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Abstract: This study presents the results of an investigation into the potential use of the DiagBelt+
magnetic diagnostic system for assessing the quality of conveyor belt splices. Splices in conveyor
belts are susceptible to damage and irregularities resulting from assembly errors, improper
vulcanization parameters, or unfavorable operational conditions. Detecting geometric deviations
from the reference standard after splice fabrication can serve as a component of QA/QC systems.
Later deviations may indicate material or fabrication defects. To date, applications of the DiagBelt+
system have been limited to locating damage within the belt and its splices. Recently, efforts have
been made to extend the system’s functionality to include splice diagnostics. The study was
conducted under laboratory conditions on an ST2500 belt featuring five splices (three bias and two
straight splices). Data acquisition was performed under various configurations of measurement
parameters, including sensor-to-belt distance, belt travel speed, and system sensitivity threshold. For
each splice, the signal width was measured and analyzed as a potential indicator of splice geometry
and quality. The results indicate that the DiagBelt+ system can be effectively used for splice
diagnostics. Work has commenced on automating the splice quality assessment process.

Keywords: conveyor belt splices; non-invasive diagnostics; conveyor belts; DiagBelt+

1. Wprowadzenie

Belt conveyors are widely used for the transportation of bulk materials and raw resources[1,2].
They are employed across numerous industrial sectors, including open-pit and underground mining,
metallurgy, cement plants, factories, and ports. Their widespread adoption is primarily due to their
relatively simple construction, high reliability, and capability to operate in environments where
alternative transport methods are either impractical or impossible. However, the use of conveyors is
accompanied by a range of operational challenges. Continuous efforts are made to develop new
solutions aimed at achieving a fully automated transport system, in line with the principles of
Industry 4.0 [3-5].

One of the most failure-prone components of a conveyor system is the conveyor belt itself, which
is in direct contact with the transported material and therefore vulnerable to damage. Belt wear
processes can be divided into natural, cumulative wear caused by friction and bending (such as edge
and cover abrasion, and core fatigue) and random, sudden events like belt cuts, punctures, and
breakages [6,7,8,9]. A typical conveyor belt consists of three layers :

1. Top cover, which protects the core from damage caused by falling material and abrasive forces
during loading and transport;

2. Core, which transmits longitudinal forces required for moving large masses of material and
allows the belt to flex into a trough shape;

3. Bottom cover, which protects the core from wear due to contact with pulleys and idlers along
the conveyor route.

Depending on the materials used in the core layer, conveyor belts are categorized as either
textile-reinforced or steel cord-reinforced. Figure 1 illustrates the structural schematics of both types.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Structural schematics of conveyor belts with cores: (a) steel cords; (b) textile fabric.

Conveyor belts are assembled into a closed loop from multiple sections, which are delivered to
the installation site on reels. Due to transportation constraints (maximum permissible weight and reel
diameter), individual sections typically cannot exceed several hundred meters in length [10]. These
sections must be spliced to form a durable loop capable of fulfilling the required transport function.
At the splice location, the belt core loses its continuity over a short region, making the splice the
weakest link in the series-structured loop. An example of such a closed conveyor belt loop is shown
in Figure 2.
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Figure 2. Schematic of a closed-loop conveyor belt on a belt conveyor.

To ensure the required strength and fatigue resistance, standards have been developed for belt
splicing (e.g., PN-C-94147:1997, EN-ISO-1120:2012). Textile-reinforced belts may be joined using hot
vulcanization, cold bonding/welding, or mechanical fasteners, while steel cord belts are exclusively
joined by hot vulcanized splices. A properly executed vulcanized splice (in accordance with
standards or reference procedures) ensures maximum possible splice strength relative to the nominal
strength of the joined belts (up to 80% for textile belts, and up to 100% for steel cord belts).

Vulcanization requires specialized equipment (vulcanizing press) and is performed under
controlled conditions: constant temperature (approximately 145-155°C), high pressure (up to 2 MPa),
and a defined time (depending on belt thickness). Despite the complexity and cost, vulcanized
splicing is the most commonly used method due to its superior strength.

The cost of a single vulcanized splice ranges from 12,000 to 20,000 PLN (depending on belt type,
width, and splice design), making the splicing market highly valuable. However, failure of even a
single splice—among thousands in operation worldwide—can result in multimillion losses that far
exceed the cost of splice execution. For example, halting copper ore deliveries to a processing plant
due to a splice failure (with a repair duration of several hours) or exceeding a ship’s port docking
time due to unloading issues may cause significant financial consequences, such as reduced copper
output or penalty fees for schedule overruns.

Quantifying such losses is difficult, as neither service companies nor end-users are inclined to
share this data. Failures often stem from poor-quality splicing, either due to unqualified service
providers, cost-driven selection of contractors, or inadequate training and compensation of in-house
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personnel. Another frequently overlooked cause is the failure to verify the proper functioning of the
vulcanizing presses used during splice installation.

The Belt Transport Laboratory [11] at Wroctaw University of Science and Technology annually
investigates the causes of defective splices. It is common for splices to fall short of the expected
strength. One approach adopted by some belt manufacturers to mitigate this risk is to exceed the
declared belt strength in practice. Splice samples may pass verification criteria relative to declared
belt strength, but not the actual, higher values. While overspecifying belt strength ensures splice test
success, it leads to heavier, stiffer belts, increasing energy consumption. Nevertheless, this approach
safeguards system reliability and reduces failure-related costs, including production losses due to
weak splices.

Figure 3 presents an Ishikawa (cause-and-effect) diagram identifying key factors influencing
splice durability and reliability. Six primary categories are highlighted: workmanship quality,
material quality, vulcanizing press performance, human and organizational errors, worker training,
and environmental conditions.
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Figure 3. Ishikawa diagram showing factors affecting splice durability and reliability.

Splices can suffer the same types of damage as the belt itself, but due to their design—higher
stiffness, repeated rubber vulcanization, and reduced strength—they are more susceptible to both
sudden impact damage (e.g., from falling rocks) and fatigue processes. Reduced rubber-to-cord
adhesion in splices (due to double heating) and repeated bending over pulleys and idlers may lead
to splice fatigue and strength degradation, eventually causing gradual separation (cords slipping out
of the rubber) or sudden failure (cords tearing out under tension spikes during startup or belt
blockage).

Failure risk increases when a splice is improperly executed. Critical factors include splice
length, step count, cord layout, workmanship precision, equipment used, and vulcanization
conditions [12-14]. To mitigate these risks, it is essential to introduce diagnostic procedures and
equipment for routine verification of splice quality, benefiting both end-users and service
providers. Not all workers align with their employer's goals, so routine diagnostic inspection of belt
splices using methods that visualize splice geometry (cord cut accuracy and alignment) is a crucial
step toward reliable conveyor operation.

2. Materials and Methods

The DiagBelt+ diagnostic system, developed at Wroctaw University of Science and Technology
and implemented under industrial conditions, is based on a magnetic method that enables
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assessment of the technical condition of belt segments within a closed loop. It is capable of locating
and identifying damage in conveyor belt sections. Until now, however, it has not been applied to the
assessment of conveyor belt splice integrity.

The system consists of two permanent magnet bars positioned close to the belt surface
(approximately 30 mm) and a measurement head equipped with inductive magnetic coils.
Magnetization of the steel cords within the belt core generates a magnetic field around them, and any
discontinuity in a cord alters the shape of this field. These alterations are detected by the coils in the
measurement head. Additionally, the system includes an encoder that tracks the position along the
belt loop (or relative to the splice), enabling precise localization of signal occurrences.

Figure 4 shows a frame from an animation illustrating the operation of the system.

Figure 4. Frame from an animation showing the installation of the measurement system on the conveyor (red-
blue bars represent permanent magnet bars, the orange bar is the measurement head). A two-color signal image

of splices and damage is shown on the belt.

A detailed explanation of the system's operation can be found in references [15-17]. The
algorithms implemented in the system previously enabled in-depth analysis of belt segment
condition but had not been applied to splice evaluation. The first attempts in this direction were
undertaken by the authors, who analyzed signals generated at splice locations—areas that, being full
cross-sectional discontinuities of the cords, also cause alterations in the magnetic field. These results
were published in [18]. At that time, due to the lack of possibility to confirm the actual distances and
signal dimensions, and because of many adjustable measurement system parameters (sensitivity
threshold, distance of the head from the belt) [17] and the variable speeds of tested belts, it was not
possible to develop and validate a model capable of identifying the actual geometry of the splices
based on system readings.

In the Belt Transport Laboratory at Wroctaw University of Science and Technology, an ST2500
conveyor belt is available for testing. It is 40 cm wide and approximately 17.8 m long, with five splices
fabricated along its length —three scarf splices and two straight splices. The splice layout on the test
belt is shown in Figure 5.
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Figure 5. Layout of the splices on the tested conveyor belt.

To enable data verification, three splices were milled from the carrying cover side to expose the
cords, and the lengths of each splice were measured. The exposed straight and bias splices are shown
in Figures 6 and 7.

Figure 6. Straight belt splice after milling the carrying cover, with measuring tape.
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Figure 7. Scarf belt splice after milling the carrying cover, with measuring tape.

Then, the DiagBelt magnetic system was installed on the laboratory conveyor, with the
measurement head set at a distance of 20 or 30 mm from the belt surface. To reduce belt vibrations
during operation, a guide roller was installed on the running side. The belt speed was set to 1, 2, 3,
and 4 m/s, and for each case, the sensitivity threshold of the system was adjusted (to levels 2, 4, or 6),
performing 50 measurement loops each time. Figure 8 shows the system installed on the conveyor
during the measurements.

Ta

Figure 8. DiagBelt+ measurement system installed on the conveyor belt in the Belt Transport Laboratory during

measurements.

An example of a single measurement loop for various parameter sets is presented in Figure 9.
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Figure 9. Example of a measurement loop for different sets of measurement parameters.

In each loop, the signals corresponding to the belt splices were measured — the width of the

yellow signal (representing the negative polarity of the magnetic field), as shown in Figure 10.
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Figure 10. Example of a magnetic signal of a conveyor belt splice.

To assess the impact of the measurement system parameters on the variability of the recorded

w-y-y signal, a statistical analysis was conducted based on data from 50 repetitions of the experiment

for each unique configuration of measurement conditions. The factors considered were:

splice number (splice),
measurement head distance (g [mm)]),
measurement speed (v [m/s]),
system sensitivity threshold (s).
For each combination of these parameters, basic descriptive statistics of the w-y-y variable were

calculated, including: number of observations, mean, median, standard deviation, extreme values

(min, max), and interquartile range (IQR). The values are presented in Table 1.
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Table 1. Descriptive statistics of the w-y-y variable for individual measurement configurations.
splice g[mm] v [m/s] s N mean median std min max IQR
1 20 1 2 45 49798 497.0 3.12 492 505 5.0
1 20 2 2 50 530.20  530.0 9.79 490 550 0.0
1 30 1 2 45 47871  478.0 3.53 472 490 5.0
1 30 2 2 49 489.49  490.0 4.59 480 500 0.0
1 30 2 4 50 490.70  490.0 3.03 485 500 0.0
1 30 3 4 50 48736  487.5 5.81 472 503 1.0
1 30 3 6 50 494.00 495.0 4.58 487 510 0.0
1 30 4 4 50 488.20 490.0 6.29 470 500 7.5
1 30 4 6 50 486.20 490.0 4.90 480 490 10.0
2 20 1 2 50 488.54 490.0 10.89 460 502 8.0
2 20 2 2 20 489.75  490.0 8.50 480 505 16.3
2 30 1 2 50 44196 443.0 11.65 415 467 16.5
2 30 2 2 30 46933 470.0 7.04 455 480 3.8
2 30 2 4 50 464.40 460.0 8.67 430 480 10.0
2 30 3 4 43 477.09 473.0 9.70 458 495 14.5
2 30 3 6 50 471.72  472.0 6.97 465 495 8.0
2 30 4 4 4 480.00 480.0 8.16 470 490 5.0
2 30 4 6 40 477.00  480.0 9.92 460 490 12.5
3 20 1 2 50 395.26  395.0 3.32 387 403 5.0
3 20 2 2 4 395.00 395.0 5.77 390 400 10.0
3 30 1 2 50 39218  392.0 3.57 385 400 4.5
3 30 2 2 9 391.11  390.0 3.33 390 400 0.0
3 30 2 4 50 387.80  390.0 3.93 380 390 3.8
3 30 3 4 49 392.73  390.0 4.54 382 405 7.0
3 30 3 6 50 390.46  390.0 3.11 383 405 0.0
3 30 4 6 50 390.20  390.0 4.73 380 400 0.0
4 20 1 2 50 385.76  385.0 3.86 377 393 4.5
4 20 2 2 50 397.80  400.0 4.30 390 405 0.0
4 30 1 2 50 381.94 382.0 3.91 375 392 6.5
4 30 2 2 50 389.10  390.0 4.25 380 400 0.0
4 30 2 4 46 382.61 380.0 491 370 390 10.0
4 30 3 4 50 381.68  382.0 4.65 367 390 1.0
4 30 3 6 50 379.76  382.0 4.25 367 390 8.0
4 30 4 4 50 383.00 380.0 5.44 370 400 10.0
4 30 4 6 50 381.20 380.0 521 370 400 0.0
5 20 1 2 49 508.29  508.0 7.06 495 523 12.0
5 20 2 2 50 504.70  500.0 5.66 500 520 10.0
5 30 1 2 36 496.00 496.0 8.14 482 515 8.0
5 30 2 2 50 496.10  500.0 6.95 480 510 10.0
5 30 2 4 17 48735 490.0 5.34 480 500 5.0
5 30 3 4 50 499.34 502.0 6.96 480 517 8.0
5 30 3 6 43 492.88  495.0 6.46 480 510 7.5
5 30 4 4 50 489.60 490.0 4.50 480 500 0.0
5 30 4 6 50 49440 490.0 541 490 510 10.0

The analysis showed that the value of the w-y-y signal is characterized by a relatively low level
of variability under repeatable experimental conditions. In most cases, the standard deviation did not
exceed 12 mm, and the differences between the mean and median values were insignificant, which
may suggest a symmetrical distribution of the data and the absence of significant outliers.
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No clear influence of the sensitivity level (s) on the data spread was observed —both in terms of
absolute values and dispersion indicators (std, IQR).

To visualize the influence of measurement parameters on the w-y-y signal, an example for splice
no. 3 is shown (Figure 11). The box plot shows the signal distribution for different combinations of g,
v, and s. The visible stability of the results suggests that these parameters do not significantly affect
the variability of the signal.

Distribution of signal width (w-y-y) under varying conditions
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Figure 11. Distribution of signal width (w-y-y) for splice no. 3 under different combinations of parameters g, v,

and s.

In order to assess the spread of the w-y-y signal between different splices, empirical cumulative
distribution functions (ECDF) of this variable were plotted separately for each splice. ECDF is a tool
that allows for a full visualization of the measurement data distribution without assuming a specific
statistical model. Figure 12 shows the empirical distributions for the five splices. Individual splices
are marked with different colors, and the line type corresponds to the splice geometry: solid lines
represent straight splices, while dashed lines represent scarf splices.

The shape of the ECDF curves indicates low variability of the w-y-y signal within each splice—
the steeper and more vertical the ECDF curve, the more concentrated the measurement values are
around the median. In the analyzed cases, the distributions are very similar in shape, suggesting that
neither the geometry of the splice nor its number significantly influences the distribution of signal
width.

ECDF of signal width (w-y-y) for each splice
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Figure 12. Empirical distributions of the w-y-y signal width for individual splices.
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To investigate potential relationships between the w-y-y signal width and the parameters of the
measurement system, Pearson correlation coefficients were calculated between the system operating
parameters (g [mm], v [m/s], s) and the binary skewness variable. The results are presented in Figure
13 in the form of a correlation matrix.

Correlation matrix (Pearson)
Between measurement parameters and signal width (w-y-y)

g [mm]

1.00
I 0.75

- 0.00

v [m/s]

- -0.25

Pearson correlation coefficient

—-0.50

skewness
s

—-0.75

w-yy
L

- —1.00

i i i
g [mm] v [m/s] s skewness W-y-y

Figure 13. Empirical distributions of the w-y-y signal width for individual splices.

The obtained correlation coefficients between w-y-y and all analyzed variables fall within the
range from -0.15 to 0, which clearly indicates the absence of significant linear relationships. The
highest observed correlation was between the w-y-y signal width and the distance of the head from
the belt, which is justified by the shape of the magnetic signal, but its value remains statistically
insignificant from a practical interpretation standpoint.

A particularly important observation is that the skewness of the splice (a binary variable taking
values 0 — straight splice, 1 — scarf splice) shows no significant correlation with the signal width,
which is also reflected in the earlier graphical analyses (ECDF, box plot). Therefore, it can be
concluded that neither the geometry of the splice nor the basic parameters of the measurement system
have a linear influence on the examined signal feature.

4. Discussion

The purpose of the conducted research was to determine the impact of selected parameters of
the DiagBelt+ measurement system on the recorded signal at the location of the belt splice, in terms
of the possibility of using this signal to assess the quality of splice execution. The research was carried
out under controlled conditions using a laboratory setup with five splices of known geometry (both
straight and scarf), made on an ST2500 steel-cord conveyor belt. The belt was tested using the
DiagBelt+ system under various configurations of measurement parameters: distance of the head
from the belt, belt travel speed, and system sensitivity threshold. For each configuration, 50
measurement loops were performed, enabling statistical analysis.

The results of the analysis clearly indicate high repeatability of the w-y-y signal width under
repeatable experimental conditions. The obtained standard deviations were relatively small and in
most cases did not exceed 12 mm, which, given the overall signal values ranging from 380 to 520 mm,
confirms its stability. The mean and median values were close, and the IQR values remained low,
suggesting the absence of significant outliers and a distribution close to symmetry. The observed lack
of clear influence of parameters such as g, v, or s on the signal distribution was additionally confirmed
by the Pearson correlation analysis, which showed no significant relationships between these
variables and the recorded signal width. Particularly important is the confirmation that the skewness
variable (describing splice geometry) also did not significantly affect signal variability.
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The box plots (Figure 11) enabled assessment of the influence of measurement configuration on
signal width within individual splices, while the analysis of empirical ECDF distributions showed a
high similarity of signal distributions for all tested splices, regardless of their number or geometry.
The ECDF curves were steep and closely aligned, confirming that the data is strongly concentrated
around the median and the variability of the results is low.

The obtained results have important practical significance —they show that the DiagBelt+ system
allows for the recording of repeatable and stable signals from belt splices regardless of the operating
parameter settings. This provides a real foundation for further development of classification
algorithms that, based on signal data, could automatically identify the splice type, its length, and in
the future also potential irregularities in its execution. It is also important that the signal is not
sensitive to factors such as belt speed or the set sensitivity threshold of the system.

The conducted research confirms the validity of using the DiagBelt+ system to assess belt splices
not only in terms of damage location but also as a tool enabling the evaluation of splice quality. The
stability and repeatability of the recorded signal form a basis for further development of diagnostic
methods and the implementation of tools supporting quality control of splice execution under
industrial conditions. In subsequent stages of work, it is planned to expand the dataset with splices
containing known, intentionally introduced irregularities and to develop analytical methods
enabling unambiguous assessment of splice geometry without the need for physical exposure.
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