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A novel approach based on infrared spectrum analysis for early-warning of longitudinal tearing of the
conveyor belt was proposed in the paper. Unlike most existing methods, the proposed method monitors
the change process of the infrared radiation field of the longitudinal tearing through the infrared thermal
imaging technology, and judges whether there is the risk of the longitudinal tearing of the conveyor belt
through the frequency-domain characteristic coefficient T of the infrared radiation field. Experimental
results exhibit that the characteristic coefficient T can quantitatively describe the change characteristics
of infrared radiation field during the tearing process of conveyor belt. When the conveyor belt is complete
penetration, the T value fluctuates violently from 0.6 to 1.6. This characteristic can be used as the precur-
sor information of the tearing process, which broadens the train of thought for identification and early
warning of conveyor belt longitudinal tearing.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Belt conveyor [1] has high transportation efficiency and strong
conveying capacity. It is a long-distance continuous conveyor com-
monly used in coal mines. Conveyor belt is the most important part
of belt conveyor. Longitudinal tearing of conveyor belt mainly
occurs at loading points of belt conveyor, such as the outlet of load-
ing trough or funnel and the discharge outlet of belt conveyor. In
mining operations, because of the complex working environment
of the mine, sharp metal impurities such as bolts and anchor cables
are often mixed in the coal [2], which may scratch or penetrate the
belt at loading and unloading points, thus causing longitudinal
tearing. Compared with other problems in conveyor belt trans-
portation, such as transverse tearing of conveyor belt, the damage
of longitudinal tearing is greater, and even leads to the shutdown
of the whole mining process, leading to huge economic losses to
industrial enterprises [3]. To detect the longitudinal tear of the
conveyor belt, various methods and systems are proposed in liter-
ature [4–12]. The traditional methods of conveyor belt longitudinal
tear detection at home and abroad mainly include X-ray detection
[13,14] and machine vision detections. In 2011, Rong et al. [15]
used X-ray detection method to detect tear of strong conveyor belt.
This method is intuitive, reliable and has good detection effect, but
it is not suitable for non-steel core conveyor belt, and the physical
hazards to operators caused by long-term use are not taken into
account. With the rapid development of computer technology,
machine vision technology has been gradually applied to the fault
diagnosis of belt conveyor. Since 2006, Qi et al. [16–18] combined
with Labview platform, applied machine vision technology to the
longitudinal tear detection of belt conveyor. In 2018, Wang et al.
[19] proposed a visual detection method for belt tear, which com-
bines visible binocular vision and laser line source. This method is
susceptible to light intensity change and dust smoke interference
in the process of image acquisition, which has an impact on subse-
quent image processing, and can only recognize complete tear,
without tear warning ability. In order to solve the problem of vis-
ible light detection, researchers have designed several methods
related to infrared detection of longitudinal tear. Zhao [20] pro-
posed a method of belt longitudinal tear detection based on sup-
port vector machine infrared image segmentation. Qiao and Liu
[21] designed a real-time visible and infrared vision detection sys-
tem for longitudinal tear of conveyor belt. Qiao and Chen [22] pro-
posed a comprehensive binocular vision detection method based
on the fusion of visible and infrared vision, which overcomes the
problem of poor visibility in underground. The above-mentioned
methods capture image by infrared camera and detect the belt tear
based on a histogram of the infrared image and a fixed threshold.
However, the threshold is subject to change due to factors such

http://crossmark.crossref.org/dialog/?doi=10.1016/j.measurement.2020.107856&domain=pdf
https://doi.org/10.1016/j.measurement.2020.107856
https://doi.org/10.1016/j.measurement.2020.107856
http://www.sciencedirect.com/science/journal/02632241
http://www.elsevier.com/locate/measurement


2 R. Yang et al. /Measurement 165 (2020) 107856
as the work environment and runtime, resulting in poor universal-
ity of the methods [23].

Infrared thermal image is a contrast image reflecting the inten-
sity of infrared thermal radiation. Any object whose temperature is
higher than absolute zero will radiate infrared rays. Infrared ther-
mal radiation has strong characteristics of penetrating dust. In
2013, Zhang [24] realized on-line detection of insulator fault of
high-voltage transmission line by using infrared thermal imaging
method. In 2016, Zou and Luo [25] carried out theoretical analysis
and experimental verification by using infrared thermal image to
analyze the crack damage of tunnel surrounding rock under blast-
ing action. In 2017, Yuan et al. [26] realized the detection of surface
crack of impact damage of carbon fiber laminate using infrared
thermal image. It can be seen that infrared thermal radiation image
has the characteristics of realizing on-line non-contact detection
and feature image is more intuitive. It can be applied to fault detec-
tion of various field equipment as well as defect and corrosion
detection of various materials [27,28]. It is very suitable for on-
line detection of non-metallic materials with poor thermal conduc-
tivity, such as longitudinal tear of conveyor belt. Different from
infrared camera relying on fixed threshold, this method relies on
the change of thermal radiation spectrum for detection, which
can effectively solve the problem of interference accuracy of infra-
red image threshold change and achieve the purpose of tear early
warning. Based on this characteristic of infrared thermal image,
In 2017, Zhu [29] put forward a design concept of infrared thermal
image detection system for conveyor belt tear. It is worth noting
that no one has designed a specific realization method to detect
the longitudinal tear of conveyor belt with infrared thermal image
until now.

Therefore, this paper presents a specific realization method to
detect the longitudinal tear of conveyor belt with infrared thermal
image. As mentioned in the first paragraph, when sharp metal for-
eign matters mixed with coals like bolts are blocked at the dis-
charge port, they may move with contact and extrusion with
rough conveyor belts, which will produce severe friction and heat.
The heat flow generated will concentrated in the contact area and
diffuse to the surrounding area with low temperature through the
contact point, forming a frictional temperature field. Under the
shearing action of the metal foreign body and the conveyor belt,
it is easy to penetrate into the conveyor belt, thus forming the
sticking motion of the belt, and eventually causing the longitudinal
tear of the conveyor belt [30,31], as shown in Fig. 1. In order to
study the process of longitudinal tearing of conveyor belt, realize
the early warning ability of longitudinal tearing, and improve the
reliability and safety of conveyor belt on coal mine belt conveyor,
this method focuses on the stage from friction to pierce between
sharp metal foreign matters and belt, The method captures the
infrared thermal image through the infrared thermal imager
installed on the lower surface of the conveyor belt at the discharge
port, extracts temperature values of different pixels in the thermal
image by software, and uses the software of MATLAB to fit thermal
radiation emittance curve according to the temperature values of
Fig. 1. Diagram of longitudinal tearing development process.
different pixels and analyze the thermal radiation features of target
friction heating and the radiation characteristics of background.
Innovatively, the infrared radiation difference in the tearing stage
of the conveyor belt is used to select the appropriate spectral pass-
band to obtain the maximum target background radiation contrast
[32]. The radiation emittance values of different pixels on the
selected spectral passband are extracted to monitor the change
of the infrared radiation field when the conveyor belt is torn. The
FFT technology, which is widely used in image processing field, is
innovatively applied to infrared radiation field matrix to obtain
two-dimensional spectrum signal of infrared radiation field. By cal-
culating the mean square deviation of two-dimensional spectrum
signal of infrared radiation field, the quantitative index describing
the evolution characteristics of infrared radiation field in frequency
domain, i.e. the characteristic coefficient T of infrared radiation
field in frequency domain, is obtained. Taking radiation field as
the carrier of tearing and symptom information detection, accurate
information of tearing and symptom is obtained through carrier
information detection and demodulation, and defect detection
and early warning are made. The principle is shown in Fig. 2.

The remainder of the paper organization is shown as follows:
The Section 2 introduces the infrared spectrum analysis method.
The Section 3 provides experiment and analysis. The Section 4
gives the overall conclusion.
2. The ISAD method

Infrared spectrum analysis methods mainly include spectral
band selection, spectral radiation fitting and spectral feature
extraction and analysis. Firstly, in order to obtain the maximum
contrast between the target of friction heat generation and the
background, it is necessary to select the appropriate spectral pass-
band [33] by analyzing the spectral distribution of thermal radia-
tion. Secondly, the radiation fitting image of selected spectral
passband is obtained by or using MATLAB to process the tempera-
ture matrix of thermal image [34]. Thirdly, two-dimensional spec-
trum signal of infrared radiation field is obtained by fast Fourier
transform. All details are described in the following sections.
2.1. Spectral passband selection

All objects above absolute zero temperature emit infrared radi-
ation to surrounding areas continuously. The infrared radiation
Fig. 2. Infrared detection schematic diagram.
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emitted by the conveyor belt in normal operation is basically the
same. The friction between the metal foreign matters and the sur-
face of the conveyor belt will produce a lot of heat, accompanied by
thermal radiation energy. Infrared detection technology is sensi-
tive to infrared thermal radiation, so it can effectively detect the
thermal radiation change of conveyor belt and obtain the distribu-
tion rule of thermal radiation by establishing an ideal black body
model, Planck’s formula [35] reveals the basic law of infrared radi-
ation spectrum of blackbody, as follows:

M ¼ 2phc2

k5½eðhc=kbTÞ � 1� ¼
c1

k5½ðec2=kT � 1Þ� ð1Þ

In the formula (1), M is the spectral radiation emittance of the
blackbody; k is the wavelength, whose unit is m; c ¼ 3� 108m=s
is the speed of light; c1 and c2 is respectively called the first radi-
ation constant and the second radiation constant;
h ¼ 6:634� 10�34J � s is Planck constant;b ¼ 1:38054� 10�23J=K is
Boltzmann constant; T is the absolute temperature of the
blackbody, whose unit is K.

Fig. 3 simulates the curve of blackbody infrared radiation emit-
tance varying with wavelength between ambient temperature
300 K and rubber temperature 400 K when conveyor belt is tearing,
and the position of maximum value of each curve has been
marked. It can be seen from the figure that the radiation intensity
of blackbody varies continuously with the change of wavelength at
different temperatures. In order to maximize the contrast between
the target and the background of friction heating, the practical
work is to select the appropriate working wavelength so as to
make the change rate of spectral radiation with temperature reach
the maximum.

Through the derivation of the Planck radiation formula and the
accurate solution of the computer numerical solution, the follow-
ing results are obtained:

kM ¼ 2410=TðlmÞ ð2Þ
That is to say, the maximum value of spectral radiation contrast

exists at kM ¼ 2410=TðlmÞ. Formula (2) expresses concisely that if
we want to obtain the maximum spectral contrast for the target
with temperature of T, we should choose the nearby spectral band
as the working band of the infrared system.

When the conveyor belt is working normally, the temperature
is about 300 K, and the rubber radiation coefficient is e ¼ 0:95.
Assuming the transmission transmissivity is s ¼ 0:66 at a certain
Fig. 3. Spectral Distribution of Blackbody Radiation Emissivity.
distance, the radiation temperature transfer from the target to
the imaging system is:

T0 ¼ c2T
c2 - kTlnðseÞ ¼ 278K ð3Þ

where c2 ¼ 14388ðln:KÞ is the second Planck constant and
kT ¼ 2938ðlm:KÞ is the Wien displacement law.T0 ¼ 278 is substi-
tuted into formula (2) to get

kM ¼ 2410
T0 ¼ 8:67ðlmÞ ð4Þ

When tearing occurs, the temperature of the rubber material of
the conveyor belt is about 400 k, and its surface radiation coeffi-
cient is e ¼ 0:95, the transmission transmissivity is s ¼ 0:66:

T0 ¼ c2T
c2 - kTlnðseÞ ¼ 371K ð5Þ

T0 ¼ 371 is substituted into formula (2) to get

kM ¼ 2410
T0 ¼ 6:50ðlmÞ ð6Þ

From the above formulas, it is concluded that the working band
of 6 � 9lm is suitable.
2.2. Spectral radiation fitting

Infrared thermal image of conveyor belt tearing process is col-
lected by infrared thermal imager and imported into the software
to process the data. Thereby, a set of temperature data of target
and background are obtained and saved in matrix form, and then
the temperature data of the image are fitted with the spectral radi-
ation curve of MATLAB. Finally, the temperature data of the ther-
mal image is transformed into the 6 � 9lm infrared radiation
field matrix of the band.

After we get the thermal images of the target captured by the
infrared thermal imager, we import them into the thermal image
analysis software of the thermal imager for extracting the temper-
ature values of all pixels. These data can be saved in the form of a
matrix to achieve universal processing. Table 1 is a screenshot of a
part of the pixel thermometer derived by the software.

The processing of the temperature matrix belongs to the space
domain method. The resolution of the thermal imager is 320 * 240.
The data input model M (x, y) represents the temperature matrix of
the infrared thermal image. Here, the interval of X is set as [1, 320],
and the interval of Y is set as [1,240]. Because the research is
dynamic real-time processing, it is necessary to transform these
discrete quantities into the corresponding values of continuous
coordinates for real-time processing, which can be expressed as
(x, y) = (1, 1) (320,240). Formula (7) is a temperature matrix repre-
sented by a two-dimensional array.

Mðx; yÞ ¼

mð1;1Þ mð1;2Þ � � � � � � mð1;240Þ
mð2;1Þ mð2;2Þ � � � � � � mð2;240Þ

� � � � � � � � � � � � � � �
� � � � � � � � � � � � � � �

mð320;1Þ � � � � � � � � � mð320;240Þ

9>>>>>>=
>>>>>>;

8>>>>>><
>>>>>>:

ð7Þ

At the same band and at different temperatures, the radiation
emissivity M value of different pixels can be extracted by software.
Because the resolution of the thermal imager is 320*240, that is,
the thermal image has 320*240 = 76800 pixels, there are 76,800
thermal radiation curves at different temperatures. Therefore, we
can get the emittance m value of all pixels in 6–9 um band by
integration.



Table 1
Derived pixel temperature data for target thermal images.

50 51.4 51.4 51.5 51.6 51.1 50.2 49 47.6 46.1
53.3 56.4 54.2 52.3 51.6 51 50.2 49 47.6 46.1
56.3 61 58 53.3 51.7 51 50.2 49 47.5 46
56.9 61 60.1 54.2 51.8 50.9 50.1 48.9 47.5 45.9
57.5 61.2 61 54.8 51.8 50.8 50 48.8 47.4 45.9
58.2 62.9 61.8 55.1 51.7 50.6 49.7 48.7 47.2 45.7
58.2 63.8 62.3 55.2 51.6 50.4 49.5 48.3 47 45.6
58.7 64.2 62.6 55.3 51.4 50.2 49.3 48.2 46.8 45.4
58.6 64.2 62.6 55.2 51.2 49.9 49.1 48 46.6 45.2
57.4 62.6 61.7 54.9 50.8 49.6 48.8 47.7 46.4 45
56.2 61.2 60.8 54.5 50.5 49.2 48.5 47.4 46.2 44.9
55.3 60.6 60.2 54 50 48.8 48.1 47.1 45.9 44.6
54 59.6 59.2 53.2 49.5 48.4 47.7 46.8 45.6 44.6
52.1 57.4 57.3 51.9 48.8 47.9 47.3 46.4 45.2 44
50.4 54.6 54.6 50.5 48.1 47.3 46.8 45.9 44.9 43.7
48 51.5 51.8 49.2 47.4 46.9 46.3 45.5 44.5 43.2
46.3 48.6 49.1 47.5 46.7 46.3 45.8 45 44 42.9
44.9 46.4 46.9 46.4 46 45.7 45.3 44.5 43.6 42.4
44.1 44.9 45.5 45.4 45.3 45.1 44.6 44 43.1 42.1
43.6 44.1 44.5 44.6 44.7 44.5 44 43.4 42.5 41.6
43 43.5 43.8 44 44.1 43.9 43.5 42.9 42.1 41.2
42.5 42.9 43.2 43.4 43.4 43.2 42.8 42.3 41.6 40.7
42 42.4 42.7 42.8 42.8 42.6 42.3 41.7 41 40.3
41.4 41.8 42.1 42.1 42.1 41.9 41.7 41.1 40.5 39.8
40.9 41.2 41.4 41.5 41.5 41.4 44 40.6 40 39.3
40.3 40.6 40.9 40.9 41 40.7 40.4 40 39.4 38.8
39.7 40 40.2 40.3 40.3 40.1 39.9 39.5 38.9 38.3
39.2 39.5 39.7 39.8 39.7 39.5 39.2 38.9 38.4 37.8
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From Planck’s spectral radiation formula (1), we can see that the
spectral radiation of blackbody Mðk; TÞ has the following relation-
ship with wavelength k and temperature T.

M ¼ 2phc2

k5½eðhc=kbTÞ � 1� ¼
c1

k5½ðec2=kT � 1Þ� ð1Þ

The spectral integral of Mðk; TÞ in the band Dk ¼ k1 � k2 is called
band radiosity.

MðDk; TÞ ¼
Zk2
k1

Mðk; TÞdk ð8Þ

In formula (8), let k1 ¼ 6; k2 ¼ 9, the matrix of infrared radiation
field in 6 � 9lm band can be calculated by or using the rectangular
integral method of MATLAB.

2.3. Spectrum feature extraction and analysis

Quantitative extraction of image features means processing and
analyzing the input information contained in the image, and
extracting the information which is not easily disturbed by random
factors as feature parameters. Feature extraction process is a pro-
cess of removing redundant information, which can improve the
recognition accuracy, reduce the amount of calculation and
improve the speed of operation. Infrared radiation field data is a
special type of data. Its infrared radiation value represents the dis-
tribution rule of infrared radiation with time and space. When
metal foreign matters penetrate the defective area, its radiation
strengthens with the increasing friction temperature. Infrared
image of conveyor belt mainly reflects the change of radiation
amount of pixels, and different penetration degree has different
infrared radiation characteristics, which can be described by char-
acteristic quantity.

For infrared radiation image, the image itself contains periodic,
aperiodic and noise information in the space domain. It is very dif-
ficult to extract infrared radiation thermal image in the space
domain. The infrared radiation image is processed in complex fre-
quency domain using FFT technology. Parameters that can describe
the infrared radiation tearing characteristics in spatial domain are
found according to the change of image radiation characteristics.
For two-dimensional FFT of image, an infrared radiation field
image of 6–9 mm band composed of M*N pixels is represented by
f(x, y), where x = 1,2,. . . M; y = 1,2,. . . N; In formula (9), F (u, v) is
the spectrum obtained by f(x, y) two-dimensional FFT

F u; vð Þ ¼
XM
x¼1

XN
y¼1

f x; yð Þe�j2pðuxMþvy
N Þ ð9Þ

where u = 1,2,. . .,M; v = 1,2,. . .,N
The spatial domain image f (x, y) can be converted to the spec-

tral image F (u, v) by two-dimensional FFT, and the thermal image
can be shifted its frequency to make the point of F (u, v) image
locate in the image center. For two-dimensional FFT spectral
images, the brightness of the original frequency domain image is
moved to the center of the image after shifting frequency repre-
sents the high-frequency component of space, that is, the larger
the gradient value and the more the bright part, the more inten-
sively the space thermal image radiation changes; the dark around
the image represents the low frequency component of space
domain image, that is, the smaller the gradient and the more the
dark part, the space radiation changes. In order to increase the
spectral contrast of two-dimensional FFT, logarithmic transform
is used to process the spectrum and enlarge the high-frequency
part of the image. The infrared radiation thermal image before
and after two-dimensional FFT is shown in Fig. 4.

Assuming that the spectrum of infrared radiation thermal
image obtained by two-dimensional FFT is Ft u; vð Þat time t, the
spectrum of Ft

0 u; vð Þimage with bright center is obtained after
shifting frequency of Ft u; vð Þ image. Then the contrast between
high frequency region and low frequency region is enhanced by
logarithmic transformation for Ft

0 u; vð Þ image to obtain image
Ft

0 0 u; vð Þ. The specific transformation method is shown in formula
(10–12). The more highlights in the spectrum, the larger the radi-
ation value (height) at the center of the spectrum is, and the more
discrete the spatial characteristics of the spectrum are. According
to this characteristic of the spectrum, the dispersion degree of
the spectrum can be calculated effectively by means of mean



Fig. 4. Infrared radiation thermal images before and after two-dimensional Fast Fourier Transform.
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square deviation of eigenvalues, so that the change rule of the
infrared radiation characteristics of the surface under the conveyor
belt during tearing can be qualitatively described. The mean square
deviation of Ft

0 0 u; vð Þ is calculated by std2 function of MATLAB to
describe the characteristic coefficient T of infrared radiation field
in frequency domain, which is a quantitative index describing
the evolution characteristics of infrared radiation field in frequency
domain.

Ftðu; vÞ ¼ fft2½fðx;yÞ� ð10Þ

Ft
0ðu; vÞ ¼ fftshift½Ftðu; vÞ� ð11Þ

Ft
0 0ðu; vÞ ¼ logfabs½Ft

0ðu; vÞ�g ð12Þ
Characteristic parameters used in this paper:
(1) Mean value E of amplitude spectrum in frequency domain: it

refers to the average number of radiation values of each point in
the sampling area. When tearing occurs, the temperature rises
abnormally and the radiation value is large. The calculation for-
mula is shown in formula (13):

E ¼
PM

U¼1

PN
V¼1Ft

0 0ðu; vÞ
MN

ð13Þ
Fig. 5. Installation position diagram
(2) Frequency domain amplitude spectrum mean square devia-
tion T: it refers to the amount of radiation value dispersion degree
on both sides of the radiation mean. If the radiation values of each
point in the sampling area are relatively close, the radiation mean
square deviation is small. This parameter reflects whether the radi-
ation is uniform. The calculation formula is shown in formula (14):

T ¼
(XM

U¼1

XN
V¼1

½Ft
0 0ðu; vÞ � E�2

)1
2

ð14Þ
3. Experiments and analysis

An experimental platform was built in the laboratory to verify
the infrared spectrum analysis and detection method proposed in
this paper. The experimental device, process and results are as
follows:

3.1. Experimental device

The conveyor belt longitudinal tear detection experimental
platform is shown in Fig. 5. The conveyor adopted in the experi-
ment shown in Fig. 6 is the conventional through belt conveyor
of infrared thermal imager.



Fig. 6. The experiment platform of the ISAD method.
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used in underground. The width of conveyor belt is 0.8 m, thick-
ness is 19 mm, longitudinal tensile strength is 1250 N/mm, wear
rate is less than 90 mm3/(N�m), The temperature of the working
environment is 25 �C and the maximum operating temperature
of conveyor belt is 40 �C which is close to the actual mining con-
veyor belt. The steel chisel is fixed above the conveyor belt to sim-
ulate the hazard. The steel chisel can rub against conveyor belt and
then penetrate the conveyor belt to cause longitudinal tear. Flir
A300 infrared thermal imager is used to capture infrared thermal
images. The temperature measurement range is 0–350 �C, the
accuracy is ±2 �C or ±2% of displaying data, the working wave-
length is 7.5–13 um, and the spatial resolution is 1.36 mrad. The
infrared thermal imager is installed under the belt to capture the
infrared thermal image whose resolution is 320*240. Infrared ther-
mal image data is transmitted to PC through Ethernet, CPU is i7-
9750 h, memory is 16GByte and 512 GB-SSD. The temperature
matrix data files are extracted by processing the infrared thermal
Fig. 7. Diagram of friction pe
image with the software of the thermal imager on the PC, and
the frequency-domain characteristic coefficient T of the damage
characteristics of the conveyor belt is processed based on based
on Win10, MATLAB R2014a and VS(Microsoft Visual Studio). This
experiment was repeated three times.

3.2. Experimental process

(1) There is only one conveyor belt in the laboratory and the
cost is high. Therefore, this experiment needs to be completed
without tearing the whole conveyor belt. A grinder is used to grind
the surface of conveyor belt in static state. Because the process of
heat generation by friction is the same as that of heat generation
by friction between metal foreign bodies and conveyor belt in run-
ning state, a grinder is used to simulate the process of heat gener-
ation by friction between metal foreign bodies and conveyor belt.
The infrared thermal imager is positioned on the lower surface of
the conveyor belt, and the thermal radiation from the puncture
of the upper surface to the lower surface is collected (Figs. 5 and
6). The sampling amplitude per second is set to 5.

(2) At the beginning of the experiment, infrared thermal imager
collects infrared thermal radiation imaging of conveyor belt under
normal condition for a while; and opens metal cutting machine to
grind the surface of conveyor belt, and the thermal imager records
the change of thermal radiation distribution on the surface of con-
veyor belt with the penetration depth of metal; then stops and
moves out of metal cutting machine. Record the exothermic pro-
cess of leaving the metal foreign body after forming the penetra-
tion point. Then we continue to open the metal cutting machine
to grind the penetration point, and record the thermal radiation
distribution of metal penetrating the conveyor belt; then we stop
grinding and remove the metal cutting machine, record the heat
dissipation process of the conveyor belt at the crack after complete
puncture.
netration process of bolt.
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3.3. Experimental results

We use infrared thermal imager to collect thermal images of
conveyor belt targets in tearing process, records the whole process
of tearing [36–38]. With the increasing depths of sharp metal for-
eign bodies piercing belt (as shown in Fig. 7), the temperature dis-
tribution of each stage in the tearing area is obtained (as shown in
Fig. 8(a)(b)(c)).

Using the rectangular numerical integration of MATLAB, the
radiance of the image temperature matrix derived from the ther-
mal imager can be calculated in the band of 6–9 um (as shown
in Fig. 8(d)(E)(f)). Through two-dimensional FFT, frequency shift
processing and logarithmic transformation, the processed spec-
Fig. 8. (a) Temperature field in the period of temperature rise (b) Temperature field du
Radiation field in the period of temperature rise (e) Radiation field during complete penet
temperature rise (h) Spectrum during complete penetration (i) Spectrum during tearing
trum is obtained. It can be found that the bright part in the center
of the spectrum will increase with the friction experiment of sharp
metal foreign bodies, that is, the high frequency part in the corre-
sponding space domain image will increase, which indicates that
the radiation difference caused by the temperature of the image
is more obvious, and the transition boundary between the high
radiation region and the low radiation region is short, The radiation
separation phenomenon of radiation field is obvious, and the
change trend of spectrum is shown in Fig. 8(g) (H) (I).

Complete the calculation of characteristic coefficient T, get the
table of characteristic coefficient in frequency domain (Table 2)
in each stage of belt tearing process. Draw the line chart of charac-
teristic coefficient T with respect to time, as shown in Fig. 9.
ring complete penetration (c) Temperature field during tearing heat dissipation (d)
ration (f) Radiation field during tearing heat dissipation (g) Spectrum in the period of
heat dissipation.



Fig. 9. Variation trend of frequency domain characteristic coefficient of infrared
radiation field during belt tearing.

8 R. Yang et al. /Measurement 165 (2020) 107856
It can be seen from the Fig. 9 and Table 2 that the frequency
domain characteristic coefficient of the conveyor belt is basically
maintained at 0.8–0.9 during the period when the puncture point
(t1) is not formed in the normal state of the conveyor belt. In the
T2 period, T value increases slowly from 0.8 to 1.2 during the rise
period of penetration temperature, which indicates that the con-
veyor belt has formed puncture point in the early stage of tearing
that is not be pierced or torn yet. The gradient value of radiation
transition region on the lower surface of conveyor belt increases
gradually. The phenomenon of f(x,y) image in spatial domain is
the separation of high radiation region from low radiation region.
After stopping penetration, the frequency domain characteristic
coefficient of (t3) shows a decreasing trend, which indicates that
the gradient value of radiation distribution of spatial domain image
f (x,y) decreases gradually. Observing the characteristic coefficient
of the complete penetration period (t4), T value fluctuates sharply
from 0.6 to 1.6 during complete penetration period, because the
surface temperature of exposed metal foreign body was much
higher than that of the conveyor belt at the tear point, resulting
in the radiation mean value of the whole thermal image, and the
mean variance of radiation varied sharply with the degree of metal
exposure. During the tearing heat dissipation period (t5), T value
decreases slowly from 1.5 during the releasing period of tearing
heat, which indicates that the gradient value of F (x, y) between
the high and the low temperature transition region decreases
slowly after tearing. Therefore, the fluctuation of the characteristic
coefficient of infrared radiation field between 0.6 and 1.6 can be
used as the precursor information of puncture characteristic infor-
mation, i.e. tearing.

The experiments show that the ISAD method can identify and
forewarn the tearing state of conveyor belt based on the spectrum
distribution and characteristic coefficient of thermal radiation on
the lower surface of conveyor belt during tearing process. The
average processing time of single frame thermal image in three
experiments is less than 30 ms, which meets the requirements of
on-line real-time detection of longitudinal tear of conveyor belt.
In the coal mine working environment, there is more water and
dust, which has a great impact on the equipment system using
Table 2
Frequency domain characteristic coefficient of conveyor belt tearing process.

Characteristic coefficient T

Normal state(t1) Temperaturerising(t2) Stoppin

Experiment 1 0.874–0.895 0.864–1.223 1.221–0
Experiment 2 0.826–0.863 0.859–1.248 1.247–0
Experiment 3 0.864–0.907 0.897–1.215 1.211–0
machine vision. Compared with the visual detection method of belt
tearing proposed byWang et al. [19], this method is not affected by
the change of light intensity and the interference of dust and
smoke on the visible light. In addition, Qiao and Liu [21] proposed
a method for the tear detection of the conveyor belt according to
the histogram of the infrared image. In this method, a longitudinal
tear of the conveyor belt may be considered to exist if the grayscale
value of the infrared image exceeds the threshold 170. Compared
with the method proposed by Qiao, our method can also have a
good detection accuracy under the condition of long-time working
of conveyor belt. The main reason for this result may be that the
grayscale value of the infrared image actually reflects the surface
temperature of the conveyor belt. However, the surface tempera-
ture of the belt gradually increases with working time, which
causes a change in the grayscale value of the infrared image. In
other words, the potential tear of the belt is not the only factor that
causes a change in the grayscale value of the infrared image. Thus,
the fixed threshold of the infrared image results in a lower detec-
tion accuracy of the tear early-warning of the conveyor belt.
4. Conclusions

In this paper, a novel ISAD method is proposed for the longitu-
dinal tear detection of conveyor belt for the first time in this field.
By analyzing the radiation characteristics of target friction heating
and background radiation characteristics, the authors select the
appropriate 6–9 um spectral passband to obtain the maximum tar-
get background radiation contrast, which can improve the accuracy
of analytical results and immunity to the environment. Infrared
thermal imager captures the spatial domain image f t x; yð Þ of the
lower surface of conveyor belt. f t x; yð Þ through two-dimensional
FFT and frequency shift processing, the frequency domain charac-
teristic coefficient T of infrared radiation field of spectrum image

F
0 0
t u; vð Þ is obtained. The characteristic coefficient T can quantita-

tively describe the evolution characteristics of infrared radiation
field and provide criterion for longitudinal tear detection. The
experimental results not only demonstrate the performance and
effectiveness of our approaches, but also prove that the proposed
method can meet the requirement of the real-time system.
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