
4! Valuable m f o i m a t i o n  on the condition of an existing 
shaft after analysis of the measurements taken there.

No known attempt in South Africa had been made to measure 
wheel loads continuously before this project and it was 
important that due consideration was given to the choice 
of measuring equipment in order to obtain usable 
results, especially as it was impracticable if not 
impossible to repeat any of the test measurements.

1.2 Measurements and data storage

All the measurements were taken in shafts under normal 
operating conditions. T^s background investigation 
into the methods of taking and recording measurement 
information was carried out by Krige1 who decided on 
appropriate metnods, consistent with the practical 
constraints and required accuracy.

Continuous measurements of lateral accelerations and 
wheel loads during conveyance operatic.< were taken.
For this purpose load cells were placed in the guide- 
roller assemblies to measure wheel loads and accelero­
meters vere mounted on the conveyance at desired locations. 
The i c e l l s  and accelerometers were connected to a 
fourteen channel tape recorder via suitable amplifers.

Tn.e cape recorder and amplifier with their power supply, 
consisr Lnq uf a set of 12 V D<: catteries were placed in 
a rigid, waterproof and relatively shockproof steel box 
fixed to the conveyance at a suitable location so as not 
to interfere with its normal op- ration. Thus it was 
possible to obtain continuous measurements of the wheel 
toads and Lateral accelerations.



AN EXPERIMENTAL STUDY )F THE DYNAMIC 

LOADING ON MINESHAFT STEELWORK WITH 

PARTICULAR REFERENCE TO FATIGUE LOADING

MIHAIL FOTOPOULOS

A Dissertation submitted to the Faculty of Ena uieerxng, 

University of the Witwatersrand, Johannesburg for rhe 

Degree of Master of Science in Engineering.

JOHANNESBURG, August 1983.



DECLARATION

I, Mihail Fotopoulos, declare that this dissertation 

is my o w n , unaided w o r k . it is being submitted for 

the degree of Master of Science in Engineering in 

the University of the Witwatersrand, Johannesburg.

It has not been submitted before for any degree or 

examination in any other University.

M Fotopoulos



ACKNOWLEDGEMENTS

I wish to express my sincere appreciation to the 

following persons:

To P r o f . A R Kemp for the valuable advice and 

assistance he has given throughout this work.

To Geoff Krige for the practical and analytical 

assistance he has given.

To Jean McClean for competently typing this 

dissertation.



iv

SYNOPSIS

This dissertation describes the site measurement of the 
dynamic loads on the wheels of mineshaft conveyances 
and analysis of these loads from a fatigue point of view. 
The measurement procedure, details of the load cells 
used, calibration details and the recording of data is 
described. Fatigue analysis includes a discussion of 
the various cycle-counting methods and their merits, 
a comparison of the various methods and the development 
of a computer programme for cycle-counting. The 
accuracy of the computer programme is discussed and 
comparisons with the cycle-counting metnods are m a d e .
The experimental measurements are analysed using the 
computer programme and the effect of different variables 
on fatigue loading is discussed. An empirical formula 
which includes the effect of some variables is proposed 
for the design of mineshaft steelwork, components against 
fatigue.
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CHAPTER 1 : GENERAL INTRODUCTION

1 . 1 Introduction

In recent years demands for increased production and 
reduced costs in the mining industry have resulted in 
major changes in the layout and design of modern m m e -  
shafts. These changes include:

(a) Increased depth of mineshaft in order to exploit 
less accessible ore deposits.

(b) Larger capacity mineshafts operating at higher 
hoisting speeds in order to increase productivity.

(c) The introduction of new lightweight materials for 
construction of conveyances.

(d) Larger capacity conveyances.

(e) Attempts to increase the bunton spacing in the 
shaft in order to reduce installation and 
maintenance costs and reduce shaft construction 
and equipping time.

(f) Streamlining bunton profiles to reduce ventilation 
resistance.

While all these changes have been introduced the design 
of the mineshaft steelwork has not changed much over the 
years and is still based on empirical methods which do 
not take into account the dynamic behaviour of the 
system. As a result an increasing number of shafts are

__
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experiencing problems related to dynamic behaviour such 
as high levels of vibration and fatigue damage ‘ . These 
problems accelerate overall deterioration of the shaft 
steelwork, necessitating costly maintenance at more 
frequent intervals and result in production losses of 
the shaft.

Some suggested solutions to particular problems have 
been proposed by mineshafts which in the past experienced 
problems related to dynamic behaviour * • These include 
replacing loosening bolts by bolts with locking nuts, 
rewelding fatigue cracks, replacing cracked parts by 
new, heavier parts and limiting unacceptable vibration 
levels by reducing hoisting speeds. These are all 
short term solutions to the effects of the underlying 
problem of dynamic loads, and in any case can only be 
implemented after the problem area is identified some­
times with adverse effects on shaft production.

It is obvious that a long term solution to the problem 
of dynamic behaviour in mineshafts is required in order 
to prevent the problems arising and as a result extensive 
research has been initiated to study the dynamic response 
of shaft steelwork and conveyances.

1.2 Literature survey

Work published covering research in this field includes 
the following *•

a) Several small studies by individual mines as well 
as investigations into specific areas, such as 
guide irregularities and rigidity, and the stress 
distribution in buntons.



b) A shaft steelwork design code was published by the 
CS1R8 but its recommendations have not found much 
acceptance in practice. It was based on a simplified 
mathematical model which represented a conveyance
as a three dimensional single rigid body symmetrical 
about all three axes with movement in each direction 
being treated separately. This simplified model 
facilitated assessment of the interaction of the 
major variables and areas of possible instability.

c) The most comprehensive work tc d a t e , which led to
the publication of a German Standard on design loads
for hoists and hoist components, was carried out at 
Tremonia, Germany . The work included a full pro­
gramme of tests in a shaft, investigations to 
determine damping coefficients, tests on various types 
of guide wheels, as well as the development of mathe­
matical models to determine natural frequencies, 
stability characteristics and the dynamic loading
on a conveyance.

d) The United States Bureau of mines has commissioned
work which has been carried out at the Colorado
School of Mines'. A computer model, SKIP II, has 
been set up to model conveyance behaviour in three 
dimensions. The conveyance is considered as a 
single body with the guides being simply supported 
between rigid buntons. These two assumptions do 
not represent the real behaviour of the conveyance 
adequately.

1 . 3 Present: Research Project

The object of the present research project was to 
investigate the dynamic behaviour of conveyances in 
steel-equipped shafts. The project was led by
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Mr. G Krige, a PhD student, and the project team con­
sisted of himself and two MGc students, Mr. B Alport and 
Mr. M Fotopoulos who later joined the project team.
The whole project was initiated by Professor A R Kemp 
and was carried out under his supervision.

The plan of research that was adopted is shown in Figure 
1.1.

A major part of the work was carried out by Krige3 , who 
amongst other things, was responsible for interviewing 
the relevant people in the mining industry, developing 
the theoretical computer model of the conveyance, in­
vestigating suitable methods of conducting the experimental 
measurements and purchasing and setting up the equipment 
required for the experimental measurements and analysis.

1.4 Theoretical model of shaft conveyance

The theoretical model DISCS (Dynamic Interaction of 
Shaft Conveyance Systems) that was set up by Krige3 
is shown in Figure 1.2.

The main features of this model are the following:

a) Dynamic behaviour: in one plane only (the plane of 
the guides) is considered.

b) The conveyance is modelled as three rigid bodies 
corresponding to the top transom, the body of the 
conveyance and the bottom transom.

c) Only four degrees of freedom are considered, these 
being horizontal translation of each rigid body and 
rotation of each mass about its centre of gravity, 
which is the same for all three masses as the bridle 
was considered to be inextensible.
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M ass 2

Fixed Lateral  
Soring Stiffness! Each mass can move laterally 

independently and rotate.

The values W are set by 
guide position, preload, etc

. .

d) The hoisting cable and all vertical motion and 
weight are ignored.

e) Dynamic excitation of the shaft steelwork is ignored 
but the altering flexibility of the guide is allowed 
for in conjunction with the guide-wneel flexibility.

f) Guide misalignment and mismatch is included in the 
model.



1 .5 Experimental measurements

These measurements were essential to verify the pre­
dictions of the theoretical m o d e l . In order to describe 
dynamic behaviour, measurements of the wheel loads and 
accelerations of the three rigid bodies were required.
The experimental programme was conducted by Krige and 
Fotopoulos and the measurements taken are shown 
schematically in Figure 1.3 _nd described in more 
detail in Chapter 2.

- C

I N D I C A T E S  W H E E L  L O A D  
M E A S U R E M E N T

I N D I C A T E S  AN A C C E L E R A T I O N  M E A S U R E M E N T

F I7 J P Z  l . c  ; 3C H £y.AT::' LAYOUT F MEAJUREUZ.'ITS ''1 CC’IVZYAXCES

1.6 Writer's involvement in the research project

This involvement covered the following aspects of the 
project:

a) Testing and calibration of the load cells used
for measuring the wheel 1 ids, both in the laboratory 
and on site.

b) Assisting in the experimental measurements in the 
various mineshafts.



c) Development of procedures for the analysis of the 
wheel loads from a fatigue point of view and 
application of these procedures to measurements 
in shafts.

This dissertation covers the following aspects of the 
project:

a) loads in the shafts.

b) The fatigue loading on mineshaft structural 
components.



CHAPTER 2 : SITE MEASUREMENT OF WHEEL LOADS

2.1 Introduction

From the outset of this research project it was accepted 
that the experimental measurements on site would form, 
perhaps, the greater part of the project. Having 
decided this, it was obvious that the measurement 
programme would have to be quite extensive and include 
as far as possible all the variables affecting the 
dynamic behaviour of mineshaft steelwork. Continuous 
records of the contact loads between the wheels of the 
guide-roller assemblies and the guides were essential 
if dynamic behaviour was to be described. In addition 
to giving an indication of the applicability of tha 
theoretical computer model DISCS in predicting dynamic 
behaviour, these records could also be used to yield 
valuable information on the following aspects of mine­
shaf t behaviour:

1) An indication of the validity of the empirical 
design rules presently used for the design of 
mineshaft steelwork.

2) Information on the effect of different variables 
v i z . conveyance mass, hoisting speed, bunton 
spacing, etc., on the overall behaviour of mine­
shaf t steelwork.

3) Information regarding the fatigue loading spectrum 
on the conveyance and various other components in 
the mineshaft.



:'n- • •• )f a v m  'a.i. nu difference in behaviour
■f-1 uf- iew inn 'he j Id wheels.

itm- -iame -a. ,bi it >" onsrani applies to all four
iao ’ e . l .

I? ada i; ion it was round after obtaining the 
alationshi|. oetween the load in the cell and the 
-(• it.aqe )utput T o n  he strain gauges, in a direct 
compression teyr m  rhe cells alone, that the force 

•ne adjusting screw can oe obtained from the 
/nee. -ad ov considering equilibrium conditions 
inn ceu act .nc friction in the bearing.

'• ft k " • nest T.dmgs it was reasonable to assume a 
t!ieai = lac lonshii. e tween wheel load and output 
v r aut -spec lax i as -:h :.s simplified calibration of
-»v- ary i id load tons .derably.

Ti- jest straight .n lot representing this relation- 
m  li- s m e  with :i slope of 0,026V/kN. All calibration 
■—■s' readings .ie within 1,5 standard deviations away 

"ti • h is int i giving a confidence limit of over 95%) . 
r i r hi- coeffi ent if vai i at ion at all load levels is 
. rjvs. • nai , ' .

?or the -yt colt type tension load cells (Figure 2.10) 
-he r e ■at i onshiv oetween load and voltage output was 
, ' T V  <N ind ir the socket type load cells 0,022V/KN.

SiLe calibration or load cells

'hr va:- t st it j : -al ibration conducted on site. It
•.a arriHi >ut as t heck calibration in order to 
• iif-. Hid 11; i that local conditions in a mine shaft 
i t ii * ier wh"' 1 L ad measurement and that



After completion of the me a su rente ach mine shaft
analysis was carried out. The tape containing the 
recorded information was replayed in the tape recorder 
this time connected to an Anologue-Digital converter 
and a POP 11/23 computer at the University. The signa t h 
were sampled an d , after calibration, data files wer 
created containing the relevant information, read •
analysis.

2.3 Measurement of the wheel loads

Measurement of the wheel loads formed . -
of the experimental programme and war :h -ved .. i.:; -
ducing load cells at convenient location trv rut. -
roller assemblies, and connecting these ad il
the tape recorder. As the measurement: . -n -onuu *t
in busy production shafts there were some tact lea 
considerations placed on the measuremeni Tramir
whole and on the load cells in particular.

The first constraint related to the time required a 
attach and remove the instrumentation from the conveyance 
after testing. This time had to be kept to a minimum 
as the time available for the whole test was severely 
limited because of production considerations tv the 
respective mines. This meant that the load ce i oar 
to have the feature of easy installation ind subseu-; 
removal.

The second consideration related t< th<- >. .
the instrumentation as it had to ope rat : o; .
severe vibrational and enviro nta
shaft. It is clear that in add it : t

tion being robust, attachment w< ■■: . n . • •
the instrumentation did not • sm
operation.
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Other considerations related to the fact that the shafts 
where testing was done were far from the University.
This necessitated thorough research into the conveyance 
arrangement beforehand as it was imperative that each 
test was successfully conducted without repetition.
In addition because the life of the batteries forming 
the power supply was only about three h o u r s , testing 
time had to be limited to about one and one half hours, 
allowing for installation, site calibration and other 
time consumirg factors.

2.4 Conveyance arrangement in the shaft

A brief description of the conveyance arrangement in 
the shaft is included here in order to place the 
following discussion into perspective. This arrangement 
is shown schematically in Figure 2.1.

The guide-roller assemblies are used to maintain the 
alignment of the conveyance during operation. Each 
guide-roller assembly consists of three rubber lined 
guide wheels which are so l o c  . as to limit movement 
of the conveyance in the hor untal plane at the wheel 
location. There are four guide roller assemblies in 
each conveyance, located as shown in Figure 2.1. The 
guides run the whole length of the shaft and are supported 
at regular intervals by transverse supports known as 
buntons which are in turn supported on the shaft walls.

The whole arrangement is obviously three-dimensional, 
but in this project the simplifying assumption was made 
that vibrations in the plane c t h e  guides were of 
greater significance and out-of-plane vibrations were 
ignored, although they were monitored in some mineshafts 
during the tests for verification of the original 
assumptions and later comparisons.
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2.5 Guide-rollgr assemblies

The guide-roller assemblies used in shafts where 
measurements were taken were generally of two types. 
The one type was the 1 Patent Products' guide frame 
assembly, details of which are shown in Figures 7 . 2  to
2.4.

The other type was the 1S K F ' guide roller assembly, 
details of which are shown in tgures 2.5 to 2.7.

The basic difference between the two types was the
location of the buffer and the adjusting screw. In
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2.5 Guide-roller assemblies

The guide-roller assemblies used in shafts where 
measurements were taken were generally of two types. 
The one type was the 'Patent Products' guide frame 
assembly, details of which are shown in Figures 2.2 to
2.4.

The other type was the 'S K F ' guide roller assembly, 
details of which are shown in . igures 2.5 to 2.7.

The basic difference between the two types was the
location of the buffer and the adjusting screw. In
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this uroqramm s applied to the short records in 
jure J .1, it will either count the small ranges in 

. jure 3.1a/ or the large range in Figure 3.1b, but not 
h. rhus if tne small ranges are damaging a situation 

-s ts where in either case fatigue-loading will be 
.nderest imated.

As the large ranges are responsible for a major part of 
atigue damage it is viral that they are counted 

in. -omputer programme. Unfortunately this com- 
.. ares the programme immensely especially where minor 
jrsals accur tn the load record.

A- -..nis point a discussion of the various cycle counting 
-echniques and their merits is appropriate in order to 
naicate -.n< background research into the computer 
rogramme.

Cycle counting techniques

Lx ..ell-Known cycle counting techniques are briefly 
.mmarized in Table 3.1, while the more accurate 

' c h m q u e s  are described subsequently. In general it 
> oe said that the accuracy of the fatigue loading 

-.p- c- rum is directly proportional to the degree of 
difficulty experienced in the cycle-counting technique.
- wever, as long as the cycles corresponding to the 
ah load ranges are counted satisfactorily increased 

a curacy of the fatigue loading spectrum is often 
mnecessary as the low load ranges are responsible for 
•t /ery small part of the total fatigue damage. It is 
•or this reason that some the cycle counting techniques 
iescnbed in Table 3.1 are used although the load 
4p e r .rum obtained by using them is not very accurate.
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However enough measurements of wheel load were obtained 
to provide useful information on the behaviour of m m e -  
shaft steelwork.

2.7 Load Cells for 'Patent Products' guide wheels

2.7a Ad:usting screw cype load cell

A suitable method of introducing a load cell in this 
guide assembly was founu to be by making up load ceils 
in the form of the adjusting screw shown in Figure 2.4 
and then us ; this load cell to replace the adjusting 
screw duri*- : +-.e test measurements.

u

F I R I N G
C O N N E C T E D  '"  I -1

F-i—

' D1A '301 
HREADE-
M O W N

. N OF BOLT THRO .VHICH wirin; 
.v'j PAscEC

ROOT OF BOLT ■EDUCED IN :" ACC0MM0DA:
'"CAIN CAMG'

.



The load cell is shown in Figure 2.8. The root of the 
bolt was reduced in diameter and strain gauges were 
fixed onto this part. A hole was drilled through the 
centre of the bolt and the wiring from the strain gauges 
was taken through this hole into a plug as shown. Afte 
fixing the strain gauges unto the bolt and wiring, & 
durable glue was placed over the strain gauges in order 
to prevent damage to them during use in the mineshaft.

The main limitation with this type of load cell was 
that it could only be used in guide roller assemblies 
where the adjusting screw was 1" in diameter. This was 
not always the case and in some cases the adjusting 
screw was 25 mm in diameter while in others 20 mm.
Also in using this load cell difficulties were en­
countered with removing the adjusting screw and then 
again when installing and removing the load cell.
Because of the above problems, use of this type of load 
cell was very limited.

2 .7b Socket type load cell

This load cell was designed for the 1 Patent Products' 
guide wheels in order to overcome the problems ex­
perienced with the adjusting screw replacement load 
cell. It is shown in Figure 2.9 and it was designed 
to be inserted between the adjusting screw point and 
the buffer (see Figure 2.4).

Again the strain gauges were covered with glue to 
prevent damage to them during use of the load cell.
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It was intended that these load cells would be used for 
all diameters of adjusting screw and, while this problem 
was solved, another was created, and that w a s , that because 
of its size it was not oossible to insert the load cell 
between the adjusting screw and the buffer in some c a ses.
On another occasion the load cell fell out when vibration 
of the conveyance reached a high level.

2.8 Load cell for 'SKF' guide wheels

The load cell used for this assembly was again in the 
form of the adjusting screw, referred to as an eye bolt 
in this application and shown on Figure 2.6 part No. 8.
It is illustrated in Figure 2.10.

The strain gauges were again protected from damage by a 
glue. These load cells were used twice only and in 
one mode.i. of the SKF guide assembly installation was 
quite simple while on another model installation was 
very laborious.
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It was intended that these load cells would be used for 
aix diameters of ad]usting screw and, while this problem 
was solved, another was created, and that was, that because 
of its size it was not possible to insert the load cell 
between the adjusting screw and the buffer in some cases.
On another occasion the load cell fell out when vibration 
of the conveyance reached a high level.

2.8 Load cell for 'SKF1 guide wheels

The load cell used for this assembly was again in the 
form of the adjusting screw, referred to as an eye bolt 
in this application and shown on Figure 2.6 part No. 8.
It is illustrated in F i g u r e  2.10.

The strain gauges were again protected from damage by a 
glue. These load cells were used twice only and in 
one model of the SKF guide assembly installation was 
quite simple while on another model installation was 
very laborious.
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2. 9 Calibration of •r.he load cells

Calibration was necessary in order to relate the output
voltage from the strain gauges to the wheel load.
A number of factors had to be considered when deciding
on how the calibration should be carried out.

These were the following:

a) The load to be measured was dynamic and it was 
necessary to ascertain that the strain gauges 
exhibited the same behaviour under dynamic loading 
as under static loading.

b) The condition of the guide-roller assembly could 
influence the results as it was possible that an 
old assembly could behave differently from a new 
o n e .

■raanKSHSi
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2.9 Calibration of the load cells

Calibration was n e c e s s a r y  in order to relate the output 
voltage from the strain gauges to the wheel load.
A number of factors had to be considered when deciding 
on how the calibration should be carried out.

T h e s e  were the following:

a) The load to be measured was dynamic and it was 
necessary to ascertain that the strain gauges 
exhibited the same behaviour under dynamic loading 
as under static loading.

b) The condition of the guide-roller assembly could 
influence the results as it was possible that an 
old assembly could behave differently from a  new 
o n e .
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2 .9 Calibration of the load cells

Calibration was necessary in order to relate the output
voltage from the strain gauges to the wheel load.
A number of factors had to be considered wh^ i deciding
on how the calibration should be carried out.

These were the following:

a) The load to be measured was dynamic and it was 
necessary to ascertain that the strain gauges 
exhibited the same behaviour under dynamic loading 
as under static loading.

b) The condition of the guide-roller assembly could 
influence the results as it was possible that an 
old assembly could behave differently from a new



c ) The question whether laboratory calibration could 
be viewed as representative of conditions on site.

After consideration of the above factors it was decided 
that the following calibration procedure would enable 
these three effects to be assessed:

a) Static calibration tests were carried out in the 
laboratory using a new and an old guide-roller 
assembly.

b) A dynamic calibration test was carried out in the 
laboratory using one of the load cells.

c) Static calibrations were carried out on site in 
certain shafts.

As it became obvious that calibration for a load cell 
in a certain guide roller assembly was similar under 
all conditions the dynamic and site calibration were 
dispensed with after a w h ile.

2.10 Static calibration tests

For the purpose of these calibrations a new and an old 
1 Patent Products' guide roller assembly were u s e d . The 
calibrations were carried out on four different load 
cells of the adjusting screw type (Figure 2.8) and the 
results obtained are shown in graph form in Figures
2.11 to 2.14. The following important observations 
can be made from these graphs:

a) The relationship between the wheel load and the
voltage output from the strain gauges is practically 
linear.
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b) There is practically no difference in behaviour 
between the new and the old wheels.

c) The same calibration con tant applies to all four 
load cells.

d) In addition it was found after obtaining the 
relationship between the load in the cell and the 
voltage output from the strain gauges, in a direct 
compression test on the cells alone, that the force 
in the adjusting screw can be obtained from the 
wheel load by considering equilibrium conditions 
and neglecting friction in the bearing.

After these findings it was reasonable to assume a 
linear relationship between wheel load and output 
voltage especially as this simplified calibration o^ 
the varying load considerably.

The best straight line plot representing this relation­
ship is one with a slope of 0,026V/kN. All calibration 
test readings lie within 1,5 standard deviations away 
from this line (giving a confidence limit of over 95%) . 
and the coefficient of variation at all load levels is 
less than 0,1.

For the eye bolt type tension load cells (Figure 2.10) 
the relationship between load and voltage output was 
0,021V/kN and for the socket type load cells 0,022V/kN.

2.11 Site calibration of load ce l l s

This was a static calibration conducted on site. It 
was carried out as a check calibration in order to 
verify mainly that local conditions in a mineshaft 
did not influence wheel load measurement and that



laboratory 'alibrati in ,'ould be use i : )r obta ..nine the 
wheel load.

It was conducted using a plate especially made ap ir 
the laboratory for this purpose. The plate, shown s.r 
Figure 2.15 was 350 mm long x 100 mm wide x 10 nm tnick 
Two half rounds were bolted to it as shown in the rigur 
leaving a gap of 7,5 nun between the soffit >t tne , * r  

and the surface it was placed on. /then ..oaae 
a guide wheel at its midspan a load :>f *, u-J . 
required to reduce the gap to 2,5 mm U  . .
of the plate at its midspan is 5 mm) . Tk ;
were still in the elastic rang* it tk i s  s •. u .

FIGURE 2 . I t  : .

On site this plate was inserted vertically petween tn, 
guide wheel and the guide, such that the 'entr<. ' im- 
the plate lined up with the centreline of the guide 
wheel, after the load cell had been installed in he 
guide-roiler assembly. The preload on the wheel vd- 
increased until the deflection of this plate was nm 
(i.e. gap between soffit of plate and guide was 2 , :nn 
corresponding to an applied load oi , "> k N ) . I’h<-
output voltage from the strain gauges un the 1 i: ■ 1
was recorded after which the plate was rem*

10

7, 5
25 , 300

a lf



Although this calibration involved quite a simple 
procedure it was very awkward to carry out in most of 
the mineshafts. The main reasons for this were, 
firstly, because it was time consuming especially when 
applied on all four guide wheels and secondly because 
of installation considerations when the calibration 
plate could not be fitted between the guide and guide 
wheel, or, when fitted, could not be loaded through the 
guide wheel because of insufficient length of the ad­
justing screw in the guide-roller assembly.

However, it was discovered relatively early, after a few 
site calibrations, that local conditions in a mineshaft 
did not affect load measurement, as the recorded load was 
similar to the expected load. Calibration relationships 
obtained from the site calibrations for the socket type 
load cell were in the range between 0,0228 - 0,0235 V./kN 
which is within 7% of the calibration constant of 
0,022 V/kN established in the laboratory. As a result 
the site calibration procedure was discontinued after 
the earlier tests were completed.

2.12 Dynamic calibration

After it was established that static calibration of the 
load cells was constant under all static conditions it 
was necessary to carry out a dynamic calibration since 
the loads measured by the load cells were always dynamic 
in nature. The strain ga.jes in the load cells were 
not prone to dynamic excitation and thus it was unlikely 
that tne load cells would exhibit different dynamic 
calibrations but this had to be verified experimentally.

The only machine available in the laboratory for this 
purpose was a fatiguemeter which was not actually ideal 
for this type of calibration. Nevertneless this
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machine was used and the calibration procedure was 
carried out by inserting a socket type load cell in a 
'Patent Products' guide roller assembly which was placed 
in a suitable frame and loaded by the fatiguemeter.
Tests at two loading levels were carried out which 
approximately represented the limits of the machine.
The first loading arrangement was a sinusoidal load of 
frequency 0,7hz and amplitude of 9 kN (range from 4,5 kN 
to 13,5 k N ) . The second loading arrangement was also 
a sinuisoidal load of frequency 1,85 hz and amplitude 
4 kN (range 4,5 kN to 8,5 k N ) .

The output obtained from the load cell is shown in 
Figures 2.16 and 2.17.

+00"IME (eecs)
FIGURE 2.16 : Dy". / zaZ »-2t< .-n , : t  o f  y hz

and m p l ' z u d e  o f  9 '*■'<
App l ied  load f  ' i c t - i a i j s kN)

10,0 •»

,  aa/.a/vvw ’̂ ' ^ v
3 TIME (secs)

. i m z r d  a I ' b t v  t - ' o r  : f y  ■ rueK.vi c f  1 ,S5  ka
e v d  Tvrd  ) t u d ' ’ 7 <.V~
( A p p l i e d  le a d  f l u c t u a t e s  A , S - i , 5 kN)
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The plots shown in Figures 2.16 and 2.17 yield the 
following calibration relationships:

Frequency
0,7 hz (Figure 2.16)

Calibration constant

1,85 hz (Figure 2.17)

0,0205 Volt/kN 

0,017 Volt/kN

The results do not appear to be very successful at first
glance but the following commants are appropriate h e r e :

a) The minor reversals in the rising portion of the load
cycle are probably due to the forward and reverse
action of the ram in the hydraulic jack when building
up pressure.

b) For the 0,7 hz test the relationship of 0,0205 Volt/kN 
agrees reasonably with the one obtained for the 
static calibration test (0,021 Volt/kN). However 
for the 1.85 hz test this is not the case. The
main reason for this could be that because of the 
high frequency there is overlap between the falling 
and the rising portions of the load cycle in the 
fatiguemeter preventing the execution of complete 
cycles as indicated by the dottf lines in Figure 
2.17. This view is supported firstly by the fact 
that there is a prolonged level portion at the low 
load level (which is very much less evident in 
Figure 2.16) and secondly because the low load level 
of 4,5 kN (which is identical in Figure 2.16 and 
Figure 2.17) does not plot at the same point on the 
vertical a x i s .

c) If it is assumed that the complete cycle is as shown 
by the dotted lines in Figure 2.17 with the 4,5 kN 
plotted at the same point on the vertical axis as for
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Figure 2.16 then the relationship between the 
voltage output level and wheel load is 0,0215 Volt/kN 
which is again similar to the static calibration 
relationship.

On the above basis it may be assumed that the static and 
dynamic calibrations of the load cells do not differ 
significantly although it must be acknowledged that the 
dynamic calibrations did not cover the range or signi­
ficant frequencies measured in the actual shafts.

2.13 Performance of the load cells

Measurement of the guide-wheel loads was a fairly com­
plicated and time-consuming procedure even when carried 
out under the most favourable conditions. Unfortunately 
as it turned out conditions for measuring the wheel 
loads were not always favourable. There were various 
reasons for this, the most important being the fact that 
just about every shaft used its own version of a standard 
guide roller assembly which made installation of the load 
cells intended for the standard assemblies extremely 
difficult if not in some cases impossible. This problem 
was compounded by the great distances travelled between 
the University and the various mineshafts and the time 
available for measurements. This meant that firstly 
it was almost impossible to carry out thorough research 
into the conditions pertaining at the shaft. Secondly 
there was no room for trials (and subsequent modification) 
and, as a result, if last minute problems were encountered, 
they could often not be solved on site and the tests 
proceeded without measurement of all the wheel loads 
rather th^.i be aborted altogether.

Another problem which was encountered in a few mine­
shafts was that installation of certain load cells



interfered with the proper operation of the conveyance 
and as a result they had to be removed.

Nevertheless despite these setbacks the measurement 
programme was reasonably successful as wheel load r cords 
were obtained from eight different shafts and record, 
of lateral accelerations which formed part of the 
measurement programme were obtained from all the shafts. 
The load cells performed satisfactorily presenting no 
problems and yielding continuous records of wheel loads 
which provided valuable information on the dynamic 
behaviour of the shaft steelwork.

Figure 2.18 shows part of a record of a wheel load
obtained from President Steyn Number 4 shaft (1OT skip hoisting
at 15,2 m / s ) .

♦10 +'l ft! *11 i , +12
TIME (.me)

 Vi _■

1QT skip hoisting at IS m / a

2.14 Analysis of measur d wheel loadr

The measured wheel load data were subje .ed to various 
types of analysis in order to assess the results pro­
perly and draw conclusions from them. The following 
work has been carried out, and is reported by Krige1 .
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a) A probability analysis was performed on the 
maximum wheel load per bunton interval and the 
expected maximum whe *>\ load with a 99,9% probability 
of non-exceedence and expected maximum wheel load
in one week of operation were found. Values 
differed over various shafts but in all cases the 
one-week maximum load was at least 35% below the 
value o f W / 1  ̂ (W =weight of conveyance plus payload 
if a n y ) .

b) A spectral analysis was carried out on the data to 
obtain frequency characteristics and phase in­
formation. Krige3 found that the significant 
frequencies were of two types. The first type, 
below 5 h z , were not velocity dependent and were 
probably the natural frequencies of the conveyance. 
The second type of frequencies were proportional
to the velocity, and the major frequency in this 
group was that of revolution of the guide wheels, 
while the frequency of passing buntons was not 
evident in most cases.

In addition fatigue analysis of the wheel loads was 
carried out and is described in Chapter 4 of this 
dissertation.

Krige3 has concluded the following from his analysis:

a) The current design load of w / 10 should be 
maintained.

b) In general there wcs no significant difference 
between the wheel loads on conveyances travelling 
up or down.
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c) There was also no significant difference between 
wheel leads on empty or fully loaded conveyances.

d) In general on skips the bottom wheel loads are 
higher than the top wheel loads.

e) High preloads did i.vt reduce the level of vibration 
but had the effect of increasing the predicted 
wheel loads.

f ) The variation of the wheel load with hoisting 
velocity can be represented by:

WHEEL LOAD = j Q x -

Where W = Weight of conveyance when fully loaded 
V * hoisting velocity
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CHAPTER 3 : FATIGUE ANALYSIS

3, 1 Introduction

The aim of this part of the project was to obtain 
fatigue-loading spectra from the records of wheel load 
measurement, both theoretical and experimental, which 
spectra could be used as design criteria for the 
fatigue analysis of shaft steelwork and in addition 
to compare the loading spectra predicted theoretically 
by the DISCS model to those obtained from the experi­
mental measurements.

One of the important developments of this project was 
that continuous records of the wheel loads were obtained 
under operating conditions of the shaft and this meant 
that information could be gained regarding the real 
fatigue loading spectrum applied at the guide wheels 
of the onveyance.

As yet it appears that there is no universally accepted 
method of deriving the fatigue loading spectrum from a 
load record of a random nature. Various methods10 are 
used which can be broadly grouped into two categories. 
The first category comprises the statistical methods 
which have recently been developed10 for deriving the 
fatigue loading spectrum from the power spectrum of the 
load record. These methe is are applicable only when 
the random load can be described by statistical para­
meters and at present have only been developed for cases 
in which the random load can be described by a normal 
distribution. These methods are rather complex in­
volving the evaluation of statistical parameters and



the results obtained by using them are not very accurate 
at present.

The second category comprises the cycle-counting methods 
which have been used most commonly up to now for con­
ventional fatigue applications. There are several cycle 
counting techniques that can be used for obtaining the 
fatigue loading spectrum from a load record but in 
general the methods that are easy to apply have serious 
shortcomings which cause an innaccurate assessment of the 
fatigue damage, while cycle-counting techniques which give 
an accurate assessment of the fatigue loading spectrum 
are quite cumbersome to apply, especially where long 
records are involved.

In this project it appears that the wheel load is not 
random, being influenced by the bunton spacing and 
rotating frequency of the wheels making the statistical 
methods almost non-applicable. In addition when con­
sidering the inaccuracies associated with che statistical 
methods it was clear at this stage that a method in­
volving an appropriate cycle counting technique was most 
suitable for deriving the fatigue loading spectrum from 
the wheel load records.

3.2 Derivation of the fatiaue loading spectra from 
the Load records

Having decided that this was to be carried out using a 
cycle-counting technique it was further necessary to 
develop a computer programme for this purpose. The 
reasons for this were twofold: firstly the load records 
were available on tape and secondly the records were 
quite long making manual derivation of the fatigue 
loading spectrum almost impossible.

A literature survey showed that very limited information



was available on this subject mainly because compre­
hensive records of continuous load measurement were not 
easily obtainable. However one computer programme 
that became available had a serious flaw which is 
immediately apparent when the two load records in 
Figure 3.1 are examined.

I A
o  (1

(a) (b)
: : ' ‘ ' ■  ̂ : 1

VT'car-zme

This particular programme operated in the following
manner:

a) The maximum and minimum peaks in the record were 
found by locating all points of slope reversal.

b) The load range in each case was taken as the greater 
of the two values found by subtracting the maximum 
peak value from the adjacent minimum peak values or 
vice versa in a manner analogous to the range cycle- 
counting method described subsequently.

c) A minimum value of the range was required by the 
programme, and ranges below this minimum value were 
not counted as cycles , and the peaks corresponding 
to these ranges were disregarded. The intention 
here was to exclude ranges which were below the 
fatigue limit of the material thus ignoring minor 
reversals n the record which have the effect of 
breaking down the large ranges.
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3 . 4 Range-pair counting method11

In the range-pair counting method the large load ranges 
as well as the small reversals superimposed on them are 
counted as cycles. A range is counted as a cycle if it 
can be paired with a subsequent loading of equal magni­
tude in the opposite direction.

The method is illustrated in Figure 3.2. The counted 
ranges are indicated by solid lines and the corresponding 
paired ranges with dashed lines. Each peak is con­
sidered in order as the initial peak of the range, except 
that a peak is skipped if the part of the history 
following it has already been paired with a previously 
counted range. If the initial peak of a range is a 
minimum, a cycle is counted between this minimum and 
the greatest maximum which occurs before the load reaches 
a value which is less than the initial peak of the range. 
For example in Figure 3.2 a cycle is runted between 
peak 1 and peak 8 , peak 8 being the greatest maximum 
before the load reaches a value less than peak 1. If 
the initial peak of the range is a maximum, a cycle is 
counted between this maximum and the least minimum 
o c c u r m g  before the load reaches a value which is greater 
than the initial peak of the range. For example in 
Figure 3.2 a cycle is counted between peak 14 and peak 
15, peak 15 being the least minimum before the load 
becomes greater than peak 14.

Each range that is counted is paired with the subsequent 
loading of equal magnitude in the opposite direction as 
shown in Figure 3.2 where part of the range between peaks 
18 and 25 is paired with the range counted between peaks



FIZURE 3.1 : zxrr'r I _ cf range-mir cycle counting method

3 . 5 Rainflow cycle-counting method 11

This method was recently developed in Japan and corre 
ponds to the cyclic stress-strain response of the 
material. It is illustrated in Figure 3.3. The 
record is plotted with the time axis vertically 
downward and the lines connectina the load peaks are 
imagined to be a series of pogoda roofs.
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Rainflow begins successively at the inside of each peak 
and is allowed to drip down the roofs subject to the 
following rules:

a) The rainflow initiating at each peak is allowed to 
drip down and continue except that if it initiates 
at a minimum it must stop when it comes opposite a 
minimum peak which is lesser in value than the peak 
from which it initiated. For example in Figure
3.3 rainflow initiating at peak 1 stops when it 
comes opposite peak 9 (peak 9 being the minimum 
peak with a value less than peak 1). If 
rainflow initiates at a maximum peak it must stop 
when it comes opposite a peak which has a greater 
value than the peak from which rainflow initiated.

I



In Figure 3.3 ra inflow initiating at peak 14 stops 
when it comes opposite peak IS.

b) Rainflow also st'ps if it meets the rain from the 
roof above. F>r sample in Figure 3.3 rainflow 
initiating at peak 3 stops beneath peak 2.

When the procedure is applied to the whole record a 
half cycle is courted between the greatest maximum and 
the least minimum in the record. Additional half 
cycles are defined as follows: If the greatest maxi­
mum occurs first in the record additional half cycles 
are counted between this maximum and the least minimum 
before it is the record, between this minimum and the 
greatest maximum previous to it in the load history 
and so on to the beginning of the record. After the 
least minimum half cycles are counted which terminate 
at the greatest maximum o c c u r m g  subsequently in the 
history, the least minimum occuring after this maximum 
and so on to the end 3f the record. If the least
minimum occurs first in the record the procedure is 
reversed.

All the other ranges are counted as interruptions of 
these half cycles, or as interuptions of the interru­
ptions , etc., and will always occur in pairs of equal 
magnitude to form full cycles.

Referring to Figure 3.3 half cycles and cycles are 
counted as follows:



Cycles 
Peak 2-3 

4-5 
6-7 
9-10 

1 1 - 1 2

13-18
14-15 
16-17 
19-20 
2 1 - 2 2  

23-24 
27-28 
29-30

The method corresponds to the cyclic stress strain 
response of the material in that all ranges counted as 
cycles will form closed stress-strain hysteresis loops 
whereas half cycles will n o t .

3 .6 The Reservoir method^ of cycle counting

This method is given in BS 5400 and is intended for 
short records only, such as the record caused by the 
passage of a vehicle over a bridge. It considers the 
record as the cross section of an imaginary reservoir 
which is filled up to the highest peak in the record. 
Starting from the lowest point the reservoir is then 
drained from each low point successively, counting one 
cycle for each draining operation, with the corresponding 
range being the height of the water column drained each 
time. The method is illustrated in Figure 3.4.

Half cycles 
Peak 8-25 

8 - 1

25-26
26-31 
31-32
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I m a g i n a r y  re s e r v o i r

Shaded areas  a re  t hose  
p a r t s  of  t he  r ese r vo i r  
wh i c h  s u c c e s s i v e l y  
become e mp t y

    ■

3.7 Discussion of cycle-counting methods

It is instructive to compare the various cycle counting 
methods on the basis of the results obtained by applying 
each one to a short record. The record is shown in 
Figure 3.5 and the results obtained are tabulated in 
Table 3.2.

It must be pointed out here that the greatest flaws of 
some of these methods are highlighted by particular 
properties of the dynamic record in each case and it is 
not possible to include for all these defects in the 
short record of Figure 3.5. However for the Range-pair 
and the Rainflow methods no record can be devised where 
unreasonable results are obtained.
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LOAD
(kN)

12

10

8

mean
6

4

2
0 t

F I J U R E 3.5 : Record xj; /jr comparr,r.g the various jaunting 
Tgthods~

In Table 3.2 most of the methods do not allow for the 
counting of half cycles. However these were included, 
to make comparisons compatible, on the basis that if the 
record was repeated the half cycles would then combine 
to form full cycles.

The last row of Table 3.  ̂ expresses the equivalent 
cycles at a range of 2 kN which would cause the same 
fatigue damage (if all the ranges were damaging) as 
would be caused, by the application of the ranges in 
each column, for welded details of Class D-W (as defined 
in ref. 13). The method for deriving this is described 
in Chapter 4.
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An examination of Table 3.2 shows up the differences 
between the various counting methods. Assuming that 
the best results are obtained from the Rainflow method 
it is clear that while the Range and Range Mean methods 
yield results that are not conservative (because the 
large ranges are broken down and counted as a series of 
smaller ones), the Peak and Fatiguemeter methods yield 
results which are unduly conservative. In the case of 
the Peak method it is obvious that the underlying 
principle that uli peaks are variations about the 
mean is unreasonable in this case. The Fatiguemeter 
method is sensitive to the preset load level specified, 
which the load must cross in the opposite direction, 
before a count is m a d e , and while in this case this 
and the level crossing method give conservative results 
there are situations where the results are not 
conservativeu . The mean crossing peak method is un­
reliable in most situations. The Reservoir method 
yields reasonable results on the conservative side.

The factors relating to the fatigue loading spectrum 
which affect fatigue behaviour appear to be the 
following:

a) Load Range - As the high load ranges are in most 
cases responsible for fatigue crack initiation and 
subsequent damage it is important that they are 
counted accurately with due account being taken of 
the effect of the minor load reversals superimposed 
on the large load ranges.

b) The sequence in which load ranges occur. The 
reason for this is that there are two stages in
the fatigue life of a material. The first stage in­
volves initiation of the fatigue crack with the second



stage constituting the fatigue life taken for the 
crack to grow and reach critical proportions.
Clearly high load ranges which occur before crack 
initiation have a different effect to the same 
ranges occurring after the crack has initiated.
In addition load ranges which are below the fatigue 
limit of the material start to cause damage when 
the fatigue crack reaches certain proportions.
Sequence effects are important in situations such 
as fatigue testing where a large number of cycles 
of a low range are first applied, followed by the 
application of h.igh range cycles, or vice versa, 
until failure occurs. However as far as this pro­
ject is concerned the ranges occur in an approxi­
mately random manner and ignoring sequence effects 
will not have a pronounced effect on the results.

c) Position of the loac range with respect to mean 
load - In records where large mean loads are pre­
sent the fatigue life cannot be adequately predicted 
without considering the effect of the mean load. 
Tensile mean loads shorten the fatigue life while 
compressive mean loads prolong it. This is a 
difficult factor to allow for particularly in 
complicated records and it is not taken into 
account in most design codes.

In most of the cycle-counting methods discussed pre­
viously not one of the above three factors is monitored 
accurately with the result that fatigue life predictions 
become rather unreliable. Where fatigue loading is 
the result of a number o short records applied repeatedly 
it is possible to examine the records manually and make 
allowance for the above factors but where long records 
are involved this task becomes extremely laborious.
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'..uuL .. Le counting* » I ■' I ■ — ■■■ I ■ — —

Phi- i r(,( r:g\ ic bowed that fatigue life
preaK'txonsi irt i.ather tentative but ao far as this 
research project was concerned a computer programme 
was required to obtain the fatigue loading spectrum 
from -pe records of wheel load measurement which were 
roc Long to handle manually. This programme could
nave taken a general form in order to cater for all 
cases of fatigue loading but the degree of complexity 
required in order to achieve this was not. justified at 
this stage. Therefore, it was decided to produce a 
programme, with the specific purpose of analysing the 
results of the research project, both theoretical and 
experimental, which would operate with a reasonable 
degree of accuracy.

The type of load records that this programme would be 
required to analyse are shown in Figures 3.6 and 3.7 
which were obtained from Krige's 3 work. (Note that 
the horizontal scales in Figures 3.6 and 3.7 are 
different).

t is likely that if the results of this research 
pzo]ect are satisfactory, and the computer programme is 
adequate it will be used for parametric studies in 
:on-junction with DISCS which predicts lead records 
that can oe roughly considered as a combination of a 
nigh frequency-low amplitude and a low frequency-high 
amplitude waveforms as shown in Figure 3.6.

A most suitanle method o  deriving the fatigue leading
spectrui. from a load record of this nature is a
nodi r ied forti of the Reservoir method where the load

ir-r d as broken down -nto sections.
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Each section corresponds to one cycle of the low 
frequency-high amplitude part of the curve, from pea-, 
to peak and this section can then be considered as •he 
cross -section of a reservoir filled with water up to 
the level of the first p-ak. Sy draining the reservoi* 
successively from each low point and repeating the 
procedure for all sections of the load record the rat Lgue 
loading spectrum can be obtained.
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Most of the load records obtained experimentally 
exhibited the feature that they were punctuated with 
high peaks at regular intervals. These high peaks 
made it possible for the load record to be broken down 
into sections between high peaks which sections could 
be considered as a series of reservoirs which could 
be used to derive the fatigue loading spectrum.

As it was felt that this method of breaking down a load 
record could yield a reasonable estimate of the fatigue 
loading spectrum and at the same time be reasonably 
easy to incorporate into a computer programme it was 
decided to produce a computer programme for deriving 
the fatigue loading spectrum from a load record based 
on this method.

For an accurate assessment of the fatigue loading 
spectrum either the Range Pair or the Rainflow cycle- 
counting method would have to be used, both of which 
consider the whole record at the same time and are very 
complex even when applied manually to relatively short 
records.

The length of the records involved in this project 
prohibited any thought of using any of chese two methods 
in the computer programme.

3.9 Description of computer programme for cvcle- 
counting

A definition of certain terms used here is necessary 
before proceeding with this discussion:

peak - any maximum identified on the record

high peak - a peak which, has a higher value than the 
previous a U  following peaks
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low peak - a peak which has a lower value than the 
previous and following peaks

trough - any minimum identified on the record.

As mentioned previously the programme breaks up the 
record into sections between high peaks and operates 
on these sections in a manner analogous to the Reservoir 
method of cycle-counting. With reference to Figure
3.8 which is an expanded view of part of the record in 
Figure 3.6 the programme operates as follows.

By considering three consecutive values from the load 
record it checks for locations of slope reversal thus 
identifying the peaks and troughs in the record as it 
proceeds through it. In Figure 3.8 peaks identified 
would be 1, 2, 3, 4 etc and troughs 1 1 ,  2 1 , 3 1 , 4 1 e t c .

In addition as the programme proceeds it retains the 
values of the three most recent peaks and checks for 
slope reversal amongst these, thus identifying high 
and low peaks. In Figure 3.8 high peaks are 2, 9 and 
18 while low peaks are 6 , 13 and 21.

A cycle is counted every time a peak is identified and 
the range corresponding to this cycle is calculated as 
follows:

a) If the peak identified is in a region between a
high peak and a low peak, the range is the difference 
between the identified peak and the previous trough. 
For example in Figure 3.8 when peak 4 is identified 
a cycle is counted with the range being the 
difference in values between peak 4 and trough 3'.
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FIGURE 3. 3 : :f load record

b) If the peak identified is a low peak the range is
the difference between the value of the high peak
previously identified and the lesser value of the
two troughs adjacent to this low peak. In Figure 3.8 
when peak 6 is identified as a low peak the range 
is the difference between peak 2 and trough 5'.

c) If the peak identified is in a region between a low
peak and a high peak the range corresponding to the 
cycle counted will be the difference between the 
preceeding trough and the peak previous to it.
In Figure 3.8 when peak 8 is identified the range 
corresponding to the cycle counted is the difference 
between peak 7 and trough 7 1.

The procedure is analogous to the Reservoir method of 
cycle counting in that if the section of the record 
between two consecutive high peaks is considered as the 
cross section of a reservoir with the top of the water 
at the level of the first high peak the ranges and cycles 
for that section of the record will be identical to 
those obtained when using the Reservoir method.
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Repeating this for all sections of the record between 
high peaks will yield the loading spectrum for the 
whole record.

3.10 Comments on efficiency of computer programme

Because of the very nature of the programme, which con­
siders the record as a number of sections between high 
peaks, it will be ideally suited to records which can 
be considered to consist of a low-frequency high ampli­
tude waveform with a high-frequency low amplitude wave­
form superimposed on it as shown in Figure 3.9. The 
sections of the record between high peaks which can 
also be considered as imaginary reservoirs are indicated.

The major weakness of the programme is that it only 
considers three consecutive peaks when trying to 
identify positions of high peaks and thus minor re­
versals in peak values result in onlv a small section 
of the record being considered each time thus breaking 
up large ranges into smaller one,s. This effect is
illustrated in Figure 3.10 where peak C would be 
identified as a high peak causing the section of the 
record between peak A and peak E to be considered as 
two sections (A-C) and C-E) thus not counting the 
large range between peak A and trough D.

Tliu t ( s * a c 3

-  - i  f o r -  a n a l y s i s
by the aomrutei' rrcjt'cnvr-j
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FIG U R E  S. 10  : L o a d  r e c o r d  w h i c h  h i g h l i g h t s  'J s a k n e s s  i n
? v o g v a m e

Another flaw of the computer programme is that it only 
monitors the values of the peaks and it is thus assumed 
that the lowest trough occurs adjacent to the low peak. 
This is not always the case as is illustrated in 
Figure 3.12 and as a result certain ranges tend to be 
underestimated.

3.11 Applicability of computer programme to general 
records

Two load records are used here in order to demonstrate 
the applicability of the computer programme to general 
records. Firstly the programme is applied to the 
record, which was used for comparing the various cycle- 
counting methods, and is shown in Figure 3.11. The 
sections of the record between high peaks and the 
ranges are indicated on the record.
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The results obtained are tabulated in Table 3.3 and it 
can be seen that they compare favourably with the 
results obtained from the Range-pair and Rainflow 
methods which have been repeated in this table.

The second record, shown in Figure 3.12, was especially 
devised in order to demonstrate applicability of the 
method, used in the computer programme, under the most 
unfavourable conditions. Again the record is broken 
into sections between high peaks as identified by the 
programme and the ranges are drawn in.



60

TABLE 3.3 : CYCLES COUNTED BY COMPUTER PROGRAMME AND
..ANGE-PAIR AND RAINFLOW METHODS FOR THE 
RECORD IN FIGURE 3.11

RANGE (kN) 1 2 3 4 5 6 7 8 9 1 0 1 1  12 EQUIV.
9 2 kN

COMPUTER 3 7 1 0 0 1 0 0 1 0  2 0 2333,4
PROGRAMME

RANGE PAIR 
& RAINFLOW 
METHODS

1 0 ) 1 1 1 1 1 1  2123,4

1

. A- jora f:r which 'unfavourable results are obtained
oner, using jcrryuter progr-znne

vTy

4

In this record firstly the large range between peak 1 
and trough 2 is broken down into a series of smaller 
ranges and secondly the range between peak 3 and trough 
4 is not counted. Obviously the programme is un­
suitable for this type of record but it would need an 
extremely complex programme to pick up the ranges in 
Figure 3.12.
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TABLE 3.3 CYCLES COUNTED BY COMPUTER PROGRAMME AND 
RANGE-PAIR A.\’D I? A INFLOW METHODS FOP. THE 
RECORD IN FIGURE 3.11

RANGE ikN) 1 2 3 5 6 7 8 9 10 11 12 EQUIV. 
§ 2 kN

COMPUTER
PROGRAMME

3 7 1 0 1 0 0 1 0 2 0 2333,4

RANGE PAIR 
& RAINFLOW 
METHODS

3 7 1 0 * 1 * 0 * 1  * * 2123,4

.

ujtn.7 : "rput^r prcgr-zrr'.e

In this record firstly the large range between peak 1 
and trough 2 is broken down into a series of smaller 
ranges and secondly the range between peak 3 and trough 
4 is not counted. Obviously the programme is un­
suitable for this type of record but it would need an 
extremely complex programme to pick up the ranges in 
Figure 3.12.
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A visual inspection of most of the records predicted by 
DISCS as well as the ones obtained experimentally showed 
that in the majority of cases the programme would give 
reasonable results as records of the type shown in 
Figure 3.12 occurred very seldom.

3.12 CAG - Computer programme for derivation of the 
fatigue loading scectrum from a load record

The computer programme developed was called FAG and the 
flow chart for it is shown in Figure 3.13. A listing 
of the programme is given in Appendix A while Figure 
3.14 shows the typical output obtained when using FAG.

L O C A T E  T R O U G H

L O C A T E  P E A K  U—  C H E C K  P E A K S  TO 
 1- - - - 1 | F I N D  H I G H  & L O W  P E A K S

M O R E  D A T A ?

C A L C U L A T E  M E A N  LO A D  
A N D  DIST. T R A V E L L E D

FI ND P O S I T I O N  OF  P E AK  
W . R. T. H I G H  & LO W P E A K S

SC A N  D A T A  FO R P O I N T S  O F  S L O P E  R E V E R S A L

C A L C U L A T E  R A N G E  A N D
C U M U L A T I V E  F A T I G U E  L O A D I N G  S P E C T R U M

P R I N T  O U T  R E S U L T S

F I G U R E  ? . 1 3  : F l o u  a h a r t  f o r  FAG
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H A A F. r I E 3 6 1 D O W N  E'F'TY 15M /S  
F A T I G U E  L O A D  S P E C T R U M

L O A D  R A N G E  (KN) NO. OF C Y C L E S
*********** * * K ****** |i r*.*

WHEEL 1 W H E E L  2 W H E E L  3
*  * * * * * * * * * *  * * * * * * * * »

1 . 0 3 24 • ) 2 3 62.0 5 6 8 4 5 » 2 4 23.0 4 0 1 4 0 1
4 . 0 2c  1 320 2 2 7
5 . 0 1 1 2 2 8 c 1 6 6
6 . 0 5 0 1 " 5 3 5
7 . 0 31 1 2 0 75
s.o 6? 5 2
Q .0 4 55 35

1 0 . 0 2 28 1*
11 . V 8

6 5
1 3 . 0 0
1 4 . 0 #
15.0
16.0 0
17.0 1

M E A N  L O A D  (KN- = 1.32 5.1 3  1.63

L E N G T H  0? S H A F T  C O N S I D E R E D  = 15 00. )

r



:•> : FATIGUE ANALYSIS OF THE EXPERIMENTAL
MEASUREMENTS.

4.' lULrvauccicn

■iv.-e r.he computer programme FAG was developed it was 
ssidle co >btain the fatigue loading spectra from 

“rife- /arions records of the experimental wheel loads 
available. Jnfortunately, even though the measurement 
programme vas quite successful wheel load records were 
•lot lotainea from all the shafts tested, for reasons 
aescr ..oeo '.n Chapter 2, and this will limit somewhat 
m e  confidence in the fatigue analysis. This becomes 
tore apparent when examination of the results obtained 
snows chat results from different mineshafts are diffi­
cult to correlate.

)b lously the dynamic behaviour of shaft steelwork 
legends on many variables which are not the same in 
•i-frerent shafts, and this is reflected in the results, 
a;- ng comparisons difficult and to a fairly large 
-txi ent non-compatible. However it was felt that much 
,st-ful information could be gained by grouping all the 

suits together and thereafter drawing possible con- 
. :ions. This thought was based on the fact that 

r ently at the design stage most of these variables 
a not considered anyway.

Th :atigue loading spectra obtained from FAG were in 
‘h : rm shown in Figure 3.14, and after all the records 
we; u.alysed a large amount of data became available 
•/h -r. wer< very cumbersome to handle in that form.
:• w-i Lear that the results had to be reduced to a 

• aV I . i rm *:o make comparisons easier.



An additional problem was that results from air­
speeds of conveyance were obtained. In ord r - 
make the results from different speeds compatiL. 
comparisons they had to be considered either in l 
o f  the time the conveyance was under operation or, 
terms of the number of buntons passed by the convey : '• 
It was felt that the second method would be more re­
levant and in the end the results were reduced to 
bunton space.

Having decided on this, it appeared from the earli 
results analysed that all the runs in a shaft cou 
combined and represented by a mean and a standar 
derivation for each load range. This was attempt • 
but it was soon apparent that por the high ranges 
which are important the coefficient of variation war- 
very high making this method unsuitable. In add. _
when all the data from the different shafts were r 
duced in this manner there was still a fair am un- 
data to handle.

A more suitable mechod of comparing the data, woui 
a method whereby, the loading spectrum derived from 
test run could be represented in terms of one load 
range, applied an equivalent number of times, to c . . 
the same fatigue damage as would be caused by apply -k 
the individual load ranges in the fatigue loadino 
spectrum.

4 .2 Derivation of a method whereby different lang^..
in the fatigue loading spectrum can be represer 
by a specified range applied an eguivalen ‘ 
number of times.

This discussion is based on Ref. 14 with the usi.mpti 
that all ranges are damaging.
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LOG
STRESS
R A N G E

Si

LOG N

FI JURE 4.1 : J-.V jusve

A typical S-N curve used for fatigue damage calculations 
is shown in Figure 4.1. T^' aquation of the curve for*
all classes of welded joi can also be written as

Log N = Log a + m Log S (1 )

where Log a = theoretical intercept on horizontal axis 
m = slope of S-N curve 
S = stress range

From equation (1)

Log Ni = Log a + m Log Si 

and Log N 2 = Log a + m Log S 2
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Subscracting: Log N% - Log N 2 = m (Log Si-Log S 2 ) 

i.e. Log ^  = m Log f-*-
iN j  O 2

it = (|t>m . . . . . . . .  '2>
Now if n 1= Number of cycles applied at stress level S :

and n 2 = number of cycles applied at stress level S 2
Using Miner's Rule:

For the same fatigue damage D to be caused by N% and N 2

i.e. ni
N i  "  N 2

and   (3)** 2

substituting equation (3) into equation (2)

st ■ <§t>
and ni = n 2 (|̂ -)   (4)

's 2

Therefore using equation (4) n 2 the number of cycles 
applied at stress level S :can be converted to an 
equivalent number of cycles ni applied at stress level 
Si which would cause the same fatigue damage for the 
same class of welded joint.
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Two points are worth mentioning here. Firstly when 
the fatigue loading spectrum is converted in this 
manner information about ranges that are not damaging 
is lost but the error involved in doing this is small 
and on the safe side anyway. However as far as the 
computer programme is concerned such a minimum cut-off 
stress level could be specified and ranges below this 
level neglected.

It follows that when converting to an equivalent range 
this range should be chosen so as to cause stresses above 
the cut-off limit.

The second point is that the S-N curves for the commonly 
used welded joints (Classes D , E , F, F 2 G and W) -3 are 
parallel with a slope of -3 and fatigue damage calculations 
for a certain class of joint can be converted to another 
class of joint on a simple pro-rata basis^ . However 
for joint Class B (slope of S-N curve = -4) and joint 
Class C (slope of S-N curve =-3,5) this cannot be done.

4.3 Analysis of the experimental measurements

The analysis was carried out using FAG and afterwards 
the fatigue loading spectra were reduced to an equiva­
lent load range of 5 kN using equation (4). The slope 
of the S-N curve used was -3 which applies to the 
commonly used welded joint details. The results are 
tabulated in Table 4.2 while in Table 4.1 details of 
the shafts where measurements were taken are given.
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4 . 4 Discussion of the results

Before proceeding with this discussion certain points 
relating to each mineshaft should be noted.

Western Holdings Number 1 Shaft Skip was the only skip 
with an aluminium bridle tested. In this shaft joists 
are used as buntons about their weak axis making them 
very flexible. It is considered to be a good shaft 
by staff at the mine with no vibration problems.

Hartebeesfontein Number 6 Shaft and Number 8 Shaft cages 
are similar in detail, but the shaft steelwork connections 
are different, with much poorer tolerances in Number 6 

shaft. In addition in Number 6 shaft the rubber lining 
on the wheels broke during the first up run which ex­
plains the high ranges obtained from that r u n . After 
this run three of the wheels were replaced but wheel 
3 was not replaced remaining in a bad condition , which 
perhaps explains the consistently hjgh load ranges 
obtained from this wheel.

The Hartebeesfontein Number 8 shaft skip is against a 
very stiff bunton on the one side as is shown on Table 
4.1.

President Steyn Number 4 shaft skip is between very 
stiff buntons and in addition Krige3 feels that there 
was resonance between the frequency of revolution of 
the wheel and the natural frequency of vibration of the 
wheel about its pivot.

Deelkraal Number 1 shaft skip is against the shaft wall 
on the one side , but after serious vibration problems 
experienced initially , the shaft steelwork has been re­
paired and realigned to the extent that it can now be



considered a good shaft. However in two of the runs 
which are denoted by an asterisk in Table 4.2 a very bad 
bump was observed in the records which was responsible 
for the high fatigue loading obtained. It was not 
possible to establish whether this bad bump occurred 
at the same location in the shaft. The much higher 
fatigue loading on wheel 4 of this skip during one of 
the down empty runs at 15 m/s, is the result of consis­
tently high vibration in this ran. It is probable 
that resonance is the cause of this.

The skip in Free State Geduld Number 5 shaft is also 
between very stiff buntons but in this skip only an 
out of plane wheel load was obtained.

A critical examination of the results shows that while 
it is very difficult to correlate the results from 
different mineshafts, even in the case of similar shafts 
several important trends can be identified. These are 
the following:

a) Behaviour within each mineshaft is consistent.
This is observed in all shafts and it is important 
because it indicates that behaviour depends on a 
set of variables which are unique in each shaft.

b) Conveyance speed - In all cases where measurements 
at different hoisting speeds were obtained there 
is a definite trend towards less severe fatigue 
loading as the speed decreases. The relationship 
is not linear but of exponential form. The only 
exception to this trend is the Deelkraal Number 1 
shaft skip where the 10 m/s runs cause higher 
fatigue loading than the 12,5 m/s runs. However 
Krige1 suggests that there is a limited amount of 
resonance at 10 m/s which would explain this 
anomaly.
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Conveyance mass - This does not appear to affect 
fatigue loading as there is no noticable difference 
in the fatigue loading spectra for empty and loaded 
conveyance runs in each shaft. It would be expected 
that because of better damping characteristics the 
loaded conveyance would have a beneficial effect on 
the fatigue loading spectrum. It is possible that 
increased damping is present but is offset by larger 
forces on the wheels.

Up and down trips - There is no noticeable difference 
in behaviour between up and down trips and this 
corresponds to the assumption by Krige1 that all 
vertical weight and motion can be neglected.

Bunton stiffness - It is quite clear that higher 
bunton stiffnesses result in higher fatigue loading 
spectra. This is evident in all the shafts where 
the wheel on the side of the stiffer bunton is sub­
ject to higher fatigue loading. It appears also 
that for conveyances between buntons of different 
stiffnesses wheel loads on the one side are affected 
by the bunton stiffness on the opposite side, and it 
is likely that fatigue loading depends on the sum 
of the bunton stiffnesses on each side of the con­
veyance. The only anomaly here is the Deelkraal 
Number 1 shaft skip but as discussed earlier remedial 
measures hav^ been taken here after the initial 
severe vibration problems.

Ratio of bunton spacing to guide wheel spacing - 
There is no consistent pattern to suggest that 
this ratio has an effect cn the fatigue loading 
but Loubser and Bulls have recommended that situations 
where the guide wheel spacing is approximately twice 
the bunton spacing should be avoided. This r tuation



• .:s in th" Fi ' Scat Geduld Number 5 shaft 
v i- .c  r  • fatigue loading is quite high but it is 
..ificult to tell whether this aspect alone is 
r sionsibl- tor the high fatigue loading.

A fact' r which could possibly affect the fatigue 
loading u  the ratio of the conveyance mass to the 
: iide wheel spacing. There is evidence in the 
results * 3 suggest that as this ratio decreases 
:atigue loading increases but whether this is due 
o hi. factor it is difficult to tell.

Preload - It appears here that a higher preload 
_s associated with higher fatigue leading but it 
must be mentioned here that the preload was obtained 
by averaging out the records. Since the load 
-annot assume a negative value higher ranges in the 
fatigue loading spectrum will cause higher values 
f the average load to be obtained. If this was 
.ot cne :ase then the preload on wheels on opposite 
3ides if uhe conveyance should have been similar.

op and o< •com guide wheels - Fatigue loading on the 
nottom guiae wheels is much higher than on the top 
wheels. This can be attr-outed to the fact that the 
jottom wheels are much closer to the centre of 
gravity >t the conveyance than the top wheels. It 
!ds disi oeen proposed that the hoisting cable causes 
additional ia m p m g  on the top wheels.

A/P' j • idLde-r >ller assembly - Only one 
it- .1- i. available om a conveyance with the SKF
• p. ;u . it -roll' i assemblies. Even though fatigue 

ad ng in this shaft is very much less than in other 
h a M  whei 'Patent Products' assemblies are used
t .. . 1 b* treasonable at this stage to draw any

:n the basis of one result only.
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k) Fatigue loading transverse to the plane of the
buntons - On the basis of the result obtained from
Free State Geduld Number 5 shaft it is clear that 
fatigue loading in this plane is quite significant 
and cannot be considered of a secondary nature.

4 .5 Statistical Analysis of the results

The object of th^s analysis was to derive from the 
results of Table 4.2 an equivalent range with a 5 
probability of exc' ice that is applied on average 
once per bunton pe = • , in each shaft.

Before any 'h analysis could be carried out it was 
necessary tc find out if fatigue loading in a shaft .va ■ 
the result of constant excitation of the conveyance, 
the result of a number of isolated bad vibrations vf .ch.
occurred at locations where the shaft steelwork was in 
poor condition. This could be done by considering 
short sections of shaft in detail and comparing behav-cir 
over these short sections. For this purpose the 
records obtained from Deelkraal Number 1 shaft were 
broken up into 5 sec and 10 sec intervals and analx .
(A 5 sec interval corresponds to a length of shaft >f 
7b m at a hoisting speed of 15 m/s). The results are 
presented in Tables 4.3 and 4.4 in the form of a ne-i: 
and a standard deviation of the number of apple -it : 
of an equivalent 5 kN load range for the commonlx is 
welded joints.

It is seen from these results that while for small 
sections of record quite high coefficients of variatic 
are obtained indicating slightly irregular behaviour, 
over the longer 10 sec sections of record the co­
efficients of variation decrease indicating that -hr 
behaviour averages out.
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It is reasonable to assume then that fatigue loading 
is the result of constant excitation of the conveyance 
and not of isolated bad vibrations. In any case 
regular shaft examinations ensure that sections of the 
shaft where the steelwork shows signs of deterioration 
are quickly remedied.

Of more importance is the analysis of the complete runs 
of the conveyance.

TABLE 4 . 3 DEELKP-ArtL NUMBER 1 SHAFT SKIP
SOME STATISTICAL PROPERTIES OF THE FATIGUE 
LOADING (IN TERMS OF NUMBER OF APPLICATIONS 
OF A oKN RANGE) r^OM '2 CONSECUTIVE SECTIONS 
OF RECORD EACH 5 SEC LONG.

TEST WHEEL 2 WHEEL 4
condition r i m ' "  S TANDARD C3IFF 'OF M E A N' "STAn'DMD £'0IFF"DF~

DEVIATION VARIATION DEVIATION VARIATION

UP 16,07t 15m/s 3,75 0,96 0,26 5,42 2,61 0,48
DOWN EMPTY 15m/s 3,33 2,60 0,78 9,92 5,12 0,52

II 2,58 1,34 0,52 9,17 4,84 0,53
II 2,00 1,04 0,52 5,42 2,35 0.43
II 3,75 2,09 0,56 24,42 21,53 0,88

UP 16,1 It 12,5m/s 1,57 0,65 0,39 3,17 0,72 0,23
DOWN EMPTY 12,5m/s1,25 0,45 0,36 2,92 1,00 0,34

UP 16,02t 10m/s 1,83 0,94 0,51 2,08 0,67 0,32
UP 16,9t 10m/s 4,25 7,02 1,65 1,83 0,58 0,32
DOWN FMPTY 10m/ s 1,75 2,42 1,38 1,75 0,87 0,50
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TABLE 4.4 : DEELKRAAL NUMBER 1 SHAFT SKIP

SOME STATISTICAL PROPERTIES OF THE FATIGUE 
LOADING (IN TERMS OF NUMBER OF"APPLICATIONS 
OF A 5 kN RANGE) FROM 6 CONSECUTIVE SECTIONS 
OF RECORD EACH 10 SECS.LONG.

TEST WHEEL 2 WHEEL 4
CONDITION MEAN '"STANDARD

DEVIATION
COEEF. OF 
VARIATION

MEAN STANDARD
DEVIATION

c o E f f . (
VARIATIC

UP 1 6 ,07t 15m/s 7,50 1,22 0,16 10,83 2,99 0,28
UP EMP. 15m/s 28,33 16,80 0,59 24,50 8,34 0,34

II 24,5 20,91 0,85 29,67 22,56 0,76
DOWN EMP. 15m/s 6,67 3,67 0,55 19,83 7,03 0,36

II 5,17 1,60 0,31 18,33 6,56 0,36
II 4,00 2,00 0,50 10,83 4,54 0,42
II 7,50 3,73 0,50 48,83 41,27 0,84
" 6,83 1,72 0,25 287,67 72,94 0,25

UP 16,11t 12,5m/s 3,33 0,82 0,25 6,33 1,03 0,16
DOWN EMP. 12,5m/s 2,50 0,55 0,22 5 ^ 1,33 0,23

UP 1 6 ,02t 10m/s 3,67 1,63 0,44 4,17 1,17 0,28
UP 16,9t IQm/s 3,50 9,31 1,10 3,67 0,32 0,22
UP EMP. 10m/s 10,17 6,49 0,64 7,67 3,01 0,39
DOWN EMP. lOm/s 3,50 3,39 0,97 3,50 1,38 0,39

II 9,50 7,66 0,81 8,00 1,10 0,14
II 8,67 2,73 0,32 7,17 2,71 0,38
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TABLE 4.4 : DEELKRAAL NUMBER 1 SHAFT SKIP

SOME STATISTICAL PROPERTIES OF THE FATIGUE 
LOADING (IN TERMS OF NUMBER OF APPLICATIONS 
OF A 5 kN RANGE) FROM 6 CONSECUTIVE SECTIONS 
OF RECORD EACH 10 SECS.LONG.

TEST
CONDITION

WHEEL 2
DEVIATION

T m r r w
VARIATION

WHEEL 4
■ STANDARD— C O E F F T C T  
DEVIATION VARIATION

UP 1 6 ,07t 15m/s 7,50 1,22 0,16 10,83 2,99 0,28
UP EMP. 15m/s 28,33 16,80 0,59 24,50 8.34 0,34

II 24,5 20,91 0,85 29,67 22,56 0,76
DOWN EMP. 15m/s 6,67 3,67 0,55 19,83 7,03 0,26

II 5,17 1,60 0,31 18,33 6,56 0,36
fl 4,00 2,00 0,50 10,83 4,54 0,42
II 7,50 3,73 0,50 48,83 41,27 0,84
M 6,83 1,72 0,25 • 287,67 72,94 0,25

UP 16,lit 12,5m/s 3,33 0,82 0,25 6,33 1,03 0,16
DOWN EMP. 12,5m/s 2,50 0,55 0,22 5,33 1,33 0,23

UP 16,02t 10m/s 3,67 1,63 0,44 4,17 1,17 0,28
UP 16,9t 10m/s 8,50 9,31 1,10 3,67 0,82 0,22
UP EMP. 10m/s 10,17 6,49 0,64 7,67 3,01 0,39
DOWN EMP. 10m/s 3,50 3,39 0,97 3,50 1,38 0,39

II 9,50 7,66 0,81 8,00 1,10 0,14
II 8,67 2,73 0,32 7,17 2,71 0,38

1
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For the purpose of obtaining the 5% probability of 
exceedence limit of the fatigue load only shafts from 
which a reasonable number of runs were obtained were 
used. As there were no distinct differences between 
up and down trips of the conveyance, and fully loaded and 
empty runs these were grouped togethi r for each value 
of hoisting speed. The analysis of Lne complete runs 
was based initially on the equivalent number of cycles 
of a 5 kN load range, for the commonly used welded 
joints, and finally the equivalent fatigue load range 
that can be expected to be applied on average once per 
bunton passed was obtained.

The Student T-distribution was used to obtain the 5% 
exceedence limit of the fatigue load from the mean and 
standard deviation. The number of standard deviations 
to be added to the mean are given in Table 4.5 13 .

TABLE 4.5 : CALCULATION OF 5% EXCEEDENCE LIMIT

NO. OF SAMPLES 1 2 3 4 5 6 7 8 9 10
No. of* standard 
deviations to
be added to 
mean to obtain 
5% exceedence 
limit

2,916 2,273 2,062 1,957 1,394 1,852 1,822 1,800 1,783

The results of the analysis are tabulated in Table 4.6 
for a conveyance speed o: 15 m/s while in Table 4.7 
results for conveyance speeds of 10 m/s and 5 m/s are
presented. It must be pointed out here that for the



Hartebeesfontein Number 6 shaft caye the run during 
which the wheels were broken, and for the Deelkraal 
Number 1 shaft skip the two runs in which a single 
bad shock was identified were excluded from the analysis. 
This was done because the results from these runs 
differed vastly from the other results and they would 
have affected the standard deviations adversely.

4 .6 Comments on the statistical analysis of the 
results

The following important deductions can be made from 
the results:

a) The equivalent fatigue load on the top wheels of 
the conveyance is on average less than on the 
bottom wheels by a factor of 1,4.

b) On the basis of these results the effect of the 
conveyance speed on the fatigue load can best be 
represented by a linear relationship of the form

where V is the conveyance speed in m/s. This 
relationship is identical to the one found by Krige 3 
relating the conveyance speed to the wheel load.

c) There are two important aspects in the results which 
should be noted. The first is that while the 
cages in Hartebeesfontein Number 6 and Number 3 
shafts are similar in detail and the shafts have 
similar layouts the steelwork in Number 8 shaft
is in better condition because of installation 
procedures, as mentioned previously, resulting in 
a fatigue load that is about half that in Number 6 
shaft.

The second aspect relates to the Hartebeesfontein
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Number 8 shaft where measurements on the cage and 
on the skip were obtained. In fact wheel 3 of
the cage and wheel 3 of t-h ^xip were against a 
bunton of the same stiffness but the fatigue load 
on che skip wheel is about 1 0 % higher, although 
the skip is both smaller and lighter than the 
cage. This is the result of many variables but 
the most significant one here is probably the 
bunton stiffness on the opposite side of the 
conveyance. It is quite likely therefore that 
the fatigue load is significantly influenced by 
the sum (or ratio) of the stiffnesses of the 
buntons on each side of the conveyance.

It would be desirable to include for the effects 
of the above two aspects in the proposed formula 
for fatigue loading but as these effects cannot 
be correlated with any of the other results available 
at present, it would be unreasonable to include 
for them at this stage.

4.7 Proposal of a formula for fatigue loading

With the limited, conflicting results available and 
without a comprehensive study of the major variables 
involved, the best attempt that can be made at present 
is to classify the shafts into good, acceptable and 
unacceptable shafts. The limits of this classification 
would be the same as those proposed by Krige 3 and given 
in Chapter 6 of his thesis. By specifying fatigue 
loading in terms of a load range that is applied on 
average once per bunton passed it would appear from 
Table 4.6 that for bottom wheels and conveyance speed 
of 15 m/s:

a) For a good shaft a range of 5 kN is applied on 
average once per bunton passed.



! in accapt.aJale shaft of range of 10 kN is 
-ipu .an 'i average one 1 per bun ton passed.

■ nt- oasis )l this lassification the shaft 
>nd.iO-ion in President Steyn Number 4 shaft skip 

inn it Fiee State Geduid Number 5 shaft skip
.v i.iId be m a c c e p t a b l e .

.!i : - he aiiovt in mind and including for the effects 
nveyance speed ana guide wheel location the 
w ng torrauia foi fatigue loading is proposed:

range appi i.ea 
erave )noe 
.ntor uassea

5'Sc'Gw'
(V+10) 
"" 2"5“ '

vnere S snaft condition factor
1.0 tor good shafts
2 . 0 for acceptable shafts

Guide wheel location factor 
',0 for bottom wheels

), ̂  1 (tj*t) for top wheelsf **
conveyance speed (m /s )

na. imitations >f the above formula it is felt

ioen iot include the bunton stiffness

1 r joes n d  include he conveyance length or 
. at her tin ratio of unveyance weight to
’onveyance length.

. > tot i t r f er-'ntiate between skip and cage



It is suggested that for fatigue loading >n buntons, 
when there is a significant level of praloac presen•, 
and exceeds half the value of the range calculated 
from the proposed formula, the effect of the preload 
should be included, by designing for a new range whi r. 
is the sum of the preload and half the value >f th- 
range calculated from the proposed formula.

4 .8 Phtse lag between wheel loads on oppoo-r. 
of the conveyance

An interesting exercise was carried out with the r • 
from the cage in Hartebeesfontein Number 6 snaft. : :
load records for the two bottom wheels of the :aĝ - er 
subtracted and the fatigue loading spectrum was ,brained 
for the record representing the difference in w h e e . 
loads. The results are tabulated in Table 4.8 in terms 
of equivalent cycles for a load range of 5 kN over 3• , 
buntons.

TABLE 4.8 : HARTEBEESFONTEIN 6# CAGE-FATIGUE LQAoINi-
COMPARISONS

TEST WHEEL 3 WHEEL 4 3 - 4
CONDITION

DOWN EMP. 15 m/s 2792 784 4432
UP if 2552 775 4925
DOWN " II 2490 656 4 M  J
UP II 2382 484 4 1 1 3
UP II 2323 *70 4 29 3
DOWN " 2163 548 366

t>>
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It is seen from the results that the record representing 
the difference in wheel loads yields much higher fatigue 
loading than either of the wheels or their sum. This 
means that in this record higher load ranges are present 
corresponding to the wheel loads being out-of-phase, 
and when subtracted become in-phase to a fair extent.
This is reasonable as it suggests that the cage pushes 
hard against each side alternately.

4.9 Comparison between DISCS and experimentally 
derived fatigue loading spectra

Unfortunately only the DISCS results for the cage in 
Hartebeesfontein Number 6 shaft were available for this 
comparison. The comparison is shown in Table 4.9 where 
the results have been reduced to the equivalent number 
of cycles of a 5 kN load range per bunton passed. While 
it appears, on the basis of this one case, that DISCS 
would underestimate fatigue loading to a fair extent, 
it must be remembered that the steelwork in this shaft 
is not considered to be in good condition which explains 
the high fatigue loading obtained from the experimental 
measurements.

The cage in Hartebeesfonte n Number 8 shaft which is 
similar in layout and detail to the cage in Number 6 

shaft yields fatigue loading that is much lower and 
consequently more in agreement with the DISCS results.

In addition the following comments are relevant h e r e :

a) During the first up empty run of the site measure­
ments the rubber lining of the wheels broke thus 
causing much higher forces to be applied.

b) Wheel 3 was not replaced and was in bad condition 
throughout the measurements so the comparison should 
perhaps be limited to wheels 1 and 4.



c) The difference in fatigue load between top and 
bottom wheels is not evident in the DISCS results 
but in a cage the centre of gravity is near the 
geometric centre and this effect is not very 
pronounced.

d) The DISCS results do not reflect the variation 
with conveyance speed that was established 
experimentally. However the DISCS run had a 
significant preload (8,0 kN) and the load cycles 
are probably dominated by this effect i.e. a high 
load at each bunton irrespective of the speed of 
travel.

Bearing the above comments in mind it would appear that 
the comparison is not unreasonable but is not possible 
to draw any definite conclusions.



88

TABLE 4.9 : COMPARISON BETWEEN DISCS AND EXPERIMENTALLY 
OBTAINED FATIGUE LOADING SPECTRA
HARTEBEESFONTEIN 6 #  105 MEN CAGE

TEST
CONDITION

MEASURED
EXPERIMENTALLY DISCS

WHEEL 1 3 4 WHEEL 1 2 1 4

UP FULL 15 m/s 1 ,857 9,132 3,678 1,257 1 , 281 2,317 2,14

1,917 8,505 2,839

UP EMPTY 15 m/s 8,055 44,532 0,603
It 1 , 908 7,656 2,325
II 1,677 7,146 1,452
It

I t

1,617 6,972 1,410

0,576 1,719 0,657 0,59
DOWN EMPTY 15 m/s 2,037 7,362 5,025

It 1 ,680 7,809 2,376
It 1,695 8,376 2,352
It 1 ,701 7,470 1,968
It 1 ,494 6,489 1,644

FULL 7,5 m/s 

EMPTY 7,5 m/s

1,617 0,991 1,735 1,693

0,996 1,283 0,776 1,246



CHAPTER 5 • CONCLUSIONS AND RECOMMENDATIONS

The analysis of fatigue loading on rr.ineshaft steelwork 
was hindered to a fair extent by the limited number of 
experimental measurements available. In addition the 
conflicting nature of the results obtained further 
restricted this analysis. Nevertheless the following 
important observations were made from the experimental 
measurements:

'.) Fatigue loading varies widely between different
mineshafts and depends on a number of variables.
An approximate correlation with some of these 
variables was obsarved on the experimental measure­
ments .

2) The condition of the shaft steelwork, the sum
(or ratio) of the bunton stiffness, the conveyance 
speed and probably the ratio of conveyance weight 
to overall length are the major variables affecting 
fatigue loading.

3) Fatigue loading in a particular shaft is similar
for both up and down trips and for empty and fully
loaded conveyance trips.

4) The top wheels of a conveyance are subject to fatigue 
loading that is about 1,4 times less than the 
bottom wheels.

5) Fatigue loading trar sversc to the plane of the buntons
is considerable and cannot be ignored.
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On the evidence of the results obtained the following
recommendations can be m a d e :

a) Guide mis-alignment and mis-match should be kept 
as small as possible as this is a reflection of 
the condition of the shaft steelwork.

b) Shaft layouts with short rigid buntons should be 
avoided.

c) The preload level on the guide wheels should be 
kept as low as possible, as it contributes to the 
fatigue loading on the shaft steelwork.

d) The proposed formula for fatigue loading on mine- 
shaft steelwork is very basic in its present form 
and can be greatly improved if more experimental 
measurements become available and with a proper 
study of the major variables influencing the 
behaviour of the shaft steelwork.
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APPENDICES

APPENDIX A

LISTING OF FAG

FAG IS A PROGR AM THAT EXTRACTS THE FATIGUE LOADING SF ECTRU;1
'■

USED IS ROUGHLY BASED ON THE RESERVOIR METHOD OF CYCLE COUNT 
GIVEN IN 83 5400

SYMBOLS

X,<1 ARRAYS STORING INSTANTANEOUS VALUE CF LOAD
NC f NCI ARRAYS SCORING NO O ’7 CYCLES
PK ARRAY STORING VALUES OF MAX PEAKS
TR VALUE OF MIN PEAK
AVL MEAN LOAD
ISAM? MO CF SAMPLES

REAL X (10 0 0 >•X 1 x:C O O » 4 ) » P K ( 1000 >•C L (4 ) #AV L (4) 
INTEGER NC : 50 , K C K 5 0 . 4 )

JOB CONTROL STATEMENTS TO LIN- PROGRAM '0 DATA FILES
G

LOGICAL M. HEAD ' 30 ' > C < 2 1 > » B < 2 1 >
I N T E G E R M  I SAMP 
TYPE 5

1 FORMAT «' FILENAME '*' >
READ' 5 . 2 > (C : I • I = 10 • 15 )

2 F O R M A T (4 A 1 )
TYPE 18

13 F O R M A T (' TOTAL NO OF CHANNELS i HIGHEST WHEEL LOAD CHANNEL ’
ACCEPT * tNOCHNfM ■
N0CHN1=NOCHN+l
DATA C ( l ) , C t 2 ),C<3),C'4),G 5',C(6),C(?),C<3),C(9)/'D', 'L','1

e ' , ' C , '2 '4
DO 4 1=1,15

1 B(I)=C(I)



,

1
i;

c

23

24

C
C
c

71
22

C
L
C
C

3 3

.56
1 0 0

DATA C <14 ) .C '1? >,C <13)> C <1? ■ t C ' 2 0)/'2'i 
DA I A B(l6),B(17),B(13),B(19),B(20)/'3', 
ORE.NCUNI T=1,NAME = B , TYPE*'OLD' ,READONLY) 
R E A D C 1,5)(H E A D (I),1=1,30)
F O R M A T (BOA 1)
R E A L (1,lOOO)DELr,VEL,MM 
R E A D (1,1200) I SAMP 
CLOSE UNI r= I >
O P E N (UNIT = 1 ,NAME = C » IVPE*'O L D R E A D O N L Y ) 
R E A D ( 1 f1 ) (HE A D ( I ),1=1,30)
F O R M A T (8 0 A 1 )

I
INITIALIZE ARRAYS

DO 23 K * 1 » 4 
DO 72 J * 1,SO 
N C K  J,K) =0 
AVL(K)*0.0 
CL(K)=0.0 
LAMP*ISAMP 
NX* 1000
I F ( ISAMP.LT. 1000) N X * I S A M P 

READ DATA FROM DATA FILES

D
D

A
A

T
T

(XI (N,M) ,M = 1 ,MX)
DO 19 N = 1,NX
R E A D (1,100,E N D - 7 1 )
DO 12 M = 1,MX
CL(M)=CL(M)+X1(N,M)
CONTINUE

SCAN DATA TO LOCATE MIN AND MAX PEA n S, 
AND CORRESPONDING NOS OF CYCLES

DO 34 M * 1,MX 
DO 33 1 = 1 ,NX I 
X ( I ) * X 1 ( I , M > - 
DO 36 L = 1 ,30 
N C (L ) =0
F O R M A T  : l O F U  .3)
P K ( 1 ) =X(1 )
PK( 2 )*X(1 )
F N M = X ( 1 )
T R = X ( 1 )
T R M = X (1)
TR P * X ( I )
K = 2 
J = 0
no 20 1=2,Nx-i
T F (X < 1 > .EO. a ( I - 1 ) .AND 
I F (X (1).G T .X <I- 1) ) 00 
I F ( X < I t l ) .L£.X(*> ) 00 
T R = X ( I )

LOAD RANGES

X(I+1).LT
ro 21
TO 2 0

X (I )> GO TO 22



IF(TRF'.GT.TR) T R M » IR________ __
TRP»TR 1
GO TO 20 ,

21 IF < X< I + 1 > ,CiE . X ( I > > GO TO 20
22 K * K + 1 

F K ( K ) = X ( I )
I F < P M K - 1  > .E(J.PK<l\-2) . A N D . P M K )  .GT.PK(K-1 > > GO TO 50 
I F (PK(K-1>.LT.PK(K-2)) GO TO 31 
IF ( P K (K),GE.PK(K-1)) GO TO 40 
P K M * P K ( K - t )
GO TO 30

21 I F ( P K (K).GT.PK(K-1)) GO TO 50
.50 BJ=(PK(K)-TR)+0.5

J = BJ
GO TO 60 

40 8J*(PK(K-1)-TR)+0.5
J=BJ
GO TO 60 

50 I F (TR . EQ . FRM) GO TO 70
IF(J.LE.O) GO TO 80 
NC(J)=NC(J>-1 

80 BJ=PK(N-1 )-Tftt0.5
J=BJ
IF(J.LE.O) GO TO 70 
NC< J)=NC<J) + t 

70 J*PKM-TRMt0.g
T R P * 10.**20. ,

60 IF(J.LE.O) GO TO 20
NC(J)=NC<J)+l 

20 CONTINUE
DO 35 L ■1» 50 

35 NCl(L,M)=NCl(L,M)tNC(L)
24 CONTINUE

ISAMP»ISAMP-HO 
DIS*HELT«(SAMP-ISANP)*VEL 
WRITE (6,104) OIS 
HO 7 4 L » l ,50 • 
d o  73 n=i,rx '
IF (NC1(L,M> tEQ.O) uO 10 /3 
JX = L

73 CONTINUE
74 CONTINUE

UR IrE(4,118)
118 FORMAT(//,T10»'LOAD R A N G E ',T2 0 , 'NO OF CYCLES',//)

DO 33 J*1,JX 
38 WRITE (6,117) J, (N C I (J,K> , N = 1 , M X )
117 FORMAT <T15,I3,T30,4I6>

IF(I SAMP.GT.3) GO TO 24
U
C CALCULATE MEAN LOAD
C

DU 37 1=1,MX :
37 A V L (I )« C L (I >/SAMP

DIST»DELT*SAMP*VEL
C
C PRINT UUT RESULTS
U



■

.0 1

11
:0 c

12 
0 9

10 ? 

1 1 0

4 j
11 i

53
I 1 2

I I  3

44

14 
1 1 4

115
61
104

1 OVu 
I 2 0 0

Ih '  t" O ' :  16 H b. A D ( I  • I  = 1 » 3 0 i
f O R f l A :  r T 3 v  f 9 0 A 1  . . 7 3 5 .  F A T I G U E  L OAD S P E C T R U M ' ,

• T 3 5 ,  2 1 (  = , / )
J R I T E C o ,  1 0 1 )
F O R M A ! ( T 1 0 .  L OA D RANGE 1 N N > ' , T 4 2 ,  'NO. OF C Y C L E S ' , / , ! 1 0 , 1 5 : ' * ' ) ,  
' «’ V • 3 1
; F M X . E 0 . 3  GO TO 42
I F  MX , E Q . 2 )  GO TO 4 3
IF M X . EO . 1 ) GO TO 44
W R I T E . a , 1 0 5
FORMAT 1 3 0 .  WHEEL 1 , 7  4 0 ,  WHERc 2 ' , T 5 0 , ' WHEEL 3 '  , 7 6 0 ,  'WFEEL 4 '
• ,T30,/( * '»740,7 < 750,7 < '*')»T6 0 ,7 < '¥')»/)
DO 51 J * 1 , J X
A J  = J
WRITE(d,lOo A J , (N C I < J ,K >, N- 1 . 4)
F O R M A T ( T 1 2 , F 5 . 1 , T 1 2 , 1 5 , T 4 2 , 1 5 , T 5 2 , 1 5 , T 6 2 , 1 5 )
W R I T E ( d ,  1 0 7 ) « A V L ( I  ) , 1 = 1 , 4 )
F O R M A T \  / , 7 1 0 *  MEAN L OAD ( K N )  = '  , T 3 1 , F d  . 2 , 7 4  1 , F 6 . 2 , T 5 1 , F 6 . 2 ,
rdl.F6.2)
GO TG a 1 
WRI T E ( d , 1 0 8 )
F O R M , T ' T 3 5 , ' WHEEL 1 , 7 4 5  , 'WHEEL 2 ' , T 5 5 . ' WHEEL 3 ' ,/ , T 3 5 , 7 t ' «  '  ) ,
45, " , t : («'),/)

DO 5 2  J = 1 , JX 
A J  = J
W R I T E  . o>  1 0 9 }  A J , ( N C I ( J , K  >,  N= 1 , 3 )
F O R M A T ' 7 1 2 , F 5 . 1 , 7 3 7 , 1 5 , 7 4 ^ , 1 5 , 7 5 7 , 1 5 )
W R I T E ( a , 1 1 0 )  ( A V L ( I ) , 1 * 1 , 3 )
F O R M A  7 ( //, 7 1 0 , ' MEAN L OAD (KN) = '  » T 3 6  , F 6 . 2 *T 4 d ,F 6 . 2 , T 5 d »F 6 . 2 )
GO TO 61 
WRI T E ' ,  a ,  1 1 1 )
FORMA I ( 7 3 7  , ' W H E E L  1 '  , 7 5 2 ,  WHEEL 2 ' , / , T 3 7 , 7 (  * ' ) , T 5 2 , 7 i ' * ' ) , / )
DO 5 3  J = 1 . JX 
A j - J
WRI TE ' .  6 . 12 .A J , ( N C 1  ̂ J , K ) , K *  1 » 2 )
F O R M A T ' 7 1 2 , - 5 . 1 , 7 3 3 , 1 5 , 7 5 3 , 1 5 )
W R I T E ( 6 , 1 1 3 )  \ A V L ( I ) , 1 = 1 , 2 )
F O R M A T ( /  , 7 1 0 .  MEAN L OAD ( K N )  *  , T 3 /  , F a  . 2 , T 5 2 , F 6 . 2 )
j Q TO 61 
DC 5 4  J *  1 , j  X
A j *■ J
WF: I 1 L a , 1 1 4 ,  A j  , N C 1 ( J , I ) 
c 0 R M A r . ' T 1 2 , F 5 .  1 7 4 5  , 1 5 )
W R I T E ( 6 , 1 1 5 )  AVL  <1 )
FORMAT / / ,  7 1 0 ,  ' ME A N  L OAD ( K N )  = , R a . 2 )
WR■T t < 6 , 1 0 4 )  D I S T
FORMAT / / , 7 1 0 . ' L E N G T H  uF SHAFT C O N S I D E R E D  -  » F ? . 1 » 2 X »  M )
CLOSE U N I ? i l  
ST OF
FORMAT 3 ' , ' 1 . . 4 , 7  12  4 , [ a ,
 ̂! i R M A * I 
t N I



W R I T E (6,116) (H E A D \ I ) , 1=1,-v
116 FORMAT < / / »  T 30 » 3 0 A 1 f//tT 35. ' F A  . E . :■ D •

[i /,T35, 21 ( ' = ) , / / )
W R I T E ( 6 , 101 )

101 FORMAT (T10, 'LOAD RANGE (KN)'«T42»'N0. L R CYCLE-'* • » 1 ~J
B T 4 2 , 1 3 ( '*'),//)

I F (MX .E Q .3 ) GO TO 42 
IF < M X .E Q .2) GO TO 4 6 
I F TMX.EQ.1> GO TO 44

41 W R I T E (3,105)
105 F O R M A T (T 3 0 . 'WHEEL 1 T40*'WHEEL 2 ' » T 5 0 »'WHEEL 3 ' , Too. WHEEL

8 f / , T 3 0 , / ( ' * ' ) , T 4 0 , 7 ( ' * ) , T 5 0 , 7 ( ' * ' ) , T 6 0 , 7 ( '*'),/)
DO 51 J=1,JX
A J ~ J

51 WRITE(6r 106) AJ, ( N C M J . K ) f  K*l»4)
106 F O R M A T (T12,F5.1 , 132,15,T 4 2 , 15,T 5 2 , 15,162,15)

WRITE(o, 107) (AVL(I), 1 = 1 ,4)
107 FORMAT(//»T10,'MEAN LOAD (KN) =' >T 3 1 , F 3 . 2 , T 4 1 , F 6.2,15 1 ,F 6

y T 6 1 , F 6 . 2 >
GO TO 61

42 W R I T E (6,108)
103 F O R M A T ( T 3 5 ,'WHEEL 1',T 4 5 ,'WHEEL 2 ' > T 5 5 ,'WHEEL 3' »/,T 3 5 ,7 < ' *

9 T 45,7( ' ?' ),T5 5 ,7('*'),/)
DO 52 J = 1 ,JX
A J = J

52 WRITE(o,109) AJ, ( N C I (J,K ; , K = 1 ,3)
10? F O R M A T (T 12 » F 5 . 1 ,T37 , I 5 , T 4 7 ,I5,T57,15)

W P I T E (6 »110) (AVL< I ) , 1 = 1 ,3)
110 FORMA T(/ / f n o ,'MEAN LOAD (KN) =' ,T36 , F 6 . 2,T 46,F 6 . 2 , T56,F 6

GO TO 61
43 W R I T E (6,111)
111 F O R M A T (T 3 7 ,'WHEEL 1 ' , T52 , WHEEL 2 ' ,/,T 3 7 ,7( ' S ' ) ,T52,7( '*'),

DO 53 J = 1 ,JX
A J - J

53 WRITE (6, 112) .AJ, (NCI ( J,K) , K = 1 ,2)
112 F O R M A T ' T 12,F 5 . 1 ,T33,15,153,15)

W R I T E (6,113) (AVL(I), 1=1,2)
113 FORMAT(//,T10,'MEAN LOAD (KN) * ' , T 3 7 ,F 6 .2,T 5 2 ,F 6 .2)

GO TO 61
44 DO 54 J=1,JX 

A J = J
54 W R I T E (6,114) AJ, NCI (J , 1 )
114 FORMAT ( T12.*F5. IT 45, 15)

W R I T E (6,1 15) AVL(l)
115 F O R M A K / / ,  TIO,'MEAN LOAD (KN) = ' ,F6 .2)
61 W R I T E (6,104) DIST
104 FORMA T ( // , T 1.0 , 'LENGTH OF SHAFT CONSIDERED * ' » F7 , 1 , 2X . ' M ' >

C L O S E ( U N I T =1)
STOP

1000 F 0 RMAT(3X,F12.4,F12.4,16)
1200 F O R M A T (17)

E nd



WRITE;6'116) (HE A D ; I ),1=1,301
FORMAT(//,T30,80Alf//,T35,' FATIGUE LOAD SPECTRUM *
/ , T 3 S , 21(' = '),//)
W R I T E (6,101)
F O R M A T (T 1 0 L O A D  RANGE (K N )'»T 42,'N O . OF CYCLES' »/» T 10,13( 'I' ) 
T 4 2 , 1 3 ( '*'),//)
I F ( M X . E Q . 3 )  GO TO 4 2 
I F  < M X . E Q . 2 )  GO TO 4 3 
I F ( M X . EQ . 1 ) GO TQ 4 4  
W R I T E ( 6 , 1 0 5 )

F O R M A T (130,'WHEEL 1 T 4 0 WHEEL 2 ' ,T50,'WHEEL 3' ,T 6 0 ,'WHEEL 4 ' 
,/,T30,/('*'>,T 4 0r7('*'),T50,7('*'),T60,7('*'),/)
DO 51 J=1,JX 
A J = J
W R I T E <6,106) A J • (N C 1 (J ,K ), K = 1 , 4)
F ORM A T ( T 1 2 , F 5 .1,T 3 2 , 15,T4 2 , I S ,T 5 2 , 15,T62, 15 >
W R I T E (6,107) (AVL(I), 1=1,4)
FORMAT;//,T10,'MEAN LOAD (KN) = ' , T 3 1 ,F 6 .2»T 4 1»F 6 .2,T 5 1 ,F 6 .2, 
T 6 1 ,F6.2)
GO TO 61 
W R I T E (6,103)
F0RMAT(T35, 'WHEEL 1 ' ,T45 , 'WHEEL 2' , T55 , 'WHEEL 3 ' ,/,T35,7< ' « ' ) ,
T 4 5 , 7('*'),T55,7('*'),/)
DO 52 J = 1 ,JX 
AJ = J
WRITE(o,109) AJ, (N C I (J,K) , K = 1 , 3 )
FORMAT(T12,F 5 . 1 ,T 37,15,T 47,15,157,15)
W R I T E ( d , 110) (AVL(I),1=1,3)
FORMA T(//,T 1 0 , 'MEAN LOAD (KN) =',T 3 6 ,F 6 .2,T 4 6 ,F 6 .2,T 5 6 ,F 6 .2)
GO TO 61 
URITEC6,111)
FORMA T(T 3 7 ,'WHEEL i',T52, WHEEL 2',/, T37 , 7 ('*'),T 5 2 ,7('*'),/) 
DO 53 J = 1 ,JX 
A J = J
W R I T E (6,112) .AJ, ( N C I (J,K) , K=1 ,2)
F O R M A T (T12 , F 5 . 1 ,T 33,15,T53,IS)
W R I T E (6,113) (A V L (I ), 1=1,2)
FORMAT;//,T10,'MEAN LOAD (KN) =',T37,F a .2,T 5 2 ,F 6 .2>
GO TO 61 
DO 54 J*1,JX
A J = J
U R I T E ( 6 , 114) AJ, N C I (J, 1 )
F O R M A T ( T 1 2 , F 5 .1T45,15)
W R I T E (6,115) A V L (1 )
FORMAT;//,T10,'MEAN LOAD (KN) =',F6.2>
W R I T E (6,104) DIST
F O R MAT;//,1 1 0 , 'LENGTH OF SHAFT CONSIDERED ='»F 7 .1»2X , ' M ' )
C L O S E ( U N I T =1)
ST OP
F O R M A T ■ 3X,FI 2.4,FI 2.4, 16)
F O R M A T (17)
END
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