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In order to study the evolution law of the fracture morphology of rock under 
impact disturbance, this study carried out five sets of strain rate impact 
experiments on red sandstone through the Split Hopkinson Pressure Bar system, 
and calculated the absorbed energy. The fracture section was scanned by 3D 
contour scanner, and three roughness parameters were extracted to analyze the 
correlation between energy dissipation and fracture section morphology. The 
results show that there is a critical strain rate of 107.2 s−1. When the strain rate 
is lower than this value, the section is flat and the roughness parameter 
increases slowly. When the strain rate is higher than this value, the section 
shows a step-like large height difference morphology, and the roughness 
parameter increases rapidly. The absorbed energy and the roughness of the 
fracture section increase monotonically with the strain rate, and the variation 
trends of the three roughness parameters are consistent, which confirms that the 
roughness of the fracture   section is a multi-dimensional synchronization 
process driven by energy dissipation. This study provides a basis for the 
stability prediction, impact energy inversion and support parameter 
optimization in mining engineering. 
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With the long-term high-intensity development and increasing resource demand, China 's 
coal resource mining is gradually shifting to the deep, facing the special mechanical environment of 
three high and one disturbance[1-3]. Red sandstone is a kind of sedimentary rock widely distributed in 
mining areas in western China[4], which is often the rock mass composed of coal seam roof, 
surrounding rock of mining roadway and pillar. It is frequently subjected to impact load in the whole 
cycle of mining. The essence of this phenomenon is the unsteady transfer and dissipation process of 
energy, which directly determines the failure mode of red sandstone.[5-7]. The characteristics of the 
fracture section morphology (such as roughness, peak-valley structure) of the red sandstone are the 
external manifestations of the internal fracture development of the rock mass after absorbing the 
impact energy [8, 9]. The three-dimensional roughness parameters can quantitatively correlate the 
fracture section morphology and absorbed energy, which provides a key basis for inverting the impact 
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energy and predicting the stability of the rock.  
In this study, the impact energy parameters of red sandstone under different strain rates were 

obtained by SHPB experiment, and the roughness parameters of red sandstone fracture section were 
calculated by 3D contour scanner. The mechanism of absorbed energy driving the evolution of 
cross-section morphology was established by correlation analysis.  
Methods 

In this paper, red sandstone is selected as the experimental object. According to the 
requirements of the international rock mechanics (ISRM) experimental procedure, the impact test 
sample is processed into a standard cylinder with a diameter of 50 mm and a height of 25 mm, and the 
two ends are polished to ensure that the finish and flatness are less than 0.02 mm.  

In this study, the impact test was carried out using the SHPB test system located in the 
impact dynamics laboratory of Jiangsu Mechanical Experimental Center, China University of Mining 
and Technology. As shown in Figure 1。In the experiment, the impact bar, incident bar, transmission 
bar and absorption bar with diameter of 50 mm were selected, and the lengths were 500, 3000, 3000 
and 1200 mm respectively. The bar was silicon-manganese spring steel, with density of 7800 kg/m3, 
elastic modulus of 210 GPa, Poisson 's ratio of 0.29, and longitudinal wave velocity of 5188 m/s.  

 

Figure 1 SHPB test system 
In the experiment, different bullet launch velocity v  are obtained by adjusting the launch 

pressure. In this paper, impact tests at five strain rates were carried out, and each group was repeated 
three times to avoid the discreteness of the samples. 

In the SHPB experiment, the stress, strain and strain rate of samples can be calculated by 
three-wave method: 

  

[ ]

[

[ ]

0 0
i t r0

s

0
i r0

s

0
0 i t

s

t

r

( ) ( ) ( ) ( ) d
2

( ) ( ) ( ) ( )d
2

( ) ( ) ( ) ( )

t

t

E At t t t t
A
At t t t t
A

Ct E t t t
L

σ ε ε ε

ε ε ε ε

ε ε ε ε

= + +

= − −

= − −

∫

∫



 (1) 

where ( ) ( ) ( ), ,t t tσ ε ε are the stress, strain and strain rate of the specimen, respectively;

0 0 0 0, , ,A C Eρ are the cross-sectional area, wave velocity, density and elastic modulus of the bar, 
respectively; ,s sA L are the cross-sectional area and length of the sample, respectively;
( ) ( ) ( ), ,i r tt t tε ε ε are incident strain, reflection strain and transmission strain, respectively.  

Based on the stress wave theory, the incident energy, reflection energy and transmission 
energy can be obtained by integrating the stress with time:  
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where , ,z i r t= , Wi , Wr , Wt are incident energy, transmission energy and reflection energy, 
respectively; ( ) ( ) ( ), ,i r tt t tσ σ σ are incident, reflected and transmitted stress, respectively. 

In order to study the relationship between the damage degree of the sample and the energy, 
the absorbed energy is defined as:  

 a i r tW W W W= − −  (3) 

The fracture section of the red sandstone sample was scanned using 3D contour scanner 
(VR5000) located at the Jiangsu Mechanics Experimental Center of China University of Mining and 
Technology to measure the morphology of the fracture section. The instrument is based on the light 
cross-section method for high-precision 3D measurement. The projection lens radiates striped light to 
the section to be measured, and the light diffuses and reflects on the surface. The light lens observes 
the reflected light, and the original striped light is bent due to the concave and convex shape of the 
target. CMOS sensors image these rays and use the triangulation method to calculate the height and 
position of each point.  

  
(a) Light cross-section method (b) Phases obtained by CMOS 

Figure 2 3-D profile scanning 
Firstly, based on the section scanning data, the section height cloud map of red sandstone 

under different strain rates is obtained. Then, the same size area is selected for three times of 
interception and recording under each strain rate condition, and the surface roughness of the section is 
characterized by statistical parameters. The surface morphology parameters used include : arithmetic 
average height Sa , root mean square height Sq , interface expansion area ratio Sdr [10]: 

Arithmetic average height Sa represents the average value of the absolute value of the height 
difference of each point relative to the average surface of the surface: 

 ( )1
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where A is the area of the defined zone, and ( ),Z x y  is the height of ( ),x y  point relative to the 
datum plane in the defined area.  

Root mean square height Sq represents the root mean square of the height of each point in the 
defined area, which is the standard deviation of the height : 



 

 

 ( )21
,q A

S Z x y dxdy
A

= ∫ ∫  (5) 

Interface expansion area ratio Sdr is obtained by calculating the extended area (surface area) 
of the defined area : 
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Analysis of impact fracture section characteristics of red sandstone 
As shown in Figure 3, the 3D contour scanning of the red sandstone sample fracture sections 

under five different strain rate impact tests was carried out. 
Under the condition of low strain rate, the whole section is relatively flat, with only a small 

degree of depression or protrusion, showing a single expansion mode. With the increase of strain rate, 
the fracture section gradually changes from a flat morphology with uniform gradient to a step-like 
morphology with large height difference, and the number, height and spatial complexity of fracture 
section peaks and valleys increase sharply. 

 

  
(a) 57.81 s-1 

 

  
(b) 79.73 s-1 

 

  
(c) 107.17 s-1 

 

  
(d) 121.84 s-1 

 



 

 

  
(e) 136.82 s-1 

 

Figure 3 3-D scanning of fracture surface at different strain rates 
As shown in Figure 4, the absorbed energy and section roughness index of red sandstone 

under impact increase monotonously with the increase of strain rate. In addition, the change of the 
section roughness index with the strain rate shows a trend of first gentle and then rapid growth. When 
the strain rate is lower than 107.2 s-1, the growth is relatively gentle. When the strain rate exceeds 
107.2 s-1, the growth rate is significantly accelerated, showing a clear upward trend.  

As shown in Figure 5, the section roughness indexes , ,a q d rS S S  increase monotonously 
with the increase of absorption energy Wa. The arithmetic average height Sa, the root mean square 
height Sq, and the interface expansion area ratio Sdr trend consistently, indicating that the roughness of 
the red sandstone fracture section in the experiment changes with the strain rate.  

 

 
(a) Absorbed energy 

 
(b) Roughness index 

Figure 4 Absorbed energy and fracture roughness index of red sandstone varied with strain rate in 
SHPB test 

 

Figure 5 Roughness of fracture interface of red sandstone varied with absorbed energy 
Conclusion 

In this study, the evolution law of the fracture section morphology of red sandstone under 
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impact damage from the energy perspective was systematically explored through the SHPB impact 
experiment and 3D contour scanning technology. There is a critical strain rate of 107.2 s-1 in the impact 
failure of red sandstone, which is the boundary point of the change of section roughness with strain 
rate. When the strain rate is lower than 107.2 s-1, the fracture section of red sandstone is flat as a whole, 
with only a small range of depressions and protrusions. The roughness parameters such as arithmetic 
average height, root mean square height and interface expansion area ratio increase slowly, and the 
fracture is dominated by single directional expansion. When the strain rate exceeds 107.2 s-1, the 
fracture section rapidly transforms into a step-like large height difference morphology, and the number, 
height and spatial complexity of peaks and valleys increase sharply. The growth rate of roughness 
parameters is significantly accelerated, and the cracks are interlaced and dense.  

The absorbed energy of red sandstone is positively correlated with the roughness of the 
section. It is proved that the roughness of the red sandstone fracture section is a multi-dimensional 
synchronous process driven by energy dissipation.  
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Nomenclature 

aW - absorbed energy, [ MJ ] aS - arithmetic average height, [ mµ ] 

qS - root mean square height, [ mµ ] drS - interface expansion area ratio, [ mµ ] 
A - area of the defined zone, [ 2m ] Z - height relative to the datum plane, [ m ] 
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