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Abstract: In order to investigate the energy attenuation of microseismic signal in the "three-zone" structure of goaf, a similar model test 

of the overburden of goaf is proposed to collect the artificially excited microseismic signals propagated through the structure of goaf. The 

relationship between the central frequency and energy of the mode components of the microseismic signal via variational mode 

decomposition (VMD) is analysed. The optimal number of mode components of the microseismic signal is determined according to the 

central frequency method, and the energy of each component is calculated for the under-decomposition, optimal decomposition and over-

decomposition states of the microseismic signal. The relationship between the energy of each mode component and the central frequency 

distribution is fitted for the optimal decomposition state of the signal under each source, and the energy of each mode component is 

analysed for different propagation states of the microseismic signal in the "three-zone" structure. The effect of each structural layer on the 

energy of the microseismic signal under different propagation states of the "three-zone" structure is analyzed. The results of the study 

show that: (1) The number of effective modes of the artificially excited vibration signal in the VMD process ranges from 6 to 11, and the 

energy of the microseismic signal varies significantly with the number of modes. (2) The power function can be used to fit the mode 

energy versus frequency of the microseismic signal, and the fitting state is good (the coefficient of determination is greater than 0.9), in 

which the low-frequency mode component contains nearly 50% of the total energy of the signal. The Gaussian function can be used to fit 

the distribution performance of the energy of each component of the source in the frequency domain, and the fitting state is good and 

shows the Gaussian single-peak characteristic. (3) The microseismic signal traverses through the "three-zone" structure of goaf, and the 

energy of the microseismic signal decreases as the distance between the source location and the sensor increases. The collapse zone has a 

significant attenuating effect on the signal compared to the fracture zone and the bending zone. The energy of the microseismic signal 

does not change as it passes through the "three-zone" structure of goaf. 

Keywords: variational mode decomposition (VMD); microseismic signal; signal frequency characteristics; signal energy attenuation; 

three-zone structure of goaf 
 

1  Introduction 

With the advancement of coal mine production 
activities, the original coal-bearing sedimentary strata are 
mined out, leading to the formation of the "three-zone" 
structure of the goaf. In the process of microseismic 
monitoring, it is essential to consider the influence of the 
complex geological structure of the mine on the 
propagation of microseismic waves. The microseismic 
signals contain a wealth of geological information, among 
which the energy of microseismic signals is considered as 
an important parameter to describe the propagation state of 
microseismic waves. Therefore, investigating the 
attenuation characteristics of microseismic signals within 
the "three-zone" structure of the goaf can provide a 
reference to determine the activity patterns of potential 
dynamic disasters, which is of great significance for the 
study of microseismic monitoring in mines. 

The microseismic signals primarily include rock 
rupture signals, coal mine blast signals, mechanical 

vibration signals, and other construction noise signals[1]. 
The presence of noise signals can affect the calculation 
of microseismic signal energy. However, accurate 
calculation of microseismic signal energy is the key to 
the research on microseismic signal energy. Therefore, 
the reasonable extraction of the effective components of 
the microseismic signal for signal energy calculation is 
a crucial prerequisite to ensuring the accuracy and 
effectiveness of microseismic monitoring in coal mines. 
At present, adaptive signal decomposition methods, 
such as empirical mode decomposition (EMD)[2−3] and 
empirical wavelet transform (EWT)[4], can achieve 
signal decomposition and noise filtering. However, the 
use of EMD for signal decomposition is prone to 
induce the issues such as mode aliasing and endpoint 
effects[5], while the EWT is susceptible to the noise and 
uneven distribution of spectral amplitude, resulting in 
sparse and uneven spectral segmentation. Dragomiretskiy 
et al.[6] proposed the variational mode decomposition 
(VMD) based on EMD, which is a variational analysis 



  992                     JIA Bao-xin et al./ Rock and Soil Mechanics, 2024, 45(4): 9911002 

 

method based on the frequency information of the signal. 
This approach has strong noise robustness[7], good self-
adaptation, and solid mathematical foundation. However, 
an inappropriate number of mode components affects the 
signal decomposition results and has a significant influence 
on the signal analysis. The central frequency observation 
method[8−10], constructing indicators for optimization[11], and 
particle swarm algorithm[12−14] can be used to determine the 
reasonable number of mode components for VMD, thereby 
facilitating its application in signal noise reduction, feature 
extraction of vibration signals, and other related domains. 

The microseismic signal energy is an important 
indicator of signal changes in the microseismic monitoring 
system. The change in energy can reflect the change 
characteristics of complex strata during the signal 
propagation process. In order to analyze the signal energy 
characteristics, Jia et al.[15] summarized the relationship 
between the instantaneous energy attenuation of 
microseismic signals in layered rock mass and the 
propagation distance, propagation velocity, and structural 
surface. Jia et al.[16] considered different propagation 
velocities of microseismic waves in different layered rocks, 
established the wavefront equation of microseismic waves, 
and summarized the microseismic signal propagation 
characteristics of the specific geological structures. Zhao et 
al.[17] derived the microseismic signal energy evolution 
characteristics during the loading process by conducting 
loading tests on fractured rocks, and elaborated the effect 
of fracture inclination angle on the signal energy. 
Martínez-Martínez et al.[18] proposed a spatial attenuation 
parameter that is sensitive to the petrographic 
characteristics and defects of the rock based on the energy 
of acoustic waves. Liu[19] applied fast Fourier transform 
and S-transform to obtain the amplitude-frequency and 
time-frequency characteristics of microseismic activity, 
and differentiated the types of rockburst by energy 
distribution characteristics. Liu et al.[20] studied the energy 
attenuation characteristics of microseismic waves, and 
discussed the attenuation responses of seismic wave 
energy to the seismic source energy, radius, energy 
attenuation coefficient, and the distance from the seismic 
source to the loaded point during large-scale rupture. Liu 
et al.[21] extracted the microseismic waveforms and 
spectral characteristics under different energy levels based 
on field microseismic data. Jing et al.[22] performed 
wavelet noise reduction on the original microseismic 
signal to obtain the distribution characteristics of signal 
energy, and analyzed the attenuation characteristics of the 
instantaneous energy during the propagation of 
microseismic signals by using the Hilbert-Huang 
transform (HHT). Zhang et al.[23] employed the VMD 
method to obtain the energy distribution characteristics 
and identify the rock fracture and blast vibration signals. 
Zhou et al.[24] used VMD to process the microseismic 
signals of the mine and obtained the energy-frequency 
relationship of each mode of microseismic signals. Jia et 
al.[25] established the wavefront equation for microseismic 

wave under non-uniform medium conditions and revealed 
the influence of specific geological conditions such as 
faults and goaf on the propagation of microseismic signals. 

Based on the previous research, the changes in 
propagation characteristics of microseismic signals in 
specific geological structures need to be further studied. 
The objective of this study is to investigate the 
attenuation characteristics of microseismic signal energy 
in the "three-zone" structure of the goaf, and to clarify 
the relationship between the microseismic signal energy 
and the signal frequency. In this paper, we conduct a 
model test on the overburden structure in the goaf, 
decompose the signals into intrinsic mode functions 
(IMFs) with limited bandwidth by using VMD, calculate 
the energy of the signals in different frequency bands, 
and then fit the signal energy to the central frequency. 
This will elucidate the changes of the signal energy in the 
frequency domain, and provide a reference for the 
attenuation of microseismic signals in the "three-zone" 
structure of the goaf. 

2  Principles of VMD and microseismic 
signal energy calculation 

2.1 VMD principle 
VMD is a non-recursive signal decomposition 

method for adaptive solving. It transforms the mode 
estimation into a variational problem, and then iteratively 
searches for the optimal solution of the constrained 
variational model[6]. This method is employed to 
decompose the real-valued input signal f into a finite 
number of sub-signals uk. Each mode has its own central 
frequency ωk. 

The mode function is defined as an amplitude-
modulation and frequency-modulation (AM-FM) signal, 
denoted as follows[6]: 

( ) ( )cos( ( ))k k ku t A t t                     （1） 

where t is the time; uk(t) is the sub-signal according to 
VMD; Ak(t) is the instantaneous amplitude of the sub-
signal, and Ak(t) ≥ 0; φk(t) is the instantaneous phase 
of the sub-signal, which is a non-decreasing function, 
and φk(t) ≥ 0. ωk(t) =φk(t) is the central frequency of 
the sub-signal. 

The Hilbert transform is made for the mode 
function uk and the resulting spectrum is shifted to the 
baseband using the estimated central frequency. The 
bandwidth is then estimated by calculating the square 
of the L2 norm of its gradient, resulting in following 
constrained variational model[6]: 
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where {uk}={u1, ..., uk} is the set of all modes; 
{ωk}={ω1, ..., ωk} is the central frequency corresponding 
to each mode; δ(t) is the Dirac function; * is the 
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convolution symbol; and f(t) is the real-valued input 
signal. The constraint is that the sum of each mode is 
equal to the input signal. 

To guarantee the model convergence and strict 
enforcement of constraints, the penalty factor α and 
Lagrange multiplier λ are used to transform the original 
constrained variational problem (Eqs. (1) and (2)) into an 
unconstrained variational problem. The augmented and 
generalized Lagrangian function L is then expressed as 
follows[6]: 
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where  is the quadratic penalty factor; and λ(t) is the 
Lagrange multiplier. 

By solving the optimal solution of the above 
variational model, i.e. the saddle point of the augmented 
Lagrangian function L, the mode function uk and central 
frequency ωk can be expressed as follows[6]: 
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where 1ˆ ( )n
ku   , ˆ ( )f  , ˆ ( )iu   and ˆ( )   are the 

Fourier transforms of 1( )n
ku t , ( )f t , ( )iu t  and ( )t ; 

and n is the iteration step. By making the inverse 
Fourier transform of the desired ˆ ( )ku   and taking its 
real part, the time domain mode ( )ku t  can be obtained. 
2.2 Principle of microseismic signal energy 

calculation 
In the microseismic monitoring applications, the 

original microseismic data are often used to calculate 
the signal energy. By introducing a common concept in 
signal and system analysis, the signal energy is 
calculated as 

S

SS

2

S lim ( ) d
T
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
              （6） 

where ES is the signal energy; TS is the integration 
interval; and f(t) is the signal function. 

The integration time of the microseismic signal is 
infinite, making it suitable for a wide range of 
applications. However, the microseismic signal is time-
varying and non-periodic. It can be regarded as a finite 
duration vibration signal after filtering out the 
background noise. Therefore, the microseismic signal 
energy is calculated by taking the finite time containing 
the vibration signal: 
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where Ems is the microseismic signal energy; and t1 and 
t2 are the time limits. 

In the process of microseismic signal acquisition, the 
occurrence time of the seismic activity is not controllable, 
resulting in a large difference in the duration of vibration 
signals collected by the sensors. In order to reduce this 
difference, the interception processing of the original 
signal is required. The peak vibration velocity Vmax of the 
original signal is first picked up to determine the peak 
arrival moment. Then, the time limits t1 and t2 are 
determined by taking Δt before and after the peak arrival 
moment, respectively, to ensure that the intercepted 
signal completely contains the signal duration. Finally, 
the signal in the time interval [t1, t2] is used as the 
microseismic signal V0(t) to be analyzed. 

The microseismic data acquisition is performed at a 
fixed sampling frequency fs with a sampling interval of 
Δt = 1/fs. The number of vibration signal samples is 
N=(t2−t1)/Δt =(t2−t1)fs, and the sampled signal is a 
discrete time series, which is expressed in Eq. (8) as a 
discrete form of Eq. (7) to calculate the V(m) signal 
energy. 
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where m is the serial number of the samples; and N is 
the number of samples. 

3  Modeling of overburden structure in the 
goaf 

3.1 Model test 
According to the relevant geological and mining 

data of a mine including the histogram of a fully 
mechanized mining face and the physico-mechanical 
properties of rocks, as well as the dimensions of the 
frame system (2.8 m×0.3 m×1.5 m, plane-stress model 
test platform), the similarity ratios of geometry, gravity, 
strength and time are determined to be 1:200, 1:1.7, 
1:340 and 1:14 based on the principle of similarity 
conditions. After analysis, the test model can accurately 
reflect the stratigraphic state in the field and fulfill the 
conditions of this study. The model uses sand as 
aggregate, and lime and gypsum as cementing materials, 
which are mixed in different proportions to simulate 
various rock formations[15]. The distribution of each 
rock layer in the model and its physical properties are 
listed in Table 1. The schematic diagram of the layered 
media is plotted in Fig. 1 based on the parameters of a 
similar model, where ASA, ASB and ASC represent the 
seismic sources. 

The open-off cut with a length of 50 mm is excavated 
500 mm from one side of the model. Thereafter, the 
mining operation is carried out. After mining, the 
overburden structure above the goaf exhibits the formation 
of "three zones", i.e. caving zone, fissure zone and sagging 
zone, as shown in Fig. 1[15]. 
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Table 1  Distribution of rock layers and their physical 
parameters[26] 

Rock 
formation 

No. of 
rock 

formation 

Thickness of 
rock 

formation/mm 

Proportion
of mixture 

Strength of rock 
formation/kPa 

Compressive Tensile 

Mudstone s25 36(66) 573 65 5 
Sandy 

mudstone 
s24 28 573 63 4 

Medium-
grained 

sandstone 
s23 54 455 201 10 

Mudstone s22 25 573 65 4 

E11 coal s21 12 637 25 5 
Sandy 

mudstone 
s20 44 573 63 4 

Fine 
sandstone 

s19 27 355 248 13 

Mudstone s18 115 573 65 5 

Medium-
grained 

sandstone 
s17 29 455 201 10 

Mudstone s16 224 573 65 5 

Medium-
grained 

sandstone 
s15 56 455 201 10 

Fine 
sandstone 

s14 48 355 248 13 

Mudstone s13 30 573 65 5 

Siltstone s12 90 537 171 6 

Medium-
grained 

sandstone 
s11 55 455 201 10 

Sandy 
mudstone 

s10 53 573 63 4 

Fine 
sandstone 

s9 42 355 248 13 

Mudstone s8 28 573 65 5 
Fine 

sandstone 
s7 12 355 248 13 

Mudstone s6 27 573 65 5 

F16−17 coal s5 30 637 25 5 
Sandy 

mudstone 
s4 51 573 63 4 

Mudstone s3 12 573 65 5 

Limestone s2 53 573 63 4 

Mudstone s1 19(31) 573 65 5 

Note: Regarding the thicknesses of rock formations s1 and s25, the numbers 
in the parentheses are the actual layer thicknesses of the model, and the 
numbers outside the parentheses are the thicknesses of the media contained 
in the study area. The first digit of the proportion of mixture is the sand-to-
cement ratio, and the second and third digits represent the lime and gypsum 
percentages of the cementing material, respectively. 

 

 

Fig.1  Schematic diagram of mined-out subsidence area in 
layered media (unit: mm) 

 
The blast impact signal is characterized by short 

rise time and short duration of peak signal. The 

waveform characteristics of the impact signal generated 
by the pendulum after a single impact are similar to that 
of the blast impact signal. Hence, the pendulum is used 
as an artificial vibration-generating device to simulate 
the blast impact signal. After the formation of the goaf, 
a pendulum with a length of 70 cm and a mass of 30 g 
was employed as the seismic source excitation device. 
The location of the seismic source is shown in Fig. 1, 
and the location coordinates of the seismic sources are 
listed in Table 2. An infrared timer is used to record the 
seismic source moment, and it synchronously starts 
with the microseismic monitoring device. When the 
pendulum hits the predetermined seismic source, the 
pendulum line cuts the infrared ray to register the 
occurrence time t0 of the seismic activity[15]. 

 
Table 2  Artificial seismic source position coordinates and 
occurrence time 

Seismic source x/mm y/mm Occurrence time t0/s 

ASA 1 297.32 174.00 6.411 722 

ASB 1 300.87 385.14 8.006 455 

ASC 1 300.98 692.59 2.868 796 

 
After exciting the artificial seismic source, the 

microseismic signals are collected by Antenna-III. The 
observation range of the equipment is from −3 to 2, and 
the maximum sampling frequency can be up to 100 kHz. 
In this test, the sampling frequency is set to 100 kHz. 
The sensor is of non-directional type, and it collects 
signals in the direction of the maximum vibration 
velocity[15]. Figure 1 shows the locations of the sensors, 
and Table 3 lists their coordinates. The signals recorded 
by the sensors are displayed in Fig. 2. 

 
Table 3  Sensor position coordinates 

Sensor No. x/mm y/mm 

1 2 200 1 140 

2 1 600 1 140 

3 1 000 1 140 

4 400 1 140 

5 550 0 

6 1 300 0 

7 2 050 0 

 

 

Fig.2  Artificial seismic source excitation of original 
microseismic signal (in ASA) 
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3.2 Intercepted signals and signal energy 
In the simulation test, an artificial seismic source is 

used to generate the signals. The duration of the signal 
acquired by the sensor varies greatly, thus it is necessary to 
perform signal interception processing on the original 

signal. The sampling frequency is 100 kHz. To ensure the 
integrity of the intercepted signal, the target signal before 
and after the peak signal within the time limit Δt = 0.5 s 
is selected. The target signal energy is calculated by Eq. (8). 
The energies of the target signals are tabulated in Table 4. 

 
Table 4  Target signal energies 

Seismic source 
Target signal energy/(mm2·s−1) 

1 2 3 4 5 6 7 

ASA 1.243×10−4 5.290×10−5 6.308×10−5 1.177×10−4 1.018×10−4 3.450×10−4 1.082×10−4 

ASB 7.937×10−5 7.444×10−5 7.437×10−5 2.094×10−4 5.262×10−5 8.938×10−5 6.679×10−5 

ASC 8.204×10−5 1.207×10−4 1.388×10−4 1.697×10−4 2.547×10−5 5.651×10−5 3.430×10−5 

 

4  VMD-based calculation of microseismic 
signal energy 

4.1 Optimal number of mode components for VMD 
of microseismic signals 
The central frequency observation method is 

employed to determine the optimal number of mode 
components. According to the results of trial calculation, 
the number of mode components K for the VMD process 
of target signal takes 2−12 in sequence, and the empirical 
values are assigned to other parameters. The central 
frequencies of each mode component when the number 
of mode components K of the signal received by the 
sensor No. 1 under the seismic source ASA ranges from 
2 to 10 are listed in Table 5. When K is equal to 2, the 
central frequencies of mode components are 261.52 Hz 

and 30.37 Hz, showing a large difference in the central 
frequencies of different mode components. When K is 
equal to 8, the central frequencies of mode components 
are 383.25 Hz and 229.66 Hz, which are close to each 
other. When K is equal to 10, the central frequencies of 
mode components are 422.26 Hz and 413.36 Hz, with 
almost identical central frequencies. When K is further 
increased to 11 and 12, the central frequencies of mode 
components are 413 Hz, 408.18 Hz and 467.78 Hz, 
397.42 Hz, respectively, which are very similar, 
indicating an over-decomposed state of the signal at this 
time. As the optimal number of decomposed layers is 
assumed to be equal to the previous K value when the 
central frequencies are close to each other, the optimal 
number of mode components is determined to be 7. The  

 
Table 5  Central frequencies of each mode component for different K values of ASA-1  

K Central frequency/Hz 

2 261.52 30.37 ― ― ― ― ― ― ― ― ― ― 

3 597.57 235.07 25.14 ― ― ― ― ― ― ― ― ― 

4 613.02 246.43 140.94 22.00 ― ― ― ― ― ― ― ― 

5 912.17 508.09 237.54 97.08 21.12 ― ― ― ― ― ― ― 

6 1 392.72 836.20 493.74 236.41 94.74 21.16 ― ― ― ― ― ― 

7 1 476.72 997.85 761.58 473.93 234.46 94.08  21.10 ― ― ― ― ― 

8 18 061.12 1 411.42 861.53 565.83 383.25 229.66  87.63  21.02 ― ― ― ― 

9 31 447.29 13 364.10 1 413.25 864.17 567.23 378.96 229.55  87.11  21.04 ― ― ― 

10 31 553.10 13 819.43 5 408.93 1 393.52 834.91 422.26 413.36 227.05  84.58  21.00 ― ― 

11 31 509.58 18 573.79 7 726.55 1 609.21 1 145.34 810.49 413.00 408.18 226.74  84.20 20.97 ― 

12 31 500.71  18 341.81  7 726.49  1 657.80  1 287.86  906.33  708.36  467.78  397.42  226.59  83.43  21.00  

 

 
Fig.3  Numbers of optimum modes for seismic source 

signals 

distribution of the optimal number of mode components of 
other seismic source signals is shown in Fig. 3. One can 
see that the maximum value of the optimal number of 
mode components for each sensor under the seismic 
source ASA is 8, while the minimum value is 7. The 
maximum value of the optimal number of mode 
components for each sensor under the seismic source ASB 
is 11, while the minimum value is 6. The maximum value 
of the optimal number of mode components for each 
sensor under the seismic source ASC is 10, while the 
minimum value is 6. Therefore, in the modeling test of 
the overburden structure in the goaf, the effective number 
of mode components for the artificial pendulum-excited 
vibration signal ranges from 6 to 11, which are all within 
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the range of the selected values for the number of mode 
components in the VMD process. 
4.2 Calculation of microseismic signal energy 

According to the determined optimal number of mode 
components, the IMFs of the microseismic signal at 
different central frequencies are obtained. Figure 4 shows 
the set of each IMF and the corresponding spectrum of the 
signal received by the sensor No. 2 under the seismic 
source ASA. From this figure, it is evident that IMF1 is a 
high-frequency noise component with a central frequency 
of 22 784.16 Hz, which is analogous to a high-frequency 
carrier wave, and the mode waveform has no source 
generation features. IMF7 is a low-frequency noise 
component with a central frequency of 15.86 Hz, which is 
similar to a low-frequency carrier wave. The seismic wave 
features can be seen, but the peak mode amplitude is 
nearly 6×10−3 mm/s, which is 10 times smaller than that of 

the original signal. Therefore, it is considered as a non-
primary seismic mode and thus should be excluded. 
According to the spectral division of vibration events by 
Cai et al.[27], the frequency of microseismic events ranges 
from 100 Hz to 1 000 Hz. In conjunction with the 
waveforms and spectral characteristics of the mode 
components shown in Fig. 4, the modes with central 
frequency in the range of 16-5 000 Hz are taken as the 
effective modes, and then the reconstructed microseismic 
signals V(t) are obtained, as plotted in Fig. 5. From this 
figure, it is obvious that the waveform becomes straight 
before the arrival of the signal, and the peak vibration 
velocity is almost unaffected by the filtering process. For 
any other microseismic signal, the range of effective 
frequency band is determined according to the central 
frequency value of the noise component in the optimal 
decomposition state. 

     
(a) VMD                                                 (b) Frequency 

Fig.4  Modal components and frequency spectra for ASA-2 signal 

 
Fig.5  Comparisons of ASA-2 microseismic signals before 

and after reconstruction 

The reconstructed microseismic signal V(t) for each 
sensor under each seismic source is obtained following the 
above filtering procedure. The signal energy of each mode 
is calculated according to Eq. (8). Figure 6 shows that the 
signal energy in the initial state of the VMD process is 
stable. With the increase in number of mode components, 
the signal energy decreases slightly. As K continues to 
increase, there is a sudden drop of signal energy. With the 
increase in K, the signal energy is still decreasing slightly. 
When the number of mode components approaches the 
maximum value, the signal energy gradually increases and 
is eventually maintained stable. The sensor No. 7 under 
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the seismic source ASA is taken as an example. The signal 
is in an incomplete decomposition state at the initial stage 
of decomposition, and the central frequencies of mode 
components are approximately 313 Hz and 43 Hz when 
the number of mode components is 2. When the number 
of mode components is 5, the central frequencies of mode 
components are approximately 1 595, 755, 327, 200 and 
28 Hz, and the effective components of the signal are not 
completely decomposed. Before reaching the optimal 
number of mode components, there is mode aliasing 
phenomenon occurred in each component. The low-
frequency invalid signal remains undecomposed and 
unfiltered, which results in part of low-frequency noise 
being included in energy calculation. Therefore, there is 
almost no obvious change in signal energy after filtering 
compared to the target signal energy. This same 
performance is also observed with the seismic sources 
ASB and ASC. 

When the number of mode components is 7, the 
effective components of the signal are completely 
decomposed and filtered, most of the low-frequency noise 
signals can be effectively removed, and the signal energy 
is greatly reduced. As the decomposition proceeds, the 
low-frequency signal contains a small amount of 
unfiltered low-frequency signal, which is gradually 
decomposed and filtered, and the signal energy is still 
slowly reduced. Compared with the target signal energy, in 
the state of complete decomposition, after filtering and 
removing the signal noise, the signal energy is reduced 
from 1.082 × 10−4 mm2ꞏs−1 to 6.028 × 10−5 mm2ꞏs−1, by 
nearly 50% of the total signal energy. The seismic sources 
ASB and ASC also have the similar performance. 

 

 

Fig.6  Signal energies at different K values for ASB_7, 
ASA_7 and ASC_7 

 
When the number of mode components increases to 

12, the central frequencies are 39 323, 31 494, 22 984, 
12 696, 2 948, 2 087, 1 866, 1 598, 1 324, 880, 657, 433, 
316, 190 and 26 Hz. At this time, the signal is over-
decomposed, the high-frequency noise component due to 
the over-decomposition is filtered, and the signal energy 
magnitude is basically maintained as that in the complete 
decomposition state. However, due to the over-

decomposition of the IMFs in the intermediate frequency 
band and the unfiltered spurious components obtained, 
the signal energy is slightly increased compared to that in 
the full decomposition state. The seismic sources ASB 
and ASC also exhibit similar performance. 

One can see from Table 6 that the number of mode 
components of the signal received by the sensor No. 7 
under the seismic source ASA is assumed to be 10. After 
decomposition, the central frequencies and energies of 
each mode component greater than 5 000 Hz are 31 819.77, 
19 835.06 Hz and 4.14×10−11, 4.54×10−11 mm2ꞏs−1, while 
the central frequency and energy of mode component 
less than 50 Hz are 21 Hz and 4.90×10−5 mm2ꞏs−1. The 
energy of the high-frequency signal component (the 
central frequency is greater than 5 000 Hz) accounts for 
only 0.000 3% of the total signal energy, while the 
energy of the low-frequency signal component (the 
central frequency is less than 50 Hz) accounts for 
47.426 5%, indicating that the low-frequency signal 
component contains most of the signal energy. Therefore, 
decomposing and filtering the low-frequency noise is the 
key to calculating and analyzing the signal energy, and it 
is of great significance to understand the characteristics 
of signal energy. 

 
Table 6  Energy share of each mode for ASA-7 signal 

Mode 
component 

Central 
frequency /Hz Ems/(mm2·s−1) Energy share/% 

IMF1 31 819.77 4.14×10−11 0.000 1 

IMF2 19 835.06 4.54×10−11 0.000 1 

IMF3 1893.39 3.18×10−8 0.038 5 

IMF4 1464.05 5.47×10−8 0.066 2 

IMF5 965.40 2.13×10−7 0.257 6 

IMF6 763.06 6.98×10−7 0.844 9 

IMF7 453.60 2.32×10−6 2.812 7 

IMF8 316.54 2.45×10−5 29.597 9 

IMF9 191.80 1.57×10−5 18.955 6 

IMF10 26.86 3.92×10−5 47.426 5 

 

4.3 Relationship between microseismic signal 
energy and frequency 
To explore the relationship between energy and 

frequency of microseismic signals, the relationship 
between the full mode frequency of the signal and the 
mode energy is established by using a scatter plot with 
frequency on the horizontal axis and mode energy on 
the vertical axis. Based on the distribution of the data 
points, a Gaussian function model can be used to fit the 
relationship, which is expressed as follows: 

2
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
                             （9） 

where a is the peak value of the fitting curve; b is the 
peak coordinate of the fitting curve; and c is the width 
of the "bell" of the fitting curve. 

The curve fitting is performed by using the robust 
regression with fitting accuracy of 10−6. The maximum 
numbers of function calculations and iterations allowed 

2 3 4 5 6 7 8 9 10 11 12

0.2 

0.4 

0.6 

0.8 

1.0 

0 

1.2 

S
ig

na
l e

ne
rg

y/
(1

0−
4 m

m
2 ·

s−
1 )

 

Number of mode components, K

ASA ASA_7, target signal energy 
ASB_7, target signal energy 
ASC_7, target signal energy 

ASB
ASC

EmsASA 7=1.082×10−4

EmsASB 7=6.679×10−5

EmsASC 7=3.430×10−5



  998                     JIA Bao-xin et al./ Rock and Soil Mechanics, 2024, 45(4): 9911002 

 

are taken as 1 000. The Gaussian fitting results are shown 
in Fig. 5. The coefficient of determination 2

adjR  (adjusted 
R2) and RMSE are the evaluation indices of the fitting 
results, and both are within the range [0, 1]. When 2

adjR  is 
close to 1, and RMSE tends to 0, the independent variable 
can better reflect the response variable through the fitting 
process, and the fitting effect is better. The correlation 
coefficient R between 0.7 and 1.0 indicates a strong 
correlation, 0.5−0.7 shows medium correlation, 0.3−0.5 
indicates weak correlation, and 0−0.3 shows no correlation. 
For this paper, R2 from 0 to 0.09 corresponds to no 
correlation, and 0.09−1 shows correlation. 
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where iw  is the sample weight of the data; iy  is the 
original data; ˆiy  is the predicted data; iy  is the mean 
of the original data; N is the number of samples; and P 
is the number of regression coefficients. 

Figure 7 indicates that the coefficients of determination 
for the three seismic sources are all larger than 0.9. This 
suggests that the numerical relationship between mode 
energy and frequency can be approximated by a Gaussian 
function. The mode energy shows a tendency to increase 
and then decrease with the increase in frequency. This is 
consistent with the basic characteristics of a Gaussian 
distribution, and the signal energy is mainly concentrated 
in the frequency range of 10−2 000 Hz. However, due to 
the different locations of the seismic sources and the 
various rock layers encountered during the signal 
propagation process, the differences in peak center and 
the width of the bell shape of the Gaussian distribution 
are induced. Meanwhile, the central frequency of the 
energy peak changes from 36.19 Hz under the seismic 
source ASB to 1 153 Hz under the seismic source ASA, 
representing a 95% increase in central frequency. The 
central frequency of the energy peak under the seismic 
source ASC is 1 182 Hz, with a 95% increase in central 
frequency compared with the seismic source ASA. It can 
be concluded that different rock layers, goafs and faults 
in the complex geological model have different degrees 
of frequency modulation on the seismic source, which 
indicate differences in Gaussian fitting for different 
propagation states. Meanwhile, we can characterize the 
difference of energy-frequency distribution of the signal 
by determining the fitting function to locate the seismic 
source in the "three-zone" structure of the goaf. 

In the optimal decomposition state of the signal, the 
mode energy and the corresponding central frequency 
are used for drawing a scatter plot, which can determine 
the relationship between energy and central frequency 
of each mode component by fitting. A power function 
model is proposed for the seismic sources ASA, ASB 

and ASC, based on the scatter plot of each mode energy 
and frequency of the signal received by the sensor No. 
1, and it is expressed as follows: 

 by ax                                （12） 

 

 

(a) ASA 

 

(b) ASB 

 

(c) ASC 

Fig.7  Relationships between energy and central frequency 
for three signals 

 
During the fitting process, the fitting accuracy is 10−6, 

and the maximum number of function calculations and 
iterations allowed are set to 1 000. The fitting results are 
shown in Fig. 8. According to the fitting results listed in 
Table 7, the coefficients of determination for the signals 
recorded by the sensor No. 1 under three seismic sources 
are all greater than 0.9. It can be considered that the 
energy of each mode component is power-exponentially 
correlated with the central frequency. The signal energy 
decreases as the frequency increases, and it is mainly 
concentrated in the frequency band from 0 to 2 000 Hz. 
According to the positional relationship of each fitting 
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function, it can be observed that the attenuation rate of 
the signal energy under the seismic source ASA located 
in the caving zone is faster than that of the seismic 
sources ASB and ASC. Therefore, it can be assumed that 
due to the differences in the structural location and 
propagation state of the seismic source, the signal energy 
attenuation trend of each sensor is different, and the 
signal attenuation speed is faster in the caving zone. 

 

Fig.8  Relationships between signal modal energy and 
central frequency (sensor No. 1) 

Table 7  Fitting results of signal modal energy and central 
frequency for different seismic sources at sensor No. 1 

Sensor 
Fitting parameter 

R2 
adj RMSE 

a b 

ASA-1 0.009 039 0 −1.715 0 0.998 6 6.313×10−7 

ASB-1 0.000 504 7 −0.878 1 0.944 5 3.166×10−6 

ASC-1 0.003 041 0 −0.973 1 0.918 2 4.440×10−6 

5  Analysis of signal energy response to 
"three-zone" structure 

5.1 Signal energy change in "three-zone" structure 
In the test model, the seismic sources ASA, ASB 

and ASC are located in the caving zone, fissure zone 
and sagging zone, respectively. In the "three-zone" 
structure, the compaction of the sagging zone is good. 
However, due to irregular rock mass caused by strata 
collapse, rock bodies in the caving zone are not well 
compacted. The fissure zone contains a large number 
of fissures, and has a poorer compaction than the 
sagging zone, but better than that of the caving zone. 
The signals from the seismic source ASA arrive at 
sensors Nos. 1−4 through the caving zone, fissure 
zone and sagging zone. The signals from the seismic 
source ASC travel downwards through the sagging 
zone, fissure zone and caving zone to sensors Nos. 
5−7. The energies recorded by the sensors under the 
seismic sources ASA and ASC are shown in Fig. 9. 

Comparing the energies registered by the sensors Nos. 
2, 3 and 4, the energies under the seismic source ASC is 
larger than that under the seismic source ASA. The signals 
from the seismic source ASA arrive at the sensors Nos. 
1−4 through caving zone, fissure zone and sagging zone in 
the upward direction, which are farther from the sensors 
than those of ASC. The signal energies registered by the 
sensors under the seismic source ASA are reduced by 

40.63%, 24.64% and 74.06% compared with those of 
ASC, which is a significant reduction in attenuation 
amplitude. Comparing the energies recorded by the 
sensors No. 5, 6 and 7, the energies under the seismic 
source ASA are larger than those under ASC. The 
microseismic waves from the seismic source ASC travel 
downwards to the sensors Nos. 5−7 through the sagging 
zone, fissure zone and caving zone. The energies of the 
signals from the seismic source ASC recorded by the 
sensors are reduced by 92.37%, 96.80% and 83.15% 
compared with those of ASA, with an obvious attenuation. 

 

 

Fig.9  Signal energies of each sensor for different seismic 
sources 

 
The microseismic waves from the seismic source 

ASB travel upwards through the fissure zone and 
sagging zone to the sensors Nos. 2, 3 and 4, and 
downwards through fissure zone and caving zone to the 
sensors Nos. 5, 6 and 7. The distance of the seismic 
source ASB from sensor No. 3 is 1 213 mm, which is 
much larger than that of the sensor No. 7 (488.2 mm). 
However, the energy registered by the sensor No. 3 
(1.479 8×10−4 mm2/s) is much larger than that recorded 
by the sensor No. 7 (3.319 3×10−5 mm2/s), showing that 
the far-point energy exceeds the near-point energy. For 
the sensor No. 6, the downward signal energy 
attenuation under ASB compared to ASA is 88.26%, 
while that under ASC compared to ASA is 96.80%, 
showing a significant attenuation in both cases. 

The above analysis indicates that the energy 
attenuation during the upward propagation process 
ranges from 25% to 75%, while the energy attenuation 
during the downward propagation process ranges from 
85% to 95%. The differences in the number of structural 
layers and the sequence of crossing these layers result in 
varying degrees of attenuation effects on the energy 
when the microseismic waves traverse the goaf. Through 
comparative analysis of the sensor energy under the 
seismic source ASB, it is evident that the energy is 
attenuated relative to the distance between the sensor and 
the seismic source, and there are differences in the 
influence of the relative distance on the degree of energy 
attenuation. In the "three-zone" structure of the goaf, the 
rock layer of caving zone is completely fractured, and the 
rock body is irregular and poorly compacted, compared 
with the sagging zone and fissure zone. Therefore, the 
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comparison of the energy recorded by the sensor No. 6 
shows that the energy attenuation for the signals that 
travel through the caving zone is as high as 80%, which 
is much larger than that for the signals traveling through 
the sagging zone and fissure zone. 
5.2 Signal energy-frequency relationship under 

"three-zone" structure 
The microseismic signals arrive at the sensors through 

different layers. In order to investigate the relationship 
between energy and frequency in the signal propagation 
process within the "three-zone" structure, the signals of 
mode component at different central frequencies of each 
seismic source are obtained by using VMD, and the 

signals of effective component and their energies are 
calculated. The upward (towards sensors Nos. 1−4) and 
downward (towards sensors Nos. 5−7) propagation of the 
signals from the seismic source in different zones (the 
sagging zone, fissure zone and caving zone) are 
distinguished. The Gaussian function is still used to fit the 
relationship between the mode central frequency and 
mode energy. The statistics of the fitting results are listed 
in Table 8, where a is the peak value of the fitting curve, 
which indicates the signal energy; b is the horizontal 
coordinate of the peak of the fitting curve, which indicates 
the signal central frequency. The distribution of 
microseismic energy versus frequency is shown in Fig. 10. 

 
Table 8  Gaussian fitting results for energy versus frequency of microseismic signals in goaf 

Seismic 
source 

Fitting parameters 
R2 

adj RMSE Propagation direction and encountered layers 
a b c 

ASA 
1.535×10−5 65.73 322.8 0.338 1 8.078×10−6 Upward, caving zone, fissure zone and sagging zone  

1.181×10−4 295.30 173.7 0.911 9 1.129×10−5 Downward, caving zone 

ASB 
3.145×10−5 1153.00 211.1 0.923 1 2.433×10−6 Upward, fissure zone and sagging zone 

9.909×10−6 271.80 193.8 0.543 9 3.160×10−6 Downward, fissure zone and caving zone 

ASC 
1.879×10−5 1401.00 270.2 0.874 3 2.649×10−6 Upward, fissure zone 

1.956×10−6 234.40  50.8 0.817 1 5.030×10−7 Downward, sagging zone, fissure zone and caving zone 

 
Figure 10 shows that the distribution of mode energy 

basically conforms to the Gaussian function, and the 
distribution characteristics of the energy in the frequency 
domain can be characterized by fitting the curve to the 
data. According to the fitting curves in Fig. 10(a), the 
peak for the upward signal from the seismic source ASA 
corresponds to the central frequency of 65.73 Hz, the 
peak for the seismic source ASB corresponds to the 
central frequency of 1 153 Hz, and the peak for the 
seismic source ASC corresponds to the central frequency 
of 1 401 Hz. The positions of the peaks on the fitting 
curves appear to be shifted to the right. The frequency 
change of ASB compared to ASA is 94.3%, and the 
frequency change of ASC compared to ASB is 17.7%, 
indicating an obvious frequency change. According to 
the fitting curves in Fig. 10(b), the signal energy 
corresponding to the peak for the downward signal from 
the seismic source ASA is 1.181×10−4 mm2/s, 
corresponding to the frequency of 295.3 Hz. The signal 
energy corresponding to the peak of the seismic source 
ASB is 9.90×10−6 mm2/s, corresponding to the frequency 
of 271.8 Hz. The signal energy corresponding to the peak 
of the seismic source ASC is 1.956×10−6 mm2/s, 
corresponding to the frequency of 234.4 Hz. Compared 
with the seismic source ASA, the peak values of the 
curves for the seismic sources ASB and ASC are reduced 
by 91.61% and 98.34%, respectively, while no noticeable 
change occurs for the peak position. 

According to the changes in the fitting curves of each 
seismic source, the curve peaks and peak frequency 
changes under different propagation states are plotted, as 
shown in Fig. 11. For the signal frequency, the signal 
peak frequency of the seismic source ASA located in the 
sagging zone changes from 65.73 Hz in the upward 

direction to 295.3 Hz in the downward direction, with no 
obvious change; however, the peak frequencies of the 
seismic sources ASB and ASC in both upward and 
downward directions change from 1 153 Hz and 1 401 Hz 
to 271.8 Hz and 234.4 Hz, respectively. It seems that the 
central frequency of peak is obviously reduced. 

The aforementioned analysis indicates that the 
microseismic signal propagates in the "three-zone" 
structure of the goaf, and the signal frequency is subjected 
to the frequency modulation of the structure. When the 
microseismic wave propagates upwards from the seismic 
source, it crosses fissure zone and sagging zone without 
passing through caving zone, and the central frequency of 
the microseismic signal varies slightly. However, when it 
crosses the caving zone and arrives at the sensor, due to the 
poor compaction of rock layers in this zone, the contact 
between the rock blocks completes the signal propagation, 
which is different from other structural zones. This results 
in a frequency change by more than 90%, which is 
obvious for the frequency modulation of central frequency. 

For the signal energy, the upward and downward 
propagation distance for the seismic source ASB does not 
change much, but the peak height of the fitting curve 
decreases from 3.145 ×10−5 mm2/s in the upward direction 
to 9.909 ×10−5 mm2/s in the downward direction, with a 
significant decrease of 68.49%. The seismic source ASA is 
located in the caving zone, and the downward signal arrives 
at the sensors located in the caving zone. The medium does 
not change significantly, the distance from the sensors is 
closer, and the signal energy is at a high level. Thus, the 
microseismic signal propagates in the overburden structure 
of the goaf, and the signal energy is affected by the "three-
zone" structure. Specifically, there is more obvious 
attenuation effect on signal energy in the caving zone 
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compared to that in the sagging zone and fissure zone. 

 

(a) Upward signal energy 

 
(b) Downward signal energy 

Fig.10  Relationships between microseismic energy and 
frequency distribution for overburden model of goaf 

 

Fig.11  Relationships between peak centers of seismic source 
energy distribution and seismic wave propagation state in a goaf 

6  Conclusions 

Through VMD processing of microseismic signals in 
the model test in the overlying rock structure of the goaf, 
this study presents the relationship between signal energy 
and frequency, as well as the energy attenuation 
characteristics of the signals in the "three-zone" structure 
of the goaf. The following conclusions are reached: 

(1) The processing of microseismic signals in the 
goaf based on VMD can effectively filter out the noise 
signals. When the microseismic signal is in the optimal 
decomposition state, it is filtered according to the central 

frequency of each mode component, and the effect of 
removing the high-frequency and low-frequency noise 
signals is obvious. In the VMD process of signals, the 
effective number of mode components of each 
microseismic signal in the simulation test ranges from 6 
to 11, and there is a significant change in signal energy 
with the number of mode components K. This indicates 
that K affects the results of signal energy calculation 
during signal decomposition by using VMD. Thus it is 
crucial to choose a reasonable and correct number of 
mode components for accurate signal energy calculation. 

(2) The mode energy varies with the mode frequency 
following a power function. The signal recorded by the 
sensor No. 1 is fitted with a power function, and the 
coefficients of determination are greater than 0.9, indicating 
a good fit. With the increase in central frequency, the energy 
of mode component decreases following a power function. 
The signal energy of low-frequency component accounts for 
almost half of the total energy of the microseismic signals. 
The distribution of the energy of each mode component for 
the seismic signals in the frequency domain shows Gaussian 
single-peak characteristics, and the Gaussian function can be 
used to well fit the trend. During the signal propagation 
process, the changes in the peak center of the energy 
distribution occur as the microseismic wave crosses 
different structural surfaces, indicating that different 
geological structures have a frequency modulation effect on 
the microseismic waves. The peak values of these energy 
distributions also vary with the wave propagation across 
different structural surfaces, indicating that there are varying 
degrees of attenuation for wave energy in different 
geological layers. 

(3) The microseismic waves exhibit varying attenuation 
effects as they traverse the "three-zone" structure of the goaf, 
due to the number and sequence of structural layers. In the 
model test, the upward signal shows an energy attenuation 
ranging from 25% to 75%, while the downward signal 
experiences an energy attenuation between 85% and 95%. 
The "three-zone" structure of the goaf exhibits the frequency 
modulation. The fitting results show a central frequency of 
65.73 Hz for the seismic source in the caving zone, and the 
central frequencies of 1 153 Hz and 1 401 Hz for seismic 
source in the fissure zone and sagging zone, respectively. 
Notably, there is a significant variation in central frequency 
of up to 90%. 

In the "three-zone" structure of the goaf, the rock layer 
in the caving zone is characterized by complete fracturing, 
irregularity, and poor compaction, compared with the fissure 
zone and sagging zone. Due to the variability in the nature 
of the rock layers, the effect of the caving zone on the 
energy attenuation is up to 80% and the effect of frequency 
modulation on the central frequency is up to 90%, which is 
much greater than that of the sagging zone and fissure zone. 
In the process of microseismic wave propagation, the 
energy attenuates with the relative distance between sensor 
and seismic source. In the model test, the far-point energy 
exceeds the near-point energy, indicating that the relative 
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distance between seismic source and sensor has a different 
effect on the degree of energy attenuation. 

The microseismic signals provide valuable information 
about the geological environment in the 'three-zone' 
structure of the goaf. The microseismic signal traverses the 
sagging zone, fissure zone and caving zone in the goaf, 
which exhibit distinct change characteristics. Consequently, 
variations in energy and frequency of the microseismic 
signal can accurately reflect the changes in geological 
structure. Removing the noise components from the signal 
is a crucial prerequisite for analyzing the changes in energy 
and frequency of the microseismic signals. Therefore, 
further research is needed to accurately and reasonably 
calculate the energy of the microseismic signals, and on this 
basis, to investigate the geological conditions of the 
complex strata in the goaf. 
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