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The structural stability of engineering rock mass under dynamic disturbance is directly associated with the fracture mechanics
properties in engineering practice. Fully understanding the rock’s fracture mechanical behavior and crack evolution caused by
stress concentration at the crack tip in engineering rock mass under dynamic load can offer useful insight into the rock’s dynamic
fracture mechanism. A dynamic test using split-Hopkinson pressure bar (SHPB) test system was performed on a single prefab-
ricated fissure sandstone centrally cracked Brazilian disk (CCBD) specimens. Based on the theory of fracture mechanics and one-
dimensional stress wave theory, the dynamic crack initiation criterion of CCBD specimen is proposed, and the regression model of
sandstone’s dynamic fracture toughness under the coupling effect of fissure angle and strain rate is established by using response
surface methodology (RSM). The influence of strain rate and fissure angle on stress wave characteristics, dynamic tensile mechani-
cal behavior, and fracture mechanics characteristic was investigated in this study. The findings demonstrate that: (1) The fissure
angle plays a pivotal role in determining the failure mode of sandstone. As the fissure angle increases, three distinct failure modes
emerge in the sandstone specimens, while variations in strain rate have minimal impact on the fracture mode of these specimens.
(2) Alterations in the fissure angle result in changes to the waveform of transmitted waves. When the fissure angle is below 30°, the
transmitted wave exhibits “double peak” characteristics; when it exceeds 30°, a “single peak” waveform is observed. This phenom-
enon can be attributed to diffraction principles governing incident waves. (3) When the impact pressure is 0.2MPa, the peak load
initially exhibits an increase followed by a decrease, with the peak load reaching its maximum at a fracture angle of 60°; when the
impact pressures are 0.3 and 0.5MPa, there exists a negative correlation between the peak load and the fissure angle. (4) The
influence of strain rate on sandstone’s fracture resistance is predominant, with alterations in fissure angle exerting an auxiliary
effect on this property. The research results can provide a theoretical and experimental basis for dynamic disaster prevention in
urban underground space.

1. Introduction

During the construction and operation of urban under-
ground projects, various dynamic loads including blasting
vibration [1–5], train running vibration [6–12], and mechan-
ical vibration [13–15] will inevitably be imposed on them.
These loads can initiate and propagate cracks in the sur-
rounding rock, posing a significant threat to the safety of
essential structures such as basements, infrastructure,
municipal pipelines, and other urban facilities. Moreover,

these vibrations may cause instability in the overall structure.
Consequently, there is an increased demand for comprehen-
sive research on the dynamic response of surrounding rock
structures.

There exist a wide range of scales for cracks, fissures, and
other defects in crustal rocks. The mechanical behavior and
failure characteristics of engineering rock masses are primar-
ily influenced by external loads and geometric parameters of
internal defects, such as fissure length, fissure angle, and fis-
sure tension [16–19]. Several research studies have examined
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the significant influence of fractures on the mechanical prop-
erties of jointed rock masses, including their presence, orien-
tation, and angle [20–23]. It has been concluded that under
the action of external loads, local stress is concentrated at the
crack tip, resulting in crack initiation, expansion, and fracture
failure. In order to investigate the fracture characteristics of
rock materials, Irwin [24] first used the stress intensity factor
K to quantify the strength of the stress field at the crack tip. He
further classified fractures into three types (Type I, Type II,
and Type III) and introduced a criterion for stress intensity
factor in linear elastic fracture mechanics, as Ki=KiC (i= I, II,
and III), where KiC represents the fracture toughness. When
dealing with dynamic fracture events, the fracture ability of
the specimen is characterized by employing the dynamic
stress intensity factor Kd. To accurately calculate the stress
distribution at the crack tip, it is imperative to replace the
equilibrium equation with the equation of motion, thereby
taking into account the material’s strain rate effect. In recent
years, numerous scholars have conducted experiments, numeri-
cal simulations, and theoretical analyses to investigate the
dynamic fracture mechanical characteristics of fractured rock
specimens, resulting in significant research findings. Feng et al.
[25] conducted an split-Hopkinson pressure bar (SHPB) impact
test to investigate the energy dissipation and debris distribution
of rock samples with symmetrical and asymmetrical cross frac-
tures under dynamic loading conditions. Zhang et al. [26] used
an SHPB device to examine the influence of various characteris-
tic parameters of single prefabricated cracks on mechanical
response and crack evolution in the presence of dynamic dis-
turbances. Yang et al. [27] utilized the discretized virtual internal
bond (DVIB) model in conjunction with the element partition
method (EPM) to simulate the dynamic fracturing process of
rocks containing internal defects under unloading conditions.
Their study revealed that as initial stress levels increase, a transi-
tion from tension to shear fracture mode occurs. Moreover,
when defect inclination angles approach 45° or defects are elon-
gated, shear cracks are more prone to develop. Wu et al. [28]
conducted dynamic disturbance tests on cracked straight-
through Brazilian disc (CSTBD) granite samples in the mid–low
frequency range using the MTS system. The findings of this
study revealed a strong correlation between the reduction in
fracture toughness and the level of static preloading. More-
over, it was observed that the magnitude of low-frequency
disturbances leads to a decrease in strength, while the fre-
quency of disturbances influences the extent of weakening
in fracture toughness. Zhao et al. [29] comprehensively
reviewed the research findings of numerical and experimental
approaches regarding the impact of dynamic loading on frac-
tured rock samples’ properties. By considering rock dynamics,
damage mechanics, and fracture mechanics perspectives,
their study further investigates how fracture characteristics
influence mechanical properties, failure modes, and fracture
propagation mechanisms under dynamic loads. Dai et al. [30]
expanded the application of the cracked chevron notched
Brazilian disc (CCNBD) method to dynamic rock fracture
testing in order to determine the initial fracture toughness
under dynamic loading conditions. Gong et al. [31] utilized
an INSTRON testing machine and an enhanced SHPB testing

system to conduct a series of dynamic fracture tests on semi-
circular bend (SCB) marble specimens, proposing a continu-
ousmodel for the dynamic increase factor of fracture toughness
that quantitatively expresses the relationship between loading
rate and rock’s dynamic fracture toughness. Li et al. [32] con-
ducted a numerical investigation on the dynamic fracture
behavior of notched semicircular bend (NSCB) rock specimens
with varying notch dip angles. Their findings revealed that the
dynamicmixedmode fracture in these specimens was predom-
inantly initiated by microscale tensile damage, and further
demonstrated that the resistance to mixed mode fracture was
contingent upon the applied loading rate. Wang et al. [33–35]
employed the SHPB apparatus to investigate the dynamic
fracture toughness of rocks. They utilized three types of speci-
mens, namely hole-cracked flattened Brazilian disc (HCFBD),
cracked straight-through flattened Brazilian disc (CSTFBD),
and cracked straight-through Brazilian disc (CSTBD). The
study aimed to explore the correlation between dynamic frac-
ture toughness and both disc diameter and crack length. Addi-
tionally, they examined the relationship between Type I–II
composite ratio and pure Type II loading angle as well as
specimen size for Type II dynamic fracture toughness analysis.
Lu et al. [36] used the SHPB device to apply radial loading on
Brazilian disc marble samples containing preexisting cracks
and herringbone grooves, enabling an analysis of the dynamic
fracture behavior and energy dissipation characteristics during
sample failure. Gao et al. [37], utilizing SHPB in conjunction
with digital image correlation (DIC) technology and NSCB
method, investigated the influence of loading rate on Lauren-
tian granite, examining the relationships between fracture time,
fracture toughness, crack growth rate, and loading rate as well
as the correlation between fracture toughness and crack growth
rate. Shi et al. [19, 38–40] conducted PFC2D simulations
revealing that changes in rock material strength parameters
are associated with the propagation of microcracks generated
under load conditions.

It is evident that the current research on the dynamic
fracture mechanical properties of rock materials primarily
focuses on investigating the influence of individual factors.
However, there are limited findings regarding the combined
effect of strain rate and fracture inclination on rock fracture
characteristics.

Based on the aforementioned rationale, this study con-
ducted a dynamic splitting test on centrally cracked Brazilian
disk (CCBD) specimens made of sandstone. The experiment
considered two factors: five fracture dip angles and three
impact pressures. The aim was to analyze the influence pat-
terns and mechanisms of these various factors on sandstone
failure mode, stress wave waveform, dynamic load radial
strain curve, and peak load. Additionally, the study derived
a dynamic crack initiation criterion for CCBD specimens
based on fracture mechanics theory and one-dimensional
stress wave theory. Furthermore, the response surface method
(RSM) was employed to establish a regression model for
determining the dynamic fracture toughness of sandstone
under the combined effect of fracture dip angle and strain
rate. An analysis was then conducted to investigate the influ-
ence patterns and interactions among different factors. The
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research results provide a deeper understanding of themechan-
ical properties, fracture propagation behavior, and fracture
mechanism of prefractured sandstone under dynamic loads.
This study serves as a theoretical and experimental basis for
dynamic disaster prevention in urban underground spaces.

2. Impact Splitting Test of Sandstone with a
Single Prefabricated Fissure

2.1. Specimen Preparation. The sandstone rock specimens
utilized in the experiment were sourced from the excavation
roadway situated 880m below ground level within Zhangji
coal mine, located in Huainan city, Anhui province, China.
The RWS-200 rock compression rheology testing machine
and an ultrasonic detector [41] were employed to character-
ize the rock specimens. Table 1 presents the physical and
mechanical properties of the sandstone.

According to the standards recommended by the Inter-
national Society for Rock Mechanics and Rock Engineering,
Brazilian disc specimens measuring 50mm in diameter and
25mm in thickness were fabricated. A high-precision lathe
was used to drill a small hole with a diameter of 4mm at the

center of each specimen. Subsequently, the CCBD specimens
were successfully processed using the HZWJ2010H/B type
CNC ultrahigh pressure water cutting platform from the
School of Mechanical Engineering at Anhui University of
Science and Technology. The average crack width was mea-
sured to be 1.12mm while the average length reached 20.77
mm. Figure 1 illustrates the final specimen achieved through
these procedures and the loading state of the specimen.

2.2. Dynamic Loading System. The test was conducted on the
SHPB test platform at the School of Civil Engineering and
Architecture, Anhui University of Science and Technology,
as shown in Figure 2. The SHPB test platform consists of a
power module (including a controller, high-pressure gas
chamber, and emission cavity), velocity measurement mod-
ule (laser velocity meter), signal acquisition module (ultra-
dynamic strain gauge and oscillograph), impact bar, input
bar, transmission bar, and damper.

Based on the one-dimensional stress wave theory, when
the two ends of the specimen reach a state of stress equilib-
rium, it can be described as follows:

εI þ εR ¼ εT; ð1Þ

TABLE 1: Physical and mechanical properties of sandstone [41].

Density (g·cm−3) Porosity (%) Longitudinal wave velocity (m·s−1) Compressive strength (MPa) Tensile strength (MPa)

2.53 1.47 3,770 118.47 5.52

ðaÞ

Dynamic load
Prefabricated
fissure

θ

ðbÞ
FIGURE 1: Sandstone CCBD specimen: (a) the final specimen and (b) the loading state [41].
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FIGURE 2: Schematic diagram of SHPB test platform: 1-high-pressure gas chamber, 2-emission cavity, 3-impact bar, 4- laser velocity meter, 5-
input bar, 6-specimen, 7-transmission bar, 8-strain gauge, 9-damper, 10-velocity measurement module, 11-ultradynamic strain gauge, 12-
oscillograph, and 13-data processing system.
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where εI, εR, and εT are incident strain, reflected strain, and
transmitted strain, respectively.

The peak load P(t)max and strain rate ε̇ðtÞ : of the speci-
men during impact splitting are determined using the “three-
wave method” as outlined below:

P tð Þmax ¼ EAeεT tð Þmax; ð2Þ

ε̇ tð Þ ¼ −
2Ce

D
εR tð Þ: ð3Þ

where D is the diameter of the specimen. Ae is the cross-
sectional area of the input bar and the transmission bar. E is
the elastic modulus of the input bar and the transmission bar.
Ce is the wave speed in the elastic rod, which is 5,190m/s.

2.3. Test Scheme and Results. Dynamic splitting tests were
conducted on sandstone CCBD specimens to investigate the
dynamic tensile mechanical behavior and fracture mechani-
cal characteristics of sandstone under the combined influ-
ence of two factors: the fissure angle θ and strain rate ε̇
between the loading direction and the preset fracture plane.
Five fissure angle θ were chosen, namely 0°, 30°, 45°, 60°,
and 90°. Different levels of impact pressure (0.2, 0.3, and
0.5MPa) were applied to achieve varying strain rates during
loading conditions. The strain rate corresponds to the aver-
age value of the reflected stress wave platform segment, as
shown in Figure 3. Specifically, at an impact pressure of 0.2
MPa, the strain rate ranges from 104.07 to 116.04 s−1. Under
an impact pressure of 0.3MPa, the strain rate ranges from
148.55 to 168.16 s−1, while under a higher impact pressure of
0.5MPa, the strain rate ranges from 216.53 to 234.03 s−1

accordingly. Figure 4 illustrates the relationship between
emission pressure and strain rate, demonstrating a positive
correlation during loading. In this study, three identical
impact tests were conducted with consistent impact pressure
and crack inclination for a total of 45 experiments performed
in order to ensure reliability and accuracy of results obtained.

Some of the test data used in this study comes from the
author’s research during the doctoral period (refer to Table 2
for representative values selected).

3. Test Result Analysis

3.1. Analysis of Failure Pattern. Figure 5 shows the final
failure states of sandstone CCBD specimens under three
typical impact pressures p. The sandstone samples with vary-
ing fissure angles θ demonstrate distinct final failure modes
under these three types of impact pressure loading condi-
tions. Based on the damage and degree of damage to the
specimens, the final failure mode has been simplified into
the following three cases, as shown in Figure 6:

(1) The compound failure mechanism (Type I) is char-
acterized by the occurrence of tensile splitting failure
along the crack tip and the development of shear
failure from the loading point of the specimen to
the crack tip. This failure mechanism is observed as
a direct crack through the crack and a pair of second-
ary cracks resembling the shape of “8”.

(2) The composite failure mechanism (Type II) involves
shear failure along the crack tip and shear tensile failure
from the loading point of the specimen to the crack tip.
Specifically, when the end of the prefabricated crack
deviates at a certain angle from the direction of crack
extension, a pair of wing-like cracks propagate steadily
towards the direction of maximum principal stress.
This propagation leads to the formation of a quasi-
coplanar secondary crack along the same direction
as the prefabricated crack. This phenomenon occurs
due to the inability of plastic yield zone recovery in
unloaded specimens, resulting in fracture caused by
compressive-shear composite stress during unloading.

(3) The compound failure mechanism (Type III) is char-
acterized by the occurrence of tensile failure along the
middle of the specimen and shear failure developing
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FIGURE 3: Determination of average strain rate in SHPB test.
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from the loading point of the specimen to the crack tip.
Specifically, this failure mechanism is manifested as the
generation of splitting cracks through the loading path
of the specimen, and a pair of quasi-coplanar secondary
cracks propagate through the specimen along the preset
crack direction.

When the impact pressure p is 0.2MPa and the fissure
angle θ is 0°, the failure mode of sandstone is simplified to
Type I, where the upper part of the specimen fails due to
continuous loading after radial fracture occurs, resembling
the failure mechanism observed in curved beams. For fissure
angles θ of 30° and 45°, the failure mode can be simplified to
Type II. For fissure angles θ of 60° and 90°, the failure mode
can be simplified to Type III. When the impact pressure p is
0.3MPa and the fissure angle θ is 0°, the failure mode of
sandstone is simplified as Type I. When the fissure angle θ
is 30°, 45°, and 60°, the failure mode of sandstone is simpli-
fied as Type II. When the fissure angle θ is 90°, the failure
mode of sandstone can be simplified as Type III. When the
impact pressure p is 0.5MPa and the fissure angle θ is 0°,
the failure mode of sandstone is simplified to Type I. When
the fissure angle θ is 30° and 45°, the failure mode of sand-
stone can be simplified as Type II. When the fissure angle θ is
60° and 90°, the failure mode of sandstone can be simplified
as Type III. It is evident that the determination of sandstone
failure mode heavily relies on the fissure angle, with minimal
influence from changes in strain rate. In other words, varia-
tions in the strain rate minimally affect the impact fracture
mode of specimens compared to the significant impact of
fissure angle on sandstone failure mode.

3.2. Stress Wave Analysis. Figure 7 Illustrates the stress wave
waveform curves of specimens with varying fissure angles
under three different levels of impact pressure loading. It is
evident that, at the same impact pressure, the transmitted
wave curve exhibits a consistent variation pattern for

specimens with different crack inclinations, characterized
by either a “double peak” or “single peak” waveform. Conse-
quently, the waveform curve is simplified as depicted in
Figure 7(d), and four distinctive points (O, A, B, and C) on
the transmission wave are identified. Point O represents the
initiation time of transmission wave generation, point A sig-
nifies the occurrence of the first peak in the transmission
wave curve, point C indicates the generation of the second
peak in the transmission wave curve, while point B repre-
sents the time interval between these two peaks.

When θ is 0° and 30°, the transmitted wave of the speci-
men exhibits a “double peak” phenomenon. Upon applica-
tion of an impact load, the stress level rapidly escalates to
reach its maximum point (point A), with damage originating
from the crack tip. Subsequently, as the specimen enters the
unloading stage, it remains partially intact with residual
bearing capacity. Consequently, further loading induces sec-
ondary compression on this remaining portion leading to a
second wave peak (point C) that is lower than the initial
peak. Ultimately, complete fracture occurs in the specimen
causing transmission amplitude to drop to zero. This phe-
nomenon occurs due to the presence of a large-scale crack
that blocks the incident wave generated when the specimen is
subjected to an impact load. In such cases, a significant pro-
portion of energy gets diffracted along the direction of the
crack, owing to a substantial impedance difference at the
rock-air interface [42]. Consequently, crack initiation takes
place at the tip of this obstructing crack. Simultaneously,
another portion of energy propagates through the crack
and reflects at the interface with the test-transmission bar,
resulting in tension waves. When θ> 30°, diffraction occurs
as well when the incident wave encounters multiple cracks as
barriers. As a result, there is very little residual strength or
even none at all in these specimens, which is reflected by
their waveform exhibiting characteristics similar to those
observed in “single peak” patterns.

TABLE 2: Dynamic split test results of CCBD sandstone specimen [41].

Specimen
number

Fissure
angle, θ (°)

Impact pres-
sure, p (MPa)

Strain rate,
ε̇ (s−1)

Peak load,
P (KN)

Peak load
time, tp (µs)

Type I stress
intensity factor,
Kd
I (KPa·m0.5)

Type I stress intensity
factor, Kd

II (KPa·m
0.5)

Dynamic frac-
ture toughness,
Kd
eff (KPa·m

0.5)

FA1-1 0 0.2 106.24 19.24 52.5 2.09 0.00 2.09
FB1-1 30 0.2 113.97 17.98 43.2 −0.66 3.38 3.44
FC1-3 45 0.2 116.04 24.35 43.5 −3.73 5.00 6.24
FD1-2 60 0.2 109.71 26.22 48.4 −5.58 3.66 6.67
FE1-3 90 0.2 104.07 20.98 47.7 −5.69 0.00 5.69
FA2-2 0 0.3 148.55 38.96 31.8 4.25 0.00 4.25
FB2-3 30 0.3 168.16 32.97 38.0 −1.22 6.33 6.45
FC2-2 45 0.3 164.21 30.34 40.9 −4.51 6.02 7.52
FD2-2 60 0.3 156.88 24.73 34.1 −5.16 3.38 6.17
FE2-2 90 0.3 160.21 28.85 41.9 −7.65 0.00 7.65
FA3-2 0 0.5 216.53 52.45 39.4 5.76 0.00 5.76
FB3-2 30 0.5 230.95 43.83 35.7 −1.73 8.81 8.98
FC3-1 45 0.5 232.99 37.09 42.3 −5.82 7.70 9.65
FD3-3 60 0.5 234.03 35.96 38.9 −7.75 5.04 9.24
FE3-1 90 0.5 230.05 34.47 41.2 −9.14 0.00 9.14
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3.3. Dynamic Mechanical Behavior Analysis

3.3.1. Load-Radial Strain Curve Analysis. Figure 8 llustrates
the load-radial strain curves of specimens with varying fissure

angles under three different levels of impact pressure loading.
It can be observed from the figure that the load radial strain
curve of the sandstone specimen shows an increasing trend
with the fissure angle θ, transitioning from a “double peak” to

ðaÞ ðbÞ ðcÞ ðdÞ

ðeÞ ðfÞ ðgÞ ðhÞ

ðiÞ ðjÞ ðkÞ ðlÞ

ðmÞ ðnÞ ðoÞ
FIGURE 5: Failure patterns of specimen at different fissure angles and impact pressures: (a) p¼ 0:2MPa and θ= 0°, (b) p¼ 0:2MPa and
θ= 30°,(c) p¼ 0:2MPa and θ= 45°, (d) p¼ 0:2MPa and θ= 60°, (e) p¼ 0:2MPa and θ= 90°, (f ) p¼ 0:3MPa and θ= 0°, (g) p¼ 0:3MPa
and θ= 30°,(h) p¼ 0:3MPa and θ= 45°, (i) p¼ 0:3MPa and θ= 60°, (j) p¼ 0:3MPa and θ= 90°, (k) p¼ 0:5MPa and θ= 0°, (l) p¼ 0:5MPa
and θ= 30°,(m) p¼ 0:5MPa and θ= 45°, (n) p¼ 0:5MPa and θ= 60°, and (o) p¼ 0:5MPa and θ= 90°.
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FIGURE 6: Typical simplified failure patterns of specimen [41]: (a) Type I, (b) Type II, and (c) Type III.
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FIGURE 7: Waveform curves of specimen at different fissure angles and impact pressures: (a) p¼ 0:2 , (b) p¼ 0:3, (c) p¼ 0:5MPa, and
(d) Simplified curve feature.
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a “single peak” type. Additionally, under identical impact
pressure conditions, the time at which the peak load occurs
remains approximately constant.

3.3.2. Peak Load Analysis. Figure 9 illustrates the impact of a
single factor (fissure angle or strain rate) on the peak load of
sandstone. In Figure 9(a), the relationship between peak load
P and fissure angle θ is shown under three different impact
pressure p loading conditions. It can be observed that at an
impact pressure of 0.2MPa, the trend of peak load P and

fissure angle θ is more intricate: as fissure angle θ increases,
the peak load P initially rises and then decreases, reaching its
maximum at a fissure angle θ of 60°. Conversely, when the
impact pressure p is set to 0.3 and 0.5MPa, the peak load
nonlinearly decreases with increasing fissure angle θ. Addi-
tionally, Equation (4) has been derived through fitting anal-
ysis and is represented by a solid line in the figure. The
correlation coefficients R2 for each model are measured as
0.948, 0.714, and 0.901, respectively, indicating excellent fit-
ting performance and high reliability for all models.
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FIGURE 8: Load–strain responses of specimen at different fissure angles and impact pressures: (a) p¼ 0:2, (b) p¼ 0:3, and (c) p¼ 0:5MPa.
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P ¼
19:16 − 0:42θ þ 0:018θ2 − 1:42 × 10−4θ3 for p¼ 0:2MPa R2 ¼ 0:948ð Þ;
30:88e−0:1478θ for p¼ 0:3MPa R2 ¼ 0:714ð Þ;
51:08e−0:0053θ for p¼ 0:5MPa R2 ¼ 0:901ð Þ:

8><
>: ð4Þ

Figure 9(b) illustrates the relationship between the peak
load P and strain rate ε̇ of sandstone with five fissure angles
θ. The figure clearly demonstrates a significant dynamic
enhancement effect in these sandstones. Specifically, the
peak load of fractured sandstone exhibits an approximately
linear correlation with the strain rate, as indicated by fitting
Equation (5). The regression equations yield slopes of 0.2681,
0.1929, 0.1115, 0.1533, and 0.0950, respectively, accompa-
nied by high correlation coefficients R2 close to unity
(0.915, 0.996, 0.945, 0.992, and 0.931, respectively), thereby
confirming excellent model fitting performance and high
reliability levels.

P ¼

0:2681ε̇ − 4:096 for θ ¼ 0° R2 ¼ 0:915ð Þ;
0:1929ε̇ − 0:3906 for θ ¼ 30° R2 ¼ 0:996ð Þ;
0:1115ε̇ þ 11:41 for θ ¼ 45° R2 ¼ 0:945ð Þ;
0:1533ε̇ þ 1:081 for θ ¼ 60° R2 ¼ 0:992ð Þ;
0:0950ε̇ þ 12:11 for θ ¼ 90° R2 ¼ 0:931ð Þ:

8>>>>>><
>>>>>>:

ð5Þ

3.4. Dynamic Fracture Toughness Analysis

3.4.1. Derivation of Dynamic Crack Initiation Criterion. Frac-
ture toughness is a crucial parameter for assessing the frac-
ture resistance of materials, and it can be determined as the
stress intensity factor threshold based on the criterion of

maximum stress intensity factor [24]. The stress intensity
factor Ki (i= I, II, and III) is a fundamental physical param-
eter employed to characterize the mechanical state (includ-
ing stress field and displacement field) at the crack tip. It is
intricately linked with the dimensions, configuration, and
external loading conditions of the crack. In two-dimensional
stress scenarios, both KI and KII typically coexist simulta-
neously. For the CCBD specimen subjected to a pair of con-
centrated loads, Ki (i= i and II) [43–45] can be determined
for the corresponding conditions based on elasticity princi-
ples.

KI ¼ σ
ffiffiffiffiffi
πa

p
f11 þ 2∑

n

i¼1
A1if1iα2 i−1ð Þ

� �
; ð6Þ

KII ¼ 2σ ∑
n

i¼1
A2if2iα; ð7Þ

where σ is the tensile stress of the specimen, which can be
calculated as σ¼ 2F

πLD, with F representing the concentrated
force received. Additionally, a denotes half the length of the
preset crack and α represents the relative length of the crack,
which can be calculated as α¼ 2a

D . Aji and fij (j= 1, 2; i= 1, 2,
…, n) are variables in the general formula, as follows:

A1i θð Þ ¼ i cos 2iθð Þ − i cos 2 i − 1ð Þθð Þ; ð8Þ

A2i θð Þ ¼ i sin 2iθð Þ − i − 1ð Þsin 2 i − 1ð Þθð Þ; ð9Þ
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FIGURE 9: Influences of single factor on peak load of sandstone: (a) fissure angle and (b) strain rate.
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fji ¼
2i − 3ð Þ!!
2i − 2ð Þ!! 1þ Cj1

2i
þ 3Cj2

4i iþ 1ð Þ
� �

; ð10Þ

where the value of coefficient n determines the calculation
accuracy of KI and KII. The higher the value of coefficient n,
the greater the calculation accuracy. In this paper, we set the
value of n as 100. The general formula for coefficient Cji (j=
1, 2; i= 1, 2) is as follows:

C11¼
8 − 4αþ 3:8612α2 − 15:9344α3 þ 24:607α4 − 13:234α5ffiffiffiffiffiffiffiffiffiffiffi

1 − α
p

−8;

ð11Þ

C12¼
−8þ 4α − 0:6488α2 þ 14:1232α3 − 24:2696α4 þ 12:596α5ffiffiffiffiffiffiffiffiffiffiffi

1 − α
p

þ8;

ð12Þ

C21 ¼
5 − 2:5αþ 1:4882α2 − 2:376α3 þ 1:1028α4ffiffiffiffiffiffiffiffiffiffiffi

1 − α
p − 5;

ð13Þ

C22 ¼
−4þ 2αþ 0:4888α2 þ 0:81112α3 − 0:7177α4ffiffiffiffiffiffiffiffiffiffiffi

1 − α
p þ 4:

ð14Þ

Based on the obtained KI and KII, the stress intensity
factor under the type I-II composite mode can be calcu-
lated, which is called “effective stress intensity factor Keff”
[46, 47].

Keff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2
I þ K2

II

p
: ð15Þ

To investigate the fracture behavior under different load-
ing modes (Type I, Type II, and I–II composite modes), the
stress intensity factor Ki (i= I, II, eff ) can be determined by
adjusting the angle between the interface of the sample and
the loading direction for subsequent analysis.

Under dynamic loading conditions, the stress intensity
factor Kd

I (i= I, II) of the CCBD specimen represents a fun-
damental physical characteristic that is intricately linked to
time t. Apart from being influenced by the structural com-
position and crack morphology, it is also significantly
impacted by both the magnitude and duration of the applied
load. According to the theory of one-dimensional stress
waves, Kd

i ðtÞ : (where i= I, II) can be determined under
dynamic loading as follows:

Kd
I tð Þ¼ σ tð Þ ffiffiffiffiffi

πa
p

f11 þ 2∑
n

i¼1
A1if1iα2 i−1ð Þ

� �

¼ 2
ffiffiffiffiffi
πa

p
P tð Þmax

πLD
f11 þ 2∑

n

i¼1
A1if1iα2 i−1ð Þ

� �
;

ð16Þ

Kd
II tð Þ ¼ 2σ tð Þ∑

n

i¼1
A2if2iα¼ 2P tð Þmax

πLD
∑
n

i¼1
A2if2iα: ð17Þ

Then, the effective decay constant Kd
eff ðtÞ : of the specimen

subjected to dynamic loading is determined:

Kd
eff tð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kd
I

À Á
2 þ Kd

II

À Á
2

q
: ð18Þ

The dynamic crack initiation criterion of the CCBD spec-
imen under a dynamic load can be derived as follows:

Kd
max>Kd

eff ; ð19Þ

where Kd
max represents the utmost stress intensity factor

observed under dynamic loading conditions. Kd
eff denotes

the dynamic fracture toughness. In accordance with this cri-
terion, when the maximum value of the dynamic stress
intensity factor surpasses the dynamic fracture toughness,
crack initiation occurs.

Based on the test data and Equations (16), (17), and (18),
Kd
i ðtÞ : (i= I, II) and Kd

eff under dynamic load conditions were
determined, with the corresponding results presented in
Table 2. Multiple regression fitting was performed using
Design–Expert software’s Response Surface to analyze the
test results, resulting in Equation (20) representing the
response surface function. The influencing factors and their
respective levels for the response variable are summarized in
Table 3.

Kd
eff ¼−1:6942þ 0:1127θ þ 0:0345ε̇ − 0:0001θε̇ − 0:0006θ2

þ 9:43 × 10−6ε̇2:

ð20Þ

The predicted R2 of 0.924 exhibits a reasonable level of
agreement with the adjusted R2 of 0.881, as the difference
between them is <0.2. Moreover, the Adeq Precision mea-
sures at 15.59, surpassing the threshold of 4, which indicating
that this model can effectively navigate the design space.

3.4.2. Reliability Analysis of Response Surface Regression
Model. To validate the reliability of the function model based
on the response surface, a series of rigorous analysis tests includ-
ing variance analysis, residual analysis, and comparison between
predicted and actual values were conducted. The results of vari-
ance analysis for the regression model are presented in Table 4.
The Model f-value is 21.78 with a corresponding P-value less
than 0.05, indicating statistical significance. Moreover, all three
model terms (θ term, ε̇ term, and θε̇ term) exhibit P-values
below 0.05, underscoring their importance in this particular
case study. The residual normal probability distribution

TABLE 3: Factors and levels of response variables.

Code value Code level Fissure angle, θ (°)
Strain rate,
ε̇ (s−1)

X1 −1 0 104.07
X2 1 90 234.03

10 Advances in Civil Engineering



diagram of sandstone dynamic fracture toughness test results is
depicted in Figure 10. All points align along a straight line and
are scattered without any discernible pattern, as shown in the
residual operating diagram (Figure 11), indicating that the

experimental data conforms to a normal distribution with no
anomalous observations. Figure 12 presents a scatterplot utiliz-
ing both test and predicted values of the dynamic fracture
toughness model as vertical and horizontal coordinates,

TABLE 4: Analysis of variance with regression model.

Source of variation Sum of square Mean square F-value P-value

Model 62.86 12.57 21.78 <0.0001
θ 16.07 16.07 27.83 0.0005
ε̇ 35.05 35.05 60.71 <0.0001
θε̇ 0.5821 0.5821 1.01 0.3415
θ2 4.64 4.64 8.04 0.0195
ε̇2 0.0037 0.0037 0.0065 0.9377
Residual 5.20 0.5773 — —

Cor total 68.06 — — —
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FIGURE 10: Residuals normal distribution plot of response surface model: (a) internally studentized residuals and (b) externally studentized
residuals.
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respectively. The predicted values from the model exhibit
remarkable consistency with actual experimental results,
thereby further validating the accuracy of the quadratic regres-
sion model in predicting response.

3.4.3. Dynamic Fracture Toughness Analysis. According to
the variance analysis of the response surface model presented
in Table 4, it is observed that among the interaction terms
involving the response surface parameters, both model item
θ and model item ε̇ exhibit P values <0.001. This observation
suggests that the fissure angle and strain rate ε̇ exert signifi-
cant effects on the dynamic fracture toughness of sandstone.
Furthermore, it is noteworthy that the P value associated
with model item ε̇ surpasses that of model item θ, indicating

a greater influence of strain rate on the dynamic fracture
toughness of sandstone compared to the fissure angle.

A three-dimensional response surface is capable of
directly describing the interaction between two factors and
their relationship to the influence value, thereby summariz-
ing the pattern of factor level changes on the influence value.
The curvature of this surface indicates the significance of
factor interactions, with greater curvature indicating a
more pronounced interaction, while lesser curvature suggests
less apparent effects from factors. To illustrate this concept
objectively, the levels of each factor are employed as coordi-
nates for the X and Y axis, respectively. The dynamic fracture
toughness of sandstone is then used as coordinates for the Z
axis, constructing a three-dimensional response surface
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FIGURE 12: Comparison of predicted and experimental values of response surface model.
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(Figure 13). Figure 13 clearly demonstrates the significant
influence of both fissure angle and strain rate on the dynamic
fracture toughness of sandstone. In other words, as the strain
rate increases, specimens with the same fissure angle exhibit
a gradual enhancement in fracture resistance. The strain rate
has a positive effect on the dynamic fracture toughness, as
indicated by the positive coefficient in Equation (20). The
fissure angle has a positive impact on effective stress but
exhibits a negative effect when the angle exceeds 60°. This
implies that under identical strain rate conditions and sub-
jected to destructive loads, sandstone attains its highest frac-
ture resistance value at an optimal fissure angle of
approximately 60°. Sensitivity analysis confirms that these
findings align with subsequent experimental data regarding
the effects of fissure angle and strain rate on dynamic frac-
ture values. Based on the findings depicted in Figure 14, the
impact of an individual factor on the dynamic fracture
toughness of sandstone can be discerned. It is noteworthy
that the trend graph obtained by altering one factor while
maintaining a constant level for the other factor aligns with
the pattern derived from employing the response surface
method.

Based on the test results presented in Table 2, two fitting
formulas (Equations (21) and (22)) have been derived that
effectively capture the influence of individual factors, such as
crack inclination or strain rate, on sandstone’s dynamic frac-
ture toughness. The corresponding cases exhibit correlation
coefficients R2 of 0.918, 0.745, 0.938, 0.906, 0.999, 0.925,
0.986, and 0.901, respectively, signifying a high level of reli-
ability in the findings for each case study conducted. These
equations provide detailed insights into the relationship
between individual factors and sandstone’s dynamic fracture
toughness.

Kd
eff ¼

6:757e−
θ−67:78
55:92ð Þ2 for p¼ 0:2MPa R2 ¼ 0:918ð Þ;

7:451e−
θ−79:96
113:4ð Þ2 for p¼ 0:3MPa R2 ¼ 0:745ð Þ;

9:824e−
θ−62:85
89:36ð Þ2 for p¼ 0:5MPa R2 ¼ 0:938ð Þ:

8>><
>>:

ð21Þ

Kd
eff ¼

0:0302ε̇ − 0:5823 for θ ¼ 0o R2 ¼ 0:906ð Þ;
0:0405ε̇ − 0:3607 for θ ¼ 30o R2 ¼ 0:999ð Þ;
0:0303ε̇ þ 2:600 for θ ¼ 45o R2 ¼ 0:925ð Þ;
0:0403ε̇ þ 0:0454 for θ ¼ 60o R2 ¼ 0:986ð Þ;
0:0246ε̇ þ 3:364 for θ ¼ 90o R2 ¼ 0:901ð Þ:

8>>>>>><
>>>>>>:

ð22Þ

4. Conclusions

(1) According to the failure forms and formation mechan-
isms of the specimens, the failure modes of sandstone
specimens with preformed cracks under impact load
can be classified into three types. The fissure angle is
considered as a pivotal factor in determining the failure
mode of sandstone, while the variation in strain rate
has minimal influence on the impact fracture mode of
specimens.

(2) Through the analysis of waveform characteristics, it
is observed that under dynamic loading, when the
crack inclination does not exceed 30°, the “double
peak” characteristic of the transmitted wave becomes
more pronounced, with the second peak lower than
the first peak. However, when the crack inclination
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FIGURE 14: Influences of single factor on dynamic fracture toughness of sandstone: (a) fissure angle and (b) strain rate.
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exceeds 30°, the transmitted wave shape exhibits a
form similar to a “single peak”, and the diffraction
law of the incident wave is identified as the primary
cause for this phenomenon.

(3) The peak load of sandstone demonstrates a nonlinear
decreasing trend with an increase in the fissure angle
when the impact pressure is 0.3 and 0.5MPa. How-
ever, at an impact pressure of 0.2MPa, the peak load
initially increases and then decreases, reaching its
maximum value at a fissure angle of 60°. Irrespective
of the type of fissure angle (CCBD specimens) under
identical conditions, there is a noticeable strain rate
strengthening effect as the strain rate increases.

(4) By utilizing fracture mechanics theory and one-
dimensional stress wave theory, the dynamic crack
initiation criterion of CCBD specimens was derived.
Additionally, a regression model was established using
the RSM to investigate the dynamic fracture toughness
of sandstone under the combined influence of fissure
angle and strain rate. Through comprehensive analy-
sis, it was observed that the fracture resistance of sand-
stone is primarily governed by the strain rate, with
changes in the fissure angle playing a supplementary
role. Notably, as the strain rate increases, all five CCBD
specimens with varying fissure angles exhibit a notice-
able strengthening effect. However, when comparing
similar strain rates, the findings indicate that sand-
stone samples possessing an internal fissure angle of
60° demonstrate superior fracture resistance.
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