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To investigate the effect of axial stress on the attenuation characteristics of stress wave peaks, stress wave propagation experiments
with small disturbance of a sandstone bar were carried out by a modified split Hopkinson pressure bar test system.1en, effects of
axial stress on the waveform, attenuation rate, temporal-spatial attenuation characteristics, and attenuation sensitivity factor of the
peak were studied. 1e results showed that the presence or absence of axial stress has a significant effect on the waveform. With
axial stress loading, both temporal and spatial attenuation rates undergo similar development stages, “nonlinear stage + linear
stage,” in which the demarcation stress (σ/σc) is 30%. Under the same axial stress, the peak decreases exponentially with the
propagation time and distance with different attenuation intensities. With increasing axial stress, the temporal and spatial
response intensities also experience “nonlinear stage + linear stage.” However, the temporal and spatial attenuation coefficients
undergo three stages, first a dramatic decrease, then gentle development, and finally a sharp increase, in which demarcation
stresses (σ/σc) are 30% and 55%.1e defined attenuation sensitivity factor can well describe the attenuation sensitivity of peaks to
different axial stresses. 1e conclusions can provide a theoretical reference for rock mass stability analysis in blasting excavation.

1. Introduction

Stress wave motion in the rock mass is a fundamental
physical phenomenon, which has a wide range of applica-
tions in the development of underground rock mass engi-
neering, such as tunnel excavation and mining [1–3].
1erefore, rock mass instability caused by natural or human
activities is studied, such as earthquakes, excavations, and
mining vibrations, and this not only destroys the stress
balance of original rock but also leads to the phenomenon of
stress redistribution [1], thus causing the changes of the
physical and mechanical properties. Take the loading and
unloading processes of rock stress as an example, and there
will be pores evolution such as the closure of primary pores
and the initiation and expansion of new pores, resulting in
different damage degrees of the rock mass [4–7]. However,
the rock mass instability induced by those natural and

human activities is closely related to stress wave propaga-
tion. For all this, it is of significance to study the propagation
and attenuation characteristics of stress waves in a rock mass
with different static stress conditions for the construction
and operation safety of rock mass engineering.

Currently, given the blasting excavation of deep engi-
neering rock mass, the research focus can be divided into
dynamic response problems [4, 6, 8, 9] and stress wave
propagation problems [10–12]. However, since the com-
plexity and discontinuity of the rock mass, the propagation
and attenuation characteristics of stress waves are also very
complicated, so there is no unified quantitative relationship
to describe those attenuation mechanisms [4]. Engineering
practice has shown that the change in original rock stress is
calculated in milliseconds [13]; this indicates the necessity to
study the dynamic response problem during the rock mass
excavation. 1us, to meet the engineering needs, the impact

Hindawi
Advances in Materials Science and Engineering
Volume 2019, Article ID 6320601, 11 pages
https://doi.org/10.1155/2019/6320601

mailto:chengyun_ifu@163.com
mailto:songzhpyt@xauat.edu.cn
https://orcid.org/0000-0002-1718-9714
https://orcid.org/0000-0002-0817-4369
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/6320601


damage, deformation and failure characteristics, and energy
dissipation mechanism of the rock mass have been studied
theoretically and practically, and the relevant theories and
numerical models have been established [6, 14, 15].

Meanwhile, to explore the stress wave propagation and
attenuation characteristics, Aliabadian et al. [9] discussed
the deformation and fracture behaviors of rock specimens
under impact loads in conjunction with optical emission that
accompanies the fracture and analyzed the waveforms of the
incident, reflected, and transmitted strain pulse. Ju et al. [16]
presented the property of stress wave propagation in jointed
rocks using the split Hopkinson pressure bar (SHPB)
technique and analyzed the influence of the rough joint
surface configuration on stress waves. Li et al. [17] found that
the impact velocity, contact area ratio, and relative intensity
degree of a joint surface area affected the dynamic stress-
strain relation of rock masses, stress wave propagation, and
the transmission coefficient of the stress wave. By using the
theory of wave mechanics and improved SHPB, Liu et al.
[18] and Guo and Wei [19] analyzed the influence of stress
wave amplification and static loading on the waveform,
transmission coefficient, reflection coefficient, and energy
dissipation in a coal rock mass. 1us, it can find that the
stress wave propagation and attenuation characteristics in a
rock mass are related not only to elastic parameters and
static stress but also to the distribution of microcracks.

Furthermore, the physical, mechanical, and structural
characteristics of the rock mass can be deduced by in-
vestigating the attenuation law of the stress wave. 1ese
studies indicate that some beneficial results have been
achieved for the static stress affecting the dynamic me-
chanical response of rock; however, there are few studies on
the effect of stress wave propagation characteristics on a rock
mass with different static stresses. Besides, although the rock
specimen with a small length : diameter ratio (less than 1) is
representative [20], the attenuation characteristics of the
stress wave in whole deformed rock cannot be obtained,
while the rock with a more significant length : diameter ratio
can achieve the expected effect by setting multiple test
points measuring several multidata of stress wave signals
simultaneously.

In this study, we aim at discussing the attenuation
characteristics of stress wave peaks in sandstone under
different axial stresses. Because of the need to simultaneously
obtain multiple sets of experimental data, we first design a
sandstone bar with a length-diameter ratio of 65 through
exploratory tests and gradually load 13 different axial
stresses on it by a modified split Hopkinson pressure bar
(SHPB) test system. 1en, impact experiments with small
disturbance are conducted on the specimen by fixing the
impact velocity of the striker bar, and the stress wave signals
with different axial stresses are obtained. 1e experimental
data are analyzed from the viewpoints of (a) stress wave
characteristics, (b) the variation law of attenuation rates of
wave peaks, (c) temporal-spatial attenuation characteristics
of stress wave peaks, and (d) pore evolution characteristics of
specimens with increasing of axial stress, and empirical
mathematical models are established based on experimental
results. 1e research conclusions provide the theoretical

basis for the stability analysis of rock mass engineering such
as blasting and excavation.

2. Experiment andData Acquisition Procedures

2.1. Experimental Apparatus. 1e modified split Hopkinson
pressure bar (SHPB) test system in the impact mechanics
laboratory of Jiangxi University of Science and Technology
can provide both axial stress and stress wave, as shown in
Figure 1. 1is test system consists of a stress loading device,
dynamic loading device, laser velocimeter device (JXCS-02),
data acquisition device (SDY2017A dynamic strain meter),
and data display device (Yokowaga DL850E oscillograph).
1e spindle striker bar in the chamber of the dynamic
loading device can load a half-sine wave and eliminate
Pochhammer-Chree (PC) oscillation [12]. 1e specific di-
mensions of the striker bar are also shown in Figure 1(a).1e
sampling time ranges from −100 μs to 900 μs, the interval is
1 μs, and it can collect 1000 time points.

2.2. Experimental Material

2.2.1. Uniaxial Compressive Strength (σc) of Sandstone.
1e sandstone used in the dynamic test is taken from the
Huaping quarry in Ganzhou, Jiangxi Province, China. 1e
sandstone is red, and it has good integrity and homogeneity.
1e density, particle size, and original porosity of the sand-
stone are 2.35 g/cm3, 0.05∼2.00mm, 5.22%, respectively. 1e
stress-strain curve of the sandstone (Φ50mm× 100mm) is
tested by using RMT-150C rock mechanical test machine
developed by Institute of Rock and Soil Mechanics, Chinese
Academy of Sciences, as shown in Figure 2, indicating that the
failure process experiences the compaction stage (OP)—
elastic deformation stage (PQ)—cracks development and
expansion stage (QM)—failure stage (MN). 1e uniaxial
compressive strength (σc) and elastic modulus (E) are
52.00MPa and 5.65GPa, respectively.

2.2.2. Specimen Preparation for the Dynamic Test. Two
factors should be considered when designing the specimen:
(a) due to the attenuation characteristics of stress wave peaks
in sandstone under different axial stresses, the sandstone
specimen can be arranged with multiple signal points to
measure sets of data, that is, considering the larger length-
diameter ratio; (b) considering the brittle failure charac-
teristic under axial stress loading. After exploration tests, the
specimen is processed into a sandstone bar with a section of
80mm× 80mm and a length of 1500mm. 1e tentative
experimental results show that the compressive strength (the
critical stress of instability) of the specimen for the dynamic
test is about 39.00MPa.

Besides, the procedures of the exploration test are as
follows: 1e sandstone bar is fixed between the incident bar
and the transmission bar, and the axial stress is loaded by the
stress loading device according to the test scheme (shown in
Figure 3). 1ree small disturbance impact tests are carried
out under each axial stress. 1e sandstone bar is destroyed
when the axial stress is loaded to 39MPa; that is, 39MPa is
the critical stress of instability.
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2.3. Empirical Principle. �e axial stress loading range and
impact velocity of the striker bar (that is, stress wave
strength) should be considered in the tests. �e speci�c test
principle is as follows:

(1) Since the hydraulic pump loads the axial stress of the
specimen, its values (σn) are set at 0, 1, 2, 3, . . ., and
12MPa.�en, the axial stress (σ) of the specimen can
be obtained according to equation (1), and S1/
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Figure 1: (a) Experimental apparatus:① oscillograph;② dynamic strain meter;③ computer;④ laser velocimeter device;⑤ incident bar;
⑥ chamber of striker bar;⑦ specimen;⑧ stress loading device. (b) Diagram of the modi�ed split Hopkinson pressure bar (SHPB) system:
1. stress loading device; 2. transmission bar; 3. steel pads; 4. incident bar; 5. laser velocimeter; 6. striker bar; 7. high-pressure air chamber.
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S2≈ 2.76 is the cross-sectional area ratio of the hy-
draulic pump piston to the specimen; the axial stress
(σ) is shown in Figure 3:

σ � 2.76σn. (1)

(2) 1e previous study has shown that when stress wave
amplitude is less than 60% of rock static strength
under repeated stress waves, the damage caused by
the cyclic stress wave could be ignored [21]. Based on
this, the cyclic stress wave amplitude in the test is
confirmed through explorative tests to minimize the
damage. To achieve this effect, the striker bar struck
the incident bar at a velocity of about 4.38m/s and
the stress wave is a kind of half-sine wave.1e impact
velocity is measured by using a laser velocimeter.

(3) After steps (1) and (2), the specimen is assembled
with the SHPB test system, and the steel pads with
the area slightly larger than the cross section of the
specimen are added to the interfaces between the
specimen and the incident bar (transmission bar) to
prevent the occurrence of stress concentration
phenomenon. Besides, coupling agents (mechanical
butter) are smeared on both sides of the steel pads to
reduce the interfacial friction to ensure the excellent
transmission of stress wave signals.

(4) Arrange the test points on the surface of the spec-
imen. 1ere are 5 test points on the surface of
the specimen, which are test points A, B, C, D, and
E. Two longitudinally symmetric strain gauges (its
resistance value, size, supply voltage, sensitivity
coefficient, and strain limit are 120± 1Ω,
8mm× 5mm, 3∼10V, ±2.0% and 20000 μm/m, re-
spectively) are attached to each test point to lower the
test error. Figure 1 shows the locations and spacings
of the test points.

(5) 1ree impact tests of the same strength under each
axial stress are carried out, and then the stress wave
signals with different axial stresses are saved. 1e
propagation path of the stress wave is the incident
end of specimen⟶ strain gauge⟶ dynamic
strain gauge⟶ oscilloscope⟶ computer. Repeat
all stress wave tests in this way.

3. Results and Discussion

3.1. Waveform Characteristics of Stress Wave. Due to a large
number of experimental data, only the waveforms of 0MPa,
8.28MPa, 16.56MPa, 24.84MPa, and 33.13MPa are shown
in Figure 4. 1e 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. Taking Figure 4(e) as an
example, with increasing of propagation time, the stress
wave first “jumps” along the negative direction of the lon-
gitudinal axis to reach the stress wave peak (hereinafter
referred to as peak), denoted as Pn (mV), and then the stress
wave continues to “climb” to form a tensile wave.

Simultaneously, in order to show the variation charac-
teristics of the peak, the peak and its corresponding time
(denoted as Pn/tn, where n is A, B, C, D, and E) at each test
point under different axial stresses are extracted from the
stress waves in Figure 4, as shown in Table 1. 1e working
condition of 0.1863/142 shown in Table 1 is a good example,
denoting that the peak and its corresponding time tested at
test point A (σ � 0MPa) is Pn � 0.1863mV and tn � 142 μs,
respectively.

1e following observations can be made from Figure 4
and Table 1 for all the tested stress waves:

(1) When the specimen has specific axial stress, there is
no apparent difference in the waveform for all test
points, except that the peak shows the attenuation
trend with increasing of the propagation distance of
stress waves.

(2) According to Figure 4(a) and Figures 4(b)–4(e), the
presence or absence of axial stress in the specimen
has a remarkable influence on the waveform and the
propagation of stress wave. First, no tensile wave
occurs at any test point when there is no axial stress
(see Figure 4(a)). Second, the tensile wave appears in
the tail of the stress wave at each test point and
increases with increasing of axial stress (see
Figures 4(b)–4(e)). 1ird, the peaks at the same test
point will decrease gradually with increasing of axial
stress (see Table 1).

(3) With increasing of axial stress, the stress wave
gradually shows a “double peaks” characteristic, that
is, the compression wave peak and the tensile wave
peak exist simultaneously (the analysis of “double
peaks” characteristics will be presented in the next
study), which shows that the existence of axial stress
has a significant effect on the formed tensile wave.
1e reason is that the increased axial stress affects the
porosity evolution, such as the closure of primary
pores, the initiation, and expansion of new pores,
thus resulting in different damage degrees and
changing the transmission and reflection capacity of
the specimen [4, 18].

3.2. Effect of Axial Stress on Attenuation Rate of Peak. As
mentioned above, the natural rock mass has an anisotropic
characteristic and complex structure. 1erefore, the trans-
mission and reflection phenomenon will occur when the
stress wave propagates to the crack and structure surface,
and this will not only results in the transformation of
compression wave to tensile wave but also causes the at-
tenuation of stress wave in propagation time and propa-
gation distance. To show the difference in the attenuation
rate in propagation time and propagation distance, we define
the temporal attenuation rate Vt (mV/μs) as the ratio of the
difference value of PA−PE to the difference value of tE− tA,
and define the spatial attenuation rate Vx (mV/m) as the
ratio of the difference value of PA−PE to the difference value
of xE− xA, as follows:
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Figure 4: Waveforms under different axial stresses. (a) 0MPa. (b) 8.28MPa. (c) 16.56MPa. (d) 24.84MPa. (e) 33.12MPa.
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Vt �
PA −PE

tE − tA
, (2)

Vx �
PA −PE

xE −xA
, (3)

where tE and tA denote the corresponding times of peak PE
and peak PA and xE and xA mean the corresponding loca-
tions of test point E and test point A.

Studies show the relationships between the temporal and
spatial attenuation rates Vt and Vx under di�erent axial
stresses calculated by equations (2) and (3), shown in
Figure 5.

�e following conclusions can be drawn from Figure 5:

(1) As the axial stress of specimen increases, both tem-
poral and spatial attenuation rates Vt and Vx show a
similar tendency and can be divided into two stages,
“nonlinear stage + linear stage.” When the axial stress
is lower than 16.56MPa, both temporal and spatial
attenuation rates Vt and Vx decrease sharply and
exponentially with axial stress, reduced by 76.09% and
83.97%, respectively. When the axial stress exceeds
16.56MPa, the two curves gradually become smooth
and slow, approximately linear, and then converge at
5.0×10−5mV/μs and 2.0×10−5mV/m, respectively.
�ese indicate that the temporal and spatial attenu-
ation rates have di�erent sensitivity to di�erent axial
stress levels. �e reason is that with the axial stress
loading, the energy absorption of the stress wave
reduces due to the decreased porosity of the specimen.
If the demarcation point of axial stress of the two
stages is expressed as the ratio of axial stress (σ) of the
specimen to uniaxial compressive strength (σc) of
sandstone, both of which are about σ/σc� 30%.

(2) Although the values of Vt and Vx have a similar
development tendency with increasing of axial stress,
Vt is always larger thanVx.Regression analysis shows
that both Vt, Vx and axial stress have the exponential
relationships; however, with increasing of axial
stress, the attenuation coe�cient of Vt (0.09) is
smaller than that of Vx (0.13), which indicates that

the attenuation sensitivity of Vx in propagation
distance is greater than that in propagation time.
Regression relations between Vt, Vx and axial stress
are given in equations (4) and (5), respectively:

Vt � 0.3469e(−σ/11.05) + 0.0043σ − 0.0945 R2 � 0.9402( ),
(4)

Vx � 0.1234e(−σ/7.75) + 0.0011σ − 0.0160 R2 � 0.9262( ),
(5)

where the applicable conditions of equations (4) and
(5) are 0MPa≤ σ ≤ 33.12MPa and the impact ve-
locity of the striker bar is 4.43m/s.

3.3. Analysis of Temporal-Spatial Attenuation Characteristics
of Peak

3.3.1. �eoretical Analysis and Deduction of Attenuation
Parameters. Table 1 shows that the peak decreases gradually
with increasing of propagation time and propagation

Table 1: Peak and its corresponding time under di�erent axial stresses.

Axial stress (MPa)
Peak (mV)/corresponding time (μs)

Impact velocity (m/s)
Test point A Test point B Test point C Test point D Test point E

0.00 0.1863/142 0.1620/227 0.1377/311 0.1230/398 0.1033/494 4.45
2.76 0.1543/155 0.1403/218 0.1200/299 0.1073/372 0.0900/452 4.44
5.52 0.1247/152 0.1173/214 0.1037/289 0.0943/356 0.0830/429 4.47
8.28 0.0967/148 0.0940/210 0.0823/276 0.0787/341 0.0717/413 4.46
11.04 0.0807/141 0.0790/212 0.0710/266 0.0680/334 0.0643/398 4.35
13.80 0.0727/142 0.0693/202 0.0633/266 0.0617/323 0.0593/393 4.38
16.56 0.0660/142 0.0613/209 0.0573/261 0.0553/330 0.0527/378 4.39
19.32 0.0653/142 0.0577/201 0.0553/257 0.0547/327 0.0523/378 4.41
22.08 0.0630/137 0.0570/199 0.0567/259 0.0543/314 0.0497/374 4.36
24.84 0.0617/140 0.0540/202 0.0547/263 0.0530/322 0.0463/372 4.45
27.60 0.0597/149 0.0553/192 0.0520/252 0.0510/316 0.0480/379 4.49
30.36 0.0593/149 0.0550/204 0.0520/261 0.0480/318 0.0460/382 4.43
33.12 0.0587/131 0.0537/197 0.0493/250 0.0490/319 0.0437/380 4.47
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Figure 5: Relationships between temporal and spatial attenuation
rates of peak and axial stress.
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distance when the specimen has certain axial stress, and the
peak at the same test point also decreases with increasing of
axial stress. And for this, the attenuation characteristics of
the peak in propagation time and propagation distance
under different axial stresses in this section will be discussed.
If the attenuation degree of the peak with increasing of
propagation time is expressed by the temporal attenuation
coefficient (αt), the relative variation of the peak when the
stress wave propagates from t to t+Δt can be expressed as

P(t + Δt)−P(Δt)
P(t)

� −αtΔt, (6)

where P(t) and P(t + Δt) denote the peaks at time t and time
t+Δt, respectively. It is clear that, from equation (6), the
relative variation of the peak is proportional to Δt, and the
proportional coefficient (−αt) represents the temporal at-
tenuation of stress wave. If Δt⟶ 0, equation (6) can be
written as follows:

dP(t)

dt
� −αtP(t). (7)

Solving the differential equation (7), the temporal at-
tenuation function P(t) of the peak is expressed as

P(t) � βte
−αtt, (8)

where βt denotes the temporal response amplitude (mV) of
the peak at the incident end of the specimen with the same
impact velocity, defined as the temporal response intensity.
αt denotes the temporal attenuation coefficient (μs−1) of the
peak. Equation (8) shows that the peak decays exponentially
with increasing of propagation time, and the attenuation
intensity depends on the attenuation coefficient αt.

Meanwhile, according to the similar analysis of spatial
attenuation characteristics of the peak, the spatial attenua-
tion function P(x) can be expressed as

P(x) � βxe
−αxx

, (9)

where βx denotes the spatial response amplitude (mV) of the
peak at the incident end of the specimen under the same
impact velocity, having the same physical dimension with βt,
defined as the spatial response intensity. αx denotes the
spatial attenuation coefficient (m−1) of the peak, which can
define the attenuation intensity in propagation distance.
However, the spatial attenuation coefficient has a different
physical dimension compared with the temporal attenuation
coefficient in equation (8).

Based on above theoretical analysis, the regression
analysis is performed on the data given in Table 1 by
equations (8) and (9), and then we obtain the temporal and
spatial response intensities and temporal and spatial at-
tenuation coefficients of the specimen with different axial
stresses, summarized in Table 2.

3.3.2. Effect of Axial Stress on Temporal-Spatial Response
Intensities of Peak. Figure 6 shows the relationships between
temporal and spatial response intensities of the peak and
axial stress. As can be seen from Figure 6 and Table 2 that
with the increase of axial stress, the temporal and spatial

response intensities of the peak show a similar attenuation
tendency with different attenuation degrees, that is, the
development trend of “nonlinear stage + linear stage.”

At the first stage, the primary pores of the specimen
gradually closed because of the axial stress loading, which
causes the porosity reduction, thus leading the attenuation
intensity to decrease slowly. When the axial stress increases
from 0MPa to 16.56MPa, the temporal response intensity
decreases from 0.2352mV to 0.0746mV with a 68.28%
attenuation, and the spatial response intensity of the peak
decreases from 0.2081mV to 0.068mV, which is reduced by
67.32%. Regression analysis manifests that the spatial and
temporal response intensities decay exponentially with in-
creasing of axial stress in the nonlinear stage. At the second
stage, when the axial stress is more than 16.56MPa, the
temporal and spatial response intensities are gradually
converged at 0.0700mV and 0.0620mV, respectively,
showing the relative linear attenuation with increasing of
axial stress. 1is reason is that with the gradual compression
of the specimen at this stage, the porosity gradually reaches
the stable phase, and the absorption degree of stress wave
energy is reduced [22]. Comprehensive analysis shows that
axial stress boundary points of the nonlinear stage and linear
stage roughly coincide with that in Figure 5, which is
σ/σc � 30%.

In addition, Table 2 also indicates that the temporal and
spatial response intensities are approximately equal under
different axial stresses, and the ratio βx/βt is between 0.85
and 0.94. It is not an accident for the phenomenon as
mentioned above, which is consistent with the physical
characteristic of the same dimension of spatial and temporal
response intensities. Meanwhile, the attenuation charac-
teristic of spatial response intensity has consistency with that
of temporal response intensity [23]. Regression analysis
shows that βx/βt has a proper exponential function with axial
stress, as shown in Figure 7.

3.3.3. Effect of Axial Stress on Temporal-Spatial Attenuation
Coefficients of Peak. Comparison of the values of temporal
and spatial response intensities given in Table 2 shows a
significant difference with increasing of axial stress.

Figure 8 shows the relationships between temporal and
spatial attenuation coefficients and axial stress of the
specimen. It can be seen that the axial stress has a remarkable
influence on the temporal and spatial attenuation co-
efficients. With increasing of axial stress, the temporal and
spatial attenuation coefficients undergo three development
stages with different variation degrees: first a dramatic de-
crease, then gentle development, and finally a sharp increase.
1e demarcation points of axial stress in the three stages are
roughly σ/σc � 30% and σ/σc � 55%. In the first stage, when
the stress ratio σ/σc is less than 30%, the porosity of the
specimen will decrease with increasing of axial stress,
causing the dramatic decrease of the temporal and spatial
attenuation coefficients. 1e reason is that the primary pores
in the specimen are compacted, and then the energy dis-
sipation rate of the stress wave is reduced. 1is stage can be
called the stress strengthening stage. In the second stage,
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when the stress ratio σ/σc is greater than 30% and less than
55%, the temporal and spatial attenuation coe�cients of the
peak show the gentle development with increasing of axial
stress. �e reason is 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. �is stage is called the damage development stage. In
the third stage, when the stress ratio σ/σc is greater than 50%,
the number of newly formed pores will increase obviously
and will be accompanied by the initiation and propagation of
new microcracks, resulting in a sharp increase of internal
damage degree. And then, the new pores and microcracks
gradually dominate the evolution of porosity, thus causing a
sharp increase in temporal and spatial attenuation co-
e�cients with increasing axial stress. �is stage is called the
failure stage of the specimen.

Moreover, Table 2 shows that the regression values of
temporal and spatial attenuation coe�cients are di�ered by
2∼3 orders of magnitude, although they present the same

Table 2: Temporal-spatial response intensities and attenuation coe�cients.

Axial stress
(MPa)

Temporal response intensity
(mV)

Spatial response intensity
(mV)

Temporal attenuation
coe�cient (μs−1)

Spatial attenuation coe�cient
(m−1)

0.00 0.2352 0.2081 0.0019 0.7273
2.76 0.2056 0.1741 0.0018 0.6733
5.52 0.1588 0.1374 0.0015 0.5159
8.28 0.1166 0.1042 0.0012 0.3883
11.04 0.0932 0.0854 0.0009 0.3012
13.80 0.0850 0.0751 0.0008 0.2613
16.56 0.0746 0.0680 0.0009 0.2771
19.32 0.0706 0.0652 0.0008 0.2486
22.08 0.0703 0.0646 0.0009 0.2618
24.84 0.0697 0.0632 0.0010 0.2952
27.60 0.0664 0.0623 0.0009 0.2822
30.36 0.0694 0.0619 0.0011 0.3226
33.12 0.0669 0.0611 0.0012 0.3408
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development tendency as shown in Figure 8. �e reason is
that there are di�erent dimensions for temporal and spatial
attenuation coe�cients. �erefore, the stress waves have
consistency in temporal and spatial attenuation, and the
di�erent data also illustrate the di�erent sensitivities to
various axial stress stages that are subjected to the specimen.
Furthermore, equations (10) and (11) also give the regression
lines of the quadratic function of spatial and temporal at-
tenuation coe�cients:

αx � 1.08 × 10−3σ2 − 4.66 × 10−2σ + 0.74 R2 � 0.9462( ),
(10)

αt � 2.47 × 10−6σ3 − 1.04 × 10−4σ + 1.92

× 10−3 R2 � 0.9088( ),
(11)

where the applicable conditions of equations (4) and (5) are
0MPa≤ σ ≤ 33.12MPa and the impact velocity of the striker
bar is 4.43m/s.

3.4. Analysis of Attenuation Sensitivity Factor. Rock is a
natural damage material, and it contains a large number of
primary microcracks and new pores. When a rock mass is
subjected to the natural and human activities, the stress
redistribution phenomena will occur as a result of the ex-
ternal stress disturbance [8], thus causing the closure of
primary pores and the initiation and expansion of new
pores. However, the aforementioned evolution behavior of
pores not only results in the changes of physical and me-
chanical properties, such as rock density and porosity, and
but also alters the transmission ability of stress wave and the
wave impedance of rock.�erefore, the porosity evolution is
the main reason for further damage or failure of a rock
material. It can be seen from the above analysis whether axial
stress existing in the specimen has an obvious in£uence on
the waveform, attenuation rate, and temporal-spatial at-
tenuation characteristics. It also re£ects the di�erent sen-
sitivity degrees of porosity to di�erent axial stress ranges.
Based on this �nding, we introduce an attenuation sensi-
tivity factor, which can be written as follows:

χ � αx
αt
. (12)

Studies show that the introduced equation (12) can well
calculate the attenuation sensitivity factor under di�erent
axial stresses, and its development tendency is shown in
Figure 9. It is clear that with increasing axial stress, the
attenuation sensitivity factor experiences the three stages:
�rst a rapid decrease, then smooth development, and �nally
a sharp increase. �e stress boundary points of the three
stages are σ/σc � 30% and σ/σc � 55%, which are consistent
with those in Figure 8. It is due to the change in the at-
tenuation sensitivity factor caused by the change in the
wave impedance of sandstone [22]. In addition, the wave
impedance can express as the product of stress wave ve-
locity and sandstone density, which can measure the re-
sistance of sandstone to the energy transmission of stress
waves [24].

�erefore, we can infer that with increasing of axial
stress, the wave impedance experiences three development
stages, �rst a rapid increase, then smooth development, and
�nally a sharp decrease, and its variation tendency is op-
posite to the attenuation sensitivity factor. �e reasons are
that when the stress ratio σ/σc is less than 30%, the decreased
porosity of sandstone results in the rapid increase of wave
impedance and then reduces the attenuation sensitivity
factor. When the stress ratio σ/σc is signi�cantly more than
30% and less than 55%, the specimen porosity gradually
reaches the stable condition, thus leading to the smooth
development of the wave impedance and attenuation sen-
sitivity factor. 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 de-
velopment trend of the total pores in sandstone. �erefore,
the reduced wave impedance exacerbates the increasing
trend of the attenuation sensitivity factor.

4. Conclusions

Rock is a kind of porous geological material consisting of
natural microholes and cracks whose closure degree a�ects
the physical and mechanical properties. In this study, the
modi�ed split Hopkinson pressure bar (SHPB) test system is
used to test the stress wave disturbance of the sandstone bar
with the same impact strength. �en, the e�ects of axial
stress on waveforms, attenuation rates, temporal-spatial
attenuation characteristics, and attenuation sensitivity fac-
tors of stress wave peaks are studied, and then empirical
models are established based on the experimental data.
Conclusions obtained from the results of this study are
summarized as follows:

(1) �e impact tests under di�erent axial stresses show
that the presence or absence of axial stress in the
specimen has a signi�cant e�ect on the waveform of
stress waves.�e waveforms at various test points are
approximately the same when axial stress is constant,
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while the waveforms at the same test point vary
greatly when axial stress changes, and the tensile
waves appearing at the tail of stress waves are en-
larged with increasing of axial stress.

(2) With increasing of axial stress, the decay tendencies
of the temporal and spatial attenuation rates can be
divided into two stages with different attenuation
degrees, which are “nonlinear stage + linear stage.”
1e demarcation points of axial stress in the two
stages are σ/σc � 30%. 1e temporal and spatial at-
tenuation rates and axial stress have proper expo-
nential functions; however, the attenuation degree of
the spatial attenuation rate is higher than that of the
temporal attenuation rate.

(3) Under the same axial stress, the peak decreases ex-
ponentially with the propagation time and propa-
gation distance. With increasing of axial stress, both
temporal and spatial response intensities experience
the tendency of “nonlinear stage + linear stage”,
however, with different attenuation degrees. Besides,
the temporal and spatial response intensities are
approximately equal due to the same physical di-
mension of them.

(4) 1e axial stress has a significant influence on the
temporal and spatial attenuation coefficients. With
increasing of axial stress, the temporal and spatial
attenuation coefficients undergo three stages, first a
dramatic decrease, then gentle development, and
finally a sharp increase. 1e demarcation points of
axial stress roughly are σ/σc � 30% and σ/σc � 55%.
1e main reasons are that the porosity and wave
impedance are changed due to the axial stress
loading. Also, the defined attenuation sensitivity
factor can well describe the attenuation sensitivity of
the peak to axial stress.

In this study, experiments related only to the sandstone
material have been carried out due to the excellent porosity
and secure processing of sandstone. 1e influence of rock
types and rock cross-section shape on the attenuation
characteristics of the peak will be the focus of future research
work.
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