
Contents lists available at ScienceDirect

Ultrasonics

journal homepage: www.elsevier.com/locate/ultras

Experimental and field investigations on seismic response of joints and
beddings in rocks

Yang Liua, Cai-Ping Lua,b,⁎, Bin Liuc, Heng Zhanga, Hong-Yu Wangd

a Key Laboratory of Deep Coal Resource Mining (Ministry of Education), School of Mines, China University of Mining and Technology, Xuzhou, Jiangsu 221116, PR China
bDepartment of Civil Engineering and Lassonde Institute, University of Toronto, Toronto, Ontario M5S 1A4, Canada
c Institute of Rock and Soil Mechanics, Chinese Academy of Sciences, Wuhan, Hubei 430071, PR China
dDepartment of Civil, Environmental and Mining Engineering, School of Engineering, University of Western Australia, Crawley, WA 6009, Australia

A R T I C L E I N F O

Keywords:
Joints and beddings
Stress
Seismic attenuation
Wave velocity
Frequency-spectrum evolution

A B S T R A C T

Based on experimental and in-situ tests, the propagation and attenuation rules of seismic wave in the intact and
jointed rocks subjected to conventional triaxial loading condition were investigated, especially the influencing
effects of joints and beddings on the attenuation. Meanwhile, the frequency-spectrum evolutions during the
process of attenuation were analysed in detail. To verify the outcomes obtained from the laboratory, the at-
tenuation characteristics of seismic wave generated by blasting in underground strata were tested, and the
attenuation rules by the joints between strata was summarized. Finally, the seismic response of joints and
beddings in rocks was revealed. This work put forward some references for early weakening and controlling coal-
rock dynamic disasters triggered by seismic wave in coal mines based on the attenuation effect of artificial
discontinuity such as joint and bedding.

1. Introduction

Fractured rocks significantly influence the geotechnical stability of a
site, and the heterogeneities on different scales, such as fractures, joints
and micro-cracks, can vary, or are altered by artificial interferences. As
the physical properties of discontinuities change in time, active mon-
itoring techniques should be improved to quantify the variations in the
fractured rocks. It is well known that microseism (MS) and acoustic
emission (AE) can accurately locate fractures and characterize the
mechanical properties of fractured rocks, but the further development
was hampered due to the lack of understanding of the relationships and
interaction among the physical properties of fractures. Recently, some
attempts have been conducted to investigate and reveal the physical
properties of fractures including seismic response based on field and
laboratory studies.

An initial fracture in rock consists of two contact rough surfaces.
From elasticity, the mechanical stiffness of a fracture depends on the
spatial distribution and the amount of contact area within a fracture
[1–4]. Seismic wave propagation has been shown to be sensitive to both
the normal and shear stiffness across a fracture, and also the pore fluids
contained within the fracture [5–11]. Traditionally, wave propagation
through a fracture/or joint has been modelled by using effective

medium theories. For example, Gaviglio established the relationship
between wave velocity and medium density [12]. Pyrak-Nolte et al.
derived a theoretical velocity based on the displacement discontinuity
model of wave propagation across a fracture [13]. Zhao et al. developed
an equivalent medium method to explain wave phenomena [14]. Wang
et al. investigated the far-field blast-wave propagation and attenuation
in rock shelter layer with an inclusion or filled medium [15]. Zakian
et al. used a stochastically enriched spectral finite element method
(StSFEM) to solve wave propagation problems in random media [16]. Li
et al. employed a thin-layer interface model for filled rock joints to
analyse wave propagation across the jointed rock masses [17,18]. Wu
et al. found that the stress discontinuity in a rock fracture largely de-
pended on the existence of filling materials which promoted the P-wave
attenuation and the decrease of fracture stiffness [19]. Cai and Zhao
established a numerical modelling on the effects of multiple parallel
planar fractures on the attenuation of normally incident one-dimen-
sional elastic waves [20]. Mashinskii found that the wave attenuation
was improved by inclusion in the seismic rheological model [21]. Fan
et al. proposed a nonlinear viscoelastic equivalent medium model for
longitudinal stress wave propagation in a rock mass, and found that
wave propagation in complex rock masses was not always attenuated
but may actually be enhanced in some cases [22–24]. Ma et al.
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evaluated the existing equivalent medium methods for jointed rock
mass and further developed the equivalent viscoelastic medium method
[25].

As summarized above, the mechanical characteristics of a fractured
rock with discontinuities have been extensively investigated, and the
propagation and attenuation rules of seismic wave through a fracture
with different mechanical properties have been also clearly revealed.
However, even though the attenuation rules generated by joint have
been fruitfully investigated in lab, limited attention has been paid to
characterizing the attenuation effect of seismic wave by bedding and
coupled attenuation by both joint and bedding Thus, understanding the
coupled attenuation effect by both beddings and joints using a triaxial
acoustic P-S1-S2 system and identifying the frequency-spectrum evo-
lution of seismic wave is of vital importance.

In this paper, we first presented a survey of our current under-
standing of these interrelationships wave velocity, frequency-spectrum
distribution and discontinuities including bedding and joint based on
experimental and in-situ tests. Secondly, the attenuation differences by
joint and bedding in rocks were discussed in detail. Furthermore, the
outcomes obtained from experiments were verified from the field in-
vestigation.

2. Experimental measurements of seismic waves

2.1. Test apparatus

The test facilities at the Lassonde Institute of Mining, University of
Toronto were used and a Hoek type triaxial cell with axial linear
variable differential transformers (LVDTs) and data acquisition module
(as shown in Fig. 1(a)) was employed for this tests. This system includes
the ErgoTech variable pulse width transducer, and the pulser unit with
a variable pulse width range of 100–1000 ns P-S1-S2 wave on axial load
applying platens is controlled manually using the transducer pulser
unit, and the amplitude and frequency of the source was set to 100 V
and 5×107 Hz, respectively. At each stage during the test, the vertical
stress was approximately equivalent to the confining stress. Fig. 1
shows the photos of the testing system and three samples.

2.2. Samples

In total, three sandstone samples were prepared, with dimension of
35mm in diameter and 78mm in height, and with two joints oriented
orthogonal to the long axis of the core except the #1 sample. They were
tested to investigate the wave velocity and seismic responses of joints
and beddings. The three samples were processed from two types of
sandstone with the uniaxial compressive strength (UCS) of 52.63MPa
and 57.32MPa, and the modulus of elasticity of 17.86 GPa and
21.35 GPa, respectively. As for the seismic measurements, the intact #1
sample, which was taken immediately adjacent to the jointed samples
from the same core, was also tested to provide references and com-
parison. Table 1 shows the physical and mechanical parameters of each
sample.

2.3. Seismic results

2.3.1. Influencing effects of joints on wave velocity
Fig. 2 shows the complete waveforms and first-motion times of P &

S1-wave recorded by the receiving geophone of the three samples when
the axial vertical stress is 20MPa.

From Fig. 2, the effect of two joints on seismic wave attenuation can
be observed in data. By comparing the three signals, three effects of
joints and beddings on P & S1- wave were observed: (i) the joints and
beddings delay the signal according to the first motion times of P & S1-
wave; (ii) the joints and bedding attenuate the signal based on the
amplitude of receiving waves; and (iii) the joints and beddings weak the
high frequency components of the signals, especially for the

compressional P-wave. This attenuation mechanism of beddings in rock
on seismic wave was rarely reported in the literature. By comparing the
testing results between #2 and #3 samples, it was found that the am-
plitude of P & S1-wave was significantly reduced by the beddings while
its effect on wave velocity was not obvious.

Fig. 3 shows the variations of the receiving P & S-wave velocities
with axial stress level of the three samples.

Based on previous investigations, the effect of the joint is distributed
throughout the bulk and the discreteness of the joint is lost. Therefore, a
seismic reduction in velocity is observed. In Fig. 3, the P- S1- S2-wave
velocities of the #2 and #3 samples were significantly reduced com-
pared with the intact #1 sample due to the existence of the joints. In-
terestingly, the differences of the three velocities between them were
small, confirming that the influencing effect of the bedding on wave
velocity was not obvious. Because of the existence of the bedding in the
#3 sample, the P-wave velocity of the #2 sample was larger than that of
the #3 sample, when the axial stress surpassed 10MPa. However, the S-
wave velocity of the former was slightly lower than that of the latter
one, which was possibly due to the effect of lithology of the #3 sample
on S-wave velocity partially offset the attenuation effect of the bedding.
In addition, the P & S-wave velocities rose with the increase of the axial
stress, and the increment of the velocities decreased gradually, espe-
cially for the intact sample (#1 sample), this trend was the most ob-
vious. Previous studies have found that wave velocity was influenced by
stress and the damage state of rocks [26–30].

(a) Triaxial acoustic P-S1-S2 system 

(b) #1 sample (c) #2 sample (d) #3 sample 

Confining pressure 
hand-pump 

Pulser unitLoading cavity

Bedding 

Axial load 
hand-pump 

Fig. 1. Photos of the testing system and three samples. Notes: The #1 sample is
intact, the #2 sample has two horizontal joints, and the central part of the #3
sample incorporates beddings besides two joints.
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In order to describe the relationship between stress and seismic
wave velocity in rocks, the following empirical expression has been
summarized using a large number of experiments [31].

= + −
−V D P B eV · · k P

0
· (1)

where V is the wave velocity with some fractures: P-wave velocity (VP)
or S-wave velocity (VS); P is the effective stress applied to rock; V0 is the
wave velocity without fracture: P-wave velocity (VP0) or S-wave velo-
city (VS0); and B, D, and k are fitting parameters. D is often left as zero
as it can result in unreasonable values at elevated stresses [32].

2.3.2. Attenuation effects of stress on wave spectrum
The propagation and attenuation effects of single fracture on seismic

wave have been verified fruitfully both in lab and by field tests.
However, how seismic waves respond needs further experimental in-
vestigations considering double influencing factors including stress and
joints.

(1) The intact #1 sample without cracks

Based on the Fast Fourier Transformation (FFT) of seismic signals,
the frequency-spectrum evolutions of P & S1-wave of the #1 sample
with different axial stress were analysed, as shown in Fig. 4.

Based on spectrum analysis, the frequency-spectrum distribution
characteristics of S1 & S2-wave were basically similar. Therefore, we
only discuss the S1-wave here. From Fig. 4(a), the frequency-spectrum
distribution of P-wave did not change significantly with the increase of
axial stress, while the high-frequency parts increased first and then
decreased slightly, while the low-frequency parts kept increasing. This
phenomenon may be attributed to the fact that the signals of receiving
waves were enhanced due to the weak attenuation caused by the stress
increase. The amplitude spectrum of dominant high frequencies at
20MPa was higher than that at 30MPa, however, the high-frequency
components of the latter were more abundant and the overall signal
was stronger, verifying that the higher the stress is, the weaker the
attenuation of signal is, and the abundant the high frequency is. In
addition, the attenuation of P-wave was obvious, and the low-frequency
signal was stronger with wide frequency band. However, the high-fre-
quency components were still dominant. According to Fig. 4(b), the
attenuation of S-wave was not obvious, and the spectrum was mainly

Table 1
Physical and mechanical parameters of each sample.

Sample No. Height (up: centre: bottom)/mm Diameter/mm Maximum axial stress/MPa

#1 78.1 35.85 30
#2 78.07 (26.49: 25.46: 26.12) 35.93 50
#3 77.42 (25.49: 26.72: 25.21) 35.90 60

Fig. 2. Comparisons of P and S1-wave propagated through an intact sample and two jointed samples subjected to both vertical stress of 20MPa and confining stress of
20MPa.
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distributed in the high frequency range. With the increase of axial
stress, the signal was gradually strengthened.

(2) The jointed #2 sample with two joints

Fig. 5 shows the frequency-spectrum evolutions of P & S1-wave of
the #2 sample with different axial stress.

From Fig. 5(a), the joints between rocks further attenuated the P-
wave compared with the #1 sample, and the low-frequency signals
were significantly enhanced. The structural plane of the joints was
compacted gradually with the increase of axial stress, and therefore the
attenuation effect on P-wave was weakened. Meanwhile, the low fre-
quency signals gradually strengthened. Although the amplitude spec-
trum of dominant high frequency increased first and then reduced, the
frequency corresponding to the peak amplitude spectrum reached up to

0.311MHz at 50MPa, and the high frequency components were
abundant compared to 30MPa, indicating that the higher the stress is,
the weaker the attenuation of seismic wave is, the more abundant the
high frequency components are, and the higher the dominant frequency
is. From Fig. 5(b), the attenuation effect of the horizontal joints on S-
wave was not obvious, and thus the signals still manifested themselves
in the form dominant high frequency. The higher the axial stress is, the
larger the amplitude spectrum corresponding to dominant high fre-
quency is, and the more abundant the high frequency components are.

(3) The jointed #3 sample with two joints and beddings

Fig. 6 shows the frequency-spectrum evolutions of P & S1-wave of
the #3 sample with different axial stress.

From Fig. 6(a), the frequency-spectrum of the #3 sample

Fig. 3. Variations of P & S-wave velocities with axial stress level of the three samples.

Fig. 4. Frequency-spectrum evolutions of P & S1-wave of the #1 sample with different axial stress.
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dominantly concentrated in the low-frequency band compared with
that of the #2 sample, and the high frequency components decreased
significantly, indicating that the bedding further reduced P-wave on the
basis of the attenuation effect of the joints and the dominant frequency
obviously moved from high-frequency 0.253MHz to low-frequency
0.0275MHz. When the stress reached 10MPa, the spectrum presented
wide frequency and the high frequency signals were stronger. However,
when the stress was larger than 20MPa, the spectrum moved obviously
to the low frequency band, and the amplitude spectrum corresponding
to the dominant low frequency increased gradually, which may be re-
lated to deformation and fracture of the beddings equivalently gen-
erating new joints and thus the attenuation of P-wave was strength-
ened. From Fig. 6(b), the spectrum of S1-wave obviously concentrated
in the low frequency band when the stress was 20MPa, also verifying
deformation and fracture of the beddings. With the increase of stress,
the spectrum of S1-wave manifested wide frequency, and the dominant
frequency moved to the low frequency band, accompanied with abun-
dant high frequency components, indicating that the inclined beddings
have a certain attenuation effect on S-wave.

To sum up, it was found that as stress on the jointed sample was
increased, the amount of energy transmitted across the joint increased,
which was observed as an increase in magnitude or the spectral peak of
seismic wave. In addition, the spectral peak shifted to higher frequency
with the increase of the axial stress. However, the macroscopic joints

produced significant attenuation effect on the P-wave, and the spectral
peak was converted from high to low frequencies. The inclined bed-
dings attenuated the S-wave to a certain extent, and the spectrum
manifested wide frequency with abundant low frequency components.
As stress on the jointed sample increased, the joint stiffness increased,
resulting in an increase in transmission across the joint, and thus the
receiving wave manifested abundant high-frequency characteristics. At
very high stresses, the joint behaves similar to that of the intact sample.
In contrast, the slip and fracture may be produced along the inclined
beddings under high stress, which will strengthen the attenuation effect
on seismic wave.

2.3.3. Attenuation effects of joints on wave spectrum
Both in-situ and laboratory investigations on artificially and natu-

rally fractured rocks have shown that they exhibit frequency-dependent
transmission losses [33–37]. Generally, a fracture behaves as a low-pass
filter that attenuates the high-frequency components of signals. How-
ever, what are the differences between the attenuation characteristics
of P and S-wave by joints and beddings? Which has stronger attenuation
effect? The role of stress in attenuation process on seismic wave for the
jointed samples should be further investigated in lab.

Fig. 7 shows the frequency-spectrum evolutions of P-wave and
variations of spectral peaks corresponding to high and low frequencies
of the three samples with different stresses.

Fig. 5. Frequency-spectrum evolutions of P & S1-wave of the #2 sample with different axial stress.

Fig. 6. Frequency-spectrum evolutions of P & S1-wave of the #3 sample with different axial stress.
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From Fig. 7(a), the joints of the #2 sample obviously attenuated the
high-frequency signals of P-wave and enhanced the low-frequency
components, while the spectrum still presented wide-frequency char-
acteristics. Due to the existence of the beddings, the amplitude of high-
frequency signal of the #3 sample decreased significantly, and the
spectrum was concentrated in the low frequency band. Meanwhile, the
amplitude spectrum corresponding to dominant low frequency was
obviously lower than that of the #2 sample due to the attenuation effect
of the beddings, and especially the attenuation coefficient of high-fre-
quency signals reached 5.24. From Fig. 7(b), the attenuation effect of
stress on the P-wave of the fractured sample was not significant based
on the variations of amplitude spectrum corresponding to dominant
high and low frequencies with stress.

Fig. 8 shows the frequency-spectrum distributions of the receiving
S2-wave and the variations of spectral peaks corresponding to dominant
high and low frequencies of the three samples with different stress le-
vels.

From Fig. 8(a), the joints obviously attenuated the high frequency
band of S2-wave instead of low frequency signals. The beddings further
attenuated the high-frequency signals. The amplitude spectrum corre-
sponding to dominant high frequency was reduced, while the at-
tenuation of low frequency signals was not obvious. From Fig. 8(b), the
effect of stress on the high-frequency signals of S-wave of intact sample
is significant. The higher the stress was, the weaker the attenuation
effect was, and the larger the amplitude corresponding to dominant
high frequency was. Especially, the effect of stress on low-frequency

components was slight, and the attenuation effect on S-wave of frac-
tured sample was also not obvious.

2.3.4. Attenuation effects of beddings on wave spectrum
The displacement discontinuity structure yields transmission and

reflection coefficients that depend on the specific stiffness of the
structure, k, the seismic impedance of the half-spaces Z and the fre-
quency content of the signal, ω [37]. The beddings in the #3 sample
also belong to one kind of displacement discontinuity structure. What
are the differences of the attenuation characteristics on seismic wave
between the bedding and joint?

Fig. 9 shows the frequency-spectrum distributions of the receiving
P-wave and variations of spectral peaks corresponding to dominant
high and low frequencies of the #2 and #3 samples at different stresses.

From Fig. 9(a), the bedding of the #3 sample further attenuated the
P-wave after propagating through joints, and the high-frequency signals
were significantly weakened with dominant low frequency character-
istics. Due to the attenuation effect of the beddings, the amplitude
spectrum corresponding to dominant low frequency of the #3 sample
was smaller than that of the #2 sample. From Fig. 9(b), with the in-
crease of axial stress, the dominant high-frequency signals of P-wave of
the #3 sample were basically stable, but the dominant low-frequency
signals obviously enhanced, indicating that the higher the stress is, the
weaker the attenuation effect of bedding is, and the low-frequency
signals are stronger. For the #2 sample, the increasing stress caused the
reduction of the dominant high frequency signals, which may be related

Fig. 7. Frequency-spectrum evolutions of P-wave and variations of spectral peaks corresponding to high and low frequencies with different stresses. Note: in the
legend of subgraph (b), H. F. and L. F. represent dominant high and low frequencies, respectively.

Fig. 8. Frequency-spectrum distributions of S2-wave and the variations of spectral peaks corresponding to dominant high and low frequencies of the three samples
with stress. Note: in the legend of subgraph (b), H. F. and L. F. represent dominant high and low frequencies, respectively.

Y. Liu, et al. Ultrasonics 97 (2019) 46–56

51



to the failure of joints under high stress resulting in obvious attenuation
of high frequency signals and the shift of spectrum from high to low
frequency band. Meanwhile, the low frequency signals were enhanced.

Fig. 10 shows the frequency-spectrum distributions of the receiving
S2-wave and variations of spectral peaks corresponding to dominant
high and low frequencies of the #2 and #3 samples at different stresses.

From Fig. 10(a), the attenuation effect of the beddings on S-wave
was weaker than the effect on P-wave, the attenuation coefficients of
amplitude spectrum corresponding to dominant high and low fre-
quencies obviously reduced, and the dominant high frequencies de-
creased correspondingly. Meanwhile, the spectrum distribution of the
#3 sample manifested wide frequency and the high-frequency signals
were stronger. Compared with Fig. 9(a), the attenuation effect of bed-
dings on P-wave was stronger than that on S wave. From Fig. 10(b), the
effect of stress on seismic wave attenuation for the jointed rock was not
obvious.

When the fracture stiffness approaches 0 (k→ 0), the transmission
coefficient reduces to 0 and the reflection coefficient rises to 1.
Therefore, the fracture acts as a free surface, which contributes to the
extensive crack growth [37]. Conversely, as the fracture stiffness ap-
proaches infinity (k→∞), the fracture acts as a welded contact for
which all of the energy is transmitted across the fracture without energy
partitioned into the reflected signal [38]. In addition, from the crack
growth point of view, the contact surfaces of the initial fractures are
strong driver of subsequent crack growth [39].

The following four points were summarized: (1) the attenuation of

horizontal joints on seismic wave velocity is very significant, but that of
inclined beddings is not obvious, especially for S-wave; (2) for the in-
tact sample, the P-wave attenuation is obvious, and the low-frequency
signal is strong. The attenuation of S-wave is not obvious, and the
spectrum mainly distributes in the high-frequency band. For the jointed
sample, the attenuation of P-wave is significant, and the low-frequency
signal is enhanced. However, the attenuation of S-wave is not obvious
manifesting dominantly high-frequency characteristics. On the basis of
joint, the bedding further attenuates the P-wave, while the attenuation
effect for S-wave is relatively weak. When the stress is high, the bed-
dings may generate slip and fracture, which is equivalent to forming
new joints aggravating the attenuation; (3) the joints attenuate the
high-frequency signals of P-wave, and the low frequency components
are enhanced. However, the spectrum still shows wide frequency
characteristics. The attenuation of S-wave mainly concentrates in high
frequency band, and that of low frequency is not obvious. The beddings
further attenuate the P-wave after propagating through joints, and thus
the high frequency signals are weakened significantly with low fre-
quency characteristics. The attenuation of the beddings on S-wave is
weaker than that on P-wave, and the attenuation index decreases sig-
nificantly; and (4) for the intact sample, the higher the stress is, the
weaker the attenuation of signal is, and the high frequency is more
abundant. For the jointed sample, the attenuation effect of stress on
both P and S-wave is not obvious.

Fig. 9. Frequency-spectrum distributions of P-wave and variations of spectral peaks corresponding to dominant high and low frequencies of the #2 and #3 samples.
Note: in the legend of subgraph (b), H. F. and L. F. represent dominant high and low frequencies, respectively.

Fig. 10. Frequency-spectrum distributions of S2-wave and variations of spectral peaks corresponding to dominant high and low frequencies of the #2 and #3
samples. Note: in the legend of subgraph (b), H. F. and L. F. represent dominant high and low frequencies, respectively.
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3. Field observation of seismic attenuation characteristics with
joints.

3.1. In-situ testing conditions

Field investigation on propagation and attenuation effects of joints
between rock layers on seismic wave generated by blasting was carried
out in a tailentry of a working face characterized by strong rockburst
danger. The average elevation of the tailentry was approximately
−840m, and total of three three-component geophones named as #1,
#3 and #4 were arranged around the tailentry. The frequency response
of the geophone is 5–500 Hz, and the sampling rate is 1000 sps. The
absolute time error of GPS clock is less than 1ms with trigger recording
mode, and seismic events with ML of 0.5–4.5 in the effective monitoring
area can be recorded clearly by lower threshold. Because the tailentry
was being excavated, the seismic waves generated by blasting after
propagation and attenuation through coal and rock medium were col-
lected by the #1, #3 and #4 geophones arranged in different rock
layers, and the distributions of blasting sources and the geophones are
shown in Fig. 11. Based on the three geophones, the attenuation
characteristics of joint between rock layers on the P and S-wave can be
analysed in detail. Table 2 shows the three-dimensional coordinates of
the three geophones and the Table 3 shows the strata and joints dis-
tribution in the testing area.

From Table 3, the vertical distances between the blasting source and
the #1, #3 and #4 geophones were 42.2 m, 125.5 m and 117.84m, and
the corresponding number of joints between them was 5, 8 and 7, re-
spectively. The working faces and roadways were all located #7 coal
seam, therefore, only intact coal and rock mass located along straight
line direction between blasting source and the geophones according to
Fig. 11 and Table 3

3.2. Testing results and analysis

(1) In-situ test 1: After blasting with five blast holes and total explosive
charge of 15 kg in the tailentry, the clear seismic waveforms were
received and recorded by the three geophones. The propagation
distances of the seismic wave to the explosive source to the #1, #3
and #4 geophones were 249.5 m, 1306m and 986.6 m,

respectively. Fig. 12 shows the waveforms and first arrival times of
the P-wave recorded by the three geophones and the Fig. 13 shows
the frequency-spectrum distributions of the P and S-wave.

From Fig. 12(a), with propagation away from the blasting source,
the high-frequency signals of the P-wave obviously weakened, and the
low-frequency signals relatively enhanced. According to Fig. 12(b), the
farther the propagation distance of seismic wave is, the later the first
arrival time of P-wave is. For example, the propagation distance from
the source to #1 geophone was only 249.5 m, and the first arrival time
of the P-wave was much earlier than that of #3 and #4 geophones.

From Fig. 13(a), with the increase of vertical propagation distance,
the high frequency signals of P-wave attenuated significantly, the
dominant frequency decreased from 190 Hz to 28 Hz, and the spectrum
moved from high frequency to low frequency band. In particular, the
vertical propagation distance of the #3 geophone increased only 7.66m
and experienced one more joint compared with the #4 geophone, while
the amplitude spectrum corresponding to dominant frequency reduced
by nearly 2.5 times, which fully demonstrated the significant attenua-
tion effect of joints on P-wave. From Fig. 13(b), with the increase of
horizontal propagation distance, the high frequency signals of S-wave
attenuated significantly, and the dominant frequency of S1-wave and
S2-wave decreased from 194.8 Hz to 25 Hz, and 194 Hz to 29 Hz, re-
spectively. The horizontal distances from the source to the #3 and #4
geophones were 1300m and 980m, respectively, with a difference of
up to 320m, while the dominant low frequencies of them were very
close, and their corresponding amplitude spectra were almost equiva-
lent, indicating that the attenuation effect of the horizontal joints on S-
wave was not obvious, which was consistent with the observations in
lab. In addition, the horizontal propagation distance of the #3 geo-
phone to the source was 5.3 times that of the #1 geophone, the am-
plitude spectrum corresponding to dominant frequency reduced nearly
6.5 times. However, the vertical propagation distance of the former
increased by 3 times compared with the latter, the amplitude spectrum
corresponding to dominant frequency reduced by nearly 10.7 times,
which fully proved the significant attenuation effect of the joints on P-
wave.

(2) In-situ test 2: After blasting with six blast holes and total explosive
charge of 15 kg in the tailentry, the clear seismic waveforms were
received and recorded by the three geophones. The propagation
distances of #1, #3 and #4 geophones to the explosive source were
315m, 1371.5 m, and 920m, respectively. Fig. 14 shows the wa-
veforms of S1-wave collected by the three geophones and the cor-
responding first arrival times and the Fig. 15 shows the frequency-
spectrum distributions of P and S-wave.

Totally, the results of the second test were similar to that of the first

Fig.11. The distributions of blasting sources and the geophones.

Table 2
Three-dimensional coordinates of #1, #3 and #4 geophones.

Geophone No. X/m Y/m Z/m

#1 3864466.831 39478794.5 −902.2
#3 3863577.653 39478134.35 −734.5
#4 3864772.992 39479980.53 −742.157

Table 3
Distribution of strata and joints in the testing area.

Mineral No. Lithology Thickness/m Notes

1 Mudstone 30–45 #3 geophone
2 Siltstone 40 #4 geophone
3 Sandstone 10
4 Mid-coarse sandstone 30
5 Sandstone 15
6 Silt and fine sandstone 5
7 Mid-fine sandstone 14
8 Siltstone 3
9 #7 coal seam 1.8 Blasting source (−860m)
10 Siltstone and mudstone 3.5
11 Medium sandstone 22
12 #9 coal seam 2.2
13 Fine sandstone 10
14 Sandstone 10 #1 geophone
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Fig. 12. Waveforms and first arrival times of the P-wave recorded by the #1, #3 and #4 geophones. Note: in the subgraph (b), the amplitudes of both #3 and #4
geophones were magnified 5 times.

Fig. 13. Frequency-spectrum distributions of P and S-wave recorded by the #1, #3 and #4 geophones of Test 1.

Fig. 14. Waveforms and first arrival times of S1-wave recorded by the #1, #3 and #4 geophones. Note: in the subgraph (b), the amplitudes of both #3 and #4
geophones were magnified 5 times.
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test. The amplitude of seismic wave decreased gradually with propa-
gation, the high frequency signals weakened, and the low frequency
signals strengthened gradually, as shown in Fig. 14(a). In particular, the
waveforms collected by the #4 geophone were obviously divided into
two parts: the first part was the receiving waves, and the other was the
“noise” generated by surrounding rock mass rupture, which has been
confirmed in laboratory observations shown in Fig. 6(a). That the low
frequency signals were significantly enhanced was verified in
Fig. 15(a), which was much higher than the amplitude at the dominant
frequency point of other geophones, and it can obtain that the low
frequency signals was generated from deformation and fracture as
Fig. 6(a), and not generated from the blasting. Compared with the first
arrival time of P-wave in Test 1, the first arrival time of S-wave was
obviously lagged (in Fig. 14(b)) due to the relatively small difference of
propagation distances. In addition, the small the propagation distance
is, the earlier the first arrival time of S-wave is.

From Fig. 15(a), the vertical propagation distance of the #3 geo-
phone increased by only 7.66m compared with the #4 geophone, and
the former experienced one more joint, but the amplitude spectrum
corresponding to dominant frequency reduced by nearly 2.53 times (the
test values of the two tests were very close), which fully confirmed that
joints generate significant attenuation effects on P-wave. In general, the
attenuation index was closely related to vertical propagation distance
and the number of experienced joints. The horizontal propagation
distances from the source to the #3 and #4 geophones were 1365.8 m
and 912.6 m, respectively, with a difference up to 453.2m, and while
there was no significant difference between both amplitude spectrums
corresponding to dominant low frequencies of the two geophones,
which demonstrated that the horizontal propagation distance has no
certain attenuation effect on S-wave (in Fig. 15(b)).

In summary, the results of field investigations on seismic wave
propagation and attenuation in the jointed rock are as follows: (1) with
propagation of seismic wave, the high frequency signals attenuate sig-
nificantly, and the spectrum moves from high-frequency band to low-
frequency band. Especially, the joints have significant attenuation ef-
fect on P-wave, and while the attenuation effect on S-wave is not ob-
vious; and (2) the attenuation index of P-wave is obviously higher than
that of S-wave by horizontal joints. The horizontal propagation distance
has little effect on attenuation of P-wave, which is closely related to
vertical propagation distance and especially the number of the experi-
enced joints. In addition, the horizontal propagation distance has a
certain effect on the attenuation of S-wave.

The conclusions drawn from the experiments and in-situ tests were
in good agreement with each other. The attenuation index of P-wave
was obviously higher than that of S-wave by horizontal joints, the high

frequency signals of P-wave significantly weakened, and the frequency
spectrum evolved from high frequency to low frequency accompanied
with unobvious attenuation of S-wave. Additionally, the joints atte-
nuated the high-frequency signals of P-wave and the low frequency
components were enhanced according to the experiments, while the
spectrum still showed wide frequency characteristics, and the at-
tenuation of joints on S-wave mainly concentrated in high frequency
band. In the field observation, the horizontal propagation distance had
little effect on the attenuate of P-wave, while it has a certain effect on
the attenuation of S-wave.

4. Conclusions

First, the propagation and attenuation rules of seismic wave in the
intact and jointed rocks subjected to conventional triaxial loading
condition were investigated experimentally, especially the effects of
joints and beddings on the attenuation. Secondly, the attenuation
characteristics of seismic wave generated by blasting in underground
strata are in-situ tested, and the attenuation rules by the joints between
strata is analysed. The following main conclusions are drawn:

(1) Joint can significantly reduce the velocity of seismic wave in rocks.
Although bedding can attenuate the intensity of the P and S-wave,
the attenuation effect on wave velocity is not obvious. For hor-
izontal joint, it can’t obviously attenuate the vertically propagating
S-wave. The inclined bedding further reduces P-wave on basis of
attenuation generated by the joint, and the spectrum moves to low
frequency band.

(2) For sample without artificially manufactured joint, the higher the
applied stress is, the weaker the attenuation effect of seismic signal
is, and the higher the corresponding dominant frequency is. For
jointed sample, the effect of stress on P and S-wave attenuation is
not significant. The higher the applied stress is, the weaker the
attenuation effect by bedding is, and the stronger the low frequency
signal is. Additionally, the attenuation effect of the bedding on S-
wave is weaker compared with P-wave.

(3) Based on the field investigation, joint has significant attenuation
effect on seismic P-wave, but it is not obvious on S-wave, verifying
the outcomes obtained from the lab. The horizontal propagation
distance has little effect on the attenuation of P-wave, which is
closely related to vertical propagation distance, especially the
number of the experienced joints.

Fig. 15. Frequency-spectrum distributions of P and S-wave recorded by #1, #3 and #4 geophones of Test 2.
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