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Based on an analysis of real stress in rock specimens, the mechanisms of inertia and cracks on the dynamic properties of concrete
material are discussed in this paper. A dynamic enhancement factor is introduced on the basis of static mesodamage constitutive
theory, and a rate-dependent three-dimensional rock dynamic constitutive model is established.+e orthogonal design and range
method are used to analyze the sensitivity of the dynamic damage constitutive parameters, and a differential evolution algorithm is
used to invert the relevant parameters of the constitutive model. Based on the drop hammer impact model established by the rock
dynamic damage constitutive model, the AE distribution, crack propagation mode, and load-displacement curve of the rock
sample are obtained. +e numerical simulation results show that rock specimens under dynamic loading have different failure
forms, mechanical response mechanisms, and energy evolution than those under static loading. Under dynamic loading, the rock
specimen forms more cracks and releases more elastic energy. Furthermore, it shows greater strength characteristics. Inho-
mogeneities and inertial effects of rock materials are the fundamental reasons for the increase in the dynamic strength of rock
materials. A reduction in inertial effects is the main reason for strength reduction in rock samples with hole defects.

1. Introduction

Rock materials are typically inhomogeneous materials with
significant strain rate effects [1–3]. +e strength, damage
mode, fracture surface, and energy characteristics of rock
materials exhibit various damage characteristics under
different strain rates. When the rock loading strain is low,
i.e., when it reaches a static or quasistatic loading range, the
rock material is damaged according to the least energy
dissipation principle, with the crack expansion path along
the weakest face of the rock [4, 5]. As the strain rate in-
creases, the energy inside the rock rapidly accumulates,
causing the material to reach its storage limit in a short
period of time and then rapidly release its energy. In this
case, the crack expansion of the rock material follows the
fastest energy release principle [6, 7], and the specimen
reaches a stable state in the shortest time.

Li et al. [8] investigated the energy characteristics of rock
specimens during dynamic damage with an SHPB device. It

was shown that, for higher rock loading strain rates, more
energy was absorbed, stored, and dissipated from the rock
specimen, resulting in greater fragmentation. +e fracture
surfaces of rock materials also exhibit distinct morphologies
at different strain rates. Liang et al. [9] used an electron
microscope laser scanner to examine fractures in granite at
different strain rates. +e results showed that as the strain
rate increased, the fracture in the rock changed from an
along-crystal fracture to a deconvolution fracture, to a
through-crystal fracture with a zigzag fracture surface, and
finally to a through-crystal fracture with a flat fracture
surface.+e results of Zhang et al. [10] also show that, at high
strain rates, the rock has a large rupture damage surface that
is significantly different from the rupture damage surface
under static loading. Hull et al. [11] used scanning electron
microscopy to observe the fracture pattern of rock speci-
mens at different strain rates and to investigate the damage
mechanism of rock specimens at different strain rates. Li
et al. [12] used a similar approach to analyze the dynamic
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damage mechanism of soft rocks. Liang et al. [13] studied the
relationship between rock energy storage and the release
mechanisms of rock fractures by loading rocks at low strain
rates. +e study showed that the higher the rock loading
strain rate is, the more energy the rock absorbs and stores,
the more severe the rock fragmentation is, and the higher the
measured rock strength is. +erefore, when loading at high
strain rates, multiple cracks can penetrate areas of higher
material strength, which differs significantly from the way
weak surface expansion occurs during static loading [14].
When cracks penetrate high strength areas at higher strain
rates, the ability of the rock specimen to resist deformation
improves, thus increasing the measured rock strength. In
other words, the strength of the rock is related to the strength
of the grain through which the crack penetrates [15–18], and
the greater the strength of the grain through which the crack
penetrates, the greater the strength of the rock. When the
rock specimen is subjected to a high strain rate, the inertial
force [19–22] is the main reason the dynamic strength of the
rock specimen increases. +is mechanism of action is also
consistent with the “S“ pattern of change in the dynamic
strength of the rock. When the rock is subjected to a range of
static and quasistatic strain rates, crack expansion in the rock
specimen follows the least energy dissipation principle;
cracks form along the weak surface of the specimen, where
there is little change in strength. When the rock specimen is
subjected to a higher strain rate, the dynamic strength of the
rock is mainly related to the length of the crack and the
strength of the area [23–26] through which the crack
penetrates; the greater the strength of the area, the greater
the strength of the rock specimen.

However, the contribution of the inertial force and the
crack penetration to the strength of the rock are not in-
variant for different models and are both closely related to
the structural form of the model. +erefore, this paper
constructs a dynamic damage intrinsic structure model
based on the fine-scale damage intrinsic structure. +e
relevant parameters of the model were inverted using a
differential evolutionary algorithm to analyze the effects of
different inhomogeneities that cause inertia effects and
cracks on the dynamic tensile strength with a finite element
model of the falling weight impact test. First, on the basis of
previous studies [9, 10], the necessary theoretical analysis
was carried out to investigate the analytical expression for
the dynamic strength with inhomogeneous effects. Second,
the damage modes, tensile strength, and energy character-
istics of different inhomogeneous numerical models were
investigated under dynamic and static loading. Various
models, including conventional and specially designed
models, were used. Type I crack extensions and their dy-
namic tensile strength calculation values were first investi-
gated for a case without particle inclusions. Subsequently,
type I crack extensions and their dynamic tensile strength
values were calculated for cases with rounded hard particle
inclusions and rounded holes, and the static and dynamic
damage modes were compared and analyzed for rocks with
particles. Furthermore, on the basis of previous studies
[27–33], the necessary theoretical analysis was carried out to
investigate the dynamic macroscopic strength analytical

expressions due to inhomogeneity. +e hard particle pa-
rameters used in this paper were from data on sand con-
glomerates collected during the construction of a large
reservoir at Sinopec’s Shengli Oilfield [34].

2. Numerical Calculation Model

2.1. Dynamic Damage Criterion considering Rate Effects.
To study the dynamic constitutive behavior of rocks, a
combination of approaches is usually used: the static damage
factor and dynamic constitutive model, the dynamic damage
factor and static constitutive model, and the dynamic
damage factor and dynamic constitutive model. As an in-
homogeneous material with damage, rocks are subjected to
dynamic loading due to the interaction of rate effects and
damage weakening effects.

Numerous laboratory tests on rocks have shown that the
strength and elastic moduli of rock materials have a linear
relationship with the logarithm of the strain rate [35]. Zhao
et al. [35] have shown through dynamic tests on various rock
materials that the relationship between the strength and the
strain rate conforms to a certain logarithmic relationship, as
follows:

ηDIF � 1 + Alog
_ε
_εs

 , (1)

where ηDIF is the dynamic strain rate factor, _ε represents the
dynamic strain rate, _εs represents the quasi-static strain rate,
and A is a material parameter.

In this paper, to establish a dynamic damage intrinsic
model for rocks [34], the strengthening effect of the strain
rate is considered to decouple the dynamic damage, and a
dynamic damage constitutive model that considers the
damage weakening effect and rate correlation of rock ma-
terials is proposed as follows:

σ � E0 1 + A ln
_ε
_εs

 ε< ε0

σ � E0 exp −
ε − εs( 

m

a
  1 + A ln

_ε
_εs

 ε< ε0,

(2)

where E0 denotes the initial Young’s modulus, ε0 represents
the strain when the deformation reaches the elastic limit, and
m represents the heterogeneity coefficient.

2.2. Differential Evolution Algorithm Based Parameter
Inversion. In this paper, a numerical calculation model was
established based on the falling weight impact test in the
literature [28], as shown in Figure 1. +e length lb, height b,
and span distance l of the numerical model were 200mm,
50mm, and 180mm, respectively. +e thickness of the
model was 5mm. In the middle of the lower boundary of the
rock specimen, a prefabricated crack with a length c of 5mm
was set perpendicular to the boundary.

+e rock specimen was fixed on both sides of the bottom
surface, and an impact load consisting of a 4 kg hammer with
a 2m drop was applied to the central axis of the top surface.
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+e peak stress wave was 43 kN, and the duration of the
stress wave was 1.2ms. +e model boundaries were all free
reflective boundaries. +e number of meshes was reduced to
ensure accuracy, and the rock specimens were meshed to a
0.5mm square hexagonal mesh.

Due to the large scale of the model, to speed up the
calculation and make full use of the computing hardware,
OpenMP technology was used to parallelize the finite ele-
ment stiffness calculation and the unit stress calculations. In
addition, a reasonable superrelaxation factor was used to
speed up the iterative convergence of the system of equations
through a large number of trial calculations. With these
improvements, the software has very good computational
efficiency and parallelism for some large-scale problems,
significantly reducing the computational time and im-
proving the computational efficiency.

+e selection of the numerical model parameters is
crucial because they determine the accuracy of the calcu-
lation. In this paper, a differential evolution algorithm with
fast convergence and no initial values was used to implement
an optimized inverse analysis of the parameters of the falling
weight impact model.

+e specific inversion steps are as follows:

(1) +e numerical models were developed based on the
literature, and the model parameters in the present
constitutive model were identified as the optimiza-
tion variables for the differential evolution algo-
rithm: the heterogeneity coefficient m, the modulus
of elasticity E, Poisson’s ratio υ, the residual strength
σtr, the maximum tensile strain coefficient μ, the
dynamic strength enhancement factor η and the
tensile to compressive strength ratio c. +e or-
thogonal experimental design method was used to
construct the parameter combination scheme for the
numerical simulation. Seven relevant parameters
were used in this constitutive model, and the pa-
rameter selection of the orthogonal experimental
scheme was arranged using the Q31(57) orthogonal
table.

(2) A sensitivity analysis of the parameters was carried
out using the extreme difference method. +irty-one
sets of orthogonal test protocols were used to cal-
culate the ultimate loads and their corresponding
displacement values under different parameter
combinations using the falling hammer impact
model; based on the difference between the nu-
merical results and the test results, the sensitivity of

the relevant parameters was η>m>c>E>μ>υ>σcr.
+e first five parameters were selected as the final
objects to be inversely analyzed, and the values of the
remaining parameters were given in accordance with
the experimental parameters and empirical values.

(3) +e final inverse analysis parameters were deter-
mined to be the optimization variables; they were
used to prepare the difference evolution inverse
analysis algorithm program in MATLAB, set the
initial values and parameters, and determine the
fitness function. In this paper, the ultimate load and
its corresponding displacement value were used as
the target values, and the mean squared difference of
the calculated data of the numerical model was used
as the fitness function

g(x) �
1
n



n−1

i�1

l(x) − li( 

li
 

2

+
F(x) − Fi( 

Fi

 

2⎧⎨

⎩

⎫⎬

⎭. (3)

where F(x) and l(x) are the experimentally measured
peak stress and displacement data, respectively; Fi
and li are the calculated peak load and displacement,
respectively; and n is the number of experimental
data points.
+e parametric inverse analysis program in MAT-
LAB was used, and the corresponding initial pa-
rameters were set. +e number of optimization
variables was 4, the population size QT was 100, the
variation factor a was 0.7, the crossover factor c was
0.8, and the maximum number of iterations dmax was
1500. By attempting different parameters in the
optimization search test, the ultimate load and peak
displacement were obtained under different pa-
rameter combinations.

(4) +e inversion parameter results were output, and the
results were analyzed and validated.

Table 1 shows the optimization results of the model
parameters. Figure 2 shows the load–displacement curves of
the numerical model and the physical results for the falling
weight impact test. +e results show that the calculated
inverse parameters are consistent with the results of the
laboratory falling weight impact experiment and that the
inverse results are reliable.

To further verify the accuracy of the selected parameters
of the numerical model, the vertical displacements under
loading were extracted, and the inertial force and vertical
displacement data calculated according to the equations in
the paper were compared and analyzed with the experi-
mental results in the literature. +e comparison results are
shown in Figure 3, which indicates that the results of the
numerical simulation and the laboratory experiments are in
good agreement, and the results calculated by the parameter
inversion are consistent with the physical test results in
terms of both the vertical displacement variation pattern and
the inertia load curve of the rock specimen, thus proving the
reliability of the parameter simulation of the falling weight
impact test obtained by inversion in this paper.

c

l
lb

b

Stress Wave

Figure 1: +e numerical model.
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2.3. Numerical Models. To analyze the effects of macro-
scopic inhomogeneities caused by inclusions of granular
materials on the dynamic tensile strength in different
model structural situations, a numerical model was
established, as shown in Figure 4. A circular hole region in
the specimen, with a radius R of 7.5 mm, was considered
for type I crack extensions and their calculated dynamic
tensile strength values for three cases: a structural material
with no inhomogeneities, a material with round hard
particle inclusions, and a material with a circular hole. +e
stress wave shown in Figure 5 was applied for 1.4ms with a
crest of 42.5 kN. After the calculation was completed, the

tensile strengths of the different structural forms were
calculated, and the static and dynamic damage modes
were compared and analyzed for rocks with particles. +e
tensile strength of a three-point bent rock specimen beam
can be determined by the following equation:

σT �
3Pl

2bd
, (4)

where P is the peak loading value, and l, b and d are the span,
height, and thickness of the three-point bending beam,
respectively.

Table 1: Result of the back analysis of parameters.

Parameters E(GPa) η (10-2) m μ c

Value 33.5 2 3.5 8 12
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Figure 2: Comparison between numerical simulation and laboratory experiment.
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Figure 3: Comparison between numerical simulation and laboratory experiment. (a) Inertia force; (b) vertical displacement.
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3. Analysis of the Effect of Rock Inhomogeneity
and Inertial Forces on Dynamic Strength

To determine the influence of inhomogeneities in rock
materials on dynamic tensile strength, this paper integrates
the effects of inhomogeneities and inertia on the dynamic
strength based on the literature [9] and establishes a dy-
namic tensile strength calculation method based on the
crack extension area and inertia effects. +is method can be
used to solve for the dynamic tensile strength when the crack
passes through an inhomogeneous region. When a three-
point bending beam is subjected to an external load, a type I
fracture occurs in the middle section; the fracture area of the
rupture surface is S� b×dc. When the three-point bending
beam fractures completely, the fracture surface is the entire
cross section, S0 � b×d. At this time, the specimen reaches a
static fracture strength with an ultimate load P of σs �PL/
bh2. When the crack passes through a region of strength σi,
the crack area formed is Si. At this point, the magnitude of
the strength can be expressed as

σ �
σiSi + σsSs

S0
. (5)

According to the analysis of forces in concrete falling
weight impact tests in the literature [10], when a rock is
impacted by a falling weight, the forces can be divided into
two parts: inertial forces Fi(t) and deformation forces Fi(t)

Ft(t) � Fd(t) + Fi(t), (6)

where Fi(t) is the equivalent inertia force generated at the
loading point.

+e damage process of a rock specimen subjected to an
impact load consists mainly of elastic deformation and rock
cracking stress relaxation. To simplify the analysis, the de-
flection curve of the rock specimen is assumed to be in the
form of three deflection curves throughout the falling weight
impact process, as shown in Figure 6.

When the falling weight impact is applied to the upper
boundary of the specimen at the mid-axis point, a vertical
inertial acceleration is generated. According to the principle
of virtual work, the inertial force of the impact can be
obtained in relation to the rock specimen as a whole as

Fidδ � 2 ρ €H (x, y)dHydV, (7)

where ρ is the density of the rock specimen, H(x, y) is the
vertical displacement of the rock specimen, and V is the
volume of the rock specimen.

+e expression for the inertial force of a falling weight
impact can be obtained by integrating over the whole region
of themonolithic rock formula while neglecting higher order
infinitesimals:

Fi(t) �
647
11340

l
3ρ€δ(t). (8)

Taking into account the inhomogeneity of the rock and
the inertial forces, an expression for the dynamic strength of
the rock can be obtained:

σd �
σ1S1 + σ2S2 + · · · + σnSn

S0
+

Fil1

bh
. (9)

4. Analysis of the Mechanism of Strength
Enhancement by Rock Inhomogeneity and
Inertial Forces

4.1. Static Tensile Strength for Inhomogeneity Numerical
Models. +e same displacement load of 0.01mm per step
was applied to the central axis of the upper boundary of the
three models until a type I crack was generated in the middle
section through the whole specimen; the damage process of
the specimen is shown in Figure 7. All three rock specimens
formed fracture surfaces at 20 loading steps, and all fracture
surfaces were located in the center of the bottom surface of
the specimen. As the load was applied, the crack in Model I
expanded along the central axis of the specimen, and the
I-shaped tensile crack formed inModel I expanded along the
middle section and truncated in the middle of the circular
hole at step 50. At step 55, an I-shaped crack formed at the
top of the hole and expanded to the central axis of the upper
boundary of the specimen by step 80, as shown in
Figure 7(a). +e type I tensile crack formed in Model II
extended along the central axis of the model to the top of the
rock specimen and, by step 100, to the top of the model,
causing integral instability damage to the specimen, as
shown in Figure 7(b).

A short pause in crack extension occurred inModel III at
step 50 when the extension reached the particle.+en, at step
55, the crack extended along the left-side edge of the hard
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Figure 4: +e numerical model.
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particle; when the extension reached a radius length to the
left of the center of the particle, the crack extended upward
in a vertical direction to the upper boundary of the specimen
within a radius length of the left of the center axis by step
100, as shown in Figure 7(c).

+e numerical simulation results show that when the
materials in the crack penetration area of the numerical
model vary, there are some differences in the extended crack
path and the damage process. When the intermediate region
is a circular hole defect, the crack propagation is blocked,
and the damage process of the specimen is the fastest. When
the intermediate region is a hard particle with a higher
strength than the matrix, the crack propagates first along the
particle-matrix interface and then in the vertical direction.

To study the acoustic emission pattern during the
damage of the model under static loading [36–40], the
distributions of the number of AEs and the energy with the
loading step were extracted for each of the three models
under static loading, as shown in Figure 8.

+e numerical simulation results show that the number
of AEs and the energy of all three models were concentrated
between loading steps 20 and 60. +is is mainly due to the
presence of hard particles in the crack expansion path in the
model, which prevents the crack from penetrating the
stronger particles and causes damage along the contact
surface with the matrix, resulting in the destruction of the
units and the release of more energy. Model I produced the
lowest number of AEs and the smallest amount of energy,
with values of 2071 and 1.13 J, respectively. +is was mainly
due to the presence of hole defects in the model, which
caused the cracks to be truncated, resulting in fewer units
breaking and less energy being released.

Figure 9 shows the load-displacement curves of Models
I, II, and III under static loading. +e simulation results
show that the load peaks at 0.44mm, 0.52mm, and 0.66mm
were 74831N, 94437N, and 102852N, respectively. +e
ultimate load and displacement were the largest for Model
III, while the load and displacement were the smallest for
Model I, which contained the circular hole defect. +ere was
a rapid decrease in the stress, which was mainly due to the
presence of hole defects in the model, and when the crack
extended to the bottom of the round hole, a crack quickly
formed at the top of the defect, reducing the resistance of the
model.+e ultimate load was substituted into (5) to calculate
the tensile strength of the model and compared with the
results of (4), as shown in Table 2.

+e calculations show that it is reasonable to use the
calculated tensile strength of inhomogeneous materials of
different strengths, with a maximum error of 0.95%.

4.2. Dynamic Tensile Strength of Inhomogeneity Numerical
Models. A stress wave, as shown in Figure 5, was applied to
the central axis of the upper boundary of the three models to
simulate the impact load of a 4 kg hammer dropped from
2m, with a peak stress wave of 43 kN and a duration of
1.2ms. Figure 10 shows the damage process of the numerical
model under the action of the falling weight impact. +e
numerical simulation results show that the three different
structural models exhibit various damage modes under
dynamic loading.

Type I fracture cracks appeared in all three models at the
lower boundary of the mid-axis of the precast crack, with
Models I and II showing crack initiation at the precast crack
at the bottom of the specimen at t� 0.5ms and Model III
only showing stress concentration at the tip of the precast
crack at t� 0.5ms, with no type I fracture crack initiation.
+is is because the stress waves in the circular hole in Model
III were reflected through the hole, which prevented some of
the stress waves from propagating, resulting in the hori-
zontal tensile displacement in the central axis of Model III
lagging behind the other two models. As the stress wave
continued to propagate, the type I crack produced inModel I
continued to expand along the mid-axis region of the model
specimen toward the top of the specimen, reaching the
middle of the model at the upper boundary at t� 2ms. After
a type I crack formed in Model II, the crack began to expand
rapidly along the mid-axis region of the model, and at
t� 1ms, the crack expanded to the lower endpoint of the
circular particle, where the crack bifurcated, and the two
bifurcated cracks 1 and 2 expanded along the boundary of
the circular hard particle. At t� 1.5ms, the two bifurcated
cracks stopped after expanding to the endpoints on both
sides. A third, vertically oriented type I crack emerged at the
lower endpoint of the rounded particle. At this point, cracks
1, 2, and 3 all expanded vertically. At t� 2ms, cracks 1 and 2
stopped expanding and did not reach the upper end of the
model, while crack 3 stopped expanding at the center of the
round particle.

At t� 1ms, in Model III, the type I crack expansion
stopped at the lower endpoint of the circular hole due to the
presence of the circular hole, which hindered the propa-
gation of the stress wave. At the same time, two type I cracks
formed on the left and right sides of the prefabricated cracks
at the lower boundary of the model, mainly due to tensile
waves reflected from the lower boundary of the circular hole.
At t� 1.5ms, type I cracks formed in the upper region of the
circular hole defect and, at t� 2ms, extended to the upper
boundary of the model, while the two type I cracks sprouted
at the lower boundary stopped extending after a certain

x
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o
δ(t) 

l2 l2l1

Figure 6: +e deflection curve of falling weight impact.
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distance. +e numerical models of the three different
structures showed significant differences in the damage
process under the falling weight impact, with distinct crack
expansion paths and damage patterns due to the various
materials in the middle circular region.

Figure 11 shows the spatial distribution of AEs for the
three different structural numerical models. Model III has
the most complex form of damage, with concentrated unit
tensile damage at the left and right ends of the circular hole
and shear damage units in the upper region of the hole,
mainly due to the presence of the circular hole, which causes
the stress waves to reflect back and forth in this region.

Figure 12 shows the distribution of the number of AEs
and the amount of energy with time forModels I to III under
dynamic loading. +e numerical simulation results show
that the distribution of AEs over time differs for the three
models. For example, in Model I, the number of AEs
gradually increases at t� 0.4ms, reaches a peak at t� 1ms,
and then gradually decreases. +is is mainly due to the AE
from the vertical tensile crack at the bottom of the model. At
t� 1.5ms, a second peak in the AE occurs at the top of the
circular hole in the model due to crack initiation. Model II
has only one peak in its AE distribution due to its homo-
geneous structure, with only one type I crack produced.

In Model III, due to the presence of hard particles, the
crack expands rapidly along the particle-matrix interface,
causing the AE first peak to occur at t� 0.8ms; at t� 1.5ms, as
the peak stress wave gradually increases, the crack passes
through the hard particle region, causing a second AE peak.
+e AE time distribution curve in Figure 12 shows that crack
initiation causes an increase in the AE, while crack expansion
and penetration cause a concentrated burst in the number of
AEs. Furthermore, by observing the cumulative release energy
pattern of the AEs, it is found that the released energy of the
AEs increases with increasing loading step. +e highest
number of AEs and the highest cumulative release energy
were 8068 and 6.58 J, respectively, for Model I. Model I had
themost damaged units due to the presence of circular defects
and multiple transverse reflections of stress waves inside the
specimen, which resulted in more tensile cracks in the model.

Compared with Model I, the number of AEs and the
energy produced in Model III are 7898 and 4.62 J, respec-
tively. Although the number of AEs is similar, there is a
difference of 1.92 J in the energy released, which is mainly
due to the presence of more shear damage in Model I, which
causes shear damage at the edge of the defect, releasing more
energy. It is worth noting that Model II shows an increase in
the number of AEs and the amount of energy released at the
point, where the crack reaches the lower endpoint of the
round particle. In particular, the rapid increase in AE energy,
when combined with the AE distribution diagram at this
point, is found to be themain reason for the rapid increase in
microcrack energy. +e sheer damage is mainly due to the

apparent stress concentration at the tip of the particle and
crack, which causes shear damage to the unit in this region.

To further investigate the force and deformation
mechanisms of the different structural inhomogeneous
models under dynamic loading, the load-displacement
curves, inertial force curves, and vertical displacement
curves with time for the three numerical models were cal-
culated, as shown in Figure 13.

According to the load-displacement curve of the model
in Figure 13(a), the maximum ultimate load of the model
with hard particles is 49.07 kN, the minimum ultimate load
of the model with circular hole defects is 38.7 kN, and the
maximum displacement of the ultimate load is 0.26mm. It is
worth mentioning that the presence of circular defects
causes a significant load drop in the load-displacement
curve, as shown in Figure 13(b). +e three models also have
different inertial effects under stress waves due to their
structural inhomogeneities, which confirms the conclusions
reached in Section 5 of this paper.

Figure 13(c) shows the vertical displacement over time
for the three model monitoring points. +e vertical dis-
placement for the model with round particles has the fastest
rate of change but the smallest value. InModel III, the rate of
change of the vertical displacement is the smallest because it
contains circular defects, but the ultimate displacement
value is the largest. +is is mainly due to the presence of
circular defects, which obstruct the propagation of stress
waves, causing significant hysteresis in crack initiation and
expansion. +e equivalent inertial forces calculated
according to (8) are shown in Figure 13(b). +e numerical
simulation results show that the equivalent inertial force of
Model III is the largest, while that of Model I is the smallest.
Overall, there are no significant differences between Model
II and Model III in any calculation aspect, but the two
models do have considerable differences with Model I. +e
dynamic strength magnitudes derived from the three nu-
merical models based on their rupture areas and (4) and (9)
were calculated, as shown in Table 3.

According to the calculation results in the table, the error
between the method in this work and the traditional cal-
culation method is within 4%, indicating that the method
has good accuracy. It is worth noting that the calculated
values of the method in this work are all less than the
calculated values of the traditional method, which is mainly
because the traditional calculation method only considers
tensile damage, but there may be a small amount of shear
damage during the dynamic loading process, resulting in an
increase in the strength.

4.3.Mechanismof the Influenceof theRadiusofaCircularHole
on Strength. To investigate the effect of different defect
radius sizes on rock specimen damage, three-point bent rock

Table 2: Calculation results of tensile strength by different calculation methods.

Calculation method Models I Models II Models III
Equation 4 8.07MPa 10.21MPa 11.93MPa
Equation 5 7.93MPa 10.01MPa 10.90MPa
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Load 80 stepsLoad 55 steps

Load 50 stepsLoad 20 steps

-2.269e+001
-1.949e+001
-1.628e+001
-1.308e+001
-9.871e+000
-6.665e+000
-3.459e+000
-2.532e+001
2.953e+000
6.159e+000

-2.647e+001
-2.290e+001
-1.934e+001
-1.578e+001
-1.221e+001
-8.648e+000
-5.084e+000
-1.521e+001
2.043e+000
5.607e+000

-1.968e+001
-1.670e+001
-1.371e+001
-1.073e+001
-7.749e+000
-4.767e+000
-1.785e+000
1.197e+001
4.179e+000
7.161e+000

-1.793e+001
-1.461e+001
-1.129e+001
-7.964e+001
-4.542e+000
-1.321e+000
2.001e+000
5.322e+000
8.644e+000
1.197e+001

(a)

Load 20 steps

Load 100 steps

Load 40 steps

Load 60 steps

-2.509e+001
-2.079e+001
-1.650e+001
-1.220e+001
-7.908e+000
-3.613e+000
6.822e+001
4.977e+000
5.273e+000
1.357e+001

-2.955e+001
-2.450e+001
-1.945e+001
-1.440e+001
-9.350e+000
-4.299e+000
7.525e+001
5.804e+000
1.085e+001
1.591e+001

-3.474e+001
-2.938e+001
-2.403e+001
-1.867e+001
-1.331e+001
-7.952e+000
-2.594e+000
2.754e+000
8.122e+000
1.348e+001

-4.578e+001
-3.834e+001
-3.099e+001
-2.363e+001
-1.628e+000
-8.924e+000
-1.569e+001
5.786e+000
1.314e+001
2.050e+001

(b)

Load 20 steps

Load 100 steps

Load 50 steps

Load 55 steps

-4.022e+001
-3.424e+001
-2.825e+001
-2.227e+001
-1.628e+001
-1.029e+001
-4.308e+000
1.678e+000
7.664e+000
1.365e+001

-3.458e+001
-2.935e+001
-2.411e+001
-1.887e+001
-1.363e+001
-6.398e+001
-3.161e+000
2.076e+000
7.313e+000
1.255e+001

-3.134e+001
-2.624e+001
-2.114e+001
-1.604e+001
-1.095e+001
-5.846e+000
-7.464e+001
4.353e+000
9.452e+000
1.455e+001

-4.524e+001
-3.751e+001
-3.057e+001
-2.324e+001
-1.591e+001
-8.572e+001
-1.238e+000
6.096e+000
1.343e+000
2.076e+001

(c)

Figure 7: Diagrams of damage process andminimum principal stress diagram under static load. (a) Model I; (b) model II; and (c) model III.
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specimens with radii R of 5mm, 7.5mm, 10mm, 12.5mm,
and 15mm were established. A shock wave, as shown in
Figure 5, was applied to the central region of the upper
boundary of the specimen. +e final damage pattern of the
rock specimen is shown in Figure 14.

As the radius R of the circular hole increases, the pattern
of the crack extension type of the rock specimen changes.
When R� 5mm, the crack extends from the top of the
precast crack at the bottom of the specimen to the top of the
specimen through the top and bottom of the circular hole.
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Figure 8: Number of unit acoustic emissions and energy characteristics of the numerical models under static load. (a) Model I; (b) model II;
and (c) model III.
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Figure 9: Load-displacement curve of model under static load.
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t = 0.5 ms t = 1 ms

t = 1.5 ms t = 2 ms

-2.282e+001
-1.900e+001
-1.517e+001
-1.135e+001
-7.521e+000
-3.635e+000
1.314e+001
3.957e+000
7.753e+000
1.181e+001

-1.991e+001
-1.726e+001
-1.460e+001
-1.195e+001
-9.293e+000
-6.638e+000
-3.983e+000
-1.328e+000
1.328e+000
3.983e+000

-1.377e+001
-1.190e+001
-1.004e+001
-8.176e+001
-6.312e+000
-4.448e+000
-2.584e+000
-7.197e+000
1.144e+000
3.009e+000

-1.899e+001
-1.609e+001
-1.319e+001
-1.030e+001
-7.400e+000
-4.503e+000
-1.606e+000
1.291e+000
4.187e+000
7.084e+000

(a)

t = 0.5 ms t = 1 ms

t = 1.5 ms t = 2 ms

-4.369e+000
-3.093e+000
-1.817e+000
-5.417e+001
7.339e+001
2.010e+000
3.285e+000
4.551e+000
5.836e+000
7.112e+000

-2.449e+001
-2.145e+001
-1.842e+001
-1.538e+001
-1.234e+001
-9.305e+000
-6.268e+000
-3.232e+000
-1.952e+001
2.841e+000

-1.888e+001
-1.632e+001
-1.376e+001
-1.121e+001
-8.648e+001
-6.091e+000
-3.543e+000
-9.764e+001
-1.581e+001
4.138e+000

-2.493e+001
-2.142e+001
-1.791e+001
-1.440e+001
-1.089e+001
-7.381e+000
-3.871e+000
-3.602e+001
-3.150e+000
6.661e+000

(b)

t = 0.5 ms t = 1 ms

t = 1.5 ms t = 2 ms

Crack1

Crack2 Crack3

-1.555e+001
-1.249e+001
-9.428e+001
-6.370e+001
-3.311e+000
-2.528e+000
2.806e+000
5.864e+001
8.923e+000
1.198e+000

-2.538e+001
-2.202e+001
-1.867e+001
-1.531e+001
-1.196e+000
-8.506e+000
-5.251e+000
-1.896e+001
1.458e+000
4.813e+000

-1.689e+001
-1.474e+001
-1.258e+001
-1.042e+001
-8.264e+000
-6.106e+000
-3.948e+000
-1.790e+000

3.673e-001
2.525e+000

-2.037e+001
-1.786e+001
-1.535e+001
-1.284e+001
-1.833e+000
-7.824e+000
-5.315e+000
-2.305e+000

2.964e-001
2.213e+000

(c)

Figure 10: Diagrams of damage process andminimum principal stress diagram under dynamic load. (a) Model I; (b) model II; and (c) model III.

10 Shock and Vibration



Model I

Model II

Model III

Figure 11: +e distribution of AE under dynamic load.
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Figure 12: Number of unit acoustic emissions and energy characteristics of the numerical models under dynamic load. (a) Model I; (b) model II;
and (c) model III.
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When R� 7.5mm, two short tensile cracks form on both
sides of the precast crack due to the stress waves reflecting at
the hole boundary. As the hole diameter increases, the stress
wave reflection effect increases, and the tensile cracks that
form on either side of the precast crack expand toward the
left and right sides of the hole. When R� 15mm, the rock
specimen shows a similar damage pattern to R� 12.5mm,
but the cracks start to sprout and expand as prefabricated

cracks above the hole rather than at the hole. +is indicates
that when the diameter of the hole exceeds a certain value,
the rock specimen no longer expands as a three-point
bending type I crack.

Table 4 shows the contributions of inertia effects and
crack extension to the dynamic tensile strength values for
rock specimens with different hole radii, as calculated by the
above equations. +e calculation results show that the
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Figure 13: +e results of the numerical model under dynamic load. (a) Load-displacement curve. (b) Model inertia force curve. (c) Vertical
displacement curve.

Table 3: Comparison of calculation methods for tensile strength of numerical models.

Model Model I Model II Model III
Inhomogeneity strength value 13.12MPa 22.35MPa 15.20MPa
Inertia force Strength values 29.09MPa 30.24MPa 25.53MPa
Total model Strength values 42.21MPa 52.59MPa 40.73MPa
Traditional calculation method 44.26MPa 54.65MPa 41.22MPa
Error 2.66％ 3.92％ 1.21％
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dynamic tensile strength of the rock gradually decreases as
the hole radius increases, and the larger the radius, the more
significant the decrease. At this point, although the strength
of the specimen gradually decreases, the contribution of the
crack extension area to the strength first decreases, then
increases, and finally decreases. +e influence of inertia
effects during loading is always greater than the influence of
inhomogeneities. In other words, the hole affects the integral
tensile strength of the specimen mainly by reducing the
inertia effects of the specimen.

5. Conclusions

+is paper investigated the tensile damage mechanism of
rock materials under dynamic and static loads, used theo-
retical and numerical methods to analyze the influence of
inertia and rock material inhomogeneity on the strength of
rock materials under dynamic loads, and obtained the fol-
lowing conclusions:

(1) Under static loading, crack expansion follows the least
energy dissipation principle, with cracks expanding
along the weak side of the material or at the strength-

weakness interface, and the strength of the material is
proportional to the area of crack expansion.

(2) Under dynamic loading, crack expansion exhibits a
multipath approach to expansion, following the
shortest energy path and penetrating different re-
gions of strength and weakness in a short period of
time. Furthermore, inertial forces are generated as
the rock transitions from a static deformation state to
a dynamic deformation state in a short period of
time. +ese two aspects increase the macroscopic
strength of the rock material under dynamic loading.

(3) Based on the damage pattern of rock materials under
dynamic and static loads, a strength calculation
method based on material inhomogeneity and in-
ertial forces is established, which, when compared
with traditional calculation methods, has good cal-
culation accuracy.

(4) Inertia effects dominate under dynamic loading. +e
larger the radii of hole defects in a rock specimen, the
smaller the inertial force, and the smaller the dy-
namic tensile strength of the rock specimen.

Table 4: Model strength of different hole radius.

Hole radius (mm) Inhomogeneous strength value (MPa) Inertial forces (MPa) Total strength (MPa)
0 13.12 29.09 42.21
5 12.95 28.92 41.87
7.5 15.20 25.53 40.73
10 17.25 21.28 38.53
12.5 17.73 18.12 35.85
15 13.12 15.35 28.47

R = 5mm

R = 10mm R = 12.5mm

R = 15mm

R = 7.5mm

-1.099e+001
-1.609e+001
-1.319e+001
-1.030e+001
-7.400e+000
-4.503e+000
-1.606e+000
1.291e+001
4.187e+000
7.084e+000

-1.991e+001
-1.726e+001
-1.460e+001
-1.195e+001
-9.293e+000
-6.638e+000
-3.983e+000
-1.328e+000
1.328e+000
3.983e+000

-2.069e+001
-1.804e+001
-1.539e+001
-1.274e+001
-1.010e+000
-7.446e+000
-4.796e+000
-2.147e+000

5.026e-001
3.152e+000

-2.257e+001
-1.960e+001
-1.662e+001
-1.364e+001
-1.066e+001
-7.688e+000
-4.711e+000
-1.734e+000
1.243e+000
4.220e+000

-2.861e+001
-2.499e+001
-2.137e+001
-1.775e+001
-1.413e+001
-1.051e+001
-6.889e+000
-3.269e+000
3.505e+001
3.970e+000

Figure 14: Failure pattern of different hole radius.
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