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Belt Conveyor
Steel Cord Splice Analysis
Using Finite Element Methods

L. Nordell, X. Qiu, and V. Sethi, USA

Summary

Owners and operators of large material
handling installations are questioning the
proficiency of engineers to set accurate,
up-to-date, splice design criteria for steel
cord belt conveyors. Costly splice fail-
ures have occurred repeatedly in belts
where engineers and installers have not
set the appropriate guidelines or stan-
dards during manufacturing ‘and installa-
tion. This concern is emphasized when
safety is questioned, especially as belt
breaking strength exceeds St 6000
N/mm and/or where the belt service fac-
tor is reduced below SF = 6.0:1. At the
higher belt strengths, the dynamic splice
efficiency is reduced [1]. Improper coor-
dination of cable diameter, cable pitch,
and splice schematic will lead to further
reduction in the belt's temporal perfor-
mance. Little has been published on the
critical elements which contribute to the
splice design and installation procedure,
and to the appropriate criteria for reject-
ing a design or installation. Some of
these critical factors are discussed here.
This presentation is an overview of
results to date, and the areas presently
under investigation. This is not a defini-
tive assessment of splice design, but we
present a suggestion for new treatment,
which updates the well recognized stan-
dards of DIN 22101, DIN 22131, and
other industrial standards in use.

1. Introduction

Ceonveyor Dynamics, Inc. (CDIl) has
developed a method of analyzing the
steel cord belt conveyor splice using the
finite element method (FEM) from ANSYS
[2]. In this paper, a discussion is
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l Tested Splice |
Location Belt Strength | SF  |Dynamic Efficiency Supplier
Selby 1983 St 7000 N/mm | 5.0:1 N/A BTR
Chuquicamata 1985 St 6600 N/mm | 7.0:1 N/A Goodyear/Clouth
| Prosper Haniel 1986 | St 7500 N/mm | 5.5:1 38% Phoenix |
Palabora 1988 St 6600 N/mm |6.5:1 50% Continental |
Channar 1989 St 3000 N/mm | 5.0:1 58% '~ Continental

Table 1: Mines with high strength and low service factored belts with respective tested splice efficiency

presented on the procedures followed to
develop and verify the three dimensional
(3-D) FEM model, including: wire rope
modeliing, isotropic hyperelastic non-lin-
ear rubber modelling, H-block simulation,
and experimental splice testing. The FEM
analysis will improve the understanding
of splice failure mechanisms and splice
schematic dimensional sensitivities, and
provide insight on improvements in
splice efficiency and guality controls in
manufacturing. The study may provide
methodology for altering the core rubber
compounds and cable design.

As pointed out by Flebbe [1], DIN 22101
formulates a restrictive assessment on
belt rating based on the belt service fac-
tor. Unfortunately, at present, it is the
guideline to which operators and consul-
tants can refer in lieu of their own inde-
pendent research, or those of universities
[3], and manufacturers [1, 4]. New crite-
ria must be developed to provide engi-
neers with qualified methods that ac-
count for the recent findings and practic-
es in high strength and low service fac-
tors, such as in the mines listed in
Table 1.

2. ANSYS and the

Computer

The ANSYS finite element software pro-
gram [2] is a modified version 4.4. The
program can handle up to 5,000 wave
front degrees of freedom.

A typical splice model will take about
8,000 elements and 20,000 nodes. The
program can model non-linear hypere-
lastic and composite materials. The AN-
SYS program is provided on a UNIX plat-
form. CDI is running the program on an
IBM RS/6000 RISC workstation.

The computer is equipped with 48 MB of
memory, uses three hard disks totalling
1.2 GB of memory, and has a 2.3 GB
streamer tape backup. The computer
computation power is rated at about 33
MIPS and 10 MFLOPS. A typical non-lin-
ear analysis takes between 30 and 50
hours of dedicated computation time.

3. Wire Rope Modelling

The wire rope is analyzed as an extruded
double helix with the specified wire fila-
ment diameters and helix lay lengths for
all strands as shown in Fig. 1. The cable
shown is the design for the St 6600
N/mm belt on the Palabora (RSA) con-
veyor [5]. The tensile elongation,
coupling with the resulting torsional twist
and bending flexure are computed from
a CDI program developed on the princi-
ples of Costelfo [6]. A special CDI defined
element was then developed for ANSYS.
This element provides the properties of
wire rope behavior with the correct ge-
ometry, and coupling behavior between
elongation and torsion, and reduced
bending stiffness. The element provides
correct node-to-node interfacing with the
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Fig. 1:  Wire rope construction - Palabora ST 6600

N/mm belt with 12.4 mm diameter cable

ANSYS brick {rubber) hyperelastic ele-
ment. The right and left lay cable pat-
terns are accounted for in the splice. In
Fig. 2, a cable pattern is illustrated for a
213- (3 step) splice sequence. The alter-
nating color sequence from the 9 cables
of each end denotes the altemating lay
pattems. The differing color patterns de-
note individual elements in use. The
width of the splice plot has been exag-
gerated for clarity.

4. Rubber Modelling

The model described is fully three dimen-
sional. The ANSYS program has a num-
ber of hyperelastic, non-linear, isotropic
element configurations. Different material
models were investigated for their accu-
racy in replicating the material behavior
of rubber over large deformations up to
300%. Two constitutive laws were found
that closely predict the stress-strain be-
havior of rubber over large deformations:
The Mooney-Riviin Law [7] and the
QOgden Law [8]. It is difficult to uniquely
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Fig. 2:

these laws from experimental data. Spe-
cial experimental machines are required
that provide the unique properties for
uniaxial extension, simple shear, equibi-
axial extension, and pure shear.

The highly non-linear response of rubber
[9] can be seen in Fig. 3. A mathematical
method has been perfected that reason-
ably tracks the experimental data of
Fig. 3 and the H-block pullout diagram of
Fig. 4.

Fig. 4:  5-cable H-block arrangement

FEM element and cable arrangement — 3 step splice pattern 213-

5. H-Block Test and

Splice Modelling

The H-block and splice models devel-
oped are fully parametric. All splice ge-
ometry details are variable from a single
step splice through a four step splice,
including the variables:

e core rubber thickness

e butt end clearance

e gtep lengths

e cable size and properties

* lay sequence

The H-block was analyzed for the 5
cable arrangement of Fig. 4. The peak
FEM von Mises rubber stress is illustrat-
ed in Fig. 5. The peak stress occurs at

the top and bottom covers where the
belt has been notched and where the

Fig. 5 (below). Cross-section H-block von Mises
rubber -

stress gradient in
expanded view

determine the material constants for i
Fig. 3: Goodyear experimental measurements of rubber properties
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cable has been broken. From this analy-
sis, the testing of cast-in-place H-block
test samples is predicted to have quite
different results from the cut-cable pro-
cedure. A pullout test measurement vs.
FEM prediction is illustrated in Fig. 6. The
offset between theory and measurement
may be a result of differing material prop-
erties or interpretation of the material
properties from experimental measure-
ments. The results are sufficiently close

to provide confidence in the accuracy of
the FEM approach. In Fig. 7, the asso-
ciated maximum rubber stresses are

plotted. In the elongation range shown of-

less than 100%, the pullout force versus
displacement is close to linear, while the
corresponding stress field is not.

After investigating different boundary
conditions, such as periodic, fixed sides,
free sides, etc., the best results were

obtained when three units of the operat-
ing pattern were used with partial edge
restraint. In the post-processing phase
only the central cable assemblies are
then selected for stress-strain evaluation.
The model is structured with one belt
end clamped, while a fixed displacement
is applied to the opposing belt end.
Small load steps are required to allow for
the model to follow the non-linear behav-
ior of the rubber and cable response.
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6. Modelling Results

6.1 Butt End Gap Dimensions
The butt end gap s is the clearance
between cables from opposing ends that
are butted on the same axis in the splice,
as shown in Fig. 8. Installation criteria
vary from & mm to 25 mm. When the
cable ends are in close proximity, a high-
er rubber tensile stress influences the
von Mises limiting stress criterion. The
high tensile stress influence reaches a
minimum threshold, when the butt end
clearance is greater than 50 mm, as illus-
trated in Fig. 9. The illustration is for a
specific cable diameter. Large cables
require a greater clearance between butt
ends than small cables. This example is
for pure tension (i.e. no bending across
the pulley face). The CDI minimal criteria
for cable and butt end clearance is:

s=4(p)+5mm (1)

where ¢ denotes the cord diameter.

6.2 Bend Zone Dimension

The splice bend zone, Lg, shown in
Fig. 8, is where cables are joggled to
permit the passing of opposing cables.
The bending of the cables causes addi-
tional stresses in the rubber shear zones,
in the splice and in the cables at the
bend. The model results predict a von
Mises rubber stress change due to the
torsional and bending response from
joggling the cables. This effect is illustrat-
ed in Fig. 10. In a 213- splice, with an
11.9 mm diameter cable, the von Mises
stress is reduced by about 10%, when
the bend zone is lengthened from 200
mm to 300 mm. Many splice patterns
have a bend zone length of 100 mm or
less. DIN 22131 shows a 150 mm bend

Fig. 12: Core rubber stress multiple vs. gap
dimension
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zone. The degree of bending, or amount
of axial offset, the splice pattern sche-
matic, cable flexibility, core rubber di-
mensions in the belt and in the splice,
etc. all contribute to the critical von Mis-
es stress limit. The bend zone length
may or may not significantly effect the
threshold stress, depending on how
these factors interact (e.g., the cable off-
set varies with the number of steps,
cable pitch in splice, and schematic cho-
sen). Existing standards, such as DIN
22131, and common practices recom-
mend the cable butt end, from the op-
posing sides, to intrude into the bend
zone. Our analysis shows a marked rub-
ber stress riser at the cable tips. This
suggests a point of failure. It is well
known that the maximum rubber stress
occurs at the cable ends of a well con-
structed splice, due to rubber shear,
cable elongation, and tensile lcading. We
recommend the butt ends be terminated
short of the bend zone the distance s in
Eq. (1). The CDI minimum criteria for the
bend zone length is:

L= 15 (¢) + 50 mm. )

6.3 Splice Step Length

Increases in splice step length, Lgr in
Fig. 8, reach a point of diminishing return
as illustrated in Fig. 11. This effect wil
vary with core gum dimension, cable
size, cable structural properties and
splice schematic. Aging, impact degra-
dation, and shock wave intensity from
starting and stopping must also be
factored into the selection of the appro-
priate step pattern and length.

Atwo step or higher splice sequence, as
shown in Fig. 8, will have certain cables
with lesser lengths of rubber shear zones
connected to opposing cables. Cables
with smaller rubber connections will pro-

Fig. 13: Pullout strength vs. core rubber gap -
measurement and theory
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~duce greater rubber deformation and
lower resistance to the cable pull. This
will produce higher local rubber stress
and lower force for the respective cable.
Therefore, the total amount of rubber in
shear is not the only criterion for selec-
tion of the best schematic. Likewise,
most higher step splice schematics will
produce greater loads on one cable of
the repeating pattern with a net reduc-
tion in their dynamic efficiency.

The peak cable stress is normally found
on the member with the greatest amount
of rubber connected in shear. The best
splice is one with the lowest cable and
rubber stress. An increase in splice
length alone may not provide any im-
provement in performance.

6.4 Steel Cable

The steel cable stress, as calculated by
the FEM model, varies in the splice from
the belt's mean cable force, from a high
of 1356% down to 110% for the standard
splice patterns studied. The cable's elas-
tic modulus and bending stiffness can
change the stress distribution and mag-
nitude for the same splice schematic.
Cable stress is highly dependent on the
core rubber thickness when the splice
step sequence Is greater than one. As
the core rubber gap gets smaller, the
rubber shear stress increases but the
deformation decreases, resulting in a
pseudo-welding of the cables into a
more uniform deformation and shared
tensile force.

A more elastic steel cord will increase the
rubber shear stress due to its greater el-
ongation in the shear zone between op-
posing cables: The recent practice of in-
creasing the rubber penetration into the
interior of the cable increases the cable's
elastic modulus [10] and reduces the
rubber stress. This difference can be
significant {20-30%) depending on the
splice design, cable selection, and
amount of rubber penetration.

6.5 Core Rubber Gap

Dimension

The core rubber shear and tensile stress-
es are highly dependent on the amount
of rubber clearance g between opposing
cables. Fig. 12 illustrates the shear stress
dependence on the core gap clearance.
This concept closely mimics the perfor-
mance of published pullout tests [11]
shown for comparison with the FEM
work in Fig. 13. Fig. 12 provides some
understanding of the cable lay tolerances
required during splice manufacturing.
Selection of the cable diameter and
cable pitch is closely associated with the
possible choices of splice schematic and
the resulting splice dynamic temporal
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strength. This choice must include the
errors or tolerances of construction.
Therefore, splices with rubber core gaps
at or below 2 mm will likely suffer from
greater stress risers and lower splice
performance in excess of the nominal
prediction. As an example, a 3 mm gap,
with a £0.5 mm margin of error on instal-
lation, will show a rubber shear stress in-
crease of about 5%. As the gap dimin-
ishes to, say, 2 mm, with a 0.5 mm gap
error on installation, the rubber shear
stress is estimated to increase by about
12%. The CDI minimum criterion for the
core rubber gap is:

g=010@) +15mm. @)

6.6 Dynamic Shock Wave

Influence

The shock wave influence on splice de-
sign is, at present, not well understood.
Very high strain rate effects are generat-
ed during stepping of high powered and
high modulus belts when full power is
disconnected. The stress front is travel-
ling through the splice at about one
meter per millisecond. It is known that an
effect called "shear thickening/thinning"
accurs in filed polymers (rubber mixed
with carbon black). Shear thicken-
ing/thinning is where the material viscosi-
ty increases/decreases with the higher
rubber loading frequencies as illustrated
in Fig. 14. This means that greater or
lesser shear forces are allowed when the
higher strain rate increases or decreases
the viscosity. As the belt ratings and
cable strength increase, the elastic mod-
ulus and exciting frequency increase.

6.7 Rubber Fatigue

Simo and Taylor [12] tested a constitu-
tive model for rubber fatigue based on
generalized viscoelastic rheological prop-
erties of rubber. This is an area where
much more research I3 needed. Accu-
rate assessments and influences of all
rubber stress mechanics are not known
today in conveyor belting or within the
tire industry.

Fig. 14: Shear thickening / thinning viscosity f vs. strain rate (frequency)

6.8 Splice Efficiency
Splice efficiency can be divided into four
or more categories:

1. Static or pullout test efficiency

2. Dynamic - endurance or fatigue effi-
ciency as tested under fluctuating
forces.

3. Schematic - ranking of step configu-
rations

4. Dimensional - tolerance influence

A proper discussion of this topic needs
to be addressed, but is outside the
scope of this paper. One comment is al-
lowed. We often hear discussions of
splice efficiencies of 90-100% or over
100%. This cannot happen. The rubber
and steel cords have localized stresses
which exceed the nominal stresses in the
belt, as noted in section 6.3 . This will be
the focus for the point of failure. DIN
22101 suggests a best splice fatigue effi-
ciency of 36%. At low step numbers (1
and 2} with near ideal conditions, the en-
durance level can reach above 60%. An
example if the Channar 20 km overland
in Australia. The St 3000 N/mm belt test-
ed on the Hannover splice fatigue ma-
chine at 58% efficiency for 180,000 revo-
lutions. The belt has a two step conven-
tional splice with fabric reinforcing. The
belt and splice pattern were supplied by
ContiTech, Germany. Nordell was a de-
sign consultant cn the Channar project,
and assisted in its successful commis-
sioning in 1989. The belt was designed
with a service factor of SF = 5.0:1.

The Palabora, RSA, St 6600 N/mm belt
was also tested at Hannover University
faor its four step splice dynamic efficiency.
The four step (1342-) pattern reached a
dynamic efficiency of 50% for 180,000
revolutions.

The belt and splice pattern were supplied
by ContiTech, " Germany. Cantinental
supplied a fabric reinforcement in the
splice design. Nordell was the design
consultant to Fluor, RSA, on Palabora,
and assisted in its successful commis-
sioning in 1988. The belt has operated at
close to a service factor of SF = 6.0:1.

Prosper Haniel, Germany, has a belt rat-
ing of St 7500 N/mm, with a similar four
step (1342-) splice pattern. This belt
reached a 38% efficiency on the Hanno-
ver machine after 180,000 revolutions.
The lower rating may be due to core rub-
ber compounding for high flame retar-
dant properties.

No matter how long the splice is made, it
must eventually terminate into parent belt
ends. At this junction, the cables will not
have equal load, for many reasons.
Therefore, some cables will be subjected
to forces in the transition region (within
the splice and beyond) that exceed the
nominal cable loads. Also, the parent
belt forces are mainly carried in the
cables, not the rubber. In the splice, the
rubber carries all cable forces. As noted
in this paper, the rubber stresses can
and probably do have weak points which
reduce the splice structural capacity and
therefore its efficiency.

7. Additional

Considerations

Finite element modelling of the splice
may provide understanding of many ad-
ditional attributes which ultimately limit
splice performance, such as:

fabric reinforcing techniques

pulley curvature influence on rubber
and cable fatigue stress

Fig. 16: Steel cord fatigue
stress riser owing |
to surface irregu-

larities
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e pulley surface irregularities and their
influence on rubber and cable fa-
tigue stress

e pelt and splice surface irregularities
on cable fatigue

e cable fatigue stress limit due to the
wire rope sizes, helix angle; lay ar-
rangement

e proximity of two or more splices and
their interaction

e cover rubber gauge influence and
cable alignment

e pulley cover rubber radial shearing
by belt's steel cords due to bending
around pulley (pulling in of cords to-
wards pulley axis; pulling out of cord
butt ends at splice joints away from
pulley axis)

e pulley cover tangential shear due to
high motor torgue and/or high con-
tact friction

s rubber compound dependent fa-
tigue stress limits for normal rubbers
and flame retardant rubbers

e construction tolerances of parent
belt and splice

e cffects of broken cable locations and
methods of repair

s  manufacturers' compatibility of splic-
ing compounds and core rubbers

e optimal splice step schematic

¢ mismatch of belt cables and belt
thicknesses.

Belt surface irregularities can have a pro-
found effect on splice strength as the
belt's elastic modulus (tensile rating) and
speed increase. Splice lay up defects,
mismatched belt thicknesses, mis-
matched cable diameters, mismatched
covers, and excessive press lap gaps
during manufacturing can cause high
momentary impact loads on the belt
when it enters a high tension pulley
(Fig. 15).

The installation orientation of the press
lap may be critical to good belt perfor-
mance. The press lap raised edge
should be installed to fall on the high ten-
sion pulleys. To a lesser extent, the id-
lers can also produce an impact force,
especially along the convex curves at the
high tension zone. When these fcrces
become significant, fatigue damage may
result to the steel wired in the rope lead-
ing to a ductile failure.

8. Conclusions

Greater strength, reliability and economy
are still the targets of our trade. This re-
view presents the approach of Conveyor
Dynamics, Inc. in our investigation of
steel cord splice performance using finite
element methods (FEM).

FEM provides the tools to Inspect the
many interactions of cable design, rub-
ber properties, dmensional sensitivities,
manufacturing methods, and installation
imperfections.

Increases up to a limit in the butt end
gap were found to reduce the tensile
stresses in the rubber in the gap. The in-
crease in length of the bend zone which
effectively reduced the angle through
which the cables had to bend also had a
favorable effect on the shear stresses in
the rubber. An increase in splice length
initially reduced rubber shear stresses,
but after a certain length no additional
gain is achieved.

These results have been utilized by Con-
veyor Dynamics, Inc. to develop proprie-
tary splice configurations whose gecme-
tries have been optimized in order to
lower the operating stress levels in both
rubber and cables.

It is our hope that this and associated
methods will set a new standard of per-
formance and assurance in belt convey-
or technology.
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