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ABSTRACT

Brittleness is pivotal in predicting shale reservoir quality and designing hydraulic fracturing strategies.
However, intricate diagenetic environment of shale, characterized by distinct bedding structures,
challenges the isotropic-based brittleness assessment methods. This study introduces a new quantita-
tive approach to assess shale brittleness anisotropy, integrating anisotropic elastic responses and tensile
fracturing mechanisms. The proposed model effectively reduces uncertainty in the causal relationship
between Young's modulus and brittle failure. Comprehensive experimental validation encompassed 18
samples from six groups of Chang 7 terrestrial shale in Ordos Basin. The optimal anisotropic tensile
strength criterion (N-Z criterion, error < 5%) was identified, enhancing the theoretical accuracy of the
proposed model. Comparative experimental results demonstrate that the model adeptly predicts brit-
tleness strength and directional variation characteristics across variations in mineral type, content and
microstructure, underscoring its effectiveness. Additionally, theoretical predictions on shale samples
with different organic matter reveal that brittleness strength and its anisotropy across varying OM are
not monotonously decreasing. The research highlights that brittleness characteristics are influenced by
both mineral type/content and microstructural distribution. Notably, the prevalence of isotropic brittle
minerals is the primary determinant of brittleness strength, positively correlated. Conversely, ductile
mineral content (striped skeletal support-type OM and clay) negatively correlates with brittleness
strength, acting as secondary controlling factors. The impact of pore-filled OM on brittleness appears
negligible. Rock physical modeling based on equivalent media theory for shale with pore-filled and/or
striped OM further elucidates the mechanisms driving these variations. These findings attach great
importance in assessment of terrestrial shale geological and engineering “sweet-spots".
© 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

promoting the sustainable development of the energy industry,
enhancing energy supply security, and achieving “dual carbon”

The strategic significance of unconventional shale oil and gas
reservoirs has progressively influenced the global energy land-
scape. Effective exploration and development play a crucial role in
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environmental goals (Cooper et al., 2016; Feng et al., 2019, 2020;
Mandal et al., 2022; Wan et al., 2022). Accurate prediction of
high-quality reservoirs and fracture design in the exploration and
development of shale oil and gas resources relies on the effective
assessment of geological and engineering “sweet spots” (Gale
et al., 2007; Guo, 2016). Brittle parameters, as one of the most
critical characterization factors in the identification and prediction
of dual “sweet spots” serve as important indicators for selecting
high-quality shale oil and gas reservoirs and assessing their
development potential (Ai et al., 2016; Kivi et al., 2018). Shale oil
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Nomenclature

Cg- Elastic coefficients at an inclination angle
€77 Axial positive strain

02z Axial stress

T(0) Tensile strength anisotropy

SEM Scanning electron microscopy

DEM Differential effective-medium

y S-wave anisotropic parameter

My Transformation matrix

E(6) Young's modulus in direction 6

Too Tensile strength parallel to bedding
c Inverse of the compliance matrix
Umax(6) Maximum Poisson's ratio anisotropy
vmin(6) Minimum Poisson's ratio anisotropy
Bg(0) Brittleness anisotropy at elastic stage
SCA Self-consistent approximation

3 P-wave anisotropic parameter

AB Brittleness anisotropic parameter
TOC Total organic carbon

To Tensile strength 90° to bedding

o* Critical angle of weak plane

and gas reservoirs exhibit strong heterogeneity and physical
properties such as low porosity and permeability (Yan et al., 2023).
Brittle characteristics play a critical role in determining the me-
chanical behavior of reservoir rocks and directly impact wellbore
stability. Moreover, during reservoir stimulation-particularly hy-
draulic fracturing aimed at enhancing production—brittleness
serves as a key parameter for evaluating rock fracturability and
guiding the development of effective fracture networks. As such,
comprehensive research into brittleness characteristics and their
evaluation methods is of both scientific and practical importance
for the exploration, development, and sustained production of
shale oil and gas reservoirs (Jarvie et al., 2007; Yuan et al., 2013;
Zhang et al., 2016).

The current definition of rock brittleness lacks a comprehen-
sive definition considering both mechanical characteristics and
controlling mechanisms of influencing factors. Studies indicate
that mechanically, brittle rocks typically exhibit characteristics
such as low load extension rates and high internal friction angles
(Hucka et al., 1974), distinct fracture surfaces during failure
(Hajiabdolmajid et al., 2003), the generation of finer particles and
cracks under loading (Nygdrd et al., 2006), high rebound energy,
and a high compressive-to-tensile strength ratio (Jarvie et al.,
2007). Additionally, they display high Young's modulus and low
Poisson's ratio (Rickman et al., 2008; Goodway et al., 2010). In
this basis, various mechanical characterization methods for
brittleness in isotropic backgrounds are proposed. Altindag
(2002) established a brittleness index based on fracture tough-
ness through equation significance testing. Rickman et al. (2008)
proposed a brittleness evaluation method calculated by
normalizing the Poisson's ratio and Young's modulus in specific
regions. Yagiz (2009) developed a function relating brittleness
index to tensile and compressive strength using penetration tests
combined with fuzzy reasoning and nonlinear regression. Parney
and Lange (2010) characterized the brittleness zone of Watten-
berg shale using Young's modulus (E) and Poisson's ratio (v)
calculated from longitudinal and shear wave impedances. Guo
et al. (2015) considered the impact of rock mechanical
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properties on brittleness and proposed a comprehensive brit-
tleness index integrating Young's modulus, Poisson's ratio, and
fracture toughness. Liu et al. (2019) established a new brittleness
index model based on the energy conversion relationship in
stress-strain curves, including pre-peak and post-peak brittle-
ness indices and an overall brittleness index. Chen et al. (2020)
considered the elastic energy accumulation and release
throughout the entire rock loading-to-failure process and
developed a brittleness index based on the overall energy evo-
lution process. Kuang et al. (2021) combined the definition of
brittleness with rock material failure mechanisms, considering
stress growth and decay rate characteristics, and established a
brittleness index based on total stress-strain. Xie et al. (2023)
proposed a new quantitative brittleness model for shale based on
significance assignment of the brittle-sensitive index (BSI) at
different stage during the loading by energy evolution-based
fuzzy analytic hierarchy process. Brittleness evaluation
methods grounded in rock mechanical behavior have proven
effective in characterizing energy absorption, dissipation, and the
micromechanical processes governing deformation and failure
before and after rock fracture. However, these approaches face
significant limitations in accurately capturing the influence of
complex factors such as in-situ environmental conditions, stress
regimes, and tectonic deformation, all of which can profoundly
affect shale behavior.

Researches indicate that the layering structure formed during
the diagenetic process, influenced by the spatial orientation
distribution of clay minerals, kerogen, and fractures, results in
apparent anisotropic features in the full-scale elastic wave re-
sponses observed during shale oil and gas reservoir exploration
processes (Vernik et al., 1992; Wang, 2002; Tsvankin et al., 2010;
Xie et al., 2015, Baird et al., 2017; Wu et al., 2020). Concurrently,
the elastic mechanical properties, strength characteristics, and
fracture patterns in shale reservoir development also exhibit
significant anisotropy due to the influence of weak planes within
the strata (Niandou et al., 1997; Nasseri et al., 2003; Colak et al.,
2004; Li et al., 2020; Zhao et al., 2024). Consequently, neglecting
the impact of anisotropic characteristics in the exploration and
development of shale reservoirs may lead to poor imaging effects,
inaccurate predictions of high-quality reservoirs, and serious
stability issues such as wellbore collapse and leakage. In response
to this challenge, numerous scholars have proposed that the
brittleness characteristics of shale may also exhibit directional
variations. They have conducted a series of exploratory studies
through experimental testing and theoretical derivations. Hou
et al. (2016) evaluated the anisotropic brittleness characteristics
of Longmaxi shale using stress-strain curves obtained from
triaxial rock mechanics experiments. Geng et al. (2016) studied
the variability of brittleness with azimuthal angle changes based
on rock mechanics tests on shale samples cored at different an-
gles and explored the trends under different confining pressures.
Combined with uniaxial strength test data, Wang et al. (2017)
investigated the directional variations of brittleness in Longmaxi
shale based on the brittleness index calculated using the strength
parameter method. Yang et al. (2020) analyzed the brittleness
characteristics of shale specimens under different bedding dip
angles and confining pressures based on stress-strain curves and
energy evolution laws during loading. Jamshidi et al. (2021)
performed experimental measurement on rock samples at
different angles using Brazilian mechanics and uniaxial
compression tests, obtaining discrete trends in brittleness
anisotropy. Gui et al. (2023) studied the brittleness variation
characteristics of Longmaxi shale based on uniaxial compression
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tests and well logging data, investigating the influence of total
organic carbon (TOC) content on anisotropic brittleness values.
On the theoretical research front, Luan and Xie (2014) introduced
a transition matrix to achieve corresponding transformations and
derived anisotropic expressions for Young's modulus and Pois-
son's ratio with respect to azimuthal angles. Zhang et al. (2016)
further incorporated the influence of azimuthal angles to derive
anisotropic expressions for Young's modulus and Poisson's ratio
with respect to dip and azimuthal angles. Gui et al. (2023)
assumed shale as a transversely isotropic medium and derived
theoretical expressions for the anisotropic variations of Young's
modulus and Poisson's ratio along the uniaxial loading direction
based on elastic constitutive equations. Normalization methods
were employed to obtain theoretical formulas characterizing the
directional variations of brittleness.

In summary, most existing brittleness assessment methods
are developed based on the mechanical behavior of brittle rocks
under isotropic conditions, which limits their applicability in
characterizing the anisotropy inherent to shale formations. This
anisotropy arises from complex diagenetic processes, heteroge-
neous reservoir conditions, and varied burial histories. While
some studies have attempted to account for directional variations
in shale brittleness—primarily through core experiments con-
ducted at multiple orientations or by applying anisotropic for-
mulations based on Young's modulus and Poisson's ratio—each
approach has limitations. Core-based methods, although offering
direct insights into directional brittleness, often produce scat-
tered datasets with limited consistency and lack a unified theo-
retical framework for predictive modeling. Moreover, they
require strict experimental controls and are challenging to scale
in practical reservoir evaluation. The latter primarily constructs
theoretical frameworks in the context of brittle rocks exhibiting
high Young's modulus and low Poisson's ratio, reflecting direc-
tional changes in pre-damage elastic responses (E, v). However,
these formulations fail to capture post-damage brittle fracture
patterns and do not quantitatively consider the influence of
elastic deformation and fracture mechanisms on shale brittleness
anisotropy. In fact, previous research suggests that a high Young's
modulus may render rocks more resistant to brittle fracture
(Kartashov, 1978; Cho and Perez, 2014; Salah et al., 2019).
Consequently, relying solely on brittleness anisotropy theories
established during the elastic loading stage may be challenging to
ensure applicability. Despite the awareness of this issue by Wang
etal.(2015) and Salah et al. (2019), who attempted to address the
causality contradiction by introducing a critical tensile stress
equation on the basis of Luan and Xie (2014 ) proposed brittleness
anisotropy equation, the tensile stress formula is directly derived
from isotropic expressions, lacking rigorous theoretical deriva-
tion and requiring further scrutiny regarding its applicability. The
effectiveness and accuracy of the corresponding brittleness
anisotropy equations have not undergone systematic experi-
mental validation. Moreover, the relationship between kerogen
components in shale reservoir rocks and brittle characteristics is
complex. Different structures and content levels are bound to
influence the directional variations in brittleness patterns, yet
reports on their correlation and response mechanisms are scarce
(Wang et al., 2015).

This study comprehensively considers the anisotropic elastic
response mechanism and fracture mechanisms throughout the
loading process to establish a novel theoretical model for aniso-
tropic brittleness in terrestrial shale. Firstly, based on the trans-
versely isotropic constitutive equations during the elastic phase,
combined with Bond transformation derivations, theoretical
equations are derived for three strains in the spatially vertical
direction as functions of the angle. Subsequently, anisotropic
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equations for Young's modulus and formulas for maximum and
minimum Poisson's ratios along the loading direction are further
derived. By normalization, an anisotropic equation for brittleness
during the elastic phase is established. Simultaneously, consid-
ering the geological characteristics of terrestrial shale in the study
area, experimental test data are compared with numerous existing
anisotropic formulas for tensile strength in terrestrial shale. The
most applicable and accurate formula is selected and incorporated
into the novel anisotropic brittleness model. Ultimately, theoret-
ical equations representing the directional variations in brittleness
elastic and fracture responses throughout the loading process are
constructed.

On this basis, the effectiveness and accuracy of the proposed
anisotropic brittleness model are validated using physical and
mechanical tests conducted on terrestrial shale cores from the
seventh member of the Yanchang Formation (Late Triassic) in the
Ordos Basin, China. addition, quantitative rock physics experi-
ments are performed to investigate the influence of kerogen on
directional variations in shale brittleness. These experimental re-
sults are further integrated with anisotropic rock physics modeling
based on effective medium theory, enabling a deeper analysis of
the underlying response mechanisms governing the observed
anisotropic behavior.

2. Anisotropic brittleness model for shale

Brittleness parameters serve as not only crucial character-
ization factors for identifying and predicting the geological
sweet-spots but also as important indicators for selecting high-
quality engineering sweet-spots in shale oil and gas reservoir.
Therefore, an effective brittleness evaluation method needs to
simultaneously consider the brittleness characteristics during
both the elastic stage and the fracture process. Similarly, the
establishment of an effective theoretical model for anisotropic
brittleness must comprehensively consider the elastic aniso-
tropic response mechanism and anisotropic brittle fracture
mechanisms. In the elastic stage, the brittleness of shale is pre-
dominantly influenced by the inherent characteristics of the rock,
including mineral composition, particle-particle contact re-
lationships, and pore features that manifest mechanical re-
sponses under stress. During this stage, Young's modulus and
Poisson's ratio can characterize the mechanical responses
resulting from different combinations of mineral components,
thereby describing the brittleness variations caused by factors
such as the framework and pores. In this context, shale is
considered as a transversely isotropic (VTI) medium (Fig. 1(a)).
When the rock specimen is subjected to a uniaxial stress from the
Z-direction, according to Hooke's law, the stress-strain relation-
ship can be expressed as follows (Wittke, 1990):

(1)

The elastic coefficients ij- for shale at an inclination angle 0 can
be determined using the elastic coefficients of the VTI medium,
denoted as Cg-, through Bond transformations. The specific rela-
tionship is given by

—_c?
o=Cj-e

My = Mgchg (2)

where My is the transformation matrix used for the Bond trans-
formation (Mavko et al., 2009). This matrix allows the conversion
of the VTI medium to any TTI medium with its symmetry axis

inclined at an angle 6. Here, Cg represents the inverse of the

compliance matrix Sg- or the VTI medium, and the expression for Sg
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(b)

x
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<

Fig. 1. (a) Sketch of shale layers at different angles. (x, y, z) is the basic cartesian coordinate system. The shale layers (shaded part) are assumed to be transversely isotropic media,
and the angle between shale layers and plane XOY is 6. (b) Sketches of compression and expansion in different directions.

is as follows (Ong et al., 2016; Alejano et al., 2021; Khaledi et al.,
2023):
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(3)

By substituting Eqs. (2) and (3) into Eq. (1) and simplifying, we
obtain:

exx(0)= [sinz fcos® 6 (El?—i-;;—l%) ~(sin*6-+cos*o) Z“]Tﬂ oz
(4)
eyy(0) = ( — Z_]T?Sil‘lz 0— Z_lﬁcosz 0) 02z (5)

sin® @ costo
En E33

£22(0) = { 4 sin? @ cos? 6'(i - 2013)] 622 (6)

w13 Ess

According to the definition, the Young's modulus is equal to the
ratio of uniaxial stress to uniaxial strain. Therefore, the Young's
modulus in the Z direction is:

_0z(0) _
Ce(0)  gipt .
£22(0) 51}1::1” 04 c%ss‘; 04 sin2 @ cos? 9(’% 2013
As shown in Fig. 1(b), the Poisson's ratio is the ratio of trans-
verse positive strain to axial positive strain when the material is
subjected to uniaxial tension or compression. The axial positive

1

E(9) (7)

13 Ess
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strain is denoted as ¢, while the transverse positive strain occurs
in the XOY plane direction. Furthermore, each direction has a
different strain within the XOY plane. Through calculations, it is
found that the Poisson's ratio is maximum in the X direction and
minimum in the Y direction, namely:

78)()((6)

822(9)

sin® 9 cos? (Ei +
11

Vmax (9) =Vx (0)

1 _ 1) _ (sip? CARZEY
I /413) (sm 0+ cos 9)533

.4
sin® 0 | cost0 | <in2 29 1L _2vi3
En + E33 +sin” g cos 0(#13 E33
(8)
(0 —v25in? 9 —43c0s2 0
vein(0) =1y (0) =220) IR
min (V)= = =
€22(0)  sin*o | cos'0 | cin? 2 1 _ 2013
?—F Es +s1in” #cos< 6 W5 Ep
9)

Here, vmax(0) represents the ratio of strain perpendicular to the
stress direction and parallel to the bedding direction to the strain
in the loading direction (i.e., the equation for maximum Poisson's
ratio anisotropy), and vpmin(@) represents the ratio of strain
perpendicular to the stress direction and parallel to the bedding
direction to the strain in the loading direction (i.e., the equation for
minimum Poisson's ratio anisotropy).

Grieser and Bray (2007) proposed that brittle rocks tend to
exhibit a lower Poisson's ratio (indicating the rock’s ability to fail
under load) and a higher Young's modulus (measuring its ability to
sustain fracture). Based on this, a brittleness anisotropic equation
at elastic stage is constructed by combining the Rickman method
(Rickman et al., 2008) to normalize the Poisson's ratio and Young's
modulus:

E(Q) — Emin

En(0) = o (10)
un0) =2 =0 (1)
BE(g):M (12)

2
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where Epax and Enip represent the maximum and minimum values
of Young's modulus, and vmax and v, represent the maximum
and minimum values of Poisson's ratio in the corresponding re-
gion. E(0) and vy(0) represent the normalized Young's modulus
anisotropy equation and Poisson's ratio anisotropy equation,
respectively. Bg(9) represents the theoretical equation for brittle-
ness anisotropy at the elastic stage. It should be noted that VTI
media under uniaxial stress can derive Poisson's ratio anisotropy
equations in two directions, i.e., Eqs. (8) and (9). By substituting
them into Eqgs. (10)-(12), two brittleness anisotropy equations can
be obtained. Considering that a lower Poisson's ratio reflects a
lower load required for rock fracture, showing a greater brittle
characteristic under the same stress, the constructed brittleness
anisotropy equations under the same stress should more directly
characterize the initial fracture orientation of shale. This is also
more helpful for the design of hydraulic fracturing parameters in
the shale oil and gas development process. Therefore, in Eq. (12),
we choose vmin as the Poisson's ratio anisotropy equation.

In the previous discussion, considering only the brittleness
anisotropic equation during the elastic stage may fails to charac-
terize the brittleness directional variation during the fracture stage.

Therefore, introducing the tensile strength anisotropy equation
supplements the brittleness anisotropic equation from elastic
mechanism. Simultaneously, the introduction of the tensile
strength anisotropy equation can effectively address the well-
documented paradox in rock mechanics where a high Young's
modulus E, typically associated with stiff and “brittle” behavior in
elastic theory, does not necessarily correspond to a higher pro-
pensity for brittle failure in real shale formations (Kartashov, 1978;
Cho and Perez, 2014). While high E reflects increased resistance to
elastic deformation (i.e., greater stiffness), it also implies a stron-
ger resistance to strain localization and crack initiation-key pre-
cursors to brittle fracture. Consequently, stiff rocks may store more
elastic energy but require higher stress to initiate fracture, making
them potentially less fracture-prone under given stress conditions.
This leads to the so-called “stiff-but-tough” behavior observed in
some laminated or quartz-rich shales. To overcome this contra-
diction, our model decouples stiffness from fracture susceptibility
by introducing a tensile strength anisotropy function T() into the
denominator of the brittleness index formulation. This modifica-
tion enables the model to realistically reduce brittleness pre-
dictions in stiff, fracture-resistant directions while elevating them
in mechanically weaker orientations-more accurately reflecting
the micromechanical behavior and fracture risk observed in
experimental shale samples. In this basis, the present study relies
on mechanical testing data of shale rocks in the research area and
employs various theoretical equations for tensile strength anisot-
ropy to compare and analyze errors. These include the N-Z crite-
rion (Nova and Zaninetti, 1990), SPW (single plane weakness)
criterion (Jaeger, 1960), L-P criterion (Lee and Pietruszczak, 2015),
and CPA (critical plane anisotropy) criterion (Lee and Pietruszczak,
2015). The research indicates that the tensile strength anisotropy
criterion proposed by Nova and Zaninetti in 1990 (N-Z criterion,
Nova and Zaninetti, 1990) demonstrates favorable characteriza-
tion performance. Comparative analysis results will be presented
in the next section, and the specific expression for the N-Z crite-
rion (T(9)) is provided below:

ToTgo

T(0)= ) 5
Tp sin® 6 + Tyg cOS? O

(13)

where Tp and Tgp are the tensile strength in the direction
perpendicular and parallel to the bedding plane, respectively.
Integrating Eq. (12) and Eq. (13) yields a comprehensive expression
of the brittleness anisotropic theoretical equation:
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Be(0)
T(0)

B(6) = (14)

where Bg(9) represents the theoretical equation for brittleness
anisotropy at the elastic stage, and T(#) denotes anisotropic
equation for tensile strength at failure stage. This formulation
explicitly separates the elastic energy accumulation potential
(represented by Bg(8)) from the fracture initiation threshold
(controlled by T(6)), allowing the model to reflect both pre-failure
deformation and post-peak fracture behavior. It ensures that
brittleness increases only when both elastic stiffness and low
fracture resistance align in the same direction. This dual-
mechanism formulation better captures the anisotropic fracture
characteristics observed in experimental data and supports a more
physically meaningful interpretation of directional brittleness in
shale. In the following, the effectiveness and accuracy of the
selected T(#) and the proposed brittleness anisotropic equation
will be validated using experimental testing data from natural
shale samples in the research area.

3. Experimental validation of the quantification model
3.1. Sample descriptions and experimental methodology

To validate the applicability and effectiveness of the proposed
tensile strength anisotropic equation and novel brittleness aniso-
tropic model for lacustrine shale. Experimental measurements of
elastic properties and strength properties are conducted on 6 sets
of natural shale samples (labeled as #B1, #B2, #B3 and #K1, #K2,
#I3). Each set comprised three plugs, each with a diameter of
25 mm and a height of 50 mm, obtained from different orienta-
tions (0°, 45°, 90°) relative to the bedding plane within the same
shale core. These shale cores, characterized by a dark black
appearance and burial depths exceeding 2500 m, were extracted
from shale reservoirs in the Chang 7 stratum of the Yanchang
Formation in the Ordos Basin, China. Originating from the Late
Triassic, this formation signifies a significant era of lacustrine basin
development within the intracontinental depression of the Ordos
Basin. It represents a typical rich in organic matter terrestrial
shale. X-ray diffraction (XRD) analysis was utilized to quantify the
primary mineral components, while total organic carbon was
determined via rock pyrolysis analysis. Samples densities, deter-
mined using an Archimedean displacement method, had an
approximate uncertainty of +0.5%. Porosity was measured using a
He pycnometer employing the particle volume method, with a
relative error of less than 5%. Experimental results for the sample
series (#B1-#B3 and #K1-#K3) are summarized in Table 1. In this
study, quartz, calcium, and pyrite minerals were classified as
brittle minerals, while clay is considered a non-brittle (ductile)
mineral, consistent with previous studies (Wang and Gale, 2009;
Xie et al., 2023). Analysis reveals that the #B series samples
exhibit similar TOC content (approximately 10%, Table 1), with the
total brittle minerals (quartz + calcium + pyrite) increasing from
samples #B1 to #B3, and vice versa for the clay content. Scanning
electron microscopy (SEM) observations illustrate that the #B se-
ries samples have a similar microstructure, where organic matter
and clay exhibit an interbedded distribution (Fig. 2). The #K series
samples exhibit complicated distribution for the microstructure of
components. Notably, organic matter in the #K1 sample is mainly
characterized by a pore-filling type (patchy) distribution in mi-
cropores, while in #K2 and #K3, the distribution of organic matter
is both patchy pore-filling and stratified type (stripes) (Fig. 3).

The ultrasonic velocities of compressional waves (Vp) and shear
waves (both Vsy and Vsy) were measured at different directions
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Mineral components and basic parameters for samples #B series and #K series (Q + C + F denotes quartz + calcium + pyrite).

No. TOC, % Clay, % Quartz, % Calcium, % Pyrite, % Brittle minerals (Q + C + F), % Density, g/cm® Porosity, %
#B1 10.2 47.8 324 6.4 3.2 42.0 2.33 0.89
#B2 10.6 424 29.1 14.2 3.7 47.0 2.31 0.83
#B3 103 374 27.7 19.8 4.8 523 2.37 1.00
#K1 34 46.7 23.8 16.2 9.9 49.9 2.48 2.26
#K2 7.1 45.6 33.1 4.6 9.6 47.3 2.41 2.32
#K3 104 42.1 232 12.0 123 47.5 2.36 2.33

Fig. 2. SEM observations for the samples #B series.

(0°, 45°, 90°) for all samples using 0.5 MHz transducers. The ve-
locities' anisotropic parameters were subsequently calculated and
are presented in Table 2. Following the method suggested by Yin
(1993), the relative errors of ultrasonic pulse transmission tech-
niques were determined to be 0.7% and 1.2% for Vp and Vs mea-
surements, respectively. Anisotropic tensile strengths, determined
at different directions (0°, 45°, 90°) for all samples through Bra-
zilian mechanical tests, was conducted using the MTS 815 hy-
draulic servo-control testing system at Chengdu University of
Technology (Fig. 4). During the loading process, stress was applied
with a constant loading rate of 200 N/s for all tests, following the
ISRM standards towards failure (Bieniawski and Hawkes, 1978). It
is noteworthy that the samples were cut into disk samples with a
diameter of 25 mm and thickness of 5 mm for Brazilian splitting
testing.

In the initial phase of the test, samples were meticulously
positioned within a contoured fixture to ensure precise alignment
of the loading line with the specified loading direction. Subse-
quently, the test rack was carefully placed onto the MTS 815 rock
mechanics test system, administering gradual radial pressure to
the specimens through a precision pressure servo mechanism.
Throughout the testing procedure, the loading stress steadily and
progressively escalated, while the pressure head continuously
descended at a predefined rate until the juncture at which the
specimen eventually experienced failure. The results of tensile
strengths for the samples are presented in Table 3.

3.2. Optimization of anisotropic tensile strength criteria

The tensile strength anisotropy equation is a crucial component
of the new brittle anisotropic model, enabling the comprehensive
characterization of the directional variation of brittleness in both
the elastic and fracture stages. Simultaneously, it effectively
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Fig. 3. SEM observations for the samples #B series: (a) sample #K1, organic matter is
mainly characterized by a patchy (pore-filling type) distribution; (b) sample #K2,
distribution of organic matter is both patchy pore-filling and striped type; (c) sample
#K3, distribution of organic matter is both patchy pore-filling and striped type.
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Experimental measurements of the ultrasonic speeds at different directions (0°, 45°, 90°) and velocities anisotropic parameters of shale for samples #B and #K series.

No. Vp (0°), m/s Vp (45°), m/s Vp (90°), m/s Vsv (0°), m/s Vs (45°), m/s Vsn (90°), m/s £ Y
#B1 3048 3620 4377 1773 2251 2660 0.53 0.63
#B2 3367 3834 4359 2066 2369 2691 0.34 0.35
#B3 3681 4036 4542 2219 2526 2825 0.26 0.31
#K1 3520 4129 4928 2086 2563 2976 0.48 0.52
#K2 3215 3888 4703 1865 2274 2719 0.57 0.56
#K3 3380 3897 4620 2004 3400 2776 0.43 0.46
Y “V” type grqove
Servo controller = rg press% - \ "
onﬁning pressufe system End plate
Shale sample
Steel bead / PT
Fig. 4. MTS 815 mechanical and ultrasonic testing system at Chengdu University of Technology.
Table 3

The tensile strength at different directions (0°, 45°, 90°) for the samples #B and #K
series.

Angle Tensile strength, MPa

#B1 #B2 #B3 #K1 #K2 #K3
0° 5.69 6.16 6.86 6.76 6.05 6.33
45° 6.63 7.38 7.90 7.93 7.16 7.34
90° 8.23 8.09 8.65 9.56 8.85 8.78

addresses the limitation of traditional brittle anisotropic equa-
tions, which fail to avoid the issue of increased shale stiffness due
to high Young's modulus, making it less prone to fracturing. Over
the years, researches have conducted to theoretically character-
izing tensile strength anisotropy. Jaeger (1960) initially proposed
the single plane weakness criterion to describe tensile strength
anisotropy theoretically. Through direct tensile experiments, Nova
and Zaninetti (1990) discovered a close correlation between the
variation in tensile strength and the loading angle, introducing the
N-Z criterion for characterization. Lee and Pietruszczak (2015)
assumed that every physical plane, except the weak plane, has the
same tensile strength. Building on the SPW criterion, they derived
the L-P criterion applicable to characterizing the directional vari-
ation of tensile strength in laminated rocks. Simultaneously, Lee
and Pietruszczak (2015), using the critical plane method, utilized
a second-order tensor representing directional deviations in ten-
sile strength spatial distribution to derive the CPA criterion, char-
acterizing tensile fracture in orthotropic media. Liu et al. (2022)
introduced an anisotropic coefficient and proposed the P-Q crite-
rion based on direct tensile experiments on slate samples. In order
to further assess the applicability and accuracy of different criteria
in characterizing the directional variation of tensile strength for
the shale in the study area, the tensile strength test data from two
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shale groups, labeled as B and K, were input into various criteria. It
is noteworthy that the theoretical curves of these criteria only
require input data of tensile strength experiments in directions
parallel and perpendicular to the bedding. Hence, the accuracy of
predictions for different theories was verified using the tensile
strength at nonsymmetric angles.

Fig. 5 presents the tensile strength test results alongside cor-
responding theoretical prediction curves for various loading di-
rections in shale groups B and K. The results indicate that the N-Z
criterion, LPA criterion, and CAP criterion all provide reasonably
accurate predictions. To facilitate a more intuitive comparison of
the predictive performance of these models, the relative errors
between the measured tensile strengths and the theoretical pre-
dictions were calculated for samples cored at 45° (Fig. 6). Colored
dashed lines in the figure represent the relative errors associated
with each theoretical model. Comparative analysis shows that the
N-Z criterion delivers the highest predictive accuracy—most
notably for the K-series samples, where the predicted curve closely
aligns with experimental data. For these samples, the relative error
is consistently within 1%, significantly outperforming the other
models. While the CPA, LPA, and N-Z criteria all achieve relative
errors within 5% for the B-series samples, the N-Z criterion ex-
hibits both superior accuracy and greater stability across sample
groups. This performance is the key reason the N-Z criterion was
selected as the foundation for the anisotropic brittleness model
developed in this study. The comparatively higher prediction error
of the N-Z model for the B-series samples (Fig. 6) is attributed to
their more complex microstructural anisotropy. These samples
feature dense skeletal organic matter (OM) bands and irregular
mineral-OM interfaces, which disrupt the continuity of bedding-
parallel fracture paths and introduce localized anisotropy beyond
the assumptions of vertical transverse isotropy (VTI). In contrast,
the K-series samples display more regular lamination and OM
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Fig. 5. Experimental measurements (0°, 45°, 90°) and predicted curves of anisotropic tensile strength by different theoretical criterions (SPW criterion, N-Z criterion, L-P criterion,

CPA criterion and L-P criterion).
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Fig. 6. Comparison of experimentally measured tensile strength with predictions
from the SPW, CPA, L-P, P-Q and N-Z criteria. The SPW model fails to capture the
observed weakening at oblique angles due to its assumption of a discrete weak plane.
CPA offers improved orientation prediction but underestimates anisotropic strength
variation due to idealized tensor symmetry. The N-Z criterion closely matches the
observed strength profile across all orientations.

morphology, resulting in greater directional coherence and
improved agreement between theoretical predictions and exper-
imental results.

3.3. Validation of the quantitative anisotropic brittleness model

Based on the comparison and error analysis of the tensile
strength anisotropy theoretical prediction curves and experi-
mental test values, the N-Z criterion was identified as suitable for
characterizing the directional variation of tensile strength in
lacustrine shale. By incorporating this expression into Eq. (1), the
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new brittle anisotropic theoretical model can be determined. The
next step involves experimental validation of the new model.
Whole-rock analysis test results indicate that the organic matter
content of the #B series samples is roughly equivalent, while the
content of brittle minerals gradually increases from B1 to B3, with
a corresponding decrease in the content of ductile minerals
(mainly clay) (Table 1). Additionally, scanning electron microscope
microstructure images (Fig. 2) reveal that in the #B series samples,
brittle minerals (such as quartz) predominantly exhibit isotropic
granular shapes, while the bedding structure is mainly composed
of interlayered clay and organic matter. In situations where con-
tent and structures of the organic matter is similar (e.g. #B series
samples), both brittle minerals and layered clay minerals act as
matrix skeletons of the rock, providing support and undergoing
stress, thereby influencing the brittleness characteristics of the
samples. At this point, the brittleness characteristics show a pos-
itive correlation with brittle minerals represented by quartz, while
ductile minerals represented by clay exhibit a negative correlation
with brittleness characteristics. Therefore, for the #B series sam-
ples, the predicted brittleness values in any given direction should
gradually decrease from B1 to B3.

By incorporating the velocity anisotropy test data and tensile
strength anisotropy test data for the #B series samples from
Tables 2 and 3 into the new brittle theoretical model, the pre-
dicted curves for the directional variation of brittleness charac-
teristics for the corresponding three sets of samples can be
calculated (Fig. 7). The results indicate that all three sets of sam-
ples exhibit varying degrees of directional brittleness character-
istics. In the range of 0°-180°, perpendicular to the bedding, the
brittleness values first increase and then decrease, reaching the
maximum in the parallel bedding direction and the minimum in
the perpendicular bedding direction. The entire curve is approxi-
mately symmetrical about the bedding direction. The results in
Fig. 6 show that within the range of 0°-360°, brittleness values
corresponding to the same angle are positively correlated with the
content of brittle minerals and negatively correlated with the
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Fig. 7. Predicted curves for the directional variation of brittleness characteristics by
the new brittleness anisotropic model for samples #B series. BM denotes brittle
minerals, and NBM denotes the non-brittle minerals.

content of plastic minerals. This is consistent with the previous
analytical results, demonstrating the accuracy of the new brittle-
ness model to some extent. Furthermore, based on the theoretical
prediction curves, the brittleness anisotropy values for the three
sets of samples were calculated ((|B(//) — B(L)|/B(//)) x 100%)
(Fig. 8). The vertical axis for the left side of the graph represents
different-numbered samples in the #B series, the horizontal axis
represents different mineral component contents, and the
different-colored rectangles represent different mineral pro-
portions. Red represents brittle minerals, blue represents clay
mineral proportions, and light blue represents organic matter
proportions. It is easily observed that from B1 to B3, the content of
brittle minerals gradually increases, while clay minerals decrease,
and the organic matter content remains roughly constant. The
right side of Fig. 8 represents different sample numbers on the
vertical axis, the lower horizontal axis represents velocity anisot-
ropy values, and the upper horizontal axis represents brittleness
anisotropy values (AB). The results show that from B1 to B3, the

Petroleum Science 22 (2025) 4555-4572

clay content decreases from 47.77% to 37.43%, and the corre-
sponding brittleness anisotropy value decreases from 40.64% to
26.71%, demonstrating a strong positive correlation between AB
and clay content. As mentioned earlier, the bedding characteristics
of the #B series samples are mainly controlled by the interlayered
structure of clay and organic matter. With the organic matter
content being relatively constant, the content of layered clay be-
comes the main controlling factor of bedding structure charac-
teristics. Based on the causal relationship between rock elastic and
mechanical anisotropy and bedding structure, the #B series sam-
ples demonstrate that increasing the content of layered clay en-
hances bedding development, thereby amplifying directional
brittleness. As a result, a positive correlation is observed between
clay content and the brittleness anisotropy index AB, which aligns
well with the AB trends calculated using the proposed anisotropic
brittleness model across the three shale samples. This consistency
supports the validity and applicability of the model in capturing
shale brittleness behavior. Notably, a gradual decrease in
compressional and shear wave velocity anisotropy is observed
from samples B1 to B3 (Table 2 and Fig. 8). This trend is likely
attributable to the weakening of bedding-related anisotropy,
which in turn correlates with a reduction in layered clay content.
These observations reinforce the causal link between bedding
structure and elastic anisotropy, further validating the physical
basis of the model.

4. Effect of TOC on brittleness anisotropy based on the
proposed model

The results of previous studies indicate that the brittleness
characteristics of shale and their directional variations are influ-
enced not only by the type and content of mineral components (e.
g., an increase in the content of brittle minerals, represented by
quartz, strengthens the brittleness response of rocks, while plastic
minerals, represented by clay, weaken the brittleness character-
istics of rocks) but also by the spatial distribution of minerals. For
instance, an increase in the layered distribution of clay enhances
the brittleness anisotropy characteristics. As an integral compo-
nent shaping the intricate matrix of shale rocks, kerogen is
considered a crucial variable determining both elastic and me-
chanical properties. Recent quantitative experiments in rock
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Fig. 8. Mineral components (a) and evaluation result (b) of the proposed quantitative brittleness model for the samples #B series.
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Fig. 9. Predicted curves for the directional variation of brittleness characteristics by
the new brittleness anisotropic model for samples #K series. KC denotes kerogen
content.

physics have shown that, under similar microscopic structural
distributions, the kerogen content is negatively correlated with
shale brittleness characteristics (Xie et al., 2023). However, for
lacustrine shale, not only does kerogen content vary significantly,
but its occurrence forms and microscopic structural distribution
also differ considerably (Figs. 2 and 3). Therefore, it is crucial to
investigate how the brittleness characteristics of lacustrine shale
are affected by different microscopic structural distributions of
kerogen and its content. However, there is scarce literature
addressing these issues, especially regarding the unclear impact
and response mechanisms of kerogen content and structure on the
directional brittleness variations.

Thus, based on the new brittleness anisotropy theoretical
model, combined with the acoustic and mechanical test results of
the #K series shale samples (Tables 2 and 3), predictive curves for
the directional variations in brittleness for the three samples can
be obtained (Fig. 9). The results show that the #K series samples all
exhibit significant brittle anisotropy characteristics. Within the

(@)
Brittle |_| TOC TOC
- minerals - Clay ( ified) (Patchy)
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range of 0°-180° perpendicular to the bedding, the brittleness
values first increase and then decrease, reaching the maximum in
the parallel bedding direction and the minimum in the perpen-
dicular bedding direction, and the entire curve is approximately
symmetrical about the bedding direction. The results depicted in
Fig. 8 reveal a discernible trend in the brittleness values corre-
sponding to identical angles as the total organic carbon (TOC)
content increases. Specifically, these values exhibit an initial
decrease followed by a subsequent increase, and across the entire
0°-360° range relative to the bedding direction, the brittleness
values corresponding to any given angle demonstrate a consistent
pattern of variation. Additionally, based on the theoretical pre-
diction curves in Fig. 8, the brittleness anisotropy values ((|B(Par-
allel) — B(Perpendicular)|/B(Parallel)) x 100%) for the three sets of
samples were calculated. Combining velocity anisotropy theory
(Thomsen, 1986) and longitudinal and transverse wave velocity
test results in different directions, the anisotropy values (¢ and y)
for the three sets of samples were calculated. As shown in Fig. 9,
the vertical axis on the left side represents different sample
numbers in the #K series, while the horizontal axis represents the
content of different mineral components. The lengths of the
rectangles of different colors represent the proportions of different
minerals. Among them, red represents the proportion of brittle
minerals, blue represents the proportion of clay minerals, and light
blue represents the organic matter content. The right side of
Fig. 10, the vertical axis represents different sample numbers, the
bottom horizontal axis represents velocity anisotropy parameters
(e and y), and the top horizontal axis represents brittle anisotropy
values (AB). it shows that from K1 to K3, ¢, y, and AB all exhibit a
trend of first increasing and then decreasing. These predictions
contradict numerous earlier studies that indicated TOC is a me-
chanically weak mineral and negatively correlates with rock brit-
tleness (Wang and Gale, 2009; Rybacki et al., 2016; Xie et al,,
2023). One key reason is that exploring the correlation between
the brittleness or directional variations in brittleness and TOC of
lacustrine shale not only requires considering the influence of
content but also the impact of its microscopic structural distri-
bution, a factor often overlooked in previous research.

In fact, earlier scanning electron microscopy observations were
conducted for the #K series samples (Fig. 3). The clay in all three
samples exhibits a distinct layered distribution feature, and brittle
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Fig. 10. Mineral components (a) and evaluation result (b) of the proposed quantitative brittleness model for the samples #K series.
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minerals (such as quartz) mostly display a granular distribution,
while the structural distribution of TOC is more complex. In the
#K1 sample, most organic matter fills the pores in a patchy
structure (Fig. 3(a)), exhibiting isotropic characteristics and does
not contribute to skeletal support, the brittleness value is pri-
marily controlled by the presence of brittle minerals and clay
minerals in the rock matrix, showing a positive correlation with
the content of brittle minerals, while negatively correlated with
clay content when the content of brittle minerals is constant.
Meanwhile, the strength of brittle anisotropy is mainly controlled
by the content of laminated clay minerals. In contrast, in addition
to patchy pore-filling TOC, the K2 and K3 samples also contain
striped organic matter (Fig. 3(b) and (c)), which contributes to
skeletal support. Studies have shown that when organic matter
serves as a rock framework, it acts as a mechanically weak mineral,
and an increase in this type of organic matter will weaken rock
brittleness, consistent with previous research conclusions. Inter-
estingly noted that the striped organic matter is often interlayered
with clay (Fig. 3(b) and (c)). In this context, the brittleness value of
the K2 and K3 sample is jointly controlled by the brittle minerals,
striped organic matter, and clay minerals in the framework. Spe-
cifically, brittleness strength exhibits a negative correlation with
the combined content of striped organic matter and clay minerals,
and a positive correlation with the proportion of brittle minerals.
In contrast, the degree of brittleness anisotropy is primarily gov-
erned by the total content of striped organic matter and clay.
Clarifying the quantitative relationships among brittleness
strength, brittleness anisotropy, and their dominant controlling
factors not only provides a robust explanation for the predictions
made by the proposed theoretical model but also sheds light on
the underlying micromechanical mechanisms driving these re-
lationships. Subsequent sections will offer a more in-depth anal-
ysis based on rock physics modeling using effective medium
theory. It is important to note that although the B-series samples
have higher TOC values, the K-series samples were chosen for
evaluating the influence of organic matter on brittleness anisot-
ropy due to their greater microstructural diversity. Specifically, the
K1 and K2 subgroups feature pore-filling and striped skeletal
organic matter, respectively, allowing for a controlled comparison
of OM morphology and its effect on mechanical anisotropy.

5. Discussion
5.1. Elastic anisotropy and tensile fracture mechanism

At the micromechanical level, brittle failure in shale is governed
by a combination of factors: (1) mineral composition and grain
packing; (2) the mechanical contrast and bonding strength be-
tween different mineral phases (e.g., quartz vs. clay); (3) the ge-
ometry and continuity of bedding-parallel weak planes; and (4)
the distribution and role of organic matter, particularly whether it
acts as a passive pore-filling phase or a load-bearing skeletal
framework. For example, in directions perpendicular to bedding,
cracks may be arrested by stiff, isotropic brittle minerals, while in
directions oblique to bedding, interbedded layers of clay and
striped OM may localize strain and promote tensile fracture. These
micromechanical contrasts lead to directional differences in both
elastic wave propagation and tensile failure resistance.

Microscale observations show that elastic stiffening does not
necessarily equate to reduced tensile weakness, particularly in
organic-rich shales where skeletal-type organic matter (OM) is
interbedded with clay. High-resolution SEM imagery and XRD data
from the Chang 7 shale samples reveal that skeletal OM forms
elongate, aligned structures that participate in the mechanical
framework of the rock (Figs. 2 and 3, Table 1). These OM-rich bands
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often coincide with laminar clay-rich zones, creating mechanically
anisotropic layering with significant directional contrast in both
stiffness and cohesion. Although the quartz framework may pro-
vide elevated elastic stiffness (e.g., higher E along bedding planes),
the skeletal OM—clay interfaces often serve as preferred zones for
crack nucleation under tensile stress. This decoupling between
stiffness and fracture resistance is especially pronounced in ori-
entations oblique to bedding, where tensile strength is lowest
despite moderate or high elastic moduli. Therefore, stiff elastic
response at the macroscale can coexist with structurally weak,
failure-prone paths at the microscale—underscoring the impor-
tance of integrating elastic and fracture criteria in brittleness
modeling. By integrating both stiffness-driven and failure-driven
mechanisms, our model captures this inherent anisotropy in
shale brittleness and avoids overestimating brittleness in stiff but
fracture-resistant directions. This mechanistic coupling also en-
hances the physical realism and predictive capability of the model
for applications in fracture design and sweet-spot evaluation.

To further illustrate the underlying mechanism of the proposed
model, a schematic diagram (Fig. 11) has been introduced to
visualize how elastic anisotropy and tensile fracture anisotropy
jointly determine directional variations in shale brittleness. As
shown in the left panel of Fig. 11, elastic anisotropy manifests as
directional variation in both Young's modulus and Poisson's ratio,
governed by the orientation of mineral alignments and bedding
structures. In transversely isotropic shale, E(9) typically peaks
parallel to bedding (90°), while (0) reaches a minimum along the
same direction. This implies that under uniaxial loading, elastic
stiffness is highest in the horizontal direction. However, fracture
initiation is not solely controlled by stiffness. The right panel dis-
plays tensile strength anisotropy T(8), which tends to be lowest at
oblique angles (e.g., 30°-60°), where bedding-parallel weak planes
such as clay or striped organic matter facilitate tensile crack
propagation. These trends are captured using the Nova-Zaninetti
(N-Z) criterion. The center of Fig. 4(a) combines these mecha-
nisms: brittleness is highest in directions where elastic energy can
be efficiently stored (Et) and tensile resistance is weakest (T} ). The
3D shale block highlights how fracture development is favored
when these two conditions spatially coincide. Thus, the proposed
model accounts for both pre-failure mechanical response and
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Fig. 11. Schematic diagram illustrating how elastic anisotropy and tensile fracture
jointly influence shale brittleness. (a) Directional variation in elastic parameters
(Young's modulus E(¢) and Poisson's ratio +(6)); (b) anisotropic tensile strength T(6),
based on the N-Z criterion; (c) central panel integrates these into a composite brit-
tleness index B(6) = Bg(0)/T(9). A conceptual shale block in the center visualizes
bedding structure and directionally preferred fracture planes. Arrows emphasize that
high stiffness (E) and low tensile strength (T) must align for brittleness to peak.
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Table 4
Results of the velocities anisotropic parameters from experimental measurements
and rock physical modeling predictions.

No. Measured Predicted Measured Predicted
€ £ Y Y
#K1 0.480 0.456 0.518 0.524
#K2 0.570 0.536 0.563 0.566
#K3 0.430 0.431 0.460 0.463
Table 5

Components of the organic matter with different microstructures (Pore-filling and
Stratified type) determined by rock physical modeling prediction.

No. Clay TOC Pore-filling Stratified Clay &
content content TOC TOC Stratified TOC

#K1 46.7% 3.4% 3.4% 0 46.7%

#K2 45.6% 7.1% 4.1% 3% 48.6%

#K3 42.1% 10.4% 8.4% 2% 44.1%

post-failure tensile rupture behavior, providing a more compre-
hensive and physically grounded framework for brittleness eval-
uation in anisotropic shale reservoirs.

5.2. Mechanism on the organic matter and brittleness anisotropic
behaviors

To further elucidate the relationship between the organic
matter and brittleness anisotropic behaviors and clarify the cor-
responding response mechanism, rock physics models (RPM) were
developed based on the compositional characteristics and micro-
scopic structural distribution features of the #K series samples
(Fig. 3 and Table 1). Specifically, For Sample #K1, the self-
consistent model (SCA, Berryman, 1995) is firstly used to form a
spatial combination of brittle mineral mixtures
(quartz + feldspar + calcite + pyrite), then we use anisotropic SCA
(Hornby et al., 1994) to include brittle mineral mixtures in the fully
aligned clay to obtain the effective anisotropic elastic stiffness of
inorganic matrix (Zhao et al., 2016). Based on the observations in
Fig. 3(a), the organic matter is mainly characterized by a patchy
pore-filling distribution and can be treated as a filling material of

a
( ) Brittle
minerals

TOC
(Stratified)

TOC

(Patchy)
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the inclusion space instead of the load-bearing matrix. In this
sense, the C&S solid substitution equation (Ciz and Shapiro, 2007)
is used to modeling the combined effect of the organic-matter on
the overall elastic properties of organic shale, the workflow of rock
physical model for sample #K1 is shown in Fig. 12(a). For samples
#K2 and #K3, both pore-filling and striped organic matter can be
observed simultaneously from Fig. 3(b) and (c). Among them, the
striped organic matter intercalates with clay minerals to form
interlayers, serving as a supportive framework, an anisotropic
SCA + DEM model (Qian et al., 2020) was used to mix layered clay
and striped organic matter to form a clay-organic matter mixture
model. Following with the brittle mineral mixtures by the SCA
model, the clay-organic matter intercalation mixture was com-
bined with brittle mineral mixtures using an anisotropic SCA
model to obtain the rock matrix framework. Finally, the pore-
filling organic matter was incorporated into the matrix using
C&S model, the workflow of rock physical model for sample #K1 is
shown in Fig. 12(b). Based on the workflow of the proposed rock
physical models and experimental inputs (Table 1), the Thomsen
anisotropic parameters (e and y) can be calculated for the #K series
samples (see Table 4). Subsequently, these simulated outcomes
were projected onto the right half of Fig. 10, where it can be
observed that the experimental test results and the model pre-
diction results are in good agreement (Fig. 13), the coefficients of
determination (R?) for both predicted and measured P-wave and S-
wave anisotropic parameters exceed 95%. On the one hand, this
confirms the correctness of the RPM workflow and verifies the
necessity of considering both type and content of organic matter in
the modeling process. On the other hand, we can inversely
calculate the content of various structured organic matter corre-
sponding to the three samples based on the RPM (Table 5). In
sample #K2, the pore-filling and striped organic matter account
for 4.1% and 3%, respectively. In sample #K3, the corresponding
proportions are 8.4% and 2%. Based on the discussed cause-and-
effect relationship between brittleness strength and the variation
of brittleness anisotropy with mineral compositions in the #K
series samples: the content of brittle minerals in samples #K1 to
#K3 first decreases and then increases (Table 1). Among them,
sample #K1 has the highest content of brittle minerals (49.6%), so
the brittleness strength of the #K series samples in the same

(b)

0.28

Brittleness anisotropy (AB)

0.32 0.36 0.40 0.44 0.48 0.52
L L L L L

K1

K2

Sample No.

K3

r K1
«
~
NN
\ N r
\ ~ -
\. E | \.I F K2
- —~ /

—ll— Measured P-wave anisotropy ()
Measured S-wave anisotropy (y)
— «— Predicted P-wave anisotropy (¢)
— @— Brittle anisotropy (y)
Predicted S-wave anisotropy (AB)

r K2
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Content, %

100

0.40 0.50 0.55 0.60

Velocity anisotropy

Fig. 13. The predicted velocities anisotropic parameters (e, y) by rock physical models and experimental measurements, and it shows a good agreement both for P-wave and

S-wave anisotropic parameters.
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direction also decreases first and then increases. Sample #K1 also
exhibits the strongest brittleness characteristics, which align well
with the predictions of the new brittleness evaluation model
theory (Fig. 8). Striped skeletal support-type OM forms aligned,
continuous bands that participate in the mechanical framework of
the rock, often interbedded with clay. These layers act as me-
chanically weak planes with low stiffness and cohesion, promoting
tensile failure and reducing overall brittleness. In contrast, pore-
filling OM is discontinuous and plays a limited role in load trans-
fer or crack propagation. As a result, skeletal OM reduces both the
directional tensile strength and elastic modulus anisotropy,
thereby weakening brittleness relative to pore-filling
configurations.

Based on the results of rock physics modeling calculations, a
ternary plot of Thomsen parameters (e, y) and brittle anisotropy
value (AB) against the total content of striped organic matter and
clay minerals can be obtained for the three samples (Fig. 14). It can
be observed that ¢, y, and AB are all positively correlated with the
total content of striped organic matter and clay minerals. This
confirms the previous discussion that both velocity and brittleness
anisotropy are primarily controlled by the content of striped
organic matter and clay minerals. It also further explains the
induced mechanism of the changing pattern of brittleness
anisotropy values from increasing to decreasing from sample #K1
to #K3, corresponding to the increase and then decrease in the
total content of striped organic matter and clay minerals (Table 5).
Among them, sample #K3 has the lowest content of striped
organic matter and clay minerals (44.1%). This is consistent with
the conclusions predicted based on scanning electron microscopy
observations mentioned earlier and demonstrates good consis-
tency with the results predicted by the new brittleness evaluation
model. It should be noted that while this model assumes vertical
transverse isotropy (VTI) to characterize the anisotropic behavior
of laminated shales, deviations from this assumption may arise in
naturally fractured or tectonically deformed formations. Such
deviations introduce orthotropy or even more complex anisotropic
symmetry classes, which can significantly affect the directional
distribution of stiffness and tensile failure. While the VTI
assumption remains valid for the Chang 7 shale due to its well-
preserved laminar structure and minimal natural fracturing,
further extension of the model to orthotropic or fracture-
dominated media is warranted in future studies to improve pre-
diction accuracy in more heterogeneous reservoirs.

0.6

P-wave anisotropy ()
—&— S-wave anisotropy (y)
—4A— Brittle anisotropy (AB)

0.5 A

0.4 1

Anisotropic parameters

0.3 A

44.1% (K3) 46.7% (K1) 48.6% (K2)

Content of clay & stratified TOC

Fig. 14. Crossplot of anisotropic parameters (¢, y and AB) and the total content of clay
and stratified TOC.
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6. Conclusion

This study presents a novel theoretical model for evaluating
brittleness anisotropy in terrestrial shale, integrating elastic
response characteristics with shear-tensile fracture mechanisms.
The model effectively reconciles the traditionally observed
contradiction between high Young's modulus and the actual ten-
dency for brittle failure. Comparative analysis of quantitative rock
physics data supports the integration of the Nova-Zaninetti (N-Z)
criterion into the brittleness anisotropy framework, enhancing its
theoretical robustness. Notably, the deviation between N-Z model
predictions and measured tensile strengths remains below 5%,
affirming the model's predictive accuracy. The proposed model
reliably captures both the magnitude and directional variation of
brittleness in response to differences in mineral composition,
structure, and abundance. Specifically, brittleness values at a given
orientation show a positive correlation with brittle mineral con-
tent and a negative correlation with plastic minerals. Clay content
demonstrates a clear positive relationship with brittleness
anisotropy. Interestingly, contrary to conventional assumptions,
neither brittleness strength nor its anisotropy decreases mono-
tonically with increasing organic matter content. Instead, brittle-
ness behavior is governed by a combination of mineral
composition and subtle variations in microstructural distribution.
Isotropic brittle minerals emerge as the primary positive control
on brittleness strength, whereas ductile components—particularly
striped skeletal organic matter and clay—exert a secondary but
significant weakening effect. In contrast, pore-filling organic
matter contributes minimally to brittleness characteristics.
Furthermore, the study highlights analogous patterns in velocity
anisotropy, reinforcing the observed mechanical trends. Rock
physics modeling of shale samples containing pore-filling OM
alone and those with both pore-filling and striped skeletal OM
further corroborates the mechanistic basis for the observed brit-
tleness variations. In summary, the findings of this study provide a
comprehensive theoretical and empirical foundation for the
identification, evaluation, and optimization of hydraulic fracturing
strategies in shale hydrocarbon reservoirs.
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APPENDIX
(A) Self-consistent approximation (SCA) model

The self-consistent approximation model strategically posi-
tions the multiphase medium within an infinite matrix, fine-
tuning the elastic parameters of this matrix to align seamlessly
with those of the embedded multiphase media. Building upon this
foundation, Berryman (1980, 1995) presented a versatile and
comprehensive form of self-compatible approximation for N-
phase mixtures, offering a robust framework for analyzing com-
plex multiphase systems.

N
in(Ki — K )P =0

i=1

N A (A.1)
in (ui — UZC)Q*I =0

i=1

where i refers to the i-th inclusion material, x; is the volume
fraction of the i-th inclusion, K; is the bulk modulus of the i-th
inclusion, u; is the shear modulus of the i-th inclusion, KZ. is the
self-compatible bulk modulus of a multiphase mixture, ug. is the
self-compatible shear modulus of a multiphase mixture, P and Q
are the form factors, the superscript *i of P and Q refers to the fact
that this form factor is for the inclusion material i of the back-

ground medium with a self-compatible equivalent modulus of K.
and ug.

Anisotropic self-consistent approximation (SCA) model is
showed as below:

N -1
gSCa _ Z vngl‘l (l+ G/\ (gn o gSCa))
n=1

(olefee) '}

‘1 —_ —
3 (Gikjl + ijil)

y (A.2)

>

p=1

A
Gijl =

where the tensor G serves as the Eshelby tensor, overseeing the
shape of each individual inclusion. Furthermore, the symbol I
represents the identity tensor, whereas C" signifies the stiffness

matrix pertaining to the n-th phase material, and v, denotes its
corresponding volume fraction.

(B) Anisotropic differential effective-medium (DEM) model

The differential effective-medium model (DEM) serves as a
potent tool for modeling two-phase mixtures. This approach as-
sumes the presence of a solid mineral phase constituting the
volume of the rock matrix, upon which an inclusion phase of a
specified volume is introduced. Subsequently, the mineral phase of
equivalent volume (AV) is replaced by the inclusion phase,
resulting in a transformation of the original rock matrix into a
homogeneous medium. This medium is characterized by the
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equivalent elastic modulus of the newly formed composite. This
process is iteratively repeated until the desired volume ratio be-
tween the solid mineral phase and the contained inclusion phase is
achieved.

The system of coupled differential equations for the equivalent
bulk modulus and shear modulus is (Berryman, 1992):

(1-y) % K 0)] = (Ky — K)PD ()

<1—y>%

(B.1)
W' y)] = (uy —u")Q"?(y)

The initial conditions are K*(0) = K; and u*(0) = uq, where Kj,
u; are the bulk modulus and shear modulus of the initial main
phase material (phase 1), K5,u, are the bulk modulus and shear
modulus of the gradually added inclusions (phase 2), y is the
content of phase 2. For fluid inclusions and empty inclusions, y is
equal to porosity ¢. P and Q are the geometric factors of the shape,
and the superscript *2 refers to the geometric factor for the in-
clusion material 2 in the background medium with equivalent
modulus K* and u”.

Hornby et al. (1994) gave the expression for anisotropic DEM:

av (M)~
(ci — CPEM(y) ) [1 + &(c" — CPEM(y) ) ]*]
(B.2)
aijkl = % (Eikjl + Ejkil) (B.3)

where CPEM represents the equivalent medium stiffness tensor
obtained by the DEM method, V is volume of a material, C' is the

stiffness tensor of the inclusion, G is the elastic tensor in relation to
the shape of the inclusion (when the background medium exhibits

transverse isotropy, the expression of G canbe given in the form of
a line integral), I is the unit tensor.

(C) Anisotropic SCA + DEM model
To create a biconnected solid at all porosities to estimate the

anisotropic properties, the expression for the effective compli-
ances of the composite material is given by Hornby (1994) below:

s =s0— EN:vn (soc” —I)I(“

n=1

(c.1)

where s* and s? are the compliance tensors of the effective ma-
terial and the rock matrix, v, and ¢ are the volume and stiffness
tensors of the n-th component, I is unit tensor, K" is the tensor that
connects the average stress of the composite material with the
average strain of each phase inside.

Treat each of the composites as equal, we replace the matrix
material in the model with the effective material, we set €0 = ¢5A,
Then Eq. (C.1) becomes:

N
> v (c“ . cSCA)K*“ -0 (C2)
n=1

where K™ depends on the solution, rearranging ¢S4, we get:
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(C3)

-1
N N
* *
A= v K> " upKP
n=1 p=1

To solve this equation, we need to first give the initial value of
¢5CA  calculate the above equation to get a new ¢54, iterate on the
right side of the above equation again, and iterate again until
¢SCA _ ¢SCA

n n-1-

According to the eigenstrain problem, the expression for the

tensor K™ can be obtained:

K [CSCA (1 4 Gy (cn _ cSCA))] -1 (C4)

where Gy = g (Gt + Gjrar), G is the elastic tensor in relation to
the shape of the inclusion, when the background medium exhibits
transverse isotropy, the expression for G can be given in the form
of a line integral.

From this, the expression of the anisotropic SCA model can be
obtained:

N ~ -1
SCA_NT e n_ (SCA
; c (I+G(c ))

. (C.5)

Z (116(e )

Hornby's equivalent compliance tensor expression for com-
posites is organized into a differential form:
s"(v+Av)=5"(v) —

(s* (v)c — 1) K'(v+ Av) (C.6)

Av
(1-v)

When Av—0, substituting the expression of tensor K into the
above equation gives the expression of the anisotropic DEM

model:
(¢

d (CDEM(V)) 1
_ CDEM(V)) [I+ f;(Ci _ CDEM(V)) ]*1

dv T1-vV

(C7)

Given that the anisotropic SCA model effectively ensures the
interconnectivity of clay fluids within duplex rocks solely within a
porosity range of 40%-60%, it becomes imperative to integrate the
SCA and DEM methodologies when estimating the effective elastic
parameters of such systems. To accurately mimic the genuine two-
phase structure of clay and water in rocks, we initially employ the
anisotropic SCA model to compute the equivalent stiffness tensor
for a two-phase mixture containing 50% fluid content. Subse-
quently, we leverage the anisotropic DEM model to fine-tune these
calculations to align with the specific porosity characteristics of
the rock, thereby deriving the comprehensive results from the
combined anisotropic SCA + DEM approach. This combined
strategy ensures a more precise and realistic portrayal of the
mechanical behavior of the two-phase mixture.

(D) C&S model

Ciz and Shapiro (2007) formulated a theory centered on the
concept of solid skeleton and pore material, incorporating the
fundamental assumption of infinitesimal strain. They postulated
that the pores within the rock are uniformly distributed, main-
taining a balanced pore pressure throughout. By ingeniously
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extending the Gassmann fluid substitution equation to encompass
solid replacement, they derived a novel equation, which has since
been widely recognized as the C&S equation.

(Kgrly —Kg! ) 2
) (k)
. (ﬂd’rly - ugrl)z

sat = Hdry fﬁ(/‘ff] _ ﬂg}]) + (ﬂdﬂy ”@1)

Koot = Kapy —
—1
(ks (D.1)

’

where, Ksar and usye represent the effective bulk modulus and shear
modulus of the rock, respectively, after the pore-filling material
(solid or fluid) has been incorporated. Kqry and udry, on the other
hand, denote the bulk modulus and shear modulus of dry rock,
respectively. Additionally, Kir and Kg, signify the bulk modulus of
pore material and rock matrix particles, while pif and ug, represent
their shear moduli, respectively. @ represents the total porosity of
the rock.

(E) Anisotropic tensile strength criterion

SPW Criterion: Jaeger (1960) first proposed the single weak
plane theory to theoretically describe strength anisotropy. Lee and
Pietruszczak (2015) generalized the SPW criterion for layered
rocks by assuming that each physical plane except the weak plane
has the same tensile strength, based on the original SPW criterion.
Since the tensile strength of weak planes is typically much lower
than that of intact rock materials, tensile failure is likely to occur
along the weak plane when its inclination is less than a critical
value:

o . "
5-0°<0<0
T(6)={ cos* 0 (E.1)
Tyo 0" <0<90°

where the critical angle 6* is defined as: 6" = cos™!, /TT—Q%

L-P Criterion: Lee and Pietruszczak (2015) proposed a new two-
dimensional anisotropic tensile strength criterion by combining
the N-Z criterion with Cauchy's formula.

_ (to+Tgo) _ (too + To)
2

This equation assumes that the directional variation of tensile
strength with orientation ¢ is completely defined by Ty (the
maximum value) and Ty (the minimum value).

CPA Criterion: Lee and Pietruszczak (2015) proposed the
anisotropic tensile strength CPA (Critical Plane Approach) criterion
by generalizing the tensile failure criterion for orthotropic media
to a spatial framework, based on the critical plane approach and
using a second-order tensor to characterize the directional devi-
ation of tensile strength spatial distribution.

T(0) cos 20 (E.2)

_ Toexp( — €29) — Top €xp (2€2)
exp( — Qo) — exp(29)

n To —Tyo
exp( — Qo) — exp(2£)

T(9)

exp [QO (3 cos® 6 — 1) ]
(E.3)

where Qg is a strength spatial distribution parameter that ac-
commodates a higher degree of anisotropy.
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P-Q Criterion: Liu et al. (2022) conducted direct tensile tests on
slate samples and derived a new phenomenological tensile failure
criterion for anisotropic rocks, namely the P-Q criterion, by
introducing an anisotropic coefficient ébased on the N-Z criterion.

_ ToToo
T() + (['90 — To)cos”é)

T(6) (E.4)

where Ty is the minimum tensile strength, and Ty is the maximum
tensile strength.
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