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Abstract: The conveyor belt is by its structure a textile composite. As a load-supporting element of the
conveyor, the belt withstands variable loads during its operations. In order to investigate the influence
of the level and variability of loading on the life of the belt, tests were carried out on specimens in
laboratory conditions. A testing device was specially designed and made for these tests that enabled
precise control and monitoring of the loading as well as number of loading cycles up to fracture.
This research provides an overview of the influence of fatigue loading on the fatigue life of the belt.
The methodology of the conducted research is explained with a description of important technical
parameters of the testing device. A physical experiment and a corresponding numerical simulation
using the FEM method were carried out with multiple loading levels of belt specimens. Based on the
obtained results, appropriate conclusions were made; at loads less than 70% of the breaking strength,
the lifetime of the belt is very long. Attention was drawn to additional influences that could not be
covered by the experiment and possible directions for further research were indicated.
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1. Introduction

Conveyors are devices that transport material without stopping for loading and
unloading. One of the most important elements of any conveyor is its belt. The role of
the belt is to transport the material, accept the impact energy at the point of the material
loading, withstand the temperature and chemical effects of the transported material, and
withstand the nominal loading throughout its working life. The belt can be seen as a textile
composite consisting of an upper rubber protective layer, a loading carrying layer (carcass),
and a lower rubber protective layer. The role of rubber layers is to protect the carcass from
the impact of the transported material [1], while the carcass has a multiple role:

e Itneeds to provide adequate ultimate tensile strength with respect to loading due to
transporting material;
It must absorb the impact energy of the material being loaded;
It has to ensure the longitudinal and transverse rigidity of the belt in order to maintain
its shape during the transport of the material.

The layers are bonded by a vulcanization process, so that, during assembly, the ends
of the belt are joined by a hot or cold vulcanization process or with mechanical connectors.

The carcass is made of one or more layers of woven textile material. The layers are
obtained by weaving warp threads that extend in the longitudinal direction and weft
threads that extend in the transverse direction. The thread material can be of natural or
artificial origin. The most common combination used is polyester-nylon, where polyester is
used for the warp threads due to its good mechanical characteristics, while nylon is used
for the weft threads because it is more elastic than polyester and behaves better when the
belt bends laterally due to leaning on a set of support rollers [2].

Due to its inhomogeneous structure and the nature of the loading that changes during
one transport cycle, the conveyor belt is a subject of study that is very relevant today.
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Research is carried out to better understand the behavior of the belt during exploitation in
order to eliminate unnecessary damage or breakage of the belt due to its incorrect selection.

As for the influencing factors on the life of the belt, the main cause of belt deterio-
ration is the contact between the belt and the transported material, as well as between
the belt and the support elements of the conveyor. Damage to the belt also occurs due
to a combination of various factors—the influence of sun, rain, snow and ice, chemical
reagents, and mechanical effects. Therefore, it is difficult to precisely define the exact
cause when belt damage occurs [3]. In terms of mechanical effects, the belt is affected by
malfunctioning parts of the conveyor such as support idlers and pulleys. Also, damage can
occur during the use of machinery that is required during the transport and installation of
the belt [4]. The main cause of wear of the rubber protective layers is abrasion. Micro-cuts
are created that become larger over time, and parts of the rubber layer fall off, which creates
a crack that leads to accelerated deterioration of the supporting layer [5]. The loading
place is one of the critical points in terms of damage [6]. The most common forms of the
manifestation of damage to the belt due to the impact of the material are the appearances of
longitudinal cracks, damaged edges, and a thinned protective rubber layer [7]. As already
mentioned, environmental influences can lead to premature degradation of the conveyor
belt. Conditions such as increased air humidity and temperature affect the material of the
carcass differently. Unlike nylon, polyester has a higher moisture absorption rate that leads
to the degradation of its mechanical characteristics [8]. Hot vulcanization temperatures in
the range of 140 °C to 160 °C allow the vulcanization process to be carried out safely in
relation to the mechanical characteristics of the carcass, while temperatures above 200 °C
lead to complete degradation [9]. The mechanical properties of conveyor belts deteriorate
under long-term exposure to thermal shocks [10].

As the joint of the belt is the weakest point of the belt, much research is focused on
examining the behavior of the joint. There are several reasons that lead to the loss of the
capacity of the joint. They can be represented by joint technology, structural material, and
geometrical features [11]. If the belt breaks, transport flows are disrupted, which leads
to production losses. Therefore, solutions are being developed for intelligent monitoring
of the condition of the belt and an automatic control system that would be able to stop
the operation of the conveyor when significant damage is detected [12]. One of the most
important parameters that can be monitored during exploitation is the elongation of the
belt. Dynamic condition monitoring of the belt using a neural network model could enable
a response from an intelligent belt condition monitoring system [13]. The mechanical
resistance of the belt end joint is defined by two components—ultimate tensile strength
and fatigue limit. During the tension test, the joint tears without delamination of the layers.
On the other hand, during dynamic tension testing, delamination occurs first, i.e., adhesion
fracture between the supporting layers occurs first. Therefore, it is important to study the
fatigue resistance of adhesion between layers [14]. The fatigue behavior of the joint, i.e., the
number of loading cycles until the belt layers delaminate, is affected by the modulus of
elasticity of the belt, the ultimate tensile strength of the belt, and the adhesive strength of
the belt joint [15].

Testing the belt specimens without a joint, i.e., the belt itself, has been a significant
aim of recent research. The elongation of the specimens under the reference loading is
influenced by the type of material of the carcass, the number of carcass layers, and the
tensile strength of the material of the carcass [16]. The material of the carcass and the
number of plies affect the ultimate tensile strength of the belt [17]. During exploitation,
the belt loses its mechanical properties. Degradation of tensile strength occurs, flexibility
of the belt decreases, while resistance to delamination decreases significantly, in certain
cases up to 100% [18]. Innovative methods of monitoring the condition of the belt specimen
during experimental tests have been developed. One of the most promising is the method
of recording the belt specimen with computer tomography. As a result, a 3D model of the
specimen is obtained in which the damage caused during the test can be clearly seen [19].
Through computer tomography, it is possible to monitor the change in the distance between
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the fibers of the carcass, which indicates damage, and it is possible to spot critical points in
time [20].

2. Fatigue of the Conveyor Belt as a Textile Composite

Fatigue testing of textile composites is a relatively new concept when compared to
fatigue examining of structural materials [21].

The building fibers of the conveyor belt are semi-crystalline materials which show
highly elastic properties—they act partly as a viscous fluid, and partly as an elastic material.
The elastic and plastic regions of visco-elastic materials and the corresponding yield point of
the material and its limit are not precisely defined for such materials. Fibers are isotropic in
nature, but reinforcement is anisotropic, which means that there are moderate constraints on
molecular alignment. This feature directly affects the type of fracture due to the application
of alternating loading to the fiber. Therefore, fiber fatigue fracture can be far more complex
than fatigue fracture experienced by metal. It is not possible to consider any single fracture
mode as solely responsible for the ultimate fracture of the fiber. The fiber can fail due to
tension, bending, twisting, abrasion, environmental conditions, etc. There are over twenty
different fracture mechanisms that have been identified that can lead to ultimate fiber
fracture [22]. Fibers used for the carcass of conveyor belts have a slender and long structure.
They behave rigidly during tensile tests, while they are very flexible during bending tests.
The largest number of fiber tests are for tension [23]. The shape of the fracture that can be
observed when the fiber fails due to fatigue can be used during diagnostics and provides
insight into the mechanisms that led to the fracture. A comparison of fiber fracture due to
tension and fatigue is shown in Figure 1.

Fracture
initiation
Crack
development,
plastic
deformation
Fracture ..
S Em Deviation
initiation
«+— and crack
Fracture
development
Fracture
(a) (b)

Figure 1. Fracture morphology of polyester and polyamide fibers: (a) due to tension; (b) due to
fatigue [24].

When a fiber fractures due to tension, an inclined fracture zone spreads from the
place of the initial crack occurrence, which is caused by the plastic deformation of the fiber.
During the crack propagation process, the cross-section of the fiber decreases, which leads
to the ultimate fracture of the fiber. In the case of fiber fracture due to fatigue, the initial
crack appears on the surface of the fiber as in the previous case, but the direction of crack
propagation is different. While the crack in tension propagates towards the interior of the
fiber, in the fatigue fracture mechanism the crack propagates along the fiber at a small angle
to the axis of the fiber. The crack propagates to a critical point when the cross-section of the
fiber decreases and damage occurs [24].



Appl. Sci. 2023,13, 3277

40f 15

In fiber-reinforced composites, which include conveyor belts, the fibers are load-
carrying elements, while the matrix has the role of holding the fibers together and protecting
them from harmful environmental influences. During testing of textile composites, two
categories influence the obtained results: the parameters of the tested material and the
parameters of the fatigue test method.

As for the parameters of the tested material, one of the most important is thermal
conductivity. When testing specimens at higher frequencies (5-10 Hz), the temperature of
the tested object increases to over 100 °C [25]. When the thermal conductivity is low, heat
accumulates in the sample, and the material deteriorates faster due to heating. This feature
is extremely important when testing specimens of conveyor belts because the upper and
lower protective rubber layers act as insulators that additionally lead to heat accumulation.
During the manufacturing process of the textile composite, damage may occur that will
later affect fracture due to fatigue. Significant in-plane shear may occur, leading to the
formation of folds that later negatively affect the fatigue behavior of the specimen [26].

Regarding the parameters of the fatigue test method, it is necessary that the specimen
is large enough to include a large number of weaving segments because the inhomogeneity
of the material due to the arrangement of the fibers in it significantly affects the fatigue
behavior. The specimen should have a protective layer on the ends so that the jaws of the
testing device do not damage the base material and lead to early fracturing [27]. Moreover,
stress ratio R is very important during testing, and it is defined as follows:

R = IMIN )
UMAX

It is necessary to control the loading amplitude. When the loading amplitude is below
a value of tensile strength of the material, the resulting fatigue is called high-cycle fatigue
because it occurs after a large number of cycles. When the loading amplitude is high in
relation to the tensile strength of the material, the resulting fatigue is called low-cycle
fatigue because it occurs after a small number of cycles. The nature of damage that occurs
during the test depends on the loading amplitude. Plain tension damage is present in
low-cycle fatigue, while typical fatigue damage occurs in high-cycle fatigue [28].

Textile composites have good resistance to fatigue, which is reflected in the length
of life in fatigue testing. However, this does not refer to the number of cycles leading
to initial damage. The first phase of material weakening due to fatigue is caused by the
creation of damage zones. These zones contain a large number of microscopic damage
points and the initial delamination between fiber and matrix. It is important to note that the
first phase of material weakening occurs very early, already after several hundred cycles.
The second phase is characterized by the gradual degradation of the material, which is
reflected in the reduction of the stiffness of the material. More significant damage occurs
in the third phase—fiber cracking and uncontrolled delamination between fibers and the
matrix, which leads to accelerated deterioration and eventual fracture [29]. The degradation
process of the textile composite is shown in Figure 2. First, the delamination of the weft
threads and the matrix occurs. During this phase, transverse cracking of the weft threads
occurs. In the second phase, the delamination spreads along the weft threads and several
close delaminations merge into a large delamination. At the same time, there is a small
delamination, the so-called meta delamination between the weft and warp threads. In the
third phase, i.e., at the end, the cracks propagate from the weft to the warp threads, and
large cracks and fatigue damage occur [30].
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Figure 2. Gradual development of textile composite damage due to fatigue: (a) initial phase-no
failure due to fatigue; (b) first damage phase — delamination of weft threads and the matrix, transverse
cracking; (c) second damage phase — delamination spreads between weft threads and the matrix,
meta delamination between weft and warp threads; (d) third damage phase — crack propagation from
weft to warp threads and fatigue fracture occurs [31].

3. Testing and Modeling of Conveyor Belt Fatigue Behavior

The uniaxial tension/tension test is the most commonly used test. Servo-hydraulic test
devices or devices with servo-electric motors with adequate drivers are used. Alignment of
the specimens in the jaws is extremely important. Bending loading should not occur, so a
ball-and-socket joint is used between the jaw and the force sensor in order to transmit only
forces and not torques. It is necessary to measure the deformation of the specimen, and
for this, high-precision displacement sensors—extensometers—are used, or data from the
driver of the servo-electric motor can also be used as displacement sensors. The highest
possible test frequency is chosen in order to shorten the duration of the test, but it is
necessary to take into account that the increase in the temperature of the specimen due to
high frequencies leads to the degradation of the material characteristics. During the test,
it is possible to monitor a large number of parameters—loading amplitude, deformation,
test frequency, changes in axial stiffness, variations in Poisson’s ratio, etc. The change
in the axial stiffness can be obtained as the quotient of the measured loading and the
measured strain from the displacement sensor. Depending on the type of fiber, the stiffness
degradation can range from just a few percent to several tens of percent [32].

By analyzing valid standards concerning testing of specimens of conveyor belts [33],
it was determined that there are no direct guidelines regarding fatigue testing of conveyor
belt specimens. Therefore, it is possible to apply higher level standards related to ten-
sion/tension fatigue testing of composite materials. Those are ASTM D 3479 /D 3479M-96
Standard Test Method for Tension-Tension Fatigue of Polymer Matrix Composite Materi-
als [34] and ISO 13003 Fibre-reinforced plastics—determination of fatigue properties under
cyclic loading conditions [35] standards. These standards provide general principles of
fatigue testing of textile composites and therefore can be applied to the testing of conveyor
belt specimens.

There are two technical reasons why modeling fatigue damage in textile composites is
difficult and expensive. The first reason is that there are multiple levels at which damage
mechanisms are present—micro level (fibers and matrix), medium level (single layer),
and macro level (textile composite). The second reason is the impossibility of producing
identical specimens due to the nature of the production of textile composites [36].

There are two divisions of existing fatigue models for textile composites.
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According to [37], it is possible to divide fatigue damage models according to
fatigue criteria:

Fatigue criterion based on macroscopic strength;
Fatigue criterion based on residual strength;

Fatigue criterion based on residual stiffness;

Fatigue criterion based on actual damage mechanisms.

According to [38], fatigue models for textile composites can be classified into three
major categories:

e  Fatigue life models that do not consider the actual mechanisms of material deteriora-
tion, but are based on S (S—stress)-N (N—number of cycles) or Goodman diagrams;
Phenomenological models of residual stiffness/strength;

Progressive damage models that use one or more variables that are associated with
measurable damage representations.

Regarding the first category, there are many models based on established S-N diagrams
for metals. This approach requires a large number of experiments for each individual
material, for different ways of layering, different loading conditions, etc. As for the
second category, it consists of phenomenological models of residual stiffness/strength.
These models propose evolutionary connections that describe the gradual degradation
of the stiffness or strength of the textile composite specimens in terms of measurable
characteristics. Residual stiffness models take into account the degradation of the elastic
characteristics of materials during fatigue testing. The stiffness of the specimen can be
measured frequently or continuously during the fatigue test and can be determined without
damaging the specimen. These models can be deterministic where an exact stiffness
value is predicted, or they can be statistically evaluated where a distribution of stiffness
values is predicted. Residual strength models describe the degradation of the initial static
tensile strength during fatigue testing. They were developed from the need to define
the remaining life of the material. Statistical models such as the two-parameter Weibull
distribution are most often used to describe the residual strength and probability of fracture
of a textile composite after a defined number of cycles. As for the third category, it consists
of models of progressive damage. These models describe the degradation of the textile
composite in direct relation to the specific damage. They relate one or more variables
to measurable damage, quantitatively taking into account the progression of the actual
damage mechanisms. The most important outcome of all fatigue models is the prediction
of fatigue life. Each of the mentioned categories uses its own criteria for determining the
moment of ultimate fracture, and thus the fatigue life.

One of the general fatigue life models of textile composites that can be applied to
tension/tension testing of conveyor belt specimens is the Bond’s variable stress ratio fatigue
life model [39]. The S-N diagram is described by the following relation:

omax = blog(N) +c ()

where:

opmax—the maximum value of the stress amplitude;

N—number of cycles to fracture;

b and c—fourth-order polynomials in function of an arbitrary function R”. For the
tension/tension loading case, the stress ratio is 0 < R < 1, while the arbitrary function
is calculated as R” =4 + R.

Stated fourth-order polynomials in case of variable stress ratio R # const. are calculated
as follows:
b=K(R")* +L(R")® + M(R")* + N(R") + P 3)

c=Q(R")*+T(R")’+U(R")*+ V(R") + W )
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4. Materials and Methods

The aim of the research was to analyze the influence of fatigue loading on the lifetime
of the belt. In this sense, the belt specimen was subjected to variable loading in order
to determine the number of cycles that the belt specimen can withstand before fracture.
In doing so, belt specimens were loaded with different values of the mean loading in
relation to the breaking strength of the belt and within defined limits of the minimum
and maximum loading. This test approach simulates the loading of the belt in operation
because the force in the belt, during movement along the conveyor route, is variable within
certain limits. Belt specimens were subjected to loading in the form of a sinusoidal function,
where each period represented one work cycle. For example, a 2-km-long conveyor belt
moving at a speed of 1.68 m/s takes 2381 s for one working cycle, which is represented in
the experiment by one period of the specimen loading. In this way, for the given example,
the annual operation of the belt, which amounts to 13,245 working cycles, is simulated by
an identical number of specimen-loading periods.

4.1. Method

Testing was carried out on a testing device specially designed for this purpose, UZITT
MKM 5000. The testing device is located in the laboratory at the Faculty of Technical
Sciences in Novi Sad, Serbia, Figure 3.

Figure 3. Device for testing conveyor belts UZITT MKM 5000 during the experiment: worm gear
screw jack (1), connecting shaft (2), helical geared electric motor (3), rotary encoder (4), fatigue testing
module (5), upper jaw (6), belt specimen (7), lower jaw (8), force cell (9) and the supporting frame (10).

The characteristics of the testing device are as follows:

Maximum loading for static testing: 50,000 N;
Maximum loading for dynamic testing: 25,000 N;
Maximum travel during static testing: 700 mm;
Maximum travel during dynamic testing: 200 mm;
Maximum speed of static tensioning: 100 mm /min;
Maximum speed of dynamic tensioning: 16 mm/s.

The fatigue testing module is shown on Figure 4. It is demountable, so it can be
removed if static tests are carried out over 25,000 N, which is its nominal loading capacity.
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Figure 4. Fatigue testing module: servo motor (1), planetary gearbox (2), bearing (3), threaded
spindle (4), nut with roller balls for the threaded spindle (5).

As for the static test, the displacement of the upper jaw is measured via a rotary
encoder. The tensioning speed is defined by the speed of the AC motor connected to
the Hitachi NES1-007 HBE variable frequency controller (Hitachi, Tokyo, Japan). The
frequency controller receives the set value of the speed via an analog signal from the Fatek
PBS MC 64 PLC (Fatek, New Taipei, Taiwan), which has an FBS 2D 4A analog signal
generation module.

The signal from the tension force cell goes to the measuring amplifier module FBS LC
in the PLC.

As for the dynamic test, the displacement of the upper jaw and the tensioning speed
are defined through the PLC that controls the Fatek SD3 servo drivers that regulate the
operation of the servo motors. The user sets the test parameters through the PLC, and the
PLC, with the help of the servo driver and internal algorithm, establishes the measurement
parameters (amplitude, frequency, signal profile, mean force). The PLC in communication
with the servo drivers manages measurements and monitors measured results. It then
directs them to a PC that is used as a user interface for setting parameters and recording
results. In order for both servo motors to move identically, the PLC controls one servo
driver in terms of setting the signal shape, frequency, amplitude, etc., and the second servo
driver copies the movement of the first one. For this purpose, software that has a module
for static testing and a module for dynamic testing is specially designed.

The connection between the PLC and the PC is based on the R5485 interface. The
baud rate is 19,200 bits per second. A similar protocol is used for communication between
the PLC and the servo driver, as well as between the PLC and the touch panel. This
communication is resistant to interference and ensures a sufficient amount of data in time,
for this particular test.

4.2. Material

A new conveyor belt was used for testing with a carcass which was created by plain
weaving. The warp threads are made of polyester, while the weft threads are made of
nylon. This type of textile is known as EP in conveyor belts. The model of the belt carcass
is shown in Figure 5. The mark of the belt is EP 500/3 Y 526858.
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Figure 5. Model of a plain-woven EP conveyor belt carcass [40].

The belt characteristics are provided in Table 1.

Table 1. Characteristics of the selected belt from the manufacturer’s datasheet.

Characteristic Unit Min Max Value
Breaking strength longitudinally N/mm 500 - 523
Elongation at break % 12 - 29.5
Working elongation—10% % - 1.5 1.34
Adhesion top cover/1st ply N/mm 3.5 - 4.4
Adhesion 1st ply/2nd ply N/mm 5 - 7.6
Adhesion 2nd ply/3rd ply N/mm 5 - 6.8
Adhesion bottom ply/bottom cover N/mm 3.5 - 4
Tensile strength of cover N/mm? 20 - 20
Elongation of cover % 400 - 522
Abrasion resistance mm?3 - 130 122

Specimens were manufactured according to EN ISO 285 [41]. Figure 6 shows the
specimen scheme and the sampling process. The width of the specimen at the narrowest
part is 25 mm. The maximum force that the belt specimen can withstand is 13,075 N.

Figure 6. Specimens of conveyor belt EP 500/3 Y 526858.

5. Results and Discussion

The test was performed with five levels of the mean loading (10 kN, 9.6 kN 8.64 kN,
8.48 kN and 7.68 kN) where its minimum and maximum values ranged within +25% from
the mean loading, which achieved the loading ratio of R = 0.6. In this way, the maximum
loading reached values of 95.6%, 91.7%, 82.6%, 81%, and 73.4% in relation to the breaking
strength of the belt specimen (13,075 kN). Ten repetitions were performed for all five
loading levels.
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Measuring devices, control automation, and adequate preparation of the experiment
enabled the conditions for the experiment to be done correctly:

e  There was no slipping of specimens in jaws, and the specimens were placed coaxially

with the axis of the device;

Ball-and-socket joints attached to the tension-loaded cell provided only axial force transfer;
Ambient temperature and air humidity were monitored so that the experiment would

not take place in inadequate conditions;

e  The test frequency was 1 Hz in order to avoid additional heat generation in the

specimen that could affect results.

Figure 7 shows the testing of the specimen in three phases—the initial state, during

the test, and the final phase, i.e., the specimen breaking.

Figure 7. Phases of specimen testing: (a) initial phase, i.e., undamaged specimen; (b) during testing,

visible damage; (c) the final stage, i.e., specimen breaking.
Table 2 shows the test results.

Table 2. Results.

Loading Level
I II 111 v \'%
Test force mean [kN] 10 9.6 8.64 8.48 7.68
Test force max. [kN] 12.5 12 10.8 10.6 9.6
Percentage of breaking force [%] 95.6 91.7 82.6 81 73.4
Test force min. [kN] 7.5 72 6.48 6.36 5.76
Number of specimens 10 10 10 10 10
Average no. of cycles 823 3168 39,180 82472 467,568
until fracture
Standard deviation in number of cycles 190 384 2978 4619 28,521
Relative standard deviation [%] 229 12.1 7.6 5.6 6.1

As the results were used at a force ratio R = 0.6, and since it is the belt tearing force
that is important for conveyor belts, and not the tension, a transformation of the fatigue life

model given in Equation (2) was made:

FMAX = bll‘l(N) +c

where:

e  Fpax [N]—maximal testing force;
e  N—number of cycles to fracture.

©)
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Coefficients b and ¢ were calculated from the curve obtained by interpolation based
on experimental results. Their value is b = —451.2 and ¢ = 15,584. The curve equation, i.e.,
the curve of the F-N diagram for specimens of the new belt EP 500/3 Y 526858, is

FMAX = —451.2 ll’l(N) + 15, 584 (6)

Figure 8 shows the results and the F-N curve graphically.

F-N diagram of conveyor belt EP 500/3 Y 526858 samples

13,000 82? ........... 3168

12,000 e ..
— 11,000 el D 2
= 10,000 '"”““~~~~“““ﬂ§7;f68
9000
8000
7000

6000
500 5000 50,000 500,000

Number of cycles to fracture

Force [N

Figure 8. Graphically presented results and F-N curve.

Figure 9 shows some of fractured specimens after fatigue tests.

Figure 9. Some of the fractured specimens after fatigue tests.

Concerning the fatigue limit, in [42] it is stated that the maximum value of number of
cycles for fiber-reinforced composites until fracture that should be considered is 10,000,000.
By introducing this number into the Equation (6), the maximum force required for specimen
fracture after 10,000,000 cycles would be 8311.5 N, i.e., 63,5% in relation to the breaking

strength of the belt specimen:

Frmax = —451.21n(10,000,000) + 15,584 = 8311.5 N @)
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In order to verify the obtained experimental results, a FEM model of the belt specimen
was created. The results are shown in Figure 10.

Element: 19193
SOLID LIFE = 472,931|

Element: 16604
SOLID LIFE = 40,015.3 |

Element: 17674 Element: 18245

SOLID LIFE = 886.552 SOLID LIFE = 3256.31 Element: 45046

SOLID LIFE = 83,573.5 |

Number of cycles ~ Number of cycles ~ Number of cycles ~ Number of cycles  Number of cycles

until fracture for until fracture for until fracture for until fracture for ~ until fracture for
loading level I: loading level II: loading level III: loading level IV: loading level V:
886 3256 40,015 83,573 472,931

Figure 10. Results of FEM fatigue analysis.

As for the FEM model, first the idealization was done. The belt specimen was formed
as a solid model and was prepared by removing the rubber protective layers that would
only distort the results. The model was defined based on the material of the belt carcass.
The multi-axial fatigue module was activated in the Autodesk Inventor Nastran 2022
software to perform the fatigue test. Second, boundary conditions were applied. Fixed
constraint was applied at the top surface of the specimen, while the loading was applied
at the bottom surface of the specimen. In order to simulate the sinusoidal loading cycle,
loading history table data were created. Loading scale factor in the range of 0.6 + 1 was
entered for 1 s in order to achieve 1 Hz test frequency. After that, mesh was applied. Local
mesh control was applied on the edges of the specimen. Finally, the simulation was started.
During the first iteration of the simulation of the first specimen, analysis was done with
default mesh size. After that, the simulation was done with the half of the default mesh
size. It took several iterations to achieve result convergence. The final mesh size was 2 mm.
The number of finite elements was 61,244.

Numerical simulations were carried out on the formed belt specimen model in an
identical manner to the physical experiment described in the previous part of the paper.

The obtained results of the FEM analysis were compared with the average values of
the experimentally obtained results, and both are shown in Table 3.

Table 3. Results of comparative analysis of experimental and FEM results.

Loading Level
I 11 I v A
_ Averageno. ofcycles 823 3168 39,180 82472 467,568
until break during physical experiments
No. of cycles 866 3256 40,015 83573 472,931

until fracture according to FEM
Percentage of result difference [%] 5 2.7 2.1 1.2 1.1
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The obtained value of the average number of cycles until the belt breaks at the max-
imum loading of 95.6% of the nominal breaking strength, only 823 cycles, indicates that
the damage occurs at the first loading cycles. This is due to the fiber damage mechanisms
explained previously. In metals, molecular bonds enable homogeneity of the structure,
and such material can withstand a greater number of cycles at a maximum loading close
to the nominal ultimate tensile strength than is the case with textile composites such as
conveyor belts.

At the maximum loading level of 91.7% of the nominal belt-breaking strength, the
number of cycles did increase (823 — 3168), but that number still does not ensure an
economically profitable and acceptable lifetime of the belt.

Moving to the maximum loading levels of 82.6% and 81%, there was a significant
increase in the number of cycles to fracture. It should be noted here that the higher number
of cycles to fracture (39,180-82,472) with a slight decrease in the loading level (82.6-81%)
indicates the sensitivity of the considered influence, which requires further and more
detailed analysis.

Also, a very significant increase in the number of cycles to fracture (467,568) is observed
at a loading level of 73.4%, which may indicate a potentially very long life of the belt at a
lower loading level of 70% of the nominal breaking strength.

For the example that is mentioned earlier, the tested belt would work for 4 months at
a maximum loading level of about 90% of the nominal breaking strength, at 80% for about
6 years, and at 75% for about 30 years.

It must be noted that the previous calculation only takes into account damage to the
belt specimen due to tension/tension fatigue, i.e., it does not take into account the actual
damage to the belt during exploitation, which occurs due to the bending of the belt around
the pulleys, the impact of the material on the belt during loading, misalignment with the
direction of the conveyor, improper tensioning of the belt, etc.

6. Conclusions

The paper presents basic postulates of testing textile composites such as conveyor
belts on fatigue damage mechanisms. The mechanisms that lead to fatigue damage are
explained and are clearly differentiated from the mechanisms that lead to damage in static
testing. Fatigue testing of conveyor belt specimens under tension/tension loading type
is presented. Specimens were tested at a constant loading ratio R on a specially designed
UZITT MKM 5000 device specially for this occasion.

Based on the obtained results, it was determined that the number of cycles that the
belt specimen can reach before fracture significantly depends on the loading.

In order for the obtained results to be practically applied, in the sense of choosing the
optimal belt according to the real loading and a certain configuration of the belt conveyor,
it would be necessary to verify the way of representing the working cycle of the belt as one
period of the form of a sine function. Verification would be possible by testing belt material,
after a known number of cycles, and comparing them with the results on specimens of new
belts with the same characteristics.

As for further research directions, it is necessary to carry out experiments with variable
loading ratio R in order to obtain a more general mathematical model. Also, it is necessary
to carry out tests of conveyor belts with different numbers and materials of carcass layers
in order to examine their influence on the fatigue life.

To get a more complete picture of the fatigue behavior of conveyor belts, further
research is needed to examine the influence of atmospheric conditions such as temperature
and humidity and also damage due to the impact of materials on the belt on the fatigue life.
It is necessary to test the specimens with different test frequencies (within the limits of the
allowed temperature in the specimen) in order to analyze the influence of the tension speed
on the life of the specimen. The relationship between the initial dimension of mechanical
damage and the lifetime of the belt should be defined, and the influence of the direction of
the critical zones in relation to the axis of the belt—longitudinal and transverse—should be
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examined. Inhomogeneities and defects in the belt can locally lead to a significant reduction
in the capacity of the belt, which can cause a significant shortening of its working life.

The difficulty in conducting the described tests is the total time required for the
experiment. At the used test frequency of 1 Hz, it would take 2 years to test 10 specimens
up to 6,000,000 cycles, which is, based on the life curve defined in this work, the limiting
number of working cycles at 65% of the nominal breaking strength of the belt specimen,
which is why the same was not performed. Therefore, it is necessary to determine the
highest possible test frequency that does not negatively affect the mechanical characteristics
of the specimen in order to shorten the duration of the experiment.

Author Contributions: Conceptualization, N.I. and D.Z.; methodology, N.I. and D.Z.; software, N.L
and D.Z.; validation, N.I,, D.Z. and N.Z.; formal analysis, N.I; investigation, N.I; resources, N.L; data
curation, N.I; writing—original draft preparation, N.I. and D.Z.; writing—review and editing, N.I.,
D.Z. and N.Z.; visualization, N.I. and D.Z.; supervision, N.L, D.Z.and N.Z.; project administration,
N.I; All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon reasonable request
from the corresponding author. The data are not publicly available due to privacy issues.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.
2.
3.

10.

11.

12.

13.

14.
15.

16.

17.

18.

Colijn, H. Mechanical Conveyors for Bulk Solids; Elsevier Science & Technology: Oxford, UK, 1985.

Pajer, G.; Pajer, ].; Kuhnt, H.; Kurth, F. Stetigforderer; Verlag Technik: Berling, Germany, 1983.

Fedorko, G.; Molnar, V.; Honus, S.; Belusko, M.; Tomaskova, M. Influence of selected characteristics on failures of the conveyor
belt cover layer material. Eng. Fail. Anal. 2018, 94, 145-156. [CrossRef]

Zimroz, R.; Krol, R. Failure analysis of belt conveyor systems for condition monitoring purposes. Min. Sci. 2009, 128, 255-270.
Hakami, F; Pramanik, A.; Ridgway, N.; Basak, A.K. Developments of rubber material wear in conveyor belt system. Tribol. Int.
2015, 111, 148-158. [CrossRef]

Grincova, A.; Marasova, D. Experimental research and mathematical modelling as an effective tool of assessing failure of conveyor
belts. Eksploat. I Niezawodn.—Maint. Reliab. 2014, 16, 229-235.

Bajda, M. Laboratory Tests of Conveyor Belt Parameters Affecting Its Lifetime. In Proceedings of the 2017 17th International
Multidisciplinary Scientific GeoConference SGEM 2017, Sofia, Bulgaria, 29 June-5 July 2017; pp. 495-502.

Kessentini, R.; Klinkova, O.; Tawfiq, I.; Haddar, M. Modeling the moisture diffusion and hygroscopic swelling of a textile
reinforced conveyor belt. Polym. Test. 2019, 75, 159-166. [CrossRef]

Lemmi, T.; Barburski, M.; Kabzinski, A.; Frukacz, K. Effect of vulcanization process parameters on the tensile strength of carcass
of textile-rubber reinforced conveyor belts. Materials 2021, 14, 7552. [CrossRef]

Rudawska, A.; Madlenak, R.; Madlenakova, L.; Drozdiel, P. Investigation of the effect of operational factors on conveyor belt
mechanical properties. Appl. Sci. 2020, 10, 4201. [CrossRef]

Bajda, M.; Hardygora, M. Analysis of reasons for reduced strength of multiply conveyor belt splices. Energies 2021, 14, 1512.
[CrossRef]

Mazurkiewicz, D. Monitoring the condition of adhesive-sealed belt conveyors in operation. Eksploat. I Niezawodn.—Maint. Reliab.
2005, 2, 41-49.

Mazurkiewicz, D. Tests of extendability and strength of adhesive-sealed joints in the context of developing a computer system for
monitoring the condition of belt joints during conveyor operations. Eksploat. I Niezawodn.—Maint. Reliab. 2010, 3, 34-39.

Blazej, R.; Hardygora, M. Modeling of shear stresses in multiply belt splices. Bulk Solids Handl. 2003, 23, 234-241.

Hardygora, M.; Komander, H.; Blazej, R.; Jurdziak, L. Method of predicting the fatigue strength in multiplies splices of belt
conveyors. Eksploat. I Niezawodn.—Maint. Reliab. 2012, 14, 171-175.

Andrejiova, M.; Grincova, A.; Marasova, D. Analysis of tensile properties of worn fabric conveyor belts with renovated cover and
with the different carcass type. Eksploat. I Niezawodn.—Maint. Reliab. 2020, 22, 472-481. [CrossRef]

Ambrisko, L.; Marasova, D.; Grendel, P. Determination the effect of factors affecting the tensile strength of fabric conveyor belts.
Eksploat. I Niezawodn.—Maint. Reliab. 2016, 18, 110-116. [CrossRef]

Fedorko, G.; Molnar, V.; Zivéak, J.; Dovica, M.; Husakova, N. Failure analysis of textile rubber conveyor belt damaged by dynamic
wear. Eng. Fail. Anal. 2013, 28, 103-114. [CrossRef]


http://doi.org/10.1016/j.engfailanal.2018.07.034
http://doi.org/10.1016/j.triboint.2017.03.010
http://doi.org/10.1016/j.polymertesting.2019.01.013
http://doi.org/10.3390/ma14247552
http://doi.org/10.3390/app10124201
http://doi.org/10.3390/en14051512
http://doi.org/10.17531/ein.2020.3.10
http://doi.org/10.17531/ein.2016.1.14
http://doi.org/10.1016/j.engfailanal.2012.10.014

Appl. Sci. 2023,13, 3277 150f 15

19.

20.
21.
22.
23.
24.
25.
26.
27.
28.

29.

30.

31.

32.

33.
34.

35.

36.

37.
38.

39.

40.

41.

42.

Fedorko, G.; Molnar, V.; Dovica, M.; Husakova, N.; Kral, J.; Ferdynus, M. The use of industrial metrotomography in the field of
maintenance and reliability of rubber-textile conveyor belts in closed continuous transport systems. Eksploat. I Niezawodn.—Maint.
Reliab. 2016, 18, 539-543. [CrossRef]

Fedorko, G.; Molnar, V.; Michalik, P.; Dovica, M.; Toth, T.; Kelemenova, T. Extension of inner structures of textile rubber conveyor
belt-Failure analysis. Eng. Fail. Anal. 2016, 70, 22-30. [CrossRef]

Bannantine, J.A.; Comer, J.J.; Handrock, J.L. Fundamentals of Metal Fatigue Analysis; Pearson: London, UK, 1989.

Hearle, ].W.S.; Lomas, B.; Cooke, W.D. Atlas of Fibre Fracture and Damage to Textiles; Woodhead Publishing: Sawston, UK, 1998.
Bunsell, A.R.; Scwartz, P. Fiber Test Methods. Comprenhensive Compos. Mater. 2000, 5, 49-70.

Lechat, C.; Bunsell, A.R.; Davies, P.; Piant, A. Mechanical behaviour of Polyethylene Terephthalate & Polyethylene Naphthalate
fibres under cyclic loading. J. Mater. Sci. 2006, 41, 1745-1756.

Xiao, X.R. Modeling of load frequency effect on fatigue life of thermoplastic composites. J. Compos. Mater. 1999, 33, 1141-1158.
[CrossRef]

Lomov, S.V.; Huysmans, G.; Luo, Y.; Prodromou, A.; Verpoest, I. Textile composites: Modelling strategies. Compos. Part A Appl.
Sci. Manuf. 2001, 32, 1379-1394. [CrossRef]

Harris, B. Fatigue Testing of Fibre Composites. In Fatigue Test Methodology, AGARD Lecture Series No. 118 (LS-118) 6.1-6.18; NATO
Technical Editing and Reproduction Ltd.: London, UK, 1981.

Harik, V.M.; Klinger, J.R.; Bogetti, T.A. Low cycle fatigue of unidirectional laminates: Stress ratio effects. J. Eng. Mater. Technol.
2000, 122, 415-419. [CrossRef]

Schulte, K.; Reese, E.; Chou, T.W. Fatigue Behaviour and Damage Development in Woven Fabric and Hybrid Fabric Composites.
In Proceedings of the 1987 Sixth International Conference on Composite Materials (ICCM-VI) & Second European Conference on
Composite Materials (ECCM-II), London, UK, 20-24 July 1987; pp. 489-499.

Pandita, S.D.; Huysmans, G.; Wevers, M.; Verpoest, I. Tensile fatigue behaviour of glass-plain weave fabric composites in the on
and off-axis directions. Compos. Part A Appl. Sci. Manuf. 2001, 32, 1533-1539. [CrossRef]

Fujii, T.; Amijima, S.; Okubo, K. Microscopic fatigue processes in a plain-weave glass-fibre composite. Compos. Sci. Technol. 1993,
49, 327-333. [CrossRef]

Kedward, K.T.; Beaumont, PW.R. The treatment of fatigue and damage accumulation in composite design. Int. J. Fatigue 1992, 14,
283-294. [CrossRef]

Ilankovi¢, N.; Zivani¢, D.; Katona, M. Analysis of axial tests of conveyor belt samples. Masinstvo 2020, 17, 83-91.

ASTM D 3479/D 3479M; Standard Test Method for Tension-Tension Fatigue of Polymer Matrix Composite Materials. ASTM: West
Conshohocken, PA, USA, 2019.

ISO 13003; Fibre-reinforced plastics—Determination of Fatigue Properties under Cyclic Loading Conditions. ISO: Geneva,
Switzerland, 2003.

Fong, ].T. What Is Fatigue Damage. In Damage in Composite Materials: Basic Mechanisms, Accumulation, Tolerance, and Characterization;
Reifsnider, K., Ed.; ASTM Special Techical Publication: San Francisko, USA, 1982; pp. 243-266.

Sendeckyj, G.P. Life prediction for resin-matrix composite materials. Compos. Mater. Ser. 1991, 4, 431-483.

Degrieck, J.; Van Paepegem, W. Fatigue damage modeling of fibre-reinforced composite materials: Review. Appl. Mech. Rev. 2001,
54, 279-300. [CrossRef]

Bond, L.P. Fatigue life prediction for grp subjected to variable amplitude loading. Compos. Part A Appl. Sci. Manuf. 1999, 30,
961-970. [CrossRef]

Chen, Y.H.; Aliabadi, M.H. Micromechanical modelling of the overall response of plain woven polymer matrix composites. Int. ].
Eng. Sci. 2019, 145, 103163. [CrossRef]

EN ISO 283; Textile Conveyor Belts—Full Thickness Tensile Strength, Elongation at Break and Elongation at the Reference
Load—Test Method. CEN: Brussels, Belgium, 2015.

Rotem, A. Fatigue and residual strength of composite laminates. Eng. Fract. Mech. 1986, 25, 819-827. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.17531/ein.2016.4.8
http://doi.org/10.1016/j.engfailanal.2016.07.006
http://doi.org/10.1177/002199839903301205
http://doi.org/10.1016/S1359-835X(01)00038-0
http://doi.org/10.1115/1.1289024
http://doi.org/10.1016/S1359-835X(01)00053-7
http://doi.org/10.1016/0266-3538(93)90063-M
http://doi.org/10.1016/0142-1123(92)90479-V
http://doi.org/10.1115/1.1381395
http://doi.org/10.1016/S1359-835X(99)00011-1
http://doi.org/10.1016/j.ijengsci.2019.103163
http://doi.org/10.1016/0013-7944(86)90044-5

	Introduction 
	Fatigue of the Conveyor Belt as a Textile Composite 
	Testing and Modeling of Conveyor Belt Fatigue Behavior 
	Materials and Methods 
	Method 
	Material 

	Results and Discussion 
	Conclusions 
	References

