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In order to study the fractal characteristics of the pomegranate biotite schist under the effect of blasting loads, a one-dimensional
SHPB impact test was carried out to test the dynamic compressive strength, damage morphology, fracture energy dissipation
density, and other parameters of the rocks under different strain rates; besides, sieve tests were conducted to count the mass
fractal characteristics of the crushed masses under different strain rates to calculate the fractal dimension of the crushed rock D.
Finally, the relationships between fractal dimension and dynamic compressive strength, crushing characteristics, and energy
dissipation characteristics were analysed. The results show that under different impact loads, the strain rate effect of the rock is
significant and the dynamic compressive strength increases with the increasing strain rate, and they show a multiplicative power
relationship. The higher the strain rate of the rock, the deeper the fragmentation and the higher the fractal dimension, and the
fractal dimension and rock crushing energy density are multiplied by a power relationship. By performing the comparative
analysis of the pomegranate biotite schist, a reasonable strain rate range of 78.75 s-1~82.51 s-1 and a reasonable crushing energy
consumption density range of 0.78 J·cm-3~0.92 J·cm-3 were determined. This research provides a great reference for the analysis
of dynamic crushing mechanism, crushing block size distribution, and crushing energy consumption of the roadway
surrounding rock.

1. Introduction

The dynamic hazard is very frequent in the deep mining
project [1, 2], andmany scholars think that the fracture pattern
is critical to studying the rock fractal in the mining, under-
ground geotechnical engineering blasting, and other fields
[3–5]. As one kind of typical rock in the deep mine roadway
envelope, with fractal theory, the fractal evolution of crushed
pomegranate biotite schist under impact loading was studied,
and the relationship between its fractal dimension and the
strain rate, dynamic compressive strength, average block size,
and crushing energy dissipation density was also analysed,
which is of great importance to blasting mining, hydraulic
fracturing [6–8], and liquid CO2 fracturing [9].

The SHPB technique has been widely used for testing the
dynamic properties of materials under the condition of high
strain rates, such as rock [10–15]. Based on the fractal theory,

Tyler developed a mass fractal model for modelling the distri-
bution of rock fracture bulkiness. Weng et al. [16] used SHPB
equipment to conduct impact experiments on sandstones
treated at different temperatures and studied their fractal
characteristics and energy dissipation characteristics, respec-
tively. Li et al. [17] analysed the relationship between the
fractal dimension of the fracture angle of coal sections and
the intact degree of coal rock under impact loading. Following
the SHPB experimental setup, Huang et al. [18] studied the
fractal fragmentation characteristics of sandstones with differ-
ent water contents and obtained the relationship between
fractal dimension and water content and energy consumption.
By subjecting cyclic loading to sandstone specimens and com-
bining fractal theory with energy consumption principles, Hu
et al. [19] studied the crushing bulk and energy dissipation.
Deng et al. [20] conducted impact loading tests on granite
and sandstone and analysed dissipation characteristics with
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fractal theory. Zhao et al. [21] used the SHPB apparatus to test
two types of rocks and analysed their relationships between
the crushing characteristics and dynamic strength with fractal
theory.

The present studies about the rock dynamics test mainly
focus on the distribution of rock fragmentation bulk and
energy dissipation; the relationships between fractal dimen-
sion and impact loading strain rate, average bulk, kinetic
parameters, and energy density are rarely studied. Therefore,
in this paper, SHPB kinetic tests and sieve tests were con-
ducted on the pomegranate biotite schist, and the fractal
dimension D was calculated using the G-G-S fractal model.

2. Test Preparation and Programme

2.1. Experimental Procedure and Principles. As shown in
Figure 1, a Φ50mm variable section Hopkinson pressure
bar (SHPB) in the Rock Mechanics Laboratory of the Kun-
ming University of Science and Technology is chosen, which
consists of a loading system, a bullet, an incident bar, a
transmission bar, a test signal collection system, and an
energy absorption device. The length of the bullet is 0.4m,
the length of the incident and the transmission bar is both
2.0m, the elastic modulus of the bar is 210GPa, the metal
bar is made of alloy steel with a density of 7.8 g/cm3, and
the longitudinal wave speed is 5190m/s. Besides, the bar is
powered by nitrogen pressurisation, and the laser velocime-
ter is used to measure the speed of the bar while applying
impact loading. In order to eliminate the end effect and tip
effect of the rock specimen, petroleum jelly is applied
between the rock specimen and the incident and transmis-
sion bars to ensure that both ends of the specimen and the
bar contact surfaces are smooth.

The SHPB test is designed based on the theory of the stress
wave propagating in an elastic compression bar [22, 23], in
which there are 2 basic assumptions, including the one-
dimensional elasticity and the uniform stress distribution.
The cross section of the elastic compression bar is a plane dur-
ing stress wave propagation, and the stress keeps constant.
Because the two-wave method will cause errors while process-
ing data, the three-wave method is usually adopted [24], by
which the strain rate _εs, strain ε, and stress of the specimen
σs can be expressed by

ε
•
s =

C0
Ls

εI tð Þ − εR tð Þ − εT tð Þ½ �,

ε =
C0
Ls

ðt0
0
εI tð Þ − εR tð Þ − εT tð Þ½ � dt,

σs =
EA
2As

εI tð Þ − εR tð Þ − εT tð Þ½ �,

ð1Þ

where As, A is the cross section area of the specimen and the
compressional bar (m2); C0 is the velocity of the elastic longitu-
dinal wave of the compressional bar (m/s); E is the elastic
modulus of the bar (GPa); Ls is the length of the specimen
(m); εI, εR, and εT are the strains of the incident wave, reflected
wave, and transmitted wave at a certain moment t; and t is the
propagation time of the stress wave in the bar (s).

In the process of the rock crushing, the incident energy
WI, reflected energy WR, and transmitted energy WT of
the compressional bar can be calculated by the following
equations.

WI tð Þ = AEC0

ðt
0
ε2I tð Þdt,

WR tð Þ = AEC0

ð
ε2R tð Þdt,

WT tð Þ = AEC0

ð
ε2T tð Þdt:

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

ð2Þ

After ignoring the energy loss in the propagation of the
stress wave, the energy absorbed by the rock can be obtained
as follows:

Ws =WI − WR +WTð Þ: ð3Þ

If the crushing energy of the rock is supplied by the
absorbed energy, the absorbed energy of the rock can be
regarded as the crushing energy of the rock. To further
reduce the influence of volumetric factors on the test results,
the crushing energy density ωcp is defined as follows for the
crushing energy analysis.
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Figure 1: SHPB impact test system.
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ωcp =
Ws
V

: ð4Þ

2.2. Specimen Preparation. The rock samples were taken from
the Yuxi Mining Dahongshan Copper Mine, and they have
high integrity and uniformity. The surface of the specimen is
dark grey and has few apparent cracks. According to the
requirements of the rock mechanics test, the nonparallelism
at both ends of the specimen should be in the range of
-0.02mm~+0.02mm, and the central axis of the specimen
must be perpendicular to both ends of the specimen with an
axial deviation of -0.25°~+0.25°. In order to reduce the influ-
ence of the end effect and tip effect on the test result, the rock
specimen was processed into a cylinder with the size of 50
mm ∗ 50mm. The initial physical parameters of the speci-
mens are shown in Table 1, in which specimens of pomegran-
ate biotite schist are numbered as L-1#~L-15# as shown in
Figure 2.

Before the test, the optimal impact pressure of 0.4MPa
to 0.6MPa was determined with the test punches. For every
impact pressure, more than 3 specimens were tested to
guarantee the accuracy of the experimental results.

3. Test Analysis of the Test Results

3.1. Analysis of Fragmentation Patterns. After conducting
impact tests on rock specimens under different impact pres-
sures, seven sets of valid data were obtained, as shown in
Table 2. The peak strain is defined as the strain value corre-
sponding to the peak stress on the stress-strain curve.

Under the effect of impact loading, the crushing of
rocks is actually a process of internal microscopic crack
initiation, expansion, and accumulation, which finally leads
to macroscopic fragmentation, and its damage pattern indi-
cates the energy dissipation state and damage degree of
rocks; besides, different impact velocities will induce the
different fragmentation patterns of rocks, as shown in
Figure 3.

It can be seen that the splitting damage occurred for the low
strain rate, and the damage pattern gradually changed to edge
spalling, core damage, block fragmentation, and crushing
damage as the strain rate increased. From the perspective of
fragmentation, as the impact velocity increased, the strain rate
of the rock, the fine end of the fragmentation block, and the
degree of fragmentation all increased, but the size of the
fragmentation block decreased. This phenomenon can be
explained as that when the rock specimen is subjected to
impact loading at a low rate, the energy taken by the impact
load is little, the internal microcracks will develop in an orderly
direction, and a few cracks will develop and penetrate the rock
specimen, inducing less broken pieces; with the increase in the
impact loading rate, the energy subjected to the specimen
increases, making the cracks within the specimen fully devel-
oped, which continuously expand and penetrate to form the
apparent cracks, leading to more broken pieces, less size of
the broken pieces, and high degree of fragmentation.

3.2. Analysis of Dynamic Strength Characteristics. The test
results showed that the dynamic compressive strength of
the pomegranate biotite schist was significantly affected by
the strain rate. As shown in Figure 4, the dynamic compres-
sive strength of the rock increased from 150.20MPa to
209.06MPa as the strain rate increased from approximately
46.89 s-1 to 93.84 s-1; the relationship between them can be
fitted by a multiplicative power function σf = p_εq based on
the research by Wang and Li [25, 26]. Under different strain
rates, the significant change in dynamic compressive strength
of rocks is known as the strain rate effect, which is a character-
istic of the mechanical response of brittle materials due to
change in the one-dimensional stress state. Moreover, as the
strain rate increased, both the number of cracks within the
rock and the required external energy increased; however,
due to the extremely short duration of the impact loading,
the required energy was not reached, so external energy can
only be counteracted by increasing the stress. Therefore, the
dynamic strength of the surrounding rock of the roadway
should be taken into account to consider conditions such as
roadway excavation blasting andmechanical dynamic loading,
which will provide guidance for the optimisation of subse-
quent blasting parameters.

3.3. Study on Fractal Characteristics of Rocks

3.3.1. Calculation of Fragment Screening and Fractal Dimension.
In order to quantitatively describe the fragmentation degree of
the rock specimen, the distribution of the size of the broken
pieces after the destruction was introduced to reflect the
changing pattern of the destruction degree of the rock sample
with the strain rate. The specimens were sieved using stan-
dard sieves of 0mm~25mm, and the fragments remaining

Table 1: Average values of physical parameters of specimens.

Specimen type
Length
(mm)

Diameter
(mm)

Aspect
ratio

Quality
(g)

Density
(kg·m-3)

Modulus of elasticity
(GPa)

Poisson’s
ratio

Compressive
strength (MPa)

Pomegranate
biotite schist

49.36 48.50 1.01 266.64 2943.36 106.80 0.31 59.82

Figure 2: Pomegranate biotite schist.
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above the sieve holes were weighed and converted into the
percentage of fragments of rock (Table 3); thus, the fragmen-
tation distribution curve of pomegranate biotite schist can be
obtained and is shown in Figure 5.

According to Figure 5, after the pomegranate biotite
schist specimen was subjected to conventional uniaxial
impact loading, the percentage of fragments whose size
was larger than 25mm decreased from 66.78% to 31.28%,
and the strain rate increased from 46.89 s-1 to 93.84 s-1.
The change in the block size distribution of fragments whose
size was less than 20mm and below was relatively gentle.

Besides the particle size distribution, the fractal dimension
is also an important indicator to characterise the fractal charac-
teristics of the rock, and it increases with the degree of fragmen-
tation of the specimen. The G-G-S model is now commonly
used to describe the fractal bulkiness of fine-grained ends [27].

Y =
r
rm

� �b

, ð5Þ

where b is the corresponding regression coefficient. Based on
the relationship between mass and frequency, the fracture frag-
mentation distribution of the rock sample can be obtained:

Y =
Mr
Mt

=
r
rm

� �3−D
, ð6Þ

where Mr is the mass of rock fragments with the particle size
less than r,Mt is the total mass of rock fragments, r is the par-
ticle size of rock fragmentation, and rm is the maximum parti-
cle size. By taking the logarithm of both sides in equation (6),

lg Y = lg
Mr
Mt

� �
= 3 −Dð Þ lg r

rm

� �
: ð7Þ

In a new coordinate system of lg ½Mr/Mt� − lg r, the slope
of the line can be represented as 3 −D. The lg ½Mr/Mt� − lg x
curves describing the distribution of fragments of pomegranate
biotite schist are shown in Figure 6.

It can be seen that the slope of the particle size character-
istic curve decreased with the strain rate, indicating that the
mass of the end of the fine of the crushed pomegranate
nepheline gneiss gradually increased, and the crushing
degree became higher. The average block size and fractal
dimension of the fragmented pomegranate nepheline gneiss
are shown in Table 4, and the large correlation coefficient R
indicates that under impact loading, the distribution of block
size is consistent with the fractal pattern.

3.3.2. Fractal Dimension versus Strain Rate andMean Bulkiness.
As shown in Figure 6, the double logarithmic function showed
high linearity, indicating that the block distribution of the rock
after fragmentation has a self-similarity or fractal character.
This phenomenon can be explained as that the aggregation
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Figure 4: Dynamic compressive strength versus strain rate for
pomegranate biotite schist.

Table 2: Characteristic parameters of rock fragmentation at different strain rates.

Specimen
number

Impact pressure
(MPa)

Impact velocity
(m·s-1)

Strain rate
(s-1)

Dynamic compressive
strength (MPa)

Peak
strain

Absorbed
energy (J)

Crushing energy
density (J·cm-3)

L-5# 0.40 10.13 46.89 150.20 0.0108 51.53 0.57

L-4# 0.45 10.86 59.69 152.79 0.0096 57.09 0.63

L-3# 0.45 12.09 70.21 163.41 0.0101 66.95 0.74

L-7# 0.50 12.55 78.75 177.19 0.0112 71.21 0.78

L-8# 0.55 13.63 82.51 197.10 0.0126 81.23 0.89

L-10# 0.58 14.54 90.63 198.20 0.0115 83.31 0.92

L-14# 0.60 15.04 93.84 209.06 0.0142 89.16 0.98

10.13 (m/s) 10.86 (m/s) 12.09 (m/s) 12.55 (m/s) 13.63 (m/s) 14.54 (m/s) 15.04 (m/s)

Figure 3: Damage pattern of pomegranate biotite schist at different impact velocities.
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of small internal cracks lead to the macroscopic destruction of
the rock, and the small fracture evolves from smaller micro-
fractures. This self-similarity inevitably leads to the self-
similar characteristics of the final block distribution. There-
fore, the fractal dimension can be used to describe rock frag-
mentation quantitatively.

According to Figures 7 and 8, the fractal dimension D can
be related to the strain rate and average block size, respectively.
The average block size is defined as the block size whose
cumulative percentage is less than 50%, as expressed in

ds =
∑ridi
∑ri

, ð8Þ

where ds is the average block size of rock fragments less
than sieve diameters ri and di is the mass percentage of rock
fragments.

This parameter can quantify the distribution of bulkiness
and the variation of fragmentation of the rock under differ-
ent dynamic loads. Figures 7 and 8 show a strong correlation
between the fractal dimension and strain rate _ε and average
block size ds, in which the fractal dimension D increased
from 1.80 to 2.51 and the average block size decreased from
23.78mm to 15.60mm, indicating that the fractal block size
distribution of the pomegranate biotite schist is self-similar
and has obvious fractal characteristics.

3.3.3. Fractal Dimension and Crushing Energy Consumption
Density. Based on the research of Hong et al. [28], the rela-
tionship between the fractal dimension of the rock D and
the dissipation density of crushing energy ωcp was fitted by
a multiplicative power function in Figure 9.

As shown in Figure 9, the fractal dimension of the rock
D exponentially increased with crushing energy density ωcp

, and the higher crushing energy density indicates that more

Table 3: Table of impact test sieve sizes corresponding to weighing masses.

Sizes (mm)
0 0.3 0.5 1.0 2.5 5.0 10.0 15.0 20.0 25.0 Total massMass (g)

Strain rate (s-1)

46.89 0.24 0.22 0.42 1.74 2.34 11.78 16.07 20.66 28.94 173.32 255.73

51.28 0.59 0.34 0.56 2.45 2.47 10.43 27.55 44.20 28.80 149.44 266.83

59.69 0.70 1.22 1.29 3.38 3.78 17.89 31.26 40.41 28.09 149.44 277.46

70.21 1.11 1.67 1.50 3.66 3.98 32.92 48.00 21.64 32.92 115.63 263.03

76.37 3.24 1.89 1.63 7.74 6.96 30.45 27.41 45.08 36.04 103.34 263.78

78.75 1.45 4.55 4.54 8.73 6.56 28.06 34.85 42.58 33.54 98.55 263.41

82.51 2.32 3.78 3.82 12.38 7.86 33.18 46.56 36.71 21.70 105.23 273.54

90.63 3.54 5.68 4.65 14.35 20.04 39.42 35.21 25.08 32.34 87.35 267.66

92.28 4.78 3.02 8.65 18.34 21.09 31.87 36.21 23.21 24.56 92.50 264.23

93.84 4.44 5.39 5.31 17.90 22.13 38.52 43.52 30.28 17.97 84.41 269.87
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Figure 5: Distribution of fragmentation bulkiness of pomegranate
biotite schist at different strain rates.
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energy is required to crush the rock, and the more severe the
rock crushing, the more fine-grained the fragments and the
higher the fractal dimension D.

3.4. Study of Rock Crushing Effects and Energy Dissipation.
In summary, an increase in the strain rate makes the effec-
tive crushing bulk of the rock gradually migrate towards
the fine-grain end, enhancing the crushing effect. However,
an increase in the crushing effect means an increase in
crushing energy density. Therefore, a reasonable range of

the strain rate and crushing energy density is of great prac-
tical importance to enhance the crushing effect and reduce
energy consumption.

In Figure 6, the particle size characteristic curve is
characterised by the distribution of rock crushing bulk, and
the slope of the curve is defined as the bulk distribution
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1.8

2.0

2.2

2.4

2.6

Pomegranate biotite schist
Fitting curve

0.5535

R2 = 0.9485
D = 2.5598𝜔cp

D
𝜔cp (J·cm−3)

Figure 9: Fractal dimension of pomegranate biotite schist versus
crushing energy density.
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Figure 8: Relation between fractal dimension and average block
size for pomegranate biotite schist.

Table 4: Crushing bulkiness statistics of pomegranate biotite schist under impact loading.

Specimen number L-5# L-4# L-3# L-7# L-8# L-10# L-14#

Average crushing size (mm) 23.78 21.76 19.65 18.61 18.16 16.48 15.60

Fractal dimension D 1.80 2.05 2.14 2.31 2.36 2.46 2.51

Correlation coefficient R 0.92 0.91 0.86 0.91 0.85 0.87 0.77

1.8

2.0

2.2

2.4

2.6

Pomegranate biotite schist
Linear fitting curve

D

D = 1.127 + 0.0148 𝜀
R2 = 0.9898

40 50 60 70 80 90 100
.
𝜀 (s−1)

.

Figure 7: Fractal dimension versus strain rate for pomegranate
biotite schist.
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Figure 10: Relationship diagram for determining the range of
reasonable strain rates.
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coefficient C. Figures 10 and 11, respectively, show the rela-
tionship between the fractal dimension D and the strain rate
and the relationship between the bulk distribution coeffi-
cient C and crushing energy consumption density.

It can be seen from Figure 10 that the slope of the curve
changed fast and the decreasing rate started to increase when
_ε was close to 59.69 s-1; after _ε exceeds 82.51 s-1, the decreas-
ing rate of the curve decreased. Therefore, in order to
achieve a better crushing effect, the _ε should be controlled
in the range of 59.69 s-1~82.51 s-1, and the corresponding
range of the fractal dimension curve was 70.21 s-1~90.63 s-1.
Similarly, in Figure 11, the dissipation density of crushing
energy of two curves can be determined to be in the range of
0.74 J·cm-3~0.92 J·cm-3 and 0.78 J·cm-3~0.98 J·cm-3, respectively.

According to the relationship between the strain rate and
crushing energy density in Table 2, it can be indicated that
the reasonable strain rate range should be 78.75 s-1~82.51 s-1
to achieve rock crushing and the reasonable crushing energy
density range should be 0.78 J·cm-3~0.92 J·cm-3 (the dashed
line range in Figures 10 and 11).

4. Conclusion

In this paper, the typical tunnel envelope rock, pomegranate bio-
tite schist, was selected to carry out SHPB rock dynamicmechan-
ical tests, and rock fragmentation characteristics under different
strain rates, strength indexes, and energy parameters were
obtained to establish the relationship between fractal dimension
and these parameters. This research provides a reference for fur-
ther study of the dynamic mechanical properties of pomegranate
biotite schist in deep mining and provides guidance for the opti-
misation design of blasting parameters for underground mine
tunnelling. The main conclusions can be drawn as follows.

(1) The fragmentation distribution of pomegranate bio-
tite schist is significantly affected by the strain rate
under the effect of impact loading. As the strain rate

increases, the degree of fragmentation decreases; the
fine ends of the fragments increase with the frag-
mentation degree. Besides, the dynamic compressive
strength increases with the strain rate, showing a
power relationship

(2) The fractal dimension D can quantify the fracture
characteristics of the rock, it increases as the strain
rate increases, and when the strain rate ranges from
46.89 s-1 to 93.84 s-1, the fractal dimension D of
pomegranate biotite schist is 1.80~2.51

(3) The fractal dimension D can quantify the fractal
energy dissipation characteristics of a rock, and it
increases with the fractal energy density ωcp in a
multiplicative power relationship

(4) The reasonable strain rate range to achieve good crush-
ing effectiveness and reduce crushing energy consump-
tion for pomegranate biotite schist is 78.75 s-1~82.51 s-
1, and the reasonable crushing energy consumption
density range should be 0.78 J·cm-3~0.92 J·cm-3
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