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Abstract: Acoustic emission (AE) technique is a useful tool for investigating rock damage mechanism, and is used to study the 
temporal−spatial evolution process of microcracks during the similar pillar material experiment. A combined AE location algorithm 
was developed based on the Least square algorithm and Geiger location algorithm. The pencil break test results show that the 
location precision can meet the demand of microcrack monitoring. The 3D location of AE events can directly reflect the process of 
initiation, propagation and evolutionary of microcracks. During the loading process, stress is much likely concentrated on the area 
between pillar and roof of the specimen, where belongs to danger zone of macroscopic failure. When rock reaches its plastic 
deformation stage, AE events begin to decrease, which indicates that AE quiet period can be seen as precursor characteristic of rock 
failure. 
Key words: rock damage mechanism; pillar specimen; failure characteristics; temporal-spatial evolution; microracks; acoustic 
emission; location algorithm; quiet period 
                                                                                                             
 
 
1 Introduction 
 

Rock is a typical inhomogeneous and anisotropic 
material, and contains several natural defects with 
various scales, such as micro cracks, pores, fissures, 
joints inclusions, and precipitates. A great deal of 
acoustic emission (AE) events occurred when the rock 
specimen was subjected to a loading stage until failure. 
AE signal is associated with propagating of micro-cracks, 
and contains plentiful information of internal structure 
change on the rock. Therefore, the failure behavior could 
be interpreted by the AE results. More and more 
geotechnical engineering researchers have focused on the 
AE application into their studies [1,2]. 

The studies concerning microcracks temporal− 
spatial evolution process inside rock depends on the 
high-accuracy AE event location, and hence AE location 
algorithm becomes more important. The studies of AE 
location began in the 1960s. MOGI [3] had carried out 
line location and plane location by using analytic method 
based on the difference of P-wave arrival time detected 

by four sensors. SCHOLZ [4] had used the difference of 
S-wave arrival time and Least square algorithm to 
calculate the location of 22 large AE events, and 
pioneered the methods of AE location calculated by 
multi-channels signals. To date, many AE location 
algorithms have been developed. They can be classified 
into two different styles according to location theory, 
regional location and point location. Three types of 
sensor location approaches have been used, such as line 
location, plane location and 3-D location according to 
arrangement. Commonly used AE location algorithms 
include Least square algorithm [5], simultaneous 
inversion algorithm [6], relative location algorithm [7], 
Geiger location algorithm [8,9], and simplex location 
algorithm [10]. Based on these AE location algorithms, 
many research results of temporal-spatial evolution of 
microcracks within rock have been obtained [11−16]. 

In mines, there are lots of gobs that would cause 
stress concentration and result in pillar failure. Therefore, 
it is very meaningful to monitor pillar stability by using 
AE technique. But the precision of AE event location 
calculated by the above mentioned algorithms is not 
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satisfactory when the fracture point is beyond the range 
of sensors array, and hence it cannot meet the 
requirement under complex mining conditions. In this 
work, a combined AE location algorithm based on the 
Least square algorithm and Geiger location algorithm 
after AE signal arrival time was determined by the 
Akaike Information Criterion (AIC) and Auto- 
Regression (AR) model was presented. In addition, pillar 
simulation experiment was carried out and major effort 
was considered into the current study. In particular, the 
AE concentrated characteristics and failure modes were 
identified during loading on pillar specimens. 
 
2 Rock specimens and experimental 

techniques 
 
2.1 Rock specimens 

Granite and sandstone employed in the present 
study were prepared in accordance with the suggested 
methods by ISRM. PB1 and PB2 denote sandstone and 
granite, respectively. The cubic samples shown in Fig. 
1(a) were performed the pencil break test. The granite 
samples PS1 and PS2 were used to carry out pillar 
simulation experiment shown in Fig. 1(b). The size and 
wave velocity of rock specimens are listed in Table 1. 
 

 
Fig. 1 Configuration of AE sensors: (a) Pencil break specimen; 
(b) Pillar specimen 
 
Table 1 Specifications of rock specimens 

Test item Serial 
number Dimension/mm P-wave 

velocity/(m·s−1)
PB1 109×100×198 3306 Pencil break 

test PB2 70×70×146 4480 
PS1 248×147×50 4660 Pillar 

specimen PS2 248×148×50 4080 

 
2.2 Sensors arrangement 

Eight Nano30 sensors with frequency sensitivity 
between 125 Hz to 750 kHz and a 40 dB 
pre-amplification (1220A-AST) were used in the AE 
system. These sensors were fixed on rock faces by gum 
band, and vaseline was used for coupling. Plastic 
cushions were sandwiched between steel platen and 
specimen to minimize noise generation due to friction. 
Figure 1 shows the arrangement of eight AE sensors. 

2.3 Test equipment and loading way 
A servo-controlled hydraulic testing machine with 

the maximum axial loading of 3000 kN was used in this 
experiment. The machine has a high sampling speed to 
record the load and displacement. In this work, uniaxial 
loading was applied and the loading rate was 20 kN/min. 
AE signals were real-time acquired using a multi-channel, 
high-speed AE testing and analyzing system, namely 
HUS (hyperion ultrasonic system). The temporal and 
spatial distribution of AE events within the specimen 
during loading was visually displayed in 3D by using a 
post processor. The threshold was set at 50 dB to gain a 
high signal/noise ratio. The sampling frequency was set 
at 2 MHz. Figure 2 shows the system of the experimental 
instruments. 

 

 
Fig. 2 Schematic diagram of AE and loading system 
 
3 Location technique of AE events 
 
3.1 Determination of P-wave arrival time 

The determination of P-wave arrival time is based 
on assuming that waveform can be seen as normal state 
before and after arrival, and the best cut point is used as 
the time P-wave arrival time. 

The data of waveform can be seen as a time series. 
The time series of n data are divided into two parts, one 
with the number of k data, and other with n-k data. For 
each value of k, auto-regression models (AR model) of k 
and n-k data were established and Akaike information 
criterion (AIC) was adopted to estimate the rationality of 
the models. The criterion, Cap, is expressed as follows 
[2]: 
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where l1, l2, 2

1σ and 2
2σ are the degrees and variances of 

AR model of k data and n-k data, respectively. The value 
of Cap of each k is calculated and the time to the 
minimum value of Cap can be seen as P-wave arrival time 
(Fig. 3). 
 
3.2 Location algorithm of AE events 

The least square algorithm can only process one 
iteration whose location accuracy is much lower, but 
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Fig. 3 Determination of P-wave arrival time 
 
with a fast convergence rate. The location accuracy of 
Geiger algorithm is much higher, but the selection of 
initial iterative value is different. Therefore, a combined 
AE location algorithm based on the Least square 
algorithm and Geiger location algorithm was developed 
in this work. Before locating AE events, AE signals 
would be filtered to remove noise signals and gain 
accurate arrival time of P-wave. Then, the Least squares 
algorithm and Geiger algorithm were used to calculate 
AE event position and occurring time according to the 
difference of sensor coordinate and P-wave arrival time. 
The Least squares algorithm has an advantage of fast 
convergence in calculating the initial iterative value θ(x, 
y, z, t). Then, a modified vector Δθ(Δx, Δy, Δz, Δt) was 
calculated by the Geiger algorithm in each iteration and 
added on the results of the last iteration to abstain a new 
iterative value. The iteration continues until to match a 
required error criterion. Figure 4 shows the flow chart of 
the AE location principle. 

In this work, location analysis on AE events 
 

 
Fig. 4 Flow chart for AE location mechanism 

attempts to minimize the arrival time difference between 
observed and calculated ones. With each iterative 
calculation, the estimated arrival time at the sensor site is 
calculated and compared with the observed arrival time 
and an estimate of the error is obtained. Absolute 
deviation method is used to estimate the error as follows: 
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where N is the number of observed arrivals; toi is the 
observed arrival time at the ith sensor; tci is the calculated 
arrival time at the ith sensor. 
 
4 AE event location result of pencil break 

test 
 

Eighty pencil break tests were carried out on surface 
of PB1 and PB2 specimens, of which the top and side 
faces were 50 and 30, respectively. Figure 5 shows the 
waveforms of pencil break test on top surface of PB1 
specimens. It can see that the signal quality is fine. 
Sensors 5−8 are close to the pencil break positions and 
the time of AE signals arrival is earlier, while sensors 
1−4 are far away from the pencil break positions and the 
time of AE signals detected by sensor is later. 
 

 
Fig. 5 Waveforms detected by sensors 
 

Through calculating signal arrival time by AE 
combined location algorithm, 78 location results were 
obtained from the 80 pencil break tests of PS1 specimens. 
From Fig. 6, it can be seen that the location results of 
pencil break tests are concentrated on the pencil break 
positions. For PS1 specimens, the coordinates of pencil 
break positions of top and side faces are (54.5, 50, 198) 
and (54.5, 0, 99), respectively. Table 2 shows the 
location errors of PS1 specimens. It can be seen that the 
location error of 90% events is less than 10 mm and the 
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error of 60% events is less than 6 mm, showing that the 
location precision can meet the demand of microcracks 
monitored by AE technique. 

The combined location method was introduced in 
this work to ensure full use of the advantage of the Least 
square algorithm to effectively solve the problem of 
initial Iterative value. In addition, this location algorithm 
can significantly speed up the convergence processing 
and reduce iterations by the Geiger method, which is 
meaningful for processing a large amount of AE data 
generated during experiment. 
 

 
Fig. 6 AE event location results of pencil break tests: (a) PB1 
specimen; (b) PB2 specimen 
 
Table 2 Location error of PS1 specimens (in part) 
Position x/mm y/mm z/mm Error/mm

55.629 47.761 196.67 2.838426 

54.391 47.810 193.17 5.304421 

57.542 47.598 202.40 5.863733 

58.004 46.921 202.24 6.303638 

57.986 48.169 202.15 5.720774 

55.745 45.745 202.36 6.218091 

55.712 48.200 202.09 4.630016 

54.498 46.414 200.00 4.106020 

57.958 50.000 200.28 4.142000 

Top face 

55.466 47.191 194.78 4.380872 

59.257 −2.8471 100.59 5.767419 

60.951 −5.0104 101.87 8.657737 

59.257 −2.8471 100.59 5.767419 

57.836 −4.421 100.51 5.740578 

59.512 −6.6902 100.58 8.507369 

59.385 −4.7742 100.16 6.928334 

Side face 

60.854 −2.8028 100.05 7.023639 

 
5 Failure characteristics of pillar specimen 
 
5.1 Spatial distribution of AE events 

Figure 7 shows the location result of AE events of 
PS1 specimens with different stress levels. At the initial 
loading stage, 20% of peak stress is shown in Fig. 7(a). 

The located AE events are much less, but they have 
clustered in the bottom left corner. This indicates that 
stress concentration occurred in this area. When the 
stress achieves 40% of the peak stress, as shown in   
Fig. 7(b), AE events concentrate in area A much 
obviously, and begin to cluster in the top right corner of 
SP1 specimens. With stress increasing, AE events are 
highly centralized in areas A and B. When rock failure 
occurs, a few AE events also cluster in areas C and D 
shown in Fig. 7(e). Finally, shear failure occurs at the 
junction of pillar and roof in SP1 specimen, such as areas 
A and B. The 3D location of AE events can directly 
reflect the process of initiation, propagation and 
evolution of microcracks and the stress re-distribution 
within specimen, which is valuable for studying the rock 
failure mechanism. 

For PS2 specimens shown in Fig 8, located AE 
events are much less during the whole loading process 
than PS1 specimens. But, when rock failure occurs, AE 
events are also clustered in areas A, B and C shown in 
Fig. 8(c). The failure model of SP1 specimen is similar 
to SP2 specimen, shear failure at the junction of pillar 
and roof. It indicates that the area between pillar and roof 
is much likely appearance stress concentration, which 
can be identified as a danger zone of macroscopic failure, 
and can be used to guide for monitoring mine ground 
pressure disaster. 
 
5.2 AE activities 

Figure 9 shows the relationships between 
stress—strain and AE rate of SP1 and SP2 specimens at 
a time interval of 10 s. It can be seen that AE rate is 
much higher from the initial loading phase to elastic 
deformation phase. This phenomenon is different from 
complete rock specimens [11]. This indicates that during 
the whole loading phase, a large number of microcracks 
generated and propagated. It is worth noting that once 
the rock reaches plastic deformation stage, AE events 
decrease. This stage can be seen as a quiet period. AE 
quiet period is related with the rock plastic deformation. 
During this phase, the stress increment will diminish in 
unit time when the stress approaches to the peak value 
strength and it will need more time and microcracks will 
gradually nucleate and link to large scale cracks. ZENG 
et al [17], LI et al [18] have studied b-value of AE events 
during the rock failure process. It suggested that b-value 
will decrease and reach its minimum value before rock 
failure that can reflect the evolutionary process from 
small scale cracks to large scale cracks. Although AE 
rate is decreasing during the plastic deformation stage, 
the fracture scale and released energy are increasing, 
which indicates that macroscopic failure generated. So, 
AE quiet period can be seen as a precursor characteristic 
of rock failure. 
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Fig. 7 Location result of AE events of PS1 specimen with different stress levels: (a) 20%; (b) 40%; (c) 60%; (d) 80%; (e) 100%;    
(f) Rock failure pattern 
 

 

Fig. 8 Location result of AE events of PS2 specimen with different stress levels: (a) 30%; (b) 70%; (c) 100%; (d) Rock failure pattern 
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Fig. 9 Relationship between stress—strain and AE rate: (a) PS1 
specimen; (b) PS2 specimen 
 
6 Conclusions 
 

1) The akaike information criterion and Auto- 
Regression model were applied to determining AE 
waveform arrival time. Subsequently, an AE combined 
location algorithm was developed based on the Least 
square algorithm and Geiger location algorithm. The 
pencil break test results show that location error of 90% 
events is less than 10 mm and the error of 60% events is 
less than 6 mm, which indicates that location precision 
can meet the requirement of microcracks monitored by 
AE technique. 

2) The 3D location of AE events can directly reflect 
the process of initiation, propagation and evolution of 
micro cracks. AE location result is associated with the 
rock failure area. The stress concentration occurred in the 
area between pillar and roof, where is identified as a 
danger zone of macroscopic failure, and can be used to 
monitor ground pressure in mine. 

3) From the initial loading phase to elastic 
deformation phase, AE rate is much higher. When the 
rock reaches plastic deformation stage, AE events begin 
to decrease. The AE quiet period is typical characteristic 
for forecasting rock failure. 
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摘  要：声发射技术是研究岩石损伤破坏的良好工具。通过与矿柱相似的材料试验研究，对微裂纹的时空演化规

律进行研究。断铅试验结果表明：所提出的基于最小二乘法和Geiger算法的声发射组合定位算法的定位精度良好，

能满足岩石破坏过程声发射监测的需要。声发射定位结果直观地反映岩样内部裂纹初始、扩展的空间位置，对于

研究岩石破坏机理具有重要意义。在受载条件下，矿柱与顶板相接位置最容易产生应力集中，出现声发射群集现

象，其最终破坏结果与声发射定位时间群集区域吻合良好，说明矿柱与顶板相接位置属于宏观破坏发生的危险区；

当岩石进入塑性变形阶段后，声发射率明显下降，出现“平静期”，可以作为岩石失稳破坏的前兆特征。 

关键词：岩石破坏机制；矿柱岩样；破坏特征；时空演化；微裂纹；声发射；定位算法；平静期 
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