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Transient Belt Stresses During Starting
and Stopping: Elastic Response
Simulated by Finite Element Methods

L. K. Nordell and 2. P.Ciozda, USA

1. Summary

This article presents an introduction to the modern analysis
techniques used in determining the magnitude of the
dynamic transient forces propagated in a conveyor belt dur-
ing its starting and stopping phases. Transient forces can be
generated which impair the integrity of the conveyor system.
Prediction, control, and allowance for these forces is essen-
tial for a successful design. Prediction of the transient
behaviors has been accomplished with the aid of a computer
modelling tool tradenamed BELTFLEX. The program
simulates the rheological effect of longitudinal vibration in
the belt resulting from changes in the equilibrium forces.
Practical applications and case studies are noted.

Nomenclature

a acceleration
¥ viscous parameter of
1) viscoelastic Maxwell element
2) viscous portion of Kelvin element
e density per unit length for the subscripts:

= belt
i = idler
m = material
s = steel cable tensile member
C Coulomb drag matrix illustrating a St. Venant
element

F force

F(r) force matrix at time

G geometric stiffness matrix of axial motion

H hysteresis internal damping matrix of belt

K, elastic spring constant matrix of belt main tensile

member
K, elastic parameter of viscoelastic Maxwell matrix
element
LR resistor/reactor control of wound rotor motor starter
M mass
M mass matrix

mass of belt construction per unit length

mass of idler equivalent rotating parts per unit length
mass of material on belt per unit length

mass of steel cables in belt per unit length
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vV viscosity matrix of Newtonian fluid element

Vs  velocity of sound in a steel cable belt accounting for
true sound path. This varies with cable construction.
A typical value would be 4 km/sec.

x displacement axially along beltline

% velocity axially aloeng beltline

& acceleration axially along beltline

t time

W.R. wound rotor motor

2. Introduction

Historically, the engineering analysis of the belt’s starting
and stopping processes has been derived from Newtonian
“rigid-body”” dynamics. This method has been employed
because it is analytically simple, and, for most conveyor
systems, it is respectably accurate. Its approach implies that
the belt is an inelastic structure. The analysis requires that
the sum of the belt line masses be treated as a singular
lumped mass, simultaneously accelerated or decelerated.
Rigid-body dynamic analysis does not take into account: a)
Hooke's Law, b) the possible dominating influences of
viscoelastic materials reacting upon a non-uniform belt line
geometry; c) the treatment of impact forces. The rigid-body
dynamics approach is less than ideal for conveyor belts of
high strength, overland transport, complex geometries, high
lift, etc. Failure to include the transient response of elastic
deformation can lead to substantial engineering inac-
curacies in predicting:

1. magnitude of the dynamic forces and shock wave
effects

2. elastic belt stretch summarized in the take-up assembly
excitation

3. material stability on an incline belt during starting and
stopping

4. starting and stopping specifications setforth to regulate
the beltline velocity/time ramp (to minimize unwanted
forcing function perturbations which may cause
“negative’’ feedback)

5. mass inertia transient behavior governed by the beltline
axial geometry

6. load sharing of multiple-driven pulleys remote to one
another

7. starting and stopping controls integrated with the take-
up regulation system
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8. beltline “‘breakaway’’ analysis, more specific to cold
weather, prescribing the necessary motor torque versus
rpm requirements

9. appropriate belt strength safety factor specification

10. best geometric placement of drive(s), brake(s), and
take-up assembly(s)

11. undesirable beltline natural frequency responses and
how to avoid them

12. dynamic shearing forces in the belt splice zone.

Mathematically modeling the stress-strain viscoelastic defor-
mation during the starting and stopping processes is a com-
plex problem. The presentation of this text underscores
some of the salient properties and difficulties of such a
modeling scheme. The ultimate purpose is to advance our
level of understanding and provide for a more prudent
method of specifying and selecting the higher cost conveyor
componentry.

3. Method of Analysis

Rheology is the science dealing with the deformation and
flow of matter. The study of the belt’s dynamic properties will
be discussed herein from this rheological point of view.

Various methods of analysis have been employed or studied
to determine the true nature of the belt’s physical behavior.
[1—5]. This text will describe one extension of the various
methods, a finite element rheological model approach, as an
alternative to the classical rigid-body approach. The
rheological model attempts to unify the complex belt physical
relationships. Some of the basic or fundamental set of equa-
tions that govern the belt’s dynamic response are given in
the following:

1. mass acceleration
F=Ma=M%
2. elasticity (stress/strain)
F=K;x
3. viscosity
F=Vsx
4. viscoelasticity (extension)
+F = H;«x
viscoelasticity (relaxation)
—F = H, x

I,

( 1 ! )‘1
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Kz ﬁz
5. St. Venant impedance
F = C = f(coulomb drag)
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6. belt axial beam response
F = G = f (belt geometry)
Superimposed on these forces are the reactions or
responses of the driving or braking devices and the response

of the take-up system. Each of these six force functions act
somewhat independently.
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The basic rheological elements noted above are illustrated in
Figs. 1—6.

Fig. 1 illustrates elemental substances which obey Hooke’s
Law such as the elastic modulus of the belt’s tensile
members. Their functional properties may be non-linear in
nature. For the system’s rheological model, the elastic
modulus is defined by the matrix vector K,.

F AVAYAY, F

Fig. 1: Hookean element (K,)

Fig. 2 illustrates viscous impedance through the analogy of
a dashpot. This is sometimes referred to as a Newtonian
element. The resistance to motion is belt velocity dependent.
Idler, pulley, gearbox, and motor bearing losses, gearbox
churning losses, material trampling losses, and motor wind-
age losses make up a major portion of these losses. This
rheological element may be non-linear in nature. It is defined
by the matrix vector V.

: 1] .
i)

SPEED

Fig. 22 Newtonian element (V)

Fig. 3 illustrates a Maxwell element. By connecting the
spting and dashpot in series, part of the viscoelastic defor-
mation can be modeled. The Maxwell element is
represented by the matrix vector H(+). Axial wave motion, in
the belt, generates hysteresis losses, characterizing
polymeric relaxation and retardation deformation modes.
The model allows the spring constant to be time dependent.
As the localized reaction time becomes shorter, the spring
becomes stiffer. The Maxwell element dashpot also acts in
parallel with the spring element K, of Fig. 1 to form a Kelvin
or Voigt element. Polymers such as rubber, nylon, and
polyester can be rheologically simulated with the Max-
well/Kelvin analogy.

The Kelvin element closely models the vertical elastic sup-
port of the idler to the belt interface as a moving load. This
is a major property of the rolling friction (indention loss).

e kA

TIME

Fig. 3: Maxwell element (H)
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Fig. 4 illustrates a St. Venant element, labeled as matrix
vector C. This element models the transitional static to
dynamic friction. This friction is analogous to Coulomb fric-
tion of a sliding block on a dry surface.

The transitional friction or “‘breakaway’’ friction is caused by:
1) overcoming the idler imprint resistance due to the beit
cover deformation, 2) idler seal adhesion, 3) redistribution of
settled grease in the idler bearing cavity; 4) belt catenary sag
deformation, between idler supports, set by the rubber's
relaxation. Envirenmental temperature variation can
substantially alter the magnitude of this value. For dynamic
models, this type of friction is sometimes referred to as solid
damping.

- BREAKAWAY
F FRIGTION
N ] ZONE
STATIC
FRICTION
F ¥
DYNAMIC
7 r:xcnou SPEED

Fig. 4: St. Venant element (C)

Fig. 5 illustrates the variable axial geometric stiffness pro-
duced by the vertical acting forces on the belt’s cross-section
between idlers. The vertical forces are held in equilibrium by
the belt’s axial tension. Conveyors of different belt construc-
tion (fabric; steel), of ditferent material loading, of differing
idler spacing and trough shape configuration, alter the effec-
tive axial stiffness. This results in an apparent reduction in
the belt’s elastic modulus. The representation of this ele-
ment is by the matrix vector G.

*_IDLEH IDLER
I

]DI.ER SPACING

Fig. 5: CDI geometric beam element (G)

Fig. 6 illustrates the five element composite rheological
model of Conveyor Dynamics, Inc. (CDI), including all
features described in Figs. 1—5.

o EXTERNAL FRAME
OF REFERENCE

L,

Fig. 6: CDI five-element composite model

Dynamic simulation of the complete conveyor rotating
system is accomplished by dividing the belt into a specified
series of finite elements as shown in Fig. 7. Each finite ele-
ment has a lumped mass and an individual rheological
spring response structure given in Fig. 6. The equation of

ey

1
L—J—CDMPOSKTE RHEOLOGICAL ELEMENT

(TYPICAL)

Fig. 7: Lump-mass spring-dampened finite element model

motion, which describes the transient force-displacement
relationship, is given in the form:

Ft) = Mx + Kix + Vi+ H(ix) + C(x,F(z) + G(x)

F(z) represents the force applied on an element at time r. The
equation is given as the matrix of () finite elements with the
equilibrium condition acting on each element.

All transient analysis must start from known boundary condi-
tions. The assumed boundary condition for this analysis is
the steady-state running condition (z = «). The steady-state
running forces are derived from the classical belt tension
calculations given in various texts [6—9], or more advanced
references [10—14]. From the steady-state equilibrium
boundary condition, the actions of stopping (forced braking
or free drift) can be administered. Upon reaching the new
boundary condition, ¢ = 0, starting actions can then be
studied. From ¢ = 0, many forms of starting and stopping can
be modelled, such as:

1. Across-the-line Asynchronous Squirrel Cage Motors

. Wound Rotor Motors with Multiple-Step Resistor Starting
. Wound Rotor Motors with Reactor Control Starting

. Fluid Couplings with Constant or Delay Filling

. Fluid Couplings with Various Filling Programs

Eddy Current Couplings and Brakes

. Solid State SCR, Inverter and DC Ramp Controls

. Caliper-Disk Brakes, et al.

©NOO A ®N

The properties of control circuits can be modelled to include
the actions of:

1. Speed Ramp controller logic functions including:

dSAdr . velocity-time ramping

dV/t:.  acceleration ramping separately or in conjunc-
tion with dS/d: control

&#V/d2  jerk control superimposed on basic ramp

2. Take-up slewing control and load cell functions

3. Multiple-pulley drive load sharing logic and interactions
regardless of location along carry or return belt strand, in-
cluding intermediate drive concepts

4. Tachometer feedback loop delay sensitivities

5. White noise smoothing control (e.g., generated by high
amplitude forcing functions on high modulus belts —
harsh braking, etc.)

The theory of damped mechanical vibration with multiple
degrees of freedom, required for finite element modelling, is
surveyed in references [15] and [16]. Composite rheological
modelling is presented well in reference [17]. The nature of
polymeric behavior is given advanced treatment in reference
[18]: Chapter 7, Viscoelastic Models, and Chapter 9,
Viscoelasticity in Non-Metals.
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4. Case Studies

A brief review of some case studies is presented to illustrate
the various types of problems encountered. The studies are
not preferentially ordered by design importance or
chronology.

A. Study No.1 is an 8,150ft long conveyor built in 1965
(reference Fig. 8). The conveyor is basically horizontal,
transporting over 8,000 short t/h with a belt speed of
930 ft/min (4.7 m/s). When the fully loaded belt was shut-
down, a reaction wave would impact the gravity take-up
assembly with a force over twice its steady state load
(Fig. 12). The conveyor was instrumented with five speed
sensors: before the drive, at the head and tail, along the
carry strand above the drive, and before the take-up. In-
struments measured the take-up load, take-up displace-
ment, power readings, and tonnage.

TTAIL

8160 FEET

3000 FEET

SECONDARY
6000 LBS. DRIVE
D 1260 HP

FRIMAEY
1260 HP

Fig. 8: Geometric profile of Study No. 1

Fig. 9 shows a plot of the field measured velocity and of
the BELTFLEX predicted velocity versus time curves at
point A, just prior to the drive location. Note the mile long
section of return side belt that is under high stress. A very
fast velocity decay occurs for the first 2.5 seconds. The
large velocity gradient or shock wave is propagated from
the drive station toward the head, in a reverse direction
to the normal belt travel.
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Fig. 9: Velocity vs. speed at shutdown — Point A

Fig. 10, at point B, shows the velocity-time plot with a 3.72
second delay before the advancing wave acts on this
location. The predicted and measured values of the ad-
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vancing wave time are in close agreement. Independent-
ly, the time period for the wave to react at point B was
computed from a wave velocity equation submitted by
Harrison [5]:

g

Velocity (m/s) = V- 3/——————
ept+ Qi+ @m

The velocity wave front was computed to travel at

approximately 4,760 ft/sec (1,450 m/s) on the belt empty

return strand and at 1,925 ft/sec (590 m/s) over the fully

loaded carry strand.
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Fig. 10: Velocity vs. speed at shutdown — Point B

Fig. 11, at point C, shows the velocity wave impacting the
take-up zone 5.86 seconds after shutdown. The wave has
travelled over 16,0001t (4,880 m.). Although points A and
C are in close proximity, little initial wave reaction moved
with the direction of normal belt travel. The BELTFLEX
predicted reaction time, the field measured time, and the
time derived by Harrison’s wave velocity equation are
in very close agreement.
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Fig. 12 shows the measured versus predicted take-up
force response. The gravity take-up assembly was equip-
ped with a motion retarder that applied a 6,000lbs
(2,720 kgf) drag on take-up movement in either direction
of travel. The retarder was installed to reduce excessive
take-up motion. High transient forces continued to break
down the retarder assembly. Note, approximately 16
seconds after shutdown a large transient spike is record-
ed. The spike is more than double the steady-state force.
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Fig. 12: Take-up force vs. time with retarder active

Fig. 13 shows the predicted belt tension versus time
response at point B. Note the large oscillating wave
forces that exceed the steady-state force.

This study is presented here to illustrate, from field
measurements, the heretofore unpredictable nature of
large transient effects which may occur at shutdown. Very
often the engineer concentrates on the methods of con-
trolled starting and gives little attention to the forces
generated during stopping. From the experience on CDI
projects, from field data and on case studies, stopping of
large high modulus belt is potentially more damaging, is
less controllable, and is more difficult to assess than the
action of starting. The belt’s internally stored strain

energy reacts with a higher specific impulse than can be
generated by the drive system.
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. 13: Predicted belt tension response vs. time — Point B

B. Study No. 2 illustrates the startup response of a 30,000 ft
(9.15km) long horizontal belt conveyor. The conveyor
transports 900 metric t/h of coal at 725 ft/min (3.7 m/s).
The conveyor is equipped with two 500HP (373 kW)
motors on the head pulley and one 500 HP motor on the
tail pulley. No telemetry is provided between the drives.
Fixed and slewing take-up assemblies were studied.

Fig. 14 shows the BELTFLEX startup velocity versus time
plot of the head and tail drive stations. The conveyor is
equipped with a slow acting 0.025 m/s winching take-up.
The engineer’s rigid-body acceleration calculations show-
ed that the head drive slack side traction force, required
for normal running, would be inadequate for starting. The
take-up force, prior to starting, was then prestressed to
135% of the running value. The head drive applied in-
creasing steps of torque to a maximum of 150% of its
motor nameplate. The tail drive was programmed to
engage upon sensing belt line motion. The tail drive was
set to pull 80% of its nameplate rating during the starting
phase. The BELTFLEX plot shows that 15 seconds after
the head drive is powered the tail pulley responds. The
plot shows a velocity undulation at 15 second intervals for
both head and tail stations. The large velocity swings are
caused initially by a large strain-energy wave that was im-
parted to the belt by the head drive. When the head drive
applied power to the belt, the belt carry strand was stret-
ched, increasing its strain energy, as tension was ap-
plied. The return strand tension and strain energy were
simultaneously dropping: 1) from the stretched carry
strand belt fed by the head drive and, 2) lack of take-up
displacement. The tractive tension ratio across the head
pulley became unstable and, from the calculations, show-
ed that excessive pulley slippage would occur. This
detrimental characteristic was even more pronounced at
the tail drive. The analysis showed that the design was
not adequate. The take-up slewing response would have
to be increased by more than a factor of ten or the ac-
celeration time would have to be extended for many
minutes. The engineer altered the design by increasing
the take-up response to more than 0.3m/s.

Fig. 15 shows the velocity versus time plot of the
engineer’'s modifications. The slewing take-up response
rate was set to approximately match the accumulative
belt stretch from the carry strand. It can be seen that the
large velocity undulations have been significantly reduc-
ed. The study indicated that this system should provide
an adequate design. Subsequently, the conveyor was

built and commissioned. It has been operational for more
than one year.

5. Discussion

A method of modelling the true elasto-mechanical dynamic
behavior of the belt has been introduced, together with a
brief discussion on two case studies. A number of studies
have been completed which provide insight inte the many
i aspects of conveyor design, insight which is only discernible

through elastic-transient modelling. The BELTFLEX model,
‘ used for these studies, utilizes a non-linear finite element ap-
proach. It is based on the discrete time-integration method of
solving the second order differential equation of wave
mechanics in viscoelastic selids.
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Fig. 14: Start-up with fixed take-up velocity vs. time — Study No. 2
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