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Abstract: Belt conveyors are used for the transportation of bulk materials in a number of different
branches of industry, especially in mining and power industries or in shipping ports. The main
component of a belt conveyor is its belt, which serves both as a support for the transported material
along the conveyor route and as an element in the drive transmission system. Being crucial to the
effective and reliable operation of the conveyor, the belt is also its most expensive and the least
durable element. A conveyor belt comprises a core, covers and edges. A multiply textile belt, in
which the core is constructed of synthetic fibers such as polyamide, polyester or aramid, is the oldest
and still the most commonly used conveyor belt type. The plies are joined with a thin layer of rubber
or another material (usually the material is the same as the material used in the covers), which
provides the required delamination strength to the belt and allows the plies to move relative to
each other as the belt is bent. Belts are installed on the conveyors in a closed loop in order to join
belt sections, whose number and length depend on the length and type of the belt conveyor. Belts
are joined with each other in a splicing procedure. The cutting of the belt core causes belt splices
to be prone to concentrated stresses. The discontinued core also causes the belt to be the weakest
element in a conveyor belt loop. The article presents the results of strength parameter tests that were
performed on laboratory and industrial splices and indicated the reasons for the reduced strength of
conveyor belt splices. Splice strength is reduced mainly due to incorrect preparation of the spliced
surfaces and to different mechanical parameters of the spliced belts.

Keywords: textile conveyor belts; multiply conveyor belts; multiply belt splices; laboratory splice tests

1. Introduction

Transportation systems consisting of belt conveyors are considered to be the most
efficient and effective solution for transporting large amounts of bulk materials [1]. The
most expensive and the least durable element of a belt conveyor is its conveyor belt, as
it directly contacts the transported material and is therefore prone to such damage as
punctures, longitudinal cuts and tears. It serves to support and move the transported
material along the conveyor [2,3]. In actual operating conditions, the conveyor belt suffers
from impacts caused by the transported material. These impacts are observed in locations
where the transported material is fed to the conveyor, frequently leading to belt damage.
In many cases, the belt is damaged beyond further use [4]. Such damage causes the
entrepreneur to suffer financial losses due to the need to replace the damaged belt section
and, as a result, to also make new splices.

Another function of the belt is to transfer longitudinal forces required to overcome
resistance to motion. The belt comprises a core, which is expected to transfer loads. The
core is protected by covers and edges.

Multiply textile belts are the oldest type of conveyor belts, and they are still commonly
used. This type of belt was patented by Thomas Robinson and first used in 1891 in a
magnetite mine in New Jersey, USA. Textile cores in multiply belts are presently most
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typically manufactured of 100% synthetic fibers, such as polyamide, polyester or aramid.
The textile plies in the core are spliced with a thin layer of rubber or another material
(usually the material is the same as the material used in the covers), which provides the
required delamination strength to the belt and allows the plies to move relative to each
other as the belt is bent on the drive, tail and take-up pulleys [5–8]. This type of conveyor
belt is most widely employed in underground mines, power plants, cement plants, harbors,
etc., as well as in other locations where materials are transported with the use of the belt.
conveyors. The splice in such type of a belt is a layer-based structure with a complex
distribution of stresses due to disturbed belt structure, which results from discontinuing
the textile plies in the belt core. Splices, which allow shorter belt sections to be joined into a
loop having a length corresponding to the length of the conveyor, are an underestimated
element of the belt conveyor [9–11].

In underground bituminous coal mines, the length of belt sections is limited by the
size of the excavations and of the transport shaft. A belt on a reel has a certain volume,
and therefore, in underground mines, belts are typically transported to the installation
location in sections no longer than 150 m. This is not a problem in surface mines. Belts
used in such mines are transported on special double reels that allow the transportation of
continuous belt sections with no splices and lengths reaching 700 m. The weight and size
of the reels with belt sections of such lengths cause problems when the belt is transported
on public roads from the manufacturer to the place of installation. These problems are
worth overcoming, however, as the belt loop has very few splices.

Efforts towards installing belt sections of lengths reaching technical limits make splices
the weakest link in the belt loop [12]. The smaller their number, the greater the reliability
of the entire loop. From the perspective of its reliability, a conveyor belt loop is a system
of spliced belt sections arranged in series, and the strength of splices installed in belts
operated in mines rarely reaches the full strength of a new belt. Splices are thus areas
most prone to developing discontinuities in the belt loop. In order to avoid splice breaks, a
number of different splice monitoring methods are implemented. Splices are monitored on
occasions when belt loop inspections are performed (for both the sections and the splices)
by the maintenance crew or with the help of computer-aided digital image analysis [13–15].
Another implemented solution involves measuring changes in the lengths of distances
between special magnets installed in the belt [16]. Research has also been performed into
automatic splice inspections in magnetic systems [15].

Splice strength is affected by a number of factors [17,18]. The most important of these
factors include the splicing method and the choice of splicing materials. The above have
a decisive influence on splice fatigue life. Another important factor is the quality of the
installed splice, which depends on the proper geometry of splices [19–21], which should
be adjusted to the belt’s design and operating conditions, as well as on observing best
practices in the field of splicing technology. The pressure to reduce conveyor downtime
(i.e., to avoid production-related losses) and harsh conditions in underground mines has
a negative influence on the static and dynamic strength of splices. The above fact has
been confirmed in numerous tests performed by Laboratorium Transportu Tasmowego
(Belt Conveying Laboratory, further: LTT) as part of research works and expert opinions
requested by conveyor belt producers and users. Such research has been continued for
over 25 years [22–24], and during that time more than 300 belt splices were tested for
numerous companies from Poland and abroad. The results of this research became an
impulse for more detailed works regarding the values and distributions of stresses in
splice bonds [25]. This research project resulted in improved reliability of cold-vulcanized
splices, their increased service life, and a lower cost of their installation. These effects were
obtained by identifying the properties of the conveyor belts and of the splicing materials
which have a significant influence on the stress values in the adhesive bonds and thus on
splice service life.

Based on research performed for the mining industry, reduced splice strength was
identified to result from defective splicing procedures and materials. Figure 1 shows
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the percentage shares for the reasons behind the lowered strength of splices in multiply
conveyor belts.
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Figure 1. Percentage share for the reasons behind the lowered strength of splices in multiply conveyor
belts [25].

Although 27.6% of splices were found not to show any faults regarding the installation
technique, they did show lowered strength. An additional 13.1% of splices demonstrated
lowered strength as a result of attempts to splice belts having different strength properties.
Splice strength decrease caused by inappropriate belt selection is a significant problem to
be avoided. While the selection of materials appropriate for a particular type of belt seems
a relatively easy task in light of the research results available in the field, the selection of
appropriate belts is practically beyond the capacity of the splicing specialist. The belts to be
spliced are selected by splicing companies only on the basis of the belt width, its nominal
tensile strength and the number of plies in the core. It is typically impossible to select
belts that would be produced by the same manufacturer and thus be made of identical
materials. As conveyor belt manufacturers use various materials (e.g., various textile plies),
some strength parameters of conveyor belts having an identical nominal strength and the
number of plies may significantly differ. The results of tests performed in companies that
employ belt conveyors to transport bulk materials demonstrate that these differences lead
to reduced belt loop strength in the location of the splice.

The strength of a single conveyor belt splice determines the strength of the entire belt
loop installed on the conveyor [26], and therefore splicing technology is an issue of key
importance. Tests of splices for industrial applications performed by LTT demonstrate
clearly that improper technology used in preparing textile plies for splicing may be a reason
behind splice strength reductions by as much as several tens of percent. The results of
laboratory tests presented in this article indicate the causes of this type of fault.

The article presents the results of laboratory tests into the strength parameters of
splices in multiply conveyor belts with various strength characteristics. The presented
test results also include the results for splices installed on belts damaged due to improper
pre-splicing preparation of the surfaces of textile plies. The analysis of the results leaves
no doubt that the two factors have a negative influence on splice strength by lowering
splice quality.

2. Theoretical Background

The measurement of splice breaking force allows the identification of belt strength
loss due to the introduction of a splice, for example during its installation on the belt
conveyor. This simple test provides information of key importance for the belt user. It also
demonstrates that splices in multiply textile belts are still a major limitation to taking full
advantage of the belt strength. Lowered splice strength is primarily caused by a number
of mistakes made during the splicing procedure (Figure 1). Another reason may lie in an
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inappropriate selection of the spliced belts, i.e., in splicing belt sections that have different
mechanical properties. These mistakes can be eliminated from the splicing procedure by
increasing the quality-related demands placed on the splicing technicians. Avoiding splice
strength reductions due to improperly selected belts appears to be a greater challenge.
Belts offered by manufacturers using different materials and production technologies may
show significantly different properties even if they are selected on the basis of identical
nameplate tensile strengths and number of plies in the core. This is the object of the
theoretical considerations presented below and confirmed further in this article with the
results of laboratory tests.

2.1. The Mathematical Model

The mathematical modeling of splices in multiply conveyor belts was an issue ad-
dressed inter alia in [27,28]. In view of the above publications, the influence of various
mechanical properties of splices on the stress distribution observed in the splice was
analyzed for a conveyor belt model based on the following assumptions:

• the textile plies in the belt core are considered to be elastic elements subject to
Hooke’s law,

• due to the low elastic modulus value of rubber, which is incomparably smaller than in
the case of the plies, normal stresses in the layers of rubber between the plies and in
the belt covers were ignored,

• the stresses in the textile plies are balanced in the belt cross-section, which is located
at a finite distance from the failure location,

• in the area where load disturbances are observed, the layer between the plies is subject
to non-dilatational strains,

• the rubber between the plies is treated as a linear elastic body subject to Hooke’s law.

Further assumptions included:

• the values of longitudinal elasticity moduli for textile plies in the spliced belts are
different,

• the differences in elasticity moduli values between individual plies of the same belt
are negligibly small in comparison to the difference between the spliced belts,

• when tensioning the undamaged belt core, strain in individual plies is equal.

With the above assumptions, the stresses which occur in textile plies of a belt core, in
any longitudinal cross-section of the belt, are shown in Figure 2.
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Considering the balance conditions of forces acting on the elements of individual
plies in the cross-section of the belt element with a length “dx” leads to the following
balance equations:
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• the case for an ith ply, where 1 ≤ i < n, and n is the number of plies in the belt, is
described by Equation (1),

σi + τidx = τ(i−1)dx + σi + dσi (1)

• the case for an nth ply is described by Equation (2),

σn = τ(n−1)dx + σn + dσn (2)

The plies adjacent to each other in the cross-section of the belt core are joined with a
layer of inter-ply rubber (or a layer of adhesive rubber). Consideration for the relationship
between the extent of deformation in the layer of inter-ply rubber and the shear stresses
acting on this layer, represented in Equation (3),

τi =
G
d

∆U (3)

allows the formulation of differential Equations (4)–(6), which describe the stresses in
individual plies:

• for the first ply (i = 1),
d2σ1

dx2 =
G
d

[
1

E2
σ2 −

1
E1

σ1

]
(4)

• for plies from the second one (i = 2) to the penultimate one (i = n − 1),

d2σi
dx2 =

G
d

[
1

E(i+1)
σ(i+1) −

2
Ei

σi +
1

E(i−1)
σ(i−1)

]
(5)

• for the last, external ply in the cross-section (i = n),

d2σn

dx2 =
G
d

[
1

E(n−1)
σ(n−1) −

1
En

σn

]
(6)

The symbol G used in Equation (3) is the transverse elasticity modulus of the inter-ply
rubber, d is the thickness of the inter-ply rubber and ∆U is the displacement of the adjacent
plies. The symbol Ei used in the differential equations is the elasticity modulus of the
ith ply.

The above relationships form a system of “n” differential equations (where “n” is the
number of plies in the belt) describing the stresses in the plies of a belt subjected to uniaxial
tension. Moreover, the balance Equation (7) holds for any transverse cross-section of the
belt and replaces any of the above equations:

n

∑
i=1

σi = const (7)

In Equation (7), σi is the stress in the ith ply, and n represents the number of plies in
the belt.

With identical strain in the plies outside the zone affected by the cut, the values of
stresses in these plies depends on the elastic modulus values in individual plies and is
described by Equation (8), in which σT is the stress in the conveyor belt:

σi = σT · Ei

∑n
i=1 Ei

(8)

The above mathematical model of a splice in a multiply belt is a system of “n” second-
order ordinary differential equations, in which “n” is the number of plies in the conveyor
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belt. This allows analyses of stress distributions in the spliced area of a multiply conveyor
belt, in which individual plies were discontinued at the contact points of individual
steps. The assumed boundary conditions for the solution are defined by the characteristic
geometrical and material parameters of the splice, such as the location of the failure in
the cross-section of the core, the length of the step or the mechanical properties of the belt
and of the joining materials. The application of this model in the calculations of stress
distributions in the splice requires an instantiation of the number of equations, the values of
the required parameters and the initial conditions. The calculations consist in numerically
solving a system of differential equations by substituting the derivatives with differential
quotients and by solving the resulting system of linear algebraic equations.

2.2. Calculation Results

The stress distributions in the spliced area of a four-ply belt were calculated for the
following cases:

• the mechanical properties of the splices in the belts were uniform,
• the mechanical properties of the splices in the belts were not uniform.

A series of calculations was performed for various assumed difference values of
longitudinal elasticity moduli for the plies of the spliced belts. Due to the splice symmetry,
the calculations needed to be performed only for two cases of the failure location in
the cross-section of the core: when the cut is made in the external ply (the beginning
of the first and the end of the second step), and when the cut is made in a ply located
directly under the external ply (the contact point between the first and the second step,
and between the second and the third step). The results of the calculations are shown in
Table 1. The following constant values were assumed in the calculations: E = 2000 kN/m,
G = 750 kN/m2, d = 0.001 m.

Table 1. Calculated values of stress concentrations.

Difference between
Elasticity Moduli for

the Plies
E1 < E2

Maximum Stress Concentration in Comparison to:

Stresses in Splices of Identical Belts Stresses in Undamaged Belt

σ1/σ0 σ2/σ0 σ3/σ0 σ4/σ0 σ1/σ01 σ2/σ02 σ3/σ03 σ4/σ04

at the end of step 1
50% 0.83 - 1.09 1.08 1.24 - 1.59 1.12
40% 0.86 - 1.07 1.06 1.28 - 1.56 1.1
30% 0.89 - 1.05 1.05 1.33 - 1.53 1.09
20% 0.93 - 1.03 1.03 1.39 - 1.5 1.07
10% 0.96 - 1.02 1.02 1.43 - 1.49 1.06

at the beginning of step 2
50% 0.79 - 1.11 1.1 1.18 - 1.62 1.14
40% 0.83 - 1.09 1.08 1.24 - 1.59 1.12
30% 0.85 - 1.08 1.07 1.27 - 1.58 1.11
20% 0.9 - 1.05 1.05 1.35 - 1.53 1.09
10% 0.94 - 1.03 1.03 1.4 - 1.5 1.07

at the end of step 2
50% 0.88 0.89 - 1.22 0.92 1.3 - 1.82
40% 0.9 0.91 - 1.19 0.94 1.33 - 1.78
30% 0.92 0.94 - 1.14 0.96 1.37 - 1.7
20% 0.94 0.96 - 1.1 0.98 1.4 - 1.64
10% 0.97 0.99 - 1.04 1.01 1.45 - 1.55

at the beginning of step 3
50% 0.88 0.89 - 1.24 0.92 1.28 - 1.85
40% 0.89 0.91 - 1.2 0.93 1.33 - 1.79
30% 0.91 0.93 - 1.16 0.95 1.36 - 1.73
20% 0.94 0.95 - 1.11 0.98 1.39 - 1.66
10% 0.96 0.96 - 1.07 0.99 1.42 - 1.6
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The theoretically calculated values of maximum stress concentrations in the splices of
conveyor belts with plies having different mechanical properties indicate a superposition
of the disturbances in load distributions that can be observed in the zone affected by the
failure and that result from the location of the damaged splice and from the influence of
the discontinued core structure.

3. Materials and Methods
3.1. Problem Formulation

The strength of a splice in a multiply conveyor belt is always smaller than the strength
of the belt itself [22]. This fact results from a number of factors, the most important of
which include:

• the number of textile plies in the belt core,
• the length of the splice step,
• adhesive properties of the bonding materials,
• strength properties of the textile plies,
• strength properties of the rubber between the plies and of the adhesives,
• the splicing technology.

The design of the splice in a multiply belt necessitates that the cross-section in the
splice step contacts will have one ply less than in the spliced belt.

Therefore, the belt strength in those cross-sections is reduced by the value of 1/n,
where n is the number of plies in the belt. The reduction of belt strength is thus in reverse
proportion to the number of plies. The actual strength loss is even greater as a notch
phenomenon occurs due to ply discontinuity in the splice. The loss is further increased by
an uneven distribution of shear stresses in the adhesive bond and by stress concentration
at splice contact points. Figure 3 shows an example of stress distribution (identified in tests
performed at LTT) [25] in the adhesive bond of two splices having an identical nominal
strength of 1000 kN/m and an identical number of textile plies. The step length in those
splices was 250 mm, and the total splice length was 3 × 250 mm = 750 mm.
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The splices differed in the material used for belt plies. The results indicated in orange
were obtained from a P-type belt with polyamide core, and the results in black from an
EP-type belt with polyamide-polyester core. The highest shear stresses were recorded on
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the contact points of the outer steps (Lp = 0 and 750 mm). These are several times higher
than the stresses recorded on the contact points of the middle steps (Lp = 250 and 500 mm).

Research indicated that the stress concentration factor kτ , see Equation (9), has values
between 2.6 and 3.6:

kτ =
τmax

τsr
(9)

where τmax—maximum shear stress in ply contact points; τsr—mean shear stress in
the splice.

Research performed by Hardygóra [29] demonstrated that tensile stresses in belt plies
also have an uneven distribution, and the stress concentration factor of tensile stresses in
the plies located in the vicinity of ply contact points in splice kσ (see Equation (10)) has
values between 1.7 and 1.9:

kσ =
σmax

σsr
(10)

where σmax—maximum tensile stress in the ply; σsr—mean tensile stress in belt plies
outside the splice.

The development of shear and tensile stresses may lead to the destruction of the splice
in a multiply belt due to:

• the coming apart of the plies, if the shear strength of the adhesive bond is exceeded,
• the breaking of textile plies in the belt core, if their tensile strength is exceeded.

Static tensile strength tests of splices demonstrate that the latter is the most common
case of splice destruction. On the other hand, the plies in the splice come apart practically
only in the case when the adhesive bond has faults due to mistakes in the performed
splicing procedure.

3.2. Conveyor Belt Splice Specimens

The object of the research was splices in multiply conveyor belts with polyamide-
polyester (type EP, E—polyester, P—polyamide) or polyamide (type P) textile carcass.
The splices were installed with the use of the heat curing method, in which the required
adhesion force between the individual elements of the splice was obtained owing to
appropriate vulcanization temperature and pressure in the vulcanization press. The splices
were built according to the schematic drawing in Figure 4.
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Figure 4. Schematic drawing of a splice in a 4-ply belt.

The drawing shows a splice installed in a belt with four textile plies in the core. It is a
three-step lap-type splice. This means that the number of steps in the splice is smaller by
one than the number of plies in the belt core. The splices indicated in Table 2 with numbers
6 and 9 were installed as a strap type. This fact means that unlike in the case of lap-type
splices, the number of steps in the latter type of splice is equal to the number of plies in
the core.
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Table 2. Results of tensile strength tests for industrial splices.

Splice No. Belt Type
Splice Tensile Strength Splice Strength Loss

Required [kN/m] Measured [kN/m] [%]

1 EP 1800/5 1224 663 46
2 EP 1800/5 1224 653 47
3 GTP 1250/3 708 530 25
4 P 630/3 357 220 38
5 GTP 2000/4 1275 897 30
6 GTP 2000/4 1700 1 1375 19
7 GTP 1800/4 1147 888 23
8 GTP 1800/4 1147 800 30
9 GTP 2500/5 21,251 1814 15

10 GTP 1250/3 708 576 19
11 GTP 1400/4 892 592 34
12 GTP 2000/4 1265 700 1 45

1 Strap-type splices.

3.2.1. Laboratory Splices

The test specimens were divided into two groups. The first group contained labora-
tory splices, prepared at LTT. The splices were used to investigate how ply roughening
influences their strength. Prior to splicing, the canvas had to be appropriately and precisely
prepared. Ensuring that the fabric is carefully cleaned of residual rubber and that the test
results are repeatable required appropriate conditions to be provided. Figure 5 shows the
belt fabric prepared for splicing.
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Figure 5. Textile plies: (A)—unroughened, (B)—roughened friction rubber, (C)—roughened fabric.

In order to identify how different mechanical belt properties influence splice strength,
tests were performed also on splices prepared in laboratory conditions.

The tests were performed on four-ply belts with a textile EP core having a nominal
tensile strength of 2000 kN/m. The belts were obtained from three different manufacturers.
They differed in the material used for belt plies (P or EP). The tested belts had never been
used on a conveyor. They were supplied by the manufacturers in 10 m long sections. They
were given the following symbols: Belt 1, Belt 2 and Belt 3. Prior to performing the tests,
belt parameters were checked for compliance with ISO 14890 [30]. The belts were found to
comply with the standard.
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3.2.2. Industrial Splices

The second group of test specimens consisted of industrial splices made by conveyor
belt operators. The splices had been made in belts operated in underground mines as well
as above the ground surface. They had been cut from the belt loop and supplied to LTT in
order to test their strength parameters. The specimens included splices installed both in
ordinary belts (no. 1, 2 and 4 in Table 1) and in fire-resistant belts, dedicated to working in
an environment prone to the risk of gas (methane) or coal dust explosion. These splices
are indicated in Table 1 with the symbol GTP (acronym from Polish “Górnicze Taśmy
Przenośnikowe”—mining conveyor belts). The belts had different tensile strengths: 630,
1250, 1400, 1800, 2000 and 2500 kN/m. The number of textile plies was between 3 and 5.
The differences reflect the fact that the belts represent a wide range of applications.

3.3. Methods of Experimental Research—Tests of Conveyor Belts and Their Splices

The described methods here for testing the strength parameters of conveyor belts
and their splices are standardized [31–34]. The standards provide precise instructions on
the number and preparation of test specimens, as well as on the test conditions. As a
result, different laboratories can perform conveyor belt tests in an identical manner, and
the obtained results are comparable.

This article presents the results of tests performed at the Belt Conveying Laboratory,
Wroclaw University of Science and Technology (LTT).

LTT has almost thirty years of experience in laboratory tests of conveyor belts, splices,
rubber, fabric, rubber compounds and plastics. The laboratory also holds the Research
Laboratory Accreditation Certificate No. AB 710 awarded by Polish Center for Accredita-
tion [35].

LTT cooperates with the industry and carries out research and scientific projects for
the industry. It also provides consultancy on conveyor belts and their splices at the stages
of designing and operating conveyor transportation systems. It offers verifications of the
parameters of new conveyor belts (as an independent party) and the monitoring of belt
parameter changes during belt operation. The laboratory issues expert opinions on the
quality of splices and uses the results of these tests to indicate the reasons for reduced
splice strength.

3.3.1. Splice Strength Tests

Splice tensile strength tests were performed according to a test method described in
the PN-C-94147 standard [31]. This test method consists of placing a full-length splice in
the jaws of the testing machine and in subsequently tensioning it at a constant speed of
100 mm/min until core rupture. During the test, a record is made of both the tensile force
and the corresponding splice elongation. The splice specimens were from 200 to 400 mm
in width.

Splice strength tests were performed in the two testing machines shown in Figure 6.
The machine on the right (yellow color) is type ZP-40, capable of testing splice specimens
up to 4000 mm in length and 200 mm in width. The splices may be stretched with a
force of up to 400 kN. In order to meet the demands resulting from a trend to increase
belt nominal strength, the ZP-40 test rig at LTT has been upgraded. Due to its design
limitations, the old rig only allowed testing belt specimens having a nominal strength of
up to 3200 kN. Therefore, in 2019, the laboratory was equipped with the ZP-100 splice
tensile testing machine (Figure 6 on the right). The new test rig allows tests of belt splices
having a nominal strength of up to 7800 kN. The possibility to use a tensile force exceeding
1000 kN enabled tests of splice specimens having a width of up to 500 mm. The ZP-100
machine is currently the only testing machine of this size in Poland to allow strength tests
of full-length (8000 mm) splices.
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The results of splice strength tests were verified against the required strength defined
in relationship (11), as per [31]:

Rz = 0.85 · Rr ·
n − 1

n
kN/m (11)

where Rr—actual belt tensile strength, kN/m; n—number of plies in the belt core;
0.85—factor allowing for stress concentration at step contact points in areas where the
ply is discontinued.

The splice strength is compared to the actual belt strength. If the actual belt strength
cannot be identified, then the splice strength is compared to the nominal belt strength
provided by the manufacturer. The final result is in the form of an arithmetic mean from
tests performed on three specimens.

3.3.2. Delamination Strength Tests of the Adhesive Bond

The delamination strength of the adhesive bond in the splice (in the longitudinal
direction) was tested following the method described in ISO 252:2018 [32]. This test method
consists of delaminating the textile plies. The delamination process was performed at
the speed of 100 mm/min along a minimum length of 100 mm. During the test, the
delaminating force was recorded in time. The test specimens were 25 mm in width and a
minimum of 300 mm in length. The tests were performed on the INSTRON 4467 testing
machine. Figure 7 shows the belt specimen during the delamination test.
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Figure 7. Delamination between ply 1 and ply 2.
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Delamination strength tests of the adhesive bond were performed for each splice step.
In the case of 4-ply belts, three splices were delaminated: on the first splice step (between
ply 1 and ply 2), on the second splice step (between ply 2 and ply 3) and on the third splice
step (between ply 3 and ply 4).

The adhesive strength W between the plies in the longitudinal direction can be calcu-
lated from Equation (12):

W =
Fm

b
kN/m (12)

where W—adhesion strength, in [kN/m]; Fm—mean delaminating force, in [kN], as a
median; b—nominal specimen width, in [mm].

The final result is provided in the form of an arithmetic mean value obtained from
three measurements on each splice step.

3.3.3. Testing the Shear Strength of the Adhesive Bond

The shear strength of the adhesive bond is tested in accordance with the method
described in PN-C-94147 [31]. Figure 8 is a schematic view of the specimen prepared for
shear strength tests of the adhesive bond.
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Figure 8. Schematic view of the specimen prepared for splice shear strength tests.

Test specimens were 30 mm × 300 mm in size and have cuts in their two upper plies
and two bottom plies. The cuts were 100 mm in length. The specimens were placed in the
clamps of the testing machine and tensioned with a speed of (100 ± 10) mm/min until the
specimen is broken.

Figure 9 shows the specimen placed in the clamps of the INSTRON 4467 testing
machine.
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Shear strength of the adhesive bond τ should be calculated following Equation (13):

τ =
P

b · l
kN/m2 (13)

where P—breaking force, in [kN]; l—length of the layer subjected to shear, in [m];
b—specimen width, in [m].

The final result is provided in the form of an arithmetic mean value from five mea-
surements.

3.3.4. Belt Strength Tests

Belt tensile strength was tested following the method described in ISO 283:2016-01 [33].
The belt specimen having the shape of an oar with the clamp part of an appropriate length
and width is placed in the clamps of the testing machine. The length of the specimen
and the width of the clamp part depend on the strength of the belt. A 100 mm long
measurement basis is marked on the specimen in order to measure belt elongation. The
testing machine is equipped with a video extensometer, which measures belt elongation
during the tensioning of the belt. The test results provided by the machine are then
interpreted in appropriate software and subsequently stored and displayed as a graphic
representation on the computer screen located on the machine. After the specimen is placed
in the clamps of the testing machine, it is tensioned at a constant speed of 100 mm/min
until it breaks or the core strength is significantly reduced. During the test, a record is made
of both the tensile force and the belt elongation. The tests were performed on the LabTest
6.100 testing machine. It was calibrated in an accuracy class of 0.5 (while the standard
requires calibration in an accuracy class of 1), and it was approved by the Polish Central
Office of Measures. Figure 10 shows the testing machine with the belt specimen secured in
the clamps and with the video extensometer.

Energies 2021, 14, 1512 14 of 22 
 

 
Figure 10. The LabTest 6.100 testing machine. 

The belt strength R test results were calculated from relationship (14): 𝑅 = 𝐹𝑏 kN m⁄  (14) 

where Fmax—maximum value of the tensile force, kN; n—specimen width at its most nar-
row part, m. 

As a standard, the tests are performed on three specimens. If the belt breaks in an 
area beyond the measurement basis, the test result is rejected and an additional specimen 
is tested. 

3.3.5. Tests of Belt Modulus of Elasticity 
Tests of the modulus of elasticity for textile core belts were performed with the use 

of a standard method described in ISO 9856:2005 [34]. The method requires rectangular 
belt specimens, 500 mm in length and 50 mm in width and cut along the length of the belt. 
The measurement basis for marking the specimen elongation is required to be 100 mm. 
The belt specimens are subjected to sinusoidal tensile loads within the range from 2% to 
10% of the belt nominal strength at a frequency of 0.1 Hz. The analysis is performed on an 
elastic hysteresis from 200 load cycles (Figure 11). After 200 load cycles, the force–elonga-
tion curve is used to read the values of plastic elongation ∆lp and of elastic elongation ∆le 
for the tested specimen. The modulus of elasticity E is defined as the relationship between 
the increase of stress ∆F and the increase of belt elastic strain εelast (Equations (15) and (16)): 𝐸 = 𝛥𝐹𝜀  𝑁 𝑚⁄ 𝑚 (15) 

𝜀 = 𝛥𝑙𝑙 ⋅ 100 % (16) 

where εelast—belt elastic strain, %; lo—initial length of the reference section, mm. 

Figure 10. The LabTest 6.100 testing machine.

The belt strength R test results were calculated from relationship (14):

R =
Fmax

b kN/m
(14)

where Fmax—maximum value of the tensile force, kN; n—specimen width at its most
narrow part, m.

As a standard, the tests are performed on three specimens. If the belt breaks in an
area beyond the measurement basis, the test result is rejected and an additional specimen
is tested.
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3.3.5. Tests of Belt Modulus of Elasticity

Tests of the modulus of elasticity for textile core belts were performed with the use of
a standard method described in ISO 9856:2005 [34]. The method requires rectangular belt
specimens, 500 mm in length and 50 mm in width and cut along the length of the belt. The
measurement basis for marking the specimen elongation is required to be 100 mm. The
belt specimens are subjected to sinusoidal tensile loads within the range from 2% to 10% of
the belt nominal strength at a frequency of 0.1 Hz. The analysis is performed on an elastic
hysteresis from 200 load cycles (Figure 11). After 200 load cycles, the force–elongation
curve is used to read the values of plastic elongation ∆lp and of elastic elongation ∆le for
the tested specimen. The modulus of elasticity E is defined as the relationship between the
increase of stress ∆F and the increase of belt elastic strain εelast (Equations (15) and (16)):

E =
∆F

εelast
N/mm (15)

εelast =
∆le
lo

· 100% (16)

where εelast—belt elastic strain, %; lo—initial length of the reference section, mm.
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Figure 11 shows examples of the test results for belt modulus of elasticity obtained
with the standard method [36]. The hysteresis loops indicated in the graph are the 1st and
the 200th loop for a selected belt specimen.

The tests of the modulus of elasticity were performed on the Zwick/Roell Amsler HC
25 machine for dynamic tests up to 25 kN, equipped with an extensometer mounted on the
specimen for measuring its elongation.

4. Results and Discussion
4.1. The Influence of Ply Roughening on the Strength Parameters of Splices

Currently, the majority of splices tested by LTT for the industry partners meet the
required values of strength parameters. The splices demonstrate the tensile strength Rz,
which is described with relationship (11).

However, some of the splices do not have the required strength. Table 2 presents
the results of tensile strength tests performed for several selected splices that did not
demonstrate the minimum tensile strength and failed as a result of breaks in the belt plies.

Investigations of the reasons for the lowered splice strength presented in Table 1 led to
the conclusion that in each case, the spliced surfaces of the textile belts had been roughened
in a manner that affected their structure. Ply surfaces are prepared directly before they are
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covered with glue in order to clean them from the residual friction rubber or to level any
rubber surface irregularities. This operation should be performed with much care so as not
to damage the ply structure. Plies not covered by friction rubber are not recommended
for roughening. As shown in an example in Figure 12, this recommendation had not been
observed in the cases discussed here.
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The splice partially shown in Figure 12 (splice 1 in Table 2) failed upon reaching a
strength of 663 kN, which is just 54% of its required strength. The splice failed gradually.
Already at the value of 400–450 kN/m, the spliced plies started to break. The reason for
the plies breaking at such low loads was found to lie in the fact of the surface roughening.
In this case, the roughened plies not only broke at the splice contact points but also became
locally fractured in various locations on their surfaces. The structure of the textile plies had
been damaged due to excessive roughening. The damaged fibers in the cords are clearly
visible after the ply is removed (see Figure 13). The splice partially shown in Figure 13
(splice 2 in Table 2) failed at a load 47% lower than required. As in the case of the previous
splice, excessively roughened plies were observed.
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In order to find the degree at which ply roughening decreased the strength of the belt
itself, comparative tensile strength tests were performed for belt specimens obtained both
from the area of the splice and from outside of this area. The specimens from the splice
area were cut to avoid any ply contact locations. Table 3 contains the test results for three
selected splices, referred to in Table 2 by numbers 1, 11 and 12.

The results presented in Table 3 indicate that the reason behind significantly low-
ered splice strength lies in the reduced belt strength in the splice area. As roughening is
performed only for the two bonded plies in each splice step, and the results from Table 3
describe the simultaneous breaking of all belt plies, the strength loss in the roughened plies
should be assumed to be greater than the results obtained during the belt tests.
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Table 3. Test results of splice strength.

No. Belt Type
Splice Tensile Strength, [kN/m]

Belt Strength Loss in the Splice Area, [%]
outside the Splice in the Splice

1 EP 1800/5 1802 1243 31

11 GTP 1400/4 1395 746 46

12 GTP 2000/4 1985 1392 30

In order to investigate the influence of ply roughening on ply strength, tests were
performed on a conveyor belt type EP 2000/4. This is a four-ply belt with a textile,
polyamide-polyester core having a nominal tensile strength of 2000 kN/m. The belt was
delaminated between the second and the third ply, obtaining two-ply cores referenced with
symbol EP 1000/2. The 1800 mm long belt was divided into three sections of equal lengths,
designated with letters A, B and C. Section A was not subjected to any preparation. Section
B was roughened on both sides to remove the friction rubber until the ply fabric was
reached, with much attention not to damage the plies. Section C was roughened on both
sides to remove the friction rubber and subsequently the ply fabric was further roughened
until the surface reached uniform roughness. Figure 5 shows the surfaces prepared in
accordance with the above descriptions.

Specimens for tensile strength tests were then cut from each of the belt sections. The
results of these tests are shown in Table 4.

Table 4. Results of strength tests for specimens of belts A, B and C.

Belt Symbol Specimen Designation
Belt Tensile Strength

[kN/m] [%]

EP 1000/2 A 1135 100
EP 1000/2 B 1073 94
EP 1000/2 C 519 46

Specimens A were not roughened, and their strength was thus assumed at 100%. The
strength of specimens B decreased by approximately 6% despite efforts not to damage the
ply fabric. The strength of specimens C decreased by approximately 46% with respect to
the value recorded for specimens A. It should be noted, however, that the evaluation of
the degree of roughening is subjective and therefore the results may be in a wide range
of values.

In order to identify the influence of ply roughening on splice strength properties, the
tests were performed on three different belts type 2000/4 provided by three different man-
ufacturers. The tests consisted in delaminating the belts between the second and the third
ply and in subsequently preparing the delaminated surfaces using the method described
above (see Figure 5). The plies were then spliced again using the hot vulcanization method.
Mean results of the shear strength and the delamination strength of the splice specimens
are shown in Table 5.

The results of delamination and shear strength tests were compared with the same
parameters, which had been identified for the belts used in the above splices. The obtained
results allow a definite conclusion that the best strength properties were observed in splices
in which the plies were not roughened (splice A), and the worst strength properties in
splices in which ply surfaces are excessively roughened until the fabric became rough and
the fibers are damaged (splice C).

The comparison of the results of shear and delamination strength tests for the adhe-
sive bond between the splice with roughened plies (splice C) and the splice with no ply
roughening (splice A) indicates clearly that roughening significantly affected the strength
test results. The tested shear strength for splice C was only at 21% to 63% of the values
obtained in the case of splice A. The tested delamination strength for splice C was also
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much lower than the results for splice A, reaching only 55–77% of the strength observed in
the unroughened splices.

Table 5. Splice shear and delamination strength test results.

No. Belt Type Specimen Designation
Shear Strength Delamination Strength

[MPa] [%] [N/mm] [%]

1 EP 2000/4 Belt No. 1 3.08 100 8.4 100
2 Splice A 2.69 87 7.8 93
3 Splice C 2.07 67 5.0 59
4 GPM 2000/4 Belt No. 2 3.75 100 10.8 100
5 Splice A 2.68 71 10.9 101
6 Splice B 2.71 72 4.3 40
7 Splice C 1.58 42 2.3 21
8 GPM 2000/4 Belt No. 3 4.23 100 10.7 100
9 Splice A 3.05 72 6.6 62
10 Splice B 2.67 63 5.3 49
11 Splice C 1.80 42 4.1 38

4.2. Different Properties of Spliced Belts Influencing Splice Strength

As the relationship between the elongations and stresses observed at conveyor belt
tensioning is non-linear, the consideration of the elongation–stress relationship as a linear
relationship requires defining the elastic modulus for particular load limits and for a
particular minimum load. The value of the modulus was calculated in the full range of the
set belt loads. The value of the longitudinal elastic modulus for textile plies was calculated
with the use of software and on the basis of the closest to linear part of the stress–strain
curve (in the set range). The calculated values of longitudinal elasticity moduli for plies in
various load ranges are shown in Table 6.

Table 6. Values of longitudinal elasticity moduli for the belt cores in various load ranges.

Load Range,
[kN]

Percentage of
Nominal Load, [%]

Longitudinal Elasticity Modulus of Belt Core, Ep
[kN/m]·103

Belt No. 1 Belt No. 2 Belt No. 3

2–4 10–20 2.6 0.8 1.1
4–6 20–40 2.0 0.8 1.0
6–8 30–40 1.1 1.1 1.5

8–10 40–50 1.3 1.3 1.8
10–12 50–60 1.8 1.6 1.9
12–14 60–70 2.2 1.7 2.7
14–16 70–80 2.4 1.9 2.6
16–18 80–90 3.0 2.2 2.5
18–20 90–100 3.7 2.1 3.0
10–20 50–100 2.7 1.9 2.3
14–20 70–100 2.8 2.0 2.3

Selected conveyor belts were used to prepare six splices for strength tests. Figure 14
shows the shape and the dimensions of the splices. The splices were hot-vulcanized and
prepared by joining the belts in various combinations: Belt 1 with Belt 1 (1-1), Belt 2 with
Belt 2 (2-2), Belt 3 with Belt 3 (3-3), Belt 1 with Belt 2 (1-2), Belt 1 with Belt 3 (1-3) and Belt 2
with Belt 3 (2-3).
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The measured splice strength values are presented in Table 7. The obtained splice
strength was compared against the strength required as per PN/C-94147 [31] and against
the nominal strength of the spliced belts (which was 1000 kN/m). In the case when different
belts were spliced, a comparison was also made with the strength of the splice in the same
belt. The values presented in the table, in the cells where the rows representing splices
of different belts (1-2, 1-3, 2-3) cross with the columns representing splices of identical
belts (1-1, 2-2, 3-3), define the relationship (expressed as percentage) between the strength
measured for splices of different belts and the strength measured for splices of identical
belts (assumed as 100%).

Table 7. Values of longitudinal elasticity moduli for the belt cores in various load ranges.

Splice Symbol
(Numbers of
Spliced Belts)

Mean Splice
Rupture Strength,

[kN/m]

Splice Strength vs.
the Required Value,

[%]

Splice Strength vs. the Strength
Recorded for Splices of Identical

Belts, [%]

Splice Strength vs. the
Nominal Belt Strength,

[%]

1-1 2-2 3-3

1-1 670 105 - - - 67
2-2 635 100 - - - 64
3-3 780 122 - - - 78
1-2 468 73 70 74 - 47
1-3 605 95 90 - 78 61
2-3 613 96 - 97 79 61

The tests indicate that splices of belts whose plies have different mechanical properties
(different longitudinal modulus of elasticity) show lower strength than splices of identical
belts. The strength of splices between different belts, referred to as 1-2, 1-3 and 2-3, was
70–97% of the strength recorded for splices 1-1, 2-2, 3-3. The difference between the values
of elastic moduli for plies in different belts is observed across the entire range of the carried
loads (see Table 6).

The difference between the mechanical properties of the belt with polyester-polyamide
core (EP) and the mechanical properties of the belt with polyamide core (P) results from
the different mechanical properties of the two materials. The elastic modulus value is low
for polyamide and high for polyester. The selection of belts with identical strength and
number of plies but made of materials with significantly different mechanical properties
was a conscious choice dictated by the intention to obtain a clear demonstration of the
influence of this configuration on the splice strength.

The difference between the elastic moduli observed in the case of belts with polyamide
core is caused by the fact that the manufacturers of conveyor belts use different materials
in the plies and different manufacturing technologies. As a result, apparently identical
belts having the same nominal tensile strength, number of plies and width show different
mechanical properties, and this leads to the lowered splice strengths demonstrated in the
tests. While the difference between the polyester-polyamide (EP) belt and the polyamide
(P) belt is obvious to splicing professionals, there is practically no method that would
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allow belts of identical nameplate parameters to be properly selected without strength
tests (excluding a scenario in which the belts are provided by the same manufacturer). The
splice strength is additionally reduced (with respect to splices of identical belts) due to
increased concentrations of tensile stresses in the plies and to increased shearing stresses in
the rubber (adhesive) layer between the plies.

5. Conclusions

The main results and conclusions can be summarized as follows:

1. The laboratory tests of belts and splices, which were performed in both laboratory
conditions and in actual mining plants, confirmed the conclusions of the theoretical
considerations pointing to differences between the mechanical properties of spliced
belts as one of the reasons behind reduced splice strength.

2. In multiply conveyor belt splices, stresses concentrate both in the plies and in the
adhesive bond located in the cross-sections of the ply contact points, leading to
reduced splice strength. However, tests of some splices made in industrial installations
show strengths lower than expected from the losses due to stress concentrations and
reduced number of plies in the splice. Investigations allowed an observation that
the reason behind such cases lies in the inappropriate preparation of belt plies in the
process of splicing.

3. As the plies are cleaned and roughened with excessive intensity in order to remove
residual friction rubber, the ply fabric becomes exposed and the belt strength is
reduced, in effect leading to reduced splice strength. The strength loss may reach up
to several tens of percent. The roughening of plies in vulcanized splices also lowers
their shear and delamination strength.

4. The tests demonstrated that the highest strength parameters were observed in the case
of splices in which the plies were not cleaned from the friction rubber, and therefore
this procedure should be performed only if required in order to level irregularities or
reduce the thickness of the friction rubber. The roughening procedure cannot cause
the fabric of the plies to become exposed, as this inevitably damages the fabric.

5. The research results also indicate that the observed decrease in the strength of the
same type of belts provided by different manufacturers is due to different mechanical
properties of the plies, and in this case, to different elastic moduli. Knowledge about
the belt modulus of elasticity is therefore crucial for rationally designing belt splices,
analyzing their dynamics and improving the effective usage of the belt, which is the
most expensive and the most important element of a belt conveyor.

6. Tests of selected conveyor belts indicated that plies of the same type show different
mechanical properties if provided by different manufacturers. This fact is due to the
use of different materials and belt manufacturing technologies.

7. The laboratory tests of full-length splices demonstrated that properly made splices
of identical belts meet or even exceed the strength requirements offered in current
standards.

8. The laboratory tests of the belts and splices confirmed the conclusions of belt splice
tests performed in the mining plants and pointed to the difference between the
mechanical properties of the spliced belts as one of the reasons behind reduced
splice strength.
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