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To address the problems of damage observation and stress extraction during the impact breaking of granite by
tools under confining pressure, a numerical model for the fragmentation of heterogeneous rocks by hammer-tool
impact was established based on the pre-processing model modifications. The crack propagation and damage
distribution of heterogeneous rock impacted by machinery were studied in this article. The results indicate that
during tool impact rock breaking, the rock at the impact point mainly experiences compression and shear failure,

whereas tensile stress dominates the propagation of rock cracks around the point of impact. Interlayer distri-
bution and boundary layer ambiguity exist in the propagation of stress waves in heterogeneous rocks. The
confining pressure primarily suppresses the propagation of internal cracks and damage in rocks, as it influences
tensile and shear stresses. The research results provide a theoretical reference for improving the efficiency of rock
breaking by mining machinery impact.

1. Introduction

The equipment of mechanical rock breaking is widely used in fields
such as fossil energy extraction, tunnel excavation, and municipal en-
gineering [1-3]. The rock breaking methods (Impact, Cutting, Indenta-
tion) of different mechanical equipment are different, resulting in
differences in the size of rock debris. The size of rock debris is one of the
important indicators for measuring the specific energy consumption of
rock breaking. The smaller the size of rock debris, the higher the specific
energy consumption, and vice versa. As shown in Fig. 1, the size of rock
debris from different rock break equipment indirectly reflects that
impact rock breaking has a relatively high rock breaking efficiency, low
energy consumption, and tool consumption [4-7]. However, in the
process of extracting deep strategic mineral resources, the mechanism of
mechanical fragmentation of hard rocks is still unclear due to the
anisotropy, heterogeneity, and no transparency of natural rocks, high
surrounding rock stress, and other environmental conditions [8-10].
How to achieve efficient crushing of extremely hard and
high-wear-resistant rocks under confining pressure has become a key
issue in the rapid excavation of deep hard rocks. To improve the effi-
ciency of impact rock breaking, researchers in this field have conducted

extensive research on the theoretical model, performance, and mecha-
nism of impact rock breaking through experimental and numerical
simulation methods.

Cao et al. [11] used various resonance detection methods to recon-
struct the microstructure inside the rock after impact loading and
studied the distributions of damage, crack propagation, and pore
changes inside the rock. Natural rock formations at significant depths
are characterized by inherent joint structures and are subjected to sub-
stantial in-situ stress conditions, both of which significantly influence
the efficiency of rock fragmentation processes. To study this issue, Zhang
et al. [12] analyzed the effect of confining pressure on the damage
distribution of mechanically impact-fractured granite using infrared
nondestructive testing technology. Li et al. [13] studied the macroscopic
characteristics and crack propagation laws of mechanical impact rock
breaking under confining pressure and static water column pressure
through single-ball tooth impact rock breaking experiments. Wang et al.
[14] also studied the effects of confining pressure and joint factors on
rock stress evolution and fracture behavior under mechanical impact.
However, the rock fragmentation process under impact loading occurs
within an extremely short duration, making it challenging to investigate
the underlying mechanisms (Fracture law) and factors influencing rock
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Fig. 1. Comparison of mechanical rock breaking slag size.

breakage. Wang et al. [15] used ultrahigh-speed photography technol-
ogy to observe the generation and propagation process of edge cracks in
granite samples under impact loads and studied the influence of impact
parameters on rock fracture and fragmentation. Guo et al. [16] used
high-speed cameras to monitor the fracture process of concrete under
mechanical impact and studied the effects of impact parameters, con-
crete strength, and strain rate on the dynamic fracture behavior of
concrete. Xi et al. [17] observed the generation and development of
cracks during the transient fracture process of rocks using high-speed
cameras and analyzed the influence of different factors on the conver-
sion rate of mechanical impact rock-breaking fracture energy. Energy
utilization efficiency is an important parameter for measuring the rock
breaking performance of mechanical impact. Lu et al. [18] conducted
impact rock-breaking experiments at different strain rates using a
Separated Hopkinson Pressure Bar (SHPB) device to investigate the
relationship between the degree of rock damage and energy dissipation
rate. Wang et al. [19] systematically studied the relationship between
energy dissipation rate and confining pressure of rocks under different
disturbance frequencies through triaxial fatigue and multi-stage
unloading confining pressure experiments. The energy dissipation
characteristics exhibit a strong correlation with the propagation
behavior of stress waves within rock. Hu et al. [20] used a nonmetallic
acoustic velocimeter to measure the propagation speed of stress waves
inside damaged and undamaged rock and analyzed the damage and
fracture characteristics of rock through the variation law of damage
factors. Nevertheless, it is difficult to accurately acquire stress field data
and quantify internal damage distribution during high-velocity impact
rock fragmentation processes. These limitations consequently hinder
comprehensive investigations into rock fracture mechanisms and per-
formance. For this reason, many scholars mostly use numerical methods
to study the fragmentation mechanism of rock under impact. Jiang et al.
[21] established a mechanical impact rock-breaking model based on the
coupling method of finite element (FEM) method and discrete element
(DEM) method and studied the rock-breaking mechanism of head
impact. Tian et al. [22] further studied the stress wave propagation
characteristics, energy dissipation, and damage evolution law of the
rock under impact loading through numerical simulation. Numerical
simulation provides an effective approach for investigating the effects of
multiple factors, including impact parameters, rock-breaking method-
ologies, and geological conditions, on the mechanisms of rock frag-
mentation processes. Jiang et al. [23] studied the microscopic damage,
stress, and crack distribution inside rocks under the combined impact of
ball teeth and jets via the SPH-FEM method, as well as the influence of
impact parameters on rock fragmentation. Li et al. [24] studied the
microcrack propagation process of rocks during triaxial compression
based on particle flow code (PFC) and analyzed the relationship between
the number and morphology of cracks and the increment of rock dam-
age. Jiang et al. [25] simulated the process of rock breaking by a rolling
cutter via the FEM-DEM coupling method and studied the rock breaking
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performance and crack propagation law of advanced slotting rolling
cutters. Yuan et al. [26] numerically simulated the mechanical cyclic
impact rock fragmentation process under confining pressure conditions
and analyzed the influence of confining pressure factors on the distri-
bution of rock damage and crack propagation. In addition, numerical
simulation can not only study mechanical rock breaking performance at
multiple scales, but also has high repeatability. Zhang et al. [27]
analyzed the relationship between impact rock-breaking parameters and
the cutting force by establishing a DEM rock cutting numerical model
under impact loading. Wang et al. [28] numerically simulated the
rock-breaking process of PDC impact cutting teeth and analyzed the
influence of impact parameters on their mechanical rock-breaking per-
formance and cutting tooth temperature. Cao et al. [29] established
numerical models for impact rock breaking using different tooth-shaped
cutting tools based on rock mechanics and finite element theory and
studied the impact rock-breaking performance of different cutting tools.
Gao et al. [30] studied the effects of stress, pre-hole size, and position on
the dynamic fracture characteristics of rocks by using the SHPB
experiments.

According to current research, the experimental method makes ac-
curate reproduction of the complex surrounding rock stress environment
under deep-ground conditions difficult. Numerical simulation ap-
proaches frequently employ simplified representations of rocks as ho-
mogeneous media, which inevitably leads to discrepancies between the
simulation results and the actual fragmentation mechanisms observed in
heterogeneous rock formations. Through systematic analysis and scru-
tiny, it becomes evident that the conclusions derived from existing
studies on impact-induced rock fragmentation remain subject to further
study and exploration. This highlights the necessity for more in-depth
investigations into the fracture mechanisms and crack propagation
patterns in heterogeneous rock masses under complex stress conditions.
Moreover, the propagation law of stress waves within heterogeneous
rock, the microscopic mechanism of crack initiation and propagation,
and the range of rock damage during mechanical impact rock breaking
are key issues. Therefore, this work modifies the numerical model of
rocks through random replacement, simulates the process of mechanical
tooling impacting heterogeneous rocks, further studies the mechanism
of rock fragmentation, and improves the efficiency of deep hard rock
fragmentation.

2. Methods
2.1. Experimental device and numerical model

As shown in Fig. 2, the mechanical impact rock-breaking experi-
mental device mainly includes 1) pulley, 2) lifting device, 3) impact
hammer, 4) impact cylinder, 5) rock, 6) tool, with marked holes
machined at intervals of 200 mm (4h) on the impact cylinder. To study
the effect of tool tooth shape on its impact rock breaking, three different
tooth shapes of tools (A: Square, B: Rectangular, C: Circular) were
selected for impact rock breaking experiments. The rock specimen
measures 300 x 300 x 100 mm®. The tool’s handle has a diameter of
45 mm and a length of 200 mm. The impact hammer features a diameter
of 156 mm and a length of 200 mm. The heads of tools are characterized
as follows: Type A tool is a square with a side length of 15 mm, type B
tool is a rectangular shape measuring 42.5 mm x 15 mm, and type C
tool is a circular shape with a diameter of 45 mm. The impact hammers
and mechanical tools in the numerical model were set up as rigid bodies
with meshing dimensions based on guaranteed geometry. The mesh size
of the rock can have an impact on the numerical simulation results and
computational efficiency. Therefore, the C-type tool was used for trial
calculations for models with different mesh sizes before performing
numerical simulations. It was found that the damage and fracture effects
of the rock were deviated when the mesh size of the rock was 6 mm, and
the damage and fracture effects of the rock with a mesh size of 5 mm
were basically the same as those with smaller mesh sizes. Considering
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Fig. 2. Numerical modeling and mesh-independent validation of impact rock breaking by mechanical tools.

the computational efficiency of the numerical model, the 5 mm size was
used for the mesh delineation of the rock model. In the numerical model,
the rock grid size is 5 mm, the impact hammer grid size is 8 mm, the tool
handle grid size is 5 mm, and the tool head grid size is 2 mm. The impact
hammer and tool used automatic surface-to-surface contact, and the tool
and rock used eroding surface-to-surface contact. According to the
motion form of each component during the rock-breaking process of the
cutting tool in the experiment, only the degrees of freedom of the impact
hammer and the cutting tool along the impact direction are released in
the numerical model. Add a Z-direction constraint to the bottom of the
rock.

The homogeneous rock model was modified using MATLAB R2022b
to a heterogeneous rock composed of three different minerals. As shown
in Fig. 3, the modeling process of numerical models for heterogeneous
rocks. The different colored rock elements in the Fig. 2 represent mineral
with different attributes, and the rock elements with different attributes
still maintain common node operation, which can ensure the effective
transmission of stress and strain generated by tool impact inside the
rock. The rock contains multiple minerals in various proportions (which
may vary depending on the sampling location). The grayish-white
granite used in the experiments of this literature [31] is of the same
type as the rock used in this paper and has similar compressive strength.
Moreover, components with relatively small proportions have little ef-
fect on the mechanical impact of rock breaking. Therefore, we deter-
mined the approximate composition ratio (50% quartz, 45% feldspar,
and 5% mica) by referring to relevant literature and combining it with
the rock properties used in the experiment [31].

2.2. Material model

The impact hammer and tool used in the experiment have undergone
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Fig. 3. Numerical modeling process for heterogeneous rocks.

quenching treatment, with high hardness and very little deformation.
Therefore, in numerical simulations, both the tool and impact hammer
are modeled using rigid materials. As shown in Fig. 4, four rock elements
are randomly taken from the center of the rock breaking by mechanical
tool impact to the edge of the rock to analyze the change rule of its strain
with time and calculate its strain rate. From the figure, the strain rate of
rock breaking by drop hammer impact is basically in the range of 10 -
102 s7!, and the strain rate is higher the closer to the impact point of the
mechanical tool. The strain rate of the mechanical tool impact breaking
rock studied in this paper is between low dynamic (falling hammer
experiment) and high dynamic (Hopkinson bar), which belongs to the
category of dynamic loading. Holmgquist-Johnson-Cook, Johnson-
Holmquist model, and Riedel Hiermaier Thomas are commonly used
material models for studying rock fracture and fragmentation processes
[32-34]. Riedel Hiermaier Thomas constitutive model is a constitutive
model constructed for concrete materials, which has a good perfor-
mance in characterizing the damage and crack extension of rocks under
dynamic loading [35]. Therefore, this article adopts the Riedel Hier-
maier Thomas constitutive model to establish a numerical model of rock.

The key to accurately reproducing the rock-breaking process of tool
impact in numerical simulation lies in the rock constitutive. Therefore,
this section focuses on explaining the inherent principles of numerical
models and does not provide too much description of the rigid consti-
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Fig. 4. Strain of rock elements at different locations.
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tutive relationship of tool and impact hammer. The Riedel Hiermaier
Thomas constitutive model describes the evolution of pores inside ma-
terials under external loads through the state equation of pressure
porosity, and couples this equation with the strength equation to fully
characterize the mechanical properties of natural rocks under pressure.
As shown in Fig. 5a, when the external load (P,) is less than the rock pore
fracture pressure, small volume strain, the rock is in the stage of elastic
deformation. When the external load exceeds the rock pore fragmenta-
tion pressure, the internal pores of the rock begin to rupture, and the
volume strain increases with the fragmentation of the pores. At this
stage, the removal of the external load on the rock generates permanent
strain. When the external load continues to increase the compaction
pressure, the internal pores of the rock are completely closed (pro = 1),
and the pressure load increases exponentially, and brittle fractures may
occur in the rock.

The Riedel Hiermaier Thomas model describes the strength reduc-
tion and strain rate effect of rocks along different meridians through
three stress surfaces. As shown in Fig. 5b, the arrow points represent the
response process of the rock during the increase of external pressure,
and the left side of the vertical axis represents the rock bearing tensile
load. The rock model exhibits elasticity before the stress reaches the
initial yield surface. When the stress exceeds the initial yield surface, the
rock will undergo plastic deformation, and an effective yield surface will
be formed under the combined effect of plastic strain and model hard-
ening characteristics. When the stress state of the rock reaches the ul-
timate strength on the failure surface, the damage in the model
accumulates with the increase of nonlinear plastic strain, leading to the
softening of the failure surface and the formation of the stress limit
surface after failure, which is the residual surface. In addition, it can be
seen from the graph that the change in tensile load within a small range
can achieve the transformation from elastic yield surface to failure
surface, which is in line with the characteristics of rock with a low
tensile strength. The shear strength is only supported under restricted
conditions (i.e., under normal pressure). Therefore, residual surfaces
only exist in a compressed state [36].

Function expression for initial yield surface:

oy = fE(T;Rg (@D)
where f. is the uniaxial compressive strength; ay is a function of the

failure surface function O‘; and plastic strain &p; and R3(0,P") is the
deflection strength function.

a; = 0; (e; +(1- e;)FeF,) 2)

where s; = &/fe is the normalized plastic strain, F, is the elastic strength
parameter, and F, is the yield surface limit parameter.

P
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where 6 is the Lode angle, Qo and B are lord’s angle coefficients.
The function expression of the failure surface function is:
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where A and N are the parameters of the failure surface; f:, f:' are the
normalized shear and tensile strengths, respectively; F, is the intensity
increase factor; and p; is the failure cutoff pressure.

Residual surface function expression:

o, (") =A{p'}"” ©)

where Ay and ny are residual surface parameters.

The extent of damage in rock elements is visually represented by
color gradations, where the color intensity correlates with the density of
microscopic fractures within the rock. Upon reaching complete damage,
the rock element transitions to a distinctive red hue, indicating that it
has attained the threshold of residual failure strength while maintaining
residual compressive capacity. When such fully damaged rock elements
undergo continued stress application and subsequent deformation, they
activate a deletion mechanism that ultimately leads to macroscopic rock
fracturing.

Expression of damage accumulation function:

 de,
D= 4 7
/ . @

P

where ¢, is the plastic strain, e;,‘ is the plastic strain in the current

hardened state, and eJ; is the plastic strain at the failure surface [37,38].

2.3. Comparison and verification

To verify the accuracy of the numerical model of rock breaking by
tool impact established in this article, a series of comparative verifica-
tion experiments were conducted. The rock constitutive model is veri-
fied through uniaxial compression and splitting experiments. The
numerical simulation employs an explicit dynamic calculation method,
with automatic surface-to-surface contact established between the rock
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Fig. 5. Riedel Hiermaier Thomas model principle.
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specimen and rigid plates. The bottom rigid plate is fully constrained
with fixed boundary conditions, while the top rigid plate applies a
controlled compressive load at a constant velocity of 0.1 mm/s. In
accordance with the GB/T 50218-2014 standard, the rock specimens
are prepared with specific dimensions: cylindrical samples of 50 mm in
diameter and 100 mm in height for uniaxial compression tests, and disk-
shaped samples of 50 mm in diameter and 25 mm in thickness for Bra-
zilian splitting tests. The mesh size of the rock sample is 1 mm. The
Riedel Hiermaier Thomas model incorporates a total of 38 parameters,
among which only those exerting significant influence on the numerical
simulation of tool-induced rock fragmentation are calibrated in this
study. The remaining parameters are primarily derived from relevant
literature and will be finalized through fine-tuning and experimental

validation. The f, f: , and fs have the greatest impact on rock stress,

among which f: = fi/fe fs = f;/fc. The tensile strength of rocks is
usually one-tenth of their compressive strength, and the shear strength is
one-fifth of their compressive strength. The elastic shear modulus G, p,;,
Dcomp mainly affects the slope of the stress curve. The parameters of A, N,
Ayg, and ny affect the damage of rocks.

As shown in Fig. 6, the peak stress of the rock measured in the nu-
merical simulation is very similar to the results obtained in the engi-
neering experiment, and the stress-strain curve and fracture effect of the
rock in the numerical simulation conforms to the conventional fracture
types of the rock. It should be noted in particular that the RHT model
focuses more on the inelastic behavior of the model, which is ideally
linearly elastic in the pre-stress period. However, the experimental
elastic modulus is very sensitive to microcrack closure effects during
initial loading. As a result, there is some deviation in the slope of the first
half of the stress-strain curve between numerical simulation and
experiment. The rock in the Brazilian splitting experiments was mainly
subjected to tensile stresses, and there was no initial fracture closure.
Therefore, the fracture characteristics of the rock (Red damage shape) in
the Brazilian splitting test are almost consistent with the engineering
experiment. This proves that the rock parameters calibrated in this study
can accurately characterize the process of rock fragmentation. The rock
parameters are shown in Table 1. Notably, the overall compressive
strength of the rock is 142 MPa and the tensile strength is 10.9 MPa. The
compressive strength of the high-hardness minerals in the granite
component is 167.8 MPa, the shear strength is 35.24 MPa, and the
tensile strength is 6.7 MPa. The compressive strength of medium-
hardness minerals is 119 MPa, the shear strength is 21.42 MPa, and
the tensile strength is 11.9 MPa. The compressive strength of low-
hardness minerals is 48 MPa, the shear strength is 11.52 MPa, and the
tensile strength is 4.8 MPa. Hardness is an intrinsic property of minerals
and is more representative of the compositional classification of min-
erals, whereas strength is better suited to describe the macroscopic
mechanical properties of minerals. Thus, hardness is used to describe the
compositional classification of minerals, while strength is used to
describe the compressive strength of minerals.
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To further validate the capability of the numerical model developed
in this study in accurately simulating the rock fragmentation process
under tool impact, a simulation of rock breaking by the three commonly
employed tools in engineering applications was conducted based on the
model parameters presented in Table 1 and the previously described
heterogeneous rock modeling methodology. The scientific validity of the
numerical model was systematically verified through a comparative
analysis of the rock fragmentation characteristics between simulation
results and experimental observations. As shown in Fig. 7, under the
same conditions, the consistency between the experimental and simu-
lated rock-breaking characteristics of the tool impact is high. Both nu-
merical simulations and experimental results demonstrate that the
fracture patterns induced by type A and type C tools exhibit a distinct
cross-shaped morphology during rock breaking. In contrast, the type C
tools produce linear fracture patterns. Notably, comparative analysis
reveals that type C tools, due to their larger contact area with the rock
surface, generate more extensive damage zones compared to type A
tools. The comparative results between experimental data and numeri-
cal simulations of tool-impact rock fragmentation demonstrate that the
proposed model in this study accurately reproduces the actual rock-
breaking process under impact conditions.

3. Results and discussions
3.1. Analysis of rock breaking process by tool impact

From a macro perspective, the impact hammer impacts the tool at
high speed and loads the impact energy onto the rock, leading to rock
fragmentation. However, analyzing the rock-breaking process of the tool
at a smaller time scale reveals that during a single impact by the impact
hammer, the impact velocity and displacement of the tool undergo
multiple changes. As shown in Fig. 8, the displacement and velocity
variation trends of b-type cutting tools and hammer during rock
breaking under different impact kinetic energy conditions. The initial
velocity of hammer V1 is equal to 5.4 m/s, V2 is equal to 10 m/s. During
the rock-breaking process of the tool, the displacement and velocity of
the impact hammer are always vertically downward along the Y-axis,
while the magnitude of the velocity direction of the tool during a single
impact rock-breaking process constantly changes. The tool repeats the
process of impact rebound impact in the Y direction. However, this
repeated impact rebound impact motion behavior only exists when the
impact hammer speed is small (the impact force is not enough to break
the adhesion between rock particles in one go). If the speed of the impact
hammer is very high, the impact force generated by the tool hitting the
rock instantly reaches or far exceeds the mechanical performance
standards for rock fragmentation. The repeated collision between the
tool and the impact hammer causes the velocity curve of the impact
hammer to decrease in a stepped shape, and it can be seen from the
graph that the velocity change of the tool becomes more pronounced
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Fig. 6. Experimental and simulation comparison of rock compression and tension: (a) uniaxial compressive strength; (b) brazilian split test.
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Table 1

Constants summary of Riedel Hiermaier Thomas model for granite [38-40].
Parameter 50% Quartz 45% Feldspar 5% Mica Parameter 50% Quartz 45% Feldspar 5% Mica
p(kg/m>) 2660 2700 2600 en 0.015 0.012 0.010
ao (%) 0.0 0.0 1.08 Q 0.68 0.64 0.70
Pe (Pa) 1.25x10% 4.00x107 1.60x107 Dy 0.040 0.042 0.040
Peomp (P2) 6.0x10° 5.5x10° 6.0x10° D, 1 1 1
G(GPa) 21.90 24.17 8.00 A 2.44 1.60 1.65
f.(MPa) 167.8 119.0 48.0 N 0.76 0.61 0.56
1 0.04 0.10 0.10 As 0.25 1.62 1.59
1 0.21 0.18 0.25 ng 0.62 0.60 0.62
& (ms ™) 3x10°8 3x10°8 3x10°8 é(ms™) 3x10%2 3x10%? 3x10%2
(ms™) 3x107° 3x107° 3x107° &(ms™) 3x10%2 3x10%2 3x10%2
B 0.050 0.105 0.105 n 3 4 3

Damage
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Fig. 7. Experimental and simulation comparison of rock breaking with tool impact.
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Fig. 8. Displacement and velocity curves of impact hammer and tool.
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when the initial kinetic energy of the impact hammer is relatively low.
The process of rock breaking by the tool is only completed when the final
velocity of the tool and the impact hammer becomes consistent.

A rock section is intercepted to analyze the relationship between
stress and damage, and the bottom of the rock is constrained to move in
the Z direction in the numerical model. As shown in Fig. 9, the black
arrow line should indicate the transition of the rock from compression to
tension, while the red arrow should indicate the transition of the rock
from tension to compression. From the perspective of the impact motion
behavior of the tool, the damage and stress evolution process of het-
erogeneous rock sections can be divided into four stages, namely impact-
rebound and impact-rebound. The impact of the tool on the rock
instantly generates a certain stress wave, which spreads in a circular arc
towards the interior of the rock with the impact point as the center. Due
to the continuous diffusion of stress waves along the depth direction of
the rock, their distribution within the rock cross-section is approxi-
mately fan-shaped. The damage degree of homogeneous rock under the
impact of cutting tools is relatively high, resulting in the formation of
fracture pits at the impact point of the last stage, and no rebound occurs.
Therefore, the stress division of homogeneous rocks does not include the
fourth stage (transition from compression to tension).

At 324 ps, stress waves spread towards the interior of the rock around
the impact point. The difference between heterogeneous rocks and ho-
mogeneous rocks is that the edges of the stress layer in heterogeneous
rocks are not smooth, and there is a phenomenon of cross-layer stress
distribution. The damaged elements are mainly located at the edge of
the stress layer. As the depth of stress wave propagation increases, the
energy of stress waves continuously decays, thereby reducing the stress
difference at the edge of the stress layer until it is insufficient to cause
rock damage. This is also the main reason why the damage distribution
in various rock cross-sections decreases continuously along the direction
of stress transfer during the early stage of stress wave propagation (324-
364 ps).

At 339 ps, stress waves propagate to the bottom of the rock and begin
to propagate in the opposite direction with the corresponding position of
the impact point at the bottom of the rock as the center of the circle. At
364 ps, the stress wave transmitted in the reverse direction overlaps with
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the stress wave transmitted in the forward direction. From the stress
color, the stress transmitted in the reverse direction is smaller than that
transmitted in the forward direction. Therefore, when the forward and
reverse stress waves meet, the overall transmission direction of the stress
wave is not changed, but rather the shape of the stress wave trans-
mission process is changed. Moreover, the cross-layer distribution of
stress in heterogeneous rock interfaces is more severe. At this point, due
to the influence of backpropagation stress, the position and size of the
original stress layer boundary have changed. Under the influence of
existing damage, newly generated damage begins to exhibit complexity,
but the overall distribution of damage still conforms to the approximate
shape of the stress boundary.

At 451 ps, the first impact process of the tool ends and begins to enter
the rebound stage. The impact position of the tool is no longer trans-
mitting compressive stress waves to the interior of the rock, and the
already generated stress waves gradually dissipate during the trans-
mission process. A point-like distribution of damage begins to appear
below the impact point of the non-uniform rock at this moment, and
multiple fine cracks appear at the boundary of the original stress layer.
At 506 s, the tool detaches from the rock, and the stress within the rock
section is fully dissipated. The stress borne by the rock element directly
below the impact point appears as a fault. At this point, the rock element
located below the impact point within the rock cross-section generates a
layered damage zone. The degree of damage inside heterogeneous rocks
is relatively low, but the distribution of damage between layers is
denser. By comparing the distribution of damage within the rock cross-
section during the impact stage, it can be concluded that the generation
of rock damage mainly occur through the process of stress dissipation. At
563 ps, the rebounded tool struck the rock again, further exacerbating
the damage to the already damaged rock elements, making the distri-
bution of cracks in the rock section more pronounced. From the graph,
the distribution of radial stress waves inside heterogeneous rocks are
finer, and the significance of stress differences between layers gradually
decreases. This phenomenon explains why the degree of damage inside
heterogeneous rocks is relatively low compared to homogeneous rocks,
while the range of damage is relatively large.

As the tool is continuously pressed down, the stress amplitude
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Fig. 9. Cloud chart of rock section damage and stress evolution.
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generated by the impact correspondingly increases. From the stress
distribution inside the heterogeneous rock at 638 ps, the stress value
below the main impact point significantly increases, and there is a sig-
nificant layering with the surrounding rock. This phenomenon causes an
increase in the degree of damage to the rock elements along the stress
stratification edge inside heterogeneous rocks. The continuous down-
ward pressure of the tool increases the stress difference at the edge of the
stress layer inside the homogeneous rock. The damage to rock elements
further intensifies, leading to the deletion of some elements. The deleted
rock section of the element generates a free surface, which accelerates
the dissipation of stress waves. This is the main reason for the relatively
small area of stress distribution within the homogeneous rock section at
638 ps. At 906 s, the kinetic energy of the tool is almost completely lost,
and the damage within the rock section is basically fixed. From the
damage cloud map, the degree of damage inside the rock deepens during
the second rebound stage, and the damage distribution does not undergo
significant changes.

3.2. Analysis of rock breaking mechanism by tool impact

During the process of impacting and breaking heterogeneous rocks,
rock elements undergo complex stress changes. Exploring the underly-
ing causes of triggering rock failure and removal is crucial for improving
the efficiency of hard rock fragmentation and creating reasonable frac-
ture characteristics of rocks. The impact rock-breaking mechanisms of
different tooth-shaped tools are similar. To avoid repetitive work, this
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article takes the flat tool impact rock-breaking process as the research
object, extracts the stress and damage change curve of the rock, and
deeply analyzes the main factors that cause rock fragmentation under
mechanical impact rock-breaking conditions. As shown in Fig. 10,
extract the stress curves of the flat tool fracture surface and its rock el-
ements on both sides. The maximum principal stress and minimum
stress are positive values, indicating that the rock element is subjected to
tensile stress, while their amplitude represents that the rock element is
subjected to compressive stress. The tool impact rock breaking cloud
diagram in Fig. 10c indicates the location of the extracted stress rock
elements, where H101151 is the rock element at the fracture site, and
H102751 and H99551 are the rock elements with lower damage on both
sides of the fracture surface. The light-yellow area in the figure (cu-
mulative damage) is determined based on the cumulative damage area
of the rock element in Fig. 10b. From Fig. 10b, the rock elements did not
show any damage before 0.5 ms, and gradually accumulated damage
between 0.6 ms and 0.8 ms. Especially when element H101151 ap-
proaches 0.8 ms, its damage value rapidly accumulates and reaches
complete damage. From this, it can be inferred that factors leading to
rock fracture and failure occurred near the time of 0.8 ms. From
Fig. 10a, the peak tensile stress borne by the rock elements on the
fracture surface is much greater than that of the rock elements that have
not undergone failure or deletion at the edge of the fracture surface, and
greater than the ultimate compressive strength of high-strength minerals
in heterogeneous rock composition. Based on this, it is preliminarily
determined that the tensile stress induced by the impact of the tool on
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Fig. 10. Damage and stress curves of the fracture surface and its adjacent elements.
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the rock is the main factor leading to rock fracture. In Fig. 10c, the
compressive stress borne by rock element H101151 within the cumu-
lative damage interval of the rock element is greater than that of
H102751 and H99551. However, this does not indicate that the
compressive stress induced by tool impact is the main cause of rock
fracture and fragmentation. Before the cumulative damage area, the
rock element bears a relatively large compressive stress, and the
compressive stress borne by the H99551 element is slightly greater than
that of the H101151 element. However, no damage occurred to the rock
elements within the time domain of the peak compressive stress.
Moreover, the peak compressive stress is much smaller than that of the
mineral with the lowest uniaxial compressive strength in heterogeneous
rock composition. From this, it can be concluded that the compressive
stress generated by the tool impact is not the main cause of rock fracture
and fragmentation. The trend of the shear stress curve of the rock
element in Fig. 10d is like that of the minimum principal stress curve,
and there is also a large stress peak before the cumulative damage area
of the rock element. However, this does not indicate that shear stress is
not the cause of rock fracture and fragmentation. Because the peak shear
stress borne by rock element H101151 in the cumulative damage area is
relatively large and greater than the ultimate shear strength of the
mineral with the lowest strength in the heterogeneous rock composition.
The rock has a relatively low proportion of low-strength minerals, and
the cumulative damage zone also has a relatively low peak shear stress.
From this, it can be concluded that the contribution of shear stress
generated by tool impact to rock fracture is lower than that of tensile
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stress but higher than that of compressive stress.

As shown in Fig. 11, H109380 and H101151 are rock elements taken
from the fracture surface, while H76711, H76373, H93001, and H93021
are rock elements taken from the damage zone perpendicular to the
fracture surface. From Fig. 11a, the peak tensile stress borne by rock
elements H109380 and H101151 is larger than that of rock elements
H93001 and H76711. From the damage accumulation curve in Fig. 11b,
the damage accumulation speed of the rock element at the fracture
surface is faster, and it has been deleted before the rock element in its
vertical direction reaches the complete damage or shear failure stan-
dard. Based on this, it can be concluded that the non-uniform distribu-
tion of tensile stress induced by tool impact in the direction of vertical
tooth width and along the tooth width is one of the reasons for rock
fracture along the tooth width direction. Extracting the maximum
principal stress curves of rock elements at the fracture surface and its
vertical direction multiple times, it was found that not all rock elements
in the vertical tooth width direction have a lower maximum principal
stress than those along the tooth width direction. Moreover, there are
also rock elements that achieve complete damage perpendicular to the
tooth width direction. As shown in Fig. 11c, there is no significant dif-
ference in the maximum principal stress curve corresponding to rock
elements at different positions. However, this cannot deny that tensile
stress is the main cause of rock fracture and failure, as well as the
judgment that the tensile stress induced by tool impact on the rock has a
larger component along the tooth width direction. Reason 1: All rock
elements in Fig. 11d have achieved complete damage. This proves that

20
——H101151 —— H101151 = H109380 —— H092981 H076773
——H109380 | 1O}
g 15 —— H093001
s H076771 0.8
210
B
= \ 206l H7671 H101 151
27 Mol - B
2 5
i i
041
£ o --
=
>
§ 5 0.2+
_10 1 1 1 1L 1 1 00 1 1
0.2 0.4 0.6 0.8 1.0 1.2 1.4 16 02 0.8 1.0 1.2 1.4 1.6
Time (ms) Time (ms)
(a) Max imum principal Stress (b) Damage
20
— HI101151 —— H101151 =—— H109380 —— H093021 H076373
—Hio93s0 | 10T —
5] 15 —— H093021
= HO076373 sl
210
g . |H7637 H101 151
= 0,61
S5t g
] <
£ A
2‘ . Iw 041
5 0= = )
§ H109380  H93021
s 5t l 02} -
_10 1 1 1 1 1 1 00 i 1 }I 1
02 04 06 0.8 1.0 12 1.4 16 02 04 06 038 1.0 1.2 1.4 1.6
Time (ms) Time (ms)
(¢) Maximum principal stress (d) Damage

Fig. 11. Maximum principal stress and damage curve of rock elements at vertical damage location.



H. Zhao et al.

tensile stress is indeed the main cause of rock damage and failure.
Reason 2: From the rock damage distribution map at 0.77 msin Fig. 11d,
the speed at which the rock elements along the tooth width direction
reach complete damage is generally greater than that perpendicular to
the tooth width direction. In addition, the stress fluctuations of the rock
elements in Fig. 11c almost occur at the same time. This can exclude the
issue of the propagation speed of tensile stress induced by tool impact.
Based on the above analysis, it can be concluded that the overall tensile
stress induced by tool impact is relatively large along the tooth width
direction. The phenomenon in Fig. 11c indicates that the conclusion that
the tensile stress induced by rock breaking by tool impact has a larger
component along the tooth width direction is an overall trend, rather
than the fact that the tensile stress along the tooth width direction is
greater than that of the rock element perpendicular to the tooth width
direction. From the rock damage curve in Fig. 11d, the damage gener-
ation time and deletion speed of the rock elements at the fracture surface
are earlier than those at the vertical fracture surface. This phenomenon
corresponds to the ultimate fracture characteristics of the rock. Based on
the above analysis, it can be concluded that the distribution of tensile
stress and the cumulative velocity of damage along the rock’s anisotropy
are the main factors determining the macroscopic fracture characteris-
tics of rocks.

The instantaneous impact point of the tool on the rock and the ten-
sile, compressive, and shear stress values borne by the surrounding rock
elements are relatively large, and the damage and failure mechanism of
the rock is more complex. Studying the damage and failure mechanism
of rock elements at the impact point of the tool is beneficial for creating a
reasonable shape of the fragmentation pit and improving the efficiency
of rock fragmentation in practical engineering. As shown in Fig. 12,
element H116961 is extracted from the center of the impact point on the
surface of the rock. The yellow area in the figure represents the cumu-
lative area of rock element damage. From the stress curve in the figure,
the rock element at the impact point hardly bears tensile stress during
the entire rock-breaking process of the tool but bears relatively large
shear and compression stresses, and the peak values of shear and
compression stresses are far greater than the ultimate shear and
compression strength of high-hardness minerals in heterogeneous rocks.
Moreover, the shear stress of element H116961 and the peak stress of the
minimum principal stress are almost at the same time. From this, it can
be preliminarily determined that compression and shear stress are the
main causes of rock failure at the mechanical impact point. It is worth
noting that the cumulative damage process of the rock element at the
impact point mainly occurs in the time after the peak of compression and
shear stress, and the cumulative time is very short.

As shown in Fig. 13, extract the average stress curves of four rock
elements in the damaged area around the impact point, and plot the
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Fig. 12. Stress and damage of rock elements at the impact point.
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Fig. 13. Stress curve of rock elements around the impact point.

variation curves of different stresses over time. Based on Fig. 13, the
compressive stress borne by the rock around the impact point of the tool
is relatively low, and the peak stress is still lower than the compressive
strength of the mineral with the lowest strength in heterogeneous rocks.
Unlike the stress distribution of rock elements at the center of the impact
point, tensile stress occurs in the surrounding rock elements, and the
peak stress is greater than the overall tensile ultimate strength of het-
erogeneous rocks. Although the peak shear stress of the rock elements
around the impact point is relatively low, it still reaches the shear limit
of some minerals in heterogeneous rocks. From this, it can be prelimi-
narily determined that tensile stress and shear stress are the main causes
of damage to the rock elements around the impact point (not directly in
contact with the tool).

As shown in Fig. 14b, the damaged rock element numbers include
H115061, H114841, 118861, and H118281, while the undamaged rock
element numbers include H113481, H114841, H118861, and H118281.
From the figure, the average values of tensile stress, shear stress, and
compressive stress borne by the damaged element during the cumulative
damage stage are greater than those of the undamaged rock element.
Further analysis shows that from Fig. 14a, the average tensile stress
value of the damage element during the damage accumulation stage not
only has a relatively large overall amplitude but also the peak stress
fluctuates near the tensile limit of heterogeneous rocks. From this, it can
be determined that the tensile stress induced by mechanical impact is
the main reason for the failure of rock elements around the impact point.
Based on the variation pattern of the cumulative damage curve in
Fig. 14b, it can be concluded that, unlike the previous analysis of the
damage mechanism of rock elements at the fracture surface, the damage
of rock elements around the impact point mainly occurs in the stress
reduction stage after the peak tensile stress. Moreover, in Fig. 14c-d, the
late stage of damage accumulation (rapid damage accumulation) cor-
responds to the stress reduction stage after the peak of shear and
compressive stress. This phenomenon is similar to the damage and
failure pattern of rock elements at the impact point. The peak shear
stress of the rock element in Fig. 14c is close to 25 MPa, which has
exceeded the tensile limit of medium-strength mineral in non-mean
rocks (21.42 MPa). The peak shear stress of undamaged rock elements
is much lower than the ultimate shear strength of 95% mineral in het-
erogeneous rocks. This can once again demonstrate that shear stress is
indeed one of the reasons for the damage and failure of rock elements
around the impact point. Although the average compressive stress of the
damaged rock element in Fig. 14d is greater than that of the undamaged
rock element, it does not indicate that compressive stress plays a role in
the damage process of the rock element around the impact point. Not
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Fig. 14. Stress and damage curves of damaged and undamaged rock elements around the impact point.

only because the compressive stress borne by the damaged element is
much lower than the ultimate compressive strength of heterogeneous
rocks. Another reason is that the compressive stress borne by some un-
damaged rock elements is greater than that of the damaged elements.

Cut the rock model along the fracture surface and extract the stress
curve of the rock elements in the longitudinal section of the rock.
Analyze the internal stress distribution of the rock along the direction of
the tool impact, and divide the failure zone of the rock element based on
the ultimate crushing strength of heterogeneous rocks. As shown in
Fig. 15, the extracted rock elements are H116561, H116565, H16569,
and H16573 from top to bottom.

From Fig. 15a-b, the rock elements below the impact point bear very
high compressive and shear stresses, far exceeding the compressive and
tensile limits of heterogeneous rocks. The selected rock section is close to
the fracture surface. Therefore, it can be seen from Fig. 15c that the rock
element below the impact still bears a certain amount of tensile stress at
special moments, but still mainly relies on compression and shear. Based
on the comprehensive analysis of Fig. 15a-c, it can be concluded that as
the impact depth increases, the compressive and shear stresses borne by
the rock rapidly decrease, while the tensile stress it bears gradually
dominates in the fractured rock. It is worth noting that the amplitude
decrease of the shear stress curve is lower than that of the compression
stress, and it still can break rocks at a certain depth of damage. From the
damage curve of the rock element in Fig. 15d, the closer to the impact
point of the tool, the faster the rock damage speed. The further away
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from the impact point, the more complete the damage of the rock
element needs to go through multiple stepped accumulations. Moreover,
the further away the rock element from the impact site of the tool, the
longer it takes for the damage to accumulate and reach complete
damage.

Extract the stress curve of the rock element below the non-impact
point in the longitudinal section of the rock, and analyze the reasons
for the failure of the rock at the internal fracture surface of the rock. As
shown in Fig. 16a-c, the peak shear stress borne by the rock element (not
below the impact point) in the internal section of the rock is less than
16 MPa, and the compressive stress is less than 24 MPa. Not only is it
much lower than the macroscopic ultimate compressive and shear
strength of heterogeneous rocks, but its stress peak is still not enough to
crush the mineral with the lowest hardness in the composition of het-
erogeneous rocks. However, from Fig. 16c, the tensile stress borne by the
rock is relatively high compared to the macroscopic tensile strength of
the rock, and some rocks bear much higher tensile strength than the
high-strength mineral in heterogeneous rocks. Of course, there are also a
few elements in the longitudinal section that are less affected by the
impact of tooling. However, this does not affect the overall fracture
characteristics of the rock. As shown in Fig. 16, the rock element
numbered H100536 bears compressive, shear, and tensile stresses that
reach the ultimate damage strength of heterogeneous rocks. However,
most of the rock elements located within the same section have already
been damaged and failed, and the rock will still split along this section.
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Fig. 15. Stress and damage diagram of the rock element below the impact point in the longitudinal section of the rock.

In summary, the damage areas after tool impact rock breaking can be
roughly divided based on the dominant factors of rock damage in
different regions. The cross-section can be divided into compression
shear stress dominant zone and tension shear dominant zone. The
former has a high stress value and forms a fracture pit at the impact
point, while the latter has a lower stress value but causes rock fracture
and failure. From the impact point downwards, the vertical section of
rocks can be divided into the dominant zone of compressive shear stress,
the transitional zone of multiple factors, and the dominant zone of
tensile shear stress.

3.3. The influence of confining pressure on mechanical impact rock
breaking

Improving the efficiency of hard rock fragmentation under confining
pressure conditions is a key technical problem that urgently needs to be
overcome in deep coal energy mining. Studying the damage distribution
and rock fragmentation mechanism of mechanical impact fragmentation
of heterogeneous rocks under confining pressure can provide certain
assistance for improving rock fragmentation efficiency in practical en-
gineering applications. As shown in Fig. 17, the surface pressure is
applied around the rock to simulate the true confining pressure state of
the rock in a deep ground environment. It can be seen from the overall
damage distribution of the rock that the damage range of the rock
gradually narrows with the increase of confining pressure, especially the
length of cracks, and their degree of damage significantly decreases.
Although the damage distribution of the rock is still very significant
under a confining pressure of 1 MPa, macroscopic fracture effects
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cannot be formed after the impact of the tool. When subjected to a
confining pressure of 2 MPa, the degree of damage to the rock element at
the crack location decreases, and the crack in the vertical tooth width
direction has begun to exhibit discontinuities. When subjected to a
confining pressure of 3 MPa, the damage distributed in the vertical tooth
width direction completely disappears, and the degree of damage to the
rock elements at the crack location along the tooth width direction
further decreases. When subjected to a confining pressure of 4 MPa, the
damage on the rock surface along the tooth width direction gradually
disappears, and the damage to the rock element at the impact point
begins to attenuate. Until the confining pressure of 5 MPa was applied,
the damage distribution on the rock surface completely disappeared,
and the damage distribution range of the rock element at the impact
point further narrowed. When the confining pressure is greater than
5 MPa, the cracks on the surface of the rock completely disappear; only
at the impact point is there damage, and the damage distribution range
is basically not changing. Therefore, this section mainly analyzes the
damage evolution law of rocks within the range of 5 MPa. From the
changes in the distribution of rock surface damage during the increase of
loading confining pressure, the presence of confining pressure signifi-
cantly suppresses crack and damage propagation, and its impact on
crack propagation is more significant. Based on the conclusion in Section
3.2, it can be concluded that the presence of confining pressure has the
greatest impact on the propagation of tensile stress during mechanical
impact.

Due to the influence of the weight of overlying rock layers and the
tectonic movement of geological plates, the confining pressures borne
by deep rock masses are not equal in all directions. The ratio of
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Fig. 16. Stress and damage diagram of the outer edge rock element in the longitudinal section of the rock.
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Fig. 17. Damage distribution of rock fragmentation by tool impact under different confining pressures.

horizontal confining pressure Fj to vertical stress F, is between 0.8 and
1.5, and the horizontal stress is generally greater than the vertical stress.
In numerical simulation, the horizontal stress is taken as 1.2 times the
vertical stress to analyze the distribution of damage after the tool im-
pacts the rock [41,42]. As shown in Fig. 18, when the tooth width of the
tool is parallel to the horizontal confining pressure, the impact rock
damage of the tool is less affected by the confining pressure. When the
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tooth width direction is perpendicular to the horizontal confining
pressure, the damage to the rock surface significantly decreases. From
this, it can be concluded that the rock is more prone to fracture and
failure along the direction of maximum surrounding rock stress during
the process of breaking through the rock with a tool under confining
pressure. In practical engineering, the impact direction of the tool can be
quickly adjusted according to the rock confining pressure state,
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Fig. 18. Effect of confining pressure loading direction on the distribution of

rock damage caused by tool impact.
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Fig. 19. Distribution of rock section cracks under different confinement pressures.

accelerating the crushing efficiency of high-hardness rocks under
confining pressure.

During a single impact of the impact hammer, the tool impacts the
rock multiple times, and after multiple damages, the cracks in the rock
section are very complex. To highlight the influence of confining pres-
sure factors on the distribution of internal cracks in rocks, the damage
distribution of the cross-section after single and multiple impacts of the
tool is taken to comprehensively analyze the influence of confining
pressure factors on the propagation of internal cracks in rocks. As shown
in Fig. 19, the overall damage degree of internal cracks in the rock under
confining pressure loading is relatively low, and the cracks tend to be
distributed along the horizontal direction, this situation is more signif-
icant in the section where the rock is broken by a single impact of the
tool. Moreover, there are relatively few branching cracks at the edge of
the main crack in the rock section under confining pressure. Based on
the previous conclusion (tensile stress and shear stress are the main
causes of rock cracking), it can be further explained that the existence of
confining pressure limits the propagation of tensile stress and shear
stress, leading to a lower degree of damage to cracks in the rock section
and fewer branching cracks. Furthermore, the fact that the cracks in the
rock section tend to distribute horizontally under confining pressure
further indicates that the fragmentation trend of mechanical impact
under confining pressure tends to follow the direction of maximum
surrounding rock stress.

Extract the static water pressure curve of the rock element in the rock
section under a single impact of a tool under a confining pressure of
4 MPa, and analyze the distribution of confining pressure in the rock
section after mechanical impact rock breaking. As shown in Fig. 20,
element H09767 is taken from the crack, element H10666 is taken from
the crack edge, and element H11567 is taken from a distance from the
crack edge. After the tool impacted the rock, element H09767 achieved
complete damage, element H10666 suffered slight damage, and element
H11567 did not suffer any damage. From the figure, before the tool
impacts the rock, the confining pressure borne by the rock element is
stable at around 4 MPa. Now when the tool impacts the rock, the rock
element bears significant stress. After the tool comes out of contact with
the rock (the single impact of the tool ends), the confining pressure
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Fig. 20. Hydrostatic pressure and damage curve of rock elements at
different positions.

borne by different rock elements at different positions shows a regular
change. From the figure, after a single impact of the tool, the static water
pressure of the rock element at the crack location returns to zero. The
rock element along the crack edge (H10666) exhibits regular fluctua-
tions around 0 MPa, while the overall amplitude of the static water
pressure in the rock element further away from the crack edge is larger
and fluctuates more violently. From this, it can be inferred that after the
impact of the tool, the crack and undamaged rock elements closer to the
edge of the crack have undergone unloading under confining pressure,
but the undamaged rock elements are still subject to regular fluctuations
under the influence of confining pressure factors. However, rock ele-
ments that have not suffered damage far from the crack still bear sig-
nificant surrounding rock stress after being impacted by the tool. In
addition, it can be seen from the graph that the peak hydrostatic pres-
sure of the rock element is smaller as it approaches the crack location,
and the rock element gradually begins to bear tensile stress.

Based on the analysis of the damage curve of the rock element, it can
be concluded that although a confining pressure of 4 MPa increases the
peak compressive stress borne by the rock element, the magnitude of the
increase in compressive stress under confining pressure loading still
cannot meet the rock fracture standard relative to the ultimate
compressive strength of the rock. Through comprehensive analysis, it
can be concluded that the unloading of confining pressure after me-
chanical impact on rocks mainly occurs at the crack and damage site,
and the further away from the damage and crack, the greater the
confining pressure.

4. Conclusions

In this paper, a numerical model of tool impact breaking in inho-
mogeneous rock is developed by random replacement to simulate the
tool breaking process under unconfined and confined pressure condi-
tions. Analyzed the process of mechanical impact rock fragmentation,
rock damage mechanism, and the influence of confining pressure factors
on rock damage distribution and crack propagation. The main conclu-
sions obtained are as follows:

(1) Within the millisecond time scale, the rock-breaking process of
the drop hammer method undergoes multiple cycles of tool
impact and rebound impact. There is a phenomenon of cross-
layer distribution and boundary layer ambiguity in the propa-
gation of stress waves within heterogeneous rocks. The secondary
impact of the tool will intensify the damage degree of existing
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cracks and initiate more fine cracks, but it will not cause signif-
icant changes to the overall damage distribution of the rock.
Tensile stress is the main cause of rock fracture, and the contri-
bution of shear stress is smaller than that of tensile stress but
greater than that of compressive stress. The distribution of tensile
stress and the cumulative speed of damage along various di-
rections of the rock determines the macroscopic fracture char-
acteristics of the rock. The compression and shear stress are the
main causes of rock failure at the mechanical impact point, and
the cumulative damage of rock elements mainly occurs in the
decreasing stage after the peak of stress. As the depth of rock
damage increases, the compressive and shear stresses it bears
rapidly decrease, while tensile stress gradually dominates me-
chanical rock breaking. The further away the rock element is
from the impact site of the tool, the slower the cumulative
damage speed, and it gradually shows a stepped cumulative
trend.

The presence of confining pressure mainly affects the distribution
of tensile stress, thereby suppressing the propagation of internal
cracks and damage in rocks. The unloading of confining pressure
mainly occurs at the crack site, and the further away from the
crack, the greater the confining pressure. During the process of
tool impact rock breaking under confining pressure, the rock
tends to fracture and fail along the direction of maximum sur-
rounding rock stress.
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