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Abstract: Under impact load, the dynamic mechanical properties of rock are complex and changeable. The Split Hop-
kinson Pressure Bar (SHPB) system was used to change the impact load to carry out different strain rate loading tests on 
granite with different aspect ratios, and to analyze the influence of strain rate and aspect ratio on the dynamic energy con-
sumption of granite crushing. The results show that at an impact velocity of 14 m/s, the granite with an aspect ratio of 1.4 
appears to be strip-shaped fragments after being broken; the granite with an aspect ratio of 1.0 uniform square fragments 
after being broken; the granite with an aspect ratio of 0.6 appears to be a large number of flat fragments after being broken. 
When the load strain rate of the granite with an aspect ratio of 0.6 increases from 50 s-1 to 150 s-1, the energy-time density 
index increases significantly; when the load strain rate exceeds 150 s-1, the energy-time density index decreases. When the 
strain rate of granite with an aspect ratio of 1.0 exceeds 80 s-1, the energy-time density increases significantly. When the 
strain rate of the granite with an aspect ratio of 1.4 exceeds 60 s-1, the rate of increase of the energy-time density of the rock 
increases significantly.
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1. Introduction
When the traditional two-wave method is used to study the response of rock fragmentation during the SHPB test,

it is assumed that the rock is in a uniform stress state. The stress balance process and the uniform duration of stress also 
have a strong size effect and strain rate effect, so the influence of the stress wave on the time distribution of the stress 
action during the propagation of the stress wave in the rock cannot be ignored. Li et al. [1,2] studied the variation of the peak 
damage of brittle material specimens with age, and concluded that the internal damage and residual reflected waves of 
rock specimens are the main factors that cause subsequent failure of the specimens. Li Diyuan et al. [3] used a traditional 
SHPB test device to perform impact tests on marble samples with prefabricated holes and found that it was related to the 
long axis of the hole, the loading direction and ratio of semi-minor axis length. Ping Qi [4] and other studies found that the 
energy loaded in the test mainly acts on the deformation, failure and damage evolution of the specimen. Liu Xiaohui et al. 
[5,6] used the stress wave theory to analyze the energy consumption of the coal sample and found that the energy dissipation 
is related to the crushing particle size. Li Yexue et al. [7,8] found that the greater the fractal dimension of the fracture surface 
of jointed rocks, the greater the rate of energy dissipation. From the perspective of energy conversion, Liang Changyu et al. [9] 
interpreted the cause of the size effect of granite under different strain rates, and concluded that the rock size is negatively 
correlated with the energy absorbed during rock failure and the elastic strain energy. In general, the process of energy 
dissipation is irreversible, while the release of energy is bidirectional and reversible under certain conditions. [10]

In order to eliminate the influence of the specimen size on the energy dissipation of the specimen, most scholars use 
the energy dissipation per unit volume to characterize the magnitude of the stress wave energy absorbed by the specimen. [11]  
However, in addition to the size of the specimen, the structural characteristics of incident energy include two aspects. 
Based on this, Guo Lianjun [12] defined the energy dissipation per unit volume per unit time as a new index for judging the 
energy dissipation of the specimen. Taking this as a starting point, the three-wave method is used to obtain effective data of 
stress wave propagation inside the rock; the whole impact process of the rock is evaluated with the matching state of stress 
balance; the energy consumption characteristics of crushing granites with different aspect ratios under different loading 
strain rates are studied; the dynamic response characteristics of the rock are analyzed.
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2. Test plan design
2.1 Principles of test equipment

The test was completed using the SHPB test system of Liaoning University of Science and Technology. The 
cylindrical punch, incident rod, transmission rod and buffer rod of the test device are all 50Cr steel, with a Young's 
modulus of 240 GPa, a density of 7800 kg/m3, a longitudinal wave velocity of 5580 m/s in the rod, and a wave impedance 
of 4.35×107 MPa/s.

Figure 1. Schematic diagram of SHPB compression rod device [13]

2.2 Test plan
Increase the number of tests under the same conditions; ensure the consistency of impact strength through bullet 

speed; deal with the dispersion of test results; the total number of rock specimens is 60 times. The granite specimen is 
shown in Figure 2.

Figure 2. Granite specimens with five aspect ratios

Since the dynamic compressive strength of the rock increases with the increase in the aspect ratio, considering that 
the designed aspect ratio is more than 1 times the difference between the two boundary dimensions, the granite specimen 
with an aspect ratio of 1.0 was tested before the test. For the purpose of rationally optimizing the loading strain rate, the 
specimens with a aspect ratio of 0.6 and 1.4 were respectively loaded with the maximum and minimum values of the 
design air pressure. Effective data can be obtained while ensuring that most of the load strain rate ranges overlap.
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3. The effect of stress balance on granite fractured morphology
3.1 The influence of strain rate on the stress-strain curve

According to the voltage signals collected on the incident rod and the transmission rod, the data is processed by 
the three-wave method. A typical stress-strain curve is shown in Figure 3. Under the same impact velocity, granites with 
different aspect ratios have different response capabilities to dynamic loads. Among them, the peak stresses of 5 groups 
of tests are relatively close. According to the deformation and failure ability of the rock, it can be found that there is an 
obvious critical value for the aspect ratio, which makes the response modes of both ends different.

0.004 0.008 0.012 0.016 0.020
0

20

40

60

80

100

120

n=1.4

n=1.0

n=0.8

n=0.6

 n=0.6
 n=0.8
 n=1.0
 n=1.2
 n=1.4

σ 
/ M

Pa

ε

n=1.2

Figure 3. Strain-stress curves of granites with different aspect ratios

Judging from the microstructure characteristics of the stress-strain curve, granite originally belongs to the stage of 
elastic compression, making the σ-ε curve approximate a linear rise. Under different strain rates, after the specimen stress 
rises to a certain value, the curve begins to become flat, that is, the slope of the curve gradually decreases. Before the stress 
of the specimen reaches the peak value, the curve fluctuates to varying degrees. This is because of the different duration 
of time for uniform stress in the rock and the uniform degradation of stress after the rock mass is deformed and destroyed. 
The declining form of the σ-ε curve after the peak point is closely related to the strain rate, which characterizes the damage 
degree of the specimen. The area under the stress-strain curve is the total energy dissipated during dynamic compression. [14]  
In this interval, as the strain rate increases, the ability of rock deformation accumulation increases, which increases the 
degree of granite fracture.

3.2 Dynamic stress concentration area
Figure 5 shows the broken shape of the rock with the aspect ratio reduced from 1.4 to 0.6 at an impact velocity of 14 

m/s. It can be found from the figure that the granite with a aspect ratio of 1.4 is broken into long strips. When the aspect 
ratio of granite is 1.0, the rock fragments are mostly uniform square fragments. When the aspect ratio decreases to 0.6, 
a large number of flat fragments appear after the rock is broken. This shows that when the aspect ratio is 0.6, under the 
action of 14m/s impact velocity, within the given stress pulse time, the uniform stress area has completely covered or even 
exceeded the rock itself, and that the part that overlaps with the rock is more the center of the uniform stress area.

(a) The broken form of 1.4 aspect ratio (b) The broken form of 1.0 aspect ratio (c) The broken form of 0.6 aspect ratio

Figure 4. The impact of the reduced aspect ratio on the shape of rock fragmentation at an impact velocity of 14 m/s
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In the same way, the radial end face of the rock also cracks from the central area. The stress concentration in the center 
area of the rock end face is faster than that in the boundary area. At the same time, when the stress wave propagates from 
the inside of the rock to the free surface of the side, it causes reflection and stretching, which promotes the propagation of 
radial cracks. The crack density of the rock is also controlled by the stress concentration area. Under the action of a small 
loading strain rate, the rock is more likely to show a fractured shape. With the increase of the strain rate, the radial cracks 
randomly spread to the surrounding defect areas that have been activated, making the rock fragmentation transition from 
large pieces to small pieces.

应力集中stress concentration 应力集中stress concentration

(a) Rock stress distribution in the early stage of dynamic load (b) Rock stress distribution in the later stage of dynamic load

Figure 5. Fractured shape of rock radial section

Figure 6 shows the radial fracture morphology with different aspect ratios at an impact velocity of 8m/s. It can be 
seen from the cross section that the rock stress concentration area is located in the center of the rock end face. The rock 
cracks in the high stress concentration area spread from here to the surroundings. As the aspect ratio increases, the number 
of cracks in the rock decreases significantly. This is because the energy carried by the stress pulse makes the rock prone to 
fracture formation under the action of impact load.

(a) n=0.6 (b) n=0.8 (c) n=1.0 (d) n=1.2 (e) n=1.4

Figure 6. Failure modes of granite with different aspect ratios under 8 m/s impact velocity

3.3 Analysis of energy-time density
During the impact test, the energy lost by the contact interface between the pressure rod and the test piece is 

generally ignored. It is considered that the incident wave energy EI is completely converted into reflected wave energy ER, 
transmitted wave energy ET and specimen dissipation energy ED:

	 E E E EI R T D= + + 	 (1)

The energy structure with time intensity is defined as energy-time density. This relationship can reveal the coupling 
law of rock energy absorption when the rock is broken, as is shown in equation (3). Since the time between the take-off 
and the end of the three waves is basically the same, the elapsed time of the three waves is taken as the stress wave acting 
time in the specimen.

	 E E VV D S= / 	 (2)

	 E E V TVT D S R= ⋅( )/ 	 (3)

In the formula: EV is the energy dissipation per unit volume; EVT is the energy-time density; VS is the volume of the 
specimen; TR is the reflected wave elapsed time.
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Figure 7. Relationship between energy-time density and strain rate of granites with different aspect ratios

When the load strain rate of the granite with an aspect ratio of 0.6 increases from 50 s-1 to 150 s-1, the energy-time 
density index increases significantly; when the load strain rate exceeds 150 s-1, the energy-time density index decreases. 
When the strain rate of granite with an aspect ratio of 1.0 exceeds 80 s-1, the energy-time density increases significantly. 
When the strain rate of granite with an aspect ratio of 1.4 exceeds 60 s-1, the energy-time density increase rate of the rock 
increases significantly. Comparing the energy-time density of the rock under the same loading strain rate, it can be found 
that the granite with an aspect ratio of 0.6 is easier to absorb the energy of the rock during the stress pulse time. The granite 
with an aspect ratio of 1.4 absorbs energy weakly during the stress pulse time. On the one hand, because the rock with a 
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small aspect ratio is easier to reach the stress balance state, the stress balance time accounts for a relatively large amount of 
time within the stress pulse. However, the stress balance time of rocks with a large aspect ratio is shorter, and most of the 
rocks are in a state of stress deterioration, which reduces the energy-absorbing and crushing ability of the rock during the 
stress pulse.

4. Conclusion
(1) From the point of view of the microstructure characteristics of the stress-strain curve, granite originally belonged 

to the elastic compression stage, making the σ-ε curve approximate to a linear rise. After the specimen stress rises to a 
certain value under different strain rates, the curve begins to become flat, that is, the slope of the curve gradually decreases. 
Before the stress of the specimen reaches the peak value, the curve fluctuates to varying degrees.

(2) The radial end face of the rock also cracks from the central area, and the stress concentration in the central area of 
the rock end face is faster than that in the boundary area. Under the action of a small loading strain rate, the rock is more 
likely to show a fractured shape. As the strain rate increases, the shape of the rock fracture changes from large to small.

(3) When the loading strain rate is between 100 s-1 and 150 s-1, the stress balance time is shortened, and the energy 
absorbed by the rock gradually increases during the stress pulse. In the process of large deformation and failure, the rock 
will inevitably cause deformation at both ends of the rock, which will degrade the stress balance. When the loading strain 
rate exceeds 150 s-1, the rock continues to absorb energy, but the excess energy absorbed will crush the rock excessively 
and reduce the energy utilization rate.
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