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Fatigue failure of a composite conveyor belt occurs frequently, which will finally 
lead to an accident. An adaptive segmentation model is established to identify the 
rubber surface’s fatigue failure and to evaluate the belt fatigue level by using the 
machine vision technology and the artificial bee colony algorithm. The results 
show that the damage rate of rubber surface can be correctly calculated and the 
fatigue failure state can be objectively evaluated. 
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Instructions 

Belt conveyors have become the main transportation equipment in various fields 
such as coal, mining, metallurgy, ports, electric power, building materials, and chemical in-
dustry. A composite material belt is composed of a base material and a core framework mate-
rial, the former is generally rubber or plastic, while the latter includes metal, fabric and fiber. 
Composite belts often operate in a severe environment with dust and high humidity. Under the 
long-term effects of alternating mechanical stress, thermal oxidation, ozonation, etc., the 
composite material is prone to fatigue failure. Severe fatigue failure can weaken the toughness 
and reduce the tensile strength of composite materials. If the fatigue failure is not repaired in a 
timely manner, accidents such as longitudinal tearing and lateral breakage of conveyor belts 
will occur, causing personal injury and huge economic loss. For the sake of simplification, 
this study uses conveyor belt to represent composite conveyor belt. 

The belt fatigue failure is mainly characterized by rubber surface breakage in forms 
of crack and holes. Currently, most users adopt the ocular estimate to detect the breakage of 
the belt bearing surface under low-speed and no-load conditions. As a result, the non-bearing 
surface can hardly be visually inspected. The detection quality is determined by the responsi-
bilities and professional skills of the technicians, as a result, the evaluation quality of belt fa-
tigue state can be hardly guaranteed.  

–––––––––––––– 
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At present, many scholars had carried out in-depth research on fatigue performance 
and fatigue damage of composite materials, and proposed various mathematical models and 
detection methods for fatigue analysis and life prediction. Yan et al. [1] determined fatigue 
damage state by a ultrasonic guided waves method. Marcantonio et al. [2] described the feasi-
bility of non-linear ultrasonic waves in the detection of materials evaluation in fatigue, ther-
mal and corrosion damage. Shabani et al. [3] put forward a reliable prediction for fatigue life 
of the unidirectional e-glass/epoxy composite plies by using progressive fatigue damage mod-
els. The research on the technology of monitoring belt fatigue state mainly focuses on aspects 
such as damage mechanism and experimental analysis of splice fatigue strength. Andrejiova 
et al. [4] investigated the influence of belt carcass structure, impact height, and impactor type 
on the damage degree of conveyor belts. Kirjanow-Blazej et al. [5] carried out an electromag-
netic testing to detect wire rope core damage in an attempt to predict the belt residual life by 
employing the linear regression model. Bajda et al. [6] analyzed the effects of belt length and 
joint number change on the conveyor belt durability. Kozlowski et al. [7] analyzed the chang-
es in technical conditions such as joint length and joint center bias by using the magnetic 
method to monitor the joint. Li et al. [8] examined the relationship between joint deformation 
and strength based on the finite element simulation analysis. Hao et al. [9] applied visual sali-
ency to identify belt rubber surface scratch. Research on belt fatigue state monitoring is most-
ly at the theoretical and laboratory stage. Therefore, to apply it in practical engineering, nu-
merous key technical problems remain to be solved.  

In this study, an adaptive segmentation model of belt images is established based on 
the image acquisition characteristics of linear array camera. The artificial bee colony algo-
rithm is used to calculate the adaptive segmentation parameters and realize image segmenta-
tion under the coupling effects of multiple environmental factors, thus effectively suppressing 
the interference such as uneven illumination, rubber surface scratches and water spots. Finally, 
the deep belief network is employed to classify, identify and analyze the fatigue failure on 
rubber surface of conveyor belts. The fatigue state of the conveyor belts is evaluated reasona-
bly according to the proposed value of the damage rate parameter, which provides a theoreti-
cal basis for maintenance and life prediction of conveyor belts.  

Image acquisition device 

The rubber surface of the conveyor belt 
includes the bearing surface and the non-bea-
ring surface. In order to obtain the complete in-
formation about rubber surface, this study uses 
two image acquisition devices. The first collec-
tion device is installed between the upper and 
lower belt to collect the information about the 
non-bearing surface. Three linear LED light 
sources and a linear array CCD camera with 
2048 px and a maximum line frequency of 19 
kHz are used. The structural arrangement is 
shown in fig. 1. The linear light source 2 is 

placed transversely, and the linear light sources 1 and 3 are placed obliquely. The position is 
generally similar to the arc shape of the conveyor belt. The second set of acquisition device is 
installed below the conveyor belt and a long linear LED light source is used. The camera type 
is the same as the first acquisition device. 

 
Figure 1. Image acquisition devices for 

monitoring the non-bearing surface 



Mei, X., et al.: On-Line Intelligent Evaluation of the Fatigue State of … 
THERMAL SCIENCE: Year 2021, Vol. 25, No. 3B, pp. 2191-2198 2193 

 

Adaptive segmentation algorithm  

of belt image  

The belt image is represented as I(i, j), i < H and j < W, where H is the image height, 
and W is the image width. The image width direction is consistent with the conveyor width di-
rection, and the image height direction is along the operation direction of the conveyor belt. 
The linear array camera and the light sources are fixed on the image acquisition device of the 
conveyor belt. The same acquisition unit of the linear array camera receives the same light at 
different time. Based on this feature, a conveyor image segmentation model is established. 
The model output Io(i, j) is: 

 1 2 mse 3 min( , ) 0.5 0.5sign[ ( , ) ( ) ( ) ]oI i j I i j k M j k R F j k V = − − − + +  (1) 

where k1, k2, and k3 are adjustment coefficients. The k1 and k2 belong to [0, 1], and k3 belongs 
to [0, 10], Vmin – the minimum gray value of all pixels, and ε – the minimum value greater 
than zero. In addition: 
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where M(j) is the average value of pixels in column j, Rmse – the mean squared error in image 
horizontal direction, and F(j) – the flag of image foreground. When light distribution is une-
ven, k1 is greater. The stronger the line-direction noise, the greater the value of k2, the stronger 
the light reflected on the rubber surface, the larger the value of k3.  

To solve the adjustment coefficients k1, k2, and k3, the objective function is estab-
lished: 
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which is the 1-D entropy, np  is the probability that the gray value n appears. 
Finally, with eq. (5) as the objective function, the artificial bee colony algorithm [10] 

is used to obtain the adjustment coefficient of the segmentation model of eq. (1). There are a 
total of 40 colonies and 20 nectar sources. The maximum number of iterations and updates are 
both 10. 
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The segmentation effect is analyzed by taking the image with uneven illumination 
and without damage, longitudinal crack image, transverse crack image at surface scar, the im-
age of the holes on the aging rubber surface, and the damaged image with water spots, as 
shown in fig. 2. 

 

Figure 2. Examples of image segmentation; (a) irregular light without damage, (b) longitudinal crack, 
(c) transverse cracks at surface scar, (d) holes on aged rubber surface, and (e) damage with water spots 

In image segmentation, the parameters of k1, k2, and k3 are calculated by using the 
artificial bee colony algorithm, as shown in tab. 1. Every segmentation parameter changes un-
der different environmental backgrounds or different interferences. If the light sources in 
fig. 2(a) are stronger, the value of k1 is larger. If the line interference in figs. 2(a)-2(d) is 
stronger, the value of k2 is larger. Figure 2(d) shows the aging rubber material and fig. 2(e) is 
the noise with water spots. The larger value of k3 indicates the better environmental adaptabil-
ity of the segmentation algorithm. 

Table 1. Optimization parameter value table 

Finally, the segmentation parameters are used for image segmentation. The image 
segmentation results are shown in fig. 3. The light on the left side of fig. 2(a) is bright and the 
illumination is uneven. After image segmentation, the influence of uneven illumination is 
suppressed in fig. 3(a). However, there are some isolated points and a small part of noise, 
which can be filtered by simple filtering. Figure 2(b) is an image of a longitudinal crack with 
uneven illumination. After segmentation, there is noise in fig. 3(b), which should be filtered 
subsequently. Figure 2(c) shows transverse cracks at surface scar. After segmentation, the in-
fluence of surface scar is suppressed in fig. 3(c). Figure 2(d) is an image of damage on the ag-
ing rubber surface with tiny aging cracks and uneven illumination. The effects of aging cracks 
and uneven illumination are suppressed after segmentation in fig. 3(d), and the segmentation 
effect is good. Figure 2(e) is an image of damage with water spots and slight scratches, and 
the segmentation result in fig. 3(e) is not affected. The adaptive algorithm for belt image 
based on the artificial bee colony has good segmentation effect and strong anti-noise capacity. 
It can suppress noise interference such as uneven lighting, water spots, slight scratches, sur-
face scar, and aging rubber surface. 

Figure number k1 k2 k3 

Figure 2(a) 0.52 1.00 0.40 

Figure 2(b) 0.15 1.00 0.36 

Figure 2(c) 0.08 0.13 0.10 

Figure 2(d) 0.10 0.72 1.00 

Figure 2(e) 0.09 0.31 0.95 
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Figure 3. The segmentation results of figs. 2(a)-2(c) 

Classification and identification of fatigue failure  

on belt rubber surface 

After adaptive segmentation of belt image, small-area image noise can be filtered 
through morphological processing, and the fatigue failure on rubber surface of the conveyor 
belts can be classified and identified. The fatigue failure is divided into longitudinal cracks, 
transverse cracks and non-linear damage. Longitudinal cracks and transverse cracks refer to 
longitudinal and transverse defects resulted from local cracking caused by factors such as 
deep scratches and rubber surface aging. Other forms of fatigue failure include non-linear 
damage, including holes, bumps, 
peeling, etc. The examples of dam-
age on the rubber surface of trans-
verse cracks, longitudinal cracks, 
and holes are shown in fig. 4. The 
image resolution is 256 px × 256 
px. The nylon fabric core in the 
most severely damaged crack is ex-
posed in fig. 4(b). 

Figure 4 was conducted with 
adaptive image segmentation, and 
the image noise with an area small-
er than 600 px2 was filtered. The 
processing result of fig. 4 is shown 
in fig. 5, where c1~c7 are damage 
numbers. For figs. 5(a)-(c), We 
firstly calculate the image disper-
sion, Ds, elongation, Es, rectangu-
larity, Rs, main direction angle, β, 
and 1-D Fourier descriptors, Fd(u). 
The vectors respectively expressed: 
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Figure 4. Classification of fatigue failure on rubber surface; 
(a) longitudinal cracks, (b) transverse cracks, and (c) holes 

 
Figure 5. The processing results of figs. 4(a)-4(c) 
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where As is the damaged area, Ls – the perimeter of the damaged contour, Ws – the maximum 
width of the damage, and Ar – the smallest circumscribed rectangular area. In addition: 
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where μ0,2, μ2,0, μ1,1, and μ3,0 are the p + q order center moment of the damaged area. Equation 
(12) is 1-D Fourier descriptor expressing N number boundary points ( ) ( ), 1, , :x n jy n n N+ =  
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The feature information of surface damage is shown in tab. 2. Non-linear damage 
has the dispersion value greater than 0.85, elongation degree smaller than 1.5 and rectangular-
ity degree greater than 0.9, and Fd(4) is 1. The Fd(2) of transverse and longitudinal cracks is 1. 
The main direction angles of the longitudinal and the transverse cracks are close to 90° and 
0°, respectively. It can be seen that the selection of the feature vector is accurate and effective. 

The deep belief network was used to classify and identify the damage on the rubber 
surface of the conveyor belts. The 500 training samples and 300 test samples were used for 
each type of damage, and the training samples and test samples were not repetitive. The 
recognition accuracy of non-linear damage, transverse and longitudinal crack is 95.3%, 
98.5%, and 99.5%, respectively. Therefore, the accuracy of belt damage classification is more 
than 95%, which meets the requirements of engineering. 

Table 2. Feature information of surface damage in fig. 5 

Damage number Ds Es Rs β Fd(2) Fd(4) 

c1 0.227 8.798 0.832 89.315 1 0.093 

c2 0.647 1.844 0.556 64.058 1 0.224 

c3 0.617 1.849 0.720 84.010 1 0.371 

c4 0.842 1.703 0.889 3.719 1 0.111 

c5 0.713 2.246 0.859 2.895 1 0.309 

c6 0.571 3.356 0.885 0.261 1 0.141 

c7 0.919 1.309 0.907 89.340 0.085 1 
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Evaluation of fatigue state of conveyor belts 

In this study, the fatigue state of the conveyor belts is evaluated according to the 
damage rate on rubber surface, which is defined as variable Rd. A total number of N images is 
acquired in the rotation period. The belt in the image has the width Wb and the height Hb. The 
parameter, Rd , is defined as: 

 tn l
d

b b b

0.10.4 0.5 100%
b
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R

N H W N H N W

 
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where An, Ll, and Lt are the total area of non-linear damage, the total length of longitudinal 
cracks, and the total length of transverse cracks of the entire conveyor belt. 

After confirmation by many managers in charge of the conveyor belts, the fatigue 
state of the conveyor belt is divided into three grades of good, medium, and poor. When Rd is 
less than 10%, the grade is good, which means that the conveyor belt has no fatigue or slight 
fatigue, and can be used normally with regular maintenance. When Rd is greater than or equal 
to 10% and less than 20%, the grade is medium, which indicates that the conveyor belt is fa-
tigued and requires comprehensive maintenance. When Rd is greater than or equal to 20%, the 
grade is poor, which means that the conveyor belt is severely fatigued and recommended to 
be scrapped. 

A laboratory-made belt conveyor is tested to verify the effectiveness of the above 
method. The roller diameter of the conveyor is 0.52 m. The belt size is 10 m × 0.65 m and its 
core material is nylon fabric. The test results are shown in tab. 3, where Sr is the running 
speed of conveyor belt and Fl is the line frequency of linear array camera in tab. 3. The actual 
resolution of surface damage of conveyor belt is 0.78 mm × 0.78 mm. The values of An, Ll, Lt 
and Rd are different slightly at different operating speeds, which is not affected by the running 
speed, showing that the robustness is good. 

Table 3. Examples of rubber surface damage rate 

The proposed algorithm was used to detect the fatigue state of 60 conveyor belts in 2 
docks, 4 coal mines, and 3 thermal power plants. The evaluation accuracy rate of the fatigue 
level of the conveyor belts is up to 100%. 

Conclusions 

The present study investigated an on-line intelligent evaluation method for the fa-
tigue state of composite material conveyor belts. Additionally, an image adaptive segmenta-
tion algorithm is proposed, which effectively suppresses the coupled noise influences such as 
mechanical scratch, sticking substance and water spots, as well as the uneven illumination on 
rubber surface. Besides, the classification and recognition algorithm of belt rubber surface 
breakage is also proposed, achieving the accurate recognition rate of over 95%. The model for 
calculating the damage rate of rubber surface is established, realizing the evaluation of belt fa-
tigue level with the accurate evaluation rate of 100%. According to the experimental results, 

Sr [ms–1] Fl  [Hz] Hb [px] Wb [px] An [px2] Ll [px] Lt [px] Rd 

0.25 320 1024 1040 24736 2384 1594 11.07% 

0.5 640 1024 1045 16458 2333 1820 11.57% 

1 1280 1024 1045 30222 2246 1592 11.56% 
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the method proposed in the current work can be used in on-line evaluation of belt fatigue 
state, also providing reliable objective evidence for maintenance and life prediction of con-
veyor belts.  
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