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1. Introduction 
 

Recently, many underground engineering and 

infrastructure projects, such as urban metro systems, 

mountain tunnel, and mining structures, have been 

constructed in China (Wu and Shao 2019a, b). Therefore, it 

is inevitable that mechanical drilling and blasting in rock 

masses is required to damage the rock mass (Tian et al. 

2019, Fan et al. 2020). The subsequent stress wave 

produced by these construction activities will induce 

instability and possible failure of engineering rock masses 

(Wang et al. 2019a, Song et al. 2018). Simultaneously, 

excavation behaviors not only destroy the balance of the 

original stress in rock masses, but they also lead to the 

redistribution of the initial stress, resulting in the rock mass 

existing in a new stress environment (Li et al. 2005, 

Nikadat and Marji 2016). Additionally, a stress wave 

propagating through a natural rock mass is a complex 

physical process, and the changeable mechanical 

environment may change the transmission and reflection 

capability of the stress wave in the pores and joints. This 

further increases the complexity of exploring the  
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propagation characteristics of stress waves in rock mass. 

Therefore, it is of great significance to study stress wave 

propagation in rock masses under different static stress 

conditions for the construction and operation safety of rock 

mass engineering. 

The propagation and attenuation characteristics of a 

stress wave in a rock mass have been concerned in 

geotechnical engineering. However, a unified quantitative 

relationship has not been found to demonstrate the 

propagation characteristic of a stress wave due to the 

complexity and discontinuity of rock masses. In addition to 

the necessary physical, mechanical properties and 

geological factors, changes in porosity will directly lead to a 

change in stress wave velocity, amplitude, and energy (Ju et 

al. 2006, Cheng et al. 2019). The influence of dynamic and 

static loads on dynamic characteristics during blasting 

excavation of deep rock masses, and these studies can be 

divided into the dynamic response and stress wave 

propagation. The impact tests of rock samples with a ratio 

of length to diameter of less than one have primarily been 

conducted using a split Hopkinson pressure bar (SHPB), 

initially developed by Kolsky (1949), or a developed SHPB. 

This research method has been widely used and improved 

with the continuous development of impact dynamics (Li et 

al. 2005). As shown in a previous analysis, an excavated 

rock mass is typically in a specific static stress environment, 

and static stress affects the initial porosity or damage 

degree, and the dynamic mechanical response varies 

significantly (Ju et al. 2006, Khosravani et al. 2019a, b). 

When the impact strength, impact times, and axial stress of 

the rock are different, the breaking characteristics and  
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Abstract.  The changeable stress environment directly affect the propagation law of a stress wave. Stress wave propagation 

tests in sandstone with different axial stresses were carried using a modified split Hopkinson Pressure bar (SHPB) assuming the 

sandstone has a uniform pore distribution. Then the waveform and stress wave energy dissipation were analyzed. The results 

show that the stress wave exhibits the double peak phenomenon. With increasing axial stress, the intensity difference decreases 

exponentially and experiences first a dramatic decrease and then gentle development. The demarcation stress is σ/σc=30%, 

indicating that the closer to the incident end, the faster the intensity difference attenuates. Under the same axial stress, the 

intensity difference decreases linearly with propagation distance and its attenuation intensity factor displays a quadratic function 

with axial stress. With increasing propagation distance, the time difference decays linearly and its delay coefficient reflects the 

damage degree. The stress wave energy attenuates exponentially with propagation distance, and the relations between 

attenuation rate, attenuation coefficient and axial stress can be represented by the quadratic function. 
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energy dissipation laws are very different (Li et al. 2005, 

Wang et al. 2019b). Therefore, it is of great significance to 

study the effect of a rock stress environment and external 

impact conditions on the rock dynamic response to improve 

the impact resistance, stability or excavation efficiency of a 

rock mass. For the stress wave propagation in the large-size 

rock sample, Li et al. (2010), and Fan et al. (2011) also paid 

attention to this problem and carried out experimental 

research. Nevertheless, it can be seen that those samples are 

all pieced together and not whole pieces. Due to extremely 

instability of the spliced rock samples, the above studies 

failed to reveal the stress wave propagation and energy 

dissipation principles under different stress conditions. 

Moreover, stress wave propagation is a process of 

energy consumption, its variation characteristics of 

amplitude, transmission and reflection capacity, and energy 

dissipation also relate to the physical properties of a rock 

mass, such as porosity, pore geometry size, and pore 

distribution (Huang et al. 2017). Fan and Sun (2015) 

applied the displacement discontinuity method to study the  

 

 

effect of original rock stress on stress wave propagation in a 

rock mass with different amplitudes and frequencies. 

Aliabadian et al. (2014) discussed the deformation and 

fracture behaviors of rock specimens under impact loads in 

conjunction, and analyzed the waveform of the incident 

wave. Yoshida et al. (2019) conducted stress wave 

propagation tests on pumice-stone and granite samples 

using SHPB under high-speed impact and discussed the 

waveform and time difference between the rises of the 

incident and transmitted waves. The previous studies have 

paid more attention to the dynamic response of rock, and 

they have obtained rich results that can provide technical 

guidance for practical engineering. However, those studies 

of the characteristics of stress wave propagation in a rock 

mass are not enough, especially for the stress wave 

propagation during the process of the entire rock mass 

deformation under static stress. 

In this study, the length of the incident and transmission 

bar of the SHPB was reduced, and then multiple strain 

gauges were pasted on a sandstone bar to obtain the stress 

 
(a) 

 
(b) 

Fig. 1 The modified SHPB (Cheng et al. 2019): ① oscillograph, ② dynamic strain meter, ③ computer, ④ laser 

velocimeter device, ⑤ incident bar, ⑥ striker bar chamber, ⑦ specimen, ⑧ stress loading device; 1, 2, 3, 4 and 5 

represent the test points 

 

Fig. 2 Diagram of the modified SHPB: 1. stress loading device, 2. steel pads, 3. laser velocimeter device, 4. striker bar, 5. 

high-pressure air chamber. 1, 2, 3, 4 and 5 represent the test points, corresponding to the test points on the specimen in Fig. 
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wave signal under the entire strain condition. Then, stress 

wave propagation experiments were conducted on the 

sandstone using a fixed impact speed utilizing the modified 

SHPB. Then the stress wave signals were obtained using 

different axial stresses. The experimental data were 

analyzed from the viewpoints of: (ⅰ) the double peak 

characteristics of stress wave, including the effect of axial 

stress on the intensity difference and time difference; (ⅱ) the 

theoretical analysis of stress wave energy; and (ⅲ) the 

energy dissipation characteristics of stress wave, including 

the effect of axial stress on the decline rate and attenuation 

coefficient. The results of this study can provide a 

theoretical reference for rock mass stability analyses during 

blasting excavations. 
 

 

2. Experiment and specimen 
 

2.1 Apparatus 
 

The modified SHPB test device in the impact mechanics 

laboratory of Jiangxi University of Science and Technology 

can provide both axial stress and stress wave, as shown in 

Figs. 1 and 2. This test device is composed of an axial stress 

loading device, a dynamic loading device (striker bar and 

striker bar chamber), a laser velocimeter device (JXCS-02 

made in China), a data acquisition device (SDY2017A 

dynamic strain meter made in Japan), and a data display 

device (Yokowaga DL850E oscillograph made in Japan). 

The striker bar of the dynamic loading device is spindle-

type that can load a half-sine wave and eliminate PC 

oscillation. The sampling time ranges from -0.10 ms to 0.90 

ms and can collect 1000 time points. 

 

 

2.2 Sandstone material 
 
2.2.1 Uniaxial compressive strength σc of sandstone 
The sandstone material used in the stress wave 

propagation test is obtained from the Huaping Quarry in 

Ganzhou (China). The red sandstone has good integrity and 

homogeneity. The density and particle size are 2.35 g/cm3, 

and 0.05~2.00 mm, respectively. The stress-strain curve of 

the standard sandstone (Φ50 mm × 100 mm) is tested using 

a RMT-150C rock mechanical test machine (made in 

China), as shown in Fig. 3. This test result indicates that the 

failure process experiences that occurred during the 

compaction stage, the elastic deformation stage, the cracks 

development, expansion stage, and the failure stage. The 

uniaxial compressive strength (σc) and elastic modulus (E) 

are 52.00 MPa and 5.65 GPa, respectively. 
 

2.2.2 Maximum loading stress of specimen 
Due to having to arrange multiple signal points on the 

specimen to measure the data set, and also since the brittle 

failure characteristic, the sandstone is processed into a 

sandstone bar with a section of 80 mm × 80 mm and a 

length of 1500 mm after the exploration tests. 

Then, to reasonably set the stress loading range, the 

tentative experiment shows that the maximum loading 

stress (σmax) of the sandstone bar (Fig. 2) for the dynamic  

 
Fig. 3 Stress-strain curve (Cheng et al. 2019) 

 

 

Fig. 4 Failure specimen 

 

 

test is approximately 39.00 MPa (the critical stress of 

instability), which is 75% of the uniaxial compressive 

strength (σc). The failure specimen in the tentative 

experiment, as shown in Fig. 4. 

 

2.2.3 Loading range of axial stress 
Since the axial stresses loaded to specimen are provided 

by an hydraulic pump (stress loading device), its values (σn) 

are set to 0, 1, 2, 3, 4, …, 10, 11 and 12 MPa. Then, the 

axial stress (σ) of the specimen is obtained according to the 

equation σ = 2.76σn, where S1/S2≈2.76 is the cross-sectional 

area ratio of hydraulic pump piston to the specimen. The 

corresponding axial stresses (σ) are 0, 2.76 MPa, 5.52 MPa, 

8.28 MPa, 11.04 MPa, … , 27.60 MPa, 30.36 MPa, 33.12 

MPa. 

The previous study (Li et al. 2005) has shown that when 

the stress wave amplitude is less than 60% of the rock static 

strength under a cycling stress wave, the damage caused by 

the cyclic stress wave can be ignored. Based on this, the 

cyclic stress wave amplitude in this test is confirmed using 

an explorative analyses. The striker bar hit the incident bar 

at a velocity of approximately 4.38 m/s, and the stress wave 

generated is a type of half-sine wave. The impact velocity is 

measured using a laser velocimeter. 

 

2.3 Test procedures 
 
To obtain the stress wave signal under different axial 

stress conditions, the following test principles and 

procedures of the designed tests are performed. 

The specimen is assembled using the modified SHPB, 

and the steel pads, each with an area slightly larger than the 

cross-section of the specimen, are added to the interfaces  
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between the specimen and the incident bar, transmission bar 

to prevent the occurrence of a stress concentration 

phenomenon. In addition, the coupling agents (mechanical 

butter) is smeared on both sides of the steel pads to reduce 

the inter-facial friction to ensure the excellent transmission 

of stress wave signals. 

The test points are arranged on the specimen surface. 

There are five test points on the specimen surface, which 

are called the test points 1, 2, 3, 4, and 5. Two 

longitudinally symmetric strain gauges are attached to each 

test point to lower the test error. Fig. 2 shows the location 

and spacing of the five test points. 

Three impact tests of the same strength under each axial 

stress are carried, and then the stress wave signals under 

different axial stresses are saved. The propagation path of 

the stress wave is the incident end of the specimen, data 

acquisition device (dynamic strain gauge), data display 

device (oscilloscope), and data storage device (computer).  

 

 

All of the stress wave propagation tests are completed in 

this way. 

 

 

3. Results and discussion 
 

3.1 Double peak characteristics of stress wave 
 

In this study, waveforms with 13 different axial stresses 

are tested using the modified SHPB. Due to a large number 

of experimental data, only the waveforms of 0 MPa, 2.76 

MPa, 8.28 MPa, 16.56 MPa, 24.84 MPa, and 33.13 MPa are 

shown in Fig. 5. The stress wave amplitudes are 

characterized by the measured voltage values (mV), and the 

positive and negative ordinate values indicate the tensile 

wave and compression wave, respectively. 

The effect of axial stress on stress wave propagation 

with propagation time, especially on the waveform, is  

  

(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 5 Waveforms under different axial stresses. (a) 0, (b) 2.76 MPa, (c) 8.28 MPa, (d) 16.56 MPa, (e) 24.84 MPa and (f) 

32.12 MPa 
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Fig. 6 Diagram of double peak phenomenon 
 

 

shown in Fig. 5. These figures illustrate that the presence or 

absence of axial stress in the sandstone has a significant 

effect on the waveform characteristics. When there is no 

axial stress in Fig. 5(a), only the compression wave exists 

and nearly no tensile wave. This is due to the primary pores 

present in the specimen and the lack of secondary pores, 

and the reflection phenomenon of the stress wave in pore 

interface is not apparent. When the axial stress is more than 

0 MPa in Figs. 5(b-f), the tensile wave appears in the tail of 

the stress wave at each test point. In addition, the larger the 

axial stress, the more obvious the tensile amplitude that 

occurrence. The reason is that the increased axial stress 

results in the closure, and initiation of pores in the 

specimen, and the number of total pores tends to increase, 

leading to an aggravation of the reflection phenomenon of 

the stress waves (the compression wave reflects into a 

tensile wave at the pore interface). However, when stress 

waves including compression wave and tensile wave with 

different properties propagate in a rock, the rock will be 

subjected to the interaction effect of the compressive stress 

and the tensile stress, and spallation failure will be induced 

when the mechanical damage reaches an individual 

strength. Due to the stress restraint effect of specimen ends, 

the spallation failure is not apparent in this study. 

 

 

Moreover, when the specimen has the same axial stress, 

the waveforms in the different locations have a similar 

development tendency. However, the stress wave amplitude 

shows an attenuation trend with an increase in propagation 

distance. With increasing axial stress, the stress wave in the 

sandstone gradually shows a double peak characteristic. 

This means that there is a coexistence phenomenon of a 

compression wave peak and a tensile wave peak. By using 

Fig. 6 (11.04 MPa) as an example, with increases in 

propagation time, the stress wave first "jumps" along the 

negative direction of the longitudinal axis to reach a 

compression wave peak AC-1, and then the stress wave 

"climbs" to form a tensile wave peak AT-1 after propagation 

time ΔT1 (here, C and T denote the compression wave, 

tensile wave, respectively). This shows that the existence of 

axial stress has a significant effect on the formation of the 

tensile wave. The reason is that the increased axial stress 

affects the porosity evolution, such as the closure of 

primary pores, and the initiation and expansion of new 

pores. This results in different damage degrees and changes 

the transmission capacity of the specimen. 

Figs. 5 and 6 show that the variation characteristic of the 

waveform primarily reflects in the intensity difference and 

time difference of the double peak (hereinafter respectively 

refers to as intensity difference and time difference). Then, 

the intensity differences and time differences of double 

peak at the different test points are calculated based on the 

relationships of ΔAn=AC-n-AT-n and ΔTn=TC-n-TT-n, as shown 

in Table 1. The effect of axial stress on the intensity 

difference and time difference of double peak is discussed 

in the next sections. 

 

3.2 Intensity difference 
 

3.2.1 Effect of axial stress on intensity difference 
Table 1 shows that the double peak intensity difference 

of the stress wave decreases with increasing axial stress and 

propagation distance; however, it has different attenuation  
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Table 1 The intensity difference and time difference of double peak 

Axial stress 

/MPa 

Intensity difference ΔAn /mV Time difference ΔTn /ms 

Test 1 Test 2 Test 3 Test 4 Test 5 Test 1 Test 2 Test 3 Test 4 Test 5 

0.00 0.1863 0.1620 0.1377 0.1230 0.1033 0.3290 0.3840 0.4070 0.4630 0.5070 

2.76 0.1850 0.1610 0.1367 0.1130 0.0997 0.3200 0.3670 0.3900 0.4280 0.4940 

5.52 0.1635 0.1410 0.1197 0.1153 0.0923 0.3120 0.3200 0.3480 0.3880 0.4450 

8.28 0.1240 0.1140 0.1037 0.0957 0.0797 0.3060 0.3210 0.3320 0.3660 0.4050 

11.04 0.1117 0.1020 0.0947 0.0887 0.0744 0.2980 0.3030 0.3130 0.3480 0.3870 

13.80 0.0977 0.0910 0.0850 0.0797 0.0700 0.3000 0.2960 0.2890 0.2960 0.3790 

16.56 0.0800 0.0717 0.0933 0.0853 0.0807 0.2900 0.2950 0.2950 0.2980 0.3700 

19.32 0.0903 0.0833 0.0797 0.0760 0.0670 0.2830 0.2900 0.3000 0.3170 0.3710 

22.08 0.0897 0.0850 0.0800 0.0783 0.0667 0.2780 0.2950 0.2880 0.3000 0.3300 

24.84 0.0839 0.0783 0.0767 0.0719 0.0613 0.2700 0.2720 0.2700 0.2900 0.3190 

27.60 0.0851 0.0780 0.0743 0.0767 0.0620 0.2620 0.2700 0.2730 0.3000 0.3290 

30.36 0.0853 0.0793 0.0777 0.0746 0.0653 0.2600 0.2690 0.2790 0.3100 0.3390 

33.12 0.0830 0.0770 0.0750 0.0730 0.0637 0.2480 0.2630 0.2840 0.3390 0.3980 
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Fig. 7 Variation tendency of intensity difference 

 

Table 2 Regression equation between intensity difference 

and axial stress 

Test points Regression equation R2 

Test 1 ΔA1=0.1263e-0.1021σ+0.0742 0.9079 

Test 2 ΔA2=0.1037e-0.1001σ+0.0697 0.9328 

Test 3 ΔA3=0.0748e-0.0868σ+0.0691 0.9382 

Test 4 ΔA4=0.0575e-0.0857σ+0.0685 0.9377 

Test 5 ΔA5=0.0477e-0.0832σ+0.0593 0.9086 

 

 

intensity under different axial stresses. Fig. 7 shows the 

variation tendency of the intensity difference with different 

axial stresses at the various locations, which reveals that 

with increasing axial stress, the intensity difference 

undergoes first a dramatic decrease (nonlinear stage), then 

tended to a gentle development (linear stage). 

In this study, the stress rate σ/σc of axial stress of the 

specimen to uniaxial compressive strength of the standard 

sandstone is used to represent the curve demarcation point 

in Fig. 7. It is found that the demarcation points of the axial 

stress (hereinafter refers to as the demarcation stress) in the 

two stages is σ/σc=30%. When the stress rate is less than 

σ/σc=30%, the closer to the incident end, the higher the 

attenuation degree of the intensity difference. When the 

stress rate is more than σ/σc=30%, the intensity difference 

has a gentle development. The reasons for this are that the 

collected stress wave signals are mainly broadband waves 

consisting of different frequencies and at different 

attenuation levels. It is generally believed that the 

attenuation intensities of high frequency waves are higher 

than those of low frequency waves (Pyrak-Nolte 1996). The 

high frequency waves are absorbed through pores or 

damage in the sandstone, and the relatively fewer high 

frequency stress waves are intercepted at the later test 

points, resulting in a decreased intensity difference. 

In addition, a regression analysis reveals that the 

intensity difference decreases as a first order exponential 

function with increasing axial stress, and the regression 

equation and its parameters of the intensity difference are 

shown in Table 2. Consistent with previous results, the 

attenuation coefficient (α=0.1021, 0.1001, 0.0868 and 

0.0857) in the regression equation decreases gradually with 

an increase in the propagation distance. This indicates that 

the closer to the incident bar, the faster the attenuation 

degree of the intensity difference. This also suggests that  

 

Fig. 8 Variation tendency of intensity difference under 

different axial stresses 

 

 

Fig. 9 Relationship between attenuation intensity factor 

and axial stress 
 
 

the sandstone under different axial stresses has a filtering 

effect (Davies and Hunter 1963) on high frequency waves 

with a varying degree. 

 

3.2.2 Attenuation characteristics of intensity 
difference 

Fig. 8 shows the variation tendency of intensity 
difference under different axial stresses, and it demonstrates 
the effect of different axial stresses on attenuation 
characteristics of intensity difference. It is worth noting that 
the increase in the propagation distance decreases the 
intensity difference with different decline degrees, and there 
exists good linear relationships between the intensity 
difference and the propagation distance. Here, the linear 
slopes k of the regression curves are used to describe the 
attenuation intensity factor of the intensity difference with 
the propagation distance, and the relationship between 
attenuation intensity factor and axial stress is shown in Fig. 
9. 

Fig. 9 shows that the axial stress has a remarkable 

influence on the attenuation intensity factor k. When the 

axial stress increases, the attenuation intensity factor k 

experiences first a dramatic decrease, then smooth 

development, and finally a sharp increase, and its variation 

scope is between 0.0167 and 0.1025. The demarcation 

stresses of the three stages are σ/σc=30%, and σ/σc=55%, 

respectively. This is consistent with the variation trend of 

the attenuation coefficient of stress wave amplitude with 

increasing static stress (Cheng et al. 2019). The laws of 

pore or damage evolution for sandstone are analyzed as 

follows. 
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Fig. 10 Variation tendency of time difference under 

different axial stresses 

 

 

Fig. 11 Relationship between delay coefficient and axial 

stress 

 

 

The first stage, when the stress ratio σ/σc is less than 

30%, the attenuation intensity factor k decreases from 

0.1025 to 0.0167, with an 87.80% attenuation. The reason is 

that the primary pores in the specimen are compacted, and 

the porosity decreases with increasing axial stress and then 

weaken the stress wave energy. The first stage can be called 

the stress strengthening stage. 

The second stage, when the stress ratio σ/σc is more than 

30% and less than 55%, the attenuation intensity factor k 

displays a gentle development with increasing axial stress, 

and gradually converges to 0.0260. The reason is due to the 

coexistence phenomenon of closed pores and newly formed 

pores caused by the loading stress of the specimen. 

However, when the number of closed pores is 

approximately equal to that of new ones, the porosity varies 

little. The second stage is called the damage development 

stage. 

The third stage, when the stress ratio σ/σc is more than 

50%, the attenuation intensity factor k increases from 

0.0275 to 0.0437, an increase of 58.18%. With an increase 

in axial stress, the number of newly formed pores increases 

obviously, and this is accompanied by the initiation and 

propagation of new micro-cracks. This results in a sharp 

increase in the internal damage degree. Then, the new pores 

and micro-cracks gradually dominate the evolution of 

porosity, thus causing a sharp rise in the attenuation 

intensity factor k. The third stage is called the failure stage 

of the specimen. 

As the previous analysis, the calculated attenuation 

intensity factor k of the intensity difference has a different 

sensitivity to different axial stress ranges, and the 

relationship (in Fig. 9) between the attenuation intensity 

factor k and axial stress can be described as a quadratic 

function (R2=0.9088). 

 

3.3 Effect of axial stress on time difference 
 
With an increase in the propagation distance, the double 

peak time difference increases gradually, having a different 

variation tend with the intensity difference, as shown in Fig. 

10. Regression analysis reveals that there are good linear 

relationships between the time differences and propagation 

distances, expressing as ΔT=Kx+R, where K and R denote 

the regression parameters relates to the axial stress. K 

indicates the growth rate of the time difference with 

propagation distance, which is called the delay coefficient 

(Wang et al. 2010) in this study. 

Fig. 11 shows the variation tendency of the delay 

coefficient K with increasing axial stress, and the delay 

coefficient K undergoes first a rapid attenuation, then a 

stable development, and finally a drastic increase. The 

demarcation stresses of the three stages, respectively, are 

σ/σc=30%, and σ/σc=55%, which is consistent with Fig. 9. 

This suggests that the variation trend of delay coefficient K 

can reflect the damage evolution in the specimen to some 

certain extent. The relationship between the delay 

coefficient K and axial stress can be described as a 

quadratic function (R2=0.9018). 

1-4-26- 1025.2100.2100.3  K  (1) 

 

3.4 Energy dissipation characteristics of stress wave 
 
3.4.1 Energy dissipation theory 
The stress wave attenuation and waveform variation 

during axial stress loading comprise the energy dissipation 

of stress wave. The stress wave energy can be represented 

using the square of stress wave signal (voltage) to reveal the 

damage evolution of sandstone material. In this study, it is 

assumed that the stress wave energy is the sum of the 

compression wave energy and the tensile wave energy, and 

the stress wave energy can be expressed as Eq. (2). 
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where E is stress wave energy (mV2), and Vn is voltage 

amplitude (mV) at time n. The decline rate and the 

attenuation coefficient of stress wave energy at different 

locations are discussed as follows. 

(1) Decline rate of stress wave energy 

Assuming that the stress wave propagates from test 

point 1 to test point 5, the decline rate of stress wave energy 

V (mV/m), can be expressed as Eq. (3). 
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where E1 and E5 are the stress wave energy at locations x1 

and x5, respectively. 

(1) Attenuation coefficient of stress wave energy 
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Fig. 12 Attenuation tendency of stress wave energy in 

different test points 

 

 

The relative variation of the stress wave energy when 

the stress wave propagates from location x to x +Δx can be 

expressed as Eq. (4). 

x
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where E(x) and E(x+Δx) are the stress wave energy at 

locations x and x+Δx, respectively. Eq. (4) shows that the 

relative variation of the stress wave energy is proportional 

to Δx, and the proportional coefficient -αx expresses the 

spatial attenuation characteristics with increasing 

propagation distance. If Δx → 0, Eq. (4) can be written as 

Eq. (5). 
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E(x) can be obtained after solving the differential Eq. (5) 

and is expressed as Eq. (6). 

xeExE  0)(
 

(6) 

where E0 denotes the initial energy of the incident wave in 

sandstone. Eq. (6) shows that the stress wave energy decays 

exponentially with increasing propagation distance, and the 

attenuation degree relates to the attenuation coefficient α. In 

this study, when the stress wave propagates from location x1 

to location x5 (x1＜x5), the attenuation coefficient α of the 

stress wave energy is approximately expressed as Eq. (7). 
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3.4.2 Effect of axial stress on stress wave energy 
Fig. 12 presents the variation tendency of stress wave 

energy with an increase in the axial stress at different 

locations calculated using Eq. (2). The development 

tendency illustrates that the stress wave energy underwent 

first a dramatic decrease, then gentle development, and 

finally a gradual decrease. The demarcation stresses of the 

three stages are σ/σc=30%, and σ/σc=55%, respectively. 

When the stress rate σ/σc is less than 30%, the stress wave 

energy shows a noticeable attenuation when the stress wave 

propagates from test 1 to test 5, and it is decreased by  

 

Fig. 13 Variation tendency of stress wave energy under 

different axial stresses 

 

 

Fig. 14 Variation tendency of decline rate, attenuation 

coefficient with increasing axial stress 

 

 

88.88%, 87.99%, 85.61%, 82.81%, and 82.68%, 

respectively, at each test point. When the stress rate σ/σc is 

greater than 30% and less than 55%, the decrement of the 

stress wave energy is between 10.56% and 13.88%. 

However, when the stress rate σ/σc is greater than 55%, the 

decrement of stress wave energy is less than 10%. This 

indicates that the stress wave energy has different 

attenuation sensitives to different loading ranges of the axial 

stress. 

Additionally, the regression relationships between the 

stress wave energy and axial stress show that the 

attenuation strength of the stress wave energy is gradually 

reduced as the propagation distance increases under the 

same axial stress, which is consistent with Wang et al. 

(2010) and Jin et al. (2017). The above phenomena can be 

explained by the theory of one-dimensional elastic wave 

(Lifshitz 1994). The regression relationship between the 

stress wave energy and axial stress can be described as Eq. 

(8). 

 ),(xE
 

(8) 

where E(x, σ) denotes the stress wave energy, and its value 

relates to the propagation distance x and the axial stress σ; 

, ξ and λ denote the regression parameters relate to the 

propagation distance x, where 

1-2- 1032.81042.8  x , 
90.2-1.66  x

, 
1-2- 1012.31050.6  x . 
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3.4.3 Space attenuation characteristic of stress wave 
energy 

Fig. 13 shows the variation tendency of stress wave 

energy with increasing propagation distance under different 

axial stresses. In addition, the regression results show that 

the stress wave energy has good exponential relations with 

the propagation distance (R2=0.8968~0.9678), consistent 

with Eq. (6). 

It is assumed that the sandstone has a uniform pore 

distribution under the same axial stress. Therefore, the 

decline rate and attenuation coefficient of the stress wave 

energy under different axial stresses are calculated 

according to Eq. (3) and Eq. (7), as shown in Fig. 14. It is 

found that with an increase in the axial stress, the variation 

tendencies of the decline rate and the attenuation coefficient 

underwent first a dramatic decrease, then gentle 

development, and finally a sharp rise. The demarcation 

stresses of the three stages are σ/σc=30%, and σ/σc=55%, 

respectively, which are consistent with Fig. 9, and Figs. 11-

12. In addition, the regression analysis shows that the 

quadratic function can competently represent the 

relationships between the decline rate, the attenuation 

coefficient of the stress wave energy, and axial stress 

(R2=0.9062, and 0.8998, respectively). 

In essence, it is concluded that the changes in the 

decline rate and attenuation coefficient of the stress wave 

energy are caused by the different wave impedance of the 

sandstone (Jin et al. 2017). Also, the wave impedance can 

be expressed as a product of the stress wave velocity and 

sandstone density, which can measure the resistance of the 

sandstone to the energy transmission of the stress wave. 

Therefore, it can be inferred that with an increase in the 

axial stress, the wave impedance experiences three 

development stages, first a rapid increase, then smooth 

development, and finally a sharp decrease. Furthermore, its 

variation tendency is opposite to the decline rate and the 

attenuation coefficient of the stress wave energy. 

The reason is that when the stress ratio, σ/σc was less 

than 30%, the decreased porosity of the sandstone results in 

a rapid increase in the wave impedance, and then this 

reduces the decline rate and attenuation coefficient of the 

stress wave energy. When the stress ratio, σ/σc is more 

significant than 30% and less than 55%, the sandstone 

porosity gradually tends to be in a stable condition, thus 

leading to the smooth development of the wave impedance, 

decline rate, and attenuation coefficient. When the stress 

ratio, σ/σc is more than 55%, as the axial stress continues to 

increase, the number of new pores increases rapidly and 

gradually dominates the development trend of the total 

pores in the sandstone. Therefore, the reduced wave 

impedance exacerbates the increasing trend of decline rate 

and attenuation coefficient. 
 

 

4. Conclusions 
 

In this paper, stress wave propagation tests under the 

same impact strength were carried out on a strip-shaped 

sandstone specimen using the modified SHPB. The double 

peak characteristics of the stress wave and the space 

attenuation characteristic of the stress wave energy were 

analyzed based on the test data, and the mathematical 

models were established. Some meaningful conclusions are 

summarized as follows. 

• The presence axial stress in sandstone has a significant 

effect on the waveform. Only a compression wave exists 

and nearly no tensile wave when there is no axial stress. 

The compression wave and tensile wave will coexist when 

there is axial stress. The stress wave gradually exhibits the 

double peak characteristics with increasing axial stress. 

• With increases in axial stress, the intensity difference 

of the double peak decreases exponentially and experiences 

first a dramatic decrease, then gentle development. The 

demarcation stress of the two stage is σ/σc=30%. The closer 

to the incident end of the sandstone, the faster the 

attenuation degree of the intensity difference. Under the 

same axial stress, the intensity difference decreases linearly 

with propagation distance, and the attenuation intensity 

factor k undergoes first a dramatic decrease, then smooth 

development, and finally a sharp increase, and its 

demarcation stresses are σ/σc=30%, σ/σc=55%. 

• With increases in propagation distance, the time 

difference attenuates linearly, and the delay coefficient K 

undergoes first a rapid attenuation, then stable development, 

and finally a drastic increase. The delay coefficient K can 

reflect the damage evolution of sandstone. 

• With increasing propagation distance, the stress wave 

energy attenuates exponentially, and its attenuation rate and 

attenuation coefficient both experience first a dramatic 

decrease, then gentle development, and finally a sharp 

increase. The quadratic function can represent the 

relationships between the decline rate, the attenuation 

coefficient of the stress wave energy, and the axial stress. 
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