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Acoustic emission (AE) localization plays an important role in the prediction and control of potential haz-
ardous sources in complex structures. However, existing location methods have less discussion on the
presence of unknown empty areas. This paper proposes an AE source location method for structures con-
taining unknown empty areas (SUEA). Firstly, this method identifies the shape, size, and location of
empty areas in the unknown region by exciting the active AE sources and using the collected AE arrivals.
Then, the unknown AE source can be located considering the identified empty areas. The lead break
experiments were performed to verify the effectiveness and accuracy of the proposed method. Five spec-
imens were selected containing empty areas with different positions, shapes, and sizes. Results show the
average location accuracy of the SUEA increased by 78% compared to the results of the existing method. It
can provide a more accurate solution for locating AE sources in complex structures containing unknown
empty areas such as tunnels, bridges, railroads, and caves in practical engineering.
� 2022 Published by Elsevier B.V. on behalf of China University of Mining & Technology. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As a passive non-destructive testing (NDT) technique, acoustic
emission (AE) technology has a wide range of applications in aero-
space [1], engineering machinery [2], mining [3], tunnels [4],
bridges [5], railroads [6], and other fields [7–9]. It uses AE signals
generated by the material itself during plastic deformation, crack
expansion, and impact to perform damage identification, defect
recognition, and crack tracing. The main goal of AE monitoring
techniques is to determine the location of the AE source. The local-
ization accuracy reflects the degree of conformity between the
detected sources and the actual sources [10,11]. The abnormal
areas widely existing in engineering structures, such as tunnels,
underground mined-out area, water, faults, and other irregular
holes, have a significant influence on localization accuracy. It is
very difficult to prevent and control the engineering disasters,
including sudden water, mud gushing, roofing, rockburst, and
structure failure under the conditions with inaccurate locations
of AE sources [12,13]. Therefore, it is urgent and important to
locate AE sources accurately after detecting and sizing empty areas
for reducing and controlling hazard risks in practical engineering.
In recent years, some works have been carried out to improve
localization accuracy considering the different conditions, includ-
ing modal and frequency analysis [14], laser time reversal [15], lin-
ear layout of sensors [16], as well as fast marching method and
second-order difference method [17]. Dong et al. [18] proposed a
location method without pre-measured wave velocity. They then
optimized the method by continuously reducing the velocity inter-
val and developed analytic and iterative cooperative localization
[19]. Hesser et al. [20] applied computational intelligence to accu-
rately identify the type of AE source based on the captured acoustic
emission signals. To remove P-wave arrival time system error for
each sensor, Shang et al. [21] built a Bayesian inversion framework
to estimate it and proposed a high-precision virtual field optimiza-
tion location method. Mostafapour et al. [22] used the theories of
wavelet transform and cross-time frequency spectrum to locate
AE source with frequency-varying wave velocity in plate-type
structures. In addition to the artificial neural network and Bayesian
methodology, scholars have applied the shuffled frog leaping algo-
rithm to AE source localization [23–25]. These existing localization
methods are partly based on the fact that the structural material of
the specimen is homogeneous, i.e., the elastic wave propagates in
the medium in a straight line [26–28]. However, in anisotropic
plates, acoustic waves do not always propagate along a straight
line. Even for isotropic plates containing empty areas or inclusions
between the sound source and the AE sensor, the assumption of
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Fig. 1. Flowchart of SUEA.
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straight-line propagation is violated [29]. Hajzargerbashi et al. [30]
argued that materials are not all homogeneous and introduced a
new objective function. Experimental validation of the source
localization algorithm was performed on uniformly isotropic and
non-uniformly anisotropic plates. A method of AE source localiza-
tion considering refraction was proposed by Zhou et al. [31] to
address the problem that the existing AE source localization algo-
rithm cannot always obtain accurate results for multi-layer cylin-
drical media. Baxter et al. [32] took into account the cavities in
the structure, but mostly the shortest time path out of the wave
is determined using a path search algorithm with the known loca-
tion, size, and shape of the empty. An improved fully automated
delta-T mapping technique was proposed by Al-Jumaili et al.
[33]. A clustering algorithm is used to automatically identify and
select highly correlated events at each grid point, while the source
location is determined using the minimum difference method. Hu
and Dong [34] proposed the improved A* search algorithm to
search the actual shortest time path for complex structures in
irregular spaces, avoiding manual repetitive training between
equidistant grid nodes and sensors. The above works considered
known empty areas for AE source localization well [35]. Actually,
it is extremely difficult to achieve full knowledge of the position,
size, and shape of some holes hiding in the practical engineering
environment [36,37].

In order to solve this problem, an AE source localization method
for the target structures containing unknown holes was proposed.
The method considers complex unknown empty areas encountered
in the actual engineering environment. It can identify the empty
areas firstly and then locate the AE sources precisely. The actual
propagation path of the elastic wave in the medium is also consid-
ered, and the shortest time path of the elastic wave from the
potential AE source to the sensor bypassing the empty area is
tracked to make it close to the actual path to improve the location
accuracy. Indoor tests were conducted to verify the proposed
method using five specimens containing empty areas with differ-
ent positions, shapes, and sizes. Furthermore, the effectiveness
and reliability were discussed after comparing the localized results
using the proposed and existing methods.
2. Methods

The AE source location method for structures containing
unknown empty areas (SUEA) can be divided into two steps,
including the determination of unknown empty areas and the
localization of AE sources. The detailed flowchart of SUEA is shown
in Fig. 1.
2.1. Determination of unknown empty areas

2.1.1. On-site data acquisition
AE sensors are arranged at different positions in the interesting

target area. The arrival time of signal from the active AE source to
each AE sensor is collected on site. The position of the active AE
source is actually known. The time recorded by the c-th sensor Sc
is set as tc and recorded by the r-th sensor Sr is tr. Then the differ-
ence between the actual arrival time of the signal received by the Sc
and Sr is seen in

Dtcr ¼ tc � tr ð1Þ
2.1.2. Establishing the model data of the empty area
Different empty area models would be constructed for the tar-

get area. The target area can be meshed according to a certain pro-
portion, and grid intersections are obtained. Each grid intersection
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can be regarded as a sample point, and a set of sample points is
obtained.

Firstly, a sample point is taken as the starting point and all
available values of the empty area size are traversed. The empty
area sizes take values that are integer multiples of the grid cell size
and less than or equal to the size of the target area. In this study,
the shapes of the empty area are divided into three categories:
square, oval and horseshoe, which are the most common void
shapes in the underground. Then, all the shapes of empty areas
are traversed to obtain all the empty area models in the target
region.
2.1.3. Calculating the shortest time path from each active AE source to
each sensor in each model

(1) Determining whether the line segment from the AE source
to the sensor intersects with the empty area

For convenient application, the circular shape in this study is
replaced by an external cut dodecagon, and the horseshoe shape
is replaced by an external cut eight-sided shape, as shown in
Fig. 2. The empty area and the AE source O divide the plane into
5 parts (except the empty area, in the Fig. 2). Method description
takes the square hole as an example, and the rest are similar. The
directed path from the AE source O to the sensor S is defined as

the vector OS
�!

. The vertices of the square hole are labeled as a, b,

c, and d. The vectors Oa
�!

,Ob
�!

,Oc
�!

,Od
�!

are made with O as the starting
point and a, b, c, d as the ending points; XSa is obtained by calculat-

ing the value of the vector outer product of OS
�!

xOS; yOSð Þ and

Oa
�!

xOa; yOað Þ (Eq. (2)).



Fig. 3. Schematic diagram of AE source, sensor and empty area.

Fig. 2. A plane divided into five parts by the sensor S and the empty area (3 categories).
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XSa ¼ OS
�!� Oa

�! ¼ xOSyOa � xOayOS ð2Þ
XSb, XSc and XSd are all calculated and recorded in the same way,

respectively. If XSa, XSb, XSc and XSd are all non-positive or all non-
negative, it means that the sensor S is in region II or IV.

If not, the sensor Swould be in region I or III or V. Then, the vec-

tor inner products YSa of the vector OS
�!

with Oa
�!

is calculated (Eq.
(3)).

YSa ¼ OS
�! � Oa�! ¼ xOSxOa þ yOSyOa ð3Þ

Ysb, Ysc and Ysd are all calculated and recorded in the same way,
respectively. If YSa, YSb, YSc and YSd are all negative, it means that the
sensor S is in region I.

If not, the sensor S would be in region III or V. In the circum-
stances, the point b and point d can be determined since they cor-
respond to the maximum and minimum values of the vector outer
products X(XSa, XSb, XSc, or XSd). Then, the AE source O and the two
points b and d form a triangle. The center of gravity method is then
used to confirm whether the sensor S is inside the triangle. If so, it
means that the sensor S is in the region V since the sensor S cannot
be arranged in the empty area; if not, the sensor S is in region III.

If the sensor S is in region I or II or IV or V, the shortest time path
between the AE source O and the sensor S is the length of the line
segment of OS, as shown in Fig. 3a.

If the sensor S is in region III, it is the intersection problem con-
sidered in the following. The shortest time path of elastic wave
between the AE source O and the sensor S is then calculated by
bypassing the empty area, as shown in Fig. 3b. Then, the distance
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of the shortest time path would require further analysis, which is
illustrated in steps (2) and (3) in detail.

(2) Ordering endpoints of empty area
As shown in Fig. 3b, the OS divides the empty area into two

parts. The endpoints of two parts can be divided according to the
value of the corresponding vector outer product. The endpoints
in Part I have a positive value and that in Part II have the negative
value, as shown in Fig. 4a. As for the endpoint with the correspond-
ing value of 0, it can be ignored since it is on the connection line
between point O and point S. Then, these two parts would be dealt
with separately.

For Part I, the projection value POa can be obtained by projecting

the vectors Oa
�!

in the direction of the vector OS
�!

(Eq. (4)).

POa ¼ OS
�! � Oa�!

OS
�!��� ��� ð4Þ

POb and POc can also be calculated and recorded in the same way
in Fig. 4b. The vector projections of each part are sorted by size.
According to the length of the projection, the order of the first
curve segment can be obtained as O-a-d-c-S. Similarly, the order
of another curve segment is O-b-S.

(3) Deleting unnecessary points

The vector angle between the vector OS
�!

and the vector Oa
�!

is
calculated by Eq. (5).

cosua ¼
OS
�! � Oa�!
OS
�!��� ��� Oa�!��� ��� ð5Þ



Fig. 4. Dividing the empty area into two parts and projecting on the vector OS
�!

.

Fig. 5. Deleting points by comparing the included angle size.
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where ua is the angle between the vector OS
�!

and the vector Oa
�!�

The same is done for the rest of the endpoints. Then, the endpoint
that corresponds to the vector with the largest angle to the vector

OS
�!

would be marked as endpoint 1. For example, as shown in
Fig. 5a, the endpoint d is marked as endpoint 1. Then the vector

angle of vector SO
�!

and vector Sa
�!

is calculated, and the rest of
the endpoints is done in the same way. Another endpoint that cor-

responds to the vector with the largest angle with vector SO
�!

can be
obtained and marked as endpoint 2. As shown in Fig. 5a, the end-
point c is then marked as 2. To ensure that the resulting path is
the shortest time path for wave propagation, all endpoints between
point O and endpoint 1 are deleted, and all endpoints between point
S and endpoint 2 are deleted. Then, the first curve segment would
become as O-d-c-S, as shown in Fig. 5b. Another curve segment
would be processed in the same way, as shown in Fig. 6.

(4) Calculating the shortest path distance and building a dataset
The shortest time path is obtained by comparing the distances

of two paths of the two parts. Assuming that there are m sensors
and n AE sources, a single empty area model can get m�n the
shortest time paths, and then the data of the shortest time path
for this empty area model is established.

2.1.4. Identifying empty areas
In the empty area model data, the shortest time path between

the AE source and the sensor is known. The propagation velocity
of the AE source signal in the non-empty region is set as v. The
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value of the difference of the shortest time path between the signal
excited by the AE source O to the AE sensor Sc and to the AE sensor
Sr is DLcrO . Then, the difference of the theoretical travel time of the
signal received by the AE sensor Sc and the AE sensor Sr is seen
in Eq. (6).

DtcrO ¼ DLcrO =v ð6Þ
The deviation is calculated by Eq. (7).

D ¼
X

DtcrO � Dtcr
� �2 ð7Þ

The smaller the value of D, the smaller the degree of deviation
between the selected empty area model and the actual empty area.
When D takes Dmin, the corresponding empty area model is the
identified empty area.
2.2. Localization of AE sources

Based on the identification of the empty area in 2.1, AE sources
are located in the target area.
2.2.1. Data acquisition
Receiving the acoustic signal (P-wave signal) generated by the

unknown actual AE source through the AE sensor, the actual time
is recorded as t’k at which the k-th AE sensor Sk receives the acous-
tic signal.



Fig. 6. The shortest path on the other side.
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2.2.2. Calculation of theoretical values
The target area is gridded at a certain scale to get n grid inter-

sections. Each grid intersection is treated as a node, and a set of
n nodes is obtained. An array M is created, and the elements in
M correspond to the nodes one by one. If a node falls in a solid
region in the target area, its corresponding element in theMmatrix
is set to 0, representing a passable position for that node. If a node
falls in an empty area in the target region, its corresponding ele-
ment in the M matrix is set to 1, which means that the node posi-
tion is not passable.

All the nodes in the set are traversed, and each node H is
regarded as the potential AE source location. And the following
processing are performed:

The improved A* shortest path search algorithm is used to track
the shortest time path of signal propagation between H and the k-

th AE sensor Sk, denoted as LkH; If H is in the empty area, then

LkH ¼ 1; Compared with the A* search algorithm, the improved A*
search algorithm adapts grid points instead of center points to
search the paths which are more in line with the actual boundary
of the empty region. Besides, the improved A* search algorithm can
search more accurate paths by using more connection nodes [34].

2.2.3. Locating calculation
DH is introduced to describe the degree of the deviation of each

node H from the actual AE source location is estimated. The node
with the smallest deviation from the actual AE source position
among all nodes is determined, and the coordinates of this node
are used as the positioning coordinates of the actual AE source.
DH is calculated as shown in Eq. (8).

DH ¼ min
X LlH

v � LkH
v

 !
� t0l � t0k
� �" #2

ð8Þ

A smaller value of DH indicates that the deviation of node H
from the actual AE source location is the smaller, and thus the node
corresponding to the smallest DH is regarded as the position of the
actual AE source.

3. Experiments

To verify the practical feasibility of this method for complex
structural empty area identification and localization, AE tests were
carried out on five square rock slabs containing empty areas of dif-
ferent shapes and sizes. The AE monitoring equipment that used
was the AMSY-6 multi-channel device (composed of parallel mea-
surement channels) from Vallen, Germany. The system has 32
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channels for AE signal acquisition, with a sampling frequency of
10 MHz and a preamplifier gain of 34 dB. It can be used to identify,
measure and locate the AE sources of materials. It records informa-
tion on the temporal and spatial changes of micro-level damage of
the test object in the case of rupture, corrosion, leakage, partial dis-
charge, friction, and wear, as well as impact. The system is
equipped with the dual channel AE signal processor ASIP-2, which
has a resolution of up to 40 MHz sampling rate at an 18-bit
dynamic range and a high sensitivity. The acquisition of AE signals
is carried out simultaneously during the test, and the acquisition
and analysis of AE characteristic parameters and waveforms are
carried out. The type of AE sensor adopted is VS45-H. The VS45-
H is a passive piezoelectric AE sensor with a wide frequency
response. Its frequency response is characterized by a peak at
280 kHz and can be used in the frequency range from 20 to
450 kHz. It is a broad band response AE sensor covering the range
of low frequency and standard frequency. The main chassis adopts
military grade VME bus structure with multiple transmission
modes. The transmission speed can reach 5 Gbps, which can better
meet the measurement and analysis requirements of this test.

The common rock slabs with less anisotropy were used in the
test. Five square rock slabs with dimensions of 60 cm � 60 cm
and thickness of about 1 cm were used. On the rock slab,
20 cm � 20 cm square holes, 20 cm � 40 cm rectangular holes,
R=10 cm circular holes, a=20 cm, b=10 cm oval holes and
horseshoe-shaped holes consisting of 20 cm square sides and
10 cm radius semicircle were machined and cut respectively. The
parallelism, flatness, and perpendicularity of the rock sample were
in accordance with the test protocol. The specimen, AE sensor,
preamplifier, AE detector and computer were connected in an
orderly manner. An appropriate amount of Vaseline was applied
between the sensor and the specimen to obtain better acoustic
coupling, and a layer of acoustic bubble paper was placed under-
neath the specimen to reduce the effect of noise. Fig. 7 shows the
schematic diagram of the test setup.

In order to identify and locate the empty area, a total of 28 sen-
sors were arranged around each specimen in this experiment. Their
relative positions are shown in Fig. 7. The coordinate system is also
shown in Fig. 7 and the coordinates of the sensor positions are
shown in Table 1.

Lead break tests were conducted next to each sensor before
starting the experiment. It was determined that the amplitude of
the lead-breaking signal received by each sensor from the adjacent
source was above 95 dB to ensure the coupling quality of the sen-
sor and the specimen. Considering reducing the influence of envi-
ronmental noise and improving the reliability of signal acquisition,



Fig. 7. Experimental setup diagram.

Table 1
Sensors position coordinates.

No. x (cm) y (cm) No. x (cm) y (cm)

1 2 2 15 58 58
2 2 10 16 58 50
3 2 18 17 58 42
4 2 26 18 58 34
5 2 34 19 58 26
6 2 42 20 58 18
7 2 50 21 58 10
8 2 58 22 58 2
9 10 58 23 50 2
10 18 58 24 42 2
11 26 58 25 34 2
12 34 58 26 26 2
13 42 58 27 18 2
14 50 58 28 10 2
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the threshold was set at 35 dB according to the monitoring results
of environmental background noise.

The experimental procedure was divided into two parts: empty
area identification and AE source localization.
Table 2
Location results of Specimen 1.

No. Actual lead break
point (cm)

SUEA location
result (cm)

SUEA locati

1 18 18 17 17 1.4
2 18 26 17 26 1.0
3 18 34 17 34 1.0
4 18 42 18 42 0
5 26 42 25 42 1.0
6 34 42 34 42 0
7 42 42 43 43 1.4
8 42 34 44 35 2.2
9 42 26 44 24 2.8
10 42 18 42 18 0
11 34 18 34 17 1.0
12 26 18 25 17 1.4
Average Error 1.1
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(1) Empty area identification
During the experiment, the pulse signal from the sensor was
used as the AE source. The pulse emission time interval was
1 s. There were 28 channels, and each channel emitted 4
pulses. The AE acquisition system recorded the initial arrival
time of each sensor.

(2) AE source localization
The points next to the empty area were selected for the lead
break. This is because the edge stress of the empty area is
high and it is easy to crack, which is used to simulate the
fracture signal. In order to avoid the adverse effects of
human errors on the experiment during lead breaking, a
diameter of 0.5 mm and hardness of HB pencil core with a
special pencil (which can ensure a 30� angle between the
core and the surface of the rock slab) was used.

4. Results and discussion

In order to explore the problem of AE source localization in the
target area containing unknown empty area, a newly AE source
localization method is proposed and the validity of the method is
on error (cm) TD location result
(cm)

TD location error (cm)

19.3 18.4 1.3
5.5 28.8 12.8
12.4 35.9 6.0
19.4 41.2 1.6
24.0 45.7 4.2
34.7 44.7 2.8
40.3 39.5 3.0
44.0 35.2 2.3
45.0 23.9 3.7
41.9 18.9 0.9
34.9 15.5 2.6
25.4 15.6 2.5

3.6



Table 3
Location results of Specimen 2.

No. Actual lead
break point (cm)

SUEA location
result (cm)

SUEA location error (cm) TD location results
(cm)

TD location errors (cm)

1 8 8 8 8 0 10.1 8.6 2.2
2 8 16 7 16 1.0 10.8 18.2 3.6
3 8 24 7 24 1.0 0 22.0 8.2
4 8 30 8 30 0 0 32.2 8.3
5 8 36 8 36 0 0 39.0 8.6
6 8 44 2 43 6.1 3.2 43.7 4.8
7 8 52 8 52 0 10.3 51.7 2.3
8 16 52 15 54 2.2 14.3 60.0 8.2
9 24 52 24 54 2.0 28.4 60.0 9.1
10 32 52 32 54 2.0 34.2 47.7 4.8
11 32 44 32 45 1.0 39.0 42.7 7.1
12 32 36 32 37 1.0 40.7 38.1 8.9
13 32 30 32 30 0 44.7 31.8 12.8
14 32 24 32 25 1.0 40.9 23.2 9.0
15 32 16 32 14 2.0 39.1 14.7 7.2
16 32 8 32 7 1.0 35.5 13.5 6.5
17 24 8 23 6 2.2 28.0 9.5 4.2
18 16 8 15 6 2.2 14.5 0 8.1
Average Error 1.4 6.9

Table 4
Location results of Specimen 3.

No. Actual lead break
point (cm)

SUEA location
result (cm)

SUEA location error (cm) TD location result
(cm)

TD location error (cm)

1 8 8 7 8 1.0 9.2 9.6 2.0
2 8 16 8 15 1.0 8.3 16.2 0.3
3 8 24 8 24 0 8.4 25.9 1.9
4 8 32 9 31 1.4 7.7 33.4 1.4
5 16 32 15 33 1.4 15.2 34.7 2.8
6 24 32 23 33 1.4 25.0 33.5 1.8
7 32 32 31 32 1.0 32.4 32.2 0.5
8 32 24 32 24 0 33.7 25.1 2.0
9 32 16 32 16 0 33.6 16.6 1.7
10 32 8 32 8 0 33.0 7.7 1.0
11 24 8 24 8 0 25.6 8.3 1.6
12 16 8 16 9 1.0 16.8 8.5 1.0
Average Error 0.7 1.5

Table 5
Location results of Specimen 4.

No. Actual lead break
point (cm)

SUEA location
result (cm)

SUEA location error (cm) TD location result
(cm)

TD location error (cm)

1 8 8 8 8 0 8.8 8.8 1.1
2 8 16 7 15 0 11.0 17.2 3.2
3 8 24 6 23 3.2 0 21.2 8.5
4 8 30 5 29 3.0 0 31.1 8.1
5 8 36 8 35 0 10.4 36.1 2.4
6 8 44 8 43 0 11.2 43.1 3.3
7 8 52 8 52 0 10.4 50.3 3.0
8 16 52 16 51 0 17.3 50.6 1.9
9 24 52 24 52 0 26.2 50.0 3.0
10 32 52 32 52 1.0 33.1 48.9 3.3
11 32 44 32 44 0 36.3 43.2 4.3
12 32 36 31 36 1.0 39.8 39.0 8.4
13 32 30 32 30 1.0 38.4 30.4 6.4
14 32 24 31 24 1.0 37.9 21.4 6.4
15 32 16 32 16 1.0 36.8 15.0 4.9
16 32 8 32 9 0 34.0 12.0 4.5
17 24 8 23 9 1.4 25.9 9.2 2.3
18 16 8 16 8 0 16.6 8.9 1.0
Average Error 0.7 4.2

L. Dong, Q. Tao, Q. Hu et al. International Journal of Mining Science and Technology 32 (2022) 487–497

493



L. Dong, Q. Tao, Q. Hu et al. International Journal of Mining Science and Technology 32 (2022) 487–497
verified by experiments. For each lead break point, SUEA and TD
[38] these two location methods were used for locating and error
analysis, and the location results are shown in Tables 2-6. In order
to display the location results more visually, the location results of
the five specimens are plotted as shown in Fig. 8. As can be seen
from the results, the new location method got satisfactory results
on all five specimens. The location errors of SUEA are less than or
equal to 2.0 cm (less than the diameter of the sensor) for almost
all of source points in five tests, while that of TD for most source
points are larger than 2.0 cm.

According to the new AE source location method, the largest
location error is 2.8 cm and the smallest error is 0 cm in the 12 lead
breaking points of Specimen 1. Among the 18 lead breaking points
of Specimen 2, the largest location error is 6.1 cm, and the smallest
error is 0 cm. The average location error of Specimen 2 is 1.4 cm,
which is the largest average location error among five specimens.
Among the 12 lead break points of Specimen 3, the largest location
Table 6
Location results of Specimen 5.

No. Actual lead break
point (cm)

SUEA location
result (cm)

SUEA locati

1 8 18 8 18 0
2 8 26 8 26 0
3 8 34 8 34 0
4 8 42 9 41 1.4
5 16 42 17 41 1.4
6 24 42 24 41 1.0
7 32 42 31 41 1.4
8 42 42 42 42 0
9 42 34 43 35 1.4
10 42 26 43 25 1.4
11 42 18 42 18 0
12 32 18 32 18 0
13 24 18 23 17 1.4
14 16 18 16 18 0
Average Error 0.7

Fig. 8. SUEA and TD
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error is 1.4 cm and the smallest error is 0 cm. Specimen 4 has the
largest location error of 3.2 cm and the smallest error of 0 cm
among the 18 lead break points. At last Specimen 5 has the largest
location error of 1.4 cm and the smallest error of 0 cm among the
14 lead breaks points.

As a control, the TD location method was chosen to locate the
lead break points. The reason for choosing TD is that this method
can get a high-accuracy location result and does not require a
pre-measured velocity [36]. Therefore, the location results of TD
was chosen for comparison.

TD location results show that in Specimen 1, the largest location
error is 12.8 cm and the smallest error is 0.9 cm. In Specimen 2, the
largest location error is 12.8 cm and the smallest error is 2.2 cm,
which is the largest average location error among the five speci-
mens. In Specimen 3, the largest location error was 2.8 cm and
the smallest error was 0.3 cm, and Specimen 3 was also the one
with the smallest average location error among the five specimens.
on error (cm) TD location result
(cm)

TD location error (cm)

11.3 18.7 3.3
9.5 25.9 1.5
10.1 34.9 2.2
11.9 40.6 4.1
17.6 42.3 1.7
22.4 46.7 5.0
33.6 44.4 2.8
40.4 40 2.5
43.5 35.9 2.5
44.7 24.4 3.2
40.6 19.4 2.0
33.1 15.7 2.5
22.5 12.9 5.3
17.0 16.5 1.8

2.9

location results.
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In Specimen 4, the largest location error was 8.5 cm and the small-
est error was 1.0 cm. In Specimen 5, the largest location error was
5.3 cm and the smallest error was 1.5 cm.

For further analysis, the average location errors of SUEA for
specimens 1–5 were calculated and the corresponding values are
1.1, 1.4, 0.7, 0.7, and 0.7 cm. The average location errors of TD loca-
tion method are 3.6, 6.9, 1.5, 4.2, and 2.9 cm. Because the tradi-
tional method cannot bypass the empty area, the location result
has a large deviation from the actual situation. Compared with
the TD location method, the new method showed a significant
reduction in the average location error on the five specimens.
The average location error of the new method is only 22% of that
of the traditional location method.

This indicates that the accuracy of the new location method has
been improved significantly. This is because the new method takes
into account that the presence of potential unknown empty areas,
which can significantly affect the location accuracy of the conven-
tional location method. The new method could identify the poten-
Table 7
Empty area identification results.

No. Actual empty area location (cm) Identification result (cm)

1 20,20,20,20 18,18,26,24
2 10,10,20,40 10,6,22,48
3 10,10,20,20 6,10,26,22
4 10,10,20,40 10,8,22,44
5 10,20,20,20 8,18,24,22

Notes: The first two numbers represent the coordinates of the endpoints of the
empty area near the origin of the coordinates (circles and ellipses are based on their
external tangent squares); and the last two numbers represent the two side lengths
of the empty area in the x and y directions.

Fig. 9. Five test pieces empty a
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tial unknown empty area and then locate the AE source, which can
effectively solve the problem of locating the AE source in complex
areas containing unknown empty areas. The results of the empty
area identification are shown in Table 7 and Fig. 9, which are in line
with the actual situation.

In the actual mining, cavern, tunnel and other environments,
the strata will encounter complex empty areas such as roadways
and quarries. Using AE technology to monitor and locate the areas
with cavities is a hot issue at this stage. There are two main types
of problems with the currently existing AE localization methods:
one is that the empty area is not taken into account, and the travel
path of the wave between the source and the AE sensor is assumed
to be a straight-line path; the other is that localization can only be
performed on the basis of a known empty area. As we all know,
elastic waves propagate much faster in solids than in air. Therefore,
waves that bypass the empty area will reach the sensor location
faster and be recorded by the sensor in the structure with complex
empty areas. In this case, for the first type of methods, the assump-
tion that the travel path of the wave between the AE source and the
AE sensor is a straight line will no longer meet the actual situation.
Besides, in the actual engineering environment, it is impossible to
know all the empty positions in each area to be located. So the
application of the second type of methods is very limited. The
newly proposed localization method can realize the precise local-
ization of AE sources under the premise that the location of the
empty in the target area is unknown.

This method takes into account the fact that the empty location
will be encountered in the actual engineering environment where
it is difficult to identify, making the accuracy of AE source localiza-
tion in complex environments much higher and improving the
application range. However, this research also has the following
limitations.
rea identification results.
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(1) The sensor size is too large, which affects the wave velocity.
The pulse signal emitted by any sensor is used as the AE
source, and the remaining 27 sensors receive the AE signal.
The shortest time paths of wave propagation from the AE
source to 27 sensors are calculated respectively. Combined
with the arrival times collected by the AE acquisition sys-
tem, it can be seen that the wave velocity is relatively small
at a distance far from the AE source and relatively large at a
distance close to the AE source. The reason for this may be
that when a sensor is excited and receives a pulse signal, it
transmits and receives the signal on a plane rather than a
single central point. Therefore, when a sensor emits a pulse
signal, the area of the receiving sensor that is the closest to
the emitting sensor is the first to receive the signal. So the
shortest time path of the actual elastic wave is the shorter
than the distance from the point of pulse emission to the
center of the sensor. In the path search dataset with empty
areas, the theoretical path is larger than the actual path.
The wave velocity v = s/t, when s is larger, the incremental
Ds caused by the AE signal being a surface source instead
of a point source has a smaller or negligible effect on the
wave velocity; when s is smaller, the effect of Ds on the
wave velocity is larger.

(2) The ray density is too small. Using the pulse signal excited
by the sensor as the active AE source, the distance between
two adjacent sensors is 8 cm by dividing the grid. The sen-
sors are not closely arranged, resulting in a small ray density.
This causes large errors when identifying small empty areas.
If the number of sensors is increased or the number of AE
sources is increased (e.g., more lead break points are used
as active AE sources), the discrimination effect will be better,
and thus the location accuracy will be higher.

(3) Traversing all shapes is obviously not feasible due to compu-
tational and time costs. In the next step, an attempt is made
to construct arbitrarily complex shapes using basic shapes
such as squares and ellipses to realize the reuse of the data.
For example, the horseshoe shape can be decomposed into a
square and a half ellipse. In addition, this study carries out
experimental research in a two-dimensional plane of
60 cm � 60 cm, and will be expanded to three-
dimensional space in the future to make this study more sci-
entifically valuable and practically meaningful.

5. Conclusions

The empty areas widely exist in practical engineering and it is
difficult to obtain the information of holes that hide in the struc-
ture, which have a great impact on the location accuracy of AE
sources. SUEA is proposed to reduce the impact in this paper. In
order to verify the accuracy of the method proposed in this paper,
five specimens with different shapes, sizes, and positions of empty
areas are selected. The following conclusions were obtained:

(1) The proposed method SUEA not only overcomes the defect
that existing methods assume that the path between the
sensor and the AE source is a straight path, but also solves
the influence of unknown empty area on location accuracy.

(2) The lead break experiment was carried out and results show
the average location accuracy of the SUEA increased by 78%
compared to the results of the existing method TD.

This means that the newly proposed localization method can
achieve more effective and accurate localization of AE sources in
areas containing unknown empty areas. It not only provides the
496
theoretical basis and technical support for the detection of abnor-
mal regions and localization of AE sources in complex structures,
but also benefits for prediction and control of engineering
disasters.
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