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Abstract
Estimation of rock burst grades is an important basis for rock burst prevention measures, and the AE (acoustic emission) 
features of rocks could reflect the rock burst grades. Taking a railway tunnel in western China as an example, the original 
rock cores with different rock burst grades were obtained by core drilling method; the cylindrical specimens in a diameter 
of 50 mm with a height of 100 mm were made from different directions (transverse, oblique, longitudinal) of the original 
rock cores. The AE features of different directions specimens during indoor uniaxial compression test were obtained. Using 
the ratio of the cumulative AE energy Eq before the main fracture to the cumulative AE energy E after the final fracture of 
specimens in different directions, the corresponding new methods for estimating the rock burst grade were proposed respec-
tively; the estimation results were compared with the actual rock burst grades and the estimation results of the traditional 
rock burst estimation methods. It shows that the estimation accuracy of the method based on Eq/E of specimens in different 
directions reaches 80%, which is in good agreement with the actual rock burst grades; compared with the traditional rock 
burst estimation methods, the estimation results of Eq/E-based rock burst estimation methods are more reliable; when Eq/E 
of specimens in different directions is used to estimate rock burst grades, the reliability of the estimated results from high 
to low is longitudinal, oblique, and transverse specimen. The results presented herein are important for the prevention and 
control of rock burst.
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Introduction

At present, estimation of rock burst grades is an urgent prob-
lem to be solved, and the complexity of rock burst itself 
brings great difficulties to the rapid and accurate estima-
tion of rock burst grades (Zhang 2012). Rock damage cracks 
often occurred and expanded with the increase of load, and 
the AE (acoustic emission) features of rocks during this pro-
cess could reveal rock burst grades. Therefore, the estimation 
of rock burst grades based on the AE features in rocks was 
conducted, which is of great significance to the prevention 
and control of tunnel rock burst in high in-situ stress area.

Furthermore, many researchers tried to use the AE 
technique to analyze the rock burst activity. For example, 
Yang and Wang (2005) studied the mechanism of rock 
burst by using AE technique, and classified the corre-
sponding relationship between lithology and rock burst 
types based on AE features; Cho et al. (2005) carried out 
AE simulation tests during rock loading failure process; 
Zhao et al. (2005) used AE positioning technology to study 
the three-dimensional evolution process of internal crack 
initiation, expansion, nucleation and coalescence during 
the deformation and failure process of granite specimens 
with different prefabricated cracks under uniaxial load-
ing, and analyzed the features of rock AE activities. Miao 
et al. (2009) based on the different AE feature parameters 
in the process of granite rock burst, concluded that the 
high-frequency and low-amplitude wave generated in the 
process of rock burst corresponds to the tensile crack, and 
the low-frequency and high-amplitude wave corresponds 
to the shear crack; He et al. (2010) and Tan et al. (2000) 
respectively studied the AE features in the process of rock 
failure and proposed the rock burst disaster theory based 

Responsible Editor: Zeynal Abiddin Erguler

 * Jinming Xu 
 xjming211@163.com

1 Department of Civil Engineering, Shanghai University, 
Shanghai 200444, China

2 China Railway 17 Bureau Group Co. Ltd., Taiyuan 030006, 
China

/ Published online: 18 January 2022

Arabian Journal of Geosciences (2022) 15: 194

http://crossmark.crossref.org/dialog/?doi=10.1007/s12517-021-09150-4&domain=pdf


1 3

on AE monitoring and early warning; Zhao et al. (2012) 
and Lu et al. (2008) respectively discussed the mecha-
nism of rock burst from the aspects of spectrum evolution 
law of micro-seismic signals and the relationship between 
energy level and frequency; Zhang et al. (2015) found that 
the cumulative acoustic emission energy of medium rock 
burst is much higher than that of low rock burst; Liu et al. 
(2016) considered that the AE law of rock during uniaxial 
and tri-axial compression tests was basically the same, and 
proposed that the cumulative ringing count of AE could 
be applied to the estimation of rock burst grade; Zhang 
et al. (2017) proposed a real-time estimation method of 
rock burst based on AE experimental data of rock burst 
and BP (back propagation) neural network; Wang et al. 
(2020) established the evolution model of dominant fre-
quency entropy based on the distribution features of AE 
dominant frequency and information entropy theory, and 
proposed that the relative maximum point of dominant fre-
quency entropy could be regarded as the key point of rock 
burst estimation; Mei et al. (2019) analyzed acoustic emis-
sion features of marble in the process of rock burst; Hu 
et al. (2019) used acoustic emission technology to collect 
acoustic emission signals of granite in the process of rock 
burst, and quantitatively studied the fracture mechanism 
of rock burst; Wang et al. (2019) analyzed the evolution 
characteristics of cracks in granite specimens during strain 
rock burst tests based on AE technique; Sun et al. (2019) 
explored the relationship between acoustic emission fea-
tures of different types of rocks and rock burst tendency; 
Dou et al. (2020) proposed an intelligent warning mode 
of rock burst grade based on acoustic emission technique.

However, there are few studies on the estimation of 
different rock burst grades (no, slight, medium, strong 
and severe) based on the AE features of rocks. Besides, 
the influence of different cutting directions (longitudinal, 
oblique and transverse) on the estimation of rock burst 
grades was usually ignored. Considering that the AE fea-
tures of rocks are closely related to the rock burst grades 
and the rocks with higher rock burst grade tend to release 
more energy under uniaxial compression (Shang et al. 
2011), the cumulative AE energy of rocks was proposed 
to be selected as the key parameter for estimating rock 
burst grades. Taking a tunnel in western China as an exam-
ple, the original rock cores of rock mass were obtained 
by core drilling method in 24 zones with different rock 
burst grades. According to the results of AE test, the new 
methods for estimating rock burst grades were proposed 
based on the ratio of accumulated AE energy Eq before the 
main fracture to accumulated AE energy E after the final 
fracture, and the estimation results were compared with 
the actual rock burst grades and the estimation results of 
the traditional rock burst estimation methods.

Process of acoustic emission test

Preparation of rock specimens

Rock specimens were taken from 24 rock burst zones with 
different rock burst grades in a tunnel of western China. 
Figure 1 shows the zones with different rock burst grades.

The preparation of rock specimens is shown in Fig. 2. The 
original rock cores retrieved from the site were cylindrical 
cores with an outer diameter of 130 mm. The original rock 
cores were processed into cylindrical specimens with height 
and diameter of 100 mm and 50 mm in three directions, and 
the three directions are 0° (longitudinal), 45° (oblique), and 
90° (transverse) of the specimen axis and the original core 
axis, respectively. The surface of the specimen needs to be 
polished to ensure that there are no obvious cracks.

Loading mode

The mechanical properties of rocks obtained by field test 
methods are often more reliable than those obtained by labo-
ratory tests (He et al. 2019). However, considering the actual 
construction situation of the tunnel and the limitation of the 
test equipment, the laboratory test method was adopted to 
investigate the rock burst in this study. Laboratory uniaxial 
compression and AE tests were carried out on standard spec-
imens. During the test, displacement control method was 
adopted to carry out uniaxial graded loading: The first-stage 
loading rate was 0.1 mm/s (loading to 20kN), the second-
stage loading rate was 0.15 mm/s (loading to 150kN), the 
third-stage loading rate was 0.05 mm/s (loading to 250kN), 
and the fourth-stage loading rate was 0.05 mm/s (loading to 
failure). After each stage was loaded, 45 s was maintained. 
The loading method is shown in Fig. 3.

As shown in Fig. 4, the equipment used in the test was 
rock hydraulic servo testing machine and PXDAQ1672G 
AE testing system.

Procedures for AE testing

The testing process of AE is briefly described below:

(a) Specimen preparation (see Fig. 5). Processing the origi-
nal rock cores into specimens with different directions, 
and recording the basic information (such as specimen 
name, number, size, etc.).

(b) Set parameters. Set the pre-gain of the amplifier to 
40 dB, the threshold to 55 dB, and the sampling rate 
for each channel to 10MS/s. The high pass and low pass 
of analog filter are 100 kHz and 200 kHz respectively, 
and the lower limit and upper limit of digital filter are 
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(a) Rock burst 1 (b) Rock burst 2 (c) Rock burst 3 (d) Rock burst 4 (e) Rock burst 5 (f) Rock burst 6 

(g) Rock burst 7 (h) Rock burst 8 (i) Rock burst 9 (j) Rock burst 10 (k) Rock burst 11 (l) Rock burst 12 

(m) Rock burst 13 (n) Rock burst 14 (o) Rock burst 15 (p) Rock burst 16 (q) Rock burst 17 (r) Rock burst 18 

(s) Rock burst 19 (t) Rock burst 20 (u) Rock burst 21 (v) Rock burst 22 (w) Rock burst 23 (x) Rock burst 24

Fig. 1  Zones with different rock burst grades. (a) Rock burst 1. (b) 
Rock burst 2. (c) Rock burst 3. (d) Rock burst 4. (e) Rock burst 5. (f) 
Rock burst 6. (g) Rock burst 7. (h) Rock burst 8. (i) Rock burst 9. (j) 
Rock burst 10. (k) Rock burst 11. (l) Rock burst 12. (m) Rock burst 

13. (n) Rock burst 14. (o) Rock burst 15. (p) Rock burst 16. (q) Rock 
burst 17. (r) Rock burst 18. (s) Rock burst 19. (t) Rock burst 20. (u) 
Rock burst 21. (v) Rock burst 22. (w) Rock burst 23. (x) Rock burst 
24

(a) Drilling (b) Cutting direction (c) Standard specimen size  

Fig. 2  Specimen preparation. (a) Drilling. (b) Cutting direction. (c) Standard specimen size
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200 K and 400 K respectively. Set the parameters of 
network transmission data to ensure that the data could 
be transferred to the computer during the whole test. 
Open the AE acquisition instrument and start collecting 
test data.

(c) Installation of AE sensors (see Fig. 6). Two sensors are 
fixed on the left and right sides of the specimen respec-
tively. Acoustic coupling agent is applied to the contact 
surface of the AE sensors and the specimen. The AE 
sensor, acquisition instrument and console were con-
nected by using data line.

(d) The specimens were loaded and AE data were col-
lected. After the specimen was preloaded, the pressure 
exerted on the specimen by the testing machine was 
kept unchanged, and AE data were collected. During 
the process of the test, the load is applied at a certain 

compression rate in stages until the specimen is dam-
aged (see Fig. 7).

Estimation of rock burst grade

Classification of rock burst grades

Using the code for hydropower engineering geological 
investigation (National Standards Compilation Group of 
People’s Republic of China, 2016), the rock burst grades 
were divided into five classes: no rock burst, slight rock 
burst, medium rock burst, strong rock burst and severe 
rock burst. Rock burst classification criteria are shown in 
Table 1.

As shown in Table  1, five parameters, i.e., motion, 
sound, aging, impact on construction, and influence depth, 
were used to comprehensively classify the rock burst 
grades by the code for hydropower engineering geological 
investigation (CHEGI), suggested by the National Stand-
ards Compilation Group of People’s Republic of China 
(2016). The rock burst zone 1 was taken as an example 
to concisely describe the details in estimating rock burst 
grade. At rock burst zone 1, many large rocks flied out 
rapidly, accompanied by the rock powder ejection; a strong 
burst sound was heard; the rock burst lasted for a long 
time; there is a great influence on the construction of the 
tunnel; the rock burst pit is distributed continuously with 
the influencing distances of more than 2 m. Therefore, the 
rock burst at this zone was determined as the strong rock 
burst.

Fig. 3  Loading mode

Fig. 4  Outline of AE testing 
system. (a) AE test platform. (b) 
Sensor position

(a) AE test platform (b) Sensor position
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Estimation index of rock burst grades

AE test data were collated to obtain AE energy of rock 
specimens during the process of uniaxial compression. 
Taking rock burst zone 1 (strong rock burst) as an exam-
ple, the calculation process of Eq/E predictor of rock burst 
grades was illustrated. Figure 8 shows the relationship 
curve between AE energy and loading time of transverse, 
oblique and longitudinal specimens in rock burst zone 1 
respectively.

As can be seen from Fig. 8, the specimens in different 
directions behave relatively calm and release few energy 
before the stress reaches the maximum; when the stress 
reaches the maximum, the main crack begins to appear, 
the AE events are relatively active, and the energy of the 
specimen begins to release rapidly and in large quantities. 
Accordingly, the time point corresponding to the maximum 
stress was taken as the moment when the main crack of the 
specimen began to appear. The ratios of Eq to E of the trans-
verse, oblique and longitudinal specimens were calculated 
to be 0.0508, 0.1034 and 0.1694, respectively. The Eq/E of 
other rock burst zones could be obtained by referring to the 
above method, and the results are shown in Table 2 below.

According to the calculated results of Eq/E values of 22 
specimens from different directions in different rock burst 
zones in Table 1, 16 of them were randomly selected to 
investigate the actual rock burst situation. Based on the Eq/E 
values of transverse, oblique and longitudinal specimens, 
the corresponding estimation methods of rock burst grades 
were proposed, and the Eq/E values of the remaining 8 rock 
burst zones were used to verify and analyze the accuracy of 
the corresponding estimation methods. Taking the transverse 
specimen as an example, the process of putting forward the 
estimation method of rock burst grade of specimens was 
described. Fourteen rock burst zones were randomly selected 
from Table 2 above and renumbered. The results are shown 
in Table 3.

As shown in Table 3, among the 16 randomly selected 
rock burst zones, the numbers of no,  slight, medium, 
strong, and severe rock bursts are 2, 1, 9, 4, and 0, respec-
tively. Since the number of severe rock burst is 0, it is diffi-
cult to determine the range of severe rock burst accurately. 

Fig. 5  Original AE specimen

Fig. 6  Installation of AE sensors

Fig. 7  Appearance of AE specimen failure

Page 5 of 14    194Arab J Geosci (2022) 15: 194



1 3

Considering the convenience of regional division of dif-
ferent rock burst grades, the ratio of Eq to E is set as 0, 
which is used as a value of severe rock burst. The rock 
burst estimation method based on the Eq/E of the trans-
verse specimen is shown in Fig. 9.

As shown in Fig. 9, when Eq/E value is greater, the rock 
burst grade is lighter, while when Eq/E value is smaller, 
the rock burst grade is heavier. Therefore, four horizontal 
lines may be used to divide Eq/E into five zones, and the 
corresponding rock burst grades of these five zones are no 
rock burst, slight rock burst, medium rock burst, strong 
rock burst, and severe rock burst. The formation process 
of these four horizontal boundaries is as follows:

(a) The boundary line between no rock burst and slight 
rock burst: the number of slight rock burst is only one, 
and the number of no rock burst is 2. Half of the sum y2 
(0.8587) and y16 (0.8603) is taken as the boundary line 
between no rock burst and slight rock burst, that is, the 
boundary line y = 0.8587;

(b) The boundary line between slight and medium rock 
bursts: there is only one slight rock burst and nine 
medium rock bursts. The value of rock burst zone 2 
represents the minimum value of y3 (0.8571) in the 
medium rock burst zone, while the value of rock burst 
zone 13 represents the maximum value of y13 (0.7948) 
in the medium rock burst zone. Half of the sum of y3 
and y13 is taken as the boundary value of the two rock 
burst ranges, that is, the boundary line y = 0.8260;

(c) The boundary line between medium and strong rock 
burst: the value of rock burst zone 4 represents the min-
imum value of y4 (0.5833) in the moderate rock burst 
zone, while the value of rock burst zone 14 represents 
the maximum value of y14 (0.3225) in the strong rock 
burst zone. Half of the sum of  y4 and  y14 is taken as the 

boundary value of the two rock burst ranges, that is, the 
boundary line y = 0.4529;

(d) The boundary line between strong and severe rock 
burst: the value of rock burst zone 3 represents the 
minimum value of y3 (0.0428) in the medium rock 
burst zone, and the maximum value of severe rock burst 
zone is 0. Half of the sum of y3 and 0 is taken as the 
boundary value of the two rock burst ranges, that is, the 
boundary line y = 0.0214.

When using Eq/E to estimate the rock burst grades, the 
ratios of Eq/E are greater 0.8587, 0.8260 to 0.8587, 0.4529 to 
0.8260, 0.0214 to 0.4529 and less than 0.0214, respectively 
corresponding no rock burst, slight rock burst, medium rock 
burst, strong rock burst and severe rock burst. For the con-
venience of engineering application, two decimal places 
were retained and the classification standard of rock burst 
grade could be simplified as greater 0.86, 0.83 to 0.86, 0.45 
to 0.83, 0.02 to 0.45 and less than 0.02. By referring to the 
above methods, a rock burst grade estimation method based 
on Eq/E values of specimens in different directions could be 
obtained. The results are shown in Table 4 below.

In order to verify the accuracy of the three estimation 
methods of rock burst grade, Eq/E values of the remaining 
8 rock burst zones in the corresponding direction were taken 
for verification respectively, and the results are shown in 
Table 5.

In Table 5, the comparison between the estimated results 
of rock burst grade and the actual rock burst grade was car-
ried out, and the results are shown in Table 6 below.

As can be seen from Table 6, the estimation accuracy 
of rock burst grade based on transverse specimen Eq/E is 
more than 80%, and the error rate is 12.5%. The estima-
tion results of rock burst grade are basically consistent with 
the actual rock burst grades. When the rock burst grade 

Table 1  Rock burst classification

Features of rock burst Rock burst grades

No Slight Medium Strong Severe

Sound features None Cracking sounds and tear-
ing sounds

Crisp popping sounds Very loud popping sounds A sharp dull cracking sound

Movement features None Loosen or peel off Burst loose, strong 
stripping and a 
small amount of 
ejection

Lots of bursts and ejec-
tions

Large continuous burst, 
large pieces of rock ejec-
tion

Aging features None Sporadic and intermittent 
bursts

Lasts for a long time 
and develops to the 
depth with time

Continuity and rapidly 
extends to the depth of 
the surrounding rock

Suddenly and rapidly 
extended to the depth of 
surrounding rock

Influence depth None  < 0.5 m 0.5 ~ 1 m 1 ~ 3 m  > 3 m
Degree of hazard to the 

project
None Small Relatively large Large Heavy
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(a1) Relationship between AE energy, stress and time

(a2) Relationship between cumulative AE energy, stress and time

(b1) Relationship between AE energy, stress and time

(b2) Relationship between cumulative AE energy, stress and time

(c1) Relationship between AE energy, stress and time

(c2) Relationship between cumulative AE energy, stress and time

Fig. 8  AE energy of specimens various at different directions. (a) 
Transverse specimens. (a1) Relationship between AE energy, stress 
and time. (a2) Relationship between cumulative AE energy, stress 
and time. (b) Oblique specimens. (b1) Relationship between AE 

energy, stress and time. (b2) Relationship between cumulative AE 
energy, stress and time. (c) Longitudinal specimens. (c1) Relationship 
between AE energy, stress and time. (c2) Relationship between cumu-
lative AE energy, stress and time
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estimation method based on transverse specimen Eq/E was 
used to estimate the rock burst, the estimation result may be 
overestimated by one grade, the overestimated rate is 12.5%, 
and there is no case of under-estimated rock burst. The esti-
mation accuracy of rock burst grade based on oblique or 
longitudinal Eq/E is 100%, and the error rate is 0%. The esti-
mation results of rock burst grade are both consistent with 
the actual rock burst grades. Compared with the transverse 

specimen, the estimation results of Eq/E rock burst estima-
tion method based on oblique or longitudinal specimens are 
more reliable.

Applicability of rock burst grade estimation 
methods

In order to analyze the applicability of rock burst estimation 
method based on Eq/E rock burst grade estimation method 
of specimens in different directions for Eq/E values of speci-
mens in any direction, all the Eq/E values of specimens in 
three directions were taken as the test data. Taking the rock 
burst grade estimation method based on transverse specimen 
Eq/E as an example, the estimation process of the rock burst 
grade estimation method on the test data was illustrated. 
The estimation results of the rock burst grade estimation 
method based on transverse specimen Eq/E for the test data 
are shown in Table 7.

Using the above method, the estimation results of the test 
data based on the Eq/E rock burst grade estimation method 
of oblique and longitudinal specimens could be obtained 
respectively. The comparison of the estimation results of the 
test data with the actual rock burst grade by three different 
estimation methods of rock burst grade was carried out, and 
the results are shown in Table 8.

As can be seen from Table 8, the rock burst grade estima-
tion method based on Eq/E values of specimens in different 
directions has a high accuracy of estimating the rock burst 
grade of the test data, reaching 80%. The accuracy of the 
estimation results from high to low is longitudinal, oblique, 
and horizontal in order. The over-estimation rate of Eq/E 
rock burst grade estimation method based on transverse 
specimen is close to 10%, which need be paid attention to 
in engineering application. The over-estimation rate of rock 
burst grade estimation method based on Eq/E value of lon-
gitudinal specimen is 0. Therefore, the estimation method 
based on Eq/E rock burst grade of longitudinal specimen 
has good applicability to Eq/E values in different directions. 
The rock burst grade estimation method based on longitu-
dinal specimen Eq/E values need be given priority in the 
estimation of rock burst grade. That is, when Eq/E value 
of specimen in any direction was used for rock burst esti-
mation, the estimation result of rock burst grade estimation 
method based on longitudinal specimen Eq/E values were 
more reasonable.

Comparison of prediction methods for different rock 
burst grades

In order to discuss the reliability of the estimation method 
of rock burst grade proposed in this study, the Barton’s 
method (Barton 2002), Rehman’s method (Rehman et al. 
2019), Hoek’s method (Hoek and Brown 2019), Tao’s 

Table 2  Eq/E various at different rock burst zones

No. of rock 
burst zone

Eq/E Actual rock 
burst grade

Transverse Oblique Longitudinal

1 0.0508 0.1034 0.1694 Strong
2 0.7692 0.4241 0.7267 Medium
3 0.8571 0.8774 0.9355 Slight
4 0.0428 0.0882 0.1956 Strong
5 0.5833 0.4688 0.5185 Medium
6 0.1428 0.1481 0.2607 Strong
7 0.0909 0.1905 0.3158 Strong
8 0.6844 0.4762 0.6250 Medium
9 0.5385 0.4178 0.6567 Medium
10 0.7756 0.6809 0.7045 Medium
11 0.4102 0.5625 0.5435 Medium
12 0.0484 0.1555 0.0781 Strong
13 0.6567 0.4671 0.8387 Medium
14 0.7609 0.5185 0.4412 Medium
15 0.5517 0.4074 0.7143 Medium
16 0.7222 0.7188 0.4473 Medium
17 0.8162 0.6071 0.7576 Medium
18 0.5854 0.6739 0.5250 Medium
19 0.3375 0.2166 0.1842 Strong
20 0.6800 0.7895 0.6579 Medium
21 0.7948 0.4412 0.7317 Medium
22 0.3225 0.2058 0.1547 Strong
23 0.8843 0.8803 0.9485 No
24 0.8603 0.8799 0.9361 No

Table 3   Eq/E of transverse specimens various at different rock burst 
zones

No. of rock 
burst zone

Eq/E Actual rock 
burst grade

No. of rock 
burst zone

Eq/E Actual rock 
burst grade

1 0.7692 Medium 9 0.6567 Medium
2 0.8571 Slight 10 0.7609 Medium
3 0.0428 Strong 11 0.7222 Medium
4 0.5833 Medium 12 0.6800 Medium
5 0.0909 Strong 13 0.7948 Medium
6 0.6844 Medium 14 0.3225 Strong
7 0.7756 Medium 15 0.8843 No
8 0.0484 Strong 16 0.8603 No
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method (Tao 1987), CHEGI’s method (the code for hydro-
power engineering geological investigation, 2016), He’s 
method (He et al. 2021) were introduced to estimate the 
rock burst grades (see Table 9).

In the Table 9, SRF represents stress reduction factor; SRFQ 
represents modified stress reduction factor; σc represents uni-
axial compressive strength; σmax represents maximum in-situ 
stress;  AEF represents the residual elastic energy index.

The above estimation methods of rock burst grade were 
used to estimate the rock burst grade of the 8 verification 
points respectively, and the estimation results are shown in 
Table 10.

The estimation results in Table 5 and Table 10 were com-
pared with the actual rock burst grade, and the results are 
shown in Table 11.

As can be seen from Table 11, the overestimation rate of 
the estimation results of CHEGI’s is the maximum, reaching 
50%; the accuracy of Barton’s method, Rehman’s method, 
Tao’s method, and CHEGI’s method was not high, all of 
which could not reach 80%; in the estimation results of Bar-
ton’s method, Rehman’s method, Tao’s method, and CHE-
GI’s method, there is no underestimation; the estimation 

Fig. 9  Eq/E various at different 
rock burst zone

Table 4  Estimation method based on Eq/E of specimens in different 
directions

Rock burst grade Estimation method based on Eq/E of speci-
mens in different directions

Transverse Oblique Longitudinal

No  > 0.86  > 0.88  > 0.95
Slight 0.83 ~ 0.86 0.84 ~ 0.88 0.88 ~ 0.95
Medium 0.45 ~ 0.83 0.32 ~ 0.84 0.38 ~ 0.88
Strong 0.02 ~ 0.45 0.04 ~ 0.32 0.07 ~ 0.38
Severe  ≤ 0.02  ≤ 0.04  ≤ 0.07

Table 5  Estimation results of rock burst grades

No. of verifica-
tion point

Estimation results of rock burst grade estimation method based on Eq/E in different directions Actual rock 
burst grade

Transverse Oblique Longitudinal

Eq/E Estimation results Eq/E Estimation results Eq/E Estimation results

1 0.0508 Strong 0.1034 Strong 0.1694 Strong Strong
2 0.1428 Strong 0.1481 Strong 0.2607 Strong Strong
3 0.5385 Medium 0.4178 Medium 0.6567 Medium Medium
4 0.4102 Strong 0.5625 Medium 0.5435 Medium Medium
5 0.5517 Medium 0.4074 Medium 0.7143 Medium Medium
6 0.8162 Medium 0.6071 Medium 0.7576 Medium Medium
7 0.5854 Medium 0.6739 Medium 0.5250 Medium Medium
8 0.3375 Strong 0.2166 Strong 0.1842 Strong Strong
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results of rock burst based on He’s method are quite different 
from the actual situation, which may be caused by the incon-
sistency between the classification criterion of rock burst 
grades in He’s method and this study; however, the estima-
tion results of rock burst grade estimation method based on 
Eq/E of specimens in transverse or oblique direction may 
underestimate the rock burst grade. Compared with other 
methods, the estimation results of rock burst grade estima-
tion method based on Eq/E of specimens in longitudinal were 
closer to the actual rock burst grades.

Discussion

(1) AE is induced by crack propagation behavior of rocks 
under load. Rock with different in-situ stress levels and 
types usually have different structural features, and the 
AE features of rocks during deformation and failure are 
also different. The AE features of rocks could reflect 
the fracture development process. Taking granite as an 
example, the differences between specimens in differ-

Table 6  Comparison of estimated results and actual rock burst grades

Evaluation index Estimation methods based on Eq/E of 
specimens in different directions

Transverse Oblique Longitudinal

Overestimation rate 12.5% 0% 0%
Underestimation rate 0% 0% 100%
Accuracy rate 87.5% 100% 100%
Error rate 12.5% 0% 0%

Table 7  Estimation results of estimation method based on transverse specimen Eq/E 

No. of Rock 
burst zone

Transverse Eq/E Estimation results Oblique Eq/E Estimation results Longitudinal Eq/E Estimation results Actual rock 
burst grade

1 0.0508 Strong 0.1034 Strong 0.1694 Strong Strong
2 0.7692 Medium 0.4241 Strong 0.7267 Medium Medium
3 0.8571 Slight 0.8774 No 0.9355 No Slight
4 0.0428 Strong 0.0882 Strong 0.1956 Strong Strong
5 0.5833 Medium 0.4688 Medium 0.5185 Medium Medium
6 0.1428 Strong 0.1481 Strong 0.2607 Strong Strong
7 0.0909 Strong 0.1905 Strong 0.3158 Strong Strong
8 0.6844 Medium 0.4762 Medium 0.6250 Medium Medium
9 0.5385 Medium 0.4178 Strong 0.6567 Medium Medium
10 0.7756 Medium 0.6809 Medium 0.7045 Medium Medium
11 0.4102 Strong 0.5625 Medium 0.5435 Medium Medium
12 0.0484 Strong 0.1555 Strong 0.1387 Strong Strong
13 0.6567 Medium 0.4671 Medium 0.8387 Slight Medium
14 0.7609 Medium 0.5185 Medium 0.4412 Strong Medium
15 0.5517 Medium 0.4074 Strong 0.7143 Medium Medium
16 0.7222 Medium 0.7188 Medium 0.4473 Strong Medium
17 0.8162 Medium 0.6071 Medium 0.7576 Medium Medium
18 0.5854 Medium 0.6739 Medium 0.5250 Medium Medium
19 0.3375 Strong 0.2166 Strong 0.1842 Strong Strong
20 0.6800 Medium 0.7895 Medium 0.6579 Medium Medium
21 0.7948 Medium 0.4412 Strong 0.7317 Medium Medium
22 0.3225 Strong 0.2058 Strong 0.1547 Strong Strong
23 0.8843 No 0.8803 No 0.9485 No No
24 0.8603 No 0.8799 No 0.9361 No No

Table 8  Comparison of estimation results and actual rock burst grade

Evaluation index Estimation methods based on Eq/E value of 
specimens in different directions

Transverse Oblique Longitudinal

Overestimation rate 9.7% 2.7% 5.6%
Underestimation rate 4.2% 7.0% 0%
Accuracy rate 86.1% 90.3% 94.4%
Error rate 13.9% 9.7% 5.6%
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ent directions in the process of deformation and failure 
were described from the aspects of AE energy, accu-
mulated AE energy, initiation and propagation process 
of cracks and uniaxial compressive strength.

(a) AE energy. The first peak value of AE energy 
cure of transverse and oblique specimens is small, 
while that of longitudinal specimens is great and 
reaches the maximum value; the second peak 
value of AE energy curves of transverse and 
oblique specimens reaches the maximum value.

(b) Accumulated AE energy. The first surge of accu-
mulated AE energy cure of transverse specimens 
is steep, while that of oblique and longitudinal 
specimens is gentle; the second surge amplitude 
of transverse and longitudinal specimens is small, 
while that of oblique specimens is great; the 
cumulative AE energy of specimens in different 
directions is longitudinal, oblique and transverse 
in descending order.

(c) Cracks. The crack angle of the transverse speci-
men is great, and the crack converges on the upper 
or lower end face of the specimen; compared with 
the transverse specimen, the fracture dip angle and 
the interval between the cracks of the longitudinal 
specimen is relatively small, and the cracks are 
approximately parallel; the inclination of oblique 
specimen cracks is approximately parallel to the 
specimen axis, and the cracks are relatively dis-
persed.

(d) Uniaxial compressive strength. The uniaxial com-
pressive strength of specimens in different direc-
tions is longitudinal specimen, oblique specimen 
and transverse specimen in descending order.

In the first AE active stage, large new cracks were gen-
erated in transverse and oblique specimens; in the second 
AE active stage, these new cracks extended through the 
whole specimen, making the specimen lose its bearing 
capacity. In the first AE active stage, large new cracks 
were also generated in the longitudinal specimen, and in 
the second AE active stage, new large cracks were gener-
ated again, and the main cracks were connected so that 
the specimen lost its bearing capacity. The differences of 
fracture and uniaxial compressive strength produced by 
different specimens are closely related to the content and 
distribution of components, in-situ stress level and struc-
ture of rocks.

(2) Sensor 1 and sensor 2 were located at the upper and 
lower part of the specimen respectively (see Fig. 4). 
Taking rock burst zone 1 as an example, the compari-Ta
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son of AE test results of specimens in different direc-
tions at the two positions was performed.

(a) Transverse specimen
  The maximum peak value of AE energy curve 

of sensor 1 and sensor 2 appeared when and 
before the specimen began to generate through-
cracks and complete failure, respectively; the 
amplitude of cumulative AE energy curve of 
sensor 1 is great, while that of sensor 2 is small; 
the maximum amplitude of sensor 1 and sensor 
2 appeared when and before the specimen was 
destroyed, respectively.

(b) Oblique sample
  The variation rules of AE energy and cumula-

tive AE curves of the two sensors are basically the 
same, but the measured value of sensor 2 is much 
smaller than that of sensor 1.

(c) Longitudinal sample
  The maximum peak value of AE energy curve 

of sensor 1 occurred when the rock was com-
pletely destroyed, while that of sensor 2 appeared 
before the rock was completely destroyed; the 
cumulative AE curve of sensor 1 occurred two 

steep surges, while that of sensor 2 was small and 
only appeared one steep surge.

Compared with sensor 2, sensor 1 may collect more AE 
feature information and better reflect the actual deformation 
and failure process of rocks. Therefore, AE feature informa-
tion collected by sensor 1 is used to investigate rock burst 
grade estimation.

(3) Rock burst is induced by the micro-crack propagation 
and strain energy release of rocks under high in-situ 
stress, and acoustic energy release is usually accom-
panied by crack propagation. The properties of energy 
storage and release are closely related to the process 
of rock deformation and failure (He et al. 2020). AE 
activity is an intuitive expression of rock fracture, and 
the variation rule of AE energy features describes the 
details of rock deformation and failure process (Jiang 
et al. 2021). The AE energy feature parameters could 
be used to characterize the process of rock fracture and 
instability. Rock burst estimation methods based on 
Eq/E in different directions may well consider the influ-
ence of fracture development and stress state on rock 
failure characteristics. Compared with the traditional 
rock burst estimation methods based on rock strength, 

Table 10  Estimation results of different rock burst criteria

No σc/σmax SRF SRFQ AEF Barton’s criterion Rehman’s criterion Tao’s criterion CHEGI’s criterion He’s criterion Actual rock 
burst grade

1 0.82 18.54 14.55  − 26.01 Heavy Heavy Heavy Severe No Strong
2 0.48 17.48 15.12  − 70.90 Heavy Heavy Heavy Severe No Strong
3 3.26 5.27 8.47 113.32 Medium Medium Medium Medium Slight Medium
4 2.22 5.41 8.78 112.63 Heavy Medium Heavy Medium Slight Medium
5 2.99 5.97 16.96 84.58 Medium Heavy Medium Medium Slight Medium
6 3.00 5.54 17.72 52.57 Medium Heavy Medium Medium Slight Medium
7 1.35 18.23 17.32  − 8.14 Heavy Heavy Heavy Strong No Medium
8 0.92 18.93 12.55  − 12.96 Heavy Heavy Heavy Severe No Strong

Table 11  Comparison of estimated results and actual rock burst grades

Rock burst estimation methods Overestimation 
rate

Underestimation 
rate

Accuracy rate Error rate

Barton’s method 25% 0% 75% 25%
Rehman’s method 37.5% 0% 62.5% 37.5%
Tao’s method 25% 0% 75% 25%
CHEGI’s method 50% 0% 50% 50%
He’s method 0% 100% 0% 100%
Estimation method of rock burst grade based on Eq/E 

value of specimens in different directions
Transverse 10.6% 4.5% 84.9% 15.1%
Oblique 3.0% 7.6% 89.4% 10.6%
Longitudinal 6.0% 0% 94% 6%
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the rock burst estimation results based on Eq/E in dif-
ferent directions are more reliable and could reflect 
the actual rock burst situation. Therefore, the AE tech-
nique may be an effective method to estimate rock burst 
grades.

Conclusions

Taking a tunnel in western China as an example, the AE 
features of specimens in three directions (transverse, 
oblique and longitudinal) under uniaxial compression were 
obtained using acoustic emission (AE) technique, the three 
rock burst grade estimation methods were proposed based 
on the ratio of accumulated AE energy Eq before the main 
fracture to accumulated AE energy E after the final frac-
ture. The results showed that:

(1) The Eq/E value was used to subdivide the rock burst 
grade into no, slight, medium, strong and severe rock 
burst, and the rock burst grade estimation methods 
based on Eq/E value of transverse specimen (greater 
0.86, 0.83 to 0.86, 0.45 to 0.83, 0.02 to 0.45 and less 
than 0.02), oblique specimen (greater 0.88, 0.84 to 
0.88, 0.32 to 0.84, 0.04 to 0.32 and less than 0.04) and 
longitudinal specimen (greater 0.95, 0.88 to 0.95, 0.38 
to 0.88, 0.07 to 0.38 and less than 0.07) were obtained 
respectively;

(2) The estimation accuracy of the criteria based on Eq/E 
of specimens in different directions could reach 80%, 
and the estimation results are closer to the actual rock 
burst grade than that of the traditional methods;

(3) When the rock burst grade estimation methods based 
on specimen Eq/E in different directions are used to 
estimate the rock burst grade, the accuracy of the esti-
mation results is longitudinal, oblique, and horizontal 
in order from high to low.
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