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The radiated seismic energy is an important index for the intensity assessment of microseismic (MS)
events and the early warning of dynamic disasters. However, the energy of MS signals is significantly
attenuated due to the heterogeneity and viscous damping of rock media. Therefore, the study on
attenuation characteristics of MS signals in underground engineering has practical significance for the
accurately estimation of radiated seismic energy. Based on a pendulum impact test facility and MS
monitoring system, an in situ investigation was carried out to explore attenuation characteristics at a
deep tunnel. The results show that the seismic energy and peak particle velocity (PPV) attenuation are
exponentially related to the propagation distance. The attenuation coefficient of energy is larger than
that of PPV. With the increase in the input impact-energy, the seismic energy attenuation coefficient
decreases as a power function. An empirical relationship between energy attenuation coefficient and
wave impedance of rock mass was established in this scenario. Moreover, the time-frequency charac-
teristics and energy distribution laws of impact-induced signals were investigated by the continuous
wavelet transform (CWT) and wavelet packet analyses, respectively. The dominant frequency of signals
decreases gradually as the propagation distance increases. Based on the energy attenuation character-
istics, a new method was proposed to calculate the released source energy of MS events in the field. This
study can provide an insight into energy attenuation characteristics of seismic waves and references for
attenuation correction in seismic energy calculation.
� 2022 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Microseismic (MS) monitoring technique has recently become an
effective and applicable method to forecast the hazard of rockbursts
in underground engineering (Cai et al., 2001; Trifu and Shumila,
2010; Mazaira and Konicek, 2015; Glazer, 2016; Lu et al., 2018; Li
et al., 2021), such as deep tunnels (Feng et al., 2012; Li et al., 2012;
Liu et al., 2020; Liang et al., 2020), underground caverns (Chen et al.,
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2015; Ma et al., 2015; Dai et al., 2016; Z.L Li et al., 2020) and mines
(Mendecki, 1997; Urbancic and Trifu, 2000; Snelling et al., 2013). The
source parameters of the recorded MS events can be processed to
evaluate the evolution of rockbursts, e.g. seismic energy, seismic
moment, apparent stress and energy index (Mendecki, 1997; Glazer,
2016; Dai et al., 2016). One of the most important parameters to
quantify the intensities of MS events is the radiated seismic energy.
However, when an MS signal propagates from the hypocenter to
sensors, the energy of MS signal will be significantly attenuated due
to the heterogeneity and viscous damping of rock masses. The
magnitudes of energy loss are closely associated with the properties
of rock masses and geological structures on the propagation path.
Therefore, to estimate the seismic energy, it is significant to study the
in situ attenuation characteristics of MS signals.

Extensive field investigations have been carried out to study the
attenuation characteristics in different geological conditions
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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(Jongmans, 1990; Wu et al., 1998; Nateghi, 2011). Hao et al. (2001)
investigated the wave propagation laws in jointed rock mass by
blast tests. The influences of rock joints on attenuation characteristics
of peak particle velocity (PPV) were discussed. Ye et al. (2008) per-
formed a field explosion experiment on the propagation and atten-
uation laws of waves in a deep coal mine. It was found that the
maximum amplitude of wave is exponentially related to the propa-
gation distance. Lu et al. (2010) studied the propagation laws and
frequency spectrum evolution rules of blast-induced shock waves in
Sanhejian coal mine. Zhou et al. (2016) conducted field explosion
experiments to verify the attenuation of dominant frequency. Roy
et al. (2016) studied the attenuation phenomenon of explosion vi-
brations inanundergroundmetalmine. Itwasconcluded that thePPV
of groundmotion is inversely proportional to the square root of scale
distance (SD). Tian et al. (2019) carried out a series of blasting tests in
Dizong tunnel. The spectrum characteristics and frequency-energy
change laws of the blasting signals were studied by analyzing the
monitoring data. Jayasinghe et al. (2019) experimentally studied the
PPV attenuation laws of blast-induced signals along the interface of
soil and rock. The effects of the soil-rock interface on stress wave
propagation were analyzed. Based on the collected blast-induced
signals, various attenuation formulae have been proposed to predict
PPVand frequency (Kahriman, 2002, 2004;Ulusayet al., 2004;Kumar
et al., 2016). On the other hand, with the rapid development of
computer technology, numerical simulation has also become a
promising method to understand the attenuation characteristics of
stress waves (Wu et al., 2004; Zhu et al., 2007; Ainalis et al., 2017).
Chen and Zhao (1998) numerically found that the discontinuities in
the rockmasseshavegreateffectson theattenuationofblastwavesby
universal distinct element code (UDEC). Liu et al. (2019) investigated
the propagation and attenuation characteristics of shock waves in
coal-rock medium at Zhuji coal mine using three-dimensional finite
difference code FLAC3D.

As mentioned above, the propagation and attenuation charac-
teristics in different rock media have been investigated by explo-
sion tests in mines and underground caverns. However, the wave
components of explosion signals are complex due to the interfer-
ence of explosive shock. The spectrum ranges of explosion signals
Fig. 1. Geological profile alon
are much different from those of MS signals (Ma et al., 2015; Lu
et al., 2018; Tian et al., 2019). The spectrum components of MS
signals have low-frequency characteristics, generally ranging from
100 Hz to 500 Hz, while the frequency spectrum of blasting signals
exceeds 5000 Hz. It is inappropriate to study the energy attenua-
tion laws of MS signals using explosion tests. To investigate the
attenuation laws of MS signals, a pendulum impact test facility is
designed for exciting seismic signals in this study. The spectrum
components of impact-induced seismic waves are relatively similar
with those of MS signals. The configuration of this facility is prac-
tically operable and convenient than explosion, and it can provide a
method for stimulating repeatable seismic waves. Based on the
recorded impact-induced signals, the attenuation laws of seismic
energy and PPV are studied for deep tunnels.

In this study, using a pendulum impact test facility and MS
monitoring system, a series of field attenuation experiments is
carried out in a deep tunnel excavated by the tunnel boring ma-
chine (TBM). Based on continuous wavelet transform (CWT) and
wavelet packet analyses, the time-frequency characteristics and
energy distribution laws of impact-induced signals are revealed.
The attenuation characteristics of seismic energy and PPV are
explored by processing the recorded signals. The relationship be-
tween energy attenuation coefficient and wave impedance is
established in this scenario. Furthermore, a new method is pro-
posed to calculate the released source energy based on the atten-
uation characteristics of seismic energy.

2. Engineering background and geological conditions

Theheadrace tunnel is situatedat theXinjiangUygurAutonomous
Region of China. This tunnel traverses the Tianshan mountains with
anexcavation length of 41.8 kmanddiameter of 6.5m. The axis of this
tunnel is about NE12�. Geological profile of this headrace tunnel is
shown in Fig. 1. More than 50% of overburden along this tunnel is
greater than 1000 m. The maximum buried depth is 2300 m. The
tunnel section from chainage K0þ000 to K9þ800 is excavated by
drill-and-blast (DB) method. The remaining tunnel section is exca-
vated by two TBMs from chainage K9þ800 to K41þ800.
g the headrace tunnel.
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The geological structure of this region is composed of the Bor-
okonu complex anticline, which is characterized by Variscan
orogeny. The strong squeeze folds, corrugation structures and
steeply inclined faults are well developed in this region. As shown
in Fig. 1, the steeply inclined faults consist of many groups of faults
with NE, NW, NNWand EW directions. The dominant stratum has a
strike in EW direction with a steep dip. The lithology formations
exposed in this region are composed of siliceous siltstone of Nileke
group (S1n), medium-thick metasiltstone of Jifuke group (S2j),
metamorphic mudstone and fine sandstone of Kuruer group (S3k),
and Variscan granodiorite (gd4).

Due to the large depth and strong tectonicmovement, high in situ
stress is frequently encountered during the excavation of this tunnel.
The magnitude of in situ stress was measured by overcoring method
at chainage K13þ160 (overburden of 740 m) (Sjöberg et al., 2003). It
shows that themaximumhorizontal principal stress is approximately
33.4 MPa, whose azimuth is parallel to the tunnel axis (NE12�). The
intermediate and minimum principal stresses are approximately
25.3MPa and 22.6MPa, respectively, whose azimuths are�78.4� and
164.1�, respectively. Themaximumdepth reaches 2268mat chainage
K24þ450. The magnitude of the maximum principal stress is esti-
matedabove50MPa in the surrounding rockmasses. Thus, the stress-
induced rock failurewill be encountered due to the high in situ stress.
In the construction of the tunnel at chainage K9þ500eK14þ300, a
series of mild andmoderate rockbursts has occurred at the sidewalls
and the crown of the tunnel (Liu et al., 2020).

3. Schemes of attenuation experiments

3.1. Study area

The study area is located at chainage K19þ600eK19þ628. The
buried depth is about 2200m. The lithology around this area is silty
mudstone of Kuruer group (S3k1). The density of the surrounding
Fig. 2. Geological sketch an
rock masses is 2738 kg/m3. The uniaxial compressive strength
(UCS) of rock around the study area is 48.56 MPa, and its elastic
modulus is 13.4 GPa. The geological sketch and experimental layout
are shown in Fig. 2. A set of bedding planes is well developed, and
filled with thin-layer calcites. Average spacing and trace length of
bedding planes are 0.1 m and 20.4 m, respectively. The attitudes of
these bedding planes are NW30�:40� approximately. According to
Chinese standard GB50487 (2008), the surrounding rock mass of
the study area is categorized as Class III.

3.2. Pendulum impact facility

To excite available seismic sources, a pendulum impact facility is
designed for generating repetitive impact-induced signals. The facil-
ity mainly consists of steel base, rolling bearing, dial, oscillating bar
and pendulums. The size of steel base is 200mm� 200mm� 10mm
(length�width�height). The lengthof oscillating bar is 0.5m. There
are threependulumswithdifferentmasses, i.e.1kg, 2.5 kgand5kg. To
avoid thewaveforminterference causedby fragmented rockmasses, a
steel cushion block is tightly inserted into the rock masses at the
impact point. As shown in Fig. 3, the pendulum impact facility isfixed
to right sidewall of this tunnel by expansion bolts. It is available to
generate impact-induced vibration signals at different energy levels
by controlling the drop height of pendulums.

3.3. Experimental procedure

This pendulum impact test facility provides a method for
stimulating seismic waves repeatedly. The pendulum falls freely
from different heights at 0.94 m, 0.64 m and 0.22 m, corresponding
to the scales of dial at 180�, 130� and 80�, respectively (Fig. 3b). The
input impact-energy is equal to the gravitational potential energy
of the pendulum. Then, the values of input impact-energy (IE) range
from 2.2 J to 47 J, as listed in Table 1. To obtain reliable impact-
d experimental layout.



Fig. 3. Installation of pendulum impact facility.

Table 1
Values of input impact-energy (IE).

Scale of dial (�) Input impact-energy (J)

1 kg pendulum 2.5 kg pendulum 5 kg pendulum

180 9.4 23.5 47
130 6.4 16 32
80 2.2 5.5 11
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induced waveforms, six tests are performed for each test scenario.
A high-resolution MS monitoring system, manufactured by Engi-
neering Seismology Group (ESG), is used to record the impact-
induced waves in this study (Fig. 4a). The MS monitoring system
consists of digital signal processing system and digital signal
acquisition system, possessing a 32-bit delta-sigma digital-to-
analogue converter (DAC) and a sampling frequency of 10 kHz,
respectively. When the recorded signals exceed a given threshold,
the MS monitoring system can perform preliminary event detec-
tion, using the short time average versus long time average (STA/
LTA) algorithm. Besides, to ensure the reliability of signal trans-
mission between the signal acquisition system and accelerometers,
twisted pair cables and fiber optics are used to connect these sys-
tem devices. The uniaxial accelerometers have a frequency
response range of 50e5000 Hz and a sensitivity of 30 V/g. As shown
in Fig. 2, the sensor array is distributed in a straight line along the
axis of the tunnel, and the intervals of accelerometers are 6.7 m,
7.4 m, 6.8 m and 5.6 m from sensors #1 to #5. To install the sensors
on the sidewall tightly, five boreholes, with a depth of 200 mm and
diameter of 10 mm, are drilled by electric hand-drill. The uniaxial
accelerometers are mounted in the boreholes by anchor resin.
Then, the impact-induced waves can be received by accelerometers
#1e#5 in sequence.
Fig. 4. (a) Data acquisition system, and (b) Installation of accelerometer.
4. Experimental results

4.1. Seismic energy attenuation characteristics

Due to the viscoelastic and anisotropic properties, the attenua-
tion of energy will occur when the seismic waves propagate
through rock medium. There are three energy attenuation modes,
i.e. geometrical spreading, intrinsic absorption and scattering
attenuation (Gibowicz and Kijko,1994; Fu et al., 2018; Barbosa et al.,
2019). In seismology, a dimensionless quality factor (Q) is used to
describe the energy attenuation of seismic waves (Johnston, 1979;
Wanniarachchi et al., 2017), which is defined as a fractional energy
loss per cycle:

Q ¼ � 2pE
DE

(1)

where E is the total energy and DE is the energy loss per cycle (T).
Eq. (1) can be rewritten as follows:

Q ¼ � 2pE
T dE

dt

(2)

dE
E

¼ � 2p
TQ

dt (3)

where t is the time. Then, the energy attenuation of seismic waves
can be expressed in exponential function form as follows:

E ¼ E0e
�2pt

TQ ¼ E0e
�2pf

Qv
x ¼ E0e

�aEx (4)

where E0 is the MS energy at the source; f is the frequency; v is the
wave velocity; x is the propagation distance; and the term 2pf/(Qv)
is defined as the energy attenuation coefficient aE (m�1), which can
be used as an index of energy attenuation. As the value of attenu-
ation coefficient aE decreases, the energy loss also decreases.

4.2. Analysis of the impact-induced signals

The impact-induced signals at different monitoring points (#1e
#5) are recorded byMSmonitoring system. Acceleration-time curves
aremeasured for each impact test. Then, the velocity-time curves can
be obtained by numerically integrating the acceleration-time curves.
For instance, when the value of input impact-energy is 47 J, Fig. 5
shows the measured acceleration-time curves at sensors #1e#5,
and the corresponding velocity-time curves are presented in Fig. 6. By
picking the first arrivals of seismic waveforms in Fig. 5, the velocity
information of the test area can be measured. The distance and dif-
ference of arrival times between sensors #1 and #5 are 26.5 m and
7.26ms, respectively. TheaverageP-wavevelocitycanbecalculatedas
3650m/s. Besides, to present the spectrum characteristics intuitively,
the two-dimensional spectra for waveforms #1e#5 are obtained by
the fast Fourier transform (FFT), as shown in Fig. 7. It can be seen that
the dominant frequency of waveforms is gradually decreased as the
propagation distance increases. Moreover, CWT and wavelet packet
transform are used to analyze the time-frequency characteristics and
the energy distribution of these signals, respectively.

4.2.1. CWT analysis
CWT provides a multi-scale time-frequency analysis for non-

stationary signals, which has been widely used in seismology
(Mallet, 1999; Kaveh, 2019). CWT is defined as the inner product of
a dilated and translated wavelet with the original signal (Mallet,
1999). By translation and scaling of the wavelet function with a
variable-size window, the similarity coefficients can be obtained



Fig. 5. Acceleration-time curves of sensors #1e#5.

Fig. 6. Velocity-time curves of sensors #1e#5.

Fig. 7. Frequency-domain curves of sensors #1e#5 by FFT.
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throughout the signal (Whitney, 2019). Therefore, CWT can present
the local information of signals in time-frequency domain with
high resolution. In this study, CWT is introduced to analyzing the
time-frequency characteristics of impact-induced signals.

As shown in Fig. 6, the velocity waveforms at monitoring points
#1e#5 are attenuated successively. By programming about CWT in
MATLAB software, the wavelet spectra of these velocity waveforms
are shown in Fig. 8. It can be seen that the dominant frequency of
sensors #1e#5 are 612 Hz, 371 Hz, 362 Hz, 332 Hz and 214 Hz,
respectively. The dominant frequency of signals gradually de-
creases with the increase of propagation distance. As shown in
Fig. 8a and b, there are high-frequency components between
1000 Hz and 2500 Hz. However, these high-frequency components
are attenuated significantly in Fig. 8e. The frequency spectra of
velocity waveforms display low-frequency characteristics as the
propagation distance increases. It seems that the bedding planes
may have high-frequency filter effects on seismic waves.
4.2.2. Wavelet packet transform analysis
Thewavelet packet transform is a signal processing technique to

decompose the different frequency components of the signals (Tian
et al., 2019). By using thewavelet packet energy analysis program in
MATLAB software, the energy distribution characteristics of
different frequency bands can be analyzed. The selection of wavelet
functions depends on the shape of the input signals. Due to the
good compact support, smoothness and symmetry of Daubechies
wavelet system (Daubechies, 1990; Huang et al., 2019), db8 wavelet
function is selected to analyze the impact-induced signals in Fig. 6.
These signals are decomposed into 8 layers with 28 (256) frequency
bands. The width of each frequency band is 19.53 Hz. As shown in
Fig. 8, the dominant frequency components of the signal #1 are
distributed below 1000 Hz. Then, the 1ste51st frequency bands (0e
996.03 Hz) are selected to analyze the energy distribution charac-
teristics of these signals. The percentages of energy distribution
with different frequency bands are presented in Fig. 9.

For the signal received by sensor #1, the wave energy is mainly
distributed in two frequency bands of 200e300 Hz and 500e
700 Hz, accounting for 28.07% and 47.47%, respectively. As the
impact-induced signal propagates from sensors #1 to #5, the per-
centage of energy distribution in the frequency bands of 500e
700 Hz significantly declines from 47.47% to 1.56%. However, the
percentage of energy distribution in the frequency bands of 200e
300 Hz increases gradually from 28.07% to 59.46%. Due to the
reflection and scattering effects on the propagation path, the dis-
tribution of energy is gradually concentrated in the low-frequency
bands of 200e300 Hz.
4.3. Energy and PPV attenuation laws in deep tunnels

To understand the energy attenuation laws of seismic waves in
deep tunnels, the impact-induced signals at different monitoring
points (#1e#5) are recorded byMSmonitoring system. The energy
value of impact-induced wave can be calculated as (Martinez-
Martinez et al., 2011):

ET ¼ 1
2
Dm

Zte
v2ðtÞdt (5)

where ET represents the total energy of impact-induced signal; Dm
is the unit mass; ts and te are the start and end times of the
calculation period, respectively; and v(t) is the velocity function.

When the value of input impact-energy is 47 J, the corre-
sponding velocity-time curves of sensors #1e#5 are presented in
Fig. 6. The energy values at different monitoring points (#1e#5)
can be calculated as 3.051 J, 0.489 J, 0.539 J, 0.164 J and 0.048 J,



Fig. 9. Percentages of energy distribution in different frequency bands (sensors #1e
#5).

Fig. 10. Attenuation laws of energy and PPV at input impact-energy of 47 J.

Fig. 8. Wavelet spectra of sensors (a) #1, (b) #2, (c) #3, (d) #4, and (e) #5.
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respectively. As shown in Fig. 10, the intensity of impact-induced
signal decreases greatly as the propagation distance increases.
The energy attenuation laws can be exponentially fitted by Eq. (6)
with coefficient of determination R2 of 0.948. In addition, the PPV
is defined as the maximum amplitude of the vibration velocity.
According to Fig. 6, the PPV values at different monitoring points
(#1e#5) are 0.457m/s, 0.337m/s, 0.285m/s, 0.093m/s and 0.05m/
s, respectively. The PPV attenuation laws can be exponentially fitted
by Eq. (7) with R2 of 0.928.

ET ¼ 3:29e�0:23x (6)

PPV ¼ 0:49e�0:05x (7)

Due to the presence of geological discontinuities, attenuation
effects of seismic waves have been investigated in different sce-
narios (Wu et al., 1998; Lu et al., 2010; Jayasinghe et al., 2019). The
energy attenuation of seismic waves is closely associated to the
physical properties and structural features of rock medium. In this
study, the rock mass contains a set of bedding planes filled with
thin-layer calcites. The angle between the bedding planes and
measurement alignment is 40�. When the seismic waves propagate
obliquely through the bedding rockmasses, thewave reflection and
refraction would occur between the layers. It may have a great
contribution on the energy attenuation of seismic waves.

Under the conditions of different input impact-energy, i.e. 2.2 J,
5.5 J, 6.4 J, 9.4 J, 11 J, 16 J, 23.5 J and 32 J, the calculated energy and
PPV values at different monitoring points are used to study the
attenuation laws in deep tunnels. The scatter diagrams of energy
and PPV related to propagation distance are presented in Fig. 11. It
can be seen that the attenuation degree of energy is larger than that
of PPV, and the near-field attenuation of energy is much greater
than that of the far-field.

By fitting the attenuation data at different input impact-energy
levels, the attenuation laws of energy and PPV are shown in Fig. 12.
The energy and PPV attenuation of impact-induced waves are
exponentially related to the propagation distance. The energy
values of signals decrease by 85% within the propagation distance
of 10 m, while the attenuation degree of PPV is relatively small. The
attenuation coefficients of energy (aE) and PPV (aP) are tabulated in
Table 2. The attenuation coefficients of energy are much larger than
those of PPV. The values of aE/aP range from 3.216 to 4.731. It means
that the attenuation of energy is more sensitive than that of PPV.
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The relationship between the energy attenuation coefficient and
input impact-energy is shown in Fig. 13, which can be fitted by Eq.
(8) with R2 of 0.855.

aE ¼ 0:54IE
�0:221 (8)

With the increase of input impact-energy (IE) from 2.2 J to 47 J,
the energy attenuation (aE) coefficient gradually decreases from
0.447m�1 to 0.23m�1 in a form of power function. The relationship
between the energy attenuation coefficient and impact-energy of
waves is in agreement with B. Li et al. (2020). The energy attenu-
ation coefficient decreases significantly at the beginning. When the
input impact-energy exceeds 20 J, the slope of this curve gradually
becomes stable. It can be inferred that the higher impact-energy of
the induced waves may enhance the normal stiffness of joints to
facilitate the transmission of waves. The energy attenuation coef-
ficient will be changed with the intensity of MS events. In this
scenario, the energy attenuation coefficient of high-energy MS
events will be smaller than that of low-energy MS events.
4.4. Relationship between energy attenuation coefficient and wave
impedance

In the micro-perspective of rock medium, the most important
factors causing the energy attenuation of seismic waves are the
compactness of mineral particles and the fissure planes inside the
rock. As the compactness of mineral particles increases, the
porosity becomes lower, and thus the energy attenuation of seismic
waves would decrease. On the other hand, with the density of
fissure planes increases, the reflection and scattering of waves
occur frequently, and the energy attenuation of seismic waves
would increase. The wave impedance reflects the reflection and
transmission ability of stress wave in the rock medium, and its
value is equal to the product of the rock density and P-wave velocity
(Tian et al., 2019). The density of the rock can reflect the
compactness between the internal particles, and the P-wave ve-
locity can reflect the integrity of the rock. Due to the difference of
the wave impedance characteristics in rock masses, the seismic
waves would generate reflection and transmission. The portion of
seismic energy will be scattered. Therefore, the propagation and
attenuation characteristics of seismic waves are closely associated
with the wave impedance characteristics of the rock medium.

To explore the relationship between energy attenuation coeffi-
cient and wave impedance, 10 pendulum impact tests at different
tunnel sections are conducted. The corresponding rock density and
P-wave velocity can be measured at each testing scenario. There-
fore, the values of P-wave velocity, rock density, wave impedance
Fig. 11. Scatter diagrams of (a) signal energy an
and energy attenuation coefficient are listed in Table 3. Note that
the attenuation coefficients of energy are calculated at the same
impact-energy level (2.2 J).

According to the data in Table 3, the relationship between en-
ergy attenuation coefficient and wave impedance can be drawn in
Fig. 14, which is fitted by Eq. (9) with R2 of 0.81.

aE ¼ � 0:046Z þ 0:898 (9)

where Z denotes the wave impedance. It can be seen that the en-
ergy attenuation coefficient has a negative correlation with wave
impedance. As the value of wave impedance increases, the energy
attenuation coefficient decreases. It means that the energy loss of
seismic waves decreases with less reflection and scattering. Then,
an empirical relationship between energy attenuation coefficient
and wave impedance is established in Eq. (9). It provides a method
to estimate the energy attenuation coefficient in this scenario.
5. Determination of the released source energy

The source energy of MS events is usually used as a quantitative
evaluation index for the rockburst intensity classification (Chen
et al., 2015; Liu et al., 2020). Therefore, the reliable estimation of
source energy is important for rockburst classification and fore-
casting. The relationship between the seismic energy at the source
and residual energy at a specific location is formulated in Eq. (4).
The Napierian logarithmic transformation of Eq. (4) is expressed as
follow:

ln E ¼ � aExþ lnE0 (10)

where E is the residual energy of themonitored seismicwaves, and E0
is the seismic energy at the source. It is noted that theMS energy (E0)
at the source accounts for 0.1% of the total released source energy (ER)
in the process of rock fracture (McGarr, 1976; Cai et al., 1998).

To determine the seismic energy at the source, three important
parameters should be obtained, i.e. the propagation distance, re-
sidual energy and energy attenuation coefficient. Based on the
simplex location algorithm, coordinates of MS events are measured
in the ESG system, and propagation distance between the MS
source and the sensor can be calculated. Meanwhile, residual en-
ergy of the recorded seismic waves is calculated by Eq. (5). Ac-
cording to the energy attenuation laws described in Section 4.3, the
energy attenuation of low-energy MS events is more significant
than that of high-energy MS events. The energy attenuation co-
efficients of seismic waves can be obtained by Eq. (8) in this sce-
nario. However, note that Eq. (8) reveals the relationship between
d (b) PPV related to propagation distance.



Fig. 12. Attenuation laws of energy and PPV at different input impact-energy levels: (a) 2.2 J, (b) 5.5 J, (c) 6.4 J, (d) 9.4 J, (e) 11 J, (f) 16 J, (g) 23.5 J, and (h) 32 J.
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Table 2
Attenuation coefficients of energy and PPV.

Input impact-energy (J) aE aP aE/aP

2.2 0.447 0.139 3.216
5.5 0.376 0.091 4.132
6.4 0.34 0.105 3.238
9.4 0.404 0.117 3.453
11 0.317 0.067 4.731
16 0.267 0.06 4.45
23.5 0.269 0.061 4.41
32 0.243 0.054 4.5
47 0.23 0.05 4.6

Fig. 13. Relationship between energy attenuation coefficient and input impact-energy.

Table 3
Detailed information of 10 pendulum impact tests.

Date (YY/
MM/DD)

Chainage
(m)

P-wave
velocity
(m/s)

Rock
density
(g/cm3)

Wave impedance
(109 g/(m2 s))

aE (m�1)

2019/10/28 19,331
e19,358

4858.01 2.82 13.70028 0.306

2019/11/9 19,600
e19,628

3647.69 2.738 9.98782 0.446

2019/11/12 19,674
e19,701

5014.5 2.827 14.17652 0.174

2019/11/14 19,714
e19,738

3990.57 2.699 10.77096 0.381

2019/11/17 19,781
e19,809

5126.76 2.72 13.94614 0.323

2019/11/19 19,825
e19,850

5179.69 2.743 14.20865 0.27

2019/11/22 19,913
e19,939

5377.47 2.652 14.26198 0.185

2019/11/29 20,095
e20,123

4858.01 2.82 13.70028 0.306

2019/12/5 20,202
e20,229

5160.41 2.857 14.74403 0.252

2019/12/12 20,353
e20,383

5619.11 2.745 15.42686 0.174

Fig. 14. Relationship between energy attenuation coefficient and wave impedance.

Table 4
Comparison of the released source energy calculated by two methods.

No. Propagation distance (m) Released source energy (J) ER-N/ER-S

ER-N (new method) ER-S (ESG system)

1 110.19 6.52 � 105 6.29 � 105 1.04
2 114.4 4.34 � 105 7.1 � 104 6.11
3 111.26 4.29 � 105 6.1 � 104 7.03
4 112.03 3.52 � 105 5.73 � 104 6.14
5 118.52 4.97 � 105 4.72 � 104 10.53
6 117.13 5.05 � 105 4.41 � 104 11.45
7 109.92 3.09 � 105 2.02 � 104 15.3
8 108.12 3.24 � 105 1.65 � 104 19.64
9 101.83 2.72 � 105 1.49 � 104 18.26
10 108.33 2.55 � 105 3.33 � 103 76.58
11 109.65 2.44 � 105 1.8 � �103 135.56
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the energy attenuation coefficients and the input impact-energy.
Only part of the input impact-energy generated by the pendulum
can be converted into seismic wave energy. The conversion effi-
ciency (h1) is defined as the ratio of the seismic energy at the source
(E0) to the input impact-energy (IE), which is taken as 20% (Wang
et al., 2019). Thus, Eq. (8) can be rewritten as follows:
aE ¼ 0:54
�
E0
h1

��0:221

(11)

Combining with Eqs. (10) and (11), the expression of the seismic
energy at the source (E0) is given as Eq. (12), which can be solved by
Newton iteration method. Then, a new method is proposed to
determine the released source energy.

ln E ¼ � 0:54
�
E0
h1

��0:221

xþ lnE0 (12)

The values of the released source energy obtained by the ESG
system and the new proposed method are compared in Table 4.
Eleven MS events recorded by the same monitoring arrays are
selected as data samples. The typical MS waveforms are shown in
Fig. 15. By processing the MS events in the ESG system, the source
coordinates and released source energy (ER-E) can be calculated.
The related source parameters are listed in Table 4. In the ESG
system, the value of attenuation correction coefficient is generally
constant for all recorded MS events (Wandycz et al., 2019; Liu et al.,
2020). The estimation of attenuation coefficient depends on the
engineering experiences, rather than field investigation. The
correction errors would occur in the calculation of source energy.
Therefore, to estimate the seismic energy of MS events accurately,
the value of attenuation correction coefficient should be adjusted
for MS events with different energies, especially for low-energy MS
events. In the new proposed method, this energy-dependent



Fig. 15. Typical MS waveforms recorded by the ESG system.

J. Wu et al. / Journal of Rock Mechanics and Geotechnical Engineering 14 (2022) 494e504 503
attenuation difference has been properly accounted. Based on the
energy attenuation characteristics, the proposed method has a
relatively significant attenuation correction for low-energy MS
events. As shown in Table 4, it can be seen that there are significant
differences between the source energies calculated by two
methods (ER-N and ER-E). Themagnitudes of ER-N are generally larger
than those of ER-E. The difference between the ER-N and ER-E in-
creases as the decrease of released energy. The ratio of the ER-N to
ER-E ranges from 1.04 to 135.56.
6. Conclusions

By using a pendulum impact test facility and MS monitoring
system, an in situ investigation is carried out to study attenuation
laws of MS signals at a deep tunnel. The angle between the bedding
planes and measurement alignment is about 40� in this scenario.
The in situ stress has a significant influence on the attenuation
characteristics. The initial pores in rockmasses will be closed under
high in situ stress. On the other hand, the in situ stress also has a
considerable impact on the deformation and strength characteris-
tics of joints. The stiffness of joints will be enhanced under stresses,
which makes it easier for seismic waves to propagate across the
joints.

The attenuation laws of seismic energy and PPV are revealed in
this study. CWT and wavelet packet analyses are applied to
analyzing the attenuation characteristics of impact-induced signals
in time-frequency domain. The main conclusions are drawn as
follows:

(1) As the impact-induced signal propagates from sensors #1 to
#5, the dominant frequency of signals decreases gradually
from 612 Hz to 214 Hz. The high-frequency components
between 1000 Hz and 2500 Hz attenuate significantly. With
the increase in propagation distance, the energy distribution
of impact-induced signals is gradually concentrated in the
low-frequency bands (200e300 Hz).
(2) According to the measured energy and PPV values at
different monitoring points (#1e#5), the energy and PPV
attenuation of impact-induced signals are exponentially
related to the propagation distance. The attenuation of en-
ergy is more sensitive than that of PPV.

(3) As the input impact-energy increases, the energy attenuation
coefficient gradually decreases in a form of power function. It
can be inferred that the attenuation degree of seismic energy
will be changed with the intensity of signals. The energy
attenuation degree of low-energy MS events is more signif-
icant than that of high-energy MS events.

(4) The relationship between energy attenuation coefficient and
wave impedance is revealed based on 10 pendulum impact
tests. An empirical equation between energy attenuation
coefficient and wave impedance is established in this sce-
nario. The energy attenuation coefficient has a negative
correlation with wave impedance of the rock masses.

(5) Based on the energy attenuation characteristics for MS
events with different energies, an equation is proposed to
calculate the released source energy in the deep tunnel. It
provides a more reasonable source energy index for rock-
burst risk and disaster assessment.
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