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Abstract  

The paper reviews recent advances in acoustic emission (AE) studies in rock samples, primarily the methods of 

acquiring and processing AE data. AE techniques were most recently employed for studies on rock deformation 

and failure mechanisms in laboratory studies. Various parameters are used by different methodologies to 

characterize AE signals. Some of the parameters are able to locate source of AE and hence the damage site; give 

indication of fracture types and damage levels; and represent the evolution of fracture dimension and so on. This 

paper summarizes frequently used and newly developed parameters and compares various approaches to obtain 

AE parameters with further recommendations for future studies.  
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1. Introduction 

Acoustic emissions (AE) have been widely applied to understand the failure of rocks and 

assess rock damage level. Lockner et al have postulated that counting the number of AE 

events is related to the inelastic deformation of the rock [1]. The relative numbers of small 

and large AE events derived from the amplitude distribution obey the power law frequency–

magnitude relation observed for earthquakes and this has been correlated with the degree of 

damage localization [2, 3]. Locating origins of AE by using multiple transducers is used to 

investigate fault nucleation in brittle rock [4, 5] and the formation of compaction bands in 

sandstone [6, 7]. In addition, the size, orientation and mechanism of micro-cracks are 

indicated by source mechanism analysis [8]. 

Previous studies demonstrated that the utilization of AE in rock fracture process are numerous 

and have achieved some progress. However, it is still a challenging problem to discover more 

characteristic AE signal parameters and their relationships with characteristics of rock failure. 

This paper critically examines a few parameters and attempts to suggest new approaches for 

resolving these outstanding issues. 

2. Time-domain parameters 

Parameters of AE signals are divided into two categories: time-domain and frequency-domain. 

Source locations, source mechanisms, b-value and attenuation are some of the most 

significant information provided by AE. Studies reviewed in these areas are based on time-

domain analysis.  
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2.1 AE Frequency-magnitude relation 

Among various parameters of AE, the most significant one is the b-value which is derived 

from the amplitude distribution of AE following the methods used in seismology. The 

relationship between them is generally considered [9-11] to follow Equation (1): 

 ��� � = � − �	 (1) 

where N is the number of acoustic events with an amplitude greater than A, a is s constant 

determined largely by the background noise and b is the slope of the curve log(N)-A. Equation 

(1) has been found to be valid for the AE data after dividing the AE amplitude by a factor of 

20 to allow for the fact that the AE amplitude is measured in decibels (dB), whereas the 

Richter magnitude of earthquake is defined in terms of the logarithm of maximum amplitude 

[10, 12, 13]. The b-value represents the scaling of magnitude distribution of AE, and 

expresses the principle of self-similarity or an appearance of identical features at different 

scales  [12] for micro-seismicity during rock damage and failure. Generally, the b-value is 

found to decrease from values in the range from 1.5 to 2.5 at the initial stages to values of 

approximately 1 or less, showing temporal fluctuations as the impending failure approaches in 

the material [5, 13]. Thus, the b-value seems to be a useful tool for damage level assessment.  

Conventionally, the b-value is obtained either from Gutenberg-Richter (GBR) relationship for 

the cumulative frequency distribution data or Aki's method for the discrete distribution data. 

The two methods are compared to evaluate the fracture process in a granite rock and results 

show that the trends of b-value were found to be identical [3]. Although it is also thought that 

discrete frequency is sensitive to magnitude interval [14]. Some improvisations have been 

attempted in recent years to fine-tune the amplitude distribution graph and use the mean 

amplitude and standard deviation of the amplitude distribution for computing the improved b-

value and use it for the evaluation of slope failure and fracture process in concrete [15]. 

 

Figure 1 Distribution of amplitudes after attenuation (α≠0) and before attenuation (α=0) [16] 

The important feature of the attenuation of acoustic waves and its effect on amplitude 

distribution is generally neglected in rock mechanics. The role of attenuation on amplitude 

was analyzed theoretically by Unander [17]. The investigation shows that b value is affected 

by both the source strength and attenuation. Thus the decrease in b value may be caused by an 

increase in the event energy, as well as by the attenuation of AEs due to the increase of crack 




≠ 0



numbers when approaching failure. Weiss [16] confirmed the conclusion by further analysis 

and proposed a procedure to allow the  estimation of the attenuation effect. The distribution of 

amplitudes before and after attenuation is shown in Figure 1. Theoretically the original 

distribution can be estimated from the recorded distribution. However, lack of precision on 

attenuation coefficients and source radii makes it difficult to determine the original 

distribution. The attenuation effect was also addressed by Lavrov [18]. Few authors consider 

the effect of attenuation and this adds to the complexity of attenuation determination which is 

frequency-dependent.  

2.2 AE Source locations 

Source location technique is an often used AE technique [19]. It can reveal how and where 

failure in the rock occurred in theory. However, there can be deviations from the true 

locations in practice which makes AE difficult to interpret. 

In general, AE source locations are solved by minimizing the difference between the observed 

and the calculated travel times which are computed by assuming a velocity model. There are 

numerous methods to determine the source locations. For example, the downhill simplex 

method [20, 21], the double difference method [22], master event relocation method [23, 24] 

and tomographic inversions [25, 26]. 

The classical method is the least-squares method in which the origin time and source locations 

are solved so that the sum of the square of the travel-time residuals is a minimum. In the 

simplex location algorithm, instead of using least-square-misfit method, the least linear or L1 

norm is used. The L1 norm is more stable because the least linear error is less sensitive to 

outliers resulting from bad first arrival estimation [20]. 

The methods mentioned above are absolute methods that do not consider the causes of travel-

time residuals. By contrast, relative location methods attempt to relate the travel-time 

residuals with reading errors of travel-time and velocity uncertainties [22, 24]. One of the 

advantages of relative location methods is that the travel time anomalies caused by velocity 

model uncertainties can be removed [24]. Recently the use of relative location methods in the 

location of regional scale earthquakes has successfully reduced hypo-central uncertainties by 

an order of magnitude provided that the separation between hypocenters of the processed 

events is small compared with the array dimension [22, 23]. Jones et al [27] compared the 

least-squares Geiger, master event relocation, and double difference methods by using 

synthetic AEs within a rock sample. It was found that the double difference performs 

considerably better than the Geiger method in velocity perturbation, arrival time uncertainty, 

and array geometry and anisotropy tests. The relative master method was also found to be 

more accurate than an absolute Geiger algorithm in quartz with strong velocity anisotropy 

[28]. 

Recently developed acoustic emission tomography techniques can overcome the difficulties 

caused by heterogeneities in rock which combine localization algorithms with algorithms for 

travel time tomography by using AE events as acoustic point sources [29]. This method can 

provide perspectives for traditional AE analysis however the effectiveness of the technique 

still needs further investigation [26]. 



2.3 AE Sources mechanisms 

Source mechanism analysis is an essential aspect of AE studies. AE source locations enable 

the temporal and spatial evolution of the damage to be mapped, while mechanism studies 

demonstrate the modes of failure operating in terms of how the sample is reacting to external 

forces on the micro-scale [21].  

Two methods are commonly used in source mechanism studies, fault-plane solution and 

moment tensor analysis. The fault-plane solution method assumes a shear source radiation 

pattern and requires good sensor coverage of the focal sphere. Furthermore, mixed mode or 

pure tensile source types are often found in experiments [5, 30]. Therefore recent AE sources 

are mostly investigated by the moment tensor (MT) method.  

The moment tensor is basically an approximation of the seismic source by a model of 

equivalent forces which produce displacements at the receivers identical to those produced by 

the actual forces of the physical process at the source. Green’s function is used as transfer 

function of wave propagation. The moment tensor is often resolved into three components: an 

isotropic (ISO) component that represents the volume change which include purely tensile 

opening or compressive closing of cracks; a double couple (DC) component that represents 

the amount of shear dislocation and a compensated linear vector dipole (CLVD) component 

[31].  

The main difficulty in the moment-tensor inversion is the assessment of Green’s functions.  

The Green's function is a model of the source-receiver path and hence problems arise from the 

complexity of transferring media [32]. A number of moment tensor inversion techniques are 

described in the literature, and they are categorized into ‘‘absolute,’’ ‘‘relative,’’ and ‘‘hybrid’’ 

methods according to the approach used to estimate Green’s functions [33, 34]. Absolute 

inversion methods require accurate knowledge of the wave propagation information between 

the source and the receiver (the so-called Green’s function). These methods have been applied 

to AE events using simplified assumptions regarding the wave path. For example, Ohtsu [35] 

developed a simplified inversion procedure using P-wave amplitudes in the time domain and 

Pettitt [36] wrote another procedure following the inversion methodology of Ohtsu with 

particular attention to the problems associated with AE data recorded by ultrasonic 

piezoelectric transducers. The methods are extremely sensitive to location accuracy and wave 

amplitudes [28, 36]. Path and sensor corrections are generally required for absolute inversions. 

Recent efforts on calibrating sensors for amplitude correcting have been made [8, 33, 34]. 

Also dynamic modeling of AE sources have been done so actual source characteristics 

observed directly can then be compared to the assumed characteristics calculated from the 

recorded waveforms [37]. This allows assessment of the accuracy of the inversion techniques 

[38]. 

In contrast to the absolute inversion methods, no Green’s functions have to be calculated for 

relative inversion methods. Relative inversion methods are based on the concept that the 

Green’s function between clustered sources from a small area is the same. Generally, a known 

reference mechanism of an event is used to estimate Green’s functions for the remaining 

events in the cluster. Dahm [39] eliminated the need for a reference Green’s function provided 

clusters of sources have different radiation patterns. The method is extremely sensitive to 

noise when the method is applied to very small events just above the noise level with similar 

mechanisms [40]. Hybrid moment tensor inversion technique was developed by Andersen [40] 

to address these problems to enhance the accuracy of the moment tensor components by 



correcting the input data iteratively. However, the method in fact is still relative inversion 

analysis and can only be conducted on sets of events closed located in a cluster. 

The methods to obtain source mechanisms are mainly developed on ray-path theory and 

attention has recently been directed to effects of sensor and ray path details to obtain accurate 

source mechanisms. It is found the accuracy of source location will affect source mechanism 

interpretation [28]. Also anisotropy of rocks will affect the results of focal mechanisms [41, 

42] which are assessed by using synthetic waveforms and numerical modeling. There are 

experiments carried out in laboratory to study the effects of elastic anisotropy on AE source 

mechanisms [28] but it is an emerging area and studies on effects of other properties that 

influence AE source mechanisms are still inadequate. 

3. Frequency-domain related researches 

AE signals can be described in terms of their frequency spectra and the content of signals 

does not change, provided that both the amplitude and phase spectra are considered [24]. In 

practice, only amplitude spectra are usually used for the determination of source parameters. 

Moment-tensor inversions are mostly done in time-domain for AE signals although 

frequency-domain inversions are quite often used in seismology [43, 44] . 

Interest in frequency spectra of AE began in the 1950s. Early studies focused on relating AE 

frequencies to physical properties of rocks and changes in spectral amplitudes of emission 

events over a wide bandwidth of frequencies [45-47]. Conflicting results have been reported. 

There are difficulties in studying frequency spectra of individual acoustic emission event as 

the frequency spectra often reflect sensor or propagation medium characteristics [48, 49]. 

Frequency characteristics of sensors are important in the investigation; however, few authors 

considered or even described the sensor response characteristic in details. Ohnaka and Mogi 

[50] applied four different narrow frequency bands to monitor different frequency ranges with 

four kinds of transducers with different resonance frequencies. They suggested that larger 

cracks tend to generate events with larger amplitudes and lower-frequency components. This 

corresponds to the results observed in the strain rock-burst test under true triaxial stress state 

done by He [51]. The frequency drop in the late stages of damage suggests the transition from 

micro-cracking regime to large cracks formation, which eventually leads to material failure 

and this can be used to characterize fracture process [52]. The studies either used different 

frequency-band sensors or flat-frequency-response sensors which can eliminate the transducer 

influence on frequency-domain analysis. However, sensors with flat frequency response in a 

wide range frequency are still not wide-band enough and are quite costly. 

 

Figure 2 (A) Schematic representation of AE because of particle vibration around their equilibrium position; (B) 

schematic representation of ELE because of relevant oscillations of the entire specimen and typical related 

patterns at the initial and final stage of failure process [2] 



Recently, a distinction between high-frequency and low-frequency AE was proposed [53]. 

Low-frequency AE called elastic emission (ELE) is defined as AE whose half-wavelengths 

are greater than the maximum size of propagation medium. The author suggested that an ELE 

event would imply a rigid vibration of the body (Figure 2B); while high-frequency AEs are 

purely vibration modes of the body due to microcrack growth (Figure 2A) [54]; ELEs are 

quasi-rigid-body vibration pulses resulting from the specimen flexibility and the constraints of 

platen. The temporal evolution and the amplitude distribution of ELE pulses were 

investigated which play the role of fracture precursors in rock specimens under compression 

[2, 52]. This is a remarkable issue in that it offers the potential that more information can be 

obtained when analyzing the signals in different frequency bands separately. However, it is 

controversial to determine whether the low-frequency waves are AEs because it cannot be 

determined whether the waves are due to resonance or just emitted from the samples. 

The frequency-domain studies are still under intensive debate and there is still much room for 

improvement with the efforts made in sensor technology and signal processing methods. 

4. Discussion 

Acoustic emission (AE) techniques continue to provide important information to further the 

understanding of rock failure. Various methods to enhance the accuracy of the AE parameters 

source locations and mechanism have been developed and some have been used while others 

need further examination. The sophistication of new methods relies on the robustness of 

computing techniques but the essential factors affecting the accuracy of those parameters such 

as rock heterogeneity and anisotropy are not well understood. 

There is much potential for frequency-domain studies of AE with recently developed sensor 

techniques and signal processing techniques but recent studies have only extracted limited 

information from frequency-domain of AE. The proposed distinction between high- and low-

frequency ranges allows AE to be studied in particular frequency bands. 

Another significant parameter, b-value, is improved by using the mean amplitude and 

standard deviation of the amplitude distributions. However, the attenuation effect on 

amplitude distribution is generally neglected which can cause decrease in b-value as well as 

rock failure. Concurrently, attenuation is generally determined by artificial ultrasonic 

transmitting technique. No attempts have been made to integrate attenuation determined by 

ultrasonic technique into AE studies which can make the amplitudes distribution more 

accurate. 

5. Conclusions 

The current status of AE studies involving several important parameters have been reviewed 

with suggested recommendations for further development. A diversity of source location 

methods provides multiple means for locating AE sources although some of them still need 

further evaluation; source mechanisms are complicated requiring more sophisticated inversion 

methods to be developed providing the effects of anisotropy and heterogeneity effects are 

revealed; b-values offer meaningful information about the trends of rock failure but the 

situation can be blurred by heterogeneity due to waveform attenuation; the proposed 

distinction between high- and low-frequency ranges puts the frequency-domain studies under 

debate again. Therefore, further studies are required to improve the accuracy of AE 

techniques and to interpret AE analysis results.  
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