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In order to study the compressive deformation and energy evolution characteristics of concrete under dynamic loading, impact
compression tests with impact velocities of 5, 6, and 7m/s were carried out on concrete samples with aggregate volume ratios
of 0, 32%, 37%, and 42%, respectively, using a split Hopkinson pressure bar test apparatus. The broken concrete pieces after
destruction were collected and arranged. The fractal characteristics of fragmentation distribution of concrete specimens with
different aggregate rates under impact were discussed, and the roughness of the fragment surface was characterized by the
fractal dimension of the broken fragment and the crack surface energy was calculated. In addition, the analytical equation of
the fractal dimension of the broken fragment and the crack surface energy was established. The relationship between the
specimen energy absorption and the crack surface energy was compared and analyzed. The results show that the concrete
specimens are mainly tensile split failure modes under different impact speeds. The fractal dimension, absorption energy, and
crack surface energy all increase with the increase in impact speed and decrease with the increase in the aggregate rate. When
the aggregate rate is different, the effective utilization rate of the absorbed energy is the largest when the aggregate content is
37%. The surface energy of the crack can be used to estimate the concrete dynamic intensity.

1. Introduction

Concrete is the most widely used and the largest amount of
building materials in civil engineering. In recent years, with
the complex international situation and the rise of terrorism,
as well as the development and use of various precision-
guided weapons, many concrete structures are exposed to
the threat of extreme external loading effects such as shock,
vibration, and explosion [1, 2], which puts forward new
requirements for the study of concrete antistrike ability and
structural safety evaluation.

As a kind of multiphase composite quasibrittle material,
the damage of concrete when subjected to impact loading is
sudden and unpredictable, making it difficult to accurately
describe its internal damage law and measure its dynamic
mechanical parameters. While the nature of concrete failure
is a state destabilization phenomenon driven by energy [3],
the internal crack structure during damage has a statistical
self-similar property. Therefore, at present, many scholars
describe concrete failure characteristics and energy dissipa-

tion law from the perspective of fractal theory [4] and energy
[5, 6]. Fractal dimension was mainly used to describe the
crack characteristics of concrete and rock materials [7–9].
For example, Dang et al. calculated the fractal dimension
of the crack surface of a concrete CT scan section using
the difference box dimension and found that the fractal
dimension of the crack surface can quantitatively describe
the damage degree of concrete samples and better reflect
the strength characteristics and crack evolution law of con-
crete specimens under static and dynamic tensile conditions
[10]. Fang et al. established a damage variable equation of
concrete based on the change law of the fractal dimension
of the crack surface with load [11]. Woods et al. believed that
the automatic damage assessment method was able to track
the level of damage to a structural element based on the con-
crete crack distribution using fractal dimension analysis, and
the method was shown to be able to track the nonuniform
damage progression over the course of the earthquake [12].
In Konkol and Prokopski, based on the analysis of the statis-
tical model, it has been demonstrated that the influence of
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concrete fracture surface morphology (the fractal dimension
D) on the prediction of the critical stress intensity factor is
significant and comparable to the effect of the water/binder
ratio [13]. Li et al. investigated the relationship between
the fractal dimension of the concrete failure fragment and
the dissipation energy and found that they were positively
correlated [14, 15]. Luo et al. examined the rate effect of
concrete’s energy absorption capacity of concrete [16, 17].
Tan et al. discussed that the energy dissipation of concrete
materials under impact loading can be divided into damage
fracture energy and inertial potential energy, and the effects
of four influencing factors (aggregate size, polymer-cement
ratio, water-cement ratio, and cement-aggregate ratio) on
energy dissipation in the specimens were explained theoret-
ically [18]. In addition, energy analysis was also widely used
in the field of energy exploitation [19–23]. The above work
provides new ideas and methods for the study of the mech-
anism of the static and dynamic strength change of concrete
structures. However, it can be found that the application of
fractal dimension is mainly focused on the concrete crack
morphology, and the research on the distribution character-
istics of the concrete fragment after crushing and its rela-
tionship with strength is less involved; in the energy
consumption analysis of concrete materials, absorption
energy is often used to approximately replace the consump-
tion energy of crack expansion for energy characterization
[24, 25], and there is no quantitative understanding of the
consumption energy of crack growth. The distribution char-
acteristic of the concrete fragment is the macroscopic reflec-
tion of the results of its internal crack expansion. The study
of the distribution of the fragment and the energy consump-
tion of crack propagation after concrete crushing can help
people better evaluate and analyze the impact strength and
energy evolution law of concrete.

In this paper, the split Hopkinson bar test device with a
diameter of 100mm was used to carry out impact compres-
sion tests with impact velocity of 5, 6, and 7m/s on concrete
samples with aggregate volume ratios of 0, 32%, 37%, and
42%. The impact-damaged concrete fragment was sieved
and the fractal dimension of the damaged fragment was cal-
culated for each specimen, and its relationship with mor-
phology of the fragment, impact velocity, and aggregate
ratios was elaborated. Fractal dimension of the broken frag-
ment was used to characterize the surface roughness of the
broken fragment, and the analytical formula of fractal
dimension of the broken fragment and crack surface energy
was established; the relationship between absorbed energy,
dynamic compressive strength, and crack surface energy
was analyzed and compared, and the energy transfer law in
concrete samples with different aggregate ratios and impact

velocities was discussed. In order to distinguish the fractal
dimension from the previous fractal dimension for charac-
terizing the crack surface, the fractal dimension for charac-
terizing the concrete fragment is called “broken fragment
fractal dimension” in this paper.

2. Experimental Program

2.1. Preparation of Specimens. The concrete grade used for
the test is C30, and the aggregate particle size is
5mm~20mm. According to the mix proportion in Table 1,
the concrete mixture is evenly mixed and put into a rectan-
gular mold for vibration molding. After being exposed to
room temperature for 24 h, the mold was removed and
moved into a standard curing room (temperature 20 ± 2°C,
humidity 95%) for curing. After 28 d, the samples were taken
out and processed through core drilling, cutting, and grind-
ing to produce cylindrical specimens with aggregate contents
of 0 (pure mortar), 32%, 37%, and 42%, respectively. The
bottom diameter of the samples is about 100mm, the height
is about 50mm, and the parallelism difference between the
two bottom surfaces is kept within ±0.02mm.

2.2. Experimental Equipment and Loading Scheme. The
impact compression tests were performed on a split Hopkin-
son pressure bar (SHPB) device, which mainly consists of a
bullet, an input bar, a transmission bar, and a data measure-
ment system, as shown in Figure 1, of which the pressure bar
and the bullet are made of high-strength stainless steel, the
length of the input bar and the transmission bar are
6000mm and 4000mm, respectively, and the diameter is
100mm.

In order to solve the problem of stress uniformity during
the loading process and reduce the phenomenon of high fre-
quency oscillation of incident wave, a T2 copper sheet is
pasted on the end of the input bar as a waveform shaper;
meanwhile, a small amount of Vaseline lubricants is evenly
applied on both ends of the concrete sample to reduce the
friction effect and prevent unnecessary interference. By
shaping the waveform, the original waveform collected from
the test is shown in Figure 2, and it can be found that the ris-
ing phase of the incident stress wave is relatively gentle, with
the rising front time of about 230μs and the acting time
maintained at about 500μs, which plays a positive role in
slowing down the premature failure of the concrete sample
and improving its stress uniformity [26].

By adjusting the air pressure to control the impact veloc-
ity, three sets of impact tests (5, 6, and 7m/s) of concrete
samples with different aggregate rates were carried out, and
three parallel samples were prepared for each group test.

Table 1: Concrete mix proportions.

Concrete content (%) Cement (kg/m3) Water content (kg/m3) Sand (kg/m3) Cobblestone (kg/m3) Water reducer (kg/m3)

0 321 135 1944 0 3.2

32 321 135 1073 870 3.2

37 321 135 937 1006 3.2

42 321 135 801 1142 3.2
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According to the basic assumption of SHPB test technology,
the dynamic mechanical parameters of the specimen, such as
stress, strain, and strain rate, can be calculated through the
data collected by the strain gauge on the compression bar,
and the calculation formulas are as follows [27].

σ tð Þ = AE
2AS

εI + εR + εTð Þ, ð1Þ

ε tð Þ = C0
LS

ðt
0
εI − εR − εTð Þdt, ð2Þ

ε
•
tð Þ = C0

LS
εI − εR − εTð Þ, ð3Þ

where εI, εR , and εT are strain signals of incident wave,
reflection wave, and transmission wave, respectively; A and
AS are the cross-sectional areas of the pressure bar and the
sample; E and LS are the elastic modulus and length of the
compression bar; and C0 is the elastic wave velocity.

3. Failure Mode and Fractal Dimension
Analysis of the Failure Fragment

3.1. Analysis of Damage Mode of Concrete Specimens. The
high-speed camera was used to capture the morphologies

of concrete samples during the process of impact in real
time. Figure 3 shows the deformation diagram of each sam-
ple at the time of crack penetration under different impact
velocities. As can be seen from the figure that under the
same aggregate rate, with the increase in impact velocity,
both of the number and width of axial cracks increase. When
the aggregate ratio is 0, the failure degree of the specimen is
the highest and several obvious axial cracks appearing on the
surface of the specimens can be observed; at the same time,
accompanied by a large number of splashing fragments,
the damage degree of the samples with 32% and 37% aggre-
gate is the second, and an obvious axial cracking phenome-
non can be found on the side of the specimens at the crack
penetration time; when the concrete aggregate rate is 42%,
the damage degree is the lowest. The obvious cracks can only
be found on the side of the sample at the impact velocity of
7m/s; when the impact velocities are 5m/s and 6m/s, the
axial cracks on the side of the samples are less and difficult
to be observed, and a small amount of concrete fragment
splashes indicates that the larger the impact velocities, the
more sufficient the specimen failure, the greater the aggre-
gate ratios, and the smaller the damage degree of the sam-
ples. The increase in the impact velocity and aggregate
ratio can enhance the overall impact resistance of the speci-
men to a certain extent and improve the deformation char-
acteristics of the sample.

Through comparative analysis, it can be found that the
failure pattern of each concrete sample is basically the same
in the loading process. In the early loading stage, there are
small cracks appearing on the side of the specimen and
accompanied by a slight phenomenon of spalling fragments;
with the progress of loading, the cracks continue to develop
and expand along the axial direction until the whole sample
is penetrated. As the reflection stress wave belongs to tensile
wave, the concrete sample is greatly prone to cracking dam-
age under the state of tensile stress. Combined with the com-
prehensive analysis of the stress state, the stress wave
transmission law, and the failure pattern of the samples,
the damage mode of the samples under different aggregate
ratios is mainly tensile splitting failure.

3.2. Calculation and Analysis of Fractal Dimension of the
Broken Fragment. Since the macroscopic failure of materials
is formed by the concentration of small fracture groups,
which evolve from even smaller cracks, such self-similar
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Figure 1: SHPB test device.
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Figure 2: Primitive waveform in the SHPB test.
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behavior inevitably leads to the self-similar characteristics of
the fragmentation distribution after crushing. From the basic
concept of fractal dimension, it is known that if the distribu-
tion of the concrete fragment has fractal characteristics, then
the expression of fractal dimension of the broken fragment is
as follows:

N = Cx−D, ð4Þ

where N is the number of fragments, whose particle size is
greater than x, i.e., the number of concrete fragments on
the screen when the screen aperture is x; C is the proportion-
ality constant; and D is the fractal dimension of the concrete
failure fragment.

The mass-frequency distribution equation [28] of the
fragment can be expressed as

M xð Þ
M

=
x
xm

� �a

, ð5Þ

whereMðxÞ is the cumulative mass of the concrete fragment
with particle size which is less than x, M is the total mass of
the concrete fragment, and xm is the maximum particle size
of the concrete fragment.

Derivation of equations (4) and (5) is obtained: dN ∝
x−D−1dx and dM∝ xa−1dx, while increasing the number of
fragments will inevitably cause an increase in mass, i.e., dN
∝ x−3dM; x−D−1 ∝ xa−4, which gives

D = 3 − a: ð6Þ

The crushed concrete fragment is collected and screened
by standard screens of 0.5mm, 1.0mm, 2.0mm, 5.0mm,
10mm, and 20mm. The mass of the remaining fragment

in each aperture sieve was weighed by an electron scale with
an accuracy of 0.01 g, and the fractal dimension of each sam-
ple fragment was calculated by using equations (5) and (6).
As an example, the double logarithmic relationship curves
for the calculation of fractal dimension of the concrete
breaking fragment with different aggregate rates at the
impact velocity of 7m/s is shown in Figure 4, from which
it can be found that the correlation of the fitted straight lines
is so high, indicating the distribution of the broken concrete
fragment after impact crushing in accordance with the frac-
tal law.

3.3. Relationship between Fractal Dimension and Impact
Velocity and Aggregate Rate. The relationship between
impact velocity and fractal dimension of the concrete frag-
ment is shown in Figure 5. It can be seen from the figure that
the fractal dimension of the broken fragment of concrete
samples with different aggregate ratios all increases with
the increase in impact velocity, showing a positive linear cor-
relation. Taking the concrete sample with an aggregate ratio
of 32% as an example, comparing the relationship between
concrete failure form, impact velocity (v), and fractal dimen-
sion of the broken fragment (as shown in Figure 6), it can be
found that the lower the loading rate, the smaller the num-
ber of fragments and the larger the particle size, the lower
the crushing degree and the smaller the fractal dimension
of the broken concrete fragment; the higher the loading rate,
the larger the number of fragments and the smaller the par-
ticle size, the higher the crushing degree and the greater the
fractal dimension of the broken fragment. This is due to the
different development paths of cracks in concrete samples
under the action of different impact velocities; when the
impact velocity is small, the cracks will develop around the
aggregate, the concrete specimens will be damaged to a lesser
extent, and the fractal dimension of the damaged fragment is

v = 7 m/s v = 5 m/s v = 6 m/s

(a) Aggregate ratio is 0

v = 5 m/s
v = 6 m/s

v = 7 m/s

(b) Aggregate ratio is 32%

v = 5 m/s v = 6 m/s v = 7 m/s

(c) Aggregate ratio is 37%

v = 5 m/s v = 6 m/s v = 7 m/s

(d) Aggregate ratio is 42%

Figure 3: Form of crack penetration time of concrete specimens.
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smaller; when the impact velocity is larger, the cracks will
develop directly across the aggregate [29], and the damage
of concrete samples is more complete and the fractal dimen-
sion of the broken fragment is larger.

The relationship between the fractal dimension of the
broken fragment and aggregate rate is shown in Figure 7.
It can be seen from the figure that, under the same impact
velocity, the fractal dimension of the broken fragment
decreases with the increase in the aggregate ratio, showing
a linear negative correlation.

Under the same impact velocity, the fractal dimension of
the damaged fragment is the largest when the aggregate
ratio is 0 and the smallest at the aggregate rate of 42%; when
the aggregate rate is changed from 0 to 32%, the fractal
dimension of the broken fragment decreases obviously,
about 8%. Because of the concrete in the process of impact
compression, the internal aggregate will form a stable skele-
ton structure, which can hinder and inhibit the development
and expansion of cracks to a certain extent, which is condu-
cive to the protection of the structural integrity of concrete
samples, thus improving the impact resistance of concrete.
When subjected to the same impact, the aggregate-free con-
crete samples have undergone overall fracture failure, while
the aggregate samples have only undergone partial fracture
failure due to the skeleton structure, resulting in a large
change in the fractal dimension of the broken fragment dis-
tribution of the aggregate-free samples and the aggregate
samples.

3.4. Fractal Dimension and Surface Area of the Broken
Fragment. The specific surface area of the broken concrete
specimens after impact is related to the energy absorbed
and the magnitude of static and dynamic strength, and the
study of the specific surface area of the broken concrete
samples is beneficial to reveal the mechanism of the

improvement of the dynamic strength of concrete from the
perspective of fracture mechanics. When the concrete sam-
ples are damaged, the particle size of the piece is different
and the surface is uneven, so it is difficult to effectively count
the total surface area of the fragment after the destruction of
the samples. For the convenience of statistics, when the sur-
face area of the concrete fragment is calculated, as the parti-
cle size of the fragment is greater than 20mm and has
certain shape characteristics, the calculation is carried out
according to the characteristic shape of the fragment, as
shown in Figure 8; when the shape of the fragment is similar
to cone or cylinder, the ideal surface area of the fragment is
calculated according to the corresponding surface area cal-
culation formula; when the particle size of the fragment is
less than 20mm, the concrete fragment is equivalent to a
sphere, and the sphere diameter is taken as the average par-
ticle size of the concrete fragment on each layer screen, so
that the ideal surface area of the concrete fragment can be
calculated. However, due to the different aggregate ratios
and impact loads, the surface roughness of the concrete sam-
ples after impact is not the same, the development and
expansion path of the crack are the direct reasons for the dif-
ferent surface roughness of the fragment, and fractal dimen-
sion of the broken fragment is a macroscopic reflection of
crack propagation and evolution in the samples. The study
of Zhao et al. [15] also showed that the roughness of the
fracture surface of the broken concrete fragment is related
to the fractal dimension of the concrete broken fragment,
so the fractal dimension of the broken fragment can be used
to characterize the roughness of the broken fragment when
the specimens are damaged. Then, the new surface area of
the concrete fragment after impacting can be calculated with

AR =DAI‐A0, ð7Þ
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where D is the fractal dimension of the concrete broken
fragment, AI is the ideal statistical surface area of the frag-
ment, A0 is the original surface area of the samples, and
AR is the actual new surface area of the fragment.

4. Analysis of Energy
Consumption Characteristics

4.1. Energy Calculation. The energy WI, WR, and WT car-
ried by the incident, reflected, and transmitted waves during
the SHPB test loading can be expressed separately as

WI = AEc0

ð
ε2I tð Þdt

WR = AEc0

ð
ε2R tð Þdt

WT = AEc0

ð
ε2T tð Þdt

9>>>>>>>=
>>>>>>>;
: ð8Þ

The energy absorbed WS by the samples can be

expressed as

WS =WI − WR +WTð Þ: ð9Þ

In concrete samples in the occurrence of impact damage,
the specimens’ absorbed energy WS mainly consists of three
parts: (1) the energy dissipation of the original crack propa-
gation and the formation of the new crack surface in the
concrete samples, WF; (2) kinetic energy of the fragment
splashing out of the samples during impact, WE; and (3)
energy consumption during loading in the form of heat,
acoustic energy, radiation, and electromagnetic energy, W0.
So, the relationship between them can be expressed as

WS =WF +WE +W0, ð10Þ

where in this paper the energy dissipated WF to generate a
new crack surface as the crack surface energy, which can
be expressed as

WF = ARγs, ð11Þ

where AR is the area of the newly formed crack surface area
and γs is the energy required by the concrete material to
form per unit crack area, which is the surface free energy
in fracture mechanics.

According to the previous analysis of the failure mode of
concrete, tensile splitting is the main failure model of the
specimens under impact compression load; in order to
obtain the crack surface energy of the specimens under
impact compression, it is necessary to know the energy
required for the formation of the unit crack area of the spec-
imen under a splitting tension state. For this reason, SHPB
splitting tensile tests were carried out on concrete samples
with different aggregate ratios, since the unit crack surface
energy is an inherent property of the material, only splitting
tensile tests with an impact velocity of 4m/s were carried out
on each group of samples, and the surface area of the frag-
ment after splitting tensile failure was counted. According
to the study of Ping et al., in the SHPB splitting tensile test,
WF accounts for about 95% of WS [30], so the energy
required to form a unit crack area of concrete in the splitting
tensile state is calculated by using WS as an approximate
substitute for WF; the results are shown in Table 2, where
A, B, C, and D represent the aggregate volume rates of 0,

(a) v = 5m/s, D = 2:01 (b) v = 6m/s, D = 2:06 (c) v = 7m/s, D = 2:16

Figure 6: Concrete failure morphology at different impact speeds.
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32%, 37%, and 42%, respectively, and T represents the split-
ting tensile test.

According to the results obtained from Table 2, the aver-
age value of the unit crack surface energy of the two groups
of splitting tensile specimens was taken as their correspond-
ing aggregate rate concrete specimens under the action of
impact compression to form a unit crack surface requiring
surface energy. The energy required to form a new crack sur-
face can be obtained by combining equations (7) and (11),
i.e., the relationship between the fractal dimension and the
crack surface energy, as shown in

WF = DAI‐A0ð Þ · γs: ð12Þ

The calculation results of relevant energy of concrete
samples in the process of impact compression are shown
in Table 3. P in the table represents the compression test,
and considering the discrete nature of the test data, two
closer test data are selected for each group for analysis.

4.2. Sample Energy Absorption and Crack Surface Energy.
Figure 9 shows the curve of the absorbed energy and crack
surface energy of the samples with the change of aggregate
rates at different impact velocities. It can be found that under
the same impact velocity, both the energy absorption and
crack surface energy of the sample decrease with the increase
in the aggregate ratio, because when the impact velocity is
constant, the magnitude of incident energy basically remains
unchanged, and the reflected and transmitted energy
changes with the change of the aggregate ratio of the con-
crete sample; when the aggregate rate increases, the sample
average density and elastic modulus will increase; when the
specimen is subjected to impact loading, it is more difficult
to damage, which is conducive to the protection of the integ-
rity of the concrete specimen; the better the integrity of the
sample is, the bigger the wave impedance is; the reflection
coefficient of the stress wave will decrease, and the transmis-
sion coefficient will increase; finally, the reflected energy of
the concrete sample will decrease, the transmitted energy
will increase, and the absorption energy generally decreases.
At the same time, the aggregate will improve the compres-
sive and tensile strength of the concrete specimen to a cer-
tain extent, which makes the damage of the specimen and

the total area of the concrete fragment decrease; although
the unit surface energy increases with the increase in aggre-
gate, the relative increase in the unit surface energy is far less
than the relative decrease in the total surface area of the frag-
ment, so the crack surface energy tends to decrease with the
increase in the aggregate rate.

Figure 10 shows the relationship curves of the absorption
energy, crack surface energy, and impact velocity for con-
crete samples with different aggregate ratios, and it can be
seen that the change rules of the two are basically the same;
that is, both the absorption energy and crack surface energy
of the samples increase with the increase in impact velocity.
Because the incident energy increases with the increase in
impact velocity, sample damage is so aggravating that it
leads to serious mismatch phenomenon between the con-
crete specimen and the wave impedance of compressive
bar; thus, the incident wave can only transmit the transmis-
sion wave to the transmission bar during the process of ini-
tial stress uniformity, and once the damage of the specimen
occurs, it will no longer produce or only produce a small
amount of transmitted wave; most of the incident wave will
be reflected back to the incident bar in the form of reflection
wave, while the reflected energy increment is small relative
to the incident energy increment, so it can be seen from
equation (10) that the absorbed energy generally increases.
The more serious the damage degree of concrete samples,
the more fragment produced and the larger the correspond-
ing crack surface area, and for samples with the same

(a) Cone-like damage pattern (b) Cylindrical-like damage form

Figure 8: Different concrete fragment destruction patterns.

Table 2: Calculation result of unit surface energy.

v (m·s-1) Specimen no.
Fragment
area (cm2)

Energy
absorption (J)

γs (J·cm
-2)

4
T-A-1 3019.11 41.78 0.014

T-A-2 2805.35 48.07 0.017

4
T-B-1 1647.82 38.05 0.023

T-B-2 1706.49 47.33 0.028

4
T-C-1 1101.38 36.09 0.033

T-C-2 1350.77 42.80 0.032

4
T-D-1 872.50 36.17 0.041

T-D-2 792.77 33.17 0.043
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aggregate rate, since its unit crack surface energy is constant,
then the larger the surface area of the fragment, the greater
the crack surface energy. In addition, it can also be seen that

the absorbed energy of the sample is always higher than the
surface energy of the crack, because when subjected to
impact, not only is the energy absorbed by the sample used
for crack expansion to form the crack surface energy but also
part of the energy is dissipated in the external environment
in the form of fragment splash energy, electromagnetic
energy, heat energy, etc.

The relationship between sample absorption energy and
crack surface energy can also be seen from Figures 9 and 10.
First of all, the change rules of the two are consistent, and
both decrease with the increase in the aggregate ratio. Sec-
ondly, they all increase with the increase in impact velocity,
which is due to the total surface area of the concrete frag-
ment increasing with the increase in impact velocity. Third,
the difference between absorbed energy and crack surface
energy increases with the increase in impact velocity; that
is, the difference between the two is smaller when the impact
velocity is small, especially in quasistatic loading when the
absorbed energy of the specimen is basically converted into
crack surface energy.

4.3. Effective Utilization Rate of Energy Absorption of the
Sample. In order to further investigate the relationship
between the sample absorbed energy and crack surface
energy, it is necessary to analyze the difference between
them. The effective utilization rate of absorption energy α
of the concrete sample is defined as the ratio of crack surface
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Figure 9: The relationship between the absorption energy and
crack surface energy of the specimens and the aggregate rate.

Table 3: Calculation results of relevant energy during impact compression of concrete specimens.

Specimen no. v (m·s-1) WI (J) WS (J) AR (cm2) γs (J·cm
-2) WF (J)

P-A-1
5

467.47 141.70 7349.85

0.0155

113.92

P-A-2 458.15 142.77 7295.76 113.08

P-A-3
6

992.92 441.47 21816.97 338.16

P-A-4 1025.22 455.38 23000.39 356.51

P-A-5
7

1581.63 787.84 42249.68 654.87

P-A-6 1487.66 813.95 42870.32 664.49

P-B-1
5

467.68 117.20 4043.12

0.0255

103.10

P-B-2 451.36 103.74 3481.51 88.78

P-B-3
6

1069.15 331.61 10187.45 259.78

P-B-4 989.97 337.80 10630.57 271.08

P-B-5
7

1494.36 644.64 20830.09 531.17

P-B-6 1523.72 648.62 20475.44 522.12

P-C-1
5

456.45 87.59 2517.02

0.0325

81.80

P-C-2 470.37 76.75 2275.21 73.94

P-C-3
6

1104.87 303.69 8515.30 276.75

P-C-4 982.18 311.88 8407.76 273.25

P-C-5
7

1568.36 478.58 13069.08 424.75

P-C-6 1525.26 455.80 12762.57 414.78

P-D-1
5

446.37 76.79 1521.50

0.0420

63.90

P-D-2 482.35 72.03 1399.06 58.76

P-D-3
6

1133.39 296.82 6367.14 267.42

P-D-4 989.61 288.56 5940.71 249.51

P-D-5
7

1579.75 418.08 8630.30 362.47

P-D-6 1501.54 396.69 8111.14 340.67
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energy and absorption energy of the sample, i.e.,

α =
WF
WS

: ð13Þ

Figure 11 shows the relationship curve between the
effective energy absorption utilization rate of concrete sam-
ples with different aggregate rates and the change of the
strain rate.

It can be found from the figure that, within a certain
strain rate range, the effective energy absorption utilization
rate of samples with different aggregate rates basically
remains unchanged. When the aggregate rate is 0 and the
strain rate is between 65 and 155 s-1, α is about 79.9%; when
the aggregate rate is 32% and the strain rate is between 60
and 125 s-1, α is about 82.5%; when the aggregate rate is
37% and the strain rate is between 50 and 80 s-1, α is about

91.4%. When the aggregate rate is 42% and the strain rate
ranges from 35 to 70 s-1, α is about 85.7%. Because the strain
rate is a measure to characterize the deformation speed of
the material, when the concrete specimen is subjected to
impact loading, the internal crack expansion speed and the
deformation speed of the specimen affect each other; when
the deformation speed is within a certain range, it can make
the specimen absorb energy and crack surface energy in a
relatively balanced state; that is, the ratio of crack surface
energy to absorbed energy of the specimen remains basically
the same.

Figure 12 shows the relationship curve of the effective
utilization rate of energy absorption of samples with the
change of the aggregate rate. It can be seen from the figure
that when the impact velocity is 5m/s, the effective utiliza-
tion rate of energy absorption of the samples increases first
and then decreases with the increase in the aggregate rate.
When the aggregate rate is 0, 32%, 37%, and 42%, the mean
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Figure 10: The relationship between the absorbed energy and crack surface energy of the specimens and the impact velocity.
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values of α are about 79.8%, 86.8%, 94.9%, and 82.4%,
respectively; when the impact velocity is 6 and 7m/s and
the aggregate ratio is 0 and 32%, α basically remains
unchanged with an average of about 78.4% and 81.9%,
respectively, and when the aggregate ratio is 37%, α suddenly
increases with an average of 89.4% and 89.9%, respectively;
when the aggregate ratio is 42%, α gradually decreases with
an average of 88.3% and 86.3%, respectively. It can be seen
that under different impact velocities, although the effective
utilization rate of absorbing energy of samples has no uni-
form change rule when the aggregate rate is 0 and 32%, they
all reach the peak height when the aggregate rate is 37% and

show a downward trend when the aggregate rate is 42%,
indicating that the aggregate rate of 37% is more conducive
to the effective utilization rate of energy absorption of
concrete.

4.4. Sample Dynamic Strength and Crack Surface Energy.
The relationship between crack surface energy of concrete
and dynamic compressive strength is shown in Figure 13.
When the aggregate ratio is 0, 32%, 37%, and 42%, the fitting
relationship between the crack surface energy of each con-
crete and its dynamic compressive strength is, respectively,
corresponding to equations (14) and (17). It can be clearly
seen that without the aggregate, the two show a nonlinear
relationship of y = a ln ðx − bÞ; with the aggregate, the two
show a linear relationship of y = a + bx.

σ = 16:58 ln WF − 101:24ð Þ  R2 = 0:92
� �

, ð14Þ

σ = 72:95 + 0:08WF  R2 = 0:89
� �

, ð15Þ

σ = 79:72 + 0:10WF  R2 = 0:89
� �

, ð16Þ

σ = 92:95 + 0:07WF  R2 = 0:90
� �

: ð17Þ
The aggregate will affect the crack development and

propagation path of concrete cracking and then affect the
crack surface energy and dynamic compressive strength.
When there is aggregate in the concrete sample, the aggre-
gate and mortar will form a special bonding surface (inter-
face), and the tensile and pressure mechanical properties of
the interface are lower than those of the aggregate and mor-
tar; when the concrete specimen is subjected to impact load-
ing, some cracks develop and expand along the interface and
the development path of the crack and the failure pattern of
the concrete fragment depend on the amount and location of
the aggregate to some extent; when the concrete sample is
damaged by impact without the aggregate, the crack will
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Figure 11: The relationship between the effective utilization rate of
energy absorption of specimens and the strain rate.
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Figure 12: The relationship between the effective utilization rate of
energy absorption of the specimens and the aggregate rates.

0 100 200 300 400 500 600 700
15

30

45

60

75

90

105

120

135

D
yn

am
ic

 st
re

ng
th

 (M
Pa

)

Aggregate ratio 0
Aggregate ratio 32%

Aggregate ratio 37%
Aggregate ratio 42%

Surface energy (J)

Figure 13: Crack surface energy and dynamic compressive
strength.

10 Geofluids



expand randomly and irregularly inside the specimen, which
may be the reason for the different fitting relationships
between crack surface energy and dynamic compressive
strength of the sample with and without the aggregate.

5. Conclusions

In this paper, impact compression tests at 5, 6, and 7m/s are
carried out on concrete samples with aggregate ratios of 0,
32%, 37%, and 42% by conducting the SHPB test. The main
findings can be summarized as follows:

(1) The failure law of concrete samples at different
impact velocities is basically the same; in the early
stage of loading, small cracks appear along the axial
direction of the samples; accompanied by a slight
fragment spalling phenomenon, with the progress
of loading, cracks continue to develop and expand
along the axial direction until running through the
whole sample. Combined with the comprehensive
analysis of the stress state, stress wave transmission
law, and failure mode of the samples, the tensile
splitting failure is mainly the damage pattern

(2) The loading rate is low, the number of broken con-
crete pieces is small, and the particle size is large;
the breaking degree is low, and the fractal dimension
of the broken concrete piece is small; the loading rate
is high, the number of concrete fragments is large,
and the particle size is small; the breaking degree is
high, and the fractal dimension of the broken frag-
ment is large; at the same impact velocity, the fractal
dimension of the broken fragment decreases with the
increase in the aggregate ratio

(3) Fractal dimension of the broken fragment can not
only describe the degree of damage of concrete but
also better characterize the roughness of the frag-
mentation surface. The relationship expression
among crack surface energy, absorption energy,
and fractal dimension of the broken fragment is
established. The absorbed energy and crack surface
energy of the specimen increase with the increase
in impact velocity and decrease with the increase in
the aggregate ratio

(4) For the same aggregate rate specimen, the effective
utilization rate of energy absorption basically
remained unchanged within a certain strain rate
range; the energy absorption efficiency of samples
with different aggregate ratios was different, and
the maximum value was reached when the aggregate
ratio was 37%

(5) Under impact loading, cracks in concrete samples
without the aggregate develop in disorder, while
cracks in concrete specimens with the aggregate
develop along the interface between the aggregate
and mortar. The different development of crack
paths may be the reason for the different fitting rela-
tionships between dynamic compressive strength

and crack surface energy of samples with and with-
out the aggregate. Equations (14) and (17) can be
used to estimate the dynamic strength of concrete

Data Availability

The data (fractal dimension, absorption energy, crack sur-
face energy, and aggregate rate) used to support the findings
of this study are included within the article.
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