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There is a ubiquitous boundary reflection effect of stress wave propagation in the indoor experimental studies. It is critical to
improve the validity of waveform data by optimizing boundary materials to absorb reflection waves. In the present study, a
calculation method for the optimal wave impedance of boundary materials was proposed based on the transmission and reflection
principle of one-dimensional stress waves at the interface of different media. By using the calculation method, the optimal wave
impedance value of the boundary material was obtained. A one-dimensional stress wave propagation test apparatus was developed
for exploring the improvement effect of absorbing materials on the boundary reflection effect. One-dimensional stress wave
propagation experimental studies in the complete red sandstone samples were carried out by setting various boundary absorbing
materials such as pine pad, rubber pad, and steel pad. The results indicated that the experimental test results were consistent with
the theoretical calculation results. In the stress wave propagation tests, the optimal wave impedance value of the boundary material
was 1.12x 10°kg/m*s. When the pine pads were used as boundary absorbing materials, the suppression effect of boundary
reflection effects is relatively the best. The present study provides references for analyzing the characteristics and mechanism of

stress wave propagation and attenuation.

1. Introduction

With the increasing demands for public infrastructure and
resource mining, dynamic disturbances such as blasting exca-
vation, mine exploitation, rock burst, and advanced detection
often occur in deep rock masses [1-9]. The dynamic distur-
bances will crack rock mass and release elastic energy, which
is released and propagated as stress waves (the propagation of
variation in stress or strain states in the form of waves in the
medium). According to different classification methods, they
are divided into P waves, S waves, elastic waves, plastic waves,
viscoelastic waves, etc. [7, 10-12]. The verification of the
propagation pattern and the attenuation mechanism of stress
waves in rock masses is important for determining rock mass

stability, estimating focal energy and improving seismic resis-
tance [13-20]. Preliminary literature surveys indicate that the
theoretical analysis, experimental test, and field study on the
propagation attenuation patterns of stress waves have achieved
promising achievements [16, 21-30]. Due to the complex
distribution of natural joint cracks, engineering rock mass
mechanics parameters are difficult to accurately measure
[26, 31, 32]. Theoretical analysis such as the continuum
medium method, discontinuous medium method, and two-
phase medium method cannot accurately reveal the propa-
gation attenuation patterns of stress waves in the complex
engineering rock masses [33-35].

Field studies of stress wave excitation, propagation, and
attenuation patterns are the same as those in engineering
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practice [36, 37]. The seismic source is directly excited in the
rock masses of underground engineering [38, 39]. The wave-
form signals at different propagation distances are collected
to study the attenuation patterns of stress wave propagation
[40—42]. For instance, Zhang et al. [43] conducted field stud-
ies at Xincun Coal Mine and analyzed the attenuation char-
acteristics of microseismic energy propagation to classify
potential rock burst zones. Jiang et al. [44] studied the prop-
agation attenuation of blasting vibration based on Daye Iron
Mine and proposed a prediction model to evaluate the poten-
tial risks of blasting vibrations. Wu et al. [40] explored atten-
uation patterns of the pendulum impact signal at a deep
tunnel and established the relationship between the energy
attenuation coefficient and the wave impedance of rock
mass to predict the potential risk of rock bursts in mudstone.
However, the in situ stress wave propagation test is expensive
and poorly reproducible. The test results are prone to be
affected by the geological site conditions [9, 45, 46].

The experimental test can not only validate theoretical
analysis but also guide field applications [22, 25, 47]. It was
widely used to study the attenuation characteristics of stress
wave propagation due to the advantages of good operability,
high repeatability, and controllable conditions. For instance,
Tian et al. [48] explored the effect of structural surfaces on
particle vibration velocity and found that the stress wave
amplitude attenuates more significantly as the structural sur-
face increases. Zou et al. [49] monitored the waveform data
at different parts of the rock samples and studied the seismic
response pattern of a joint rock with an oblique incidence of
plane P waves. Liu et al. [50] proposed a Split Shear Plates
model based on the newly developed test apparatus and
investigated the influence of the fill thickness, particle size,
and normal stress on wave propagation. Li et al. [51] studied
the wave propagation and attenuation pattern in fractured
rock mass and revealed the effects of crack number, crack
angles, and confining pressure on the attenuation patterns of
the elastic wave amplitude.

The above experimental tests did not consider the bound-
ary reflection effect of stress waves. To the best of our knowl-
edge, there is still a lack of experimental study on boundary
reflection of stress wave propagation. When the physical per-
cussion is used to excite a seismic source, the reflected wave
propagates to the monitoring point, which will cause super-
position and interference with the original waveform. It is
difficult for the signal to accurately reflect the propagation
attenuation pattern of the stress wave in the rock medium.
It means that the boundary reflection will affect the reliability
of test data. How to reduce the disturbance of boundary
reflection on test data is an urgent problem to be solved in
the stress wave propagation test.

In the present study, the boundary reflection effect of
stress wave propagation was investigated by the theoretical
derivation and the experimental test. First, a calculation model
of the optimal wave impedance of the boundary material was
proposed based on the transmission and reflection principle
of a one-dimensional stress wave (the stress wave propagates
in a one-dimensional rod). Second, a new test apparatus was
developed to study stress wave propagation and attenuation
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FIGURE 1: The transmission and reflection of one-dimensional
P-wave.

patterns. Experimental tests in complete red sandstone sam-
ples were carried out to analyze the boundary reflection effects
of various boundary absorbing materials on stress waves. The
experimental results were compared and validated with the
theoretical results so as to select the appropriate boundary
absorbing materials to improve the boundary reflection effect
of stress waves.

2. Transmission and Reflection of P-Wave at the
Media Interface

As shown in Figure 1, when the incident stress wave V; propa-
gates from medium 1 to medium 2 perpendicular to the inter-
face, the wave impedance changes from Z; = p;-¢; to Z, =p,-c,.
The transmitted wave V1 and the reflected wave Vi will gener-
ate and propagate into two media. As long as medium 1 and
medium 2 are in contact with each other, the stress and velocity
of adjacent particles are equal after the transflection effect
[52]. Details can be expressed as Equation (1).
o1+ orR=o0
{ porR=or (1)
Vi+Ve=Vr

According to the conservation of wavefront momentum
discussed by Wang [52], o1 =Z, V3, or = —Z; Vg, and oy = Z, V.
Then, Equation (2) can be obtained:

Z1 =2,
Vp=l 2.y, =RV,
R=Z I o)
vp= A -VI:T-VI’

Z, -7
0R:ﬁ'UI:_R'O’I 5
27 ’
UTziz’GI:nT'GI

ZI+ZZ

where R is the reflection coefficient at the interface between
medium 1 and medium 2, and T is the transmission coeffi-
cient at the interface, which can be calculated from the wave
impedance values of two media. It satisfies T=1+R.
According to Equation (3), the propagation direction of
the transmitted wave is consistent with that of the incident
wave, and the direction of particle motion velocity is the same
[52]. However, the propagation direction of the reflection
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FiGURE 2: The relationship between reflection coefficient and trans-
mission coefficient with wave impedance ratio n.

wave is opposite to that of the incident wave. Particle motion
velocity depends on the relative magnitude of the wave imped-
ance. When the ratio of the wave impedance of medium 2 to
that of medium 1 is n (n = Z,/Z,), the variation in the reflection
coefficient and transmission coefficient with the wave imped-
ance ratio is shown in Figure 2.

According to the variation in the wave impedance ratio
of different media [52—-54], there are three conditions need to
be discussed:

(1) When Z; > Z,, the stress wave propagates from the
“hard” medium to the “soft” medium (oro; <0 and
or<op). The stress disturbance o and the stress
perturbation o7 are in the opposite direction, while
the stress perturbation o and the stress perturbation
oy are in the same direction, and their amplitudes are
weaker than the incident perturbation. When Vg <
Viand V1> Vi, the particle velocity Vi and the par-
ticle velocity Vi are in the same direction, but the
amplitude is greater than that of the incident wave.
The particle velocity Vr is in the same direction as
the particle velocity Vi, but the amplitude of the for-
mer is greater than that of the latter.

When Z, approaches zero, the stress wave is reflected
at the free end (og = —o7 and o =0). The stress dis-
turbance oy at the free end and the stress disturbance
o are opposite in directions and equal in amplitude.
The force at the free end is zero, which satisfies the
boundary conditions. When Vi = Viand Vi =2V}, the
particle velocity Vg and the particle velocity V; are the
same in direction and amplitude. The particle velocity
Vo at the free end is twice that of the incident wave.

(2) When Z, < Z,, the stress wave propagates from the
“soft” medium to the “hard” medium (or < o7 and oy
>o7). The stress disturbance op is in the same
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FiGure 3: Stress wave propagation attenuation test apparatus.

direction as the stress disturbance oy, and the ampli-
tude is smaller than that of the incident disturbance.
The stress disturbance oy is in the same direction as
the stress disturbance o7, and the amplitude of the
former is larger than that of the incident disturbance.
When Vg- Vi <0 and V< V7, the particle velocity Vi
and the particle velocity V; are in the opposite direc-
tion. The particle velocity Vi and the particle velocity
V1 are in the same direction, but their amplitudes are
smaller than that of the incident wave.

When Z, approaches infinity, the stress wave is
reflected at the fixed end (opr =07 and or=20;). The
stress disturbance oy at the fixed end and the stress
disturbance o7 are the same in direction and amplitude.
The total internal force at the fixed end is twice that of
the incident wave disturbance. When Vy =—V;and V¢
=0, the particle velocity Vy and the particle velocity V;
are in opposite directions and have the same amplitude.
Particle motion velocity at the fixed end is zero, which
satisfies the boundary conditions.

(3) When Z, =Z,, the stress wave propagates through
two media with same wave impedances. The stress
wave propagates into medium 2 without a reflection
wave under the premise that the interfaces are in close
contact and do not deform during the propagation
process of stress waves.

In the experimental test, due to the limitation of specimen
size, the stress wave generates reflected waves at the boundary.
It causes the superimposed interference of the incident wave
and the reflected wave. Hence, it is necessary to reduce the
disturbance of reflected waves. The boundary reflection effect
and the wave impedance matching of boundary materials will
be discussed in the following sections.

3. Boundary Reflection Effect of Stress Wave
Propagation Test

3.1. Stress Wave Propagation Test Apparatus. In order to study
the attenuation patterns of stress wave propagation in rock
under loading, a stress wave propagation attenuation test appa-
ratus was developed (Figure 3). The test apparatus consists of



]

Hammered
Pendulum hole (60 mm)

bar

Pendulum
bob

FiGure 4: Pendulum impact module.

the rigid compression frame, pendulum impact, and horizontal
loading module. The rigid frame with the structural dimensions
of 1,850 mm X 500 mm X 500 mm (length X width X height) is
composed of four steel plates with a thickness of 50 mm. It is
used to bear the reaction force generated by the horizontal
jack loading to ensure the overall stiffness of the test appara-
tus. The pendulum impact module is mainly composed of the
center bearing, pendulum rod, pendulum, and dial. The pen-
dulum bar is made of slender iron with a length of 500 mm
and a diameter of 10 mm. The upper end of the pendulum bar
is connected by threads. The pendulum bob is 110 mm in
length and 30 mm in diameter (0.632kg). The dial is used
to read the swing angle of the pendulum bob (Figure 4).
The horizontal loading module used a manual hydraulic oil
pump to control the jack to apply the horizontal load. The
applicable load range is 0—100 MPa, which satisfies the load-
ing demands of the stress wave propagation test.

3.2. Specimen Preparation. The rock specimen used in the
stress wave attenuation test was long columnar red sandstone
from Ezhou, Hubei Province. The dimensions of length, width,
and height were 1,500 mm X 120 mm X 120 mm (Figure 5(a)),
and the aspect ratio was 12.5. The two end sections were
flat and parallel to each other. When the rock specimen aspect
ratio is greater than 10, the propagation path of the point wave
source in the long columnar can be approximated as a one-
dimensional stress wave. To obtain the physical and mechani-
cal parameters of the red sandstone, five standard rock speci-
mens (50 mm in diameter and 100 mm in height) were drilled
from a red sandstone rock block (Figure 5(b)). The uniaxial
compression tests were performed on a hydraulic testing
machine RMT-301 (Figure 5(c)). The damaged rock specimens
after the uniaxial compression test are shown in Figure 5(d). The
physical and mechanical parameters are listed in Table 1. The
corresponding stress—strain curves are shown in Figure 6.

3.3. Stress Wave Propagation Test under Free Boundary
Conditions. Figure 7 shows the schematic diagram of experi-
mental tests on the stress wave propagation attenuation in an
intact rock specimen under free boundary conditions, which
displays the spatial relationship between the rock specimen,
test apparatus, and sensor arrangement. The rock specimen
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After test

FiGure 5: Uniaxial compression test for red sandstone specimens:
(a) columnar red sandstone, (b) specimens before test, (c) speci-
mens after test, and (d) uniaxial compression test.

was arranged longitudinally in the rigid frame. A polyethyl-
ene plastic film was added to the contact face between the
rock specimen and the rigid frame to reduce the friction to
improve the boundary contact condition and reduce the dis-
turbance of external stress waves. The stress wave is excited
by raising the pendulum bob to a certain height and then
falling freely to hit the rock specimen. In order to improve
the repeatability and reliability of stress waves, a metal pad
was installed at the striking point to avoid partial fracture of
the rock specimen caused by hammering. The acceleration
sensor was closely attached to the rock specimen surface. The
attachment position should be polished with sandpaper, and
then, the sensor was attached to the upper surface of the rock
specimen using a high viscosity quick-drying adhesive with
good work performance. The acceleration signals at various
propagation distances were collected. The monitoring line
was located at the midline on the upper surface of the rock
specimen. The distance between sensor 1# and the left end
was 200 mm, and that between sensor 6# and the right end
was 300 mm. The six acceleration sensors were evenly distrib-
uted at intervals of 200 mm. Five stress wave events F-1, F-2,
F-3,F-4, and F-5 with different initial amplitudes were excited
by changing the pendulum height. The waveform energy of
the sensor signal was calculated according to Equation (4):

te
E:%Am/\ﬂﬁwn (4)
3

where E is the energy of signal waveform, Am is the mass of
unit particle, ¢, is the start time of velocity to time curve, t, is
the end time of velocity to time curve, and v (t) is the velocity
to time curve.
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TasLE 1: Physical and mechanical parameters of red sandstone.

Parameters Uniaxial compressive strength, 6. (MPa) Elastic modulus, E (GPa) Poisson’s ratio, #  Wave speed, v (m/s) Density, p (g/cm3)

Values 40.89 9.26

0.21 3,209 2.35
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FiGURE 6: The stress—strain curves of red sandstone.

The stress wave attenuation tests in the complete rock
specimens were conducted. Figure 8 shows the variation in
the stress wave energy with the propagation distance under
free boundary conditions. Taking event F-5 as an example, as
the propagation distance increased, the energy of waveforms
received by sensors 1# to 6# was 5.36, 4.84, 5.33, 4.16, 4.33,
and 3.74 (107°)), respectively. The energy of stress waves
received by sensors #3 and #5 was higher than that of the signal
received by the previous sensor. Five striking events showed
similar characteristics.

Figure 9 is the acceleration time-history curves received
by acceleration sensors 1# to 6# during the event F-5. The
acceleration waveform was integrated to obtain the velocity
time-history curve (Figure 10). The acceleration waveform
of event F-5 lasted approximately 10 ms. After reaching the
initial peak, there was an obvious multiple peak phenome-
non. It is related to the waveform superposition phenome-
non caused by the reflected wave peaks at the boundary. This
is also the reason for the anomaly in the stress wave energy
attenuation pattern in Figure 8.

4. Calculation Model of the Optimal Wave
Impedance for Boundary Material

In order to reduce the reflection effect of stress waves at
the free boundary, it is necessary to select an appropriate
medium material to absorb the reflected wave. Based on
the transmission and reflection principles of stress waves at
the boundary of different media, a calculation model with

optimal wave impedance matching was developed (Figure 11).
In order to simplify the calculation process, only the trans-
mission and reflection effects of one-dimensional stress waves
among the three media were considered. The medium a on the
left was the red sandstone sample, with a wave impedance of
Zy=pa X ca=2,960 % 2,350 = 6.96 X 10° kg/m*>s. The medium
c on the right was a steel block, with a wave impedance of Z. =
PeX €=7,900 X 5,200 = 41.08 x 10° kg/m*-s. The medium b in
the middle was the wave-absorbing material, and the wave
impedance Z;, was required to be determined.

When the incident wave V| propagated from medium a
to medium b, the first transmission and reflection occurred
at interface I. During this process, the reflected wave Vy; and
transmitted wave Vi, were generated:

V. Za Zb V.
R1 Za Zb I (5)
27Z, '
V T1 Zu Zh V I

When the transmitted wave V; propagated from medium
b to medium c, the second transmission and reflection occurred
at interface I In this process, the reflected wave Vg, and trans-
mitted wave V1, were generated:

V. Zb Zc V.
? Zb ZC ! (5)
v 22y y, .
12 Zb + Z. 1

When the reflected wave Vy, propagated from medium b
to medium g, the third transmission and reflection occurred
at interface I. The reflected wave Vi3 and transmitted wave
Vs were generated in this process:

Ve = L’ — Zu - Vro
Zy+ Z, 7)
Vew 27y v '
T3 = 7y + 7, R2

Additionally, multiple transmissions and reflections of
stress waves occurred at interfaces I and II. According to
Figure 11, the left-traveling stress waves reflected back into
medium a were denoted as V. (including Vg;, Vs, and Vis)
and illustrated in Equation (8). Substituting Equations (5)—(7)
into Equation (8), the expression of the left-traveling stress
waves V7 is shown in Equations (9) and (10):

Vi=Vri+ Vi + Vs + -+, (8)
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FiGURE 7: The stress wave attenuation test in complete rock specimen (free boundary condition).
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media.
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FIGURE 12: Variation in the left-travel wave with wave impedance
value of b-medium.

particle vibration directions of the left-traveling wave and
the incident wave are in the same direction. The negative
value represents that the left-traveling wave and the incident
wave of the particle vibrate are in the opposite direction).
When the wave impedance Z, increases from 0 to 1.12 x 10°
kg/m”s, the V,/V ratio curve decreases rapidly. The left-
traveling wave gradually weakens. When the wave imped-
ance is Z, = 1.12 x 10° kg/m®s, the left-traveling wave is zero.
Point A represents the optimal wave impedance value in this
conditions. As the wave impedance Z, increases from 1.12 X
10 ® t0 6.82 x 10° kg/mz-s, the V;/ V7 ratio increases from 0 to
—0.71. The amplitude of the left-traveling wave gradually
increases. When the wave impedance Z,, continues to increase,
the V;/V; ratio gradually stabilizes. In this case, the optimal
wave impedance of the boundary absorbing material is Z,, =
1.12 x 10° kg/m*s.

5. The Influence of Boundary Absorbing
Material on Stress Wave Propagation

The boundary absorbing material should satisfy two require-
ments. First, its internal structure should be porous. When
the stress wave propagates in a porous structure, the complex
scattering effect results in the absorption and attenuation of
stress wave. Second, the absorbing material should have high
strength and not undergo excessive deformation under load-
ing conditions. Table 2 illustrates the wave impedance values
of several common materials. The wood structure is rela-
tively loose and porous, and the wave impedance is closest
to the optimal wave impedance (1.12 X 10° kg/m*-s). Hence,
pine pads with dimensions of 120 mm X 120 mm X 100 mm
and 120 mm X 120 mm X 80 mm were selected as the bound-
ary boundary materials in the stress wave propagation atten-
uation test (Figure 13). The sizes of 1#, 2#, 3#, and 4# pine
pads are equal, respectively. In addition, the rubber pad and
the steel pad were chosen as boundary materials of control
groups for comparative analysis.

As shown in Table 3, the wave impedance values were
measured. The results indicated that the wave impedance of
the 4# pine pad was closest to the optimal wave impedance
obtained in Section 4. In order to verify the reliability of the
optimal wave impedance calculation model, a wooden pad
was arranged between the rock specimen and the hydraulic
jack to change the absorption boundary of stress waves. Stress
wave attenuation tests were conducted by using different
numbers of pine pads as boundary materials (Figure 14). Dur-
ing the experimental tests, the axial load was applied by the
hydraulic lifting jack and then transmitted to the rock speci-
men through the target pads. The load was balanced by the
reaction force provided by the rigid frame.

5.1. Rubber Pad and Steel Pad as Boundary Materials. When
the rubber pad and steel pad were used as boundary materi-
als, Vaseline was uniformly applied to the contact surface
between the boundary material and rock specimen. An axial
compressive stress (5 MPa) was applied to ensure the close
contact between them. Then, a pendulum device was used to
excite stress wave signals. The variation in the stress wave
energy with propagation distance under the two boundary
materials has been shown in Figure 15. When the rubber pad
was used as the boundary absorbing material (Figure 15(a)),
the wave impedance was 0.35 x 10°kg/m”s. R-1, R-2, R-3, R4,
and R-5 represented striking events with different initial energies.
Taking event R-5 as an example, as the propagation distance
increased, the energy of the waveforms received by sensors 1#
to 6# was 4.82, 4.80, 4.51, 3.58, 4.01, and 5.81 (107°J), respec-
tively. The results indicated that the energy of the signal received
by sensors 1# to 4# decreased sequentially, while the energy
received by sensors 5# and 6# gradually increased. The closer
the sensor was to the end of rock specimen, the more distur-
bance it received from the superposition of reflected waves.
Events R-1, R-2, R-3, and R-4 exhibited similar characteristics.

When the steel pad was used as the boundary absorbing
material (Figure 15(b)), the wave impedance was 41.08 X 10°
kg/mz‘s. S-1, S-2, S-3, S-4, and S-5 represented striking
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TaBLE 2: Wave impedance values of common materials.

Parameters Rubber  Woodblock  Copper  Aluminum  Steel Granite Limestone Sandstone

Wave speed (m/s) 235 3,320 4,400 6,350 5,200  4,000-6,800  3,200-5,500  3,000-4,600

Density (kg/m3) 1,490 540 3,670 2,700 7,900  2,600-3,000  2,300-2,800  2,100-2,900

Wave impedance (10°kg/m*s) 0.35 1.79 16.15 17.15 41.08 8-20 7-19 6-13

(D: 1# pine pad
@: 2# pine pad
(®): 3# pine pad
(@: 4# pine pad
(®: Rubber pad
©®: Steel pad

FIGURE 13: The boundary absorbing materials.

TasLE 3: The measured wave impedance values of boundary materials.

Materials Size (mm) Wave speed (m/s) Density (kg/m3 ) Wave impedance (10° kg/m2~s)
1# pine pad 120 x 120 x 100 5,630.02 588.80 3.31
2# pine pad 120 X 120 X 100 5,537.55 601.37 3.33
3# pine pad 120 X 120 x 80 5,075.34 435.80 2.21
4# pine pad 120 x 120 x 80 4,161.74 455.18 1.89
Rubber pad 120X 120 x 10 235 1,490 0.35
Steel pad 120x 120x 10 5,200 7,900 41.08

FiGure 14: The arrangement of pine pad during stress wave attenu-
ation tests.

events with different initial energies. Taking event S-5 as an
example, as the propagation distance increased, the energy of
the waveforms received by sensors 1# to 6# was 5.04, 4.51,
431, 3.56, 4.55, and 4.53 (107°)), respectively. The energy of
the received signal decreased sequentially, while the energy of
the signals received by sensors 5# and 6# increased. It was
related to the fact that the reflected wave and the incident
wave were superimposed at the 5# and 6# sensors, which
increased the energy value of the received signal. According
to the matching relationship of wave impedance in Figure 12,
when the rubber pad and steel pad were used as boundary
materials, the left-traveling reflected waves were 0.75 times
and 0.7 times those of the incident wave, respectively. It indi-
cated that when the rubber pad was used as the boundary
material, the reflected wave intensity was slightly higher than
that when the steel pad was used as the boundary material.
Moreover, when the rubber pad was used as the bound-
ary material, the energy of the signal received by the 6# sensor
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FIGURE 15: Variation in stress wave energy with propagation distance under different boundary conditions: (a) rubber pad and (b) steel pad.
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FIGURE 16: Variation in stress wave energy with propagation distance: (a) 1# pine pad and (b) 2# pine pad.

was greater than that received by the 5# sensor. When the steel
pad was used as the boundary material, there was not a signifi-
cant difference in the energy of the signal received by 5# and 6#
sensors. It indicated that when the rubber pad was used as the
boundary material, the intensity of the reflected waves was
greater than that when the steel pad was used as the boundary
material. The results confirmed the reliability of the optimal
wave impedance calculation model in Section 4.

5.2. Pine Pads 1# and 2# as Boundary Materials. In order to
prevent the deformation of the pine block caused by the load-
ing cylinder of lifting jack, a steel block with dimensions of

120 mm X 120 mm X 10 mm was placed between the jack cyl-
inder and the pine block to promote that the pine pad bears
uniform force. Vaseline was uniformly applied on the contact
surface between the pine pad and the rock specimen, and the
equal axial stress (5 MPa) was applied to make the pine pad
tightly contact the rock specimen. When the 1# pine pad was
used as the boundary material, the wave impedance is consid-
ered as 3.31 x 10°kg/m*s. The pendulum apparatus was used
to excite five waveform events with various initial energies,
which were denoted as 1-1, 1-2, 1-3, 1-4, and 1-5, respectively.

The variation in the stress wave energy with propagation
distance has been shown in Figure 16(a). Taking event 1-5 as
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an example, as the propagation distance increased, the wave-
form energy received by sensors 1#~6# was 4.78, 4.18, 3.91,
3.30, 3.18, and 3.21 (107°])), respectively. The energy of the
stress wave received by sensors 1#~5# decreased sequentially,
but the energy of the waveform received by sensor 6# slightly
increased compared with that received by sensor 5#. The
events 1-1, 1-2, 1-3, and 1-4 exhibited similar variation char-
acteristics. According to the matching relationship of wave
impedance in Figure 12, when the 1# pine pad was used as the
boundary material, the reflected wave was 0.58 times the inci-
dent wave. As shown in Figure 16(a), the signal energy of
sensor 6# did not increase significantly. It was related to the
fact that the loose and porous structural of the pine pad sig-
nificantly scattered and attenuated stress waves and decreased
the reflected wave intensity during the propagation process.

The variation of waveform energy in Figure 16(b) is similar to
that in Figure 16(a), and the energy of stress wave decreased
with increasing propagation distance.

5.3. Pine Pads 3# and 4# as Boundary Materials. When the 3#
and 4# pine pads were used as the boundary absorbing materi-
als, the wave impedance was 2.21 X 10° and 1.89 x 10° kg/m®ss,
respectively. The pendulum apparatus was used to excite wave-
form events with different initial energies. Figure 17 shows the
variation in the stress wave energy with the propagation dis-
tance. Taking event 4-5 in Figure 17(b) as an example, as the
propagation distance increased, the energy of the waveforms
received by sensors 1# to 6# was 4.82, 4.17, 3.37,2.94, 2.48, and
1.72 (107°7), respectively. The waveform energy decreased with
increasing propagation distance. The events 4-1, 4-2, 4-3, and
4-4 exhibited similar variation characteristics. According to the
matching relationship of wave impedance in Figure 12, when
pine blocks 3# and 4# were used as the boundary material, the
reflected waves were 0.42 times and 0.31 times the incident
wave, respectively. When the 4# pine pad was used as the
boundary material, the reflected wave intensity was weaker
than that when the 3# pine pad was used as the boundary
material. Due to the scattering attenuation of stress waves,
the reflected wave intensity under pine boundary decreased.
The acceleration time-history curves of event 4-5 have
been shown in Figure 18. As the propagation distance increased,
the waveform amplitude decreased significantly. The duration
of waveforms was approximately 5 ms, and there was no obvi-
ous secondary peak after the initial peak. Compared with the
waveform signal acquired under free boundary conditions
(Figure 9), the waveform duration of event 4-5 was reduced,
and the multiple peak phenomenon did not appear. It indi-
cated that the interference of the original waveform by the
superposition of reflected waves was significantly reduced.
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When the 4# pine pad was used as the boundary absorbing
material, the intensity of reflected waves could be significantly
reduced.

6. Prospects

The interpretation of the propagation and attenuation pat-
terns of stress waves is a prerequisite for analyzing the
dynamic response of jointed rock mass under impact load,
which is critical for controlling the rock mass stability of
deep underground engineering. With the continuous devel-
opment of infrastructure construction and resource exploi-
tation towards deep underground, the propagation and
attenuation patterns of stress wave will be widely applied
in the future.

(1) For blasting engineering, in order to reduce the dis-
turbance of stress wave generated by the explosion to
support structure and construction equipment, it is
necessary to reduce the vibration intensity of stress
waves over the propagation distance. The selection of
appropriate absorbing materials is important for
vibration isolation. In this case, experimental studies
on the improvement of absorbing materials on the
boundary reflection effect are helpful for optimizing
wave impedance of vibration isolation materials dur-
ing blasting construction.

(2) For tunnel engineering, there are often rock mass
structures that alternate between soft and hard.
When stress waves propagate from soft (or hard) to
hard (or soft) rock masses, the wave impedance and
attenuation patterns are significantly different. The
rock mass in front of tunnel face can be estimated
according to the stress wave propagation and atten-
uation patterns. In this case, the experimental test
apparatus and transmission and reflection models
can be used for exploring the propagation and atten-
uation characteristics of stress waves by simulating
various rock mass combinations that alternate
between soft and hard.

(3) For mining engineering, the reliable classification of
potential risk zones requires accurate interpretation
of stress waves excited by rock bursts. However,
when the stress waves propagate from the occurrence
location to the monitoring location, they have been
reflected and attenuated by the jointed rock masses.
The stress wave monitored by the microseismic sys-
tem cannot be directly used to determine the risk
level of rock burst. In this case, the accurate interpre-
tation of the attenuation patterns and reflection
effects of stress waves is important for inverting the
occurrence location and energy level of rock bursts.

7. Conclusions

In the present study, a calculation method for the optimal
wave impedance of boundary materials was proposed based
on the transmission and reflection principle of stress waves at
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the interfaces of various media. The optimal wave impedance
value of the boundary material has been obtained based on
the calculation method. The stress wave propagation test
apparatus was developed to study the improvement effect
of absorbing materials on the boundary reflection effect.
Stress wave propagation attenuation studies in the complete
red sandstone samples were carried out by setting various
boundary absorbing materials. From the present study, the
following conclusions can be drawn:

(1) The waveform signal received by the accelerometer
has obvious multiple peak phenomenon, and the
waveform data cannot accurately reflect the propa-
gation and attenuation characteristics of stress waves
in rock masses. It is necessary to set up reasonable
absorbing materials to improve the boundary reflec-
tion effect.

(2) Based on the transmission and reflection principle of
stress waves at the interfaces of different media, a
theoretical method for the optimal wave impedance
of various boundary materials was proposed to cal-
culate the optimal wave impedance of boundary
absorbing material Z,,=1.12x 10°kg/m>s.

(3) Compared with rubber and steel pads, the pine block
significantly improved the boundary reflection effect
of stress wave propagation. It is related to the fact
that the loose and porous structure of pine pads sig-
nificantly scattered and attenuated stress waves and
decreased the reflected wave intensity during the
propagation process.

(4) When the 4# pine block is used as the boundary
material, the measured wave impedance is 1.89 X
10° kg/m*-s. The reflection effect is the weakest, and
the reflected wave is 0.31 times the incident wave.
The 4# pine pad has the best suppression on the
reflection effect of stress waves.
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