
Research Article
Relationship between Fractal Dimension of Fragmentation
Degree and Energy Dissipation of Rock-Like Materials under
Initial Stress

Ying Xu,1,2 Jinjin Ge ,1 Hailong Li ,3 Rongzhou Yang ,1 Kun Wang,1 and Shi Hu 1

1School of Civil Engineering and Architecture, Anhui University of Science and Technology, Huainan 232001, Anhui, China
2Key Lab. of Coal Deep-Well Structural Technique, Huaibei 235000, Anhui, China
3School of Petroleum Engineering, China University of Petroleum (East China), Qingdao 266580, Shandong, China

Correspondence should be addressed to Jinjin Ge; 157534201@qq.com

Received 28 September 2020; Revised 9 November 2020; Accepted 12 November 2020; Published 29 November 2020

Academic Editor: Pengfei Wang

Copyright © 2020 Ying Xu et al.1is is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In order to obtain the relationship between fractal dimension and energy dissipation of rock-like materials under initial stress
state, a variable cross-section split Hopkinson pressure bar (SHPB) test system with active confining pressure loading device was
used to carry out impact compression and splitting tests on cemented sand specimens. 1e impact test results show that (1) the
prediction value on the fragmentation degree of cemented sand specimens by using the fractal model is basically consistent with
the screening results of actual test, which verifies the applicability of the fractal calculation model given in this study; (2) the more
the fracture energy dissipated in the crushing process of cemented sand specimens, the more serious the fragmentation degree is,
and accordingly the larger the fractal dimension is, that is, the fracture energy is positively correlated with the fractal dimension;
(3) there is an exponential relationship between the fractal dimension and energy dissipation of cemented sand specimens under
initial stress, which is so different from that under no initial stress.1e experimental results in this study can be used to modify the
fractal damage model for rock blasting considering the initial stress.

1. Introduction

In order to effectively control and obtain ideal blasting effect, it
is necessary to describe the mechanical process of rock blasting
mathematically and carry out theoretical research on rock
blasting.With the gradual deepening of people’s understanding
of rock blasting process, three kinds of rock failure criteria,
namely, elastic failure, fracture failure, and damage failure, have
appeared successively in the study of blasting theory.

Sandia National Laboratory of the United States started
the research work of damage model for rock blasting to
predict the damage and failure process of rock under ex-
plosion load as early as 1966 [1]. 1e main method is to treat
the dynamic fracture of rock as a continuous damage ac-
cumulation process, and the basic point is to establish the
relationship between damage variable and the density of
microcracks in rock.

Due to the fact that the failure process of rock blasting
reflected by the damage failure criterion is closer to the
reality, it was widely used in the current theoretical research
of rock blasting [2–9].

In fact, the discontinuous interfaces such as joints,
cracks, holes, and weak surfaces widely existing in the rock
are the most critical factors affecting the rock blasting
fracture effect [10–12]. Hence, there is inevitable error be-
tween the calculation results in rock blasting design and the
actual blasting effect in a certain range caused by these
factors.

With the further understanding on rock materials, the
macroscopic fracture of rock is the final result of the con-
tinuous initiation, development, expansion, aggregation,
and transfixion of its internal defects. 1is process from
microscopic damage to macroscopic fracture is a process of
energy dissipation and has fractal properties. Both the
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geometric features of structural evolution and the digital
features of mechanical or physical evolution show good
statistical self-similarity, such as the fracture mode, crack
density, fracture toughness, and fracture surface morphol-
ogy of the microstructure, etc. 1e experimental observation
showed that the macroscopic fracture of materials was
formed by concentration of small fracture groups, and the
small fracture was derived from evolution and aggregation of
smaller cracks. 1is behavior of self-similarity inevitably
leads to the fragmentation degree after crushing and energy
dissipation also having self-similar characteristics [13].

Based on the fractal theory, Yang and Wang [14]
incorporated natural rock crack and its evolution law into
the rock blasting damage model to develop a new nu-
merical calculation model for rock blasting. 1e law for
crack propagation of rock blasting obtained by numerical
calculation with this model is closer to that in engineering
practice. Fractal damage model of rock blasting is put
forward based on the following viewpoints: the core
factors affecting the process and results of rock blasting
are macroscopic defects existing in the rock, such as joints
and cracks; there is an inseparable relationship between
macroscopic defects of rock and its microscopic damage;
fractal dimension can be used as a relatively simple ho-
lographic stability parameter to describe damage and its
evolution, and it is based on the relationship between
energy dissipation rate generated by damage and fractal
dimension (damage evolution is the process of energy
dissipation).

However, the current blasting engineering gradually ad-
vances to the deep rock mass in high in-situ stress envi-
ronment, which inevitably leads to the difference in the
blasting fracture theory and surrounding rock stability
mechanism compared with that in shallow rockmass [15–19],
and the corresponding relationship between energy dissipa-
tion rate generated by damage and fractal dimension will also
be changed. 1erefore, it is of great significance to establish
the relationship between fractal dimension and energy dis-
sipation of rock under initial stress, so as to develop a nu-
merical calculation model of rock blasting crack propagation
considering initial in-situ stress.

In this study, the impact dynamics tests were carried out
on the cemented sand specimens under confining pressure,
and the energy dissipation and fractal dimension were
calculated and analyzed according to the screening results of
fragmentation degree of specimens under impact load, so as
to establish the relationship between fractal dimension and
energy dissipation.

2. Fractal Calculation Model

1e fractal property of rock fragmentation distribution can be
understood from two aspects. On the one hand, it has been
proved by experiments that the fragmentation process had self-
similarity with the shape of rock block and the size distribution
of fragment featured power-law, which is a fractal in statistical
sense; on the other hand, the analysis of rock microstructure
shows that holes and fractures in rock meso-structure are in
fractal distribution, and the fragmentation is the direct result of

fracture expansion. 1erefore, fractal pore rock structure leads
to fractal fragmentation distribution, which has inherent and
inevitable relation [20–22].

It is assumed that the volume of the fracture model of
rock mass is always constant in the process of explosive
impact, and the original block is divided into sub-first-order
blocks with probability f and similarity ratio r (0< x< r), at
each time when the new blocks are formed. When the
original block is divided into sub-first-order blocks after
infinite times of repetition, a series of large and small rock
blocks with similar shapes are generated [23]. In this process,
the reproduction quantity of sub-first-order blocks is
N � (1/r)3f, then the dimension Df of rock mass group is

Df �
logN

log(1/r)
� 3 −

logN

log r
. (1)

If the rock mass is initially composed ofM source blocks
with line size xm, the volume of each source block is

V � CVx
3
m, (2)

where CV is the volume shape coefficient.
1en, the line size of the k-order block produced by all

the source blocks after k-order fractal construction is

xk � r
k
xm, (k � 0, 1, . . .), (3)

and its number is

Nk �
1
r

􏼒 􏼓
3
f􏼢 􏼣

k

(1 − f)M. (4)

According to equations (2)–(4), the volume of k-order
block is

vk � CVx
3
kNk � CVx

3
mf

k
(1 − f)M. (5)

1e total volume of fragmentation with line size less than
or equal to xi is

Vi � lim
j⟶∞

􏽘

j

k�i

vk � CVx
3
mf

i
M. (6)

1e volume sum of all blocks is Vt � MV � CVx3
mM, so

the ratio of the volume (mass) of blocks with line size less
than or equal to xi to the total volume (mass) is

yi �
Vi

Vt

� f
i
. (7)

From equation (3),

i �
log xi/xm( 􏼁

log r
, (8)

logf
log xi/xm( )( )/log r( ) �
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It can be deduced from identity transformation equation
(9) that

f
log xi/xm( )( )/log r( ) �

xi

xm

􏼠 􏼡

(logf/log r)

. (10)

1erefore, it can be deduced from equations (1), (7), (8),
and (10) that fragmentation distribution obtained from
fractal construction is

yi �
xi

xm

􏼠 􏼡

3− Df

. (11)

1e slope of the regression line in a double logarithm
coordinate system of yi ∼ (xi/xm), which can be established
by equation (11), is b � 3 − Df. In this way, the fractal di-
mension of fragmentation degree (Df) can be calculated
[24].

3. SHPB Test

3.1. Test Apparatus. 1e SHPB test apparatus system was
used in the test, as shown in Figure 1, which is located in
the Impact Dynamics Laboratory of Anhui University of
Science and Technology. A∅50mm variable cross-section
steel pressure bar including impact bar, incident bar, and
transmission bar was selected from this laboratory for this
impact test, all of which were all made of the same type of
high-strength alloy steel. 1e lengths of impact bar, in-
cident bar, and transmission bar are 800mm, 2,400mm,
and 1,200mm, respectively, and the elastic modulus,
density, and elastic wave velocity are 210 GPa, 7,800 kg/
m3, and 5,190m/s, respectively. In order to make the front
edge of the incident wave rose slowly, a right conic
variable cross-section for transition was adopted at the
incident end of incident bar, which was quite helpful for
constraining the untimely fracture of fragile materials
such as rocks and improving the stress uniformity of the
specimens [25, 26]. In addition, a device of stress loading
was used in conjunction with the SHPB to provide active
confining pressure on specimens, as shown in Figure 2.

1e cemented sand substitute featured a low wave im-
pedance, which leads to the weaker transmission signals
from transmission bar compared with the incident signals
from incident bar. 1erefore, a semiconductor strain gauge
was used to measure weak transmission signals, and a re-
sistance strain gauge was used for the incident bar. In order
to improve the loading waveform of the incident pulse and
prolong the rising period of the incident pulse, a piece of
paper [27] was used as a pulse shaper and pasted on the end
of the incident bar.

1e stress-strain at both ends of the specimens tended
to gradually move towards equilibrium after several
transmissions and reflections of stress wave in the spec-
imens according to the basic assumptions [28, 29] of
SHPB test technology. On this basis, the dynamic me-
chanical parameters such as stress σ(t), strain ε(t), and

strain rate _ε(t) could be calculated according to the fol-
lowing equations:

σ(t) �
E0A0

2As

εI(t) + εR(t) + εT(t)􏼂 􏼃,

ε(t) � −
C0

Ls

􏽚
τ

0
εI(t) + εR(t) − εT(t)􏼂 􏼃dt,

_ε(t) � −
C0

Ls

εI(t) + εR(t) − εT(t)􏼂 􏼃,

(12)

where A0 and As are the cross-section areas of the pressure
bar and the specimens, respectively; E0 and C0 are the elastic
modulus of the pressure bar and the longitudinal wave
velocity, respectively; Ls is the length of the specimen; εI(t),
εR(t), and εT(t) are the incident, reflected, and transmitted
stress waves, respectively. 1e compressive stress is positive;
t is the duration of the stress wave.

1e waveforms of incident wave, reflected wave, and
transmitted wave are measured during the test, as shown in
Figure 3. 1ere was a basically flat section on the reflected
wave, which reflects the realization of the constant strain rate
loading of the material [24].

Figure 1: SHPB test apparatus system.

Figure 2: Device for active confining pressure loading.
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According to both incident signal and reflection signal,
the stress-time curve of the interface between incident bar
and specimen can be calculated (“incident + reflection”).
According to the transmission signal, the stress-time curve
(“transmission”) of the interface between the transmission
bar and specimen can be calculated. As can be seen from
Figure 4, the stress at both ends of the specimen in the test
was approximately equilibrium during the whole process of
loading [30].

3.2. Rock-Like Material. Impact dynamics tests carried out
on real rock specimens under confining pressure showed
that when confining pressure is loaded to 20MPa or more,
the specimens were intact and not damaged, which results in
impossible calculation of the parameters such as fractal
dimension of rock failure and fracture damage energy.

According to the study [31], cemented sand substitute
showed good elastic-plastic performance under uniaxial
compression, with obvious segmental stress-strain curves,
stable post-peak softening section, stable residual strength,
and similar failure forms, to real rocks.1erefore, the impact
specimens were made of cemented sand substitute. 1e bulk
density of cemented sand substitute is about 18.2 kN/m3. It is
made up of quartz sand as aggregate, gypsum powder as
regulator (adding gypsum to the simulated cemented sand
can greatly change its mechanical properties, such as re-
ducing its strength and hardness. [32]), and cement as the
cementing agent.

In order to extend the model test results to apply in the
prototype entity [33], it is necessary to determine the
proportional relationship (similarity coefficient) between the
prototype and the physical quantities of the model, which is
usually expressed by C. To consider the sizes of the engi-
neering prototype and loading apparatus, geometric simi-
larity coefficient CL was determined to be 20. According to
the bulk densities of cemented sand substitute and the
prototype rock mass (26 kN/m3), the similarity coefficient of
the bulk density of natural material was obtained that
Cr � 1.42, and the stress similarity coefficient was
Cσ � CL × Cr � 28.4.

Under the conditions that stress similarity coefficient
and primary rock strength were 28.4 and 135MPa, re-
spectively, it was calculated that the strength of the model

similar material used in this test should be 4.75MPa. 1e
strength of the specimen made with proportion of 1:0.095:
0.05:0.10 for sand:cement:gypsum:water was able to meet the
strength requirement for model similar material. 1e basic
physical parameters of the specimens were measured after 21
days of natural drying conditions at room temperature
(20°C) [34], as shown in Table 1.

3.3. Specimens Making. In order to satisfy the stress uni-
formity requirement of the specimens and mitigate the effect
of inertia on the SHPB test, the method [35] recommended
by the International Society for Rock Mechanics (ISRM) and
the Method for Determining Physical and Mechanical
Properties of Coal and Rock [36] (China) was used to make
the specimens. 1erefore, specimens of ∅50 × 25mm cyl-
inders were prepared to perform dynamic split tests and
dynamic compression tests [37–40]. A customized test mold
(Figure 5) was used for making the cemented sand speci-
mens, which was considering that the cemented sand
specimens were liable to be damaged during mold removal.
Some specimens used in the test are shown in Figure 6.

3.4. Test Design. 1e test comprised both a dynamic tensile
test and a dynamic compression test. 1e dynamic tensile
test was designed to calculate the fragmentation energy
consumption factor of the specimens, while the dynamic
compression test was designed to obtain the relationship
between confining pressure and fragmentation fracture
energy. Different loading rates were applied by adjusting the
impact pressure during the test. 1ree parallel specimens
were selected for each group during the test.

It is known that the buried depth and bulk density of the
simulated rock mass were H� 750m and c � 26 kN/m3,
respectively, and the horizontal lateral pressure coefficient of
the in-situ stress was 1.5. So, based on the vertical stress,
σv � cH, σv was calculated at 19.5MPa; based on the average
horizontal stress σhav � σv × 1.5, σhav was found to be
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29.25MPa; based on the mean stress σav � ((σv + σhav)/2),
σav was determined to be 24.375MPa, and the simulated
confining pressure value was σ � (σav/Cσ) � 0.858MPa.
1erefore, six confining pressure stress values were utilized
in this test design, namely, 0.7MPa, 0.86MPa, 1.0MPa,
1.15MPa, 1.3MPa, and 1.45MPa. For other design pa-
rameters, see Table 2.

4. Test Results and Discussion

4.1. Results Analysis. 1e fragments after SHPB dynamic
compression test on cemented sand specimens were col-
lected, which were screened into 13 grades with 0∼0.15,
0.15∼0.3, 0.3∼0.6, 0.6∼1.18, 1.18∼2.36, 2.36∼4.75, 4.75∼9.5,
9.5∼13.2, 13.2∼16, 16∼26.5, 26.5∼31.5, 31.5∼37.5, and
37.5∼50mm based on its fragment size. So, according to the

results of fragment screening test of cemented sand after
impact compression failure, the fracture energy (WF) used
to form the fracture surface and cause cemented sand
crushing and the fractal dimension of fragmentation degree
(Df) was calculated (calculation methods for energy con-
sumption factor and energy dissipation rate were referred to
Xu et al.’s study [15]). 1e calculation results are shown in
Table 3.

It can be seen fromTable 3 that, under the condition with
no confining pressure, both the fracture energy density (WF)
and fractal dimension of fragmentation degree (Df) of the
cemented sand specimens subjected to impact load in-
creased with the increase of impact pressure, while the
damage energy density (WD) decreased with increasing
impact pressure. Under the same impact pressure, the
fracture energy density (WF) was larger than the damage
energy density (WD). 1is indicated that, under the con-
dition with no confining pressure, there was a positive
correlation between fracture energy density (WF) and fractal
dimension of fragmentation degree (Df), while there was a
negative correlation between damage energy density (WD)
and fractal dimension of fragmentation degree (Df), and the
energy absorbed by the specimens was mainly used to form
the fracture surface.

Under the condition of confining pressure, the
fracture energy density (WF), fragmentation degree
(Df), and damage energy density (WD) of cemented sand
specimens subjected to impact load all increased with the
increase of impact pressure, and the fracture energy
density (WF) is less than the damage energy density (WD)
under the same impact pressure. 1is indicated that,
under confining pressure, the fracture energy density
(WF) and damage energy density (WD) of cemented sand
specimens were positively correlated with the fractal
dimension of fragmentation degree (Df), and the energy
absorbed by the specimens was mainly used for crack
propagation and microcrack damage. 1e experimental
results also demonstrated that under the same impact
pressure, the larger the confining stress loaded to the
specimen, the smaller the fractal dimension of

Table 1: Physicomechanical parameters of prototype rock and cemented sand substitute.

Material type c (kN · m−3) E (GPa) C (MPa) φ (°) μ σc (MPa) σt (MPa)

Primary rock 26 12.97 10.00 43 0.268 135 21.5
CS substitute 18.2 0.36 0.28 43 0.268 4.75 0.603
Note. c, bulk density; E, deformation modulus; C, cohesion; φ, internal friction angle; μ, poisson’s ratio; σc, compressive strength; σt, tensile strength.

Figure 5: Specimen mold.

Figure 6: Cemented sand specimen.

Table 2: SHPB test design.

Test category
Impact air
pressure
(MPa)

Confining
pressure (MPa)

Number of
test pieces

Dynamic
tension

0.08, 0.1, 0.12,
0.14, 0.16 0 15

Dynamic
compression

0.15, 0.2, 0.25,
0.3 0 12

0.35, 0.50,
0.65, 0.80

0.7/0.86/1.0/
1.15/1.3/1.45 72
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fragmentation degree (Df), that is, the less serious the
fragmentation.

In order to verify the correctness of “fractal calculation
model” derived in the second section of this study, three
specimens’ screening results of fragments selected from tests
and its fractal dimension values calculated by the model are
shown in Figure 7 for comparative analysis.

Figures 7(a)–7(c) showed the comparison between
predicted values for rock fragmentation by using the block-
fractal model and experimental screening results under the
confining pressures with 0MPa, 1.3MPa, and 1.45MPa,
respectively. By comparison, it was found that the calcula-
tion results by fractal model in Figures 7(a)–7(c) were ba-
sically consistent with the experimental screening results,

Table 3: Fracture damage energy and fractal dimension of fragmentation degree of specimens.

Number p (MPa) v (m · s−1) Cp (MPa) WF (J) WD (J) WF (103J · m−3) WD (103J · m−3) Df

DY-2-2 0.15 3.11 0 1.752 4.595 35.69 93.61 2.308
DY-2-6 0.2 3.72 0 3.554 3.931 72.40 80.08 2.493
DY-2-9 0.25 4.22 0 5.024 3.154 102.4 64.25 2.714
DY-2-12 0.3 4.80 0 10.39 2.510 211.7 51.13 2.919
WY-1-1-0.7 0.35 6.162 0.7 0.2396 22.76 4.881 463.7 1.208
WY-2-1-0.7 0.5 8.396 0.7 1.399 33.89 28.50 690.4 1.269
WY-3-2-0.7 0.65 9.255 0.7 10.36 49.44 211.0 1007 1.472
WY-4-1-0.7 0.8 10.633 0.7 15.59 51.98 317.6 1059 1.573
WY-1-3-0.86 0.35 6.214 0.86 0.2396 19.76 4.881 402.5 1.194
WY-2-3-0.86 0.5 7.862 0.86 1.281 28.60 26.10 582.6 1.201
WY-3-1-0.86 0.65 9.314 0.86 7.960 44.51 162.2 906.8 1.397
WY-4-1-0.86 0.8 10.789 0.86 14.44 51.83 294.2 1056 1.411
WY-1-3-1 0.35 6.282 1 0.2396 15.32 4.881 312.1 1.072
WY-2-3-1 0.5 8.205 1 1.152 26.46 23.47 539.0 1.132
WY-3-2-1 0.65 9.325 1 7.011 43.88 142.8 893.9 1.265
WY-4-3-1 0.8 10.679 1 14.10 46.25 287.2 942.2 1.352
WY-1-1-1.15 0.35 6.47 1.15 0.2396 13.63 4.881 277.7 0.9844
WY-2-1-1.15 0.5 8.154 1.15 1.107 21.17 22.55 431.3 1.012
WY-3-1-1.15 0.65 9.325 1.15 6.037 39.39 123.0 802.4 1.195
WY-4-2-1.15 0.8 10.764 1.15 10.28 48.45 209.4 987.0 1.216
WY-1-3-1.3 0.35 6.282 1.3 0.2396 12.34 4.881 251.4 0.8812
WY-2-1-1.3 0.5 7.681 1.3 0.8404 16.01 17.12 326.4 0.9091
WY-3-1-1.3 0.65 9.422 1.3 4.954 30.34 100.9 618.1 0.9852
WY-4-3-1.3 0.8 10.638 1.3 6.986 42.64 142.3 868.7 1.138
WY-1-1-1.45 0.35 6.447 1.45 0.2396 9.440 4.881 192.3 0.6531
WY-2-2-1.45 0.5 8.202 1.45 0.6897 14.50 14.05 295.4 0.6731
WY-3-3-1.45 0.65 9.847 1.45 2.436 32.02 49.63 652.3 0.7992
WY-4-3-1.45 0.8 11.546 1.45 4.955 38.99 100.9 794.3 1.119
Note. Number, specimen number; p, impact air pressure; v, impact velocity; Cp, confining pressure values; WF, fracture energy; WD, damage energy; WF,
fracture energy density; WD, damage energy density; Df, fractal dimension of fragmentation degree. 1e fracture energy density and damage energy density
shown in the table are respectively the fracture energy and damage energy dissipated by cemented sand specimens per unit volume, which are defined to study
the relationship between fractal dimension of fragmentation degree and fracture energy, damage energy dissipated by specimens.
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Figure 7: Predicted value and test screening results of fragmentation degree.
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which proved that the fractal evolution characteristics of
rock fracture and the fractal model of rock fracture frag-
mentation derived in the second section of this study were
correct.

4.2.RelationshipbetweenFractalDimensionofFragmentation
Degree and Energy Dissipation. 1e data in Table 3 of
fracture energy density (WF) and fractal dimension of
fragmentation degree (Df) are shown in Figures 8 and 9.

Goodness of fit refers to the fitting degree of regression
line to the observed value. 1e statistic that measures
goodness of fit is the determination coefficient (R2). 1e
closer the value of R2 to 1, the better the fitting degree of
regression line to the observed value; conversely, the smaller
the value of R2, the worse the fitting degree of regression line
to the observed value.

1e data points of fracture energy density and fractal di-
mension of fragmentation degree under and without confining
pressure were fitted with the smooth curves of linear, poly-
nomial, logarithmic, power, and exponential functions, and the
curves of relation between fracture energy density and fractal
dimension of fragmentation degree of different types are
drawn, respectively. By comparing determination coefficients,
it can be obtained that the relationship between fracture energy
density and fractal dimension of fragmentation degree is ap-
proximately linear function under the condition of no con-
fining pressure, and the relationship between fracture energy
density and fractal dimension of fragmentation degree is ap-
proximately exponential function under the condition of
confining pressure. 1e fitting curves are shown in Figures 8
and 9 and the relationship between fracture energy density
(WF) and fractal dimension of fragmentation degree (Df) can
be obtained as follows:

Confining pressure with 0MPa,

Df � 2.26 + 0.00332WF,

R
2

� 0.9056.
(13)

Confining pressure with 0.7MPa,

Df � 1.90 − 0.689e
− 0.00232WF ,

R
2

� 0.996.
(14)

Confining pressure with 0.86MPa,

Df � 1.436 − 0.271e
−0.00970WF ,

R
2

� 0.971.
(15)

Confining pressure with 1.0MPa,

Df � 1.40 − 0.329e
−0.00651WF ,

R
2

� 0.993.
(16)

Confining pressure with 1.15MPa,

Df � 1.24 − 0.287e
−0.0126WF ,

R
2

� 0.987.
(17)

Confining pressure with 1.3MPa,

Df � 0.878 + 0.01298e
0.02105WF ,

R
2

� 0.993.
(18)

Confining pressure with 1.45MPa,

Df � 0.470 + 0.1699e
0.01328WF ,

R
2

� 0.999.
(19)

According to the above equations, the variation law of
WF andDf in the figures can be further summarized as
follows:

When Cp � 0MPa, the linear relationship between WF

andDf was as follows:

Df � A1 + A2WF. (20)

When Cp ≠ 0MPa, the exponential relationship between
WF andDf was as follows:

Df � A1 − A2e
− kWF , (21)

where A1 represented the ultimate fractal dimension;A2 and
k were parameters related to the confining pressure.

1is indicated that the relationship between fractal di-
mension of fragmentation degree (Df) and fracture energy
density (WF) also changed from linear to exponential
function with the change from zero to nonzero of confining
pressure constraint state.

1e fractal damage model for rock blasting deduced in
reference [41] was exactly established on the linear pro-
portional relationship between fractal dimension and
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Figure 8: 1e relationship between fractal dimension and fracture
energy density without confining pressure.
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fracture (or damage) dissipation energy of the rock failure
process under no initial stress (i.e., equation (20)).

1e results of this study showed that the energy dis-
sipation rate was greatly affected by in-situ stress.
1erefore, the fractal damage model for rock blasting
considering initial stress needed to be established on the

relationship between fractal dimension and fracture (or
damage) dissipation energy of the rock failure process
under initial stress state, i.e., equation (21), which can be
expressed as

Df � D0 + K1e
− K2Y

, (22)
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Figure 9:1e relationship between fractal dimension and fracture energy density under confining pressure, (a) 0.7MPa, (b) 0.86MPa,
(c) 1.0MPa, (d) 1.15MPa, (e) 1.3MPa, and (f ) 1.45MPa.
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where D0 represented the fractal dimension of initial rock
crack; K1 and K2 were parameters determined by experi-
ment (related to initial stress); Df represented fractal di-
mension of rock fragmentation degree in blasting process; Y
represented the energy dissipation rate of rock fracture or
damage.

By substituting equation (22) into the fractal damage
model for rock blasting deduced in reference [41], the fractal
damage model for rock blasting considering initial stress can
be obtained.

5. Conclusions

According to this study, under the condition that without
confining pressure, the energy absorbed by the cemented
sand specimens was mainly used to form the fracture
surface. Under the condition that with confining pressure,
the energy absorbed by cemented sand specimens was
mainly used for crack propagation and microcrack
damage. 1e more the fracture energy dissipated, the
more serious the fracture degree and the larger the cor-
responding fractal dimension will be. Under the same
impact pressure condition, the greater the confining stress
loaded to the specimens, the smaller the fractal dimension
of fragmentation degree (Df), that is, the less serious the
fracture degree.

In addition, it was also concluded from this study that
there was a positive correlation between fractal dimension
(Df) and fracture energy density WF. However, the energy
dissipation rate was greatly affected by in-situ stress, so the
relationships between Df and WF were quite different with
each other under different confining pressures. Without
confining pressure, the relationship between them is linear,
while under confining pressure, the relationship between
them is exponential. 1erefore, according to the rela-
tionship between fractal dimension (Df) and fracture
energy density (WF) under confining pressure, a fractal
damage model for rock blasting considering initial stress
can be established.

Despite some important conclusions drawn from this
study, due to the fact that the rock-like specimens used in the
test were made of homogeneous materials, which were
different from the rocks with the characteristics of anisot-
ropism in practical engineering, there were inevitable errors
in the research results. 1erefore, the technology of 3D
printing can be used in further research to develop rock-like
materials more in line with the real rock for the study of rock
impact dynamics.

Nomenclature

f: Probability
r: Similarity ratio
N: Reproduction quantity of sub-first-order blocks,

N � (1/r)3f

Df: Dimension of rock mass group
M: Number of source blocks

Line size

xm,
xi:
V: Volume of each source block
b: Slope of the regression line
CV: Volume shape coefficient
k: Number of fractal construction
Vi: Total volume of fragmentation with line size less

than or equal to xi

Nk: Number of k-order block
vk: Volume of k-order block
Vt: Volume sum of all blocks
yi: Ratio of the volume (mass) of blocks.
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