors caused by 
instruments, shale samples with different bedding angles were

Fig. 1. Whole rock mineral content of the Qingshankou Formation shale. Fig. 2. GCTS RTR-1500 rock triaxial apparatus (high T&P capability).
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tested three times under various experimental conditions. Owing 
to space limitations, in this study, the sample with results closest 
to the average value was selected for typical analysis.

4. Anisotropy analysis of shale mechanical parameters

4.1. Failure patterns

For shale under triaxial compression, the final fracture patterns 
resulting from tests at varying confining pressures are shown in 
Fig. 4. Under uniaxial loading at θ = 0 ◦ and 15 ◦ , shale exhibits 
complex failure patterns, characterized by numerous longitudinal 
splitting cracks propagating parallel to the load axis and trans-
ecting the bedding planes. Additionally, the bedding planes along 
the crack path are activated, leading to shear slip. The simulta-
neous generation of multiple tensile splitting cracks and

secondary shear cracks leads to significant radial expansion of the 
shale sample, a typical characteristic of high brittleness. Under a 
confining pressure of 10 MPa, constraints are imposed on both the 
initiation and development of matrix-hosted tensile cracks and 
the generation of shear cracks along the bedding planes. The 
failure pattern is characterized by a primary Y-shaped crack sur-
rounded by several localized shear branches. As θ increases to 
30 ◦ –45 ◦ , the tendency for matrix tensile failure in shale under 
uniaxial stress diminishes. Conversely, shear failure along the 
bedding planes becomes predominant, evolving into the primary 
failure mechanism. The samples commonly develop multiple 
subparallel bedding shear fractures, which connect via cross-layer 
tensile fractures within the matrix, ultimately resulting in a 
composite fracture system with a step-like morphology. Under 
confining pressure, the failure mechanism transitions towards 
shear-dominated failure penetrating across two bedding planes.

Fig. 3. Shale samples featuring varying bedding orientations subject to Brazilian splitting and triaxial compressive testing.

Fig. 4. (a) and (b) fracture characteristics of shale samples at varying inclination angles (θ) under confining pressures of 0 and 30 MPa, respectively.
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When θ increases further to 60 ◦ –75 ◦ , both unconfined and 
confined conditions induce shale failure characterized by distinct
shear cracks propagating subparallel to the bedding. At θ = 90 ◦ ,
when the bedding aligns with the loading direction and is me-
chanically weaker than the matrix, multiple longitudinal tensile 
failures develop along the bedding planes, resulting in the for-
mation of a longitudinal splitting failure pattern. Under a confining 
pressure of 10 MPa, the shale sample retains its dominant failure 
mode but shows reduced longitudinal tensile cracking along the 
bedding planes.

4.2. Stress-strain characteristics

The uniaxial stress-strain response of shale, as depicted in Fig. 5 
for varying θ angles, reveals an initial distinct compaction stage. 
This characteristic is attributed to the material’s high clay mineral 
content and well-developed bedding planes. Within the θ range of
0 ◦ –60 ◦ , failure occurs nearly linearly at the critical point, with 
shale samples demonstrating negligible plastic deformation 
before reaching peak stress. Additionally, the curves exhibit a rapid 
and sharp postpeak decline, which is a hallmark of brittle fracture. 
In contrast, the stress-strain curves of the shale samples inclined at
θ = 75 ◦ and 90 ◦ display sawtooth patterns prior to peak stress. The 
correlation with the failure patterns in Fig. 4 suggests that these 
fluctuations near the peak arise from multiple longitudinal tensile 
splitting failures. A consistent trend is observed across Figs. 6–12: 
the stress-strain behaviour of the shale samples under varying 
confining pressures is similar for all θ values. Specifically, 
increasing the confining pressure enhances the prepeak plastic 
deformation, gradually increases the residual strength, and slows 
the postpeak stress decline. These trends suggest that shale brit-
tleness decreases as the confining pressure increases.

4.3. Mechanical parameters

The variations in compressive strength with θ under different 
confining pressures in both Cartesian and polar coordinates are 
shown in Fig. 13. Under loading normal to the anisotropy axis 
(θ = 0 ◦ ), the normal stress on the bedding planes is maximized, 
resulting in shale failure characterized by tensile fracturing within 
the matrix (Fig. 4). Thus, shale sample at θ = 0 ◦ exhibit the highest
uniaxial compressive strength. Over the range of θ from 0 ◦ to 30 ◦ ,

Fig. 5. Uniaxial stress-strain behaviour of shale at varying bedding plane orientations 
(θ).

Fig. 6. Effects of confining pressure on shale stress-strain characteristics at θ = 0 ◦ .

Fig. 7. Effects of confining pressure on shale stress-strain characteristics at θ = 15 ◦ .

Fig. 8. Effects of confining pressure on shale stress-strain characteristics at θ = 30 ◦ .
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the normal stress acting on the bedding planes decreases gradu-
ally, while the shear stress concurrently increases. During this 
transition, shale failure is governed by both matrix tensile frac-
turing and shear slip along the bedding planes, gradually reducing 
the compressive strength. Within the θ range of 45 ◦ –60 ◦ , the 
bedding planes experience peak shear stress. Under axial loading, 
they loosen sufficiently to preclude achieving a fully compacted 
state. Consequently, shale samples primarily fail by shear along the 
bedding planes. Thus, the uniaxial compressive strength of the 
shale reaches its minimum at θ = 60 ◦ . When θ exceeds 60 ◦ , the 
uniaxial compressive strength increases again. This shift occurs as 
the bedding orientation becomes more parallel with the loading 
axis, causing the dominant failure mechanism along the bedding 
planes to transition from shear to tensile splitting. However, con-
straints imposed by the loading platens suppress tensile crack 
development, ultimately leading to an increase in peak strength. 
Furthermore, the effect of confining pressure on shale strength 
manifests in two distinct ways across the range of bedding angles 
(θ). First, confining pressure increases the strength for all orien-
tations, but the magnitude of this strengthening varies markedly: 
it is most substantial for orientations parallel and perpendicular to 
loading (θ = 0 ◦ and 90 ◦ ), whereas it is minimal for intermediate 
angles (θ = 45 ◦ and 60 ◦ ). Second, increasing the confining pressure 
does not alter the fundamental trend relating the peak strength to 
θ. The variations in the elastic modulus and Poisson’s ratio with θ 
under different confining pressures are depicted in Figs. 14 and 15, 
respectively. Across all confining pressures, the elastic modulus 
increases modestly as θ increases from 0 ◦ to 45 ◦ , followed by a 
more substantial increase above 45 ◦ . Poisson’s ratio clearly in-
creases with confining pressure but shows only a weak depen-
dence on θ.

Figs. 16 and 17 illustrate the anisotropic behaviour of cohesion 
and the internal friction angle across varying confining pressures. 
Under unconfined conditions (σ 3 = 0 MPa), both parameters 
exhibit pronounced anisotropy, decreasing initially before 
increasing with increasing bedding plane inclination θ. Notably, 
cohesion peaks at θ = 90 ◦ , whereas the internal friction angle 
reaches its maximum at θ = 0 ◦ . Furthermore, the magnitudes of 
both the cohesion and internal friction angle are dependent on the 
confining pressure: the cohesion is positively correlated with 
increasing σ 3 , whereas the internal friction angle is negatively 
correlated.

Fig. 9. Effects of confining pressure on shale stress-strain characteristics at θ = 45 ◦ .

Fig. 10. Effects of confining pressure on shale stress-strain characteristics at θ = 60 ◦ .

Fig. 11. Effects of confining pressure on shale stress-strain characteristics at θ = 75 ◦ .

Fig. 12. Effects of confining pressure on shale stress-strain characteristics at θ = 90 ◦ .
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5. Brittleness index based on the CWFS model

5.1. CWFS model and its correlation with rock brittleness

Hajiabdolmajid and Kaiser (2003) first proposed the CWFS 
model (Fig. 18(a)), suggesting that rock deformation to failure in-
volves cohesion weakening and friction strengthening. During 
elastic deformation, cohesive forces between rock minerals resist 
external loads, with minimal shear sliding between particles. At

this stage, rock strength primarily depends on the cohesive 
component. As the load increases and the internal tensile stress 
exceeds the cohesive strength, mineral particles rupture along the 
grain boundaries, resulting in the formation of tensile cracks. 
Subsequently, friction influences crack development, which in-
creases as microcracks expand and accumulate. When the stress 
exceeds the peak strength, microcracks interconnect, forming 
macroscopic fractures, while cohesive and frictional forces stabi-
lize with shear failure. Consequently, the progression of rock

Fig. 13. Compressive strength vs. θ for different confining pressures, plotted in dual coordinate systems (Cartesian and polar).

Fig. 14. Elastic modulus vs. θ for different confining pressures, plotted in dual coordinate systems (Cartesian and polar).

Fig. 15. Poisson’s ratio vs. θ for different confining pressures, plotted in dual coordinate systems (Cartesian and polar).
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deformation, damage, and ultimate failure stems from the inter-
play of cohesion and friction. Fundamentally, the internal friction 
angle and cohesion serve as the key mechanisms governing the 
transition to either brittle failure or plastic deformation in rock 
masses. Ramsay (1967) and Allaby and Allaby (1990) characterized

brittleness as the ability of rock to convert its cohesion into 
inherent friction upon failure.

The energy dynamics governing rock failure are fundamentally 
linked to the activation of its cohesive and frictional resistance 
mechanisms. Fig. 18(b) demonstrates that the input work is

Fig. 16. Comparison of Cartesian and polar coordinate representations of cohesion variation with θ under multiple confining pressures.

Fig. 17. Comparison of Cartesian and polar coordinate representations of internal frictional angle variation with θ under multiple confining pressures.

Fig. 18. (a) Evolving cohesive and frictional components within the CWFS model throughout the failure process. (b) Corresponding transformation in elastic versus dissipated 
energy within the energy model as failure advances.
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predominantly divided into stored elastic strain energy and 
dissipated energy. Elastic strain energy reflects the rock’s capacity 
for energy storage and subsequent release, whereas dissipated 
energy fuels microcrack development prior to peak stress and 
drives macroscopic fracture propagation postpeak. Established 
indices quantifying brittleness through strain energy consistently 
show that rocks exhibiting higher brittleness store a larger pro-
portion of the total input energy elastically, correspondingly 
reducing the fraction dissipated (Ai et al., 2016; Zhang et al., 2022; 
Jiang et al., 2023; Cheng et al., 2024). A comparison of the cohesion 
weakening friction strengthening (CWFS) model with strain en-
ergy evolution (Fig. 18) reveals a direct correspondence: cohesive 
strength mobilization governs elastic energy storage, while fric-
tional resistance governs dissipation. Consequently, enhanced rock 
brittleness is correlated with diminished mobilization of the fric-
tional component and reduced energy dissipation throughout 
deformation and failure. To investigate the impact of cohesive and

frictional activation on brittle rock failure modes, the Mohr-
Coulomb (M-C) failure criterion is integrated with the CWFS 
model framework, as shown in Fig. 19. The M-C failure surface, 
formulated in principal stresses (Eq. (2)), depends on parameters 
C 0 and φ 0 derived from uniaxial compressive strength (σ c ) and 
tensile strength (σ t ) tests (Eq. (1)).

τ = σ⋅tanφ 0 + C 0 (1)

f = (σ 1 − σ 3 ) − 2C 0 ⋅cosφ 0 − (σ 1 + σ 3 )sinφ 0 (2)

Therefore, the M-C criterion is also represented in the p-q co-
ordinate system:

q = p⋅tanα + a (3)

where the mean stress p = (σ 1 + σ 3 ), the deviatoric stress q = (σ 1 −
σ 3 ), and σ 1 and σ 3 denote the maximum and minimum principal

Fig. 19. (a) and (b) are the evolution of the cohesive and frictional components corresponding to rocks with weak and strong brittle fracture characteristics, respectively.
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stresses, respectively. The relationships tanα = sinφ 0 and a = 2C 0 
cosφ 0 hold. Fig. 17 superimposes Eq. (1) and Eq. (3) within a shared 
plot. The blue curve depicts the material shear strength envelope 
within the σ-τ plane, whereas the red curve illustrates its coun-
terpart within the p-q plane. Within this p-q plot, segment HB 
equals the uniaxial compressive strength σ c (represented by OB). 
Consequently, the length HB (or KS) corresponds directly to the 
peak stress σ c observed in the stress-strain response of the CWFS 
model. In the σ-τ representation, point E signifies the tangency 
between the Mohr-Coulomb failure envelope and the Mohr circle 
for uniaxial compression. Thus, the distance ET quantifies the 
shear strength q f at failure. Linking the CWFS model with the 
Mohr-Coulomb criterion reveals that MS = ET = q f . This parameter 
q f captures the shear stress component governing rock failure 
within the CWFS framework, specifically representing the mobi-
lized frictional resistance upon damage initiation.

q f = 
C 0 

2 cosφ 0
1 − sinφ 0

(4) 

KM in Fig. 19 represents the mobilized cohesive force compo-
nent q c , which can be expressed as follows:

q c = σ c − q f = 
2C 0 cosφ 0
1 − sinφ 0

− 
C 0 

2 cosφ 0
1 − sinφ 0

= 
C 0 cosφ 0 (2 − cosφ 0 )

1 − sinφ 0
(5) 

From the perspective of microcrack evolution, cohesion mobi-
lization stems from tensile failure at mineral particle intergranular 
interfaces, whereas friction mobilization arises from shear sliding. 
The continuous development and competition of these two types of 
microcracks determine the micromechanical mechanism of brittle 
fracture in rocks. As shown in Fig. 19, when cohesive mobilization is 
dominant, rock damage is characterized mainly by longitudinal 
tensile microcrack evolution, and eventually these tensile micro-
cracks continue to connect to form macroscopic fractures. At this 
time, the rupture angle of the rock is β 2 = π/4 + φ 02 /2. When fric-
tional mobilization is dominant, the rock undergoes mainly shear 
microcrack evolution during the failure process, and the resulting 
macroscopic rupture angle is β 1 = π/4 + φ 01 /2. In Fig. 19, φ 02 > φ 01 , 
which reflects that when crack evolution is dominated by the 
cohesive zone, rocks are more likely to form longitudinal splitting 
failure patterns with larger shear angles. As demonstrated by Wang 
et al. (2017a) and Kuang et al. (2021), brittle failure under low

confining pressure constraints is typically characterized by a frac-
ture mode dominated by tensile microcracks.

Both the uniaxial compressive strength and cohesive strength 
substantially increase as the internal friction angle increases
(Fig. 20). In contrast, the frictional component exhibits minimal 
change. An elevated internal friction angle enhances shear stability
between mineral particles and impedes the propagation of the
shear microcracks. Consequently, the strain energy accumulated 
within the rock primarily drives the evolution of tensile micro-
cracks, thereby intensifying the weakening effect on cohesion. 
Furthermore, the brittleness index ((σ c − q f )q f ), derived from the
stress-strain curve, progressively increases with increasing inter-
nal friction angle. This trend is indicative of increasing rock brit-
tleness (Liang et al., 2017; Xia et al., 2017). It can therefore be 
concluded that rock brittleness is significantly positively corre-
lated with the internal friction angle, a conclusion that has already 
been confirmed in earlier studies (Hucka and Das, 1974). As shown
in Fig. 21, cohesion is strongly positively correlated with the uni-
axial compressive strength, as well as with both its cohesive and
frictional components. This suggests that higher cohesion not only 
increases the overall rock strength but also enhances the contri-
bution of both strength components. However, the strength drop 
coefficient remains constant with increasing cohesion, suggesting 
that the promotion of the cohesive component and the frictional
component by cohesion occurs in a certain proportion, reflecting
that cohesion does not affect the rockʼs brittleness.

5.2. Establishment of the brittleness index under uniaxial stress

(a) Step 1: Form of the Mohr-Coulomb criterion under the in-
fluence of confining pressure

Under ideal conditions, the ultimate shear strength curve is 
linear. However, in reality, the molar envelope of most rock ma-
terials is an arc-shaped curve with a gradually decreasing slope. To 
more accurately reflect the confining pressure effect of rocks, this 
paper derives the molar strength envelope equation in the form of 
a parabolic function:

τ 2 = [(σ c + 2σ t ) − 2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σ t (σ c + σ t ) 

√ 
](σ + σ t ) (6)

The shear strength curve tangent to the envelope can be 
expressed as follows:

Fig. 20. Variation of various strength components with the internal friction angle. Fig. 21. Variation of various strength components with cohesion.
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τ = σ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σ t σ c + 2(σ t ) 2 − 2σ t
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σ t (σ t + σ c )

√ √ 

2σ t

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σ t σ c + 2(σ t ) 2 − 2σ t
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σ t (σ t + σ c )

√ √ 

(7) 

In this form, the uniaxial compressive strength (σ c ) and uniaxial 
tensile strength (σ t ) can be expressed as
⎧
⎪⎨

⎪⎩ 

σ t = 
C 0

2tanφ 0
σ c = 2C 0 (tanφ 0 + 1)

(8) 

(b) Step 2: Principle and key parameters for constructing the 
uniaxial brittleness index

The Mohr stress circle features representing ideal plastic (a), 
elastic-plastic rock (b), and ideal brittle (c), materials are plotted in 
Fig. 22. Limit analysis is employed to define a brittleness index 
based on the internal friction angle. An auxiliary Mohr circle is 
defined by circumscribing the Mohr circles for the uniaxial tensile 
strength and compressive strength. Its centre is denoted as point 
Q. For an ideal plastic material, the tensile and compressive 
strengths are nearly equal, causing point Q in Fig. 22(a) to 
approach the origin (point O). However, as the internal friction 
angle increases, the disparity between uniaxial compressive 
strength and tensile strength increases progressively. Conse-
quently, point Q shifts rightward along the normal stress (σ) axis, 
as depicted in Fig. 22(b). When the internal friction angle ap-
proaches 90 ◦ , the Mohr circle characteristic of an ideal brittle 
material is reflected, with point Q nearly coinciding with the 
centre G of the Mohr stress circle corresponding to the uniaxial 
compressive strength, as shown in Fig. 22(c). Therefore, it can be 
concluded that the distance ΔR between point Q and point G is a 
key parameter affecting the evolution of rock brittleness.

(c) Step 3: Determination of the characterization range of the 
uniaxial brittleness index

On the basis of the above rules, we can infer that under the 
nonlinear Mohr-Coulomb criterion, the brittleness of generalized 
materials can be measured by the ratio of the abscissa x Q of the 
circumcircle centre to the abscissa x G of the Mohr circle centre 
corresponding to uniaxial compression. Therefore, the brittleness 
index of generalized materials under uniaxial stress can be
expressed as follows:

B u = 
x Q 
x G

(9)

However, existing research has shown that the compressive 
tensile strength ratio of rock materials is between 5 and 50 (Sari, 
2018); thus, it is impossible for point Q to coincide with the 
origin or point G, that is, x Q has a minimum and maximum value 
within (0, x G ). Therefore, the brittleness index applicable to rock 
materials can be expressed as follows:

B u = 
x Q − x Qmin 

x Qmax − x Qmin
=
10
9

−
25 cos 2φ u

18 sinφ u (sinφ u + cosφ u ) 
(10)

5.3. Establishment of the brittleness index under triaxial stress

(a) Step 1: Principle and key parameters for constructing the 
triaxial brittleness index

For hydrocarbon reservoir engineering applications where in-
situ stress governs rock brittleness and fracture behaviour, 
advancing a confining-pressure-dependent triaxial brittleness in-
dex is essential. In Fig. 23, the red straight line represents the limit 
shear strength curve for ideal brittle materials, which is approxi-
mately linear. This suggests that cohesion, internal friction angle,

Fig. 22. Cohesive and frictional characteristics of different brittle rocks and their correlation with rock failure patterns.
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and rupture angle remain constant under confining pressure, 
indicating that confining pressure does not affect rock brittleness. 
However, in reality, the Mohr stress circle characteristics of rock 
materials with brittle-plastic features under different stresses do 
not follow this pattern. As illustrated by the blue curve in Fig. 23, 
higher confining pressure causes the mineral particles within the 
rock to compact more tightly, enhancing cohesion but decreasing 
the shear stability of the rock. Concurrently, the internal friction 
angle gradually decreases, resulting in a Mohr shear strength curve 
that assumes a convex shape with progressively diminishing 
slopes (Byerlee, 1968; Barton, 1976). This is also why, in many 
studies (Akdag et al., 2021; Xia et al., 2022; Liu et al., 2024), the 
rock rupture angle tends to gradually decrease with increasing 
confining pressure. The primary mechanism underlying the 
confining pressure-induced decrease in rock brittleness involves 
its contrasting effects on strength parameters: the cohesion 
contribution is heightened, whereas the friction angle contribu-
tion is lessened, leading to changes in the rupture angle. This 
pattern is evident in the shale cohesion and internal friction angle 
data (Figs. 16 and 17). This core relationship provides a basis for 
defining a confining pressure sensitivity coefficient for brittleness.

(b) Step 2: Establishment of the brittleness weakening 
coefficient

Fig. 23 defines σ tc (measured triaxial strength) and σ′ tc (theo-
retical linear Mohr-Coulomb limit strength) for a specific confining 
pressure. The underlying mechanism involves a progressive shift 
of the Mohr circle centre towards the coordinate origin as 
confining pressure increases. Therefore, the ratio of the measured 
strength to the theoretical limit strength, σ tc /σ′ tc , constitutes an 
appropriate weakening coefficient (B w ) to represent the influence 
of confining pressure on brittleness.

B w = 
σ tc
σ ′tc

= 
σ tc

2C 0 cosφ 0
(1 − sinφ 0) 

+ σ 3
(1 + sinφ 0 )
(1 − sinφ 0 )

(11)

(c) Step 3: Establishment of the triaxial brittleness index

B u represents the brittleness index of rock materials under 
nonconfining pressure conditions, while B w represents the degree 
to which rock brittleness deteriorates because of confining pres-
sure. Therefore, the product of these two can represent the

brittleness under confining pressure conditions, which is defined 
as the triaxial brittleness index B t in this paper.

B t = B u ⋅B w (12)

(d) Step 4: Extended form of the triaxial brittleness index B t

Shen et al. (2018) revised the M-C criterion on the basis of 
previous experimental data and obtained a prediction formula (Eq. 
(12)) for the triaxial cohesion C t and triaxial internal friction angle
φ t .
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

C t = C 0 + (σ c − AC 0 )
σ 3
2σ c 

φ t = φ 0 

( 

1 − B
̅̅̅̅̅̅̅̅
σ 3
2σ c

√ ) (13)

Coefficients A and B are parameters determined by fitting data 
from multiple triaxial compression tests. The more widely appli-
cable B t can be expressed as follows:

B t = B u ⋅B w = B u⋅ 
C t cosφ t + σ 3 (1 + sinφ t ) 
C 0 cosφ 0 + σ 3 (1 + sinφ 0 )

⋅ 
(1 − sinφ 0 )
(1 − sinφ t )

(14)

5.4. Sensitivity analysis of the new brittleness indices

A presents a sensitivity analysis of the uniaxial brittleness index 
(B u ), confining pressure weakening coefficient (B w ), and the 
triaxial brittleness index (B t ) relative to the uniaxial internal fric-
tion angle and cohesion is shown in Fig. 24. B u increases markedly 
with increasing friction angle, indicating that increased friction 
substantially enhances the inherent rock brittleness under uni-
axial stress. Conversely, B w decreases as the friction angle in-
creases. B t , however, exhibits a nonmonotonic relationship with 
the friction angle, first increasing to a maximum before declining 
gradually. This phenomenon occurs because excessive confining 
pressure amplifies the relative frictional resistance of shear cracks, 
thereby hindering the development of brittle fractures. Under low 

confining pressures, both tensile and shear microcracks evolve 
simultaneously. An increase in the internal friction angle promotes 
brittle fracture because frictional resistance suppresses shear

Fig. 24. Variations in the uniaxial brittleness index B u , weakening coefficient B w 

reflecting the effect of confining pressure on brittleness, and triaxial brittleness index 
B t with changes in the uniaxial internal friction angle and cohesion.

Fig. 23. Variations in the Mohr circle, cohesive strength, and frictional properties 
across triaxial stress states.
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microcrack propagation, leading to energy concentrations that 
favour tensile-dominated failure. Conversely, under high confining 
pressures, tensile microcrack formation is significantly limited, 
and shear microcrack evolution dominates rock failure. In partic-
ular, under high internal friction conditions, the energy barrier for 
shear microcrack generation increases, resulting in reduced rock 
brittleness. Compared with the internal friction angle, the effect of 
cohesion on brittleness differs. B u remains constant as cohesion 
increases, whereas both B w and B t are positively correlated with 
cohesion. This suggests that under uniaxial stress, cohesion does 
not affect rock brittleness. However, under confining pressure, 
increased cohesion enhances the resistance to tensile and shear 
microcrack formation. Compared with tensile microcracks, shear 
microcracks require more strain energy to initiate, making them 

more difficult to extend. Therefore, increased resistance to shear 
microcrack formation indirectly promotes tensile microcrack 
development, strengthening the rock’s brittleness.

The variations in B t with confining pressure for different in-
ternal friction angles and cohesion values are shown in Figs. 25 and 
26, respectively. First, regardless of whether the cohesion or in-
ternal friction angle changes, B t progressively decreases as the 
confining pressure increases. This trend aligns with typical 
experimental results from rock triaxial tests. The magnitude of 
uniaxial brittleness is enhanced by a higher internal friction angle; 
concurrently, this parameter also decelerates the reduction in

triaxial brittleness observed under increasing confining pressure. 
Specifically, rocks with a higher internal friction angle exhibit 
greater uniaxial brittleness; however, the extent of the decrease in 
brittleness under triaxial conditions also intensifies proportionally 
with confining pressure. In Fig. 26, since uniaxial brittleness is 
independent of cohesion, the triaxial brittleness index decreases 
gradually from 0.82 with increasing confining pressure. Further-
more, higher cohesion leads to a diminished decline in triaxial 
brittleness as the confining pressure increases. This finding in-
dicates that cohesion mitigates the weakening effect of confining 
pressure on brittleness in triaxial tests.

6. Analysis of shale brittleness anisotropy through CWFS-
based brittleness indices

Following the establishment of reliable brittleness indices in 
this study, the anisotropy of shale brittleness within the Qing-
shankou Formation was evaluated using the test data presented in 
Section 3 (see Table 1). The brittleness indices derived by B u and 
the resulting failure modes for uniaxially stressed shale samples at 
different bedding angles (θ) are shown in Fig. 27. The brittleness 
index decreases progressively with increasing θ over the range of
0 ◦ –60 ◦ . Similarly, the fracture mechanism changes: at low θ, 
fractures exhibit a tensile-shear composite nature, whereas at 
higher θ (e.g., 60 ◦ ), failure occurs primarily through shear along 
the bedding planes. At θ = 60 ◦ , the brittleness reaches its mini-
mum value. At this angle, the samples develop single planar shear 
fractures, exhibiting the weakest brittle characteristics. When θ 
exceeds 60 ◦ , the brittleness index increasing again. During this 
phase, the failure pattern shifts from single-plane shear fracture to 
multiple longitudinal splitting and tensile fractures, accompanied 
by a gradual strengthening of the brittle fracture characteristics. 

As shown in Fig. 28, the brittleness of shale across different 
bedding dip angles progressively decreases with increasing 
confining pressure. When calculated as the standard deviation of 
the brittleness values, the anisotropy coefficient is maximized 
under unconfined conditions (uniaxial stress), highlighting that 
the influence of bedding orientation on brittleness is most pro-
nounced without confining pressure. Moreover, the anisotropy 
coefficient decreases with increasing confining pressure, which is 
correlated with a reduction in the brittleness anisotropy exhibited 
by shale samples with different θ orientations.

The variations in B t and B w with θ under different confining 
pressures, respectively are shown in Figs. 29 and 30. The influence 
of θ on shale brittleness displays a consistent trend across varying 
confining pressures: the brittleness initially increases with θ, 
peaks at an intermediate angle, and subsequently decreases, 
reaching its lowest value at θ = 60 ◦ . Concurrently, higher confining 
pressures progressively diminish the angular variations in brit-
tleness (B t ). Notably, the orientation (θ) associated with peak 
brittleness shifts depending on the confining pressure. At atmo-
spheric pressure (uniaxial stress), maximum brittleness occurs 
when θ = 0 ◦ . In contrast, under confining pressures of 10–30 MPa, 
shale samples oriented at θ = 90 ◦ exhibit the greatest brittleness. 
The weakening effect of the confining pressure on the brittleness is 
quantified in Fig. 30 using B w , where smaller B w values denote a 
more pronounced weakening. An examination of the data in 
Figs. 29 and 30 reveals that shale with θ = 0 ◦ has the highest 
inherent brittleness, manifested predominantly through a dual-
mechanism fracture involving matrix tensile failure and shear 
slippage along the bedding planes. Under confining pressure, the 
interfacial tension between mineral particles and shear along the 
bedding weakness planes are substantially constrained. This cul-
minates in a more pronounced weakening effect of confinement 
on brittleness. Despite the weaker uniaxial brittleness in vertically

Fig. 25. B t variation with confining pressure under varying internal friction angles.

Fig. 26. B t variation with confining pressure under varying cohesion.
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bedded shale (90 ◦ dip), the substantially lower resistance to ten-
sile opening along the bedding planes than to matrix tension and 
bedding shear resistance dictates the failure mode. Under 
confining pressure, this leads to persistent tensile failure along the 
bedding, thereby limiting the suppression of brittleness observed 
at this orientation.

7. Discussion

For unconventional resource engineering (e.g., tight oil, shale 
oil, and coalbed methane), brittleness is a core determinant. It 
underpins key applications such as sweet spot prediction,

wellbore stability evaluation, and hydraulic fracturing design. As 
noted previously, diverse fields have developed five distinct brit-
tleness indices, each of which are founded on unique principles 
and methodologies for characterizing rock failure. However, the 
broad applicability and reliability of these indices remain 
contentious. Table 2 summarizes the five key index types and their 
calculation assumptions. These five typical brittleness indices have 
been widely used in previous studies, covering key behaviours 
from macroscopic mineral composition to microscopic energy 
evolution, and can be used to comprehensively analyse rock brit-
tleness. To compare the anisotropic brittleness of shale, this study 
utilizes representative indices from these categories alongside the 
newly developed B u and B t . The θ-dependent variations in the

Table 1
Data from tensile and triaxial compressive tests of shale with different θ, along with brittleness evaluation results obtained using the method proposed in this paper.

Dip angle 
of bedding 
planes θ, ◦

Confining 
pressure σ 3 , 
MPa

Elastic 
modulus E, 
GPa

Poissonʼs
ratio

Compressive
strength,
MPa

Uniaxial 
brittleness 
index B u

Influence 
coefficient 
of confining 
pressure B w

Triaxial 
brittleness 
index B t

0 0 7.23 0.17 77.33 0.97 / /
10 8.98 0.18 128.18 / 0.34 0.33
20 10.15 0.19 171.33 0.26 0.25
30 10.31 0.21 199.01 0.21 0.20

15 0 6.98 0.18 60.77 0.92 / /
10 7.11 0.20 109.30 / 0.40 0.36
20 8.54 0.18 118.50 0.24 0.22
30 9.63 0.22 161.14 0.23 0.21

30 0 6.92 0.11 29.82 0.76 / /
10 7.85 0.19 57.50 / 0.40 0.30
20 9.02 0.20 71.82 0.28 0.21
30 12.36 0.20 84.50 0.22 0.17

45 0 6.63 0.13 14.40 0.40 / /
10 7.56 0.15 30.09 / 0.42 0.17
20 9.12 0.19 45.81 0.35 0.14
30 11.19 0.22 77.40 0.42 0.13

60 0 10.58 0.13 10.56 0.29 / /
10 10.56 0.17 31.47 / 0.52 0.15
20 12.88 0.21 43.60 0.39 0.11
30 13.50 0.19 54.75 0.34 0.10

75 0 12.12 0.17 16.76 0.37 / /
10 13.56 0.18 45.20 / 0.63 0.23
20 14.35 0.20 71.38 0.56 0.21
30 18.56 0.21 81.97 0.45 0.17

90 0 17.86 0.19 41.04 0.68 / /
10 18.85 0.16 86.35 / 0.65 0.45
20 19.54 0.19 122.30 0.53 0.36
30 22.35 0.22 146.32 0.45 0.31

Fig. 27. Changes in the uniaxial brittleness of shale and its corresponding failure 
mode with variations in θ.

Fig. 28. Variation in the triaxial brittleness indices of shale samples with different θ 
with confining pressure.
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Fig. 29. Dependence of the shale brittleness index (B t ) on θ across variable confining pressures.

Fig. 30. Dependence of the shale brittleness index (B w ) on θ across variable confining pressures.

Table 2
Brittleness indices of different categories.

Category Formula Symbol illustration Calculability assumption Reference

Brittleness indices
based on mineral 
content

B mineral = 
W qtz + W F + W M + W carb

W tot

W tot is the total amount of rock 
minerals;

Assumes brittle minerals (quartz, 
feldspar, carbonates) dominate fracture 
development; ignores mineral grain 
orientation and distribution; no direct 
stress-strain relation.

Jin et al. (2014)

W qtz ,W carb ,W F , and W M are the 
mineral contents of quartz, 
carbonate, feldspar, and mica, 
respectively.

Brittleness indices
based on elastic 
parameters obtained 
from logging data

B elastic = 0:5(E ́ + ν ́ ) E′ and v′ are the normalized 
elastic modulus and Poissonʼs 
ratio, respectively.

Assumes higher E and lower ν imply 
higher brittleness; derived from well 
logs without lab calibration; ignores 
post-peak behaviour and structural 
anisotropy.

Rickman et al. (2008)

Brittleness indices
based on strain 
parameters

B strain = ε e =ε p ε e and ε p are the reversible 
strain and total strain at failure, 
respectively.

Assumes clearly distinguishable elastic 
and plastic stages; requires full stress-
strain curves; sensitive to noise in 
brittle-ductile transition region. 

Hucka and Das (1974)

Brittleness indices
based on strength 
parameters

B strength = 
( 
τ p − τ r 

) 
=τ p τ p and τ r are the peak intensity 

and residual intensity, 
respectively.

Assumes strength drop after peak is a 
valid proxy for brittleness; applicable 
when residual strength can be 
accurately identified; hard to apply to 
ductile specimens.

Bishop (1967)

Brittleness indices
based on strain 
energy

B energy = 
U f + U d
U ce + U d

or 
U a

U ce + U d

U e is the elastic strain energy; Assumes complete energy 
decomposition is possible; requires 
high-resolution stress–strain data and 
stable loading system; difficult under 
complex loading or brittle failure with 
AE bursts.

Ai et al. (2016)
U d is dissipated energy;
U f is the post peak fracture 
energy;
U a additional energy;
U ce is the elastic strain energy 
consumed.
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brittleness index evaluations under uniaxial stress are shown in 
Fig. 31. Shale failure analysis reveals a distinct trend: brittleness 
reaches a minimum at θ = 60 ◦ (Fig. 27), characterized by pre-
dominant shear fracturing, then increases following an initial 
decline with increasing θ. The evaluation outcomes of B u reliably 
characterize this change, underscoring its utility for gauging 
anisotropic brittleness in shale. The B mineral brittleness index, 
which is based on the brittle mineral content, is the current 
standard in oilfield exploration. This preference is driven by the 
methodʼs operational simplicity and its effective synergy with 
logging data. However, owing to the inability of mineral content to 
reflect the influence of shale sedimentary structure, B mineral in 
Fig. 30 shows almost no change with increasing θ. This is why 
many rock mechanics scholars and engineers do not recognize this 
method (Kuang et al., 2021; Zhang et al., 2022; Lei et al., 2023; 
Alsultan et al., 2023; Yao et al., 2024). B elastic , derived from the 
elastic modulus and Poissonʼs ratio, exhibits minor fluctuations 
(typically 0.4–0.6) across θ angles. This limited variation obscures 
how the brittle fracture behaviour of shale evolves with θ. The 
main reason is that Poissonʼs ratio has no significant regularity 
with θ. B strain and B strength are the brittle indices based on strain 
parameters and strength parameters, respectively. The consistency 
between the evaluation results of these two indices and the shale 
failure patterns in Fig. 25 is also not good. Shale exhibits pro-
nounced brittle behaviour under uniaxial stress, characterized by 
negligible plastic deformation prior to the peak of the stress-strain 
curve. Beyond this point, the curve decreases almost linearly, 
complicating the precise identification of both the yield stress and 
residual strength. As θ increases from 0 ◦ to 60 ◦ , the strain-energy-
based brittleness index B energy aligns closely with the B u evaluation 
and consistently reflects the observed shale fracture progression. 
However, when θ is 75 ◦ and 90 ◦ , the change in B energy is opposite 
that of B u . For shale samples with bedding planes oriented at 75 ◦ 

and 90 ◦ (Fig. 5), failure is dominated by tensile fracturing parallel 
to the bedding. This process is characterized by significant prepeak 
oscillations in the measured stress-strain response. Under these 
conditions, accurate identification of various strain energies be-
comes very difficult, which also restricts the accurate evaluation of 
brittleness indices based on strain energy.

The triaxial brittleness of the shale samples with θ of 0 ◦ and 90 ◦ 

was evaluated using the different categories of brittleness indices, 
as shown in Figs. 32 and 33. The inverse relationship between rock

brittleness and confining pressure serves as a benchmark in this 
work for assessing the validity of multiple brittleness indices. The 
absence of correlation between B mineral and confining pressure in 
Fig. 29 demonstrates that brittleness indices derived solely from 

mineral composition cannot incorporate the influence of shale 
bedding structure on mechanical anisotropy. Consequently, they 
are inadequate for describing alterations in shale brittleness 
induced by external stress. The evaluation results of B elastic are 
positively correlated with the confining pressure, which contra-
dicts objective laws. The primary factor is the positive dependence 
of B elastic ̓s key parameter, the elastic modulus, on the confining 
pressure. Consistent with the widely accepted trend of decreasing 
shale brittleness under elevated confining pressures, the assess-
ments derived from B energy and B t confirm this relationship. 
Conversely, B strain and B strength yield nonmonotonic responses. 
When the confining pressure is increased from 0 to 10 MPa, their 
values initially increase. However, a subsequent decline emerges 
as the pressure further increases from 10 to 30 MPa. This pattern 
for B strain and B strength , mirrors that shown in Fig. 33 and aligns

Fig. 31. Evaluation of shale anisotropic brittleness under uniaxial stress using 
different brittleness indices.

Fig. 32. Evaluation of brittleness of shale under triaxial stress using different cate-
gories of brittleness indices (θ = 0 ◦ ).

Fig. 33. Evaluation of brittleness of shale under triaxial stress using different cate-
gories of brittleness indices (θ = 90 ◦ ).
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with the observations in Fig. 32. Under substantial confining 
pressures or in rocks with constrained brittleness, the stress-strain 
profile distinctly manifests a plastic yield phase and a postpeak 
softening segment. Precise determination of the yield strength and 
residual strength is crucial for reliable evaluations using these 
methods. Unfortunately, the reliability of B strain and B strength de-
creases for highly brittle rocks subjected to low confining pres-
sures. Additionally, the B energy evaluation at a confining pressure of 
0 MPa in Fig. 33 proves suboptimal. This stems from significant 
prepeak fluctuations in the stress-strain curve of the shale under 
uniaxial loading (θ = 90 ◦ ), complicating the accurate quantifica-
tion of dissipated energy.

(1) The advantages of the new brittleness index

Shale brittleness arises from the interplay between inherent 
geological characteristics and external environmental conditions. 
Primary internal geological influences include brittle mineral 
content, organic matter abundance, natural fracture networks, 
bedding planes, and porosity, which collectively govern the 
compositional and structural mechanical properties of rock. 
External factors, predominantly burial depth and horizontal 
stress differentials, modulate shale brittleness through their in-
fluence on ambient temperature, confining pressure, and the 
prevailing stress regime. As a multifaceted mechanical property 
of rock, brittleness necessitates that any scientifically robust and 
reliable index captures its intrinsic as well as external charac-
teristics. It needs to not only reflect the differences in intrinsic 
brittle properties caused by rock lithology but also account for 
the influence of external conditions on its brittleness. The novel 
brittleness index introduced in this work effectively captures the 
dual nature of rock brittleness. Specifically, the uniaxial index 
(B u ) characterizes the inherent brittleness of rock, independent of 
external forces. Conversely, the triaxial index (B t ) represents the 
apparent brittleness manifested under applied stress. This 
inherent brittleness describes the rockʼs innate tendency for 
brittle fracture, which is unaffected by external conditions. 
Indices derived from mineralogical composition correspond to 
this inherent type. The apparent brittleness describes how envi-
ronmental factors modify the inherent brittleness of rocks. While 
most established brittleness indices capture this phenomenon, 
they fundamentally neglect the intrinsic role that confining 
pressure plays in defining brittleness. Rather, they infer the 
impact of confining pressure indirectly, by leveraging its effect on 
mechanical parameters. Once the mechanical parameters used in 
such indices have different effects on brittleness under uniaxial 
and triaxial stresses, their results will no longer be applicable. For 
example, under uniaxial stress, the high elasticity of rock mate-
rials is considered a significant brittle characteristic, which leads 
to a positive correlation between B elastic and rock brittleness. 
However, as the elastic modulus increases with confining pres-
sure, an inverse relationship is observed between B elastic and rock 
brittleness under triaxial stress conditions (Figs. 32 and 33). To 
overcome this limitation, the present study introduces a novel 
triaxial brittleness index. This index is derived from the multi-
plicative combination of the uniaxial brittleness index (repre-
senting inherent brittleness) and a coefficient that quantifies the 
diminishing effect of confining pressure on brittleness. Conse-
quently, the proposed index demonstrates improved predictive 
capacity for both differentiating brittleness variations across rock 
types and quantitatively evaluating the evolution of reservoir 
rock brittleness under varying external stresses.

(2) Operability and scalability of the brittleness index in this 
article

Unlike construction and mining engineering, oil and gas en-
gineering is typically carried out at depths of several kilometre 
underground. There are usually dozens of shale formations with 
different lithologies in the vertical direction. Therefore, under-
ground rock cores suitable for mechanical experiments are 
extremely scarce and valuable. It is unrealistic to conduct brit-
tleness evaluations through indoor mechanical experiments for 
all strata at different depths. Therefore, oil and gas exploration 
and development require a brittleness evaluation index to be 
effectively combined with geophysical logging curves to achieve 
rapid, continuous, and economical evaluation of reservoir brit-
tleness profiles. Although the brittleness index based on brittle 
minerals has limitations on a scientific basis, it has become the 
most widely used method because of its ease of calculation 
through logging curves. In contrast, although the strain energy 
brittleness index has a sufficient physical basis, its key parame-
ters (such as dissipated energy) are difficult to obtain stably and 
reliably directly from conventional logging data, making it diffi-
cult to widely apply in the field of petroleum and natural gas 
engineering.

The brittleness index established in this article not only has 
advantages in terms of scientific principles but also has advan-
tages in terms of operability and scalability. The operability of 
combining it with logging data is reflected mainly in the 
following aspects: the acquisition of index core parameters 
(cohesion, internal friction angle, and compressive strength) does 
not rely on complex specialized logging projects but can rely on 
existing mature logging interpretation theories and models to 
complete predictions and calculations through conventional log-
ging data (such as the acoustic time difference, i.e., Eq. (15), 
Radwan and Sen, 2021), which can adapt to the conventional 
logging data processing system at oil and gas exploration sites 
and reduce the technical threshold and operating costs in prac-
tical applications. Moreover, the combination of the brittleness 
index and logging data has a good applicability: on the one hand, 
its parameter prediction model can be adaptively adjusted on the 
basis of the geological characteristics of shale in different regions 
and rock types. By matching a small amount of indoor mechanical 
experimental data with logging data, the index can be applied to 
new exploration blocks to avoid applicability limitations caused 
by differences in geological conditions. On the other hand, the 
index calculation results can be linked with other logging inter-
pretation results (such as lithology identification, porosity eval-
uation, geostress prediction, etc.) and integrated into the 
“lithology-physical property-brittleness sweet spot” integrated 
evaluation process of shale reservoirs. This not only enables the 
construction of continuous brittleness profiles for the entire well 
section of a single well but also further supports the lateral 
comparison and planar distribution analysis of brittleness be-
tween multiple wells, providing a more systematic logging 
interpretation basis for engineering decisions such as optimizing 
horizontal well trajectories and optimizing fracturing intervals in 
shale gas development. This combination of scalability and 
operability not only solves the practical problem of indoor ex-
periments being difficult to cover the entire well section but also 
meets the multiscale needs of oil and gas exploration and 
development from single-well evaluation to regional research, 
further highlighting the application value of the brittleness index 
in engineering practice.
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(3) Future research directions

The CWFS model simulates the failure process of rocks through 
cohesive degradation and friction strengthening, successfully 
capturing the key transition mechanism of brittle rocks from peak 
strength to residual strength, and providing a clear framework for 
the physical basis of the brittleness index in this study. However, 
there is still much room for improvement in the brittleness index 
established in this article. For example, in the process of oilfield 
development, owing to changes in pore pressure, underground 
stress also undergoes dynamic evolution. However, the static 
brittleness index established in this article cannot currently 
describe this process. To more accurately determine the dynamic 
evolution of cohesion and friction angle under complex stress 
states such as high constraint pressure, future research can 
combine microscopic experimental techniques, such as scanning 
electron microscopy (SEM) and X-ray tomography (CT), to observe 
the microstructural changes in heterogeneous rocks during 
loading, obtain more detailed information on the evolution of 
cohesion and friction angle, and optimize and improve the CWFS 
model. Moreover, numerical simulation methods such as the 
discrete element method (DEM) and finite element method (FEM) 
can be used to simulate the failure process of heterogeneous rocks 
under different stress conditions, improve the brittleness evalua-
tion method in this paper, and provide theoretical support for 
improving the accuracy of the brittleness index evaluation.

8. Conclusions

Understanding the anisotropic behaviour of shale brittleness is 
critically important for optimizing drilling and hydraulic frac-
turing design in shale resource development. Given that conven-
tional brittleness indices inadequately account for the anisotropy 
and confining pressure dependence of shale, a series of triaxial 
mechanical tests were conducted on the Qingshankou Formation 
shale in this study. On the basis of key mechanical parameters 
derived from these tests and the use of the CWFS model, a novel 
triaxial brittleness assessment metric was developed to charac-
terize shale brittleness anisotropy. The results demonstrate the 
following:

(1) Under uniaxial stress, shale failure modes evolve with 
increasing θ, progressing from composite matrix tension-
bedding shear fractures, through a dominant bedding 
shear fracture, to multiple bedding tensile splitting frac-
tures. Concurrently, shale brittleness initially decreases but 
then increases as θ increases. Under confining pressure 
(triaxial stress), the brittle characteristics of shale are 
generally suppressed across all θ angles; however, the 
fundamental pattern of brittle fracture evolution remains 
consistent regardless of θ.

(2) For shale under uniaxial loading and triaxial loading, the 
compressive strength, cohesion, and internal friction angle 
exhibit a consistent trend: the values initially decrease 
before increasing as the bedding angle θ increases. Higher 
confining pressures progressively reduce the anisotropy of

these mechanical parameters. Meanwhile, the elastic 
modulus under varying confining pressures progressively 
increases, followed by accelerated growth with increasing θ 
angle. In contrast, the Poisson’s ratio remains largely unaf-
fected by θ across all confining pressures.

(3) Rock fracture response fundamentally arises from the 
interplay between cohesive strength and frictional resis-
tance. Within the CWFS framework, the mobilization of 
these components corresponds to distinct energy pathways: 
cohesive strength is linked to elastic energy accumulation 
and release, while frictional resistance governs dissipative 
energy processes. This coupled mobilization constitutes the 
primary mechanism driving rock brittle fracture.

(4) Capitalizing on the established link between cohesive/fric-
tional mobilization dynamics and brittle fracture, a novel 
triaxial brittleness index was developed. This index in-
tegrates a uniaxial component capturing the materialʼs 
inherent brittleness and a degradation coefficient quanti-
fying the suppression of brittleness under confining stress. 
Critically, this approach not only characterizes the direc-
tional brittleness of shale across various bedding plane 
orientations (θ) under uniaxial conditions but also quanti-
tatively tracks how this anisotropic brittleness evolves with 
increasing confinement.

(5) Under uniaxial stress, shale brittleness anisotropy is most 
pronounced and displays a unimodal variation with θ. The 
maximum brittleness occurs at θ = 0 ◦ , whereas the mini-
mum is observed at θ = 60 ◦ . Elevated confining pressure 
alters this anisotropy in two key ways. First, the brittleness 
anisotropy coefficient decreases progressively as the 
confining pressure increases. Second, the orientation of the 
peak brittleness shifts to θ = 90 ◦ . This demonstrates that 
confining pressure degrades shale brittleness differently 
depending on θ, with the most substantial degradation ef-
fect occurring at θ = 0 ◦ .

(6) The brittleness index developed in this study advances upon 
existing models by integrating both inherent and apparent 
brittleness components, resulting in a more physically 
comprehensive measure. Compared with established 
indices, it demonstrates heightened sensitivity to litholog-
ical properties and external stress states. Furthermore, its 
compatibility with geophysical data enhances its potential 
for practical application. This reliable model provides sig-
nificant utility for guiding sweet spot identification, well-
bore stability assessment, and fracturing optimization in 
shale oil and gas exploration and development.

(7) In this study, a static brittleness index is established, which 
cannot characterize the brittle evolution process that occurs 
during oilfield development because of the dynamic evo-
lution of in-situ stress. This is our future research direction. 
In the future, we will combine micro experimental tech-
niques and discrete element numerical methods to explore 
the failure process of heterogeneous rocks under different 
stress conditions, especially under dynamic stress, to 
improve our brittleness evaluation method.
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