
Geomechanics and Engineering, Vol. 34, No. 1 (2023) 1-15 

https://doi.org/10.12989/gae.2023.34.1.001                                                                                                                                               1 

Copyright © 2023 Techno-Press, Ltd. 
http://www.techno-press.org/?journal=gae&subpage=7                                                                                                              ISSN: 2005-307X (Print), 2092-6219 (Online) 

 
1. Introduction 
 

Part of energy stored within rocks under high 

compression stress is rapidly released in the form of elastic 

perturbation wave, which is called the phenomenon of 

Acoustic emission (AE) (Liu et al. 2015, Moradian et al. 

2016, Niu and Zhou 2021, Huang et al. 2022). The wave 

amplitude and frequency components for AE signals 

generated from rocks contain some important information 

related to the failure mechanism of rocks (Zhang et al. 

2016). Consequently, investigating these AE signals 

contributes to deduce the changes in mechanical properties 

of rocks and to further to invert failure mechanism of rocks. 

At present, AE technology has been proved to be a 

nondestructive and effective monitoring tool, which can be 

used to evaluate the damage evolution process of rock 

materials (Shukla et al. 2013, Liu et al. 2015, Moradian et 

al. 2016, Niu et al. 2019, Zhou and Zhang 2021).  

Rocks are a complex heterogeneous geological material 

containing many pre-existing cracks (Wong and Einstein 

2009, Berto and Lazzarin 2014, Yang et al. 2014, Lin et al. 

2015, Zhu and Liu 2018, Pakzad et al. 2018, Zhou et al. 

2019, Shi et al. 2020, Kong et al. 2021, Liu et al. 2021, 

Zhao et al. 2022, Niu et al. 2023a). These pre-existing  
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cracks result in the complex cracking process of rocks 

(Zhao et al. 2015, Wang et al. 2017, Wang et al. 2018, Sun 

et al. 2019, Niu and Zhou 2021, Liu et al. 2021). However, 

how to effectively characterize this complex cracking 

process of rocks containing pre-existing cracks is a difficult 

problem for reliably assessing the stability and safety in 

underground rock engineering at present (Berto et al. 2013, 

Zhang et al. 2018). Luckily, AE monitoring technology 

provides an effective way to characterize the fracture 

damage process of rocks containing pre-existing cracks.  

The processing methods about AE signals can roughly 

be classified into three categories based on previous studies 

(Zhang et al. 2015, Li et al. 2017, Niu and Zhou 2021), 

including parameter-based analysis method, source 

localization-based analysis method and waveform-based 

analysis method. For the method of AE parameter analysis, 

the evolution characteristics of some conventional time 

series parameters (counts, energy, amplitude, etc.) are 

widely used to investigate the damage evolution process of 

rocks, which is due to the convenience of obtaining these 

parameters (Wasantha et al. 2014, Miao et al. 2021, Zheng 

et al. 2021). For example, Wasantha et al. (2014) conducted 

uniaxial compression tests on bedded-sandstone using AE 

monitoring technology and constructed the relationship 

between the AE energy and the damage process of rocks. 

Miao et al. (2021) adopted the AE count rate to investigate 

the deformation failure process of granite exposed to 

different temperatures under uniaxial compression. Zheng 

et al. (2021) used two AE parameters, including AE energy 

and cumulative count, to characterize the cracking process 

of sandstone subjected to uniaxial compression. These 

studies are vital to understand the failure mechanism of 

rocks. However, AE parameter analysis method presents the 
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limited information of AE source (Zhang et al. 2016). The 

damage failure of rocks is a multi-scalar and nonlinear 

dynamic process (He et al. 2010). Therefore, the evolution 

characteristics of conventional AE parameters have distinct 

uncertainty due to the nonstationary and stochastic 

properties of AE signals. 

AE localization technique can visualize the fracture 

paths within rocks, which primarily uses a multichannel 

signal acquisition system to obtain the time arrived from 

cracking event source to different AE probes. This method 

has been employed to trace the fracture evolution process of 

rocks subjected to compression stress (Zhang et al. 2015, 

Wong and Xiong 2018). Zhang et al. (2015) carried out 

uniaxial and triaxial compression tests on granite to study 

the spatial cracking evolution characteristics of rocks via 

AE localization technology. Wong and Xiong (2018) used 

AE localization technique to analyze the cracking process 

of marble specimen containing a single pre-existing crack 

under uniaxial compression. These studies suggest that the 

failure mechanism of rocks under compression can be well 

analyzed. Nevertheless, the numbers of AE probes directly 

determine the accuracy of AE event localization, leading to 

that this approach has a certain limitation in field 

application due to the arrangement of AE probes.  

AE waveform signals contain lots of information of AE 

source, which promotes that AE waveform analysis method 

becomes a new studying hotspot lately. At present, some 

scholars focus mainly on dynamic frequency spectrum 

characteristics of AE waveform during the loading process 

of rocks (He et al. 2010, Lu et al. 2012, Li et al. 2017, 

Zheng et al. 2018, Wang et al. 2019). For example, He et al. 

(2010) utilized the evolution characteristics of dominant 

frequency for AE waveform to investigate the rock burst 

process of limestone under true-triaxial unloading 

conditions. Zheng et al. (2018) performed uniaxial 

compression tests on marble to quantitatively investigate 

the failure mechanisms of rocks based on the evolution 

characteristics of dominant frequency of AE signals. These 

researches enhance the understanding in spectrum 

characteristics of AE signals related to the rock damage. 

However, previous studies primarily concentrate on time-

varying evolution characteristics of dominant frequency of 

AE waveforms, resulting in that the complexity and 

globality of time-frequency domain characteristics of AE 

signals are neglected. The time-frequency domain analysis 

of AE signals can present the spectral components in the 

different times (Benson et al. 2010, Zhang et al. 2016, Li et 

al. 2021). Consequently, in this study, time-frequency 

domain analysis of AE waveforms will be studied to 

understand the failure mechanism of rocks and to explore 

the precursor characteristics of instability.  

With that in mind, this paper conducts uniaxial 

compression tests on intact and cracked red sandstone 

specimens. Both AE monitoring and photographic capturing 

techniques are employed to record the cracking process of 

rocks in real time. The objective of this study is to present 

the time-frequency domain analysis of AE signals 

monitored during cracking process of rocks under uniaxial 

compression. The damage mechanism of rocks is studied by 

the evolution characteristics of time-frequency domain of  

 

Fig. 1 Geometry of tested specimens 

 

 

AE signals. The difference between the time-frequency 

domain characteristics of intact and cracked rocks is 

analyzed. Moreover, the precursor information of rocks 

instability is studied and discussed based on the evolution 

characteristics of time-frequency domain of AE signals. 

 

 
2. Experimental materials and methods  

 
2.1 Experimental materials  
 
The rock materials used in this study were selected as 

red sandstone and gathered from Chongqing city of China. 

The rock materials were machined as the rectangular 

prismatic specimens with dimensions of 160×80×30 mm. 

The specimens were cut from the same rock block along the 

same direction to reduce the effects of rock anisotropy on 

experimental results. To ensure a uniform stress state within 

specimens, the height-to-width ratio of specimens was fixed 

to 2.0. The geometries of intact specimen and specimen 

containing pre-existing crack are shown in Fig. 1. A single 

crack with the width of 1 mm in specimen was 

prefabricated using a high-pressure water jet. In Fig. 1, the 

length of crack is 24 mm, the inclination angle of crack 

(i.e., the angle of crack with the horizontal direction) is 45°. 

The depth of prefabricated crack is the same as the 

thickness of specimen. 
 
2.2 Experimental methods  
 
In this study, three test systems, including uniaxial 

compression system, AE monitoring system and high-speed 

camera capturing system, were simultaneously 

implemented, as shown in Fig. 2.  

Uniaxial compression tests were performed using an 

AG-250KN IS mechanical servo-controlled testing system. 

The specimens were compressed at a displacement loading 

rate of 0.05 mm/min until the ultimate failure occurs. The 

loading rate of 0.05 mm min–1 corresponds to the strain rate 

of about 5.21×10-6 s–1, belonging to the quasi-static loading 

state. The data, including force, displacement and loading 

time, were electronically recorded during the loading 

process of specimens. A VIC-2D high-speed camera was 

used to record the cracking process of specimens. The  
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details of this recording technique can be found previous 

study (Zhou et al. 2018). The PCI-2 AE monitoring system 

was employed to record the AE waveforms related to the 

fracture events of rocks during the loading process. To gain 

the effective AE signals, the threshold was set to 45 dB, the 

preamplifier was set to 40 dB, and the sampling rate was set 

to 1 MHz. The peak definition time, the hit definition time 

and the hit lockout time were fixed to 300, 800 and 1000 μs, 

respectively. Besides, the monitoring scale of AE in the 

laboratory is relatively small, which leads to that the 

frequency is mainly concentrated in the frequency range of 

20 kHz-10 MHz (Li et al. 2021). Therefore, NANO-30 AE 

sensor with a resonant frequency of 300 kHz was selected. 

Simultaneously, to ensure the accuracies of AE data, four 

AE sensors were used to monitor the deformation failure 

process of rocks, as shown in Fig. 2. Vaseline regarded as a 

 

 

 

couplant was utilized to fill the clearance between the tested 

specimen and AE sensors. The pencil lead break tests were 

performed to confirm the validity of AE acquisition system 

before the specimens are loaded. Note, the AE sensor 

gathering the most of AE signals during the entire loading 

process will be selected to analyze the time-frequency 

domain characteristics of rocks under uniaxial compression. 

This is mainly due to that the cracking process of rocks 

usually accompanies with the release of stored energy, 

which probably leads to that some AE sensors may become 

loose and AE signals can not be gathered. AE waveform 

data related to rocks cracking were automatically recorded 

by the PCI-2 AE monitoring system during the loading 

process. Each AE waveform was digitally and singly stored 

in *.csv file. 

 

Fig. 2 Experimental test systems used in this study 

  
(a) Original AE signal  (b) AE signal after de-noising 

  
(c) Spectrograms in the three-dimensional space (d) Spectrograms in the two-dimensional space 

Fig. 3 Time-frequency domain analysis of AE waveform  
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2.3 AE data processing  
 

In this paper, the short-time Fourier transform (STFT) 

(Patricia and Celestino 2019) was employed to process the 

AE waveforms and to obtain the evolution characteristics of 

time-frequency domain presented as spectrograms. The 

STFT method can be defined as follows 

'' ' 2π '( , ) ( ) ( )e dj ftSTFT t f x t h t t t





   (1) 

Where ( )x t  is the analysis signal, '( )h t t  is the 

analysis window functions, t is the sampling time, 

( , )STFT t f  is the frequency spectrum at a given time t. 

In addition, the noise processing of AE signals was 

conducted by the wavelet (Deng et al. 2020) before the 

SFFT processing. The distribution results of time-frequency 

domain for all of AE waveforms is calculated by MATLAB 

programming process. Fig. 3 shows the calculation results 

of a typical AE waveform. Fig. 3(a) is an original AE signal. 

Fig. 3(b) indicates the AE waveform after de-noising by 

using wavelet de-noise. Figs. 3(c) and 3(d) show the 

spectrograms of AE waveform in the three-dimensional and 

two-dimensional spaces, respectively. In Fig. 3(c), the X-

axis shows the time, the Y-axis depicts the frequency, and 

the Z-axis displays the spectral coefficients |x(f)| shown in a 

logarithmic dimensionless color scale (log|x(f)|). The 

intensity of each frequency is represented by the color scale. 

To convenient visualize the intensity information of each 

frequency for AE signals, the spectrograms in the two-

dimensional space are used to analyze the time-frequency 

domain characteristics of AE waveform in this study.  

 

 

3. Mechanical behaviors and fracture process of 
tested specimens 

 

The cracking evolution process of rocks under uniaxial 

compression is collectively characterized by AE monitoring 

and high-speed camera capturing technologies. In this 

paper, an approach, inter-event time function F(τ), is 

performed to present the AE activity monitored during the 

cracking process of rocks. This approach mainly processes 

the monitored AE events to obtain the evolution 

characteristics of AE event rate, which has been proved to 

be able to characterize the fracture process of rocks. The 

basic principles of this approach can be found the previous 

studies (Triantis and Kourkoulis 2018). Moreover, four 

crack types (Yang et al. 2014), i.e., tensile crack (the 

initiation direction of the crack is perpendicular to the pre-

existing crack, and the propagation direction is parallel to 

the direction of axial stress), tensile crack (the initiation and 

propagation directions of the crack are parallel to the 

direction of axial stress) anti-tensile crack (the initiation 

direction of the crack is opposite that of tensile crack) and 

far-field crack (the initiation position of the crack is not 

related to the pre-existing crack), are executed to describe 

the cracking process of single crack-contained rock 

specimen, as shown in Fig. 4. 

Fig. 5 shows the axial stress-strain curves of intact 

specimen and cracked specimen under uniaxial  

 
Fig. 4 Four types of cracks describing the cracking 

behaviors of rock containing pre-existing crack  

 

 

Fig. 5 Axial stress-strain curves for two types of specimens 

 

 

compression. The deformation process of tested specimens 

can be divided into four stages based on stress-strain curves. 

However, the deformation process of intact specimen is 

different from that of specimen containing pre-existing 

crack. Namely, the failure process of intact specimen 

consists of initial nonlinear compaction deformation stage 

(O1A1), linear elastic stage (A1B1), yield stage (B1C1) and 

failure stage (C1D1). For red sandstone specimen containing 

pre-existing crack, the deformation process is divided into 

four stages, including nonlinear compaction deformation 

stage (O2A2), linear elastic stage (A2B2), stable macro-

cracking stage (B2C2) and unstable macro-cracking and 

failure stage (C2D2). Compared to intact specimen, several 

obvious stress drops occur in the deformation stage of B2C2 

for red sandstone specimen containing pre-existing crack 

due to the initiation of new macro-cracks. 

Fig. 6 shows the evolution processes of AE event rate 

and stress versus time for intact specimen subjected to 

uniaxial compression as well as the ultimate failure modes 

of specimen. In Fig. 6, no obvious macro-cracking is 

observed by high-speed camera capturing system before the 

peak strength of specimen. Simultaneously, the AE event 

rate is always at the low level. When the specimen is loaded 

to peak strength, an abrupt increase is observed in AE event 

rate curve. In the meantime, however, macro-cracking is not 

observed in the surface of specimen based on the captured 

images, which is probably due to the occurrence of macro-

cracking within specimen. Subsequently, the ultimate 

failure of intact specimen occurs in a very short time. And a 

huge failure sonic can be heard and the tested specimen 

rapidly loses the bearing capacity, which indicates that the 

red sandstone is a kind of brittle rock material. Whilst AE 

event rate distinctly increases from low level to high level. 

Moreover, the ultimate failure modes of intact specimen are 

mainly dominated by shear fracture, as shown in Fig. 6(b). 
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Fig. 7 depicts the evolution process of AE event rate and 

stress versus time for single crack-contained specimen 

under uniaxial compression as well as the ultimate failure 

modes of specimen. It can be noted that the numbers in Fig. 

7 denote the sequence of macro-cracking observed by 

photographic capturing system, and the superscript on same 

numbers indicates that macro-cracks simultaneously initiate 

from different positions at the same moment. Based on the 

results of cracking process captured by high-speed camera 

capturing system, macro-cracking is not observed in the 

surface of specimen prior to the axial stress of 38.91 MPa. 

Meanwhile, the AE event rate curve is always at low level. 

When the axial stress increases to 38.91 MPa (point 1 in 

Fig. 7(a)), cracks 1a and 1b (Tensile wing crack) initiate 

from the upper and lower tips of crack, and then propagate 

along the direction of axial stress. In the meantime, AE 

event rate rapidly increases from low level to high level.  

When the specimen is loaded to 38.61 MPa (point 2 in 

Fig. 7a), cracks 2a and 2b (Tensile crack) emanate at the 

upper and lower tips of crack, and then growth along the 

loading direction. At this moment, there is an obvious 

increase in AE event rate curve. When the specimen is 

loaded to 38.50 MPa (point 3 in Fig. 7(a)), crack 3 (Anti-

tensile crack) initiates from the upper tip of crack, and then 

propagates along the direction of axial stress. 

Simultaneously, a distinct increase in AE event rate curve is  

 

 

observed. When the specimen is loaded to the peak strength 

of 45.01 MPa (point 4 in Fig. 7(a)), crack 4 (Anti-tensile 

crack) initiates from the lower tip of crack, and then 

propagates along the direction of axial stress, resulting in 

the stress drop of 3.54MPa. At the same time, an obvious 

increase appears in the AE event rate curve. When the 

specimen is loaded to 43.77 MPa (point 5 in Fig. 7(a)), 

cracks 5a, 5b, 5c and 5d (Far-field crack) emanate in 

specimen, which leads to that the AE event rate increases 

from low level to high level. Subsequently, the ultimate 

failure modes of specimen occur, as shown in Fig. 7(c). It is 

found from Fig. 7(b) that shear fracturing triggers the 

ultimate failure of red sandstone specimen containing pre-

existing crack. According to the results shown in Fig. 6 and 

Fig. 7, the cracking process of specimen containing pre-

existing crack is more progressive than that of intact 

specimen. 

 

 

4. Time-frequency domain characteristics of AE 
signals for rocks 

 
In this study, AE technology is used to monitor the 

fracture damage process of intact and cracked rocks 

subjected to uniaxial compression. The evolution 

characteristics of frequency of monitored AE signals are  

  
(a) AE event rate and stress versus time (b) Ultimate failure modes 

Fig. 6 Intact red sandstone specimen  

 
 

(a) AE event rate and stress versus time (b) Cracking process and ultimate failure modes 

Fig. 7 Red sandstone specimen containing pre-existing crack 
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closely related to the nature of fracture events generated in 

the rocks (Cai and Zhao 2000, Zhao et al. 2006, Zhang et 

al. 2016). Consequently, in this study, the evolution 

characteristics of time-frequency domain for AE signals 

monitored at different loading stages of rocks are 

investigated using the STFT-based processing method.  

 
4.1 Modes of AE signals monitored during the 

cracking process of rocks 
 
A large number of AE signals are monitored during the 

entire cracking process of tested specimens. The total 

numbers of AE events for intact and cracked specimens are 

3174 and 9938, respectively. However, the modes of AE 

waveforms are obviously different monitored during the 

 
 
loading process of specimens. To well distinguish the 
monitored AE signals, the time window length of AE 
waveforms is fixed, i.e., 8×10-4s. In this paper, five different 
types of AE waveform modes are summarized, which are 
single-peak waveform I, single-peak waveform II, single 
peak waveform III, double-peaks waveform IV and multi-
peaks waveform V, respectively. It is worth pointing out that 
the single-peak waveforms of I and II mostly occur in the 
stages of nonlinear compaction deformation and linear 
elastic for tested specimens. Two AE waveform modes, 
double-peaks waveform IV and multi-peaks waveform V, 
mainly appear after the stage of linear elastic. The single-
peak waveform III mainly is observed when the 
catastrophic failure of tested specimens occurs. Fig. 8 
shows the different modes of AE waveform monitored 
during the cracking process of rocks. 

  
(a) Single-peak waveform I (b) Single-peak waveform II  

  
(c) Single-peak waveform III  (d) Double-peaks waveform IV 

  
(e) Multi-peaks waveform V  (f) Multi-peaks waveform V  

Fig. 8 Different modes of AE waveform modes monitored during the cracking process of rocks 
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Fig. 9 AE signals selected during the deformation process 

of intact red sandstone specimen  

 

 

Five modes of AE waveform are described as follows: 

(1) Single-peak waveform I: AE signal consists of a 

basis waveform, which slowly attenuates as the time 

increases, as shown in Fig. 8(a). The fluctuation duration 

roughly lasts for 4×10-4s when the amplitude of AE 

waveform attenuates 0 v. (2) Single-peak waveform II: AE 

signal consists of a single waveform, as shown in Fig. 8(b). 

However, compared with the single-peak waveform I, 

the amplitude this AE signal quickly attenuates. Namely, the 

fluctuation time only about lasts for 0.5×10-4s when the 

amplitude of AE waveform attenuates 0 v. (3) Single-peak 

waveform III: The duration of continuous fluctuation for 

this AE waveform lasts for 8×10-4s when the amplitude 

attenuates to 0 v, as shown in Fig. 8(c). Note, the 

attenuation time of single-peak waveform III is obviously 

longer than that of I and II. (4) Double-peaks waveform IV: 

AE signal consists of two basic waveforms, as shown in 

Fig. 8(d). (5) Multi-peaks waveform V: AE signal consists 

of three or four basic waveforms, as shown in Figs. 8(e) and 

8(f). The first basic AE waveform in this AE waveform has 

high amplitude. This AE signal usually accompanies the 

occurrence of macro-cracking. According to different 

modes of AE waveforms monitored during the cracking 

process of rocks, the time-frequency domain characteristics 

of AE signals are obtained by the SFFT method to further 

analyze the damage process of rocks. 

 

4.2 Time-frequency domain characteristics of AE 
signals for intact rock  

 

For intact specimen subjected to uniaxial compression, 

the deformation process is divided into four stages based on 

the curve of axial stress-strain. To intuitively visualize the 

time-frequency domain characteristics of AE waveforms, 

some typical AE signals are selected at different 

deformation stages of intact specimen. Fig. 9 shows the 

stress levels of selected AE signals in the stress-strain curve 

of intact specimen, which is denoted by some lower-case 

letters. Fig. 10 shows the selected AE waveforms processed 

by the wavelet as well as corresponding to the evolution 

characteristics of time-frequency domain obtained by the 

SFFT method. Figs. 10(a)-10(n) respectively correspond to 

lower-case letters marked in Fig. 9, i.e., a, b, c, d, e, f, g, h, 

i, j, k, l, m and n. In Fig. 10, the evolution characteristics of 

time-frequency domain for AE waveforms monitored at 

different deformation stages of rocks present obvious 

differences, which are analyzed in detail in this sub-section. 

Fig. 10(a) shows the AE signal after de-noising and its 

time-frequency domain characteristics at point a in the 

nonlinear compaction stage. In Fig. 10(a), the mode of AE 

signal is single-peak waveform I. The frequency in the 

spectrum of AE signal is mainly distributed over the range 

of 20~400 kHz. The frequency distribution ranged from 100 

to 400 kHz lasts for about 1×10-4s. However, the low 

frequency distribution with the range of 20~100 kHz lasts 

for about 5×10-4s, which is probably due to the existence of 

natural voids or cracks (Zhang et al. 2016). Moreover, 

monitored AE signals in this stage are all single-waveform 

I, which indicate that single micro-scale fracture event 

mainly occurs in the compaction stage.  

Two modes of AE signals, including single-peak 

waveforms I and II, mainly appear in the elastic 

deformation stage of intact specimen, as shown in Figs. 

10(b)-10(d). The modes of AE waveform change from 

single-peak waveform II (Figs. 10(b) and 10(c)) to single-

peak waveform I (Fig. 10(d)) as the axial stress 

continuously increases. The distribution characteristics of 

frequency for both AE waveforms show obvious the 

similarities and the differences. Namely, the frequency 

distributions for these two types of AE waveforms are both 

over the range of 100~400 kHz. However, the frequency 

distribution for single-peak waveform II lasts for about 

1×10-4s. The frequency components for single-peak 

waveform I continues for about 4×10-4s. Furthermore, 

compared with the nonlinear compaction stage, the 

frequency components ranged from 20 to 100 kHz is not 

observed in the linear stage. This characteristic can be used 

to identify the transformation from compaction to linear 

deformation. Similarly, single micro-scale fracture event 

mainly occurs in the linear elastic stage. 

Figs. 10(e)-10(j) show the evolution characteristics of 

time-frequency domain of AE signals during the yield stage. 

It is seen from Figs. 10(e)-(j) that when the axial stress 

closes to peak strength, the modes of AE signals (Figs. 

10(i)-(j)) are distinctly different from those of AE signals 

monitored early in this stage (Figs. 10(e) and 10(f)). That is 

to say, single-peak waveform I appears in the early stage of 

yield deformation. Compared with the compaction and 

elastic stages, the characteristics of frequency distribution 

for single-peak waveform I highlight some difference. 

Generally, the frequency components are primarily ranged 

from 10 to 500 kHz. The low frequency components with 

the range of 10~100 kHz lasts for about 6×10-4s in the 

spectrum, which is different from that in the elastic stage. 

This probably due to that large number of micro-cracks 

nucleate and propagate during this stage, which is 

consistent with previous study (Zhang et al. 2016). 

Simultaneously, this result suggests that the deformation 

mechanism of rock changes at point e. When the axial stress 

closes to peak strength of intact specimen, AE signals with 

the modes of double-peaks waveform IV and multi-peaks 

waveform V begin to occur. At the same time, the 

instantaneous frequencies of AE signal in the spectrum are  
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distributed over the range of 1~500 kHz. Among the low 

frequency components distributed from 1 to 50 kHz persists 

for the entire AE waveform, while the high frequency 

components (50~500 kHz) forms two or three band-shaped 

clusters, which indicate that macro-cracking events occur 

within rock due to the rapid propagation and coalescence of 

a large number of micro-cracks.  

 

 

Fig. 10(k) shows the AE waveform and its spectrum at 

point k, i.e., the peak strength of specimen. AE signal with 

the mode of multi-peaks waveform V is monitored. The 

instantaneous frequencies are distributed from 1 to 500 

kHz. The low frequency components with the range of 1~50 

kHz persists for the entire AE waveform, and the frequency 

components distributed from 50 to 500 kHz forms four  

   
(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

Fig. 10 AE signals after de-noising and time-frequency spectrums for intact specimen at different deformation stages 
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band-shaped clusters. Figs. 10(l) and 10(m) show the time-

frequency domain characteristics during the failure stage. In 

Figs. 10(l) and 10(m), the distribution characteristics of 

frequency at points l and m are similar to those at point k. 

Note, five band-shaped clusters are observed in the 

spectrum of AE waveform when the specimen very closes 

to the ultimate failure. These results indicate that monitored 

AE signals become more complex than before in this stage, 

which is probably due to the initiation and propagation of 

macro-cracks. Fig. 10(n) shows the frequency 

characteristics of AE waveform monitored during the 

ultimate failure process in a very short time. Single-peak 

waveform III dominants this deformation process. 

Simultaneously, it can be found from Fig. 10(n) that the 

frequency characteristics of AE signal in this deformation 

process are completely different from those in other 

deformation processes. Namely, the low frequency 

components ranged from 1 to 50 kHz persists for the entire 

AE waveform. 

 
4.3 Time-frequency domain characteristics of AE 

signals for intact rock  
 

 

 
Fig. 11 AE signals selected during the deformation 

process of red sandstone specimen containing pre-

existing crack  

 

 

The deformation process of single crack-contained 

specimen is divided into four stages based on the evolution 

process of axial stress-strain curve. Likewise, some typical 

AE signals are selected at different deformation stages of 

cracked specimen to analyze the time-frequency domain 

characteristics of AE signals, as shown in Fig. 12. The 

selected AE signals correspond to some points in the stress- 

   
(j) (k) (l) 

  

 

(m) (n)  

Fig. 10 Continued- 
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strain curve, which are marked by some lower-case letters, 

as shown in Fig. 11. Figs. 12(a)-12(n) correspond to the 

points a, b, c, d, e, f, g, h, i, j, k, l, m and n shown in Fig. 11.  

In Fig. 12, the time-frequency characteristics of AE 

signals highlight some differences at the different 

 

 

deformation stages of red sandstone specimen containing 

pre-existing crack, which are analyzed as follows:  

It is seen from Figs. 10 and 12 that in the deformation 

stages of nonlinear compaction and elastic, the time-

frequency domain characteristics of specimen containing  

   
(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

Fig. 12 AE signals after de-noising and time-frequency spectrums for specimen containing pre-existing crack

at different deformation stages 
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pre-existing crack are similar to those of intact specimen. 

Based on the analytical results in section 3, three macro-

cracks initiate from the tips of crack during the stable 

macro-cracking stage of specimen containing pre-existing 

crack. Figs. 11(f)-11(h) depict the time-frequency domain 

characteristics of AE signals corresponding these three 

macro-cracking processes. In Figs. 11(f)-11(h), the 

evolution distribution of AE signals generated from each 

macro-cracking has similar characteristics. Generally, AE 

signal with the mode of multi-peaks waveform V is 

monitored for each macro-cracking. The low frequency 

components with the range of 1~50 kHz lasts for about 

8×10-4s, and the frequency components distributed from 50 

to 500 kHz form three band-shaped clusters. Figs. 11(i) and 

11(j) show the AE signals after macro-cracking. In Figs. 

11(i) and 11(j), AE signals with the mode of double-peaks 

waveform IV are monitored at points i and j in the stress-

strain curve of specimen containing pre-existing crack, and 

the frequency components ranged from 100 to 500 kHz 

form two band-shaped clusters in the spectra. 

Figs. 11(k)-11(n) show the time-frequency domain 

characteristics of AE signal in the stage of unstable macro-

cracking and failure for specimen containing pre-existing  

 

 

crack. In Figs. 11(k)-11(m), the mode of AE signals is 

multi-peaks waveform V. At the same time, the 

instantaneous frequency of AE signals is distributed from 1 

to 500 kHz. The low frequency components with the range 

of 1~50 kHz maintains for the entire AE waveform. 

Moreover, the frequency components varied from 50~500 

kHz forms five band-shaped clusters when macro-cracks 

initiate and propagate unstably, as shown in Figs. 11(k) and 

11(m). These results indicate that the occurrence of unstable 

macro-cracking leads to the generation of complex AE 

signals. Fig. 11(n) shows the frequency distribution of AE 

signal monitored during the ultimate failure of specimen 

containing pre-existing crack in a very short time. In Fig. 

11(n), single-peak waveform III is monitored, and the low 

frequency components ranged from 1 to 50 kHz persists for 

the entire AE waveform, which are similar to those of intact 

specimen. 
 
 
5. Discussions 

 
The AE signals monitored during the deformation 

failure process of rocks are closely related to the its fracture  

   
(j) (k) (l) 

  

 

(m) (n)  

Fig. 12 Continued- 
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damage (Liu et al. 2021, Du et al. 2022, Niu et al. 2023b).  

The evolution characteristics of frequency component of 
AE signals (Benson et al. 2010, Zhang et al. 2016, Patricia 
and Celestino 2019, Du et al. 2020, Li et al. 2021, 
Dinmohammadpour et al. 2022) are sensitive to the 
deformation failure process of rocks. To well present the 
spectral components of AE waveforms in different 
instantaneous times, the short-time Fourier transform 
(STFT) method is employed to gain the evolution 
characteristics of time-frequency domain presented as 
spectrograms. However, some unavoidable external factors 
result in that monitored AE waveforms carry some noises 
components unrelated to rock fracture (Benson et al. 2010, 
Zhang et al. 2016, Patricia and Celestino 2019, Du et al. 
2020). The noises mainly come from the friction and 
dislocation of contact surfaces between the testing machine 
and specimen as well as between the AE probe and 
specimen. The existence of noises heavily disturbs the 
distribution characteristics of time-frequency domain of AE 
waveforms. Therefore, the noises carrying in AE 
waveforms are eliminated by the method of wavelet (Deng 
et al. 2020) before the STFT processing. Figs. 13(a) and 
13(b) show the time-frequency domain characteristics of 
original AE signal and AE signal after de-noising, 
respectively. In Figs. 13(a) and 13(b), AE waveform after 
de-noising is more concise that original AE waveform. In 
addition, the frequency components related to the noises are 
obviously eliminated. These results suggest that the AE 
waveform after de-noising can well reflect the essence of 
rock fracture. 

Based on the analytical results in section 4, the modes of 

AE signals are distinctly different at different deformation 

stages of rocks as well as the time-frequency domain 

characteristics of AE signals, which can be employed to 

characterize the damage evolution and to reveal the 

deformation mechanism of rocks. For intact and cracked 

rocks, the modes and the time-frequency domain 

 

 

 

distribution characteristics for monitored AE signals present 

the same evolution results in the stages of nonlinear 

compaction and linear elastic. Namely, two modes of AE 

signals including single-peak waveforms I and II are mainly 

monitored, indicating that single fracture event occurs in 

these two stages. The frequency components are mainly 

distributed from 20 to 400 kHz in the nonlinear compaction 

stage. While the frequency components are mostly ranged 

from 100 to 500 kHz in the elastic stage. The disappearance 

of frequency components with the 20~100 kHz range can 

failure. 

Based on the analytical results in section 3, the cracking 

process of specimen containing pre-existing crack is more 

progressive than that of intact specimen, leading to that the 

types and the time-frequency domain characteristics of AE 

waveforms present obvious differences. In general. when 

cracked specimen enters into the stage of stable macro-

cracking, each macro-cracking generates a number of AE 

signals with the mode of multi-peaks waveform V. 

Simultaneously, the distribution characteristics of frequency 

present three band-shaped clusters in the spectra of AE 

signals. Compared with the stable macro-cracking stage, AE 

signals of multi-peaks waveform V are also monitored in 

the stage of unstable macro-cracking and failure. Whilst the 

frequency distributions with four or five band-shaped 

clusters in the spectra dominate this deformation process.  

The evolution characteristics for the modes and 

frequency of AE signals indicate that the deformation 

mechanism of specimen containing pre-existing crack is 

unstable and the ultimate failure is about to occur. To 

summarize, the frequency distribution with multiple band-

shaped clusters can be regarded as the early warning for the 

instability of rock containing pre-existing crack.  

Moreover, the difference of deformation mechanism of 

rocks in the deformation process results in the occurrence of 

  
(a) original AE waveform  (b) AE waveform after de-noising  

Fig. 13 AE waveforms and its time-frequency domain spectra 

12



 

Time-frequency domain characteristics of intact and cracked red sandstone based on acoustic emission waveforms 

 

low frequency components with different distribution 

characteristics in the spectra of AE signals. In the nonlinear 

deformation stage, the low frequency components with the 

range of 20~100 kHz occur, which are caused by the 

existence of micro-voids and micro-cracks (Zhang et al. 

2016). However, the low frequency components with the 

range of 10~100 kHz occur in the spectra of AE signals 

monitored after the elastic deformation of intact and 

cracked specimens as well as maintain for the entire AE 

waveforms. This phenomenon indicates a change in the 

deformation mechanism of rocks (Zhang et al. 2016). 

Namely, a number of micro-cracks nucleate, initiate, 

propagate and coalesce after the elastic deformation. 

Subsequently, when some macro-cracks initiate and 

propagate, the low frequency components ranged from 1 to 

50 kHz are observed in in the spectra of AE signals. These 

cracking processes aggravate the damage degree within 

rock, which can be reflected by the attenuation of 

frequency. In other words, the attenuation of frequency 

enables the exploration of rock failure trends, which is 

consistent with the results in the previous study (Zhang et 

al. 2016). 
 
 

6. Conclusions 
 
Uniaxial compression testes are performed on the intact 

and cracked red sandstone specimens. The cracking process 
of rocks are monitored by AE and photographic techniques. 
This study presents a STFT-based AE processing approach 
to analyze the deformation damage characteristics of rocks.  

The following main conclusions are drawn: 

• The cracking process of specimen containing pre-existing 

crack is more progressive than that of intact specimen. The 

inter-event time function F(τ) can reliably characterize the 

fracture damage characteristics of intact and cracked rocks 

under uniaxial compression. 

• Five modes of AE waveform are observed during the 

deformation process of intact and cracked specimens, 

including single-peak waveform I, single-peak waveform II, 

single-peak waveform III, double-peaks waveform IV and 

multi-peaks waveform V. The modes of AE signals are 

different at different deformation stages of rocks. 

• The evolution characteristics of time-frequency domain of 

AE signals present obvious differences during the loading 

process of rocks. The distribution characteristics of 

frequency changing from a single band-shaped cluster to 

multiple band-shaped clusters imply that the deformation 

mechanism of rock is unstable. This phenomenon can be 

regarded as an early warning information of failure for 

rocks. 

• The low frequency components with different distribution 

characteristics in the spectra indicate that different 

deformation mechanism of rocks. The compaction of micro-

voids and micro-cracks generates the low frequency 

components ranged from 20 to 100 kHz. The damage 

accumulation caused by initiation and propagation of new 

micro-cracks and macro-cracks produces the low frequency 

components distributed from 10 to 100 kHz and 1 to 50 

kHz. The attenuation of frequency enables the exploration 

of rock failure trends. 
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