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ARTICLE INFO ABSTRACT
Keywords: Revealing the fracture characteristics of shales under impact is significant for the exploitation and
Shale failure utilization of geological energy. In this study, the progressive failure process of bedded shale was

Bedding inclination
SHPB

Dynamic anisotropy
Strain rate effect

tested by the dynamic Split Hopkinson Pressure Bar system and measured by the high-speed
camera. Furthermore, their dynamic mechanical properties and fracture features under impact
compression were comprehensively investigated. The results show that according to the trig-
gering mechanisms of micro-cracks and mechanical factors governing fracture morphology, the
failure patterns of shales can be categorized into five types: splitting failure along bedding plane,
slip failure along bedding plane, mixed shear cracks between layers, tensile-shear mixed cracks,
and tensile crack along bedding plane. Meanwhile, when the bedding angle # = 0°, the sample
experiences splitting failure, with acoustic emissions concentrated predominantly at horizontal
bedding planes. When 6 = 30° and 60°, the sample experiences shear failure characterized by
shear cracks, mixed shear cracks and multiple composite tensile-shear cracks. When 6 = 90°, the
sample exhibits tensile and splitting cracks. With increasing strain rate, the fracture pattern of the
60° sample becomes dominated by slip and tensile-shear mixed cracks. With increasing peak
stress intensity, the fracture modes of the 30° and 60° samples gradually transition from center-
oriented failure towards shear failure along bedding planes. Additionally, for the 90° specimen, as
the shock wave intensifies, secondary splitting cracks emerge in matrix, indicative of a fracture
pattern across bedding planes.

1. Introduction

Numerous geotechnical engineering endeavors, including engineering blasting, protective engineering, and seismic exploration,
necessitate an intricate understanding of stress wave propagation and attenuation within layered rock masses, alongside the conse-
quential deformation and failure dynamics under dynamic loads [1-3]. Shale behaves as a brittle material and exhibits brittle and
semi-brittle response to peak strength load at different bedding inclinations [4-6]. The structural anisotropy of these formations not
only dictates their dynamic mechanical characteristics but also engenders unique features in stress wave propagation and attenuation,
diverging significantly from those observed in homogeneous rock masses, thereby adding layers of complexity and intricacy [7-10].
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List of symbols

(2] Bedding dip angle
eb) Reflected stress wave
o(t) Stress

é(t) Strain rate

E Elastic modulus

A Cross-sectional area

>,y Coordinate of a pixel in the xy plane
flx,y)  The initial grayscale value of the pixel (x, y)
f(x,y) The standardized grayscale value of the pixel (x, y)

£(t) Incident stress wave
() Transmitted stress wave
e(t) Strain

v(t) Particle velocity

Co Stress wave velocity

L Length of the specimen

Shale anisotropy, stemming from variations in structural features, significantly influences failure mechanisms. It dictates the direc-
tionality and strength of rock properties, affecting fracture propagation, deformation behavior, and overall stability [11-13].
Anisotropic rocks exhibit different mechanical responses along various axes, leading to diverse failure patterns under stress conditions.
These variations impact engineering projects, such as tunneling, mining, and slope stability assessments, requiring tailored approaches
to mitigate risks associated with anisotropic rocks [14-16].

In recent years, there has been a surge in both experimental and theoretical investigations into the anisotropic mechanical char-
acteristics of layered shales. Luo et al. [17] adapted a constitutive model to better anticipate shale strength under varying confining
pressures. Expanding on this, Luo et al. [18] and Chao et al. [19] employed soft and hard laminated rock-like specimens to identify
areas of crack initiation, particularly notable through Brazilian splitting tests. Furthermore, Zhang et al. [20] categorized the failure
modes of Brazilian shale discs into three distinct types, highlighting a propensity for tensile failure along the bedding plane. Mean-
while, Kolawole and Oppong [21] devised effective micromechanical measures, shedding light on both micro- and macro-mechanical
properties of shales. Zhang et al. [22] delved into the significance of shale heterogeneity, pinpointing it as a primary factor influencing
the magnitude of critical pressures, as evidenced by extensive hydraulic fracturing tests on shales with differing bedding inclinations.
In a related vein, Zhao et al. [23] unearthed distinct micromechanisms governing shale ductility under varying conditions of high
confining pressure and temperature, elucidated through meticulous triaxial compression experiments on bedding shale specimens.
However, the dynamic fracturing process involving crack creation and development is still challenging to be fully understood, and the
caused influence on impact resistance of layered shales remains unclear.

As a complement to laboratory experiments, numerical simulation has emerged as a formidable tool for gaining a profound insight
into the intricate mechanisms governing the failure of anisotropic and heterogeneous materials within layered rock formations. Zhou
et al. [24] devised a numerical three-dimensional Split Hopkinson Pressure Bar (SHPB) test, employing a synergistic coupling of the
particle flow code and fast Lagrangian analysis of continuum methods to faithfully replicate the laboratory behavior of shale speci-
mens. Wu et al. [25] uncovered a nuanced crack evolution pattern which is characterized by a concave tendency, leading to a shift in
failure mode from matrix-dominated to bedding-dominated. This pattern can be observed in bedding sandstone models housing two
pre-existing flaws. Meanwhile, Zhai et al. [26] delved into the progressive failure dynamics and acoustic emission signatures of shales
by employing the bonded-particle model integrated with the moment tensor algorithm. Notably, Wang et al. [27,28] introduced an
innovative three-dimensional rough discrete fracture network (RDFN3D) model, offering a comprehensive framework to consolidate
modeling approaches for complex structural planes, thereby enhancing the fidelity of numerical simulations in capturing real-world
behaviors. However, the traditional numerical technologies show limitations in characterizing the continuous initiation, propagation
and coalescence of cracks induced by the progressive stress process involving stress buildup, stress release and stress redistribution.

Given the intricate mechanical dynamics inherent in layered rock masses and the notable advantages offered by numerical
simulation techniques, this study employs the SHPB system test to delve into the influence of bedding inclinations and shock waves on
the initiation and propagation of cracks within shales. Furthermore, it endeavors to elucidate the failure process and underlying
mechanisms of bedded shales when subjected to dynamic impacts. To unveil the nuanced mechanical intricacies governing shale
failure characteristics, the study employs the rock failure process analysis (RFPA) method alongside the digital image processing
techniques. This integrated approach facilitates a meticulous recreation of the entire lifecycle of crack initiation, propagation, and
penetration within the underlying rock mass model under dynamic impact loads. Through systematic analysis, the study aims to
unearth fundamental principles and laws governing these processes, thereby furnishing essential data and a robust theoretical
framework for comprehending the large-scale engineering stability of layered rock masses.
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2. Experimental setup and process
2.1. Sample preparation

The specimens utilized in this study were sourced from the Lu Mountain Mine located in Jiujiang City in Jiangxi Province, China.
The stratified rock reservoir within this region showcases well-defined layering and prominent structural stratifications. Through the
sufficient technical demonstrations, it has been ensured that the sampling point selected for the physical test exhibits good repre-
sentativeness, and the integrity of the extracted shale can be guaranteed. In Fig. 1(a), a close-up view of clay minerals reveals
discernible primary defects, notably microcracks, indicative of the inherent heterogeneity of the rock. Fig. 1(b) illustrates the for-
mation of weak planes resulting from the parallel proliferation of microcracks amidst plate-like minerals, which form the vulnerable
surfaces of the specimens. Meanwhile, Fig. 1(c) depicts clastic minerals filling the interstices between clay minerals, aligning them-
selves parallel to the bedding planes. In essence, the shale specimens chosen for this study exhibit a fissile structure at the microscopic
scale and a clearly defined layering structure at the macroscopic level, characteristic of layered rock formations.

To procure specimens with varied bedding dip angles, we firstly defined the bedding dip angle 6 as the angle between the bedding
plane direction and the horizontal baseline. Then, by utilizing the drill bit with the diameter of 50 mm, the samples were cored in the
directions spanning 0°, 30°, 60°, and 90°, as shown in Fig. 2. Adhering to the standards set forth by the International Society for Rock
Mechanics and Rock Engineering [29], the samples underwent processing into cylindrical forms, with a diameter of 48 mm and a
height of 50 mm, as illustrated in Fig. 3.

2.2. Testing apparatus and methodology

The SHPB test system [30-32] utilized in this study comprises three key components, i.e., the dynamic impact system, the stress
propagation system, and the signal and data processing system, as depicted in Fig. 4. In the experimental setup, the incident bar,
transmission bar, absorption bar, and striker were all constructed from silicon-manganese steel, boasting a diameter of 50 mm, a
density of 7,850 kg/m®, and a longitudinal wave speed of 5,201 m/s. The incident bar spans a length of 3.0 m, while the absorption bar
and transmission bar measure 1.8 m and 0.5 m in length, respectively.

The dynamic test system incorporates cutting-edge instrumentation, including a super-dynamic strain gauge (CS-ID), an oscillo-
scope (DL-750), and a strain gauge model (BX120-2AA), facilitating precise measurement and analysis of stress and strain during the
impact process. To visually capture the dynamic failure process of a specimen, the digital image real-time monitoring system is
employed, comprising a high-speed camera and a high-intensity light source. This system can capture images at intervals of 10 ps,
offering invaluable insights into the evolution of cracks and deformation patterns during the experiment.

Due to the difference in wave impedance between the pressure rod and the tested specimen, the incident stress wave undergoes
reflection and transmission at the interface between them. Upon impact, a portion of the stress wave reflects into the incident rod,
while the remaining energy propagates through the specimen to the transmission rod, thereby completing the loading sequence, as
illustrated in Fig. 5. The strain gauges affixed to the midpoints of both the incident and transmission rods facilitate the measurement of
stress wave propagation components. Specifically, the strain gauge attached to the incident rod captures the incident stress wave
signal, denoted as ¢;(t), along with the reflected stress wave signal &(t), while the strain gauge on the transmission rod records the
transmitted stress wave signal &(t).

Designating the contact point between the incident rod and the specimen as X;, and the corresponding contact point between the
transmission rod and the specimen as X,, we can examine the propagation of stress waves in the pressure rod. Throughout the
experiment, stress waves within the pressure rod consistently exhibit elastic behavior. At the critical points X; and X», both stress and
particle velocity are measured to elucidate the dynamic response of the system as follows:

Fig. 1. Shale micrograph obtained by the scanning electron microscope (QUANTA450).
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Fig. 2. Shale coring schematic.

Fig. 3. Representative shale specimens with (a) = 0°, (b) 6 = 30°, (c) = 60° and (d) 6 = 90°.

Fig. 4. The SHPB system device schematic.
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Fig. 5. Effect of stress wave on the interface between bar and specimen.
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where 61(t) and v;(t) represent the stress and particle velocity at Point X7, respectively, and o2(t) and v2(t) represent the stress and
particle velocity at Point X, respectively. E and Cy are the elastic modulus and stress wave velocity of the pressure rod, respectively.

Referring to the equation provided, the average stress o(t), strain rate £(t), and strain &(t) of the specimen can be derived throughout
the loading process as follows:

ot) = o (ex(t) +ex(t) + er(8) = aer(t) ®
#(t) = %81@) —en(t) — ex(t) = — ZLCOER(t) ®)
o(t) = /0 (e = 22" /0 a0t @

where the variables Ap and A, represent the cross-sectional areas of the loading rod and the sample, respectively, while L, represents the
length of the specimen. The variables o)(t), 6g(t), and o1(t) denote the incident stress, reflected stress, and transmitted stress at time ¢,
respectively.

3. Experimental results

3.1. Stress equilibrium analysis

Fig. 6 illustrates the dynamic stresses applied to a representative specimen. Throughout the dynamic testing phase, the summation
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Fig. 6. The dynamic equilibrium state reached in test.
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of the incident stress wave and the reflected stress wave closely approximated the transmitted stress wave. This observation suggests a
near-perfect attainment of stress equilibrium, thereby ensuring the efficacy and reliability of the dynamic testing procedure.

In Fig. 7, the stress—strain curves of the shale specimens subjected to dynamic compression loads are depicted, and each corre-
sponds to one bedding angle. Clearly, the dynamic stress—strain curves of shale can be basically divided into four stages: compaction,
elasticity, yielding and failure. In the elastic stage, the stress—strain curve increases nearly linearly, and the stress is proportional to the
strain. In the yielding stage, the dynamic curve becomes flat, and the internal cracks of the specimen gradually propagate. After the
specimen reaches the peak strength, the internal cracks penetrate to form the macroscopic failure. Simultaneously, the disparities in
peak stress level can be observed. The different curve characteristics for each bedding angle indicate the significant anisotropy of
bedded shale.

3.2. Failure characteristics

During the dynamic impact compression testing, the high-speed camera was employed to meticulously capture the fracture process
unfolding within the specimens. Upon the impact of the stress wave, an instantaneous release of energy reverberates through the
stratified rock, often accompanied by a distinctive loud noise. This pivotal moment heralds the rapid formation of macroscopic cracks
within the rock, swiftly propagating through the specimen. As these cracks proliferate, the load-bearing capacity of the specimen
diminishes precipitously, culminating in the formation of a fracture surface.

Fig. 8 shows the dynamic crack propagation processes of the shale specimens with distinct bedding angles. These images vividly
portray the morphological variances in failure modes, underscoring the pronounced anisotropy inherent in shale materials. For the
0° specimen, we can see that an initial horizontal crack emerges along the bedding plane, extending parallel to the axial loading
direction. By 140 ps, this crack evolves into a macroscopic fissure spanning the specimen’s length, indicative of a typical cleavage
failure process. In contrast, the 30° specimen manifests initial shear cracks along the bedding plane upon the initial impact load, with
these cracks extending towards both ends of the specimen. This results in a predominately shear-dominated tensile-shear mixed failure
characteristic. At 90 ps after impact, the 60° specimen displays an initial shear crack along the bedding plane, further propagating into
a macroscopic fissure along the same plane, exhibiting a characteristic shear failure along the bedding plane. Lastly, the 90° bedded
specimen exhibits an initial crack along the bedding plane. As the shock wave intensifies, secondary splitting cracks emerge in the
matrix, indicative of a fracture pattern across the bedding planes.

3.3. Failure pattern and strain rate effect

Throughout the experiment, the high-speed photography served to chronicle the dynamic failure modes exhibited by the bedded
shale specimens. Through the meticulous analysis of the spatial correlation between the macroscopic fracture cracks and bedding
planes, the failure patterns observed in the shale specimens under impact compression can be mainly categorized into five distinct
types as illustrated Fig. 9, i.e., (a) splitting failure along the bedding plane (Type I); (b) slip failure along the bedding plane (Type II); (c)
mixed shear cracks between layers (Type III); (d) tensile-shear mixed cracks (Type IV); (e) tensile crack along the bedding plane (Type
V).

Fig. 10 illustrates the impact fracture features of shale specimens with different bedding angles under various strain rates, in which
Series (a), (b), (c) and (d) are for the specimens with 8 = 0°, 30°, 60° and 90°, respectively. Meanwhile, Series (1), (2), (3) and (4)
correspond to the strain rate = 20 s’l, 50 s’l, 80 s’l, and 100 s’l, respectively. From Fig. 10, it is clear that the fracture behaviors of
the shale specimens vary significantly depending on their bedding angles. The 0° specimens consistently present a relatively uniform

320
- 00
—— 30°
—— 60°
240

—— 90°

160

Stress (MPa)

[es)
(=)

0.006 0.009 0.012

Strain

0 L 1
0.000 0.003

Fig. 7. Dynamic stress—strain curves of the shale specimens with different bedding angles.
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Fig. 8. Impact compression testing processes of the specimens with various bedding angles: (a) ¢ = 0°, (b) 6 = 30°, (c) 6 = 60° and (d) 6 = 90°.

(a) (b) (© (d) ©

Fig. 9. Classification of failure patterns of shales under impact compression: (a) splitting failure along the bedding plane, (b) slip failure along the
bedding plane, (c) mixed shear cracks between layers, (d) tensile-shear mixed cracks and (e) tensile crack along the bedding plane.
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Fig. 10. Impact compression failure features of shales: Series (a), (b), (c) and (d) are for the specimens with 6 = 0°, 30°, 60° and 90°, respectively;
Series (1), (2), (3) and (4) correspond to the strain rate = 20 s 1, 50s%,80s !, and 100 571, respectively.

fracture mode, predominantly showcasing a splitting pattern along the horizontal bedding plane, with the fracture surfaces extending
along the axial direction. This fracture type is characterized by the penetration of the matrix along the weak bedding plane (Type I).
Conversely, the 30° specimens exhibit shear cracks along the bedding planes at both ends (Type II), with the fracture surfaces
penetrating the entire shale samples. Fig. 10(b4) shows that when the strain rate = 100 s~}, the shale specimen displays a primary
crack along the bedding plane and multiple composite tensile-shear cracks (Type IV), penetrating both the bedding planes and the
matrix. Notably, the 30° specimen demonstrates coexisting splitting tensile and shear cracks under the four strain rate conditions. In
contrast, the fracture patterns of the 60° specimens lack consistency. Specifically, when the specimen is subject to the strain rate of 20
571, the fracture surface primarily extends along the bedding plane with shear cracks (Type II). However, when the strain rate increases
to 50 s 1, shear cracking prevails, accompanied by tensile cracks during the testing process (Type IT and Type IIT). With the strain rate
continuously increasing, the fracture pattern becomes dominated by a combination of Type II and Type IV cracks. Moreover, all the
Type Il and Type IV cracks coexist across the four strain rates. Besides, when the shale specimen with a 90° bedding angle is subject to a
strain rate of 20 s}, two Type III tensile cracks penetrate the entire specimen. When the strain rate increases to 50 s~1, the Type I
tensile cracks are produced along the 90° bedding planes at the transmission end and one Type V tensile crack can also be observed.
With the continuous growth of loaded strain rate, the shale exhibits splitting tensile fracture penetrating the matrix and the bedding
plane along the loading direction. Finally, when the strain rate equals 100 s 1, the large-angle tensile-shear fractures can be measured,
penetrating both the matrix and the bedding plane at the loading ends. Simultaneously, the fracture surfaces evolve through multiple
bedding planes towards the center of the specimen.
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4. Numerical modeling

To further elucidate the mechanical mechanisms underlying the fracture features of shale, the RFPA method was integrated with
the digital image processing techniques to characterize stress/strain variations and accurately simulate the progressive failure process
of shale samples. Given that shales, as heterogeneous materials, contain a variety of granular media, pores, micro-cracks, and other
inherent defects, their mechanical behaviors are intricately linked to their internal meso-structure. This includes factors such as stress
distribution, crack propagation, damage evolution, and failure modes, all of which play a critical role in determining the overall
mechanical response of the material.

4.1. Determination of material segmentation threshold

In this study, the image threshold segmentation technique was used to identify the shapes and positions of beddings and rock matrix
and to divide the finite element mesh [33,34]. The geometric models for the image segmentation and parameter selection were
constructed according to the features of actual rocks [35,36]. Gray-scale images generally adopt gray-scale histogram to determine the
segmentation thresholds. The gray level histogram is a function related to gray level, which depicts the quantity of pixels possessing the
specific gray level in the image. Here, the horizontal coordinate represents the gray level, while the vertical coordinate indicates the
frequency of the gray level. In rock images, the gray values of adjacent pixels within the same mesoscale medium are relatively similar.
However, the gray values of pixels in different mesoscale media show significant differences. This is reflected in the histogram, where
distinct targets or backgrounds correspond to separate peaks. The selected segmentation thresholds are positioned in the valley be-
tween two adjacent peaks of the histogram to effectively separate the peaks.

The diverse microstructures can be effectively identified by applying varying grey thresholds, i.e., different material types can be
determined. The theoretical principles of the threshold calculation are represented by Eq. (8).

1/(n+1) fx,y)<Th
2/(n+1) Ty < f(x,y)<Ts
fxy = : 8
n/(n+1) Tn1 < f(x,y)<Tn
m+1)/n+1)  flxy)>Th

Meanwhile, when the grayscale value of a pixel is less than or equal to the threshold T, it will be set to 1/(n + 1); if the grayscale value
of pixel is greater than the threshold T, its grayscale function will be set to 1. Moreover, f(x, y) represents the initial grayscale value of
the pixel (x, y), and f(x, y) represents the standardized grayscale value of the pixel (x, y). The grayscale grid at the specific region of the
shale model and the grayscale values along the line AA’ are shown in Fig. 11.

4.2. Elastic damage model for mesoscopic elements

The progressive failure process of a rock model under loading can be effectively described using damage mechanics. The elastic
modulus of a damaged material is defined as:

E=(1-w)E 9

where @ denotes the damage variable. E and E, represent the elastic moduli of the damaged and undamaged materials, respectively.

The constitutive relationships of the elements under uniaxial compression and tension are characterized by an elastic-brittle-plastic
response [37]. Specifically, the constitutive relationship of a mesoscopic element under uniaxial tension can be expressed as:
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Fig. 11. The digital image processing: (a) the captured image, (b) the generated grayscale grid and (c) the grayscale values along the line AA".
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where 1 is defined as the ratio between the residual tensile strength f;- and the initial tensile strength fip and termed the residual
strength coefficient. £,9 and &, represent the strain at the elastic tensile limit and the ultimate tensile strain, respectively. There is a
correlation between them, i.e., £, = 1 €40, where 5 is the ultimate strain coefficient.

To investigate the damage of elements under a compression-shear stress state, the Mohr-Coulomb criterion is employed to
determine the compression-shear failure point. This criterion is expressed as:

F=o -1 > £ ()
— sing

where 67 and 63 represent the major and minor principal stresses, respectively. f, and ¢ are the uniaxial compressive strength and the
internal friction angle, respectively. When the element is under uniaxial compression and damaged according to the Mohr-Coulomb
criterion, the damage variable @ can be similarly described as:

0 £> €

0= (12)
1—}% £> €

where A is the residual strength coefficient.
4.3. Model configuration

Based on the statistical damage mechanics, the RFPA method is able to characterize the progressive cracking behaviors of rock mass
[38-40]. RFPA has been validated by researchers in modelling rock fracture [37,41,42] and was used for simulation in this study. In
the impact load test, a conical bullet head was employed, generating a waveform akin to a sine wave. Among various waveforms, the
triangle wave closely resembles the actual wave utilized in the experiment. Hence, a triangle wave was adopted for numerical
simulation. In this section, the model dimensions were set at 50 mm x 48 mm and was divided into 300 x 300 elements, employing a
two-dimensional plane strain constrains for computation as shown in Fig. 12. A triangle wave was utilized to impact the loading plate
over the loading duration of 100 ps. Considering that there were many microjoints and microcracks inside the rock mass, which belong
to non-uniform materials, the material non-uniformity was characterized by the Weibull distribution [43,44]. The related physical and
mechanical parameters are detailed in Table 1. To ensure computational accuracy, a step-in-step analysis procedure was employed
with the specific parameter configurations outlined in the table, meaning that the fine cracking process within one-time step can be
captures in several sub-time steps. To comprehensively investigate the impact fracture morphology characteristics of shales, four
distinct bedding angles were taken into account, i.e., 0°, 30°, 60°, and 90°. In addition, the numerical simulations were conducted in
alignment with the above physical experiments.
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Fig. 12. Numerical modeling: (a) the models with various bedding angles and (b) the triangle wave for impact loading.
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Table 1

physical and mechanical parameters for simulation.
Parameter Bedding plane Matrix
Density (kg/m®) 2,500 2,500
Young’s modulus (GPa) 5 50
Poisson’s ratio 0.2 0.2
Homogeneity index 3 8
Unixial compressive strength (MPa) 50 100

5. Numerical results
5.1. Simulation of SHPB test

Fig. 13 indicates the failure processes of the models with varying bedding angles under dynamic impact compression, where the
maximum shear stress contours and acoustic emission fields are presented. The results demonstrate that each AE event corresponds to
the failure of an element within the shale model, with the number of AE events being directly proportional to the number of failed
elements. In the figure, red circles represent AE events associated with tensile failure of elements, while white circles denote AE events
resulting from compressive-shear failure. The radius of each circle is proportional to the energy released during the failure event
[45,46]. Regions with denser clusters of circles indicate higher levels of element damage. Besides, the center and radius of the circles
correspond to the spatial locations and energy magnitudes of the AE events within the acoustic emission fields. The labels M and A
represent the contours of maximum shear stress and the acoustic emission fields, respectively, while the numbers 0, 30, 60, and 90
indicate bedding dip angles of 0°, 30°, 60°, and 90°, respectively. This visualization provides valuable insights into the spatial dis-
tribution and energy characteristics of damage during the shale failure process.

For the 0° bedded model, the initial appearance of damaged elements is observed at the incident. As the impact loading progresses,
the shale specimen proceeds to develop a through crack along the bedding plane, extending further along the middle beddings from the
initial crack. This numerical simulation outcome concurs with the dynamic impact failure mode exhibited by the related shale sample
in Fig. 10, characterized by the Type I failure with the failure surface opening along the bedding plane. During the initial stage of
impact loading for the 30° and 60° bedded specimens, the micro-cracks occur along the bedding planes near the incident end,
concurrently with noticeable damage along the bedding planes. Subsequently, as the impact loading progresses, the models experience
shear cracks (Type II) and multiple composite tensile-shear cracks (Type IV) along the bedding planes and across the matrix. This
simulated result also aligns with the experimental findings of the corresponding shale sample, where damage across the inclined
beddings was observed.

For the 60° model, the noticeable damage is evident at the edge of the incident end during the initial loading stage. Subsequently, in
the later stages of loading, the macroscopic crack formation in the rock sample is primarily dominated by shear cracks, accompanied by
tensile cracks. The failure mode can be characterized by Type II, Type III and Type IV cracks, with multiple composite compressive-
shear and tensile-shear cracks emerging along the inclined beddings at the center. This outcome closely resembles the physical test
data, where the central portion of the sample undergoes a mixed fracture mode crossing the bedding planes. When the bedding angle
increases to 90°, tensile fractures happen along the vertical beddings at the middle and right side of the sample because of the tensile
wave produced by the superposition of incident stress wave and reflected stress wave. This phenomenon can also be observed in Fig. 10
(d2).

5.2. Effect of stress wave on rock fracture

Both the physical experiment and numerical simulation tests have revealed the pronounced influence of bedding angle and peak
strength on the failure characteristics of the samples. Consequently, this section further employs the simulation scenarios at ¢ = 0°, 30°,
60°, and 90° to meticulously investigate the interplay between peak strength, bedding angle, and the resulting failure morphology of
shale samples. Maintaining consistency, the model dimensions and mesh configurations align with those utilized above. The loading
waveforms corresponding to these scenarios are illustrated in Fig. 14.

Fig. 15 depicts the fracture patterns observed in shale samples subjected to various bedding angles and impact waves. When the
bedding angle is 0°, fractures primarily manifest as Type I cracks, closely resembling the experimental outcomes illustrated in Fig. 10.
Meanwhile, when the bedding angle is equal to 30°, the numerical simulation result of Fig. 15(b3) mirrors the characteristics of impact
test Fig. 10(b3), with slip cracks along the bedding plane and a prevalence of inter-layer mixed shear cracks shaping the macroscopic
fissures. Similarly, the result Fig. 15(b4) aligns with impact test Fig. 10(b4), wherein Type II shear cracks emerge at the sample ends
alongside multiple Type IV composite tensile-shear damage cracks traversing the bedding plane and penetrating the matrix. When the
bedding angle rises up to 60°, the fracture modes captured in numerical simulations reflect the records of impact tests, emphasizing
Type II shear cracks, Type III mixed shear cracks and Type IV tensile-shear mixed cracks as dominant features. They exhibit a dis-
tribution and composition akin to those observed in physical experiments. At a 90° bedding angle, all four numerical models yield
analogous outcomes characterized by Type V tensile cracks. This simulation result bears resemblance to fracture outcome Fig. 10(d2)
from impact testing.
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Fig. 13. Failure processes of the impact compression models when the bedding angle 6 equals (a) 0°, (b) 30°, (c) 60° and (d) 90°.
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Fig. 14. Dynamic impact compressive stress waves.

5.3. Effect of bedding inclination on rock fracture

Many geotechnical engineering projects, including engineering blasting and protective projects, hinge on understanding the dy-
namics of stress wave propagation, superposition and attenuation within layered rock formations. As illustrated in Fig. 16, when the
bedding angle 0 = 0°, the model experiences a splitting failure that penetrates the bedding planes, with acoustic emissions concen-
trated predominantly at the horizontal bedding planes situated centrally within the sample. The distribution of macroscopic cracks
appears relatively straightforward, predominantly showcasing Type I fissures elongating along the weakened bedding planes.

When the bedding angle 6 is equal to 30° and 60°, the shale sample experiences shear failure predominantly, characterized by Type
II shear cracks, Type III mixed shear cracks and multiple Type IV composite tensile-shear cracks propagating along the bedding planes
and penetrating the matrix. As the peak stress intensity escalates, the failure modes of the 30° and 60° bedded shale samples gradually
transition from center-oriented failure towards shear failure along the bedding planes, as depicted in Fig. 17(a-f). In instances of small
bedding angles, nearly all cracks within the sample manifest as shear fractures along the bedding planes, often accompanied by
localized tensile failures. This observation suggests that crack initiation at bedding planes could be rare, with failures primarily
originating within the rock matrix. Fig. 17(g) and (h) elucidate the failure patterns of the rock structures, underscoring the substantial
impact of bedding angle alteration. The presence of bedding planes in the rock mass disrupts its homogeneity, causing its strength and
deformation failure characteristics to differ significantly from those of ordinary isotropic rocks. This results in pronounced anisotropic
behavior. When construction activities are carried out on or within bedded rock masses, both the safety of the construction process and
the stability of the facilities may be adversely impacted. Thus, understanding the mechanical properties and deformation mechanisms
of such layered rock masses is crucial for ensuring the success and safety of engineering projects.

Fig. 18 shows that when the bedding angle 8 = 90°, the sample exhibits tensile and splitting cracks propagating along its bedding
planes, ultimately penetrating the sample. With an escalation in peak stress wave intensity, the primary macroscopic cracks within the
90° bedded shale sample remain relatively stable in its fracture characteristics, showing minimal variation. However, there is a
noticeable increase in the quantity of small cracks forming between the bedding planes.

6. Conclusion

Revealing the fracture characteristics of bedded shales under dynamic impact load is of significant importance for the exploitation
and utilization of geological energy. In this study, the progressive failure processes of bedded shale samples were tested by the dynamic
SHPB system and measured by the high-speed camera. Furthermore, the related dynamic mechanical properties and fracture features
under impact compression inherent in shale formations were comprehensively investigated. The main conclusions drawn from this
investigation are outlined as follows:

(1) By meticulously analyzing the triggering mechanisms of micro-cracks and mechanical factors governing fracture morphology,
the failure patterns of shale specimens under impact compression can be mainly categorized into five distinct types, i.e., (a)
splitting failure along the bedding plane; (b) slip failure along the bedding plane; (c) mixed shear cracks between layers; (d)
tensile-shear mixed cracks; (e) tensile crack along the bedding plane.

(2) The dynamic fracture behaviors of shale specimens vary greatly depending on their bedding angles. When the bedding angle 6
= 0°, the model experiences a splitting failure that penetrates the bedding planes, with acoustic emissions concentrated pre-
dominantly at the horizontal bedding planes. When 6 = 30° and 60°, the shale sample experiences shear failure characterized by
shear cracks, mixed shear cracks and multiple composite tensile-shear cracks propagating along the bedding planes and
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Fig. 15. The failure modes represented by the shear stress contours: Series (a), (b), (c) and (d) are for the specimens with ¢ = 0°, 30°, 60° and 90°,
respectively; Series (1), (2), (3) and (4) correspond to the stress waves 4, 3, 2, and 1, respectively.
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Fig. 16. Fracture characteristics of the shale sample with the bedding angle of 0°: (a) schematic Type I cracks and (b) cracks observed in test.
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Fig. 17. Failure characteristics of the rock mass with inclined structural planes: (a-b), (d-e) schematic Type II, Type III and Type IV cracks; (c), (f):
cracks observed in test; (g-h) cracks observed on-site.

(a) (b)

Fig. 18. Fracture characteristics of the shale sample with the bedding angle of 90°: (a) schematic Type V cracks and (b) cracks observed in test.

penetrating the matrix. When 6 = 90°, the sample exhibits tensile and splitting cracks propagating along its bedding planes,
ultimately penetrating the sample.

(3) With increasing the strain rate, the fracture modes of shale samples show significant differences. The fracture pattern of 60°

bedded specimen lack consistency under various strain rates. Specifically, when the strain rate £ = 20 s}, the fracture surface
primarily extends along the bedding planes with shear cracks. When ¢ = 50 s}, shear cracking prevails, accompanied by tensile
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cracks. With continuously increasing ¢, the fracture pattern becomes dominated by a combination of slip and tensile-shear
mixed cracks.

(4) The loaded waveform has a great influence on the failure patterns of shale samples. As the peak stress intensity escalates, the
failure modes of the 30° and 60° bedded shale samples gradually transition from center-oriented failure towards shear failure
along the bedding planes. Meanwhile, the 90° bedded specimen exhibits an initial crack along the bedding planes. As the shock
wave intensifies, secondary splitting cracks emerge in the matrix, indicative of a fracture pattern across the bedding planes.
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