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Abstract: Breaks in the so-called “continuous” (unspliced) belt sections, and not in the spliced areas,
are infrequent but do happen in practice. This article presents some aspects, which may account for
such breaks in conveyor belts. It indicates the so-called “sensitive points” in design, especially in the
transition section of the conveyor belt and in identifying the actual strength of the belt. The presented
results include the influence of the width of a belt specimen on the identified belt tensile strength.
An increase in the specimen width entails a decrease in the belt strength. The research involved
develops a universal theoretical model of the belt on a transition section of a troughed conveyor in
which, in the case of steel-cord belts, the belt is composed of cords and layers of rubber, and in the
case of a textile belt, of narrow strips. The article also describes geometrical forces in the transition
section of the belt and an illustrative analysis of loads acting on the belt. Attention was also devoted
to the influence of the belt type on the non-uniform character of loads in the transition section of
the conveyor. A replacement of a conveyor belt with a belt having different elastic properties may
increase the non-uniformity of belt loads in the transition section of the conveyor, even by 100%.
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1. Introduction

Belt conveyors are an indispensable means of transport in a number of industry
branches—most importantly, in the extraction industry, in smelting and coking plants, and
in power plants, but also in the chemical industry, in civil engineering and in agriculture.
Belt conveyors are also vital in shipping ports, where they are used to transport, load and
unload bulk materials. In the extraction industry, conveyor belt transportation systems are
used both in surface and in underground mining. The belt is the most expensive part of
the belt conveyor. Its purchase cost represents 50-60% of the cost of the entire conveyor.
The belt is also the least durable element of the conveyor. The belt is, thus, an element
crucial for the effective and reliable operation of the conveyor and significantly influences
the transportation costs [1].

The selection of a conveyor belt capable of performing a particular transportation task
when installed on a belt conveyor is primarily informed by the tensile strength of this belt.
It is intended to ensure that the forces in the operating belt will not lead to it breaking, i.e.,
to an event that is dangerous to both the personnel and to the conveyor. Typically, in the
belt conveyor design process, the values of safety factors are empirically identified [2,3].

The belt is installed on the conveyor in a closed loop. The type of the splices used
in the belt depends mainly on the design of the belt core. In most cases, splices have the
lowest strength in the entire belt. Nevertheless, occasionally, breaks develop not in the area
of the splice, but in the so-called “continuous” belt section. Reasons for such events are an
object of investigation. This article analyzes two aspects, which deserve attention when
selecting an appropriate belt to match the conveyor—the non-uniformity of belt loads in
the transition section of the conveyor, where the belt changes its shape from troughed
into flat to enter the pulley, and the influence of the specimen width on the belt strength.
Aspects related to belt damage during its operation (punctures, cuts, etc.) are here omitted,
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although obviously, they are important and monitored by conveyor operators [4-7]. The
analysis here presented is supported by many years of experience gained as a result of
testing conveyor belts at the Belt Conveying Laboratory, Wroclaw University of Science
and Technology (WUST).

When implementing a particular transportation task, the force levels in the belt and
the power of the drive system are identified after calculating conveyor resistances to motion
and the minimal tensile force required to ensure frictive engagement between the pulley
and the belt. Koken et al. reviewed and compared leading methods used in belt conveyor
calculations [8].

In the transition section of the conveyor, the outermost load-carrying elements of the
core accept additional tensile loads, while the loads in the central part of the belt decrease.
In the existing calculation methods, the length of the transition section should be defined
in such a manner that the non-uniformity of belt loads is reduced and unit forces in the belt
are not exceeded. That CEMA method [9] defines the minimum length of the transition
section depending on the geometrical parameters of the section and differentiates between
only two groups of belts: with steel cord and with textile core. Importantly, however, textile
core belts may significantly differ with respect to their elastic properties and show different
reactions in response to geometry changes of the transition section. The Fenner—Dunlop
method has a similar approach to the identification of the transition section [10]. In the
DIN method [11], the length of the transition section is calculated on the basis of simplified
relationships, but with allowance for the longitudinal elastic modulus of the belt.

Accurate identification of the stress state in the belt along the transition section requires
a model that allows for not only the longitudinal elastic modulus of the belt, but also for
the interactions between the adjacent cables or straps in the belt. Oehmen [12] and Hager
and Tappeiner [13] focused in their research on identifying the strain state in the belt along
the transition section. Schmandra [14] presented a general theoretical model of a steel
cord belt, allowing for the interactions between the adjacent cables. The literature also
mentions implementations of the finite element method in the modeling of a belt along the
transition section of the conveyor [15-18]. The analysis in [17] focused on the influence of
the elastic modulus in the longitudinal and transverse directions of the belt-on-belt load
non-uniformity.

The research here presented involves developing a universal theoretical model of the
belt along a transition section of a conveyor in which, in the case of steel-cord belts, the
belt is composed of cords and layers of rubber, and in the case of a textile belt, of narrow
strips. An analysis was performed into how the non-uniformity of the belt load along
the transition section of the conveyor will change if belts with different cores are used.
The research also involved tests of the influence of the specimen width on the belt tensile
strength. The literature does not mention any results of similar previous studies.

2. Materials and Methods
2.1. Selection of Belt Strength

In the design phase of a belt conveyor, the selection of a conveyor belt typically consists
of selecting the material and core design, and also in deciding on the thickness and the
material of the protective covers. An optimal design of the belt core is achieved on the basis
of a detailed technical and economic analysis, which allows for such factors as follows [1]:

Belt nominal strength in relation to the forces in the belt on an operating conveyor;
Conveyor length;

Potential for splicing belt sections;

Fatigue life of splices;

Loads in the material feeding points;

Belt operating conditions, fire and explosion protection;

Properties of the transported material (size of the lumps, their angularity, tempera-
ture, etc.).
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Nominal strength of a textile-core belt is identified, according to the following rela-
tionship [3]:

ST max
> _Jrmax g
K = 1500+ B K ko M)

where:

Ky,—nominal strength, kKN/m or N/mm;

B—Dbelt width, m;

S; max—maximum strength in the belt during start-up, N;
k,—safety factor allowing for the operating conditions;
ky—safety factor allowing for lower strength in the splice.

With the values of individual factors assumed in accordance with the recommenda-
tions found in the literature [2,3,11], the total safety factor in relationship to the forces in
steady motion for textile belts will remain within the range of 9 = 12. In terms of design
standards, this level of safety is high. When designing long, high-capacity conveyors with
steel-cord belts, proposals are made to lower this safety standard or to use the so-called
operational belt safety factor [19]. In the design phase, however, note should be made
that as the belt moves on the conveyor, it is subjected to such states as those induced by
horizontal and vertical curves or transition sections, which entail significant momentary
variations of specific forces in the belt cross-section. This phenomenon is related to the fact
that individual threads in the warp of the belt core move along different paths, due to the
geometrical forces existing in the belt.

The above applies particularly to the transition section of a conveyor in which the belt
experiences the greatest forces, as is the case mostly in the section of belt transition from a
troughed shape into a flat shape, at a point in which the belt enters the drive pulley. The
difference between the maximum and the minimum specific force in the belt cross-section
on the pulley depends on the geometry of the system and on the dynamic modulus of
the belt [12-17]. For long conveyors and for two-parameter belt models, this modulus is
assumed to be equal to the longitudinal modulus of elasticity. Therefore, designs of the
geometry of the transition section are based on the knowledge of the elastic properties
of the belt operated on the conveyor. Unfortunately, belt manufacturers rarely include
the longitudinal modulus of elasticity in their product specifications. This modulus is
identified in laboratory tests, according to the method described in ISO 9856. Research
works performed in the Belt Conveying Laboratory at WUST include identifying elastic
properties of conveyor belts with cores of different designs. Table 1 presents illustrative
values of the elastic modulus for conveyor belts.

Table 1. Results of elastic modulus tests for conveyor belts.

Longitudinal Modulus
Belt Type of%ilasticity E, N/m
multi-ply polyamide PP 1400/4 =+ 2000/4 8 x 106 + 12 x 10°
multi-ply polyester-polyamide EP 800/4 + 2000/4 8 x 10° =20 x 10°
solid woven PWG EP(B)PB 1000/1 sw = 2500/1 sw 15 x 10° = 28 x 10°
aramid single-ply DP 2000/1 = 3150/1 68 x 10° + 76 x 10°
steel-cord ST 2000 116 x 10°

Longitudinal modulus of elasticity depends on the strength of the belt, but most
importantly on the fabric in the carcass, its weave and core structure. Belts of a similar
strength type may have significantly different elastic moduli, e.g., the modulus in a multi-
ply polyamide belt with plain-woven plies is two-fold lower than in a belt with a solid-
woven carcass and five-fold lower than in an aramid belt with a straight warp carcass.
Steel-cord belts have the highest elastic modulus. A higher modulus in the belt with
identical geometrical forces in the transition section will mean a greater variety of specific
forces in the belt cross-section. Replacement of a conveyor belt with a belt having a different
design but identical geometrical parameters of the transition section may, thus, lead to
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exceeding the limit forces in the belt. This issue was analyzed with the use of a dedicated
theoretical model of the belt in the transition section of the conveyor (Section 3).

2.2. Verification of Actual Belt Strength

Conveyor belt strength is identified in laboratory pull tests, in accordance with the
method described in ISO 283. This test is commonly performed as part of belt quality
control procedures in laboratories at manufacturing plants. Due to technical limitations
of the test equipment, the belt strength is identified by testing specimens having a width
significantly smaller than the width of the entire belt installed on the conveyor. This fact
leads to a question of whether the strength tested on a small specimen corresponds to
the strength of the belt having a full width. For this reason, tests were performed into
how the test scale influences the test result. The tests at the Belt Conveying Laboratory,
WUST, involved identifying tensile strength for the same belt, but for specimens having
different widths in the reduced area. Due to the technical capabilities of the test machine,
the maximum width of the tested belt specimen was 50 mm. All samples were paddle-
shaped and prepared with the same radius R = 560 mm—only the width in the reduced
area changed. Five different specimen widths were used: 20, 25, 30, 40 and 50 mm. The
tests were performed for a 3-ply belt with polyamide carcass (belt A) and for a 4-ply belt
with a polyester—polyamide carcass (belt B). The results of the tests are shown in Figure 1.
In the case of both belts, a decrease in the tensile strength was observed to accompany an
increase in the specimen width. Whether this phenomenon results from the test method—
the specimen shape, change in its width to curve radius ratio, and change in its width
to length ratio—or from the strength characteristics of such multi-layer and multi-fiber
structures as belts, required further investigations. The tests indicated that an increase in
the specimen width entails a decrease in its elongation at break (Figure 2); this fact can be
attributed to the strength characteristics of textile belts. If the strength tests are performed
for a single thread, the strength of the entire structure comprising such threads is not equal
to the multiple of the single thread. This is because each thread in such a structure may
have a different preliminary load due to, for example, the preliminary tension, weave, or
thermal shrinkage that occurs during the belt production process. In such a case, the break
is a gradual process: the threads with the highest preload will break first, followed by the
remaining threads. As a consequence, the strength will be lower than the multiple of the
strength of a single thread.
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Figure 1. Influence of belt width on the results of belt strength tests.

The tests demonstrated changes in the belt tensile strength, which depend on the
specimen width and which can be described with a quadratic function. If assumed that
the changes result solely from the strength characteristics of such structures as a conveyor
belt, and not from the test method or from other reasons, and if also assumed that the
trend identified in the test is constant, then the actual strength of a 1200 mm wide belt
may be estimated at 60% of the strength measured in standardized tests. As the safety
factor used in the process of selecting belt strengths is relatively high (above 9), the above
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estimation seems appropriate. This aspect is nevertheless important when using belts of
greater widths, or when designing curve geometries along the route and the conveyor
transition section, especially in the zone of the highest specific forces in the belt.
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Figure 2. Influence of belt width on the results of belt elongation at break tests.

3. Theoretical Model of the Belt on the Transition Section of the Conveyor
3.1. Preliminary Assumptions behind the Model

1.

The belt is considered as a multi-strip flat tension member, globally carrying only
longitudinal loads. In the case of a steel-cord belt, the strip is a steel cord with the
surrounding rubber, and in the case of a textile belt, the strip is composed of a number
of warp threads.

The strips are modeled as linear elastic elements.

The rubber that connects the adjacent cords or weft threads is responsible for the
mutual interaction of the adjacent strips, which is modeled with the use of the artificial
modulus of non-dilatational strain.

The longitudinal rigidity of the strips and the artificial modulus of non-dilatational
strain between the strips are determined on the basis of laboratory tests.

The considered belt section has a length L. + K, where L, is the length of the transition
section, and K is the length of the section of influence, in which the stresses equalize.
The belt is subjected to tension at a constant force Fy.

No external loads are observed along the length L, of the transition section (i.e., motion
resistances are absent, and the impact of gravity is negligible), which means that in
each cross-section, the sum of forces in the strips is equal to the tensile force Fy. The
influence of the pulley is also negligible.

The rubber between the cables is not deformed in the lateral direction, and therefore,
the distances between the cable axes (the cable pitch) are constant. This assumption
allows the equation to be solved as a system of coplanar forces.

Calculations are performed for a half of the belt, from the edge to its axis of symmetry
(the system is assumed to be symmetrical).

3.2. Geometrical Forces in the Transition Section of the Conveyor

The basis for a model thus formulated is to determine elongations for individual

strips. These result from the path traveled by each strip when the belt transitions from a
troughed cross-section into a flat cross-section on the pulley. Consideration is paid to the
path traveled by steel cords (in the case of steel-cord belts) or to the path of the longitudinal
axes of the analyzed strips (in the case of textile belts). The issue was analytically described
with the use of the coordinate system shown in Figure 3.
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Le

Figure 3. Transition section of the belt conveyor (L.—length of the transition section; B—belt width;
a—trough angle; I;,—length of the central part of the belt trough; e—height difference between the
contour of the pulley coat and the central part of the trough).

The length of each cable Al (each longitudinal axis of the strip) is determined as the
Euclidean distance between the position of the cable at the beginning of the coordinate
system (x = 0) and the position of the cable at the end of the transition section (x = L,).

Al = \/ AX2 + Ay + Az )
Cable elongation Au in the transition section is the following:
Au=Al—L, ®)

At the beginning of the transition section, the belt cross-section is troughed, and the
coordinate x = 0. The positions of individual cables may be described with the following
relationships:

- Forz < %lm
Zi = it (4)
yi=0 &)

- For z > %lm

1 . 1
z; = §lm + <z~t — Elm> cos i (6)
1
Yi= <zi — Elm> tan « (7)
where:

i—cable numberi =1+ n;
n—number of cables across the half of the belt width;
I,;,—length of the central part of the belt trough, mm;
t—cable pitch (strip width), mm;
a—trough angle.

At the end of the transition section, the belt cross-section is flat, and the coordinate
x = L. The positions of individual cables may be described with the following relation-
ships:

Z; = i-t (8)

yi=e )
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where:

e—height difference between the contour of the pulley coat and the central part of the
trough, mm.

The belt displacement area determined from the model based only on the geometrical
relationships (Figure 4) is a certain simplification of the actual condition, but it is sufficient
to analyze the behavior of various belt core structures along the transition section of
the conveyor.

elongation, mm

1 ., e®®000000000000000
° o?®

XXX X
0 5 10 15 20 25 30 35 40

cable / strip no.

Figure 4. Cable/strip elongation in the transition section of the belt conveyor identified from the
geometrical model (L, =2.6 m, B=1.2m, e = 80 mm, & = 45°).

3.3. Theoretical Basis for the Belt Model in the Transition Section

The model reflects half of the belt, having a length equal to the length of the transition
section L, and the length of the section of influence K. The symmetrical half of the belt core
is composed of 1 cables. The initial load state in the belt core is due to the Fy force in the
belt. The cables form a parallel structure, i.e., each cable in the core will be elongated by an
identical initial distance u,. Thus, the initial force in the ith cord F,; is the following:

Uo

Foi: l

(EA), (10)

from the condition of the equilibrium of forces as follows:
n
Fy=2) F; (11)
i=1

where:
(EA);i—longitudinal rigidity of the ith cable/strip, N;
I—length of the analyzed belt section, mm.

On the other hand, the forces from the geometrical input related to the transition sec-
tion of the conveyor in which cable elongations have a non-uniform distribution (Figure 5)
were identified on the basis of the elastic strain energy of a coplanar system of parallel
cables and rubber [20].
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Figure 5. Schematic diagram of loads acting on cables in the transition section.

An increase in the elastic strain energy AE is accounted for by an increase in the
elastic strain energy in the cable AE; and by an increase in the elastic strain energy in the
rubber AE,.

AE = AE; + AE, (12)

Partial derivative of energy with respect to force provides the elongation as follows:

J0AE

The analysis of steel-cord belt models [14] indicates that differential equations describ-
ing the variability of forces in the cords should be solved by combining hyperbolic functions,
which is the effect of the character of differential equations. The development of these
functions into Taylor series gives polynomials with strongly decreasing successive terms.

Only the first two terms may be accepted with a satisfactory accuracy of several
percent [3], and therefore, the equation describing the variability of forces in a single cord
may be simplified to a quadratic function. This assumption is confirmed by the results
of load tests performed for cords in the areas of the transition sections [13]. Due to the
interaction between adjacent cables through the rubber layer (and in the case of textile belts,
through the rubber and the weft threads), the force in any cable changes in accordance
with the following relationship:

F(x) = F, (1 + axz) (14)

forx = L, + K = L as follows:

F. =F, (1 n aLz) (15)
where:
F,—initial force, N;
Fi—final force, N.

Thus,
1/F
= =%-1 1

T <Fo ) 1)

then we have the following;:
2 2

X

X
F(x):Fo"'Fk?_Fo? (17)

Increase in elastic strain energy in the cable is expressed with the following equation:

1 1,

L L 2
AE = S | Podx = A | (1+ax?) dx (18)
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1
~ 2(EA)

then, the partial derivative of elastic strain energy in the cable with respect to force is
as follows:

2 1
AE, F2 (L + gaﬁ + 5a2L5> (19)

aAEl - aAEl. da

oF,  oa OF 20)
ANE, L (3 2
9F  (EA) <15Fk+15F0> @)

The next step consists of determining the elastic strain energy and derivative for the
strip of rubber between the cables.

dEg = %Au(x)rhydx (22)
where:
hi—Dbelt thickness, mm.
Tangential stresses T are:
A
T=9G*= u(x) G* (23)

t

where:

G*—artificial modulus of non-dilatational strain determined in laboratory tests, N/ mm?Z;
t—cable pitch, mm.

Then,
1 hG* > 2
AE, = - A 24
o= 5 | sulx)? ax 24)
Partial derivative of the energy in the ith rubber strip with respect to the force in the
ith cable is as follows: OAE " 9u(x)
gi _ G /"‘ 0-u(x 25
oF A Au(x) oF dx (25)

Partial derivative of energy with respect to force for the ith cable is as follows:

OAE; _ 9AE; , 9Dy Mg,
OF, _ oF oF, oF;

(26)

Relationships (21), (25), (13) provide a system of n equations of the following type:
AirFa+ArF+ A1 Fa+G =0 (27)

The matrix Gauss method allows a solution to the system of equations in the form of
the vector of forces F; in the cords.

4. Analysis of Loads on the Belt in the Region of the Transition Section in
Troughed Conveyors

An analysis was conducted of loads acting on the belt in the transition section of a
belt conveyor and of the influence of the belt type on the level of such loads involved
for performing calculations for five conveyor belts having a strength of 2000 kN/m and
various core designs. The calculations were performed for a steel-cord ST belt, an aramid
core DP belt, a solid woven PWG belt, as well as for a multi-ply polyester—-polyamide EP
belt and a polyamide PP belt. Identical geometrical parameters of the transition section
were used in each case.

The calculations were based on the physical and mechanical belt parameters identified
in laboratory tests [21,22]: longitudinal modulus of elasticity E and artificial modulus
of non-dilatational strain G*. The calculations provided the distribution of loads on the
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cables/strips with respect to the belt width in the region of the pulley. Figure 6 shows force
increments in the belt cables/strips in the cross section of the area where the belt enters the
pulley, the increments being the effect of deformations in the transition section. The graph
includes half of the belt thickness from the edge to the center.

1800
= ST 2000
1600
DP 2000/1
1400
1900 PWG 2000/1sw
1000 EP 2000/4
=2
—— PP 2000/4
L~ 800 /
g
600
400
200
-200
0 5 10 15 20 25 30 35 40

cable / strip no.

Figure 6. Load increment in the belt in the transition section of the belt conveyor (L, =2.6 m,B=1.2m,
e =80 mm, a = 45°).

In the analyzed cases, the absolute values of forces in individual belts are not im-
portant, as they result from the geometrical parameters of the transition section and its
influence zone, as well as from the initial force in the belt, as assumed in the calculations.
The behavior of different belts in the transition section can be reliably evaluated by observ-
ing the non-uniform character of loads acting on individual cables/strips in the belt. This
non-uniform character of loads can be measured as a difference between the maximum
and the minimum increment of force in the belt AF,,;x — AF,;;,. The load non-uniformity
indicators thus obtained are shown in Table 2.

Table 2. Load non-uniformity indicators in the transition section.

Belt Type AFuax — AF,5,, in N
ST 2000 1525
DP 2000/1 995
PWG 2000/1 sw 592
EP 2000/4 446
PP 2000/4 312

The resulting load non-uniformity indicators are significantly different for the ana-
lyzed belts. As compared to the multiply polyamide belt, the load non-uniformity indi-
cators for the polyester—polyamide belt are 50% higher, and for the solid woven, aramid
core and steel-cord belts, it is two-fold, three-fold and five-fold higher, respectively. Data
presented in manuals provided by the most prominent conveyor belt manufacturers and
in standards define relationships for adjusting the parameters of the transition section
and the belt, which are based on simplified equations allowing for the geometry and the
longitudinal modulus of elasticity of the belt, but not for the interactions between the
adjacent cables/strips. The approach is different solely in the case of designing the transi-
tion section for a steel-cord belt and for the remaining group of textile belts. Importantly,
however, when replacing a worn belt, each decision to change the belt type should be
preceded by an analysis aiding the selection of the geometrical parameters of the transition
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section in the belt conveyor. This is of particular importance in the location where the
greatest longitudinal forces are observed in the belt, i.e., typically in the drive pulley. In
the case when the operator decides to install a belt having different elastic properties but
without modifying the geometrical parameters of the transition section, the limit forces in
the cables/strips can be exceeded, and a cascading break may develop in the belt.

5. Conclusions

Breaks in a belt loop operated on a conveyor develop in the splice, and very rarely in
the “continuous” part of the belt. The aim of this article is not to modify any good practices
developed in the context of designing and operating belt transportation, but rather to
indicate the so-called “sensitive points.”

Importantly, belt tensile strength tests indicate that an increase in the specimen width
entails a decrease in the belt strength (Figure 1). If the test method is assumed not to have
an influence on this phenomenon, it may be attributed to the specific construction of the
core in conveyor belts. In structures, such as the belt—with multiple plies and fibers—each
thread may have a various preliminary load, due to, for example, preliminary tension,
weave system or thermal shrinkage, which occurs during the belt production process. In
such a case, the breaking process is gradual: the threads with the highest preload break
first and the remaining threads, later. As a consequence, the strength will be lower than the
multiple of the strength of a single thread. As both the safety factor used in the process
of selecting belt strengths and the belt strength level observed in the tests are relatively
high, the above phenomenon seems appropriate. This aspect is nevertheless important
when using belts of great widths, which pass curvature geometries along the route and
the conveyor transition sections, especially in the zone of the highest specific forces in
the belt. Due to constraints of a technical nature, the tests were performed on multi-ply
low-strength belts. Recommendations for further research include performing similar tests
also for belts of different core design and verifying the test results with the use of computer
simulation methods.

The transition section of the conveyor is a region in which the forces in the belt cross-
section vary significantly. Such non-uniformity of belt loads was confirmed in the analysis
performed with the use of an original theoretical model of the belt in the transition section
of the troughed conveyor, which allows for the elastic properties of the belt and for the
interaction with adjacent cables/strips. A comparison of the obtained results with the
FEM test results obtained by other authors [17] indicates significant similarity of the stress
patterns across the belt width. The lowest load non-uniformity was observed in the belt
with multi-ply polyamide core, and higher values—in belts with polyester-polyamide
core, with solid woven core, with aramid core and with steel-cord core, respectively. When
replacing a worn belt, each decision to change the belt type should be preceded by a new
analysis of the geometrical parameters of the transition section in the belt conveyor. In
the case when the operator decides to install a belt having different elastic properties
but without modifying the geometrical parameters of the transition section, the belt load
non-uniformity may be increased by as much as several hundred percent (Table 2, Figure 6).
This fact is of special importance in the case of the transition section before the drive pulley,
where typically, the highest force levels in the belt are observed.
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