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Abstract: Mastering the dynamic mechanical behaviors of pre-stressed fractured rocks un-
der repeated impact loads is crucial for safety management in rock engineering. To achieve
this, repeated impact loading experiments were performed on produced fractured samples
exposed to varying pre-applied axial and confining pressures using a split Hopkinson
pressure bar test system in combination with a nuclear magnetic resonance imaging system,
and the dynamic failure mechanism and fractal features were investigated. The results in-
dicate that the dynamic stress–strain curves exemplify typical class II curves, and the strain
rebound progressively diminishes with growing impact times. The impact times, axial
pressure, and confining pressure all significantly affect the dynamic peak strength, average
dynamic strength, dynamic deformation modulus, average dynamic deformation modulus,
maximum strain, and impact resistance performance. Moreover, under low confining
pressures, numerous shear cracks and tensile cracks develop, which are interconnected and
converge to form large-scale macroscopic fracture surfaces. In contrast, specimens under
a high confining pressure primarily experience tensile failure, accompanied by localized
small-scale shear failure. Under low axial pressure, some shear cracks and tensile cracks
emerge, while at high axial pressure, anti-wing cracks and secondary coplanar cracks occur,
characterized predominantly by shear failure. In addition, as the confining pressure grows
from 8 to 20 MPa, the fractal dimensions are 2.44, 2.32, 2.23, and 2.12, respectively. When
the axial pressures are 8, 14, and 20 MPa, the fractal dimensions are 2.44, 2.46, and 2.52,
respectively. Overall, the degree of fragmentation of the sample decreases with growing
confining pressure and grows with rising axial pressure.

Keywords: fractured rock; dynamic mechanical properties; failure mechanism; fractal
features; quasi-triaxial static pressure; repeated impact loading

1. Introduction
Due to various geological processes such as tectonic movements, volcanic activity,

weathering, and erosion, rock masses in the crust produce various scales of randomly
distributed defects (discontinuities), including microcracks, fissures, pores, joints, and
faults [1–3] (Figure 1a), becoming a typical heterogeneous, discontinuous, and anisotropic
geological material with extremely complex physical and mechanical features. The density
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and spatial distribution of these discontinuous defects significantly alter the stress distribu-
tion pattern in the surrounding rock, thus considerably impacting the strength and fracture
modes of the rock mass. Numerous studies [4–8] have indicated that under external loads,
the original defects in rock masses are irreversibly deformed, and new cracks mainly occur
and propagate at the boundaries (or tips) of these defects, causing nonlinear degradation
of the mechanical parameters of the rocks and leading to the deformation and failure of the
rocks and induced disasters. Defects greatly increase the complexity and unpredictability
of rock mechanical behaviors [9], making it difficult to accurately predict the deformation
and failure modes of the surrounding rocks in rock engineering, thereby increasing the risk
of engineering disasters. Thus, it is crucial to discuss the mechanical features and failure
mechanisms of rocks containing defects.
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diagram of fractured rocks under combined dynamic and static stresses (b), and typical dynamic
disasters that occurred in some underground excavations (c).

In subsurface rock engineering construction, the surrounding rock not only carries
quasi-static stress (two-dimensional or three-dimensional) but is also often disturbed by
various repeated dynamic loads such as frequent blasting operations, mechanical vibrations,
and excavation construction [10–13] (Figure 1b), which promote fatigue damage to the
rocks and pose a potential threat to rock stability. In the dynamic and static superposition
mechanical environment, the elastic brittleness and compactness of the surrounding rock
are enhanced, which is beneficial to the accumulation of elastic strain energy and the rapid
and remote propagation of dynamic stress waves. Also, when stress waves propagate
through the defects in the rock mass, they are reflected and scattered, which results in
a sharp rise in local stress levels in a short time and a high concentration of dynamic
stress. This can easily induce dynamic disasters such as rock bursts, collapse, roof falling,
and spalling [14–17] (Figure 1c). Therefore, the study of rock damage characteristics and
disaster mechanisms under the superposition of dynamic and static forces has become a
hot topic in the field of engineering dynamic disaster prevention and control and safety
management. Understanding the dynamic mechanical responses and rupture mechanism of
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fractured rocks exposed to repeated impact loads is an important prerequisite for preventing
and solving these problems, and it is of great significance for stability analysis, blasting
technology design, and support structure optimization in rock engineering.

In recent years, a significant amount of effort has been devoted to exploring the dy-
namic mechanical behavior of fractured rocks using theoretical analysis, experiments, and
numerical simulations. For instance, Zhao et al. [18] explored the influence of parallel
joints on the transmission features of stress waves using the displacement discontinuity
method. Li et al. [19] believed that the presence of prefabricated flaws may change the
rupture pattern of rocks under dynamic loads, shifting from splitting-dominated by intact
rocks to shear-dominated by rocks with joints. Wang et al. [20] investigated the dynamic
mechanical response, crack propagation process, and energy evolution of fractured rocks
under dynamic loading. You et al. [21] carried out triaxial dynamic tests on sandstone
specimens containing multiple parallel flaws and found that as the joint strength increased,
the failure mode of the fractured rocks shifted from shear-dominated to shear–tensile
mixed failure. Shi et al. [22] claimed that existing fissures aligned with the impact direction
provided stronger resistance compared with fissures that deviated from that direction, and
the location and distribution of fissures significantly affected the impact stress transmission.
Li et al. [12,23] conducted impact loading tests on parallel-fractured and cross-fractured
granite samples containing holes to analyze the influences of fissure geometry and dy-
namic strain rate on the dynamic mechanical properties and cracking process of fractured
rocks. Qiu et al. [24] simulated the effect of flaws’ geometric parameters on the dynamic
response and fracture behavior of jointed rocks. Chen et al. [25] studied the dynamic
mechanical responses, energy evolution, and rupture patterns of jointed granite speci-
mens. Previous studies have made important contributions to the understanding of the
deformation, strength, initiation and propagation of cracks and the cracking modes of
fractured rocks subjected to impact loading. However, these works were carried out under
a single impact, ignoring the cumulative effect of cyclic dynamic pressures on the damage
to fractured rocks.

In terms of cyclic impact loading tests, most scholars have examined the dynamic
mechanical responses of intact rocks exposed to repeated impact pressures. For instance,
Jiang et al. [26] noted that under repeated dynamic impacts, the porosity and permeability
of rock progressively decreased, which primarily resulted from an overall reduction in
pore size and the loss of pore connectivity. Wang et al. [27] reported that as the number of
impacts grows, the dynamic strength and deformation capacity of rocks gradually drop,
and fatigue damage gradually accumulates. Jiang et al. [28] stated that with increasing
dynamic impact times, the porosity and permeability of red sandstone increase, and
microcracks merge and propagate, ultimately forming larger microcrack areas. Lu et al. [29]
suggested that the dynamic peak strength of sandstone descends with increasing impact
times, and brittle failure occurs. Furthermore, the dynamic mechanical features of pre-
applied intact rocks under repeated impact disturbance have also received some attention.
Wang et al. [30] performed dynamic loading tests on red sandstone samples with confining
pressure and studied the relationship between cyclic impact, dynamic characteristics,
and porosity changes. Xue et al. [31] concluded that under the same pre-applied axial
load, as the impact times increase, the peak strength of the rock shows a tendency of
first growing and then descending. The above studies only emphasized the influence of
cyclic dynamic impact on intact rocks. However, less attention has been focused on the
mechanical behaviors and fracture characteristics of pre-stressed fractured rocks exposed to
repeated impact loads. Zhang et al. [32] thought that under constant-cyclic impact pressure,
the dynamic deformation modulus and strength of fractured rocks pre-loaded with axial
compression first grow and then descend with an increasing joint angle. Luo et al. [33]
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conducted dynamic triaxial cyclic impact experiments on coal rocks with different bedding
angles, analyzing the effects of bedding and confining pressure on the dynamic mechanical
features and damage and rupture laws of the coal rocks. Hence, the research on the dynamic
mechanical features and cracking modes of fractured rocks under the combined action
of quasi-triaxial static loads and cyclic dynamic loads is still insufficient; particularly, the
dynamic failure mechanism and stability of fractured rocks are not fully understood, and
further in-depth investigation is needed.

To address these issues, in this article, cylindrical granite specimens with prefabricated
intermittent fissures were prepared, and repeated impact loading experiments on the
produced fractured specimens under different pre-applied axial loads (8, 14, and 20 MPa)
and confining pressures (8, 12, 16, and 20 MPa) were performed using a split Hopkinson
pressure bar test system. Moreover, a nuclear magnetic resonance imaging system was
employed to measure and identify the porosity and images of the fractured specimens after
testing to analyze their dynamic damage behaviors. The stress wave fluctuation features,
dynamic mechanical properties, fracture behaviors, and failure patterns of the fractured
specimens subjected to varying axial and confining loads and the same repeated impact
pressure were systematically examined. Accordingly, the dynamic failure mechanism of
the fractured specimens was discussed. In addition, the distribution characteristics of
the fragments and debris of the fractured specimens after testing were analyzed from
the perspective of fragment size and mass, and the effect of different confining and axial
pressures on the fractal dimension of the fractured specimens was also explored. The
achieved results provide a new perspective for the surrounding rock stability evaluation,
disaster prevention, and safety management of rock engineering.

2. Experimental Methodology
2.1. Specimen Preparation

The rock material employed in the experiment was medium-fine monzonitic granite
taken from the Inner Mongolia region, China, and the same large block of rock with good
geometric integrity and lithofacies uniformity was selected to prepare standard cylindrical
samples with a size of 50 mm (diameter) × 100 mm (height) to reach a better compar-
ison. The average density, longitudinal wave velocity, elastic modulus, Poisson’s ratio,
and porosity of the intact granite are approximately 2670 kg/cm3, 3590 m/s, 38.54 GPa,
0.26, and 0.18%, respectively. Overall, the granite material has a dense texture, no visible
cracks, and low porosity. Firstly, intact standard cylindrical samples were produced by the
saw-cutting method, which causes less physical damage to specimens and the remaining
rocks. Afterward, two symmetrical and coplanar prefabricated semi-elliptical fissures were
created on both sides of the intact sample using high-pressure water jet technology. After
inspection, the processing quality was quite good, and no additional damage was caused
to the sample. The geometry of the specimen configuration designed for the experiment is
described in Figure 2. The fissure width was 0.3 mm, the fissure length c was 16.35 mm, and
the fissure angle β, i.e., the included angle between the plane where the fissures on both
sides of the specimen are located and the horizontal plane (perpendicular to the impact
loading orientation), was 45◦. Note that the selected fissure angle and length were respec-
tively derived from the investigation results of the dominant occurrence and continuity of
structural planes in a metal mine roadway, which were simulated similarly on the sample.
To deliberate on the effect of axial compression and confining pressure on the dynamic
mechanical response behavior of fractured rocks, six groups of specimens, each with three
specimens, were prepared and tested. Photographs of the processed fractured specimens
for testing are given in Figure 3. Note that prior to the mechanical testing, density and
wave velocity tests were conducted on three specimens in each group, and the detection
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results were in good agreement. The loading ends of each specimen were carefully polished
to guarantee that the non-parallelism and non-perpendicularity errors were smaller than
0.02 mm [3], thereby preventing the stress concentration of rock samples caused by eccen-
tric pressure during repeated impact loading from affecting the experimental results. After
the testing, a typical specimen was selected from each group for a detailed study [7,34].
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2.2. Testing Devices
2.2.1. Split Hopkinson Pressure Bar System

The split Hopkinson pressure bar (SHPB) system has been widely adopted to study the
dynamic mechanical behavior of rock materials at medium to high strain rates (102–104 s−1).
In this experiment, the SHPB device was used to conduct repeated impact loading ex-
periments under different quasi-triaxial confining pressures on the fractured specimens
produced. The photographic and schematic diagrams of the SHPB system are illustrated in
Figure 4a and Figure 4b, respectively. This system mainly consists of an impact loading
device, a measuring device, and a data acquisition and processing device. The impact load-
ing device primarily involves a high-pressure cylinder, a cone-shaped striker, an incident
bar, a transmitted bar, an absorption bar, a confining pressure device, and an axial pressure
device. The improved cone-shaped striker and the cylindrical incident, transmitted, and
absorption bars are all made of the same high-strength steel material, with a longitudinal
wave velocity of 5447 m/s, elastic modulus of 240 GPa, and uniaxial compressive strength
of 800 MPa. The length of the cone-shaped striker is 360.1 mm, the lengths of the incident
and transmitted bars are 1800 mm, and the length of the absorption bar is 1000 mm. The
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centers of the three bars are aligned, and their cross-sectional areas (the diameter is 50 mm)
are the same.
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The SHPB device can generate one-dimensional stress pulses by the cone-shaped
striker placed in the launching cavity concentrically impacting the incident bar, and the
stress pulses diffuse towards the interface between the incident bar and the specimen at a
certain wave speed. The amplitude of the loading waveform can be governed by regulating
the impact speed of the cone-shaped striker. The improved cone-shaped striker can form a
half-sine wave to obviate high-frequency oscillations, diminish dispersion effects, prevent
uneven stress, and ensure a constant strain rate loading [23,35]. Furthermore, when the
cone-shaped striker collides with the incident bar, a waveform shaping sheet is put in place
to further reduce the dispersion effect of the stress wave. After the stress wave is repeatedly
reflected and transmitted in the specimen several times, the stress at both ends of the
sample appears to balance. Throughout the experiment, the strain signals of the incident
wave, reflected wave, and transmitted wave were collected in real-time and continuously
using the BE120-SAA strain gauges attached to the incident and transmitted bars, with a
maximum acquisition frequency of 1000 kHz. Based on Kolsky’s theory [36], the dynamic
stress–strain behavior of the specimen can be calculated from the strain signals collected by
the strain gauges.

2.2.2. Nuclear Magnetic Resonance Imaging System

The nuclear magnetic resonance imaging (NMRI) system uses an external gradient
magnetic field to emit multi-frequency electromagnetic waves to distinguish between the
attenuation of nuclear magnetic resonance signals in diverse structures inside materials.
By analyzing the attenuation law of the signals, the position and type of the internal
structure of the material can be determined, and then images of different structures inside
the substances can be drawn accordingly. The MacroMR12-150H-I NMRI system was



Fractal Fract. 2025, 9, 71 7 of 30

adopted in this experiment, which mainly includes three parts, i.e., a testing system, a
control system, and a matching ZYB-II vacuum pressurization saturation device (Nantong,
China), as displayed in Figure 5. The magnetic field strength of the NMRI system is within
the range of 0.25–0.35 T, the radio frequency transmission power is greater than 300 W, and
the resonant frequency is 12.63 MHz. The maximum pressure of the vacuum pressurization
saturation device is 60 MPa.
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For rock materials, before conducting NMRI, the rock sample needs to be saturated
with water to allow as many hydrogen nuclei as possible to converge on the pores and
cracks inside the sample, so that the damage formed inside the sample can be reflected
by the distribution of pore water. The more hydrogen nuclei in the sample, the larger the
porosity. Hence, the rock porosity index can be employed to quantitatively characterize the
damage of the tested sample. The porosity calculation formula is as follows:

P = (V0/V)× 100% (1)

where P is the porosity; V0 represents the volume of pores and cracks in the sample; and
V means the total volume of the sample.

2.3. Experimental Procedures

In the repeated impact loading test, the specimen was subjected to a certain pre-loaded
axial pressure Pa and confining pressure Pc simultaneously. The specific experimental
scheme for the repeated impact tests on the fractured sample under quasi-triaxial static
pressures is shown in Table 1, and the loading methods for the quasi-triaxial static loads
and stress wave loads are depicted in Figure 6. Under the designed axial and confin-
ing pressure conditions, the single impact load should fall within the dynamic damage
threshold range of the fractured specimen to achieve repeated multiple impacts. Through
multiple trial-and-error tests, it was determined that the impact pressure Pi for each test
was 0.35 MPa (the corresponding impact velocity is 20.56 m/s). Under this impact pressure,
the specimen will not experience severe fragmentation after at least 19 repeated impacts,
while noticeable damage accumulation occurs. This makes it suitable for measuring the
porosity and imaging of the specimen using the NMRI system, allowing for the analysis of
the progressive dynamic damage behavior of the specimen.

The main experimental procedures were as follows. Firstly, the sample was placed into
the confining pressure device and aligned with the central axis of the impact bars. Next,
a hydraulic pump was used to sequentially apply confining pressure and axial pressure
to the specimen at a rate of 0.5 MPa/s until they reached the design values and remained
constant. Such a low loading rate can prevent specimen failure during the application of
confining and axial pressures. Then, the specimen was repeatedly collided against with
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the same impact pressure of 0.35 MPa. After several impacts, the sample failed and the
test ended. During the tests, the experimental data were synchronously recorded and
saved after each impact. Notably, prior to the experiment, the SHPB system was calibrated
for an empty impact test to ensure that it met the general requirements (one-dimensional
stress wave transmission and uniformity of stress and strain) of the impact test [23,35].
The confining pressure and axial pressure should be calibrated prior to each impact to
guarantee consistency with the set values. Moreover, to achieve the consistency of the
incident wave each time, the positions of the cone-shaped striker and the incident bar
should be ensured to be the same before each impact test. In the experiment, the friction
between the sample and bar can cause a waveform dispersion effect, which affects the
accuracy of the test results. Hence, waveform shaping sheets were employed, along with
a uniform application of lubricant to both ends of the sample, to minimize the waveform
dispersion effect.

Table 1. Experimental scheme.

Sample Number Axial Pressure/MPa Confining Pressure/MPa

FGS-1 8 8
FGS-2 8 12
FGS-3 8 16
FGS-4 8 20
FGS-5 14 8
FGS-6 20 8
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It should be noted that after the experiments and inspection, the dynamic mechanical
properties, fracture behavior, and fractal features of the three specimens within each group
were quite similar and had good consistency. Thus, the analysis and discussion of the
test results could focus on a typical specimen selected in each group [7,34,37,38], and the
conclusions obtained were considered to be representative.

3. Dynamic Mechanical Properties
3.1. Stress Equilibrium Validation

In rock impact loading tests, due to the instantaneous nature of the impact load, the
generated stress waves may lead to complex stress distributions inside the specimen, so
stress equilibrium validation is a critical step in ensuring the accuracy and reliability of test
results. An effective SHPB test must satisfy two essential assumptions: one-dimensional
stress wave transmission and the uniformity of stress and strain. For fractured specimens,
prefabricated fissures in the specimen may affect the spread of stress waves. Thus, before
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analyzing the results of the impact tests, clarifying the validity of using the SHPB system to
conduct impact loading experiments on the fractured specimens is necessary. In the SHPB
tests, the dynamic stress balance between the two ends of the specimen should be achieved
prior to the specimen rupture, particularly prior to peak stress occurring in the specimen.
This can be checked by comparing the dynamic stress histories at both ends of the samples.
In this study, the use of a cone-shaped striker to generate a slowly rising one-dimensional
half-sine wave on the compression bar, as well as the use of waveform shaping sheets
and the uniform application of lubricant to both ends of the sample to diminish end-face
friction, are beneficial measures for significantly eliminating stress wave oscillations and
reducing wave dispersion effects. This enables a uniform strain rate loading and dynamic
stress balance at the specimen ends. Additionally, according to relevant studies [39,40],
stress waves must travel back and forth through the sample at least three times to facilitate
a dynamic stress balance. According to the relevant calculation formula [23], it takes
approximately 50 µs for the stress wave to propagate back and forth in the specimen once,
and the duration of the incident wave is around 240 µs in the experiments, which is enough
for the stress wave to propagate back and forth in the sample at least four times to reach
the stress balance.

Currently, a widely accepted approach for assessing dynamic stress equilibrium is to
compare the transmitted wave with the superposition wave (i.e., the sum of the incident
and reflected waves). The collected typical voltage signals of the incident, reflected, and
transmitted waves (Figure 7a) of the representative specimen FGS-4 under the impact
loading are converted, yielding the stress equilibrium relationship, as plotted in Figure 7b.
According to the degree of overlap between the transmitted wave and the superposition
wave in the stress equilibrium relationship, it can be determined whether the stress equilib-
rium condition is satisfied. In Figure 7b, the typical stress history at both ends of sample
FGS-4 indicates that after multiple reflections, the superposition wave roughly overlaps
with the transmitted wave before the specimen failure and remains in the post-peak region
for a certain period. This means that the designed fractured specimen can reach a basic
stress balance state during impact loading, demonstrating the availability and reliability
of our SHPB tests. It should be noted that the same conclusion was also reached from the
inspection of the other fractured specimens tested. In fact, many scholars [41–43] have
conducted impact loading experiments on rocks containing defects (such as fissures and
cavities) and obtained satisfactory results. Accordingly, based on the collected incident,
reflected, and transmitted strain signals, the axial stress σ(t), strain ε(t), and strain rate

.
ε(t)

of the fractured specimens can be approximately computed by the relevant formulas in the
one-dimensional stress wave propagation theory, namely:

σ(t) =
AeEe

2As
[ε I(t) + εR(t) + εT(t)] (2)

ε(t) =
c0

ls

∫ t

0
[−ε I(t) + εR(t) + εT(t)]dt (3)

.
ε(t) =

c0

ls
[−ε I(t) + εR(t) + εT(t)] (4)

where Ae and Ee represent the cross-sectional area and elastic modulus of the compression
bar, respectively; As and ls stand for the cross-sectional area and length of the specimen,
respectively; εI(t), εR(t), and εT(t) denote incident, reflected, and transmitted strain signals,
respectively; and c0 means the longitudinal wave velocity of the compression bar.



Fractal Fract. 2025, 9, 71 10 of 30

Fractal Fract. 2025, 9, x FOR PEER REVIEW 10 of 31 
 

 

where Ae and Ee represent the cross-sectional area and elastic modulus of the compression 
bar, respectively; As and ls stand for the cross-sectional area and length of the specimen, 
respectively; εI(t), εR(t), and εT(t) denote incident, reflected, and transmitted strain signals, 
respectively; and c0 means the longitudinal wave velocity of the compression bar. 

0 200 400 600 800
-0.15

-0.12

-0.09

-0.06

-0.03

0.00

0.03

0.06

0.09

0.12

Reflected wave

Transmitted waveIncident wave

V
ol

ta
ge

/V

Time/μs

 Incident bar
 Transmitted bar

 
0 50 100 150 200 250 300 350 400

-0.15

-0.12

-0.09

-0.06

-0.03

0.00

0.03

0.06

0.09

0.12

V
ol

ta
ge

/V

Time/μs

 Incident wave
 Reflected wave
 Transmitted wave
 Incident+reflected wave

 
(a) (b) 

Figure 7. Typical voltage signals of the incident, reflected, and transmitted waves (a) and the exam-
ination of stress equilibrium (b). 

3.2. Stress Wave Characteristics 

The spread characteristics of stress waves inside the rocks during impact loading sig-
nificantly affect the dynamic responses and failure patterns of the rocks. When stress 
waves propagate to structural planes, fissures, or discontinuities in rock masses, they can 
cause the initiation, growth, and connection of cracks, ultimately resulting in rock mass 
rupture. The reflected wave can reflect the strain changes, and the transmitted wave can 
characterize the average stress changes in the rock mass. Thus, understanding the trans-
mission features of stress waves can help to better predict the dynamic mechanical fea-
tures and failure mechanisms of rocks. Figure 8 shows the three-wave voltage versus time 
curves of the fractured specimens under different quasi-triaxial pressures and repeated 
impact loading. Because of the high number of repeated impact times in the experiment, 
only partial curves of each sample are presented. Under the same impact pressure, the 
amplitude of the incident wave basically overlaps, and the incident, reflected, and trans-
mitted waves are all half-sine waves. The incident waves of multiple impacts have a good 
coincidence, suggesting that the impact velocity has been precisely controlled. When 
stress waves are loaded on the specimen, the filtered incident waveform will not exhibit 
significant oscillations. The amplitude of the transmitted wave is less than that of the in-
cident wave, and the variation trend of the reflected wave is generally opposite to that of 
the transmitted wave. These specimens have similar stress wave features. The pre-existing 
fissures in the specimen have a certain effect on the transmission of stress waves in the 
specimen, leading to varying degrees of fluctuations in the stress waves. This may be be-
cause, under one-dimensional stress wave conditions, fissures undergo varying degrees 
of inelastic deformation, which makes the stress waves jump to different degrees. 

On the other hand, under constant impact pressure, the amplitude of the incident 
wave is the same, while the reflected wave and transmitted wave have approximately 
coincident waveforms in the first few impacts, suggesting that the impact triggered a 
slight damage to the rock in the stage before the formation of micropores and cracks. The 
amplitude of the transmitted wave reaches its maximum value in the first impact and de-
creases in subsequent impacts. Under the same impact pressure, the degree of damage to 
the rocks varies. In the early stages, the transmitted wave amplitude of rocks is small, and 
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examination of stress equilibrium (b).

3.2. Stress Wave Characteristics

The spread characteristics of stress waves inside the rocks during impact loading sig-
nificantly affect the dynamic responses and failure patterns of the rocks. When stress waves
propagate to structural planes, fissures, or discontinuities in rock masses, they can cause
the initiation, growth, and connection of cracks, ultimately resulting in rock mass rupture.
The reflected wave can reflect the strain changes, and the transmitted wave can characterize
the average stress changes in the rock mass. Thus, understanding the transmission features
of stress waves can help to better predict the dynamic mechanical features and failure
mechanisms of rocks. Figure 8 shows the three-wave voltage versus time curves of the
fractured specimens under different quasi-triaxial pressures and repeated impact loading.
Because of the high number of repeated impact times in the experiment, only partial curves
of each sample are presented. Under the same impact pressure, the amplitude of the
incident wave basically overlaps, and the incident, reflected, and transmitted waves are all
half-sine waves. The incident waves of multiple impacts have a good coincidence, suggest-
ing that the impact velocity has been precisely controlled. When stress waves are loaded on
the specimen, the filtered incident waveform will not exhibit significant oscillations. The
amplitude of the transmitted wave is less than that of the incident wave, and the variation
trend of the reflected wave is generally opposite to that of the transmitted wave. These
specimens have similar stress wave features. The pre-existing fissures in the specimen have
a certain effect on the transmission of stress waves in the specimen, leading to varying
degrees of fluctuations in the stress waves. This may be because, under one-dimensional
stress wave conditions, fissures undergo varying degrees of inelastic deformation, which
makes the stress waves jump to different degrees.

On the other hand, under constant impact pressure, the amplitude of the incident wave
is the same, while the reflected wave and transmitted wave have approximately coincident
waveforms in the first few impacts, suggesting that the impact triggered a slight damage
to the rock in the stage before the formation of micropores and cracks. The amplitude
of the transmitted wave reaches its maximum value in the first impact and decreases in
subsequent impacts. Under the same impact pressure, the degree of damage to the rocks
varies. In the early stages, the transmitted wave amplitude of rocks is small, and the energy
consumption is low. After multiple repeated impacts, the damage accumulates and forms
microcracks, increasing the energy consumption of the rock damage. With increasing
impact times, the energy consumption of the sample damage also increases gradually.
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Figure 8. Typical three-wave voltage–time curves of the fractured specimens exposed to different 
quasi-triaxial pressures and repeated impact loading: (a) specimen FGS-1; (b) specimen FGS-2; (c) 
specimen FGS-3; (d) specimen FGS-4; (e) specimen FGS-5; (f) specimen FGS-6. 
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Figure 8. Typical three-wave voltage–time curves of the fractured specimens exposed to different
quasi-triaxial pressures and repeated impact loading: (a) specimen FGS-1; (b) specimen FGS-2;
(c) specimen FGS-3; (d) specimen FGS-4; (e) specimen FGS-5; (f) specimen FGS-6.

In addition, as the impact times increase, the amplitude of the transmitted wave
progressively decreases, indicating that the degree of damage of the specimen increases
during the cyclic impact process. With the initiation and growth of new cracks inside the
sample, the number of reflections of the incident wave on the crack surface increases, which
results in a fall in the transmitted energy produced by the incident wave after passing
through the sample, and thus the corresponding amplitude of the transmitted wave is
weakened. The amplitude of the reflected wave of the sample appears to increase at the
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last impact, which may be because, after the sample is damaged under the impact load,
the pre-loaded static pressures make the stress wave unable to transmit, resulting in an
increase in the reflection of the stress wave at the end of the specimen, and therefore the
corresponding amplitude of the reflected wave increases. When Pc = 8 MPa, the amplitude
of the transmitted wave declines with increasing Pa values, and cracks develop in the
specimen, and the damage progressively accumulates until the cracks propagate and
penetrate. At this time, the ability of the specimen to resist external impacts weakens.
Moreover, when the pre-loaded Pa is 8 MPa, the amplitude of the transmitted wave
descends with a growing Pc value, indicating that increasing the Pc within a certain range
can limit the initiation and growth of cracks in the sample, thereby enhancing the ability of
the rock to resist external impacts.

3.3. Dynamic Stress–Strain Behavior

The representative dynamic stress–strain curves of the fractured samples exposed to
diverse quasi-triaxial static pressures and repeated impact loading are presented in Figure 9.
In general, the dynamic stress–strain behavior of the fractured specimens subjected to
diverse stress conditions exhibits a certain degree of similarity. The curves of these samples
have almost no noticeable initial compaction stage (concave curve) and directly enter the
approximate elastic deformation stage after the specimens are subjected to impact loads.
This is because the stress pulse duration is extremely short, and the initial micro-cracks
cannot be closed in time under the impact load, resulting in the curve in the initial stage
being almost linear, without a compaction process. Also, these curves are relatively smooth,
without a significant stress drop. Similar phenomena have also been observed in some
previous studies [12,19,44].

The dynamic stress–strain curves of the samples exposed to various Pc and Pa values
can be roughly divided into three stages: the approximate elastic stage, crack propagation
stage, and post-failure stage (i.e., the stage after peak stress). In the approximate elastic
stage, the internal cracks of the sample are compacted, and the specimen maintains elastic
deformation. As such, the dynamic stress–strain curve is nearly a straight line. At this
stage, the load is largely borne by the particle skeleton and holes of the specimen. After
multiple impacts, the sample still maintains good elastic deformation properties at this
stage. In the crack expansion stage, with the increase in stress, some holes and cracks
expand and penetrate, and the tangent slope of the stress–strain curve is smaller than that
in the approximate elastic stage. At this stage, the loading stress exceeds the ultimate load
of most holes, leading to the collapse of the holes. Near the collapsed holes, the stress
rapidly concentrates, causing a temporary strain-hardening phenomenon. The stress–strain
curve temporarily shows an upward convex form, and the tangent slope first increases and
then decreases. Moreover, after multiple impacts, the tangent slope sharply decreases, and
the stress–strain curves of several samples are nearly horizontal. The main reason for this
is the formation of a large number of cracks in the specimens, forming a stress relaxation
platform. In the post-failure stage, the stress generally declines with increasing strain,
manifested as a typical class II rebound curve. The class II curve reveals the strain rebound
phenomenon of the sample during the unloading process. At this time, the specimen
has not completely broken and still has a certain bearing capacity. The reason for the
rebound phenomenon is that the specimen initially has a high integrity and large wave
impedance [45]. When stress waves are transmitted to the specimen, the larger wave
impedance of the sample increases the amplitude of the transmitted wave. The larger the
amplitude of the transmitted wave, the smaller the corresponding amplitude of the reflected
wave, and the faster the time to reach the peak point. However, with the continuous action
of the incident stress wave, the reflected wave amplitude begins to decrease, eventually
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causing the direction of the reflected wave to be consistent with that of the incident wave,
and the strain begins to descend, resulting in the strain rebound phenomenon. Another
explanation is that during the pre-loading confining and axial pressures to the specimens, a
certain amount of elastic energy is stored in the specimens, and the repeated impact loads
do not cause the samples to completely break, resulting in the original elastic stress in
the specimens being greater than the loading stress during stress unloading. The residual
elastic strain energy accumulated in the sample is released during the unloading process,
which leads to the rebound phenomenon.
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pressures and repeated impact loading: (a) Pa = 8 MPa, Pc = 8 MPa; (b) Pa = 8 MPa, Pc = 12 MPa;
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Pc = 8 MPa.



Fractal Fract. 2025, 9, 71 14 of 30

According to the stress–strain curves after multiple impacts, with increasing impact
times, the strain rebound phenomenon of the specimen gradually weakens. This is because
microcracks in the specimen begin to expand and penetrate with increasing impact times,
and the damage is aggravated, which leads to a decrease in the wave impedance of the
specimen. As a consequence, when the stress wave is transmitted to the sample, the
amplitude of the superimposed reflected wave grows and the amplitude of the transmitted
wave declines due to multiple reflections at the crack interface. Additionally, the peak value
of the reflected wave appears later because the direction of the reflected wave is opposite to
that of the incident wave. At the same time, because the direction of the transmitted wave
is consistent with that of the incident wave, the time of the transmitted wave peak appears
earlier and earlier. According to the hypothesis of stress uniformity, the strain of the sample
begins to increase, the stress decreases, and the rebound phenomenon gradually weakens.
Under the final impact, the first half of the dynamic stress–strain curves of the samples
remains approximately straight, while the second half has a significant right-leaning shape,
the samples are broken, and the peak strains increase. For the same specimen, as the impact
times increase, the hysteresis loop area of the specimen significantly increases.

The difference in the dynamic stress–strain curves of the samples exposed to varying
Pc and Pa values is primarily manifested in the growth rate and plastic section. This may be
due to the diverse matching correlations between the wave impedance of the specimen and
the incident bar under different stress conditions, resulting in differences in the stress level
of the specimens. The irreversible plastic deformation of the specimen after dynamic failure
is relatively larger in two cases—when the Pa is constant and the Pc is smaller, and when
the Pc is constant and the Pa is larger—which agrees fairly well with the expected results.

3.4. Dynamic Strength and Deformation Properties
3.4.1. Dynamic Strength Characteristics

The maximum stress corresponding to the dynamic stress–strain curve obtained for
each impact in the repeated impact test of pre-stressed specimens is called the dynamic
peak strength (DPS) of the fractured sample at that impact. Figure 10 reveals the variation
in the DPS with the impact times. The impact times, Pa, and Pc all have significant effects
on the DPS of the specimen. Under certain axial and confining pressures, the DPS of the
specimen decreases linearly with increasing impact times. As Pa and Pc grow, the change
in DPS presents a certain regularity. Specifically, in Figure 10a, when Pa = 8 MPa, as Pc

increases from 8 to 20 MPa, the DPS shows an increasing trend, indicating that increasing
the Pc value within the designed range increases the specimen’s ability to resist impact
disturbances. In Figure 10b, when Pc = 8 MPa, as Pa grows from 8 to 20 MPa, the DPS tends
to decrease. That is, when the impact times are the same and the Pc remains unchanged,
the DPS reduction rate of the rock is greater under larger axial pressure. In summary, the
development of cracks inside rocks is influenced by both axial and confining pressures,
and the stress environment in which the rock is located promotes corresponding changes
in the structural characteristics of the rock, ultimately altering its mechanical properties.

The average value of the DPS of each impact obtained in the repeated impact test
is defined as the average DPS of the sample. The correlation between average DPS and
axial and confining pressures can indirectly reflect the influence of pre-loading on the
deterioration of rock strength. Figure 11 displays the variation in the average DPS of
the sample with a rising Pc and Pa. As presented in Figure 11a, the average DPS of the
sample rises with increasing Pc values, which indicates that Pc significantly improves the
compactness of the specimen. As the Pc value increases, the development of microcracks
is inhibited, and the internal microcracks of the sample are tightly closed, resulting in a
further increase in compactness. In Figure 11b, the average DPS tends to descend with
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increasing Pa values, mainly because axial pressure facilitates the initiation and propagation
of microcracks inside the specimen, which leads to a decline in the number of impacts the
specimen can withstand under the same impact pressure and a decrease in its capability
to resist external impact disturbances. If the difference between Pa and Pc is defined as
deviatoric stress, it can be inferred that the smaller the deviatoric stress, the stronger the
rock’s capability to withstand external impacts.
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Figure 10. Variation in DPS with impact times when exposed to diverse Pc (a) and Pa (b) values.
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Figure 11. Variation in average DPS with confining pressure (a) and axial pressure (b).

3.4.2. Dynamic Deformation Characteristics

Under the action of dynamic impact loads, rocks undergo instantaneous deformation,
and the elastic deformation of rocks in a very short time can be ignored. Hence, the dynamic
deformation modulus (DDM) can more accurately reflect the dynamic deformation features
of rocks. The DDM is defined as the weighted average of the secant modulus, the first type
of secant modulus, and the deformation modulus of the loading section of the dynamic
stress–strain curve [46]. The correlation between the DDM of the sample and the number
of impacts is drawn in Figure 12. There are certain differences in the trend of the DDM
with impact times under various Pa and Pc values. In Figure 12a, when Pa = 8 MPa and
the Pc values are 8, 12, 16, and 20 MPa, the DDM shows a rapid downward tendency with
increasing impact times. This is the result of the cumulative evolution of internal damage
in the specimen during the cyclic impact process. As the number of impacts increases, the
capability of the sample to resist external dynamic loads decreases, and the magnitude of
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deformation also relatively increases under the same impact load. When the Pc values are 8
and 12 MPa, respectively, their DDM in the initial impact stage appears cross-phenomenon,
that is, when Pc = 8 MPa, the DDM decreases slowly. When Pc = 16 MPa, there is an increase
in deformation modulus at the last impact. Moreover, with increasing Pc values, the DDM
rises, with the maximum DDM at a Pc value of 20 MPa and the minimum DDM at a Pc

value of 8 MPa.
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In Figure 12b, when Pc = 8 MPa and the Pa values are 8, 14, and 20 MPa, the DDM
also shows a downward trend with increasing impact times. The decrease in DDM during
the first few impacts is significant. This is because the pre-loaded axial compression makes
the microcracks inside the specimen almost completely closed, resulting in damage to the
sample during the impact process. The impact resistance of the specimen is greatly reduced,
but at this time, the original or newly generated microcracks in the specimen propagate
very slowly or even have no time to propagate. In the subsequent repeated impact process,
when Pa = 8 MPa, the DDM decreases almost uniformly. When Pa = 14 MPa, the DDM
decreases uniformly at first and then suddenly. These phenomena can be attributed to the
slow expansion of internal microcracks in the sample after multiple impacts. Because of
the rapid impact rate, the time for microcrack expansion is limited, resulting in a period
of uniform expansion. However, the cumulative damage progressively increases, and the
impact resistance of the sample will continue to decrease. Finally, the sudden drop in the
DDM is due to the penetration of microcracks, which promotes the macroscopic failure
of the sample. When Pa = 20 MPa, the DDM decreases rapidly, and the magnitude of the
decrease is also significant. This is because pre-applied axial pressure has already caused
microscopic damage to the specimen, and the specimen experienced the compaction and
slow propagation of internal microcracks when the axial pressure was pre-loaded. Under
the action of impact load, the specimen begins to undergo macroscopic failure, and the
DDM drops rapidly. This is also the reason why the total number of repeated impacts
that the sample can withstand under higher axial pressure is lower. In addition, the DDM
descends with increasing Pa values. When the Pa values are 14 and 20 MPa, their DDM
exhibits a cross-phenomenon during the impact stage. The variability in the DDM of
the sample under axial pressure conditions is greater than that under confining pressure
conditions. The decreasing trend in the DDM varies with different Pa and Pc values,
and the dynamic mechanical properties of rock masses exposed to diverse static stress
environments may also differ significantly under the same impact disturbance. Therefore,
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fully understanding the changing law of the rock DDM can provide a theoretical basis for
predicting the dynamic failure of engineering rock masses.

The average DDM is calculated using the DDM of the samples after each impact
under the same Pa value as well as the same Pc value. The correlation between the average
DDM and the Pa and Pc values is shown in Figure 13. When Pa = 8 MPa, the average
DDM of the specimen shows an increasing trend with increasing Pc values (Figure 13a).
The presence of confining pressure prevents the lateral deformation of the specimen and
enhances the rock’s ability to resist external impacts to some extent. In Figure 13b, when
Pc = 8 MPa, with increasing Pa values the average DDM drops, that is, the more new
microcracks germinate inside the specimen under the same impact pressure, the greater its
compression deformation.
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The maximum strain (MS) refers to the maximum value of the strain generated by
the specimen after each impact under various axial and confining pressure conditions.
The higher the MS, the greater the deformation of the specimen and the more severe the
specimen damage. The variation law of MS with impact times is shown in Figure 14.
The MS grows with increasing impact times under diverse Pa and Pc values. Due to the
differences in Pc and Pa, the trend of the MS also changes, and the increasing trend lines
appear to intersect or be approximately parallel. When Pa is constant, the MS decreases
with increasing Pc values (Figure 14a), while when the Pc value is constant, the MS grows
with increasing Pa values (Figure 14b). The changing trend in MS with impact times is
exactly opposite to that of the DDM changing with impact times. When Pa = 8 MPa and the
Pc values are 8 and 12 MPa, respectively, the trend lines of their MSs intersect, and a similar
situation also occurs when Pc = 8 MPa and the Pa values are 14 and 20 MPa, respectively.
In addition, when the Pc value is constant, the MS curve under a small Pa value appears in
a slow growth stage with increasing impact times, since the deformation is relatively small
during this stage due to compaction. Most samples experience a sudden increase in strain
during the last one or several impacts, which is due to macroscopic rupture and a decrease
in their ability to resist external loads.
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3.4.3. Impact Resistance Performance

Rock structure and stress conditions have a significant influence on the impact re-
sistance of rocks. In repeated impact tests, the impact resistance of rocks is usually char-
acterized by the number of impacts that they can withstand. To quantitatively analyze
the correlation between the accumulated impact times (AITs) that rocks can withstand,
confining pressure, and axial pressure, the correlation between the AIT and the ratio of Pc

to Pa is plotted in Figure 15. As Pc/Pa grows, the AIT gradually rises, roughly showing
a quadratic polynomial relationship. It can be predicted that as Pc/Pa further increases,
the increased rate of AIT will gradually slow down. Because the pre-applied Pc limits the
lateral deformation of the sample to a certain extent, there is no trend of crack propagation
inside the specimen under axial pressure. The confining and axial pressures predominantly
compact the original microcracks in the specimen, and the specimen eventually fails under
repeated impact loads. With increasing impact times, the mechanical properties of the
specimen deteriorate, and the effect of Pc and Pa on the sample failure can be gradually
demonstrated. These findings can be used to accurately predict the total number of cyclic
impacts that rocks can withstand under different confining and axial pressures, thus pro-
viding a basis for blasting parameter design and dynamic disaster prevention and control
in rock engineering.
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4. Dynamic Failure Mechanism
4.1. Fracture Behaviors

The fracture behavior of the specimen can be regarded as the result of the distribution
and interaction between prefabricated fissures and original microcracks under impact load-
ing. Analyzing the crack propagation morphology and fracture behavior of the fractured
specimens is crucially important for understanding the fracturing and instability of rock
masses under quasi-triaxial pressures and impact disturbance conditions. The fracture
characteristics and corresponding sketches, as well as the NMRI results, of each specimen
after the penultimate impact under diverse Pc and Pa values are listed in Table 2. After
the penultimate impact, these specimens still have a certain degree of geometric integrity,
which is conducive to observing the fracture characteristics of the specimens. Tensile cracks
are identified as cracks propagating along the loading orientation, while shear cracks are
considered as cracks propagating obliquely to the loading direction and forming visible
shear bands [23,47]. As shown in Table 2, when Pa = 8 MPa, the number of cracks devel-
oped in the specimen tends to drop with increasing Pc values. In contrast, the cracks in
sample FGS-1 are the most developed, while the cracks generated in sample FGS-4 are the
least so, which can also be seen from their NMRI results. This is because the confining
pressure improves the impact resistance of the specimen to a certain extent, and the greater
the Pc value, the stronger the lateral constraint on the sample. In low confining pressure
environments, the axial impact load induces both compressive and tensile stresses at the
tips of prefabricated fissures and primary microcracks, forcing the specimen to undergo
complex tensile and shear failure and resulting in an irregular final fracture surface. Under
low Pc values (8, 12, and 16 MPa), numerous shear and tensile cracks arise in the samples,
and these cracks are interconnected and converge to form large-scale macroscopic fracture
surfaces, and the surface of the samples peels off, which will lead to a higher degree of
ultimate destruction to the samples. In addition, due to brittle failure, abundant far-field
cracks are generated in the samples. When the Pc is high, the initiation and expansion of
microcracks in the sample are difficult. Repeated impact pressure promotes the specimen
to develop approximately parallel to the crack end and gradually along the impact loading
direction, resulting in a small angle between the fracture surface and the impact loading
orientation. Some original microcracks in the specimen expand and penetrate, forming
fewer macroscopic fracture surfaces, and the specimen does not undergo surface peeling,
maintaining good integrity. The specimen under the higher Pc value (20 MPa) is mainly
subjected to tensile failure, with localized small-scale shear failure.

On the other hand, axial pressure plays a key role in inducing cracks inside the
specimen, thereby weakening the load-bearing capability of the microelements. When
Pc = 8 MPa, with increasing Pa values, the compressive stress on the defective microstruc-
ture inside the sample increases, and the tendency of cracking in different directions
increases, leading to different fracture behaviors. With multiple reflections and transmis-
sions of stress waves, some shear cracks and tensile cracks emerge in the sample under the
low Pa value (8 MPa). When the Pa is high, the microcracks inside the specimen undergo a
small expansion after compaction, and repeated impacts induce the initiation of microc-
racks around the prefabricated fissures, promoting the accumulation of internal damage in
the specimen. Under higher Pa values (14 and 20 MPa), anti-wing cracks and secondary
coplanar cracks are developed in the specimens, mainly characterized by shear failure.
Cracks perpendicular to the impact loading direction are generated in a local area of the
sample, which may be caused by the sample breaking when expanding laterally.
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Table 2. Fracture features of fractured specimens exposed to various axial and confining pressures
and repeated impact loading.

Sample
Number

Axial
Pressure/MPa

Confining
Pressure/MPa Impact Times Fracture Features Sketches Pore Distribution

FGS-1 8 8 25
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Three types of cracks can be observed from the dynamic fracture characteristics of the
samples exposed to various Pc and Pa values—tensile cracks, shear cracks, and tensile +
shear cracks—which are determined by the behavior of crack initiation and expansion. The
characteristic of tensile cracks is the opening of the crack surface, while the characteristic of
shear cracks is the relative sliding along the crack surface. Tensile + shear cracks refer to
cracks that start with one type of crack (tensile or shear) and then propagate with another
type of crack. Tensile cracks generally begin at or near the tips of cracks or pores and
propagate in a tortuous manner along the impact loading orientation. Their growth is
initially stable but may become unstable during coalescence. The propagation path of
these tensile cracks is not completely parallel to the impact loading direction but rather
meanders through the specimen, which may be because the cracks always propagate along
the boundaries of large mineral particles in the specimen matrix. Shear cracks generally
propagate at a large angle to the impact loading direction, with both large-scale shear
fracture surfaces and locally small-sized shear cracks, which depend on the compression
conditions. The unstable process of shear crack propagation directly affects the fracture
behavior of the specimen. Tensile + shear cracks are formed by the connection of tensile
and shear cracks, and during their formation, both the micro-shear failure mechanism and
micro-tensile failure mechanism exist in the sample. Generally, the growth of tensile + shear
cracks is relatively stable in the early stage but may become unstable in the later stage. As
the impact load is repeated, some secondary cracks emerge one after another, which are
interconnected with the cracks produced earlier. The specimen is divided into multiple
blocks, and the volume of the specimen expands laterally. After the penultimate impact, the
growth lengths of these three types of cracks are limited and have not yet penetrated the
entire specimen. In addition, by observing the fracture characteristics of all the specimens,
it is found that for the initiation of microcracks, when the impact loading direction is
in line with the original defect orientation around the tips of the prefabricated fissures,
theoretically the microcracks should preferentially initiate at the stress concentration of
the original flaws or the positions with the maximum tensile stress [7,48]. However, in
practical situations, microcracks can also initiate at positions parallel to the impact loading
direction without flaws. The presence of prefabricated fissures alters the stress distribution
pattern in the specimen [49], and a high-stress concentration is easily formed around the
fissures, leading to more cracks distributed around them. Note that the crack distribution
in space is uneven, with some cracks expanding and closing, which is related to stress
adjustment in the specimen. Furthermore, cracks do not propagate in two dimensions
within a plane, but in three dimensions, and the internal crack propagation mode of the
specimen is much more complex than the surface. The results of NMRI correspond well
with the actual fracture morphology of the samples (Table 2).

4.2. Failure Modes

The fragmentation morphology of the samples after being impacted under different Pc

and Pa values is shown in Figure 16. From Figure 16a–d, it can be seen that the fragmenta-
tion size of the broken specimen subjected to the same Pa value increases correspondingly
with increasing Pc values, which is more evident after sample FGS-4 is broken. When the
Pc value is smaller, the lateral constraint on the sample is insufficient, and the cracks in the
specimen develop freely. With the increasing impact times, the degree of damage becomes
more and more severe, which finally results in the macroscopic failure of the sample along
the penetrated crack surface, forming a large number of fragments. When the Pc value is
higher, it is more difficult to germinate new cracks in the specimen during impact. At this
time, the impact pressure is not enough to promote the generation of considerable cracks
in the specimen. Due to the small number of cracks generated during impact, the final
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fracture surface formed is relatively small, resulting in a smaller number of fragmentations
that ultimately fail the specimen and a corresponding larger fragmentation size. The results
demonstrated that higher Pc values allowed fractured rocks to sustain greater loads and
exhibit more ductile behavior. Hence, a certain range of confining pressure is proven to be
an effective method of reducing rock brittleness and delaying rock failure.
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In Figure 16a,e,f, when the Pc value is the same, as the Pa rises, the fragmentation size
of the fractured specimen tends to fall, which is more evident after the crushing of sample
FGS-6. The same Pc value makes the specimen be subjected to the same lateral restraint.
At this time, the greater the pre-applied Pa value, the more elastic energy is stored inside.
When repeated impact disturbances induce the initiation of new cracks, due to the large
amount of energy stored in the sample, the energy supply absorbed by crack initiation is
sufficient, increasing the number of produced cracks. When the last impact occurs, the
crack rapidly expands and penetrates, and the sample undergoes a phenomenon similar to
a “rock burst”, producing a large number of fragments.

When the Pc values are 8, 12, and 16 MPa (Figure 16a–c), some of the fragments have
larger sizes and are shaped like splitting strips, and their fracture surfaces are relatively
smooth with no noticeable friction marks, which implies that the failure pattern of these
specimens is mainly tensile failure. Furthermore, the samples with Pc values of 8 and
12 MPa also produce small-scale triangular pyramid-shaped fragments, and their fracture
surfaces are mostly oblique to the axis of the specimen and nearly penetrate through
the entire specimen, indicating that these specimens also experience typical single-slope
shear failure accompanied by tensile failure. In addition, when the Pa values are 14 and
20 MPa, the surface of the broken blocks of the specimens has obvious friction marks, and
transgranular shear fracture occurs, accompanied by a large amount of rock debris. This
suggests that these specimens experience intense friction between the blocks on both sides
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of the fracture surfaces during the failure process, and the failure mode is mainly shear
failure. Meanwhile, some fragments also have columnar shapes, indicating that these
specimens undergo tensile failure simultaneously.

In summary, the instability and failure of rocks are the result of the combined action
of static and dynamic loads. In particular, repeated impact loading accelerates the rock
failure process, particularly in rocks with fissures. Progressive damage accumulation leads
to a reduction in rock strength and subsequent rock failure over time. The interactions
between the fissures, the surrounding rock matrix, and external forces lead to distinct
deformation and failure patterns that are critical in rock engineering. Moreover, when
the static load is within a certain range, the probability of disasters (such as rock bursts)
occurring under dynamic disturbances is relatively high. That is, static pressures do not
necessarily improve the rock’s resistance to repeated impact loading, suggesting that there
is an optimal pressure range for preventing failure. The loading history of the specimen
shapes its internal crack distribution, thereby affecting its resistance to impact loads. The
rock mass failure modes caused by dynamic loads can be summarized into two types: one
is instability and failure dominated by dynamic loads, whose energy source predominantly
originates from the dynamic loads; the other is instability and failure induced by dynamic
loads, whose energy source predominantly comes from historical loads. This provides
new ideas for understanding the mechanism of dynamic disasters in rock engineering and
guiding future engineering design and disaster prevention.

5. Fractal Features
Recently, fractal theory has been widely applied as a nonlinear dynamic method.

Under the combined action of pre-applied confining and axial pressures and repeated
dynamic impact loads, fractured specimens gradually break up and produce fragments and
debris with different sizes and masses. Currently, the distribution characteristics of these
fragments and debris are usually analyzed from the aspects of fragment and debris size
and mass to discuss the influence of confining and axial pressures on the fractal dimension
of the fractured specimens. The fractal dimension of the sample directly and quantitatively
reflects the degree of rock fragmentation. The greater the fractal dimension of the specimen
and the more fragments and debris it contains, the higher the degree of fracture.

The fractal dimension of the specimen can be computed by the mass-equivalent side
length of the fragments and debris:

D = 3 − α (5)

in which,

α =
lg
(

MLeq /M
)

lgLeq
(6)

where MLeq is the debris mass corresponding to an equivalent edge length of Leq; M is the
total debris mass; D represents the fractal dimension of the debris; α means the slope value
of MLeq /M − Leq in the double logarithmic coordinate system; and MLeq /M represents the
cumulative percentage content of the debris with an equivalent side length less than Leq.

According to the calculation principles of fractal dimensions, the better the linear
correlation between lg

(
MLeq /M

)
and lgLeq is, the more apparent the fractal characteristics

of the fragments are. If the measured data exhibit a good linear correlation in several
different segments, it indicates that the distribution has statistical self-similarity at multiple
scales. The fractal dimension D, computed using Equations (5) and (6), ranges from 0 to 3.
When D = 0–2, the larger-size fragments account for a significant proportion; when D = 2,
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the mass proportions of fragments across different size ranges are equal; and when D = 2–3,
the smaller-size fragments account for a larger proportion.

After repeated impact tests, the broken sample fragments and debris are collected
and sieved. Due to the large amount of fine blocks and particles generated after sample
crushing, the sample fragments are finely divided to facilitate the study of the features
of the specimen fragments. Thus, the sieve sizes are 0–1, 1–2.5, 2.5–5, 5–10, 10–20, 20–35,
35–50, 50–75, and 75–100 mm, respectively. For fragments smaller than 5.0 mm, it is difficult
to directly measure their size, so sieving is performed using a sieve with the corresponding
aperture. For fragments larger than 5.0 mm, their size is first measured with a caliper, and
then they are weighed. The mass of fragments in different size ranges is recorded, and
the largest size fragment of each specimen is selected and weighed. The distribution of
fragments after screening is shown in Figure 17.
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The sieving statistical results of the specimen fragments under different loading con-
ditions are listed in Table 3, and the relationship between the equivalent edge length and
the mass logarithm of the specimen fragments is presented in Figure 18. It can be found
that there is a good linear correlation between lg

(
MLeq /M

)
and lgLeq, with correlation

coefficients greater than 0.86, indicating that the fractal characteristics of the sample frag-
ments under diverse loading conditions are very remarkable. The fractal dimension values
of these specimens all lie between 2 and 3, indicating that the proportion of smaller-size
fragments is relatively high, which is completely consistent with the actual situation. On
the other hand, when Pa = 8 MPa and the Pc value increases gradually from 8 to 20 MPa,
the fractal dimensions of the samples after repeated impacts are 2.44, 2.32, 2.23, and 2.12,
respectively. This implies that as the Pc value grows, the fractal dimension shows a descend-
ing tendency. In other words, under the same Pa value, specimens that were pre-loaded
with smaller Pc values will be more fragmented when subjected to the same impact load,
and the degree of fragmentation of the specimens is less affected by the form of the impact
load. This is because when the Pc value is small, the radial constraint on the specimen is
relatively weak, allowing the more sufficient development and propagation of cracks inside
the specimen under repeated impact disturbances, leading to larger cumulative damage
and a higher degree of fragmentation of the sample. Whereas, when the Pc value is rela-
tively large, the initial microcracks inside the specimen are compacted, and the specimen
experiences greater radial constraint, resulting in an overall increase in specimen strength
and making it less prone to severe fragmentation under the same repeated impact load.

Table 3. Statistics of sample fragment distribution.

Sample
Number

Debris Mass/g

D0–1
mm

1–2.5
mm

2.5–5
mm

5–10
mm

10–20
mm

20–35
mm

35–50
mm

50–75
mm

75–100
mm

FGS-1 15.91 4.98 11.93 18.48 19.92 20.73 105.94 297.17 / 2.44
FGS-2 6.40 2.14 3.67 7.84 16.0 38.03 121.98 / 308.36 2.32
FGS-3 16.02 5.68 11.86 12.14 6.42 21.81 26.24 156.34 245.07 2.23
FGS-4 5.80 1.15 5.37 4.68 9.06 10.74 39.27 95.21 336.77 2.12
FGS-5 18.95 10.61 9.32 10.24 22.08 58.53 100.89 / 251.56 2.46
FGS-6 24.00 15.88 12.96 17.33 36.18 66.27 190.75 136.69 / 2.52

In addition, when Pc = 8 MPa and the Pa values are 8, 14, and 20 MPa, the fractal
dimensions of the samples obtained after repeated impacts are 2.44, 2.46, and 2.52, re-
spectively. It can be observed that with increasing Pa values, the proportion of small-size
fragments of the sample shows an increasing trend. Through the analysis of the failure
mode and distribution characteristics of the fragments, it can be induced that the larger Pa

values may have caused initial damage to the specimen structure. Under repeated impacts,
numerous microcracks formed inside the specimen, which were previously subjected to
the larger axial pressure, propagate and penetrate, releasing energy instantly, so that the
specimen is severely damaged, and a large number of small-sized fragments are produced.
Consequently, when the Pc value is constant, the higher the Pa value, the greater the fractal
dimension and the higher the degree of fragmentation of the sample caused by the same
repeated impacts. In this case, the risk of dynamic disasters occurring in the rock mass
increases, and once a disaster occurs, it will cause significant harm.
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By analyzing the fractal dimension of the fractured rock mass after failure under
repeated impact loading, important guidance can be provided for rock engineering con-
struction and disaster prevention and control, which is multifaceted. Fractured rock masses
undergo multiple breakages and ruptures under repeated impact loads, eventually forming
a certain group of fragments. The fractal dimension of the fragments can quantitatively
describe their complexity and self-similarity. By analyzing the fractal dimension, the failure
mode of the rocks exposed to dynamic loading can be predicted, allowing for an assessment
of their stability and degree of failure. Moreover, studying the distribution characteristics of
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the fragments can help engineers better understand the energy transfer, crack propagation,
and fragmentation mechanisms of fractured rock masses in the fracture process, providing
a more accurate mathematical model for rock mass failure analysis. Changes in the fractal
dimension can be adopted to predict the extent of rock mass fragmentation and possible
failure modes under different loading conditions. On the other hand, fractal dimension
analysis can effectively evaluate the response characteristics of rock masses at different
damage levels to disasters. Particularly under seismic or explosive loading, the extent of
rock fragmentation is closely associated with the consequences of the disaster. Fragmented
rock masses with high fractal dimensions may lead to changes in the spread features of
seismic waves, increasing the risk of secondary disasters (such as landslides and collapses)
after the main disaster. Thus, using the fractal dimension to assess fragment characteristics
after rock mass failure can provide important data support for disaster prevention and
control, emergency response, and safety management. Additionally, quantitative criteria
for rock mass stability assessment can be provided by analyzing the fractal dimension. For
example, during the construction of tunnels, mines, or other underground structures, the
extent of damage to the rock mass under repeated impact loads may affect construction
progress and safety risks. Fractal dimension analysis can help engineers design more rea-
sonable support systems, predict any potential rock mass deformation and failure during
different construction stages, and thus reduce risks during construction. Furthermore, more
effective reinforcement measures are allowed to be taken, tailored to different rock mass
failure modes.

6. Conclusions
(1) The amplitude of the transmitted wave declines with increasing axial pressure,

the cracks develop in the specimen, and the damage progressively accumulates until the
cracks propagate and penetrate. The amplitude of the transmitted wave descends with a
rising Pc value, indicating that increasing the Pc value within a certain range can limit the
initiation and growth of cracks in the sample, thereby enhancing the ability of the rock to
resist external impacts. Moreover, the dynamic stress–strain curves of the samples exposed
to diverse Pc and Pa values can be roughly divided into three stages: the approximate
elastic stage, crack expansion stage, and post-failure stage, belonging to typical class II
rebound curves. With increasing impact times, the strain rebound phenomenon gradually
weakens. The difference in the dynamic stress–strain curves of the samples exposed to
various Pc and Pa values is primarily manifested in the growth rate and plastic section.

(2) The impact times, Pa value, and Pc value all significantly affect mechanical proper-
ties. Under certain axial and confining pressures, with increasing impact times, the DPS
and DDM of the specimen drop linearly, while the MS shows an opposite trend. When the
Pa value is constant, with increasing Pc values the DPS, average DPS, DDM, and average
DDM increase, while the MS declines. When the Pc value is constant, as the Pa value
grows the DPS, average DPS, DDM, and average DDM appear to decrease, while the MS
increases. In addition, as Pc/Pa rises, the AIT gradually increases, roughly showing a
quadratic polynomial relationship.

(3) With multiple reflections and transmissions of stress waves, numerous shear cracks
and tensile cracks developed in the specimens under low Pc values (8, 12, and 16 MPa),
and these cracks are interconnected and converge to form large-scale macroscopic fracture
surfaces, and the surface of the samples peels off, leading to a higher degree of ultimate
destruction to the samples. The specimen under the higher Pc value (20 MPa) is mainly
subjected to tensile failure, with localized small-scale shear failure. Moreover, some shear
cracks and tensile cracks developed in the specimen under the low Pa value (8 MPa), while
under the higher Pa values (14 and 20 MPa), anti-wing cracks and secondary coplanar
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cracks developed in the specimens, mainly characterized by shear failure. Overall, three
types of cracks can be observed from the dynamic fracture characteristics of the samples
exposed to various Pc and Pa values—tensile cracks, shear cracks, and tensile + shear
cracks—which are determined by the behavior of crack initiation and propagation.

(4) When Pa = 8 MPa and the Pc value increases gradually from 8 to 20 MPa, the fractal
dimensions of the samples after repeated impacts are 2.44, 2.32, 2.23, and 2.12, respectively.
This implies that as the Pc value rises, the fractal dimension shows a downward tendency.
In addition, when Pc = 8 MPa and the Pa values are 8, 14, and 20 MPa, the fractal dimensions
of the samples obtained after repeated impacts are 2.44, 2.46, and 2.52, respectively. The
larger the pre-applied axial pressure, the greater the fractal dimension and the higher
the degree of fragmentation of the sample caused by the same repeated impacts. By
analyzing the fractal dimension of the fractured rocks after failure under repeated impact
loading, important guidance can be provided for rock engineering construction and disaster
prevention and control.
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