
Synopsis

The work described here
attempts to underscore
the importance qf the
time lag between the
end qf a loading phase
and the instant a wind-
ing drum begins its
acceleration phase.
Traces generatedfrom a
computer-simulation
model show that the
amplitude qfthe stress
osdllations occurring in
mine hoisting cable
during the constant-
velodty-qf-ascent phase
is a direct result qfthe
temporal sequence
employed between the
loading and the raising
phases. While CUlTent
and earlY literature
indicates that extensive
work has been under-
taken on the isolated
f1fects qf these two
independent sequences,
the literature diJes not
appear to contain any
diJcumented evidence to
suggest an optimal
control or interfadng
between these two
cfynamic regimes.
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Brief historical note

The first quarter of the twentieth century saw the
beginning of a concerted and ongoing effort to
devise a mathematical formulation for the
physical behaviour of mine hoisting cable
subject to various types of kinetic-shock loading
and acceleration profiles. The resulting
variations in dynamic stress that arose as a
consequence of these kinematic disturbances
were the major focal point in these pioneering
investigations. Historically, Vaughanl and perry2
set down what were to be the first documented
attempts to deal with an engineering analysis of
kinetic shocks in hoisting cables. Their results
and conclusions, however, were based on a
somewhat idealized situation in which the upper
end of a vertically suspended cable experienced
an infinite deceleration.

In a subsequent paper, Perry and Smith3
treated the dynamic boundary conditions of the
vertical cable in a more realistic manner.
Emphasis was placed on the effects of the rate of
acceleration/deceleration and the resultant stress
oscillations. This classic work included, among
others, a study of the effects of loading rates, the
cable tension following a pick-up when a skip is
raised from supporting blocks at the bottom of
the mine, and the conditions for slip of the cable
in contact with the headsheave. It was found
that the rise-time characteristic, or time duration,
leading up to the period of constant acceleration/
deceleration is a critical factor affecting the
residual-response amplitude of the system.
Pollock and Alexander4 improved on the work
done by Perry and Smith by increasing the
accuracy of the calculations, with the inclusion
of higher -order terms. Furthermore, they
expanded the scope of the analysis to include the
residual effects occurring after the acceleration
has terminated, whereas Perry and Smith limited
their investigation to the phenomena occurring
during the period of constant acceleration.
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The cumulativeimpactof these contributions
is particularly evident in the design of present-
day winding control systems, especially in the
braking phase. In the past thirty years, advanced
technological developments in the mining indus-
try have given rise to a considerable evolution in
the development and design of mining installa-
tions, with the result that serious attention has
been given to braking systems and the undesir-
able effects associated with emergency braking
or trip-outs. With the advent of telemetering
accelerometers, which enable the actual decelera-
tion of the skip to be ascertained quickly and
accurately, it became possible to confirm the
theoretical and experimental evidence for
braking systems of various designs. The ampli-
tude of residual responses became more of a
topic among mining engineers, and it was
HarveyS who initiated an extensive research
programme based in part on the theories of
pollock and Alexander4 and others. For all
intents and purposes, his investigation entailed a
closed-system analysis restricted to the effects of
longitudinal-wave phenomena. He used the
inertia of the winding drum, gears, cable, head-
sheave, and skip to determine the necessary
refinements of an electro-mechanical braking
control system that would minimize the residual-
response amplitude during emergency braking.
The highly theoreticalmaxi-max principle
(Harris and Crede6), which quantifies the
residual-response amplitude of second-order
systems subject to various acceleration/decelera-
tion profiles, played a major part in Harvey's
contribution. Mining engineers conversant with
the control features of emergency braking are
familiar with the stress oscillations of large
amplitude that occur after the brakes have been
applied, using a constant rate-of-deceleration
profile without a finite leading rise-time charac-
teristic.
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A qualitative
solution to the problem,
based solelY on a
limited number qf
computer simulated
results, is presented
here. Further analYtic
mathematical

formulation qf the
problem is clearlY
necessary.
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Recent trends

In the past decade or so, there has been a
resurgence of interest in the physical behaviour
of mine hoisting cable to embrace the effect of
the ore-loading rate on the ensuing stress
oscillations in the cable. Related studies into the
behaviour of the inclined cable (catenary)
running from the drum to the headsheave,
particularly the cause and effects of severe cable-
whip and possible mis-coiling on the drum, also
resulted in the focusing of research efforts on
these topics. As the skip loading and subsequent
raising (and concomitant raising acceleration
profile) are intimately connected events that
comprise the overall raising cycle, it is
meaningful to analyse the sequence of events
that occur in real time. However, a closed-form
mathematical solution to the problem based on
such time-dependent interrelated sequences is
highly intractable, particularly since the forcing
functions for each regime are unique over the
passage of time.

As a consequence of these difficulties,
researchers restricted the scope of their investi-
gations to isolated dynamic events occurring
during the raising cycle itself. These studies
include, among others, the effects of loading
rates, acceleration profiles of the winding drum,
and parametric excitation, or the cross-coupling
effects between longitudinal and transverse
modes of cable vibration via the headsheave.
The methods of mathematical solution adopted
in these particular analyses invariably employed
variations of closed-form solutions based on an
analytic series-type solution to the governing
equations of motion, or a quasi-static state
analysis during which dynamic events are
predicted on the assumption that the length of
the vertical cable remains constant.

Of particular interest here is the recent work
of Greenway7.8 and Hamilton9, in which the
effects of loading rates on a cable's dynamic
loads was investigated thoroughly. Their work
clearly substantiates the existence of a critical
loading time, to. As it turns out, when to equals
the period of the fundamental mode of vibration
or a multiple thereof, the amplitude of the
residual response can be theoretically eliminated.
Their investigation also explores the application
of the maxi-max principle to the complete
acceleration profile of the winding drum with a
view towards minimizing the amplitude of the
residual response once the raised skip has
reached a constant-velocity-of-ascent. Arising
from the varying set of parameters for each
hoisting cycle, such as the depth of wind, mass
of payload, and time-dependent cable stiffness, it
is concluded that, without sophisticated micro-
processor-based winder controllers or similar
electronic feedback transducers to continuously
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monitor these variables, perfect control is not
altogether possible at present. However, they
point out that, as winder suppliers have taken
account of the importance of the rise-time
characteristics by simply advocating a limit on
the time rate of change of the acceleration
(leading to constant acceleration), some degree
of alleviation of the dynamic loads would be
possible.

Initiation of the acceleration after loading

Mining engineers in general are moderately
reluctant to install costly, highly sensitive,
sophisticated electronic winding-control units in
order to obviate or minimize a phenomenon that
the mining industry has endured for decades.
Loading rates and acceleration profiles have
been thoroughly documented in the literature,
with mining engineers responding in turn by
employing practical modifications to the winder
controls. Nevertheless, the following question
requires an answer: is there an optimal set of
dynamic conditions between the loading phase
and the acceleration phase that would minimize
the undesirable effects associated with the
dynamic loading of the vertical and catenary
cables.

As an engineer familiar with some of the
vibrational problems plaguing the mining
industry, the present author questions the
apparent absence of any form of discussion or
mention in the literature regarding the optimal
time or instant at which the acceleration of a
fully loaded skip should start. The conspicuous
lack of this particular information in the available
literature motivates the present discussion. The
graphical material presented here has been
extracted from an earlier work (MankowskilO)
initiated at the Chamber of Mines Research
Laboratories in collaboration with Dimitriou and
Whillierll. Research efforts at that time were
dedicated to the construction of a computer-
based simulation model capable of monitoring
the dynamic stress variations occurring along a
mine hoisting cable. Briefly, the refined model
included the rotary inertia of the headsheave, the
three-dimensional transverse (and longitudinal)
vibration of the catenary, and the coupled longi-
tudinal vibrations of the vertical cable via the
headsheave. As a simulation model, it incorpora-
ted any loading rate, acceleration profile, and
mine geometry, including the dynamic effects
associated with the topology of the changes in
the drum liner and cable layer occurring on the
drum. The mathematical model used to generate
the results was based on a modified form of the
method-of-characteristics in which local particle
velocity and force were integrated in the imped-
ance plane using a Lagrangian type of coordinate
system for monitoring purposes.
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Figures 1 to 3 are extracts from that earlier
work, and their inclusion here is intended solely
to highlight the area under consideration, namely
that period of time between the end of loading
and the beginning of drum acceleration.

Discussion of results

Figures 1 to 3 are based on the physical para-
meters of the single-drum installation detailed in
Table I. While the ratio of the weight of the skip
to the weight of the payload used here is not
wholly representative of a typical rock winding
installation, the following discussion and
observed trends should be viewed in a more
qualitative light. Quantitatively, the exact magni-
tude of this ratio is not important since the final
recommendations given in this paper are fairly
insensitive to variations in this ratio.
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Figure 1-Effect of loading rate on subsequent tension oscillation
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Table I

Single-drum mine parameters

1000 m
8.49 kg/m
16 m/s
0,75 m/&!
90 kN
82,S kN
3500 kg
75m
110GPa
0,001088 m2
Suppressed

5m

Favourable and unfavourable loading rates

The loading rate has a direct effect on the subse-
quent amplitude and phase angle of the stress
oscillations leading into the acceleration phase.
This is illustrated in Figure 1, where the loading
rate varies from 41,25 to 9,16 kN/s. Over the
range of loading rates simulated, three relative
minimum amplitudes of residual response are
seen to occur. It is noted that the temporal
occurrence of these minima is in complete
agreement with the theory set down by
Greenway7. In the absence of damping, the wave
form set up after the completion of loading
would continue indefinitely until the onset of
drum acceleration.

Effect of time lag between end of loading and
drum acceleration

In practice, most rock winders are controlled
automatically. In these automated installations,
the hoisting cycle (drum acceleration) is initiated
by the loader or onsetter, and occurs as soon as
the loading flask is withdrawn. The time lag
between the removal of the loading flask and the
start of the drum acceleration is thus also
automated, the time lag being set in the closed-
loop duty-cycle controlling unit. It will be shown
here that the duration of the actual pre-set time
lag plays an important role in pre-determining
the amplitude of the stress oscillations occurring
during the drum-acceleration phase, as well as
those occurring during the longer time duration
of the constant-velocity-of-ascent phase.

Two cases are presented.
Case (a): A skip is loaded in a manner

that results in afavourable residual response
amplitude. After a time lag of TL seconds, the
drum begins its acceleration phase.
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Figure 2-Effect of the skip's phase angle at the onset of the acceleration phase

(favourable loading rate)
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Figure 3-Effect of the skip's phase angle at the onset of the acceleration phase

(unfavourable loading rate)
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Static
load

Static
load

As shown in Figure 2, no appreciable
difference in the amplitude of the residual
response is evident immediately after the onset
of the drum acceleration. This is to be expected
in the light of the virtual rest state of the skip
after being loaded. Thus, after a favourable
loading rate, the role of the onsetter at the
loading station has little or no influence on the
stress oscillations occurring over the remainder
of the raising cycle.

Case (b): A skip is loaded in a manner
that results in an u1Jfavourable residual-
response amplitude and, after a time lag of TL
seconds, the acceleration phase begins.

In Figure 3, in contrast to Case (a), the role
of the onsetter at the loading station is shown to
be highly significant. Of more serious
consequence is the pre-set time lag between the
removal of the loading flask and the onset of the
drum-acceleration phase. It is observed that the
amplitude of the residual response of the system
is definitely affected by the phase angle of the
tension variation occurring at the skip at the
instant acceleration begins. A close examination
of the effects of varying TL shows the favourable
response to persist when the drum acceleration
is applied at the instant the tension variation at
the skip passes through a relative maximum
value. Alternatively, a favourable response can
be said to persist when the drum acceleration is
applied at the instant the skip passes through its
lowest position in the shaft while undergoing
free oscillation in the fundamentallogitudinal
mode.

Because of the periodic nature of the tension
variation at the skip, other favourable response
amplitudes can be expected to occur at times
17,2, 19,4, and 21,6 seconds, etc. On the other
hand, a worst case is clearly evident at approxi-
mately 16 seconds, where the drum acceleration
is applied at the instant the skip is passing
through its highest point in the shaft, or when
the tension variation is passing through a
relative minimum.

The apparent high-frequency modulation of
the wave forms is attributed to the second-order
effects arising from the inclusion of the rotary
inertia of the headsheave and longitudinal stiff-
ness of the catenary in the simulation model. As
a matter of interest, a ramp rise-time charac-
teristic of to equal to 0,2 second leading to a
constant acceleration of 0,75 mIs2 was used in
both Cases (a) and (b). An undesirable rise-time
was deliberately chosen in these cases to simply
highlight the time at which the drum acceleration
was applied.

The Joumal of The South African Institute of Mining and Metallurgy



Stress oscillations in mine cables after the skip-loading and drum-acceleration phases

11. DIMITRIou,C., and

WHIU.IER,A. Vibration in

winding ropes: an

appraisal. johannesburg,

Chamber of Mines of

SOuth Africa, Project

105171, Sep. 1973.

Conclusion

The results from a computer-based simulation
model of a single-drum winding system show
the time lapse between the end of the loading
phase and the beginning of the drum accelera-
tion to have a direct bearing on the amplitude of
subsequent cable stress oscillations. Since the
exact time at which the drum acceleration starts
can be controlled automatically by way of an
electro-mechanical closed-loop duty cycle, there
appears to be some degree of merit in the intro-
duction of a simple electronic tension-sensor
unit to optimize the initiation of the acceleration
phase. Based on a very limited number of avail-
able computer results, the work presented here
suggests that the optimal time to begin the
acceleration phase is when the cable tension
oscillation is passing through a relative maxi-
mum value. As the longitudinal wave speeds are
about 3500 mIs and the fundamental period of a
fully loaded skip about 4 to 5 seconds, the
optimal electro-mechanical response time
required of such a sensor control unit would be
minimal.

Until an analytic solution to the dynamic
conditions existing between the loading phase
and the acceleration phase are presented,
including the interrelationship of the phase angle
of the tension variation leading into and serving
as initial conditions to a prescribed acceleration
profile, the results presented here should be
interpreted in a tentative manner. However,
despite the fact that the present results are based
solely on the observation of two isolated
computer-generated graphical traces, the
existence of a critical time lag has nevertheless
been substantiated. .
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