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Abstract: An acoustic emission (AE) experiment was carried out to explore the AE location accuracy influenced by
temperature. A hollow hemispherical specimen was used to simulate common underground structures. In the process of
heating with the flame, the pulse signal of constant frequency was stimulated as an AE source. Then AE signals
received by each sensor were collected and used for comparing localization accuracy at different temperatures. Results
show that location errors of AE keep the same phenomenon in the early and middle heating stages. In the later stage of
heating, location errors of AE increase sharply due to the appearance of cracks. This provides some beneficial
suggestions on decreasing location errors of structural cracks caused by temperature and improves the ability of

underground structure disaster prevention and control.
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1 Introduction

In the early 1950s, Kaiser’s research marked
the beginning of modern acoustic emission (AE)
technology. AE instruments are used to detect
transient elastic wave signals generated by the rapid
release of energy in the structure [1]. As a new
non-destructive testing technology of dynamic
monitoring, AE technology has been widely used in
pressure vessels, rotating equipment, composite
materials, aerospace, rock, concrete, and other
engineering fields [2—4]. Particularly, it plays an
essential role in monitoring fault and rock
micro-fracture signals in tunnels and mining
projects [5—12]. One of the AE detection’s main
goals is to determine the position of the AE source,
and its accuracy reflects the degree of coincidence
between the probe position of the AE source and the
actual position of the AE source. Meanwhile,
location accuracy can directly reflect whether the

detecting method is effective. It is of great
significance to improve the source location
accuracy for controlling rockburst [13—15].
However, the AE source location accuracy is
affected by many factors in the field of practical
engineering. Exploring the factors and reducing
their impact can effectively improve the AE source
location accuracy. The accurate pickup of the
arrival time is one of the most important factors to
locate the source precisely. In the engineering site,
the monitoring environment, discontinuous media,
and background noise make it difficult to pick up
the arrival time accurately. In recent decades, a
large number of excellent arrival time pickup
algorithms (such as WS/LK [16], AR-AIC [17], and
S/L-K-A [18]) have been proposed to eliminate
background noise and interference signals, which
significantly improve the accuracy of the source
location. Furthermore, some new technologies,
such as pattern recognition, artificial intelligence,
and neural network, also have been introduced to
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improve the accuracy of signal acquisition [19].

The deviation of wave velocity will cause a
large error. It is of great importance to apply the
appropriate wave velocity model for source
localization [20]. For example, ZHOU et al [21]
used the multi-layer wave velocity model in the
layered structure, and HU et al [22,23]
approximated the wave velocity of the empty area
to zero in the structure with the empty area. These
algorithms all have achieved good results. The
layout of AE sensors also has a great influence on
location accuracy [24,25]. Usually, the source
inside the sensor network can reach high location
accuracy. Besides, the AE source location algorithm,
distance change between AE source and sensor,
structure and uniformity of propagation medium,
sensor array spacing, and type of AE source all
have been proved to impact AE source location
accuracy by many scholars [26,27]. However,
there is little research about the influence of
temperature change caused by fire on the AE source
location accuracy. In the actual underground
structure, such as tunnels and subways, fire
disasters  will structural damage and
engineering instability [28,29]. It is essential to
determine the structural damage and the failure
position in the fire disaster. Therefore, it is of great
significance to explore the influence of temperature
stress field on the location accuracy of AE source.

This study designed an AE experiment to
explore the effect of temperature on the source
location accuracy. A  hollow hemispherical
specimen was heated with the flame to simulate the
fire in the underground structure. During the
heating process, the AE source was simulated by a
constant frequency pulse, and then the AE signals
received by sensors were collected for localization.
Meanwhile, this paper explored how to improve the
AE location accuracy in the changing temperature
field and put forward suggestions for the AE source
localization.

cause

2 Methods

Node Block Location Method (NBLM) [22,25]
was used in this work for localization because it can
meet the high-precision location requirements of
the common structures with excavation regions.
The specific steps are as follows.

2.1 Meshing entity

The entity and empty areas of the structure to
be located have meshed into cubes of the same size.
The size of the meshed cube is determined by the
volume size and location accuracy requirements.

A node matrix M is established, and the index
tag (i, j, k) for the element in M corresponds
one-to-one with the grid nodes N. If the grid node
falls in the entity area, its corresponding element in
the node matrix M is set to be 0, which means that it
can pass; the others are set to be 1, which means
that they cannot pass.

A block matrix m 1is established, and the
elements in the block matrix m correspond
one-to-one with the cube. If the whole cube falls
into the entity area, the corresponding element in
the matrix m is set to be 0, which means that it can
pass; the others are set to be 1.

2.2 Searching shortest wave path

The converted coordinate value of the sensor is
input, which corresponds to the grid node.
Assuming that every grid node is a potential
position of the AE source, the optimized A* search
algorithm is used to search for the theoretical
shortest distance Lf; between the gth sensor and
the grid node N(i, j, k). If the grid node is located in
the empty area, then L, =o.

2.3 Acquiring AE signal

AE events are screened out and the actual
arrival time of the AE sources is sort out. The
difference between the actual arrival time of the AE
source to the pth sensor (x,, y,, z,) and to the gth
Sensor (x,, ¥y, Z,) 1s expressed by At,,.

2.4 Determining location of AE source

The theoretical arrival time difference between
the AE source to the pth sensor (x,, y,, Z,) and to the
qth sensor (x4, y,, z,) is expressed by At),, which is
as

P q
At :i_L’_f" (1)
rq C C
where L7, and Lj, represent the shortest

propagation path distance from the potential AE
source to the pth and gth sensors, respectively; C
represents the P-wave velocity. The deviation D
represents the deviation between the actual AE
source and the grid node N(i, j, k), and then,
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Dy ZZ(Atpq_At;Jq)z (2)

when Dy takes Dy, and the corresponding
coordinate value can be regarded as the position of
the AE source.

3 Experimental

An AE experiment was designed to explore the
effect of temperature on the source location
accuracy. The test selected a hollow hemisphere
specimen to simulate underground structures (such
as large underground warehouses). Generally,
underground structures are constructed of concrete
and rock. The AE performance of these materials is
consistent with the gypsum [30,31].

Therefore, due to the excellent plasticity,
gypsum material was used to make the model. The
inner radius of the hollow hemisphere gypsum
specimen is 200 cm, and the outer radius is 300 cm.
To facilitate the analysis of the experimental results,
a point heat source was used to heat the specimen at
the center of the sphere. Obviously, the temperature

(b

Fig. 1 Experimental diagram: (a) Device and sensors arrangement; (b) K-type thermocouple layerout top view;

(c) K-type thermocouple layout bottom view

of the inner and outer walls of the structure is easy
to measure during the heating process. However,
the internal temperature of the structure cannot be
directly obtained. For the sake of measuring the
temperature inside the gypsum, a flat section was
taken at 260 cm from the bottom (see Fig. 1(a)), so
that the temperature of the gypsum at different radii
could be measured. Eight and seven spring-loaded
K-type thermocouples were uniformly adhered to
the inner and outer walls of the specimen with
inorganic high-temperature resistant adhesive,
respectively, as shown in Figs. 1(b,c). The
measurement range of the thermocouple is
0—600 °C. It has the advantages of a wide
temperature range and fast response speed. The UT
terminals of the thermocouple were connected to
the K-type thermocouple temperature collection
system, which could be used to collect the real-time
temperature during the heating process. AE
monitoring equipment adopted multi-channel
equipment (composed of parallel measurement
channels). It has 32 channels for collecting AE
signals. The sampling frequency was 10 MHz, and
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the gain of the preamplifier was 34 dB (select the
type of amplifier). The sensor model is VS45-H,
and the sensor coordinates are shown in Table 1.

Table 1 Position coordinates of sensors (cm)

No. X Y Z | No. X Y VA
1 —28 10 4 17 20 20 10
2 —20 22 4 18 28 4 10
3 —-10 28 4 19 28 -4 10
4 10 28 4 20 20 -20 10
5 20 22 4 21 4 —28 10
6 28 10 4 22 —4 -28 10
7 28 -10 4 23 -20 20 10
8 20 22 4 24 —28 -4 10
9 10 —28 4 25 —20 10 20
10 -10 28 4 26 -10 20 20
11 -20 22 4 27 10 20 20
12 -28 —-10 4 28 20 10 20
13 —28 4 10 | 29 20 -10 20
14 —20 20 10| 30 10 20 20
15 —4 28 10| 31 -10 20 20
16 4 28 10| 32 —-20 -10 20

32 AE sensors were symmetrically arranged in
the specimen for localization, which were divided
into three layers according to the height of the
specimen: the first layer arranged 12 sensors, the
second layer arranged 12 sensors, and the third
layer arranged 8 sensors. The relative position of
each sensor is shown in Fig. 1(a). The sensors were
fixed on the surface of the specimen with
custom-made supporting fixtures. Vaseline was
used as a coupling agent on the joint surface of the
sensors and the specimen to reduce signal
attenuation, and then following by the connection
of sensors, preamplifier, and AE acquisition system.
Before the formal experiment, lead-break tests were
conducted near each sensor to check if the
amplitude of the lead-break signal received by each
sensor was above 95 dB to ensure the coupling
quality of the sensor and the specimen [32]. During
the lead-break process, it was found that the
amplitudes of Nos. 30 and 31 sensors were lower
than 90 dB, while the signals of other sensors could
be greater than 98 dB. The intensity of the signal
received by these two sensors will become weak
and cannot exceed the threshold value. It will also
delay the arrival times, which will affect the

location accuracy of the AE source. Therefore, it
can be concluded that the coupling effect of the
Nos. 30 and 31 sensors was poor, so these two
sensors were excluded during the test data
acquisition and localization. Before continuous
monitoring, environmental noise was collected, and
the amplitude of the environmental noise received
by the sensor was mostly concentrated below 40 dB.
Considering the two aspects of reducing the impact
of environmental noise and improving the
reliability of signal acquisition, the threshold value
was set to be 40 dB.

The specimen was perched on a custom-made
stainless-steel frame. A solid alcohol furnace was
placed in the center of the frame (Fig. 1(a)). During
the test, the pulse signal emitted by sensors was
used as the AE source, and the interval of pulse
emission was 1s. One sensor channel emitted four
pulses. Before heating, each channel transmitted
four pulses in advance. Then, by lighting the
alcohol lamp and adjusting the height of the alcohol
furnace, the flame center was located at the
geometric ball center of the specimen. After
continuous heating, the temperature of the specimen
rose  continuously from 28°C  (ambient
temperature).  Thermocouples  recorded  the
temperature in the whole process. AE channels
circularly emitted pulses and received the pulses
signal at the same time. The monitoring process
was stopped until the specimen was broken entirely.
Limited by the site conditions, the whole test was
conducted outdoors. Although the outdoor
temperature may fluctuate slightly, the effect of
temperature fluctuation can be ignored because the
test time was short.

4 Results and discussion

4.1 Location results and errors with changing

temperature

The main purpose of this work is to explore
the influence of temperature change caused by fire
on AE source location accuracy. During the heating
process, according to the temperature collected by
the K-type thermocouple temperature acquisition
system, it is found that there is no noticeable
temperature change in the seven thermocouples on
the outer wall of the test piece, while the
temperature of the inner wall rises rapidly.
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Therefore, the average value of the internal is
taken as the temperature of the specimen at each
moment. Taking all the pulse signals of AE
channels as one round, the experiment process can
be divided into the following five stages: room
temperature (28 °C), 28-48 °C, 48-69 °C,
69—-82 °C, and 82—94 °C. From the beginning of
heating the specimen to the moment when the
specimen cracked and the test cannot be continued,
the entire process only took 9 minutes. Since an AE
channel emits four pulses, each pulse point has four

Table 2 Location errors of four pulses per sensor (cm)
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location results in every round (the size of the grid
element is lcm for localization). It can be easily
noticed that in the first and second round pulses, the
locating results showed abnormal values when the
sensors 3 and 5 launched for the first time, but the
following data were within the normal range. It
seems likely that the voltage of sensors 3 and 5 is
not stable when they start to transmit pulses. Then
these two sets of abnormal data were excluded
during the analysis. The location errors are shown
in Table 2. To display the locating results more

28 °C 28-48 °C 48—69 °C 69-82 °C 82-94 °C
No- Ith 2nd 3rd 4th 1th 2nd 3rd 4th 1th 2nd 3rd 4th 1th 2nd 3rd 4th 1th 2nd 3rd 4th
1 14 14 14 14 14 14 14 14 2020 20 1.0 1.0 20 2.0 2.0 93 9.3 10.1 10.1
2 22 22 2222 22 22 2222 22222222 2222 22 22 68 68 7.1 638
3 58 14 14 14 58 14 14 14 2214 14 14 14 14 14 14 6.1 7.1 6.1 7.1
4 24 24 24 24 24 24 24 24 2424 24 24 24 24 24 24 81 123123123
5 60 24 24 24 60 24 24 24 2424 24 24 24 24 24 24 78 7.1 7.1 78
6 14 00 00 00 14 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 00 0.0 11.2 11.2 11.2 11.2
7 10 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.0 1.0 0.0 0.0 1.0 0.0 0.0 1.0 49.0 11.7 11.7 49.0
8 24 24 33 24 24 24 33 24 2424 24 24 24 24 24 24 87 87 87 78
9 36 22 22 22 36 22 2222 222222 22 2222 22 22 10.0 10.0 10.0 10.0
10 42 42 42 42 42 42 42 42 42 42 42 42 42 42 42 42 16.7 157 16.7 14.6
11 24 24 24 24 24 24 24 24 2424 24 24 2424 24 24 59 59 59 59
12 1.0 1.0 1.0 1.0 1.0 10 1.0 1.0 28 14 14 28 2.8 28 28 28 24 24 24 22
13 00 1.0 1.0 1.0 00 10 1.0 1.0 1414 14 14 14 14 14 14 97 9.7 97 9.7
14 36 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 12.0 11.1 11.1 12.0
15 22 22 2222 00 22 2222 222222 22 2222 22 22 36 36 3.6 3.6
16 22 22 14 22 22 22 14 22 222222 22 2222 22 22 00 00 0.0 0.0
17 00 00 00 00 0.0 00 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 10.8 10.8 10.8 10.8
18 0.0 00 00 00 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 20.6 20.6 20.6 19.0
19 10 1.0 10 10 10 10 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 24 24 24 24
20 00 00 00 14 00 00 00 14 1414 14 14 14 14 14 14 52 52 52 52
21 50 3.6 50 58 0.0 3.6 50 58 3.6 3.6 3.6 45 45 45 45 45 114 119 119 119
22 36 36 3.6 36 3.6 3.6 3.6 3.6 0.0 0.0 00 00 00 00 00 00 86 86 86 8.6
23 0.0 00 00 00 0.0 00 0.0 00 0.0 0.0 00 00 0.0 00 00 00 1.7 1.7 6.0 65
24 30 14 14 14 30 14 14 14 0.0 00 1.0 0.0 1.0 0.0 1.0 0.0 35 52 52 52
25 24 24 24 24 24 24 24 24 37 37 37 37 3724 24 24 37 60 3.7 37
26 22 14 17 17 22 14 17 1.7 1717 17 17 17 1.7 1.7 1.7 36 3.6 3.6 3.6
27 22 14 14 14 22 14 14 14 1414 14 14 14 14 14 14 16.1 16.1 153 16.1
28 00 00 00 00 0.0 00 0.0 00 0.0 0.0 00 00 00 00 00 71 57 57 57 57
29 00 00 00 00 0.0 00 0.0 00 0.0 00 00 00 73 73 62 62 - - — -
32 00 00 00 00 0.0 00 0.0 00 0.0 0.0 00 00 47 47 44 44 - - - -
Average error 1.7 1.6 1.6 2.0 8.9
Deviation 1.3 1.2 1.3 1.5 6.1
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intuitively, the results of the five stages are
visualized in Fig. 2. On the whole, it can be seen
from the experimental results that with the increase
of temperature, the overall trend of the average
location errors of the pulse points increases, as well
as the standard deviation of the errors.

It can be seen from the results that when the
specimen is not heated, the average location error of
the source points is 1.7 cm, and the standard
deviation of location errors is 1.3 cm. This location
accuracy is used as the reference value of location
accuracy at different temperatures during the test. In
the process of heating the specimen, the
temperature keeps rising. The temperature of the
inner wall reached 48 °C after the AE pulse emitted
for one round. In this stage of time, the influence of
the temperature change on the location accuracy of
the source can almost be ignored. In the third stage,
the overall average location accuracy of AE pulses
remains unchanged. However, it can be found that

the location results of 17 effective pulse points have
changed by further comparison. The nodes with
increased location accuracy and the nodes with
decreased location accuracy account for about half,
respectively. For every single pulse point, the
temperature change of the specimen has affected its
location accuracy in this stage.

As the temperature of the specimen continues
to rise, when the 28th sensor emits the pulse in the
fourth round, the first crack appears on the
specimen after a loud burst. When the fourth round
of pulse emission is launched, the average
temperature of 8 thermocouples on the inner wall is
82 °C. It is obvious that the temperature rise in this
stage is slower than before. The possible reason is
that when the temperature is higher than 70 °C,
gypsum is easy to be dehydrated, and water vapor
evaporation will take away a lot of heat [33]. In
this stage, the location accuracy of the pulse point
is the same as that of the third stage before the 28th

| | Height
0 50 100 150 200 250

* Results obtained by NBLM

A Pulse sources

Fig. 2 Location results of AE sources obtained by NBLM: (a) 28 °C; (b) 28—48 °C; (c) 48—69 °C; (d) 69-82 °C;

(e) 82-94°C
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sensor transmitted the pulse. However, after the
28th sensor emitted pulse, the specimen cracked,
and the location error increased obviously. When
the 29th sensor emitted the pulse in the fifth stage,
the specimen made two continuous burst sounds.
The inner part of the specimen expands with heat
and breaks into three pieces (Fig. 3), which makes it
impossible to continue the test. In this stage, the
location error increases obviously with the increase
of temperature. The average location error reaches
8.9 cm, and its standard deviation reaches 6.1 cm.

4.2 Analysis based on location errors

Figure 4 shows the visualization of the average
error of 4 source location results in each stage. It
can be seen from the results that five stages can be
divided into three periods according to the influence
of temperature on location error. The first period is
the initial stage of heating (room temperature to
49 °C). This period is stable. The temperature has
little influence on the average location error, and the
internal stress environment of the specimen is little
changed. The second period is the middle period of
heating (from the 3rd to the 4th stage until the crack
appears). During this period, the internal thermal
expansion of the specimen results in the change of
internal stress and wave velocity. The location
errors of most pulse points are changed, whereas
the overall location accuracy is still not changed.
Because most existing location methods assume
that the wave velocity of the whole specimen is
homogeneous, and the velocity in
homogeneity caused by material in homogeneity is
not taken into account. When the temperature inside
the specimen increases, the stress inside the
specimen will be redistributed. The change of the

wave

stress will lead to the change of the wave velocity
of the specimen so that the location results of most
pulse points in the middle period of heating are
different from that in the room temperature state.
But the results show that the overall location
accuracy is still not changed. It reflects that the
location error caused by the temperature is slight,
even smaller than the location error caused by the
material’s in homogeneity. Meanwhile, this is partly
due to the selected NBLM, which takes the
influence of wave velocity into account and sets the
wave velocity value as an unknown. It can
effectively reduce the locating error caused by the
change of wave velocity.

The third period is the later period of heating
(the specimen cracks). In this period, the location
errors will increase significantly because the elastic
wave cannot pass through the crack and needs to
bypass the crack (Fig.5), which causes that the
waveform path of theoretical calculation is not
equal to the real wave path [34]. It will introduce a
large location error.

4.3 Suggestion for reducing location errors and

next research plan

The appearance of crack will cause huge
location errors. Therefore, although there is no need
to adjust the location scheme in the early period of
fire, it is necessary to effectively reduce the location
error after the structural cracking caused by fire.
The common methods to improve the location
accuracy, such as picking up the accurate arrival
time and increasing the number of sensors, may
reduce the location error to a certain extent [35,36].
But it is difficult to solve the location error caused
by thermal cracking fundamentally. For example, as

Fig. 3 Crack diagram of cracked gypsum
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Fig. 4 Average error of 4 source localization results in each stage
shown in Fig. 5, three cracks divide the specimen for source localization, it will introduce a

into three parts: A, B, and C. The actual waveform
path of the pulse signal generated by sensor 25 in
area A to signal 27 in area C is no longer equal to
the pre-calculated path. Therefore, the calculated
path is no longer related to the actual arrival time
difference between the two sensors.

If the pre-calculated path continues to be used

non-negligible error. To avoid the error caused by
cracking, only the arrival information received by
the sensors in area 4 should be used to locate the
AE events in area 4. Of course, areas B and C
should be in the same way. In the test, the time and
position of cracking can be determined by visual
recognition and burst sound. However, in practical
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Fig. 5 Calculated path and real wave path for specimen with cracks: (a) Specimen with cracks; (b) Diagram for

calculated path and real wave path

engineering, technicians cannot be on the first scene
in real-time, and the environmental noise in the fire
may drown the crack sound of the structure. It is
more difficult to find the crack position in a series
of AE events. Therefore, it is of great safety
significance to accurately determine the time and
location of the structural cracking in the fire and
select sensors with more suitable positions for
localization in the actual project.

5 Conclusions

(1) According to the influence of temperature
on location errors, the experimental process can be
divided into three periods: the initial period of
heating, the middle period of heating, and the later
period of heating. In the initial period of heating,
when the temperature of the specimen is relatively
low, the location error of the pulse point is basically
the same as that of the room temperature. In the
middle period of heating, the average location error
of the pulse point remains unchanged as the
temperature increases. However, the location results
of each pulse point fluctuate because the thermal
expansion inside the structure causes the change of
the wave velocity in the structure.

(2) In the later period of heating, the internal
expansion of the structure leads to structural
cracking, and the location error of the pulse point
increases sharply. Because the elastic wave cannot
pass through the crack directly and needs to bypass
the crack, the actual wave path is no longer equal to
the pre-calculated path.

(3) To reduce the location error caused by the
structural crack in the fire, it is of great importance

to distinguish whether the calculated path between
the sensor and the source is related to their actual
travel time. Therefore, determining the time and
position of structural cracking accurately and
selecting sensors in more appropriate places will be
meaningful to reduce the location error. This work
provides some beneficial suggestions on decreasing
location errors of structural cracks caused by
temperature change, and it also improves the ability
of underground structure disaster prevention and
control. The next research is to judge the concrete
cracking of the practical structure in the fire.
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