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Abstract: Understanding the failure behavior and mechanisms of mudstone is very im-
portant for engineering applications. While confining pressures play an important role
in mudstone deformation, the limitations of laboratory conditions and mudstone sample
preparation preclude scaled models of the mechanisms of deformation transition from
brittle to ductile, especially for high confining pressures. In this study, dry indurated mud-
stone of the Kuqa depression in North China acted as the prototype rock for a numerical
model. We performed numerical experiments for different confining pressures. Overall, the
numerical model captured the stress–strain behavior and failure modes demonstrated by
triaxial loading experiments from the laboratory at low confining pressures. Subsequently,
the mudstone failure modes were predicted for high pressures. A new model to predict
brittle–ductile failure behavior is proposed based on the understanding of the mudstone
failure mechanism. The model showed the following. (i) For brittle failure stages, a shear
dilatancy fracture is developed at low confining pressures. The rock failure modes undergo
a high-angle shear fracture and a high-angle conjugate shear fracture. (ii) For brittle–ductile
transition failure stages, a shear compaction fracture appears in rock deformation at high
confining pressures. The fracture modes are exhibited as low-angle shear fractures and
low-angle conjugate shear fractures.

Keywords: mudstone failure mechanism; brittle–ductile transition; confining pressure;
numerical model

1. Introduction
The mechanical properties of rock have been a focus of several research studies such

as hydraulic fracturing and wellbore stability analysis [1,2]. The confining pressure can
significantly affect the mechanical failure behavior of rock [3]. With increases in the confin-
ing pressure, rock’s ductility increases [4,5] and the yield limit decreases [6]. Therefore, the
confining pressure is often considered in rock mechanics experiments [7]. However, rock
brittle failure or brittle–ductile transition failure primarily involves cataclastic deformation
mechanisms, which are sensitively dependent on pressure but relatively insensitive to
temperature [8,9]; this is also described as “low-temperature brittle–ductile transition” [10].
It should be noted that thermally activated deformation mechanisms dominate in crystal
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plasticity and diffusion mass transfer, resulting in plastic flow, which is not within the scope
of this research. A large number of studies show that increases in the confining pressure
inhibit tensile fracture propagation and weaken the brittleness of rock [11,12].

Rock deformation has three stages: brittle, brittle–ductile transition, and ductile [13–15].
Deformation mechanisms can be divided into brittle cracking, brittle–plastic transition,
and plastic deformation mechanisms. In the brittle stage, the deformation mechanism
of microcracks and frictional sliding between particles, which are related to macroscopic
fracture, is usually dominated by fracture. However, in the ductile region, the complex
interaction of various deformation mechanisms may cause the elastic deformation of
amorphous plasticity, diffusion mass transfer, and fragmentation [16].

In experimental rock deformation, from the stress–strain behavior, the main distinction
between brittle and ductile behavior is the ability to undergo substantial permanent strain
without macroscopic fracture [16]. The brittle stage is dominated by shear rupture and
microcracks, which are mainly developed by axial splitting or shear fracture with a peak
strain of less than 3% [17]. There is then a strain-softening process with a rapid stress drop
after the peak stress [13,18,19]. The brittle–ductile stage develops local failure, forming
conjugate shear fracture or complex fracture [20]. In this stage, the peak strain is generally
between 3% and 5%, with a gradual stress drop [18,21]. Both the brittle and brittle–ductile
deformation phases have an acoustic emission response [20,22]. In the ductile deformation
stage, the peak strain is generally greater than 5% [21] and cataclastic or ductile flow
occurs [23].

Under low confining pressures, the internal friction angle and cohesion of rocks are
generally considered to be constant. Rock failure mechanisms and modes can be described
well by the Mohr–Coulomb failure criterion [24–26]. When rock failure modes transition
from brittle to ductile, the cohesion and friction angle vary with the increase in the confining
pressure. In this situation, the Mohr failure envelope is generally a quadratic curve [3,27],
which is not suitable for the linear Mohr–Coulomb failure criterion. For deep layers, the rock
generally undergoes ductile failure with greater cumulative strain. Due to the limitations
of experimental instruments, it is difficult to assess rock deformation styles under larger
strain ranges, although Iyare et al. [13] recently observed mudstone failure behavior at
a confining pressure of up to 130 MPa in a triaxial loading experiment. Therefore, the
question now is the following: How can deformation mechanisms and deformation styles
at high confining pressures be described?

In this study, a combination of laboratory experiments and numerical modeling was
used to simulate mechanical deformation evolution modes with increasing confining pres-
sures. For the outcrop mudstone in the Kuqa depression, four intact mudstone samples
were successfully drilled, and the average mechanical parameters of rock under low tem-
perature and pressure were obtained by a conventional triaxial loading experiment. The
numerical code FLAC3D was used for the modeling performed in this study. Cylindrical
numerical models were constructed, and the same loading conditions as the physical exper-
iment were applied to carry out the numerical experiment. Adjusting the numerical model
grid numbers and loading rates in the numerical experiments allowed the numerical model
to capture the stress–strain behavior and failure modes demonstrated by the laboratory
experiments at discrete confining pressure intervals, and the numerical model was cali-
brated. On the basis of the calibrated numerical model, the failure behavior of mudstone
under high pressure was predicted. A failure mechanism caused by confining pressures
was explored, which explained the experimental simulation results well. As a result, a new
model to predict brittle–ductile failure behavior with confining pressures is proposed.
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2. Rock Physical–Mechanical Property Test in the Laboratory
2.1. Rock Sample Description and Preparation

The experimental samples consist of Jidike (N1j) mudstone, sourced from the outcrop
of Dongqiu anticline in the Kuqa Depression. The Kuqa Depression is located in the north-
ern region of the Tarim Basin in China, with geographical coordinates of 41◦43′05.97′′ N,
82◦57′48.47′′ E. The strike direction is NEE, and the basin extends approximately 300 km in
length along the EW direction, 30–80 km in width along the NS direction, and covers an
area of about 2.8 × 104 km2 [28] (Figure 1). The region is part of the foreland depression at
the south foot of the Tianshan fold belt and is a key area for natural gas exploration in the
Tarim basin at present. It is rich in natural gas resources, which could serve as a significant
source for the West-to-East Gas Transmission Project in China.
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Figure 1. Simplified structure distribution map of the Kuqa Depression in the Tarim basin and the
location of the sampled area on the outcrop (modified according to Wang et al. [15]).

The mudstone is highly indurated and has experienced multiple episodes of uplift and
burial, with the maximum burial depth reaching about 1700 m [5]. The outcrop sample is
relatively fresh after deep excavation with an excavator, showing no large-scale weathering,
maintaining good stratification and lacking natural fracture. To meet the requirements for
rock mechanics testing, a mudstone sample with flat layer, large-scale block and no fracture
was selected for centralized sampling, ensuring that the lithology and heterogeneity of the
sample have minimal impact on the rock’s mechanical properties. The height–aspect ratio
of the sample is usually kept at 2:1 to avoid the end-effect problem described by Paterson
and Wong [16]. In this experiment, four standard cylindrical samples, each with a diameter
of about 25 mm and a height of approximately 50 mm, were prepared by drilling, cutting
and grinding natural cores. To prevent damage to the samples before the loading test,
a sound velocity test is conducted first. The non-uniformity error at both ends of each
sample is kept below 0.5 mm, the error in height and diameter is less than 0.3 mm, and the
maximum deviation of the end face perpendicular to the sample axis is less than 0.25◦ [15].
For cylindrical samples, the two ends are typically made parallel and free from inclination
by sanding or using a grinding machine. Precision measuring tools or optical instruments
can be used to ensure that the center of each sample aligns with the center of the axial
loading base.

2.2. Experimental Methods

Crystals of different minerals have specific X-ray diffraction (XRD) patterns. For each
mineral, the peak intensity of the characteristic X-rays in the pattern is directly proportional
to the abundance of the mineral, allowing the mineral composition of the sample to be
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determined using the D/max–2200–X-ray diffractometer produced by Bruker Corporation
in Rheinstetten, Germany [29,30]. Before the experiment, the sample was ground and
screened with mortar. We selected the powder sample with particle size larger than
200 mesh, weighing about 2.00–3.00 g. The specimens were then dried at 60 ◦C in an oven
for at least 12 h and allowed to cool to room temperature. The experimental conditions
were as follows: voltage 40 kV, current 200 mA, using Cu target Kα rays (λ = 0.154056 nm)
and scanning angle range (2θ) 5◦~80◦ with step length of 0.01◦.

To obtain the strain–strain curve and failure behavior of mudstone under different
confining pressure, the experiments were conducted using the TAW–2000 microcomputer
controlled electro-hydraulic servo rock triaxial testing machine (σ1 > σ2 = σ3) produced by
Changchun City Chaoyang Test Instrument Co., Ltd., Changchun, China (Figure 2). The
maximum axial pressure of the testing was 2000 kN. The confining pressure control system
has an upper limit of 200 MPa. The load cell is located outside the vessel and measures the
load on the upper piston of the sample assembly. The specimens are placed in a PVC jacket
to isolate them from the confining fluid. During the triaxial compression test, the confining
pressure should be increased to a predetermined value at a rate of 0.05 MPa/s to meet the
experimental requirements, and then the axial pressure was applied at a rate of 0.005 m/s
until the rock failed. All data, including the stress–strain curve and mechanical parameters,
were measured and recorded automatically by the control program.
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Figure 2. Schematic of triaxial compression test process (a); specimen assembly, placed inside the
pressure vessel (b); outside view of the triaxial apparatus (c); loading confining pressure device (d);
LabVIEW software (2012), which records all data in real time using (e); test process and method flow
chart (f).
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In this study, we aim to investigate the nature of the rock failure that can occur with
increasing confining pressure, but the pore fluid system was not included in these exper-
iments. Therefore, the fluid pressure and overpressure phenomena in actual geological
settings are not considered in the experiment, although these factors play an important role
in rock deformation.

2.3. Results

The average density of the sample is 2.45 g/cm3. The X-ray diffraction results show
that the minerals in the mudstone samples comprise clay (28.6%), quartz (29.6%), plagio-
clase (7.8%), calcite (11.8%), dolomite (12.9%), analcite (3.7%), anhydrite (1.2%) and iron
dolomite (3.5%).

Based on the triaxial compression test, stress–strain curves of mudstone were obtained
and the Young’s modulus E, Poisson’s ratio v, Bulk modulus K and Shear modulus G and
Differential stress strength were calculated for different confining pressures (Table 1). The
calculation methods for these mechanical parameters are as follows:

E =
∆σ

∆ε1
; v =

∆ε2

∆ε1
; K =

E
3(1 − 2ν)

; G =
E

2(1 + ν)

where ∆σ is the stress difference in the elastic deformation stage before the peak value, ∆ε1

is the axial strain difference corresponding to ∆σ, and ∆ε2 is the radial strain difference
corresponding to ∆σ.

Table 1. Test results of rock mechanical parameters.

Sample
Number

Confining
Pressure

Young
Modulus Poisson Ratio Differential

Stress Strength
Bulk

Modulus
Shear

Modulus
[MPa] [GPa] [MPa] [GPa] [GPa]

1# 0 3.56 0.23 28 2.2 1.45
2# 10 9.12 0.17 106.7 4.61 3.90
3# 20 11.76 0.16 125.3 5.76 5.07
4# 40 15.74 0.17 196.7 7.95 6.73

The mechanical parameters of mudstone vary significantly with increasing confining
pressure. Young’s modulus ranges between 3.56 GPa and 15.74 GPa, and Poisson’s ratio
ranges between 0.17 and 0.23. Due to the limited number of core samples, only one
test was conducted under each confining pressure condition. To minimize experimental
data distortion, a mathematical model of confining pressure and mechanical parameters
was constructed using the least squares method. Figure 3 shows the variation of rock’s
elastic modulus with confining pressure, where the blue line and points represent the
bulk modulus data, and the purple line and points denote the shear modulus data. From
this figure, it can be observed that as confining pressure increases, both bulk modulus
K (Equation (1)) and shear modulus G (Equation (2)) increase with an approximately
linear relationship.

K = 0.1375σ3 + 2.742 (R2 = 0.9597) (1)

G = 0.125σ3 + 2.0958 (R2 = 0.9266) (2)
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This feature can be understood in terms of the lateral compaction effect of confining
pressure on the rock sample causing the increase in rock strength. This means that as confin-
ing pressure increases, the rock’s ability to resist elastic deformation (volume deformation
or shear deformation) also increases. Therefore, the increase in confining pressure also
enhances the rock’s strength and elastic properties, consistent with observations in tests by
other authors [31]. The mathematical model in Equations (1) and (2) establishes the basis
for assigning mechanical parameters in the subsequent numerical experiments.

Based on the stress conditions (confining pressure, differential stress) applied to four
rock samples, the Mohr–Coulomb failure envelope has been drawn, as shown in Figure 4.
Using the modified Griffith criterion [24] (Equation (3)), the shear rupture parameters
(cohesion, internal friction angle) of the rock have been calculated, as shown in Table 2.

τs = µσn + 2T (3)

where τs is the shear stress, σn is the normal stress; µ is the internal friction coefficient, φ is
the internal friction angle; T is the tensile strength, and according to the Coulomb failure
criterion, cohesion c = 2T.
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Table 2. Calculation results of rock shear parameters.

Confining Pressure Rock Strength Cohesion Internal Friction Angle Tensile Strength
[MPa] [MPa] [MPa] [◦] [MPa]

0 28

8.96 37.72 4.48
10 106.7
20 125.3
40 196.7

The cohesion of rock reflects the degree of consolidation. In shallow buried conditions
(low confining pressure condition), the degree of consolidation is low, and the cohesion
is smaller. In deep buried conditions (high confining pressure condition), the degree
of consolidation is high, and the cohesion is larger. However, for consolidated rock, it is
generally believed that the deformation characteristics under low confining pressure adhere
to the Coulomb fracture criterion, with little change in the cohesion and internal friction
angle. However, with increasing temperature, pressure or water bubbling, the degree of
consolidation changes, leading to a transition from brittle to ductile rock, causing alterations
in the cohesion and internal friction angle [32]. The cohesion and internal friction angle
obtained in our experiment are derived from Mohr–Coulomb fracture envelope under
low confining pressure. For deformation under high confining pressure, the relationship
between the change factor of cohesion and internal friction angle and plastic strain is
modeled in the simulation process through numerical methods, as shown in Table 3,
reflecting the variation in cohesion and internal friction angle with plastic strain during
rock deformation.

Table 3. The relationship between cohesion change factor (Wc), friction angle change factor (Wφ)
and plastic strain (εp).

εP (%) Wc Wφ

0 1 0
5 0.5 3.0
10 0.5 2.0

100 1 0

3. Numerical Simulation of Mechanical Deformation of Mudstone with
High Confining Pressure
3.1. Deformation and Numerical Modelling Methodologies

The numerical code FLAC3D, a finite difference solver for engineering and rock
mechanics problems [33], was used for the modeling conducted in this study. The code
can continuously simulate the stress behavior and analyze the plastic flow of rock. The
material in the model is divided into a large number of grids, and the actual structure is
represented by adjusting polyhedral elements in the three-dimensional grid. Each grid
unit is assigned material properties such as bulk modulus, shear modulus and density.
Based on the principles of linear or nonlinear pressure or strain, each element can deform
when subjected to external forces and boundary conditions. Since its solution is obtained
through a numerical relaxation method without a matrix form, it allows for abundant
three-dimensional computations with a small computational memory.

Based on the continuum form of the momentum principle, Cauchy’s equation of
motion can be obtained as [34]:

∂σij

∂xj
+ ρgi + c

.
u = ρ(

∂
.
ui

∂t
) (4)
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where ρ is mass density, t is time, xi are the components of coordinate vector, gi are the
components of gravitational acceleration, and σij are the components of the stress tensor
and c

.
u is the damping term.

The acceleration is zero in the case of static equilibrium:

c
.
u ⇒ ρ(

∂
.
ui

∂t
) (5)

The equation of equilibrium can be rewritten as:

∂σij

∂xj
+ ρgi = 0 (6)

The strain rate
.
εij is derived from velocity gradient as:

.
εij =

1
2
(

∂
.
ui

∂xj
+

∂
.
uj

∂xi
) (7)

The mechanical deformation of the model is governed by the Strain-Softening Mohr–
Coulomb Model, which involves constitutive parameters including shear modulus (G),
bulk modulus (K), cohesion (C), tensile strength (T) and friction angle (j). Under mechanical
loading, the Mohr–Coulomb yielding criteria can be described by

|τs| = C + σn tan φ (8)

where C is the cohesion, φ is the angle of friction, and σn and τ are the normal and shear
stress, respectively, acting on a plane.

In order to reflect the strain softening characteristics in the peak–post failure behavior,
softening parameters are defined in advance according to the principle of piecewise linearity.
After the plastic strain is generated, part or all of the shear parameters, including the
cohesion, internal friction angle and tensile strength, will change.

For each cell, two softening parameters, ∆ks and ∆kt, are, respectively, defined as
the plastic softening increment and the tensile softening increment. The shear and tensile
softening modulus in the basic tetrahedral elements can be calculated using the code
FLAC3D. For a specified tetrahedron, the shear softening increment is defined by the
second invariant of the plastic shear strain increment tensor, namely [33]:

∆ks =

√
[(∆ε

ps
1 − ∆ε

ps
m )

2
+ (∆ε

ps
m )

2
+ (∆ε

ps
3 − ∆ε

ps
m )

2
]/2 (9)

where ∆ε
ps
m is the bulk plastic shear strain modulus, ∆ε

ps
m =

(
∆ε

ps
1 + ε

ps
3

)
/3; ∆ε

ps
1 and ∆ε

ps
3

are plastic shear strain increment in the first and third principal stress directions.
The tensile softening increment is expressed by plastic tensile strain increment ∆ε

pt
3 as

∆kt =
∣∣∣∆ε

pt
3

∣∣∣ = ∣∣∣∣∣σI
3 − σt

α1

∣∣∣∣∣ (10)

where σI
3 is the trial stress in the iterative process, and α1 is the material constant defined

by the shear modulus.
When the plastic deformation occurs, the cohesion Cp and internal friction angle φp

are defined as follows:
Cp = WcC (11)

φp = φ − Wφ (12)
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where C is the initial cohesion, φ denotes internal friction angle, Wc and Wφ are the change
factors of cohesion and internal friction angle, respectively, which are related to the plastic
strain εp, as shown in Table 3 [35,36].

Based on FLAC3D, large-scale numerical models (Figure 5a) for physical experimental
rock samples are constructed. The wall softening Mohr–Coulomb model is adopted, and
the relevant mechanical and shear parameters are assigned. A constant stress boundary
(confining pressure condition) is applied along the X direction, and then a load is applied at
a certain rate (m/step) along the Y direction (Figure 5b). The displacement of the grid point
(0,0,0) moving in the Y direction and the stress of the element in the Y direction are recorded
until the stress reaches its peak and starts to fall, thereby capturing the full stress–strain
deformation characteristics. Finally, the strain distribution and deformation mode of the
rock sample are analyzed on the FLAC3D platform (Figure 5c). For rock samples subjected
to numerical simulation tests, different colors are used to indicate varying degrees of strain,
with blue indicating a lower degree of strain and red indicating a higher degree of strain.
Areas with concentrated and high strain are more prone to fracture.
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Figure 5. Numerical modeling and simulation process. (a) Large-scale numerical models, (b) loading
direction of stress, (c) the stress and deformation curves, as well as the deformation characteristics of
the rock sample, where colors represent the strain distribution pattern, and the areas where strain is
concentrated are the parts of the rock sample that are prone to developing cracks (such as the red
distribution area).

3.2. Numerical Modelling Results

(1) Numerical Model Calibration by Comparison between Numerical Results and Experi-
mental Tests
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Cylindrical numerical models with a diameter of 25 mm and a height of 50 mm are
constructed to represent mudstone specimens in the triaxial loading test. Based on the
mechanical parameters (Table 1) and shear parameters (Table 2) under different confin-
ing pressure conditions, the values of these mechanical parameters are assigned to the
numerical model. The same confining pressure condition as in the physical experiment is
applied using the FLAC3D. Rock sample deformation data, including the displacements
of grid points and stresses of zones, are collected during the loading process. When the
stress decreases from the peak value to the residual stress intensity, loading is stopped. The
regions where the strain is concentrated in the rock sample correspond to the rock failure
zones. A stress–strain curve and rock failure behaviors for different confining pressures
can then be obtained. The size of the three-dimensional grid and the axial loading rate are
adjusted in FLAC3D until the mechanical properties calculated by FLAC3D match those
obtained in the laboratory. Finally, the numerical model (16,384 grid cells and 16,705 grid
nodes) is finalized with a rate of 1 × 10−7 m/step. Figure 6 presents a comparison between
the numerical and physical test results. From this figure, it is observed that the rock forms
nearly axial splitting under the condition of no confining pressure. With the increase in con-
fining pressures, a single shear fracture develops, and conjugate shear fractures appear at a
confining pressure of 40 MPa. The strain distribution characteristics obtained by numerical
simulation are consistent with the failure modes observed in the laboratory experiments. In
Figure 6a, the simulation diagram of 0 confining pressure condition differs slightly from the
experimental results, because the four rock samples cannot be fully sampled in parallel. The
cohesion and internal friction angle are obtained based on the mechanical data of the four
cores, which may introduce some differences between the simulation and the experimental
results, but the simulated fracture mode remains similar. In Figure 6b, the solid green lines
represent the experimental test results, while the dotted blue lines represent the numerical
simulation results. The overall shape and peak strain match between the experimental and
numerical results, although the two curves show basically no overlap. Overall, the nu-
merical model captures the stress–strain behavior and failure modes demonstrated by the
laboratory experiments. In future studies, this numerical model will be used to investigate
mudstone failure behavior at different confining pressures and evaluate the brittle–ductile
failure characteristics.

(2) Mechanical Failure Behavior of Mudstone under High Confining Pressure

To obtain the evolution process of rock failure behavior with the increasing confining
pressures, the confining pressures adopted in the numerical experiment are 15 MPa, 30 MPa,
45 MPa, 60 MPa, 75 MPa, 90 MPa, 105 MPa, 120 MPa, 135 MPa and 150 MPa. The mechanical
deformation characteristics and stress–strain curves of mudstone under different confining
pressures are shown in Figure 7. Figure 7 displays the different failure modes the rock
experiences with increased confining pressure: high-angle shear fracture and high-angle
conjugate shear fracture for low confining pressures, and low-angle shear fracture and
low-angle conjugate shear fracture for high confining pressures. For the confining pressure
less than 30 MPa, a single high-angle shear fracture predominantly forms with a peak
strain of less than 3%. When the confining pressure is between 30 MPa and 60 MPa, the
rock sample mainly develops high-angle conjugate shear fractures with a peak strain of
3~5%. When the confining pressure is 60–105 MPa, the low-angle shear fracture is mainly
developed with peak strain of 5–7%. When the confining pressure is greater than 105 MPa,
low-angle conjugate shear fractures mainly develop with peak strain greater than 7%.



Processes 2025, 13, 308 11 of 18Processes 2025, 13, x FOR PEER REVIEW 11 of 19 
 

 

 
(a) 

(b) 

Figure 6. Comparison between numerical results and physical testing results. (a) Rock failure 
modes, where colors represent the strain distribution pattern, and the areas where strain is concen-
trated are the parts of the rock sample that are prone to developing cracks (such as the red distribu-
tion area), (b) stress–strain curve characteristic. 

(2) Mechanical Failure Behavior of Mudstone under High Confining Pressure 

To obtain the evolution process of rock failure behavior with the increasing confining 
pressures, the confining pressures adopted in the numerical experiment are 15 MPa, 30 
MPa, 45 MPa, 60 MPa, 75 MPa, 90 MPa, 105 MPa, 120 MPa, 135 MPa and 150 MPa. The 
mechanical deformation characteristics and stress–strain curves of mudstone under dif-
ferent confining pressures are shown in Figure 7. Figure 7 displays the different failure 
modes the rock experiences with increased confining pressure: high-angle shear fracture 
and high-angle conjugate shear fracture for low confining pressures, and low-angle shear 
fracture and low-angle conjugate shear fracture for high confining pressures. For the con-
fining pressure less than 30 MPa, a single high-angle shear fracture predominantly forms 

Figure 6. Comparison between numerical results and physical testing results. (a) Rock failure modes,
where colors represent the strain distribution pattern, and the areas where strain is concentrated are
the parts of the rock sample that are prone to developing cracks (such as the red distribution area),
(b) stress–strain curve characteristic.

At high confining pressures, the numerical results are not compared with the labora-
tory experimental results, and there is a lack of data to demonstrate the reliability of the
model. However, the mudstone still exhibits failure behavior at high confining pressures,
and the fracture angle decreases as confining pressure increases, which is consistent with
observations in tests by other authors [13,37]. For instance, Iyare et al. [13] observed that
mudstone can still undergo brittle or brittle–ductile failure transition with a significant
stress drop at confining pressure up to 130 MPa in a triaxial loading experiment.
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marked by the red font is the critical state for the transition of the failure modes. The colors in the
rock sample represent the strain distribution pattern, and the areas where strain is concentrated are
the parts of the rock sample that are prone to developing cracks (such as the red distribution area).

4. Discussions
4.1. Mudstone Failure Mechanism with Increasing Confining Pressure

Confining pressure and differential stress (or deviator stress) are the main mechanical
conditions affecting rock fracture behavior. The confining pressure acts as a compaction on
the rock and inhibits the rock from undergoing shear fracture, while differential stress (or
deviator stress) promotes shear fracture and forms a slip fault. Generally, rock deformation
transitions from brittle to ductile behavior as confining pressure increases.

In this paper, we focus on the failure mechanism of mudstone under increasing
confining pressure through numerical experiments, adopting the Strain-Softening Mohr–
Coulomb Model provided by FLAC3D, in which ductile flow is not included. The rock
deformation transitions from shear-enhanced dilatancy (brittle failure) to shear-enhanced
compaction (brittle–ductile transition failure). At the low confining pressures, shear-
enhanced dilatancy behavior occurs in rock under the shear stress τ (differential stress),
while at the high confining pressures, shear-enhanced compaction behavior is observed in
rock deformation.

(1) Failure Mechanism At Low Confining Pressures

In order to better understand the failure mechanism, we assume an ideal microscopic
model that only considers the mechanical deformation process of two particles in the rock,
where particle B is fixed and particle A can move under the applied force. At low confining
pressures, shear stress (differential stress) is the main stress condition controlling rock
fracture, while confining pressure has little effect on rock deformation. Therefore, the
distance between particles A and B increases due to shear stress, which eventually leads to
the bond breaking between the two particles and the shear-enhanced dilatancy in the rock
(Figure 8a).

Prior to the breaking of the bond between A and B, particle A is subjected to three
forces: the shear stress τ, the static friction force f exerted by the surrounding rock and
the stress c exerted by particle B (c is considered as the cohesion force of the rock). The
stress direction is shown in Figure 8a. Critical mechanical conditions for rock failure are
as follows:

τ = c + fmax (13)

Moreover,
fmax = σ tan φ = σµ



Processes 2025, 13, 308 13 of 18

In Equation (13), cohesion c represents the indirect contact stress between two adjacent
particles in the rock [18]. f max is the maximum static friction stress, which prevents the
particles from moving relative to each other; its direction is opposite to the movement trend
of the particles. φ is the angle of internal friction, µ is the coefficient of internal friction,
and σ is the normal stress. Equation (13) is the Coulomb failure criterion, which is only
applicable to describe rock shear dilatancy fracture at low confining pressure.
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Figure 8. The transition of failure modes with increasing confining pressure. At low confining
pressure (a–d): ideal stress model of rock (a), the deformation mechanism of high-angle splitting
fracture (b), high-angle shear fracture (c) and high-angle conjugate shear fracture (d); at high confining
pressure (e–h): ideal stress model of rock (e), the deformation mechanism of low-angle shear fracture
(f), low-angle conjugate shear fracture (g) and plastic deformation (h). The colors in the rock sample
represent the strain distribution pattern, and the areas where strain is concentrated are the parts of
the rock sample that are prone to developing cracks (such as the red distribution area).

In the loading process, when the differential stress |σ1 − σ3| = σ0 (σ0 is differential
stress strength of rock failure), the rock starts to fail. It is worth noting that when σ3 > 0,
the article mainly discusses the shear fracture caused by rock compression. However, when
σ3 < 0, the rock fracture criterion meets the Griffith criterion [24]. When σ3 ≤ −σt, the
rock sample undergoes tensile fracture, mainly forming a large-angle splitting fracture of
about 90◦ (Figure 8b), with a fracture mode similar to uniaxial compression. When σ3 is
small enough to satisfy 0 < σ3 < σ0, a single shear fracture with a high angle is formed
at only axial stress loading to σ1 = σ0 + σ3, which reaches the tangent of Mohr circle and
Coulomb failure envelope curve (Figure 8c). The shear fracture angle θ can be estimated
using Mohr’s circle and the damage envelope. The angle that is measured from the center of
the circle in an anticlockwise direction between the normal stress axis and the failure point
is equal to twice the shear fracture angle (2θ) [13]. The shear fracture angle is expressed by
Equation (14).

θ = 45◦ +
φ

2
(14)

When the confining pressure increases to σ3 > σ0 (but σ3 still belongs to low confining
pressure field), rock failure occurs at σ1 = σ3 − σ0 and σ1 = σ0 + σ3, resulting in the
development of high-angle conjugate shear fractures with the increasing axial pressure σ1

(Figure 8d).

(2) Failure Mechanism At High Confining Pressures

For deep burial, confining pressure becomes the main stress condition controlling rock
fracture, so compaction plays a leading role under high confining pressure. As a result, the
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shear-enhanced compaction effect appears under low shear stress [23], promoting a relative
decrease in the distance between two particles due to the compaction effect. Therefore, the
direction of internal friction stress f applied by particle A is opposite to the direction of
cohesion c (Figure 8e) and the Coulomb fracture criterion (Equation (13)) is not suitable
for this case. The critical condition for rock failure is when the shear stress is equal to the
difference between internal friction stress and cohesion stress:

τ = c − σ tan φ (15)

At this time, the slope of the failure envelope in curve Equation (15) becomes negative.
When the Mohr circle is tangent to the failure envelope curve, rock fails. A shear fracture
angle θ is given by Equation (16):

θ = 45◦ − φ

2
(16)

Therefore, it is easy to form low-angle shear fracture under the high confining pressure
(Figure 8f). Similarly, the rock finally develops low-angle conjugate shear fractures under
increased confining pressures (Figure 8g). When the confining pressure becomes excessively
high, the rock sample undergoes primarily plastic deformation, with the internal friction
angle approaching zero, and no distinct fracture (Figure 8h).

4.2. A New Model to Predict Brittle–Ductile Failure Behavior of Mudstone

Based on the analysis of the mudstone failure mechanism, the rock fracture modes
under low and high confining pressure are defined, respectively, which helps to better
understand mudstone failure behavior as confining pressure increases. A new model is
proposed to predict rock failure behavior. Figure 9 compares the conventional failure
model with the new failure model proposed in this study. The new model exhibits failure
modes the rock undergoes at failure with the confining pressure: high-angle single shear
fractures, high-angle conjugate shear fractures, low-angle single shear fractures, low-angle
conjugate shear fracture and ductile flow. Although ductile flow is not observed in this
study, it may appear in rock deformation at high confining pressures [13,18]. At present,
conventional models of failure behavior have been proposed in which failure modes the
rock experiences at failure are shown as high-angle single shear fractures (axial splitting and
shear fracture for brittle failure), conjugate shear fractures (shear band for brittle–ductile
transition failure), and ductile flow (ductile failure) [18,38]. From this figure, brittle failure
is mainly characterized by a rapid stress drop in the stress–strain curve. In the conventional
failure model, failure modes mainly develop split or shear fractures at brittle failure, while
in the new failure model, the development of the shear dilatancy fractures is defined as
the main brittle failure behavior, and the failure modes mainly develop high-angle shear
fractures (fracture angle θ > 45◦) or high-angle conjugate shear fractures. At the brittle–
ductile transition failure fields with a gradual stress drop, the new model explains shear
compaction fractures as the behavior of brittle–ductile transition failure, with low-angle
shear fractures (fracture angle θ < 45◦) or low-angle shear conjugate fractures, while the
shear conjugate fractures are generally regarded as a typical characteristic of brittle–ductile
transition failure in the conventional model. Comparing the critical confining pressures
at the beginning of the brittle–ductile transition in both the conventional model and new
model, the new model predicts a higher value. Therefore, the new model provides a better
understanding of fracture modes as confining pressure increases, which is very important
for many engineering applications. For example, in geological engineering, the differences
in fracture modes as predicted by the new model can aid in dividing rock mechanics layers.
In hydraulic fracturing operations, it is preferable to induce shear dilatancy fractures rather
than shear compaction fractures, as the former creates favorable channels for oil and gas.
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4.3. Predicting the Brittle–Ductile Failure Behavior of Mudstone from the Kuqa Depression with
Increasing Confining Pressure Based on the New Model

The new model is a physical model for qualitative description of brittle–ductile transi-
tion of rocks, without specific quantitative boundaries. In practice, the rock fracture mode
is obtained through the mechanical deformation experiments. According to the new model,
the critical condition for the brittle–ductile transition of rock is defined. Figure 10 depicts
the evolution model of peak strain and failure modes with increasing confining pressure.
From this figure, the rock peak strain shows a nearly linear change rule with the increasing
confining pressure. At low confining pressure fields (σ3 < 60 MPa), rock deformation mainly
develops a high-angle shear dilatancy fracture with a peak strain less than 5%, showing
obvious brittle failure. For confining pressure σ3 < 30 MPa, a high-angle shear fracture
is developed in the strain concentrated area with the peak strain less than 3%. When the
confining pressure is between 30 MPa and 60 MPa, a high-angle conjugate shear fracture
is developed with peak stain of 3~5%. At high confining pressure fields (σ3 > 60 MPa), a
high-angle shear compaction fracture is developed with a peak strain above 5%, exhibit-
ing brittle–ductile transition failure. For the confining pressure σ3 between 60 MPa and
105 MPa, the failure mode is characterized by low-angle single shear fractures with a peak
strain of 5–7%, while for the confining pressure σ3 > 105 MPa, a low-angle conjugate shear
fracture appears in rock deformation with a peak strain of above 7%. In the new model,
the critical confining pressure values at the beginning of the brittle–ductile transition are
predicted to be σ3 = 60 MPa, while this critical value predicted in the conventional model
by Iyare et al. [13] is approximately 50 MPa from laboratory experiments. The result aligns
with the conclusions mentioned in the new model, which is that the critical value predicted
by the new model is greater than that of the conventional model.
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Figure 10. Evolution law of rock failure modes and peak strain with increasing confining pressure.
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5. Conclusions
(1) Laboratory experiments and numerical modeling are performed to study the mud-

stone caprocks from the Dongqiu Anticline of the Kuqa Depression in northern China.
Based on the code FLAC3D, by adjusting the numerical model grid number and
loading rate in the numerical experiments, the numerical model captures the stress–
strain behavior and failure modes demonstrated by the laboratory experiments, and a
reasonable numerical model is constructed for the mudstone specimen.

(2) A new model to predict brittle–ductile failure behavior of rocks is proposed by ex-
ploring the failure mechanism of mudstone under varying confining pressures. At
low confining pressure, a shear dilatancy fracture appears in rock deformation, and
the failure modes mainly develop high-angle shear fractures (fracture angle θ > 45◦)
or high-angle conjugate shear fractures, exhibiting obvious brittle failure. At high
confining pressures, a shear compaction fracture develops, and the fracture modes
are shown as low-angle shear fractures (fracture angle θ <45◦) or low-angle conjugate
shear fractures, which are regarded as brittle–ductile transition failure behavior. In
the ductile failure region, cataclastic or ductile flow occurs. The critical confining
pressure values at the beginning of the brittle–ductile transition predicted by the
new model are greater than those predicted by the conventional model. However,
the new model provides a better understanding of the failure behavior as confining
pressure increases.

(3) Based on the new model, the brittle–ductile failure behavior of mudstone from the
Kuqa Depression is predicted with increasing confining pressure. The brittle failure
mainly occurs at confining pressure less than 60 MPa with peak strain less than 5%.
The brittle–ductile transition failure is exhibited in rock deformation at confining
pressure greater than 60 MPa with peak strain greater than 5%.
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