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Abstract

This report deals with an investigation into the measurement and  characneizatio:
of gronnd surface roughness, with emphasis on s influence on vehides, 1w
roughness of interest is defined, wherealter the results of an extensive {iterarie
study are presepted.  Attention is given mainly o the echuigues emploved by
other authors 1o measure the ground sucface roughness.  These teclmgues  were
evalunted  and  the  slope  integration  method,  together  with  the  method  of
reporting  the roughness  with  the Power Speetral  Density, were accepted  as
suitable  to  develope and  implement. A prototype  system consisting ol a
measuring cart and software was established and subjected o acceptanee tests,
Design changes were implemented on the [linal measuring system.  This sv<em
was used in field tests over cross country terrain and the results are discussed
against the backdrop of other authors' results.  Recommendation are made to
improve the measuring system and data representation. It is concluded that the
selected  slope  integration  method  and  the developed  hardwire  performs
satisfactorily in measuring and presenting the surface roughness of cross country
terrain.

The theory of the mathematical framework used in this work. tozether with the
results of the field measurement. are presented in the appendices.
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INTRODUC CTON

Even before the discovery of the wheel. man has been intriened I
the problem of mobility over paved and unpaved ferrain Fhe aum
wis always  the samne - woveenl . progression el teabiiio
These Tactors were the sonree ol muecl thoozhit, neenuiiey and also
disconragement. The aechnology  hoowr me be beginmie of  chos
century  paved the  way for more and  more comples e thods o
approach the problem  of safe. elficient and  comfortabie moinlins
The ability of veliicles (o negotiate a variety o terrains huprovied
considerably from the 1399 "Daimler Steol=Whevled  Awtomobiie o
the Neckarsuhn Cycle Works, 1o the vight  wheeled el =rerrain
vehicles of today like South Africa's latest "Rooikat”.  The secne
lies with a thorough knowledge of the ierrain properties {or which
the suspension. iyres, wheols and also vehicle stractue are 1w Le
designed.  One of these properties s the terrain roughiess,

Il the roughness of any terrain can he measured and hara
independent of the vehicle which traverses it a data |
information could be  compiled. This data bank  wo
available as design  and testing  inpmt mfermnation W
applied to existing vehicles or even to new vehicdes

phase.  This report proceeds to deseribe the work
develope a method for measuring and  charactore: e
roughness in order 19 compile such a data hank
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ATM

The object of this work is 1o quantify ground surface irresolarities
whicl would inducee vibrations tnto a vehicle sirueture which may or
may not resnlt in fatigue failure or even total collapse of any par
of the structure.  The data should be in soch o format that it mav
be used as a basis for comparing the roughness of various ferrains,
ILomay be argued that what is rough to one vehicle iz not rough
to another vehicle.  This is true, and therefore vehicles are clagsified
in three basic groups viz. light passenger vehicles like cars. mini
buses, etc, secondly heavy passenger vehicles and road bound trucks,
and thirdly cross country  and construction  vehicles. Terrain
roughness should therefore be diffeiently defined for cach category.
It may also be noticed that "roughness" as such. may vary with
the speed of the vehicle, therefore vehicle speed as an influencing
factor in the measuring process should be considercd and it i
therefore desirable that the actual geometry of the terrain should be
obtained.

TERRAIN CHARACTERISTICS NOT OF INTEREST

The question of mobility in a 'gono—go' sense s iznored hecwss 1
is assumed that all terraing in question are passable o all vehicles
purposed to traverse these terrains.  Apy traction problemis coused
by soil composition or soil coudition viz. mud, clav, wer grass. sand,
ete, are  excluded and i assmped  that structural latieoe o
strength problems associaied with vasiation inotraction are tegngahle
Furthermore  any  obstacles  larger than the vebide  wheelbase  viz
rivers. emtbankments, gullies. ete. and also any obstacies which van
I - hypassed like trees. anthills. craters. cic. are excluded.

STABLE GROUND ROUGHNESS

In the light of the above exclusions the terrain in question  is
defined as ‘hard" ground.  Hard ground roughness can be divided
into  two types, one type consisting of such irregularities  as
mentioned above, viz, large rocks. tree  stumps.  stream  beds.
embankments, small hills. etc. The other tvpe is deflirnd  as
conditions that "maintain a satistically  uniformn  character  over
reasonably large areas changing but egradually with distance” {(Core.
et al. 1965).  These kind of irregularitics are <o defined 4~ being
'stable’ over large arcas and hence the name of stable gronnd
roughness. It is the latter gronnd roughness which is prinarily of
importance in this work.

An effort will be made not only to measure and characterize siable
ground roughness but to include certain elements of the first type of
hard ground roughness like large rocks. tree stumps aad <maller am
hills, A suitable method to measure the orofile of srable eround
roughness as well as these chiects should therefore be devised,
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THEORY

Having defined the nature of the ground roughness of interest the
next step would be to identify the rough ground which would pose
a hindrance to vehicle locomotion.  This involves a selection process
which, according to Bekker (1969). consists of two elements.  viz,
selecting "errain association arcas" ana then devising a method of
sampling  these areas.  Terrain association  arcas  are  those  arevas
exhibiting  more  or  dess  the  same  soil  types  and  surface
characteristics.  Such areas have been identified to a great extent
by geologists but, being subjective to their own aims and purposes.
these selections are not of real wvalue to the engineer who s
interested in surface characteristics inducing vibrations into  vehicle
structures.  This has the result that certain judgement iz to be
annlied in identifying terrain association arcas and this judsemen
should be based on some knowledge of vehicle behaviour. The work
of sampling terrain associated areas is therefore immensily reduced if
one can sample only one area as being representative of all
associated areas.

A sampling process is however also involved when obtaining the
characteristics of a sample area. Samples  of  the  surface
characteristics should be made over this area. which would be the
population according to estimation theory {See appendix A1 These
samples should in turn exhibit statistical properties  which  are
descriptive of the sample areas to a certain level ol confidence.
This wilt be discussed later and also in appendix A & B.

The surface characteristics of interest in an identified  area an
-herefore the geometrical properties ol obstacles like lengths, heights,
angles, thickness and distribution. These  properties  should  he
measured. or at least us' influence on a  vehicle traversing the
terrain should be obtained. Three approaches o this problem were
found in the literature. viz.— having  the actual  physical
dimensions  of e surface
profile available:
having data available of an
accelerometer mounted on the
axle of a fifth wheel:
having  strain  daia  of
vehicle component available.

[t can be observed that the first approach is independent of wvehicle
type or speed and is desirable in certain apphcations when a
comparison of the roughness of terrains are 0 be made. The
second approach would have the vehicle forward sperd as a variable.
which would have to be accomodated in the ouiput data.  The
third approach would have the vehicle type. tyte type. speed. eic.
as influencing factors, which would need to bhe eliminated or
compens..ad for in arriving at a deseription of the terrain roughne

This data is however very useful if only the specific vehicle is vnder
seruting.
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The various methods of obtaining this data will be discussed in
chapter 4, but a discussion on the parameters involved will now
follow.

MEASURING SURFACE PROFILE GEOMETRY

The output from the measuring device s the actusl profile geometry
expressed inoa set of coordinates. the height ¥y above an arbitrary

reference  plane, at every  horizontal  position X, spaced  an equal

distance, ds, apart.

ds

y
yj-- K g
= :

Figure 3.1

Sampling

For a measurement 1o be representative of a given terrain the
length of the sample measured should be of adequate size so tha
the properties of the terrain can be derived from the sample
properties. {See appendix A The sample size is  largerly
determined by the method of PSD caleulation as  described in
appendix €. The smallest wavelength  required in the  easured
data determines the sampling frequency. which is a mweasure of the
horisontal distance between samples of the profile height.  The total
number of these sample points needed to form a sample record
necessary  for the PSD  calculation determines the sample lengih.
The sample size or length should also be of such a size that the
assumption of stationarily is confirmed (See Appendix A). In other
words it must be cnsured that all necessary roughness properties are
prevalent in the selected sample. The methods of sampling include
random wa'ks over the terrain, dividing the terrain inte segments.
measuring along perpendicular lines. etc. Wendenborn  {1963)
suggested 75 meter sample lengths as the absolute minimum for
country terrains. The Waterways Experimental Station used 50 feet
(15m) sample areas (Bekker 1969). Bulman (1979) suggested 200m
lengths and Laib (1977) used 30m lengths.

Freguency _bandwidih of measurement

It is necessary to define the bandwidth of wavelengths that should
be measured. This is determined by the bandwidth of vibrational
frequencies which would be imposed on a vehicle suspension. because
the relation hetween the wavelength and these frequencies is the
vehicle's forward speed.  The vibrational frequencies affecting both
human response as well as the vehicle structure should therefore
firstly be defined. Bekker (1979) fixed these frequencies between 0.3
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and 20 Hz and Raasch (1979) defined the bandwidth between 0.5
and 10 Mz The following table illustrates the wavelength
bandwidth vsed by the various investigators:

Investigator Wavelength bandwidih oy

Bekker }l!lﬁ!l) : 30
Raasch (1979) . 150
Crolla & Maclaurin (19806) 3 20
Ohmiya {1986) i 20
Hunter (1979) 2 2
Wendenborn (1965) ? 30

It is obvious that the lower limit would be dictated by the
resolution of the measuring device. It would also be suitable to
limit the smaller wavelengths to the length of the rubber tyre
footprint. The oniy problem would be to define the specific tyre
for which the profile is measured.

Measuring _both tracks ol a vehicle

A wvehicle traversing rough ground is subjected to roll movemens
which impose torsional strains into the vehicle structure.  These roll
movements result from the difference in elevation of the profile at
certain transverse positions. Bekker (1969) asseris that "measuring
these two profiles may be an expensive refinement that might not
pay for itsell in terms of improved accuracy”.

Ohmiya (1986) investigated the correlation between  his  seperate
measured profiles of the two tracks of a vehicle with the coherence
function {Appendix B). e found that no correlation exists between
the two tracks and this means that the transverse track profile is
also accepted to be  random. Other investigators considered  the
possibility of using a two dimensional power spectral density o
characterize a two track country road (Cebon & Newland:  Cote.
Kozin & Bogdanoff, 1963).

Distortion of the sround by vehicle tvres

Measurement should possibly be done in the vehicle's track because
the profile is never the same after a vehicle has passed over it. It
also might not be far from the truth to assume that the profile
experienced by a vehicie is the distorted one of the vehicles’ track.
Laib (1977} emploved his measuring device in this manner and
Buiman (1979) mentioned the same aspect.
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Data representation and classification

For the detail of the mathematics to be discussed in this paragraph
the reader is referred to appendix A.B, C and D.

The surface profile, as illustrated in figure 3.1, is assumed to be an
ergodic, stationary, random process which exhibit Gaussian  sample
functions.  Like with most natural phenomena. this has been proven
to be an erroncous assumption in a strict mathematical sense. but
this assumption is necessary in order to make any caleulation effort
worthwhile and sensible.  {Sayles & Thomas, 1978).

The roughness of any surface is a function of the size of the
irregularities together with their wavelength. or alternatively their
frequency of occurence per unit distance. The property which would
illustrate these parameters is the power spectral density (PSD) (Sce
appendix B & C). A spatial PSD curve is shown in figure 3.2
when plotied on logarithmic axis.

RS (D@ 0@

Yy
LOG SPATAIL FREQUENCY

{e/m)

ROUGHNESS DECREASSS: B‘;nD| >B)@r > 9?@[

Figure 3.2 PSD (with straight line fitted to the curve)

Il a straight line is fitted to the data points, employing the least
squares technique, the resulting equation reveals the measure of
roughness of the terrain (Appendix Dj:

Gy = Ko (D2)
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K is called the roughr ss constant and is the value of the straisht
line PSD at a referears frequency of 0,0c/m.  The slope is given by
the value of a. The procedure for smoothing the initial PSD. in
order to it the straight line 1o the data, is ser out clearly in
ISO/TC 108. Tuis international  standard  also  gives  the
classification of road 1omghness, by means of the vaiue of K. and is
tHnstrated in figure 3.3

Van Deusen (1969) consluded from his work on lunar surfaces that
natural random surfaces follow a power law. viz. the ampl oude falls
off alL the square of the spacial frequency.  Savles & Thoteas (1978)
confirmed this fact with their investigation on surfaces .anging from
virgin terrain to ball bearing surfaces. [t is also illustrated by the
value of the slope, 'a', which was usually found to be -2,  Table
3.1 gives the values of 'a' as calculated by Van Deusen for various
surfaces and table 3.2 shows those calenlated by Wendenborn (1965).
The value of 'a' in equation (D2) has since then been accepted 1o
be -2, and this was also adopted in the international stan-ard
ISO/TC/108. 1t can therefore be predicted for any natural sorface
that the slope of the straight line, fitted to the spacial PSD. would
be approximately —2.

Surface N

Paved Road 1.2x1077

Unpaved, with gravel Lix1o™

Unpaved, waved .'LTx'.O“{;
Unpaved, rough 2051070
Virgin, cross—country 1.6:(10_‘5 2.0

Table 3.1 Van Deusen values of slope 'a’. (n in eveles/fu).

Surface K

Country road 1x1 0_0"15

Field road 1x1 [J_O':16

Freshly ploughed [eld lxl{}'2

1.37

Furrowed field 1x10

Table 3.2 Wendenborn values of slope 'a'.  (n in cyeles/m).

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021




UNIVERSITEIT VAN PRETORIA
)F PRETORIA

YA PRETORIA

18
FIGURE 3.3 I150/TC 108 ROAD ROUGHNESS CLASSIFICATION
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MEASURING THE  ACCELERATION or : PROFILE
FOLLOWING WHEEL

The output from the measuring device is a signal of the vertical
acceleration, as a function of time, measured on the axle of a wheel
which follows the profile while moving forward at a speed v The
acceleration can also be measured on a damped mass {ixed onto the
wheel axle.

The same considerations concerning sampling. bandwidth.  disturtion
of the ground by rubber tyres, ete. which was  discussed i
paragraph 3.1 apply to this measuring method and the reader is
simply refered to that paragraph. The difference comes obviously
with the data processing in  order to arrive at  the  same
representation format as before, viz, the spatial PSD.

Data_processing_and representation

The acceleration signal can ecither be integrated twice to obtain the
actual ground profile as a function of time. as was done by Laib
(1977), or a much casier way would be to do some transformations
in the frequency domain. For the detail of the mathematics
discussed in this paragraph the reader is referred 1o appendix L.
With the transformation principle. the spatial PSD s calenlated via
the acceleration PSD from the acceleraiion data (equation LElug.

The PSD which is calculated from the acceleration signal is called
)

the acceleration PSD and it's unit would be [im/s?)/Hzl.  Now
that the frequency is the time frequency in {Hz).  Because these
accelerations are measured on the axle, or a-ywhere else exeept
directly on the profile itseil, the acceleration PSD for the profile
must be calculated through the frequency response function of the
system between the profile and the accelerometer. (See appendix B3
equation (B21)).  Hereafter the acceleration PSD of the profile ix
transformed to the spatial PSDD by incorporating the vehicle forward
speed, which should be constant throughout the measuring process.

The result would be a spatial PSD as illustrated in figure 3.2,
Classification of the terrain roughness proceeds cxactly as for the
previous method, viz, utilizing the methods of ISO/TC 108.

MEASURING THE STRAIN HISTORY OF A VEHICLE
COMPONENT

In this case a strain or load history on a vehicle component is
analyzed.  Attention is focused on the fatigue life of the vehicle
structure and how the terrain roughness influences this life.  The
criteria is. therefore, the amount of damage imparted to the vehicle
structure by the rough terrain or rvad. The strain or load signal is
analyzed with respect to the size of the amplitudes occuring in the
signal and this is done wusing appropriate ampiitude counting
techniques developed for fatigue damage caleulation procedures.
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A clear distinclion needs to be made between two applications of
the fatigue cycle counting algorithms found in the literature.
Because of the ability of these algorithms 1o reveal the number of
cveles contained in any random signal. this property is also used to
find the number of occurences of the amplitudes of a surface profile,
This would direetly indicate the length of the profile measured and
is done because the spectral analysis deseribed in the previous two
paragraphs furnishes no  information regarding the length of the
sample mweasured.  This fact would become clear with investigation
of the methodology of the spectral analyses procedures and the cvele
counting algorithms.  For a detail description of the fatigue cvele
counting and damage calculation method, the reader is refered 1o
appendix T,

In order to find a vehicle's response to a given terrain profile. it is
usually necessary to instrument critical or suitable components.
'Suitable components' implies chassis parts subjected to torsional and
bending load modes, suspension or axle displacements  and
accelerations.  'Critical components’ are usuvally engine mountings.
suspension links, wheel hubs and stub axles, springs.”ete.  In order
to get an adequate picture of vebicle response. it would be
necessary to have quite a number of monitoring positions. the
minimum being at least three, being the front and back axle
vertical displacement and the relative displacement of the lefi und
right hand wheels. (Murphy (1982)).

When investigating the loads on critical components. the criteria ix
the amount of damage inflicted by the random loading on the
component, with the asswmption that fatigne damage is cumnulative.
Usualiy a plot is gencrated of size of amplitudes vs the number of
occurences.  From this data the damage calculation is done which
results in a figure indicating life spent or remaining life.  (See
Helfman, Collins 1981, Osgood 1032).

With a surface profile, the plor of amplitnde size vs number of
occurences is directly used as characteristic of the profile. A tvpical
example of such a plot is the level crossed and the range pair plot
of the counted cycles. Contrary to the PSD roughness
characterization, a one figure classification of the profile roughness is
not possible with this method.

This method of surface characterization is however severely vehicle
dependent and is wusually employed when a specific vehicle s
deveioped or investigated. Some vehicle manufacturers have
cmployed this method to design and build test tracks for testing of
a definite vehicle configuration. The following chapter describes
some of these techniques in detail.
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METHODS FOR MEASURING SURFACE ROUGHNESS

In the previous chapter the principles involved with the  basic
approaches to measuring ground roughness were discussed.  What
lollows is a  critical  discussion  of the actual measuring  devices
employed by investigators in this field.  Every method s judeed
according to the following aspecis of importance: '

Cost.

Vehicle independency.

Post—processing of data. (To be kept to a minimum].

The existence of a suitable reference planc.

Whether the measuring technique incorporates various vehicle
load modes, especially torsion.

Whether the distortion of the ground because of the wvelicle's
weight and wheels is incorported.

The role of vehicle forward speed.

Resolution.

Influence of measuring instruments on the accuracy of ihe
data.

Accuracy.

LEVEL, TAPE AND YARDSTICK
This is the oldest and most primitive method but it might still he

the most accurate. In principle the elevation vix) of the ground
profile is dircctly measured relative to an arbitrary reference plane:

_.Hi
AT

Figure 4.1 Level. tape and vardstick method
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With the yardstick the elevation v is measured at predetermined
positions x + Ax, measured with the tape. [ncrement size. Ax. is
chosen with aeccuracy and purpose in mind and may be from 30mm
up to 10 feet (3000 mm) apart (Bekker 1969).

Advantages

(a) Excellent  accuracy, especially  with  decrease in size of
increments, Ax.

}h) Instrument, influence very small,

c) Totally vehicle independent.

Disadvantages

a% Extremely time consuming.

b Data available on clip board — processing time consuming.

c) Measure unwanted long wavelengths and trends.

SLOPE INTEGRATION METHOD

The properties ¢ and @ (see figure 4.2) are meesured in small

increments from a coutinnous profile.  The profile co—ordinates are
then calculated as follows:

]s sin 0 dl i1

]S cos 0 dl (1.2}

0

This method was developed by the University of Michigan in 1961
and subsequently used by several other rescarchers. (Ohmiya. 1986).

//

Figure 1.2 Slope integration method parameters
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Hardware : University_of Michigan {Bekker 1969)

TCTING VEHICE

Figure 4.3 University of Michigan profilometer
An electromagnetic  odometer  measures  the  distance o« while a
syncrosystem measures the angles a and 4 [The anele ¢ iz obtained
by:

8 = Yo — (d - a)

Hardware : Ohmiva (1936)

Ohmiya constructed his device in such a manner that the gyroscope
was mounted direcly onto the swiveling wheelset and thus the angle
0 was measured directly by the gvro. The distance { was measured
by the electromagnetic proximity sensor which was mounted beside
one of the wheels and triggered by spokes on the wheel,

Advantages

a Fast and uncomplicated.
% Gyro gives a good absolute reference plane.
Accuracy is good.
Output data is in usefu] format.
Vehicle independent.
Distortion of ground by vehicle is included if ineasurement is
done in the vehicle's track.
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Disadvantages

Mcasure only one vehicle track per pass — no torsional load
information.

Resolution limited by wheelbase ol wheelset.,

Ixpensive equipment.

Measures long wavelength and  trends.

USING ACCELEROMITERS

General Motors Corporation Profilometer (Spangler & Kelly 1964)

The principle  behind  this  svstem 08 1o mweasure  the  rolative
displacement between the profile following wheel and a sprung mass,
as well as the acceleraiion of the mass. The acceleration signal is
then integrated twice and if  combined  with  the  measured
displacement gives the road profile.

(w=2), + jfidtdt = w, \

Analog z

Computer
\E‘(’ }m Accelerometer

—e(—Potentiometer

()

Figure .4 GMR Road Profilometer
Advantages

IYast and uncompiicated.
(h) Profile avaiiable as an anaiogue time signal on  magnetic
tape.

Disadvantages

{aj Not suitable for rongh terrain {Designed only for roads).

(I} Limited to wavelengths the size of the vehicle e reference
platform not so stable.

(c) Dependent  on another  source  for  horisontal  displacen.ent
weasurement.  {Vehicle's odometer).

(«l) Constant vehicle speed required.
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Laib's method (Laib 1977)

Dr Laib of Hungary used an unsprung mass (10 kg) on a small
100 mm diameter measuring wheel. with an  accelerometer mounted
on the mass.  (See figure 1.5).

TRt

VOUNT ING
\  FRA=
: Y o(r}

Figure 4.5 Laib's measuring device

The acceleration signal was stored digitally and the profile  was
obtained by digitally integrating this signal twice. From this dala
the power spectral density (PSD) was determined.  He did not use
a spatial PSD but left the data in time frequency.

Advantages

}a} Fast and very simple.

b) Measures in the wvehicle's track — incorporates distortion of
the ground by the tyres.

%r:} Suitable for medium rough terrains like ploughed lands. eic,

d) Vehicle independent.

Disadvantages

{a) Horisontal distance measured by vehicle travel.  (Odometer
or time/distance).

(h) Constant vehicle speed is required and this might be difficult
10 obtain on very rough sround.

(¢} Sensitivity of accelerometer might present a problem at jow
speeds.
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Huoter's Method (Ilunter 1979)

AGM Hunter of Scotland uwsed a method where he towed a light
metal frame with a rigid wheel (diameter 588 mm) over the profile
of a ploughed land.  The vertical acceleration of the wheel axle was
measured.

TRiSaF

Figure 4.6 Hunter's measuring device

He used the technigue of transforming the acceleration PSD 1o the
spatial PSD.  (See appendix ). The data was therefore never
available as the coordinates of the profile.

Advantages

(a Fast and uncomplicated.

b Inexpensive instrumentation.
c) Accuracy is good.

d) Vehicle independent.

Disadvantages

(a) Hard ground results in wheel bouncing because of light
frame.

b) Large wavelengths are omitted.

c) Constant vehicle speed is required.

Fojimoto's Method {Fujimoto 1933)

Fujimoto used a pneumatic rubber fifth wheel towed at constant
speed behind a light truck.  An acceleromeier was mounted on the
wheel axle and a PSD was obtained with the help of the
transformation process deseribed in appendix I
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Figure 4.7 Fujimoto's measuring device

Advantages

b Inexpensive instrumentation.
c) Vehicle independent.

gag Fast and uncomplicated.

Disadvantages

a% Non-lineariy of rubber fifth wheel.
b Same as 4.3.3.2,

FATIGUE CYCLE COUNT AND CUMULATIVE  DAMAGE
CALCULATION METHODS

Opel Kadett's Method (Helfman)

In order to monitor different critical positions. 24 transducers. which
included displacement transducers and strain gauges. were fitted onto
a vehicle. The mecasured sigrals were evaluated with the help of
the level crossed and range pair counting methods {see appendix F).
Data for 5 different tracks were thus analvzed. and for each
transducer the 5 tracks distributions were plotted on the same paper
(see figure 4.8). One track was chosen as the reference for
comparison.
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CUMILATIVE COUNTS

Figure 4.8 Level crossed histograms ol one transducer's data
for each of 5 tracks

Every distribution was shifted along the "Cumulative counts" axis
h &

until the deviation from the reference distribution  became a
minimum.  The wvalue of the deviation was linked to the specific
track as a single number correlation for the specific transducer's
data. A mean correlation figure for all 24 channels were calculated

g
and this was used as the comparative number for a track.

Advantages

?a% Include ali modes of vehicle structural loadine.

b Distortion of ground by tyres included.
{c) No reference plane required.

Disadvantages

a Cumbersome data processing with so many channels of data.
b Vehicle dependent.

(c) No indication of terrain profile is given,

Freightliner Corporation's Methad (Murphy 1932)

Murphy utilized the response histograms, explained in appendix E.
to obtain a desired sequence of routes on a test track in order to
simulate a transcontinental trip of a big transport truck.

The truck was instrumented as follows:

) An accelerometer on the front axle.

) An accelerometer on the cross member between the two back
axles.

(9] Linear potentiometers which were comnected in such a way

as to give the difference in displacement of the two front

wheel suspension units.

(a
(b
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The output from these three transducers were analyzed with rainflow
counting and plotted in the form of the response histogram.  The
data from the test track was also ploved and the different curve fit
coefficients  were  compared. Test track data exhibiting  unwanied
large accelerations were oliminated from further consideration.  The
plots for the test track incorporated muliiple passes at  various
speeds.  Thus a suitable selection of test track route sequences were
chosen Lo represent the transcontinental trip.  The total length of
these sequences were 2,61 miles.

Advautages

{a) Less data to proeess than with the previous method.
{b) Include torsion loading of vehicle's [rame.
(¢) Include distortion of ground by tyres

Disadvantages

(a) Vehicle dependent and simuolation  requires passes oser  the
same profile bul at various speeds.

(b) Comparing 3 channels of data simultaneously.

{c) Vehicle speed required to remain constant or fixed for each
route.

Ford Motor Company's Method (Smith, et oal. 19761

The purpose was to design a synthetic test track simulating a
specific gravel road called the Silver Creek Road. 25 Channels of
strain  gauge data, covering the complete  strocture of a 17250
pick—=up truck, were used o mateh the cumulative fatigue damage
imposed by the gravel road to that of the replacement test track.

A one figure value for the cumulative damage at a certain position
on the vehicle was obtained for the road at certain time intervals
spaced over three vears. (Sce table 4.1). A strain based. Neuber
type fatigue model employing Miner's rule for damage calculation
was used (Sec appendix F).  The a life curve equation (F5). was
used together with the stress intensity factor, Kp. 1o determine
damage valuer.  All these values were then fitted to a Weibull
distribution (see appendix F) thus producing one unique distribution
of damage over a period of time for each of the 25 positions on
the vehicle.  This procedure is illustrated in table 4.1 and figure
4.9. Similar data was obtained for certain events (cobblestones.
potholes, etc) at proving grounds accessible to Ford MC and this
data was reduced to a cumulative damage number per pass of cach
event. Relative 50 % median values for the distributions of data at
each position on the vehicle for Silver Creek Road were set as the
target values, setting as limits the historical range. The purpose
was therefore to mathematically combine events from the proving
grounds until the severity value for every position monitored on the
vehicle falls within the historical damage limits on Silver Creck
Road or, that the final severity for all positions is as close as
possible 1o the median value of each distribution for each position.
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Every permutation of combination of cvents was tested to this
critcria  until satisfied. Thus the final product was a damage
equivalent route made up of X passes of event A, Y passes of
event B, etc.

i1 LL gLl 1 L 111 b riil L)
2 67

11 L}
4 0 0010 3 3 605070012 3 4 poOyOoOMW

LIL FROMT AILE TZLATIVE DARACS

Figure 4.9 Silver Creek Road Relative Fatigue Damage
Weibull Distribution

Table 4.1: Relative cumulative fatigue damage for F-250
front axle on Silver Creek country road

Month/Year | Relative damage 7

7)1 1.61 |
11/74 | 169.49 !
4/75 | 68.02 |
14.6
12.02
13.76 \
17.83
3.01
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Smith noticed that the "final replacement road may not look or feel
like the original road because the damage is duplicated with relative
short high damage content events".

The route was verified by testing five Ford light 1rucks on i
comparing incidences of damage with historical Ivsti:ng on the Silver
Creed Road.  The occurance of damage at certain mileages  were
consistant and no new damages were recorded.

4.4.3.1 Advantages
{a) Most accurate for one specific test vehicle,

{b) Include all modes of vehicle stewctural loading,
(c) Include distortion of terrain by tyres.

This method scems to be quite accurate in the light of the fact
that all 25 channels of data were compared simultaneously.

Disadvantages

a) Huge amount of data to be processed.

b) Vehicle dependent by being isolated in its application to the
measured vehicle,

(¢) No indication of 1oad profile is given and the simulation
route may not cven remotely resemble the actual terrain,

Method used by LGI (Report no VLG 37/064)

A medium truck had 1o travel a severe gravel road iwice a day
and developed cracks in the corners of the bin. A strain gauge was
fitted at this position 1o determine the strain  history during the
ride.  The purpose was to simulate the specific strain history by
driving over certain sections of a simulation test track.

A range pair count was done on the strain gauge data from the
gravel road as well as the varions sections of the test track. A
certain sequence of the» zections was chosen by visually studying
each section's range pair listogram. bearing in mind bhow it would
influence the summation of all the section's data.  The data of the
selected combined sequente was  then analvzed with range pair
counting and the resultant histogram was again compared with the
gravel road's nistogram. The process  was  continued  until
satisfactorily visual correlation existed between the desired and the
mathematically generated histogran.

The results were verified by driving an undainaged vehicle over the
generated sequence of track sections.  The same ype of fatigue
damage occured at the same location alter several rounds of this
route.

Although this method was very simple and proved to be accurate. it

is necessary 1o notice that the sequence of sections would only
simulate the load on one specific position of one specific vehicle,
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OTHER METHODS

Photometric_method (Raasch 1979)

This method is based on the 'uman ability of spatial vision or
depth perception.  Depth perception resolution can be improved by
widening the distance between the eves.  This can be done for
instance  with  air  photgraphs if a picce of countryside s
photographed {rom two different positions in the air.  The resulting
picture, il viewed through a  stercoscope, would appear three
dimensional.  This "appearance” can be controlled so that it can
accurately represent the actual surface to scale, and is thus used to
obtain a model of the terrain surface. With the necessary
equipmeni, the surface texture can be measured by adjusting a
marker above the model in the field of vision horisontally in the x
and y axis just by operating a crank wheel, and in the vertical
direction (z—axis) by mcans of a foot pedal. The operator sces the
marker as a point in space and is to bring it to register with the
various points on the model's “surface". The movement of the
marker is plotted on rolling paper but digitizing equipment is also
available to facilitate storage of a digitized version of the profile on
computer disc. The resolution possible is 20cm between points,
depending on the terrain, vegetation. ctc.

Advantages

(a) Covers a wide range of wavelengths, 01 — 150m. without
limitations of instrumentation.

b) High resolution possible.

c) Does not affect soil or terrain condition.

Raasch mentions some more advantages over the measuring wheels
methods viz, no restriction in the long wavelength range. wheels
deforming terrain, damage to vegetation, ete. but these are cither
not an advantage or not important in this work.

Disadvantages

ﬁa) Altitude resoluting.

b) Vegetation impairs measurement — this is the greatest
disadvantage of this method which also disqualify it from
consideration. (One does not want to measure the height of
inick grass as being the ground profile).

(c) Expensive equipment.
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Chrysler's terrain_profilometer (Bekker 1969)

Chrysler used two vehicles as stationary marking points for a
horisontal reference. (See figure 4.10). A wire was stretched
between the vehicles and a cart running along the wire sensed the
ground profile.

[

L1

A

Figure 4.10 Chrysler's profilometer

Distances are measurcd with displacement transducers. The angle @
is measured by a potentiometer of which the output voltage is
proportional to sin . The following calculations are done to obtain
the ground profile height, h:

b = ¢ sin # (4.3)

H="'4+ 2 4 csino (4.4)
: 2

It is performed by a simple voltage circuit giving as output an
analogue signal of h as a function of the horisontal distance.

Advantages

a Vehicle independent.

b No complicated data processing.

¢ Good reference plane — platform stable.
d) Inexpensive.

Disadvantages

Cumbersome equipment.

Torsion of wvehicle frame not included. (If parallel
measurements are not done).

Distortion of ground by tyres not included. (If measurement
is not performed in a vehicle track).

Sample length is restricted by lengti. of reference wire.
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Laser Profile Measuring Device {Bulman 1979)

Bulman used the device as pictured in figure 4.11.  The profile
following  wheel could be exchanged so as to investigate the
enveloping  effect of different tyres and the compressibility of the
s01l,

r

Figure 4.11 Laser profile measuring device

The position of the light beam on the array of photocelis i3 sensed
and thereby giving the vertical movement of the wheel, which is
following the ground profile.  Because the array is only 1m long
and the vehicle might deviate verticailly more than this over rough
terrain, a servo motor keeps the array aligned with the light beam.
The position of the array above Lhe wheel is then added continously
to the position of the light beam on the array.

Advantages

a Relative stable reference platform.
b Includes distortion of ground by tyres and vehicle weight.

Disadvantages

a Constant vehicle speed required.

%b Limitations of equipment to relative straight, flat profile.
(c) Vehicle dependent: Suspension is an influencing factor.
(d) Does not include torsion of vehicle {rame.

As proposed by University  of Michican Transportation  Research
Institute (Gillespie 1984}

The U of M represented the United States in an international study
to correlate methods of measuring road roughness.  Although the
emphases was on roads and not cross country terrains. we include
the method for completeness.
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The device is depicted in figure 4.12. It is similar in principle 1o
the device developed by the CSIR (Van der Merwe, et al, 1930),
and is cssentially a mechanical integrator.  The rod passes through
a hole in the body above the rear axle and is fixed onto the axle.
The movement of the axle is then transferred onto the rod. The
cumulative movement of cach up and down stroke of the rod is
used to give a single value of roughness related to the distance
travelled. An international index was developed which specifies
roughness numbers as well as required road speed. etc.

/ UEASURING DEVICE

VEHIC E EQDY

VEHICLE REAR
AQE

Figure 4.12 17 of M and CSIR rounghness measuring device

The CSIR used a stiff steel wire rolled around a drum with some
kind of odometer on the drum. The translation of the axle is
transterred to a rotation of the drum which is then integrated.

The measurement obtained by this methed is called "average
rectified slope"” measured at a certain speed.  The reoughness number
is expressed as inches per mile or meters per kilometer., where the
in((:jhes or meters denote the total up and dowr movement of the
rod.

The roughness index (also called the Quality Index {QI)) numbers
rangz from 0 -- 18 m/km. Gravel roads with potholes and
transverse and longiiudinal erosion gulleys have an index between 13
— 18. Travel speeds on these roads are limited to below 50 kmn/h.

This standard has been accepted among road engineers and all
efforts by those concerned indicate that it may be adopted
worldwide because of its simplicity. The method was. however.
developed specifically w0 give a simple numbered index for the
condition of roads internationally. and in this respect it succeeds in
its purpose. Because of the output format of the measurement it
would obviously not be of any use in the field of fatigne. vehicle
dynamics, etc.
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CONCEPT

Ihe  concept of the slope integratior method  was  adopred  and
amployed  in this study, the primary reason being  the problem of
keeping the wehicle's speed constant over very rough  terrain, or
alternatively measuring the vehicle speed and compensating for i
afterwards in data processing, which is required for the acceleration
method.  This method therefore compares unfavouralilv to the more
simple and modular slope integration method because of the effors
involved to measure, or compensate for the speed of the vebicle
parallel tu the mean of the swface irresularities.

A further reason is that the actual profile dimensions can be used
successfully in ride simulation. both on a computer vebicls model as
well as in the laboratory. with the vehicle mountred an servo
hydraulic actuators.  The vehicle's forward speed is consequently 1he
only variable whirh would need to be selected at will in ihe
simuiation  process. The method of analyzing load Listorbes of
components was rejected  becanse of s dependenc: on the e of
vehicle and the limited application of the meastred data

The idea of a 1wo wheeled device was implemenied o onder to
ohtain the two tracks of a vehicle and corsequentiy beme able o
investigate  the lransverse  stationarity. it would  also result in
knowledge of the torsional loading on a vebicle  frame  during
movement over a rough terrain.  Inoorder 1o confirm the design @t
was decided 1o build a protorvpe deviee first. which would be small
enough to be towed by a light passenger vehicle.  Design changes
could be implemented on the final version which would follow after
qualification of the complete systenn on the protoivpe model.

DESCRIPTION OF THE SYSTEM

The design of the experimental deviee is shoor v fisure 3.1 and
5.2 and the completed deviee s shown in figures 3.4 to 5.8 at the
end of this paragraph.  The svstem comprizes . Serdvare side and
also an instrumentation and software side. Tue harawyare consists of
the two wheeled cart having a small singie wheel following the left
hand track of the vehicle and a wheelset following the right tand
track of the wvehicle.  The wheelset is constructed in such a way
that there are alwiays at least two wheels following the ground in
the track profile.  The pivot movement of the wheelser with respect
to the cart frame i3 measured by a potentiomeicr giving as output
the angle o between the wheelset frame and the cant frame (foure
S A nroximity switch, mounred on the wheelset, i trigeered
a noiched plate. atrached o ose of the wheels, with the rest that
i I;I!i,\'i‘ II.H !{('H"Hl:(‘i! "‘\'l‘I'.\- ’fi‘l nler f!':!'::‘_: THaweent .
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This gives the sloped distance which the cart has covered.  In order
to ensure that this wheel constantly turns. eventhough it might not
be in contact with the ground. the front and rear running wheels
were connected by a chain  and sprocket system. (It proved.
however, to be a mistake, and will be discussed later on.) A
gyroscope mounted on the cart frame measures the pitch angle ¢
and roll angle 4 which the frame makes with the absolute horizontal
planc as it moves behind the towing vehicle.  The output signals
from every transducer are stored on an FM tape recorder.

After these signals have been transferred to a digital computer.
calculations are performed on them to give the coordinates of the
profile. The value of #, 7 and a are sampled everytime the pulse
occurs in the signal of the proximity switch. These pulses are, as
mentioned earlier, always a fixed distance 'ds' apart and the
coordinates, x and vy of the measured profile can be calculated as
follows:

The angle 7 which the wheelset would make relative to the absolute
horisontal can be calculated simply by

e 5“ + @ 13.1)

The righthand track profile height is then given hy
(=) I Ly & .

Y T ’rr[:—l}

+ ds sin 7,

and the lefthand track by

Y
where  is the track width.
For both tracks the horisontal displacement is given by

X, T ds cos 2 (5.3)
The coordinates are then converted to only the value of the height,
v, at equally spaced horisontal distances. The result is an array of
height values. y, starting at horisontal distance x = o.

The software developed for these cairulations need only be adapted
for the increment distance 'ds' as well as the calibration curves of
the angles #, 4 and a. il a new wheelsize is impleinented.

A wiring diagram of the complete hardware side is shown in
appendix 1.
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REQUIREMENTS AND CONSIDERATIONS
The subsequent discussion refers to figure 5.2

Length 1L should be such that the angle ¢ is measurcable by the
pyroscope and falls inside the resolution and  accuracy  specifications
of the gyro.

y is the height of the smallest obstacle with wavelength of s, This
is to bhe determined by fests and the wheelsize should be dictated
by it as explained in 5.3.3.

The wheelsize of the wheelset should be such that the complete
range of possible wavelengths is included in measurement.  Care
should be taken that the large obstacles do not stall the cart and
that small obstacles are not bridged. Hence wheelsize directly
influences resolution and accuracy.

Wheelbase s should tend towards the wheeldiameter d.

The width of the running surface of the wheelset should
approximate the width of the "average" tyre in the category of
interest. This can be obtained by using two small wheels tunning
side by side in the wheelset.

A compromise should be made between the requirement of soft
rubber wheels to dampen high frequency shocks and the requirement
that the rubber should be hard enough so that the frequency
response function between the ground and the axle could be
approximated by one.

The loading on the wheels should be such that the ground pressure
of the average vehicle in the category concerned is approximated.

In the light of the decision to cater only for light passenger
vehicles, the wavelength of obstacles and irregularitics of interest are
bounded at the lower end by approximately 0.05m. This is because
the enveloping effect of pneumatic tyres acts as a filter of
vibrational inputs to the vehicle structure. At the high end it is
bounded by approximately 20 m. The theight of any abrupt
obstacle should not be higher than approximately 100 mm. {ISO/TC
108}.

A restriction is imposed on the maximum inclination of any large
obstacle by the maximum possible swivel angle. o, of the wheelset.
This angle in its' turn is restricted by the geometry of the design.
The result would be that sharply inclined obstacles will be smoothed
and measured as being smoother than in reality.
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A certain amount of consideration should be given to the effect on
the measuring system of grass tussocks spread among the obstacles
on the terrain. The ground contact pressure should be such that
these are flattened and mcasured as the vchicle sees them. Slippage
of the wheels over the grass should be prevented.

The assumption is made that the profile which a vchicle "sees" or
oxpericnces, is the deformed profile after the vehicle has travelled
over . This is true for the rear wheels but not for the front
wheels depending on the soil type and hardness.  This assumption
is, however. justified against the definition of the properties of the
surfaces of interest, viz, hard ground roughness. The profile
measuring wheels are therefore allowed to run in the tracks of the
vehicle.

DETAIL DESIGN OF THE MEASURING CART
I'rame
Refer to figure 5.2.

The angle 0 is determined by the length L of the frame and the
height y of the smallest obstacle of interest.  The height y is
actually also determined by the smallest possible wavelength s that
will be accurately measured by the system.

For light commercial and passenger vehicles on rough terrain or dirt
roads the smallest obstacle of interest would also dictate the
wheelsize of the measuring system. A practical wheelsize was taken
to be 75 mm diameter, therefore the lower limit of wavelengths
which would be measured accurately is 0.075 m. The value of »
was therefore decided 1o be approximately 15 mm.

(3.1}
But gyroscope accuracy 0.83 % of 90°
and gyroscope resolution - 0.2 % of 90°

0

L 0.01:

sin(0.

I.150 m
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Wheelsize

Wheelset configuratior:

le=—"

|
| ,
]

|

The smallest wavelength that will be measured accurately depends
largely on the size of the obstacle:

-

X S
= e —

It is clear in the figure above that the wavelengths are the same
although the amplitudes differ. Wavelengths that will be measured
accurately are therefore larger than d, depending on the shape of
the obstacle. For simplicity it is assumed that the shape is always
favourable and the lower limit wavelength is taken to be d and
therefore s = d.

Assume a wavelength smaller than d:
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The resulting measurement of a would be as shown below while §
would be measured to be constantly zero.

i\

..l_

If this value of a i~ employed in equations 5.1 & 5.2 the result
would be an obstacle measured as having a wavelength of s, which
is approximately equal to d:

Confisuration of wheelset

Out of a few alternatives the configuration for the wheelset, in
terms of swivel poini, was selected to be as illustrated above. In
this configuration the weight on the wheels would act as a
suspension thus eliminating the need for such a system. A moment
M is constantly generated by the reaction force of the ground oan
the wheels.
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In order to accomodate large obstacles the following concept was
adopted:

F
>

S

Where ¥ s would be approximately 1.5d. The higher amplitude

limit is therefore also dictated by the wheelsize.

In order to accomodate the tyre width. the concept of two whecls
running side by side to simulate the effective tyre widith was added
to the design:

Weff x 80 mm for the 155SR12 tyre used

\%

eff

In the light of these two factors, that of large obstacies and tyre
width, it would be necessary to provide at least three measuring
wheelsets. A smaller wheelset would water for commercial passenger
vehicles with a certain tyre size. The tyre diameter would
determine the largest obstacle which can be taken on by the
vehicle. For trucks operating on off-road conditions another
wheelset would have to be available with larger wheels resulting in
an increase in lower limit wavelength but also an increased
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capability for measuring larger obstacles. For larger wheeled cross
country vehicles, like six wheeled military vehicles and construction
machinery, a still larger wheelset would have to be used. typically
in the region of 200 mm diameter, with the result that higher
obstacles can be measured but with a sacrifice of resolution in the
lower wavelengths.  This sacrifice would not be serious because a
large wheel is in any case insensitive to smaller obstacles.  This
statement is not completely true but would have to be accepted for
practical reasons, otherwise a method would have to be devised
which will be able to measure wavelengths from 50 mum as well as
obstacle heights of 500 mun accurately.

sround contact pressure

According to Bekker {1962), the equation for calculating the ground
contact pressure of a pneumatic tyre includes such parameters as the
mean vertical pressure within  the tyre carcass, soil strength
parameters, etc. This results in a complicated calculation of which
the result is largerly determined by choice of tyre and soil type.

For calculating the contact pressure of solid rubber wheels. such as
those used on the wheelset, the parameters are the real contact
area, tyre deflection in the cemer and elastic constant of the
rubber.  These parameters can be obtained without any difficulty
but what is still required are the soil deformation and soil strength
parameters. As it would not be possible to cater for all types of
soils, and in the light of the decision to measure only hard ground
roughness, it was decided to find the correct contact pressure
empirically. The weight on the wheelser should also be such that
constant contact with the ground is cnsured and no bouncing occurs.
A compromize would therefore be necessary between enough weight
to ensure constant ground contact and not too much weight as to
result in incorrect contacl pressure. This would have to be
optimized during the planned field tesis of the system. With the
current design the ground was assumed to be hard and undeformable
and the weight of the cart was made such as to function as a
suspension system and keep the wheels of the wheelset constantly in
contact with the ground.

SOFTWARE
In addition to the calculations necessary to give a set of profile

heights at equally spaced horisontal distances (see paragraph 3.2).
software had to be developed to perform the following:

5.5.1  Calculate the Power Spectral Density (PSD) according to the
procedure described in appendix C., paragraph 3. An
existing subroutine was adapted to make use ol profile data
because this function is usually calculated for time data.
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Smooth the PSD according to the procedure described in
ISO/TC 108 and explained in appendix D, paragraph 2.
This smoothing is to be done to simplify the process of
fitting a straight linc to the data, which was done with the

least. squares technique.

Calculate the roughness constant after ensuring the slope has
a value of -2 (see paragraph 3 ecarlier). This was obtained
by varying the f[requency limits between which the straight
line was fitted to the data points. ISO/TC 108 suggests
between 0.1 and 2.8 ¢/m which proved to be sufficient.

Various plotting software was adapted to provide for the
format as required by the profile data. viz, spatial frequency.
etc.

The detail of the mathematics employed in this software is discussed

extensively in the appendices and a guideline for the use of the
software is contained in appendix J.
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FIGURE 5.4: The Gyroscope

FIGURE 5.5: The Measuring Device on Towing Vehicle
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FIGURE 5.6: Wheelset detail

Notice chain/sprocket system which
connects the lower two wheels. This was
discarded !ater on when proved tc be a
mistake.
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FIGURE 5.7: The wheelset configuraticn

Notice chain & cable system which transfers rotation of wheelset to
potentiometer.
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FIGURE 5.56: The wheelset movement as it negatiates an obstacle
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QUALIFICATION TESTS

The fust series of tests were done to debug the hardware and
ensure  sound  mechanical  funetioning. The  following synthetic
obstacles were used for all fests:

Square obstacle

(a) 20 x 20 mm
Eh) 30 x 30 mm
c¢) 50 x 50 mm

Half round obstacles (radius)
25 mun
37,5 mm
59 mm
70 mun
125 mm
155 nun

These obstacles are only of acadenuc importance and are employed
to investigate design principles and theory. A real profile was used
however, to qualify the accuracy of the device.

The results from the tests over the synthetic obstacles proved the
following points:

The largest square obstacle should be smaller than the wheel radius
(37,5 mm).

The largest round obstacle is in the range of 125 mm otherwise
slippage of wheels oceur.

More weight is nceded on the wheelset to ensure constant ground
contact.

The ground following wheels of the wheelset should be disconnected
because they do not turn at the same speed when climbing an
obstacle. This resulted in a false downward slope in all the
measurements.

The optimum sample frequency for analogue to digital conversion
was found to be 128 Hz by investigating sample points per pulse of
the proximity switch. The pulse signal from the proximity switch
was also filtered with a 61 Hz low pass filter and the other signals
from the gyro and potentiometer were filtered by a similar 8 Hz
low pass filter.

Unwanted transiont, vibrations occured on the gyro roll signal caunsed
by bumps and also vibrations transmitted f{rom the towing vehicle.
Although  the instrument was mounted in  it's original rubber
mountings. it proved to have too much damping for this application.
A stiffer mounting was devised which improved the results but
would obviously decrease gyro life expectancy.
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Towing speed should be as low as possible, typically around 0.1 tw
0.2 m?s. so that bouncing, sudden jerks and shocks, do not occur.

It is essential that the gvro be started in an absolute horizontal
position, The zero value signals in this position are used in
subsequent computor caleulations  as calibration values. 1T a value
for an angle is assumed to be zero, but does not ropresent an
actual zero angle, a false slope is induced into the caleulated profile.

The second series of tests were made to prove the adherence to the
initial specifications of the measuring system:

Obstacies smaller than the wheel diameter are not measured with
any reasonable amount of accuracy. See figure K.1, in appendix K,
where a square obstacle of 8 x § mm was incorrectly measured to
have a wavelength of appru:. »ately 70 mm. ( Please note that
horizontal and vertical scales are not the same. |}

The lowest obstacle to be measured is determined by gyroscope

resolution which is 0,2 % of 90°. and according to equation 2.4 it
gives a minimum obstacle height of 3 mm. A 3 mm plate was
measured and the result is shown in figure K.2 where the distorted
shape can be seen.

The smallest obstacie to be measured with reasonable accuracy is
the halfround obstacle with radivs the same as the wheel radius i.e
37,5 min. A comparison (9 the actnal shape is shown in figure
K.3. A smaller 20 mumn radius balf round obstacle was incasured as
having a triangular shape as shown in figure K.l. This is severcly
influenced by the length of the sampling distance, ds. The principle
is that of the Nyquist or cut—off frequency where the accuracy is
influenced by the number of sample points per wavelengih. In
order to measure a wavelength of 37.5 mm accurately. at least two
sample points are to occui during ils' traversing.

Small square obstacies of size 20 x 20 mun and 30 x 30 mm weic
measured to have the shape as shown i figure K.5 and K.6. The
downward stope in figure K.6 is due to the fact that the wheelset
jammed behind the obstacle during which time the front and rear
wheels are lifted into the air simultaneously until the front wheel is
able to climb the obstacle.

A sloped step obstacle was created and the measuring svstem proved

itself capable of measuring it's shape quite accurately as shown in
figure K.7.
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Figure K.8 shows the comparison between the actual profile of a
simulation concrete rough track, as obtained by measuring the
profile height with dumpy level and yardstick every 40 mm. and
also by the measuring cart. The stretch of road was 3 meters long
with  obstacle heights of approximately 150 mm. The phase
difference which can be scen between the curves can be ascribed to
two possible reasons:

{a) The fact that the profile was measured every 40 mm with
the dumpy level method and cvery 392 mm with the
measuring device which results in a 160 mm phase shift
because when plotting the two profiles it is assumed that
both are measured at the same incremental distance.

(b) The probable error with the dumpy level method because the
measuring tape was not stretched absolutely horizontal over
the obstacles when the incremental distances were measured.

With cevery measurement it was found that the lefithand track, or

channel 2, is definitely not measured with the same accuracy as the

right hand track. This is mainly due to two reasons:

6.2.7.1 Gyroscope roll resolution and accuracy

2 Susceptibility of the gyro o vibrations in the
transverse  or roll  direction  purely because of it's
mounting configuration.

T
7

2
6.2.
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THE PFINAL MEASURING CART

DESIGN CHANGES

In order to produce a workable measuring cart a first prototype was
subjected to the yualification tests as described in the previous chapter
and the necessary design changes were implemented in a model which
will be called the final measuring cart.  The reader is refered to
paragraph 5.4 for the discussion whick is to follow. The final device is

shown in figures 7.1 to 7.7.

Frame

The frame was made to be adjustable in order to cater for a wide
range of towing vehicles:

Length: L = 2000 mm.

Track width: B = 400 — 2100 (adjustable).

Height: H = 930.

Towing hook height was made adjustable from 500mm to 1400mim.

Wheelsize

Wheelser wheels: 150 mm diameter (This s therefore also the lower
wavelength limit}).

Single wheel: 250 diameter.

The proximily switch was made to generate pulses every 0,039 meters,

Configuration_of the wheelset

The extra two top wheels, which were adopted in the prototyvpe to
cater for large obstacles, were rejected and the inclination and height of
the larger obstacles are simply limited by the size of the wheelse
wheel.

The two wheels running side by side to accomodate tyre width were
also found to be superfluous and rejected in the final design.  This was
motivated by the fact that the exira possible measuring width is only
an asset with narrow projecting obstacles but is of no use with narrow
indentations or holes in the measured profile.

Ground contact pressure

During the field tests with the final device, an observation of the
ground pressure was made. It soon became clear that the crushing
effect of the device's wheels under it's own weight was about the same
as that of the light four wheel drive towing vehicle. This was observed
over large grass Lussocks and ecarth clods.
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Software and instrumentation

The software employed with the system, as well as the instrumentation.
remained unchanged except for a change in the calibration curves of the
angles 0, 3 and @, the value of 'ds' and the wvalue of the track width,
L. These changes are o be jmplemented in the program  before
analysis.

General

At the pivot point of the wheelset, two face 1o face tapered roller
bearings were installed to prevent any other movement other than the

required swiveling. The swivel angle was increased to just under 90°
by making all protruding bolts and nuts flush with the swivel arm.

The chain and cable system for transfering the swivel movement of the
wheelset Lo the potentiometer was replaced by a single chain over the
sprockets.

All necessary instrumentation was shielded from the sun.

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021




FIGURE 7.1  The Final Measuring Device.

FIGURE 7.2  The Adjustable Towing Hook.
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FIGURE 7.3

Two views of the
track width.
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FIGURE 7.4

FIGURE 7.5 The Proximity Switch t7igger plate can be seen mounted
on the wheel.
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FIGURE 7.6

The wheelset with the potenticmeter
mounted inside the leg.

FIGURE 7.7

The chain  sprocket  syste

(uncovered) which transfers theg
rotation of the wheelset to thg
polentiometer.
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FIFLE: ST

AIM

[he aim of the field tess was 1o verifv tae terrain charas terizaton
PrOCESS, In order 1o arhieve  this, theee rerrad of  ubvious
dilference  in ronghness  where surveved  with the findd  measavine
dgeviee and the data aualyzed.  The characterization frovess would
he  accepted i a definite differonce in the PSDYs Jor the thie
torrains conld be observed.  The calealoed ronehness coustant, .
{soe appendis D) should be o distiner one fisure characterization for
a specifie terrain,

The three measured terraing are desenibed as follows:

{a) Dirt road — A streteh of gravel Gack  owith sl ose
pebbles.  The track is such thar o Ixt hakkie conid iravel
it comfortably at 60 km/h. It s ilustreated in feare L1
which is the measured profile.

Belgian paving - A stretel of svnthety

large  bricks white exhibiting alse Pumps  and

rougher than the ground road The Rejed s
illustrated in figure L2

(c) Rov h track — A streteh of conerere e temrdn o ohdnerd
by copying  existing  nalurad  ferrein : e el T
figure L3,

RESULTS

The result of the measwiing process 1~ i S Y, 12
and L3 where the profiles of the three teniains, as measured byt
measuring  systent are  depicted. ow  Tregueney wavelenarhs ol
trends  were removed  from the data o~ far s possible wal o
polvnomial and linear trend removal process,

The smoothed PSD's for cach verrain are dejected in fenres 704
LY. Chanoel 1 implies the rieshthand rracs or e wheelser side of
the cart, whereas channel 2 is the lefth - ! track or the sinale whoe
side of the measuring cart. To illnsiras che effeer of the tregiene
smoothing process. the unsmoothed PSD's for the rough rrack are
included in figurr L10 and L1L.

The calculated value for the roughness constant. K. a2~ well as the
slope. a. for eacl terrain is contained in table N1
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Table XN.1: Ronghness of measured terrains

P S e i gl —
| Ferrain i Right wheel 1rack Left wheel track _!

K
;

i
|
3.76a10 7 l
i

| (2) 6.2 20"
' Belgian _PPaving )
(1) 0.4 —1.9* 32.67x107
(2) 0.37 —1.9%
tgueh Track

Rougt
(1) 025 =2.5% 3Tx1077 202
{2) 035 =50 RS

Anxl1o

—=2.012

L tix

“The frequeney limits i ¢/m between  which a straizht Jine woe
fitted to the data. Number in brackets ndicates chanpel number

DISCUSKION

It should be remembered that the caleulation of the sooried PSD-
ilustrated in figure L4 1o L9 s influenced Y o4 variers of Latoe-
These need 1o be stated  clearly and any soerproaion sholld e
made while bearing them o mind, becanse the coothed  P'S]

crucial in the calealation of the roughness constamt. W

Firstly. the effect of aliasing  (explained in appendix B doring
initial  moasurement shonld be considered. This will wsually resal
in a relatively flatter PSD. It is obvicis (rom the PSD's of ol
three terrains that the upswing in the tail ends of the curves i
be caused by this.  The bump ar the frequencies 3 — 6 ¢/m in 1h
PSD for the Belgian paving is  however due 1o the hatnoni
irregularity of the 100mmm paving brick used to construet the rrack.
It might prove 10 be necessary o investigate the matter of aliasing
in more detail hefore confident interpretations can be made.  Hunter
and Smith (1930} did a sindy imo this mauer and their results cat
be found in their paper.

It is obvious that frequencies higher than the cut—off frequencs

should  be ignored: These are the frequencies  higher  than
approximately 13 ¢/m. and they also do not appear in the curves.
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The second  important  aspect (o remember is o the trend  removal
process. It did happen that he polviemia! 0 with least  squares
sometimes  proved 1o be insefliciens and  low frequencies were
therefore included in the data. The elinination of low frequencies
or farge wavelengths are surels dependent on the vehicle siqe and
type for  which  the  temain is soeveved, This  process <hould
therefore be handled with sound  judee nent and common sepse. The
amonnt of attention being paid to the low [requency ranee  shoudd
therefore Le determined by the speafic purpose for which the daa
is colleeied,

A running average method for eliminatineg low frequencies  was not
applied to the data cven though some authors sugzested it [ L
reason  was  that  this  process would  eliminate  frequencies  in the
range of interest.  This could however be investigared further.

The third aspect 1o consider is  the suecess of  the  frequency
stnoothing  technique  (see appendix ('), It s evidew  from the
PSD's of the three terrains that the curves might stilf be o Gl
tou rough in order to make a confident deduction from it in terms
of the frequency content of the data.  This applies specificaliv 1o
the detection of harmonic components in  the  terrain. Snch
components are. for instanece, definitely present in the o T
Belgian paving (Sce figure L2} but can be observea ooy a0
difficulty in the PSD for this terrain.  Fhe possibility also oxizts
that frequencies of interest 1o vehicle locomotion iy be elininated
by the frequency  sinoothing  process Rozin, Cote & Boudano,
1967).

The accuracy of the calealated PSD's is miven bn the expression o
the complete normalized error in appendix G

1
(G0

For the average sample length of L = 80 m and a frequene
resolution of Be = 1/{1020)(0.039} 1he error is in the ocder of
0 Y. but i expression (GI11) is used. derived for the - anege in
frequency resolution because of the frequency simoothing process. the
average value for the changed frequency resolution is found to he
0.1152 . The error given bv equation (GI0) is then caleulated 10
be 32.9 %. As mentioned in appendix G. this error can be roduced
by making the estimate more consistent (emploving a larger number
of samples) and by utilizing a frequeney smoothing  precess  which
gives a coarser frequeney resolution.  These two aspects need 10 be
investigated further.
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[T i definitely necessary (o consider the vibrations induced into the
measuring - cart  during  terrain surveving, These  vibrations  cause
false slopes 1o be measured by the evroscope as this instrument s
extremely  sensitive 10 vibrations. The measuring  cart's  sriffness
rubber  wheels and  gyroscope mountings all play & major role in
controlling  these  vibrations. [ was obvious  during  measurement
that the gyroscope tends to vibrate at a damped natural froquency
during  traversing  of  cerfain terrains. The sharp  peaks
approximately 08 cfm dnoall the PSD's are most probably due 1o
this. A stifler gyroscope mount resulted in premature failure of the
instrmment  and  this  shows  Lthe  compromise  necessary i siiff
mountings  for  accurate  measurement  and  soft  monmings  for
instrument protection,

Figures L4 to LY as well as table 3.0 indicate thar the terrain
characterization method with the PSD and rouchness constant, K. s
successful.  The position of the curves differ relative 1o each other.
which is an indication of the difference in roughness as prodicted by
the [SO/TC 108 Inspection of  the caleulated  values for the
roughness suggests that the rough track can be classified as an E or
F terrain, according to ISO/TC 108, the Belgian pavitg as a D ¢
E terrain whilst the smoother dirt road is a O or 1 erramn.
These values compare favourably with terraing classified in a shinilar
manner by Ohmiva (1956). To make a clear distetion hetween
the PSD's of the various terrains  would requure sonwe eapepienor
though. It should aiso be noticed thar some curves seems to be
too Hat due (o the aspects mentioned ealier on This s evidens

from the values for the slope. a. in table ~ 0 whuh e on e
average  lower than -2, A major  trasen for tes ocan be T
unwanted  vibrations  experienced by the evroscope as mentioned

earlier.

The measuring  cart  itsell  performed  moech better than s’
predecessor.  This is largely due to more anention having been paid
to tolerances and clearances, sturdier wherel construction. more rithber
on the wheels, ete.  The large vibrations noticed in the measured
roll data with the prototvpe model were reduerd.  This can be
noticed in the relatively smoother profiles eqneraied {or the lefi
hand track by the final svstem. (Sec figures L1, L2 and L3
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CONCLUSION _AND RECOMMENDATIONS

A workable mweasuring  device was  created  which would need only
minor morhifications in order 10 be applicable to a large variety of
terrains. The system is completed by the software which  was
developd 1o give a set of profile heighis for o measurod  terrain.
This measuring  svstem perfonned  satisfactorily  under the tests o
whica it was subjected but could still easily  be improved upon in
order 1o reduce some of the existine problems.

The profile characterizahon seltware, oo to zlculate the PSD's and
roughness constant, is successful but would need experience and care
to use.  The theory discussed in the first few appendices illustrates
the fact that there is more than one way of obtaining a PSD and
obviously there are some other possibilities for data preparation and
analysis.  These should not be seen as alternatives but  rather as
complementing or improving the present work.

Some recommendations and sugeestions need to be made and  these
are discussed under seperate aspects of the work:

THE MEASURING DEVICE

Investigate the possibility ol manvally rowing rthe device while, say.
two meter cables conneet the deviee o a4 vebicle whick carries the
power supply and recording  equipment. Ghes might improve the
controllability in  terms  of rtowing specd.  especially  over  rough
terrain, where i1 is very difficult 1o maimain & slow enough towine
specd. Foo high towing speed results 'noroo st pulses from the
proximity switch which wav be mis <l during analog 10 diginal
conversion of the time dara.

Soft, pneumatic. detachable road wheels fitted 1o the deviee would
help a great deal in moving of the device between measured
Lerrains.

The frequency response behaviour of the cart needs o optimized in
order to eliminate all vibrational frequencies generated from  the
measured terrain and the towing vehicle.

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021




INSTRUMENTATION

A stock of at least two mwore syroscopes  is o reguired  a@ the
treatment this instronment recieves  during measurement s way over
its' design limits and henee results inoan exceptionally short lifetime.
The other alternative is to invest inoa higher quality evroscope bt
the high cost fhigh risk implications wonld make this impractical.

DATA ANALYSIS FOR ROUGHNESS CHARACTERIZATION

The assumption of stationarity and vigodicity of the profile should
be investigar «b. Some authors have made extensive mvestigations
into this aspect (Kozin, Cole & Bogdanoft. 1963, Bekker. 1969, etel
but a definable method of assessing this assumption when doing field
measurement  should be developd as a complement o the presens
work.

A detadl study  of the aliazing effect of the measuring  wheelset
should be undertaken.  The influenee of aliazine. in the conversion
of the 'analogue' profile to the 'digital' set of profile beighis, on the
resultant. PSD for a terrain is expected to be considerable and o«
means of reducing. or 1 least quantifving it. is necessarv.  The
work of Ifunter & Smith (1920) might be usefnd in this regard.

An investigation into more effeciive rrend  removal meethods shonld
be made. including perhiaps & movine averaee nethod

The error in the estimated PSD oeesds 1o b redsiced }'.\ utihisime
larger sample lenmths and by fodineg o wore effecine frogneney
smoothing techuigue.

GENERAL

For light rough terrains and roads the accelerometer method  isee
paragraph 3.2 and appendix F) would be more practical. This
measuring systemr should he developed as an integral part of the
existing one which would create the possibility of covering  these
'not=so—rough' ter. ins faster during measurement. A device similar
to the one discussed in paragraph £.3.2 could be integrated with the
current, device.  Additional software is required. hewever. o perform
the caiculations described in appendix k.

No record of the length of the measured terrain is stored in the
calculat:d PSD.  Aan extensive investigation is required into usmng
fatigue cyele counting methods. in combination with the PSD. 10
determine the number of undulations in a streteh of terrain and
thereby creating a reference for the lenzth  of terrain which was
measurced. that ean be used in liferime siimulation of vehicles or
vehicle  components. Although  studies  inio this  aspect have
definitely  oeen made (Murphy, 19520 Raneshige, 1969 ered @0 s
again perhaps necessary 1o develope a method  cooperating with the
existing profile messuring svstem. A study of wnplitude probabilin
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distributions  {Van Deusen) or rainflow counting techniques to be
employed instead  of. or in  addition to. the PSD  profile
characterization would be required.  Care should be exercised not to
lose frequency information which is ol importance in computer model
ride simulation and suspension component testing,

In conclusion it iz noticed that the system deseribed in this report
olfers an excellent baseline for further studies and investigations. It
also succeeds in its' purpose of being a successful tool in measuring
and characterizing the profiles of rough terrain surfaces.
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APPENDIN A
PRINCIPLES OF THE ESTIMATION THEORY

Because it is much more easier 1o vizoalize any phenomenon as a function of
time than as a function of any other variable, the theory presented here are all
based on processes which are functions of time.  With minor modifications hore
and there they would apply exactly 1o any process or phenomenon which ix a
fuavnon of any other variable.

Consider a random  process with output value x which is & funtion of time.
Because the process is random it is impossible to predict the value of x at any
time t in the future. It is though, possible to find the probability that the
value of x will be between certain limits at time (. This is the basis of the
estimation theory. This theory is used to estimate statistical preperties, which
characterizes the random process with any chosen level of confidence and they
include the mean, variance, power density spectrum. ete,

When the random process is observed for a certain finite time interval T, a
sample record or function x(t) is obtained representing the process concerned. It
is obvious therefore that the complete process is made up of an infinite nnmber
of these sample records but it is not possible to observe thers al.  If a large
number, say N, of these [unctions can be collected though. it wouid be "enough®
to represent the random process  sufficiently  for  estimation  purposes. This
collection of sample functions is called an ensemble, denoted by {xotihl and s
an approximation of the random process.

To be able to describe the properties of the random process at any instant say
ty, he average of the value at ty of ali the swinple fwctions s caleulared,
This is called the ansemble average Fix] and is illusiroed o fanpe Al This s
also called the mean value pe or first woment of the randonm provess at e 1y

pxlty) = xi{ty) (Al

|
X ke

The values of all the sample functions at 1; together form the first—order
probability distribution whereas additional values at t; form the i-th order
probability distributions. A probability distribution can  be described by a
function which in turn is called the probability density function.  If a random
process is said to be Gaussian all the probability distributions must be Gaussian
and therefore the density functions must all be of the form depicted in figure
A2, and be described by the following relation:

—{ X — py¥

2¢g?
19

1
({27 ol

p(xy) = ‘

4
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Th. standard deviation or variance is defined as follows.,

N 52
|

Kyl xiplty) - .l'fo

atedl is simply the mean square value around the mean.

The correlation between values of the random process at two different times 1
and t; + 7 can be computed by taking the ensemble averaze of the product of
these two values. This is called ihe joint moment or auto correlation funciior
and is given by

]

R,x{l.l,h + T:l &=
N

alty)xp{te + 7) tA1)

N
¥

Two additional concepts are now delined namely. stationarity and ergodicity, A
random process is said to be stationary if all possible moments are independent
of absolute time t and only dependent on the time seneration = between the
points. In other words if the first moment. viz the nseinble mean vahie (A2,
is calculated at time 1y it will have the same value i caleuiated at any other
time L, The same for the second moment. Ry o with the ouly condition thar -
does not change with each calculation. The implies  that  the statistical
properties of the random process do not ve with time for ospace. or ey
applicable variable other than time). A wewk.. stationary process is & proc s
in which only the first and scecoud order probability distributions are invarian
with time. For practical situations an asswmption of stationarity is made cven
though the process is weakly stationary and therefore a verification of welkly
stationarity implies stationarity.

A process is said to be ergodic if it is stationary and additionally. the time

average of the values in one single sample function does not differ when

calculated over any other sample function.  Iastead of therefore describing the

system by ensemble averages of the sample [unction. the mean and
Le

autocorrelation is calculated over say, the single sample function k. only.  The
mean value and autocorrelation are therefore given by

 F
#::':k) = — J Nl t)dt
1 (4]
i ¥
Rulrk) = — | se(v)xift + 7)dt {A5)
T
40

In other words the time average and autocorrelation of the sample are the same
as 1he ensemble average autocorrelation and  anv  sample  function  therefore
completely represeny the random process.  Ergodicity therefore implies stationarity
but not visa versa. All the nccessary statistical properties of an ergodic random
process can therefore be obtained from one single sampie function.
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Take a process which is stationary. To estimate some parameter. simply called
p, which can be the mean, average or power density. a finite segment of a
single sample function is used.  There are therefore T values of x{(1) wheie
04<T~1 which will he used 1o estimate p. Because x and t are in themselves

random variables and the estimate p ool p is a function of these variables, p s
Uso a randem variable and possess it's own probability density funetion of which
the form and shape will be determined by the composition of 'he estimator and
the form of the probability density functions of the random  variable x{u
depicted in figure A2,  The estimator used to estimate p is "good" when the

probability is high that p will be close to the true value of the desired
parameter. A probability density function of an estimate which is "narrow"
}curve A in figure A3) implies a bhetter estimator than the less "narrow”
unction (curve B in figure A3). This aspect can also be characterized by the
confidence interval.  This concept s not discussed in detail here and can be
found in the appropriate literature. [t is sufficient to note that for rhe same

level of confidence the probability of p being close to p is higher for a
estimator than for a "not—so—good" one,

Two estimators are usually compared by their bias and variance.  The bias is
defined as the true value of the parameter minus the expected value of 1he
estimale:

= p - E[p] fAL

An unbaised estimator's probability density function hive Bt's centre on the true
value of the estimate, therefore the bias = 0. Shnilarlv an estimator s ssid 1o
be consistent if the bias and variance, which is defived as in (A3L tend towards
zero il the number of observations increases.  The estimate therefore  become:
more accurate if a larger number of values in a sample record of the random
process is employed.  Furthermore an estimator is said 1o be efficient if the
mean square error. given by

E[(p. - p)?.

is smaller than the mean square error of any other estimator. These three
concepts viz bias, variance and efficiency define the "goodness" of an estimator,

To he able to make these deductions for a specific random process it is
necessary to know the probability distribution of the variables x{(t). This is
obviously not possible with most natural phenomena and therefore a Gaussian
distribution for these variables is assumed. It was also done during this study
and this assumption validates the application of the theory discussed.
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Figure Al The Concept of En.cmble Averaging

Figure A2 Probability Density for Gaussian Process

Fignure A3 The 'goodness' of an evimator
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APPENDIN B

DESCRIPTIVE PROPERTIES OF BANDOM DATA

For the following discussion a cortain random process 5 assumed 1o be ercodic,
therefore stationary and exhibiting Gaussian sample funciions (See appendin A,
Because of these assumptions it is not necessary to eogerve a larne muuber of
sample function in order to caleulate the properties of ihe process but these can
he obtained from a single sample f{unction.  Although random data in discrete
form was used with the work discussed in this report. for the sake of stmplicity
and clarity. the relations derived here are for continuens data. The detair
calculations for some of the properties. emploving  discrete data pouss, are
contained in appendix C.

According 1o Bendat & Picrsol (1971) four main wwvpes of statisiical funetions are
used Lo describe the basic properties of rendom dat

Mean square value (MSV) — indicates  geners] o intensity o
data
Probability Density Function {PDF) furnished faformacion

[ N [EE A LG dla

vplitade domaln

Autocorrelation Funetion (AC]) frnished nfornat
atoperties of 1he

tane donan

Power Speetral Density Function (PSD) - Mrpished information ol
properties ¢ the dava in rhe
{requency domain

The ACF and PSD supply basically the same information concerning the deta
because they are only fourier transforms of each other.  The use of either one
of the two is determined by the format required by the user for a specific
application. '

The functions mentioned above are used to describe properties of single random
processes and in order to describe the joim g pertics of two or more randon
processes three m in types of statistical functions were  devized  viz.  Join
Probability Density functions {JDF). Cross Correlation function (CCFj and Cross
Speciral Density function (CSD). f'he joint properties are sometimes required
where, for example. the profile heights of the left end right hand track of «
rough country road are to be investigated and the degree of influence is tw be
established which the undulations on  the neht hand  track have on  the
undulations on the left hand track at the =ame. and also [uwure. positions on
the roard.

Mier discussing all of these propertics. attention will Le -rned ro the respons

properiies of linear syvstems, as this theory is very mnch applicabie 1o the work
discussed in this report,
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PROPERTIES _OF A SINGLE RANDOM PROCESS

MEAN SQUARE VALUE

For a sample tme record x{r). observed over time 0 o T, the
mean square value s given by

T
J x4t )t {31y
0

The sqguare root of this being called the root mean square or s
The average of all values in the sample rmcord i< denoted by the
mean value py and is given by

T

1 } N{L)dt
l {1

which is similar to (A3

The mean squace value around the mest - caled the veriance and.
in equation form. is given by

[x11}

PROBABILITY DENSITY FUNCTION

This function describes the probability thet rthe data will assucie o
value within some defined range ar any insrant of time.  Because
x(t) is random. the values cannot be predicted in advance but oo
sample time record could be recorded. say ostarting at time o for
an interval T and in the light of the assumption of ergodicitv. we
may use the statistical characteristics of  this sample record 1o
predict what the value of x{t} may be at any instant t where
— o < L < x. The probability that x(t] assumes a value within
the range x and (x + Ax}. may be ecaleulated by otne ratic /7T
where ty is the otal time that xit) falls within the  designated

range,

Prob [x < x{1} ¢ x = Ax! = ;"‘:_ inE

Il Ax is small the PDEF can he defined

lim

Ax—1) A\

plx}
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AUTOCORRELATION FUNCTION

This function indicates the influonce of values of the data at one
time on the values ar a fwture time,  The definition for the ACHE
was  piven  for an ensemble average by ocquation (A4, For an
observation time T of a sampie bistory the ACEF 15 given by (A5)
which s

Rl 7) | ox(Ux(t + 7t

where Re(—7) = R{7) and Ry(7r) have a maximum ai r = o
important. to note at this staze the relation between the MSY
the ACF of x{1):

2

W R‘\;{U)

®

This function has a maximum at - = o and s
symmetric function. It is nsed in the caleulation of the
illustrated in appendix (* and also in rthe following paragraph

POWER SPECTRAL DENSITY FUNCTION

This function deseribes the general frequency composition of the data
in terms of the spectral density of its miean square value.  Vdtions
methods exist to calenlate 1his funetion and a few of those will e
discussed in detail later on in other appendices. [t is thouzh
necessary to explain the PSD calculation in context with the other
functions mentioned above.  As mentioned earlier the PSD. (Gl i
the fourier transform of the auto correlation linction.

Gull = :F Re(rle 27T 4 BS,
0

This results in a one—sided PSD which is defined for frequencies in
the interval (0.x). the two—sided PSD being defiand for the interval
{(—=. =}. The mean square value of xf1} is equal to the total arca
under a plot of the power spectral density function ve frequency.
Therefore

2 or
o= | Gehdf 1B
X
0

and & more appropriate name  for PSIY is mean  square spoeciral
density. A detail diseussion of the PSD ollows in appendix
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JOINT PROPERTIES OF RANDOM DATA

JOINT PROBABILITY DENSITY FUNCTION

This  fuonction indicates  the probability  that two  seperate  sample
records  will simubtancously assume values within some defined  pair
of ranges at any specific time.  In other words it describes 1he
probability that x(1) would assume a value hetween x and x <+ Ax
while at the same time (1) asswmes a value within the range v
amdd vy + Ay

Hence

plxy) = ._\i[‘:: LI L (B10)
Ay-0 =

during an observed interval T with tyy indicating the tme that xiv
and y(t) fall within the respective ranges,

The IDF is used. among other things, to relate the probability of
occurence of a cvent to the probability of oconrenie of another
event. In other words, what is the likelvhood of an event it ihe
likelvheod of another correlated event is knowr.

CROSS CORRELATION FUNCTION

This function, in turn, deseribes the general interdepedence of the
values of two sample records.  hois defined inoa similar fashion as
the ACE but instead utilizes two sets of random data. x and v,
The value of x at time t is compared to the value of y at time
A ol

T
R_\'_\‘f_r] = L

‘0

As opposed 1o the ACF Ryy does not pecessarily have a maximim
al 7 = 0. nor is it an even function.
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CROSS SPECTRAL DENSITY FUNCTION

Because the PSD is a fourier transform ol the ACEF, the SD s
defined as the fourier transform of the CCF. But oas the CCF s
not. necessarily  symmetric, the CSDI function s usonally a complex
number.  The CSD can be deseribed as being the average produc
of x(1) and y(U), within a frequeney band £+ Af devided by AL
The CSD has the following form:

Guy() = [Gxp(D/e =il 1)

!
2 ¥ e

with /Gl = [H{v((}_\-}-)) = L]:nt(;\._\HJ;

Rl (iey 1]

TG, T

and  ox(l) = tan™ [

The coherence funetion e is mostly nsed o praciical sitnations:

14lf) = [Gaytdd)® B13

CEETTIGET D)

When 7 = 0 at a specific frequeney it omweans thar x(t) and i
are uncorrelated at that [requency. where as if 30 = 1 the two
sample records are said to be fully correlated at that frequency.
This is a valuable quantity to calenlate if the correlation between
the profite heights of wwo parallel tracks on. a road are 1o be
investigated.

FREQUENCY RESPONSE PROPERTIES

In addition to the properties above by which random data is
characterized . the need exists to discuss some principles of the
dynamic behaviour of systems. In addition te the assumption of
crgodicity, stationarity and Gaussian sample function, two further
assumptions are made concerning the random data involved in this
report namely thai the svstems involved have constant parameters
and are lincar. Constant parameters imply  a  system having
propertics which are constant with time. Linearity implies 1he
svstem has response characteristics which are additive. that is. the
output to a sum of inputs are cqual to the sum of ourputs
produced by ecach input individuallv. [t also implies the response
characteristics are homogencous.  These two terms are explained as
follows:

Additive: flx; + x2} = f{x;) + [{x2)
Homogeneous: flex) = ¢f{x]
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If a real system exhibit non-lincar characteristics in certain extreme
areas, it is assumed that the system alwavs operates in the linear
arca so as to make the theory discussed here applicable.

With any input to a system, as defined above, the ontput  will
occure after a certain time lag. 7. This dynamic characteristic is
deseribed by a weighting function h{r} which is the output of the
system o any it input oapplied time 7 hefore. For any  inp
x(t) the output of the system y(1) is given by the convolution
integral defined in general as

[
| h{r)x(t—r)dr

b 1}
and more specific
1 B

therefore ¥(1) hir)x(t—ridr
-

The lower limit of integration changes becanse a  Hiear
responds only to past inputs that is,

hir) = 0 for 7 < 0.
The frequency response function (FRE) of a Hoear svstom s defined

as the fourier transform of the weighting function h{ri (sce Kaplan
p216)

H(T) hir)e~ 2 7y, (B135)

x

A constant parameter linear system cannot cause any difference in
frequency but only in amplitude and phase.  Another importam
property of I{f} is ohtained by taking the fourier transform of both
sides of (B14).

Y = H{)X(f) (BIG)

where Y(I) and X(f) are the Fourier transforms of the output (1)
and input x{t} respectively. Because of (Bi5) the FRF iz a
complex quantity which can also be written as

e = el
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where [II{f)/ is called the system gain facto: and  (f} the svstem
phase factor.  The svstem gain [actor indicates the dilference in
amplittde o the input and output whife the phase factor indicioes
‘he phage shilt induced by the systen.

IT (B:4. is rewritten for a pair of fimes tand © % (7)) the sroduct
y{)y(v 4+ 1) is given by

o
vit)y(t+7) = J’T Wbl x{t=c)x{t+r—nidedn
0

0
and in terms of the auto—correlation. this van be written

o0
Ry(r) = J rl:{:)h{;}}!l {7 + « = yiicdy {Bls:
0’0

With the knowledge of Fourier transforms as well ax the relationship
defined by (BS) the following equation is obtsived il the Pourier
transform of both sides of (B18) iz ~aleulated:

Sv(f) = JHN)/Sx() 1By

With similar manipulations for the cress-correlation properties the
following is obtained

Self) = H(D)SN) (1320
Note that {B19) containg only the system gain factor while (B20

containg phase information as well.  For one—sided PSD functions
these two equations can be rewritten 10 be

Gy (D = [H(HGN iB2]
Gyelf) = (I} Gylf) (3224

where x indicates input and v output. [t follows that the outpu
mean square value is given by

o %

‘y).:J

Ge(Ndf = J‘Lﬂl;f}/?(}x{f](l{ B23)
0

0

according tu the definition that the MSV i the area under the
curve of spectral density vs (requeney (BY),
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APPENDIX ¢

CALCULATION OF POWER _SPECTRAL _DENSITY

It is deemed  necessary to o discuss in some  detail  three basic methods  of
calculating the PSD of a random history.  As in the previons appendices the
data is again assumed to be ergodie, Gaussian random processes and  therefore
statistical properties can be caleulated [rom  the time average and mean of a
single sample record.

Analogue frequency analyzers operate on the principle of a narrow  [requency
bandwidth “"scanner". the output of which is the mean sguare value of the
amplitude at the frequency enclosed in the range.  Caleulation of the PSD in
this manner is called the TFilter—squaring—averaring method.  Additional methods.
more suitable for digital computors. are the PSD o estimation  via  correlation
estimates and PSD estimation via I computations.  Fach of these methods
will he discussed seperately and a summary made at the end explaining the
specific method used to estimate ihe PSD during the work deseribed in rhis
report.,

FILTER SQUARING-AVERAGING METHOD

As  mentioned  above.  an  analogne  hequency  analvzer  is o an
instrument which s essentially  a variable narrow=band - freqnensy
filter with an rms meter o display  the oatpurn, A spectrum
analyzer is a similar instrumment execept that it has more accurate
filters and precisely calibrated filter bandwidihs.

Suppose the filter in the spectrum  analvzer have the  theoretical
FRE (sce Appendix B) as depicted in figure 1.

)/

Figure ('l
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Assume an input x(1) s a sample funetion obeving the assumptions
mentioned  above and the output frormy the Gher in the spectrum
analyzer is v(t1).  Thix output i squared and the time average
caleulated from (B1):

T
yA()dt N
‘it)

]

2
W,

From (B23), if assumed that T cannot reach infinity, (Ch can also
be approximated by

Vo = | JI0/2GA(Nd

4]

and with Al << f, in figure C1 and  calling
relationship can be further approximated by

Ve~ HAAIGf)

If {C3) is turned around. the value of tine speciral desins
specific frequency [, is approximated by

Gullo) = _¥r

o AT

it should be noted that the ouwpwr from  analogne  frequency
analyzers or spectrum  analyzers produce the one=sided P5SD as in
the above cquation.  The mean square value caleulated over the
bandwidth Af is therefore normalized by deviding it with AL In
this manner the influence of Af is reduced.

But the FRE in figure C1 is theoretical and applies to an infinite
averaging time with T = w.  This is not at all practical and such
an instrument usually have a finite average time ' which results in
the fact that spectral values are estimated from short pieces of data
and it cannot be hoped to get accurate results. This problem of
limited sample length available for calculating the PSD applies 10
both analogue as well as digital procedures.  Discontinuities at the
start and end of the record result in a certain loss of precision.
This precision or accuracy depends on the record length T and the
bandwidith B of the narrow band filter.  This can be scen in the
fundamental equation 1o determine the standard deviation ¢ of the
the estimation

i (C5)

| BT

where m is the mean ountput from the analyzer.
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WINDOWS AND SMOOTHING

The concept  of  spectral window  whichh is used to define  the
equivalent bandwidth B of a speciral calenlation is introduced now.
The explanation  will  proceed  with  the analyses on a  sinusoidal
history.  Refering to fignre €2 it is clear that, if an infinite length
record was used 10 caleulate the PSD of this history. the result in
the frequency domain would be a dirac delta function &f) (to be
discussed later in paragraph .2).

Gulfo) I ol — fo)

A WAl A
VAAVARV;

{a) ihy
Figure ("2

Because of finite record length the sammple can start and end at any
value of the sinusoidal history. with the result  that parts  of
wavelengths, hence frequencies, are included in the PSD. I the
sample length is perfectly the size of n wavelengthsaben obviously
there would be no problem.  This concept is dllustrated o figure
€3,

Gx{ru} (({[ =

(a)
Figure (3

The resuiting PSD is of the shape shown in figure C3(b). The
small fluctuations adjacent to the main peak is calied leakage and is
because of the spurious frequencies included due to the effect
illustrated in figure ('3(a). This leakage is obviously the cause of
an inaccurate PSD and the aim would therefore be 1o elliminate or
reduce leakage in the PSD estimation. [t would not be possible to
start the sampling record always precisely on the start and end of a
wavelength but if the leakage magnitude can be reduced to many
times smaller than the main peak. a more accurate PSD would
result.
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Taking the sample record shown in figure Ci{a) and multiplving it
with some function. say W(t), so that the result would be figure
C4(b), the effect of uncompleted wavelengths at the start and ¢nd
of the record would be eliminated.  The function W{t) is called a
window function. Because the signal is made zero at the end
points, the original data will be corrupted.  With application of a
window function, periodicity of the history is assumed with a period
T, the record length.

JAWA B . 2

(a) (b)

Figure 4
The effects of different window functions being imposed is illustrated
in figure C5. If no window is used it implies in actual fact the
imposition of a rectangular window (figure C3gai). Ihe Hanning
and Cosine windows are used with continuens Listories such  as
steady periodic or random vibration. The requirement for a good
window would be that, for the perfect case where the record length
starts preciscly at the beginning of a wavelength. as well as for the
worst case where the record length is a complete half wavelength
too long or too short, the resulting leakage on the PSD should not
differ to much in size and frequency.  The width of the spectral
peak should also be as narrow as  possible  amd  thereby
approximating the delta function. The window function obeyving
these requirements sufficiently is the Hamnning window which was
therefore used for the work in this report.

The application of a window function on the PSD is also called
smoothing and. il the window function is multiplied in the time
domain transformation to the frequency domain would imply a
convolution integral with the resulting smoothed or cstimated PSD
defined by

Gy(f) = [\\f‘{]-“—f)(;x(f-‘}dF (C6)
0

where F is a dummy frequency and W(I'} the weighting function
which satisfies the condition of the delta function. viz:

rw{ F)F = 1
QO
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Figure C5: Different types of windew functions

(a) Rectangular
(b) Hanning

(c) Cosine Taper
{d) Exponential
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The window function can either be aoplied w0 the data in the
frequency or time domain, the result would be the zame.  The
width of the function determines the band of frequencies over which
the averaging is perforined.  For a rectangular window the cffective
bandwidth Be is the full widith of the [unction. whereas with the
Hanning window, which risc: and [alls off gradually. the effective
bandwidth can be caleulated as Tollows:

Be = —— L (C7)

J"wh( df
[a]

with the Hanning window defincd by

Wp(t) = 1 — cos 2t
T
Walt) = 2 sin?| 270

T

for L€ < T

and Wn(t) = 0 evervwhere elsc

The effective bandwidth Be is also called the frequesiey rosoiution or
resolution bandwith.  The narrowest possible value for B, wonld be
1/T.

Be can be seen as Lhe narrow bandwidth of an analogue ~pecirum
filter with a centre frequency [ which can be varied over the 1oral
frequency range of interest. This bandwidth should not be confused
with the bandwith of frequencies contained in the infinite length
history.

When the data is a random history. the theory above would apply
exactly if the assumption is made that the data is periodic with
period T.  Multiplying the true data with the window function
would in effect imply multiplying every harmonic component in the
history which can be obtained by Foarier analyses. by the window
function. This would result in a narrow band PSD for every
harmonic, or spectral line, in the total PSD. This total PSD would
then consist of discrete spectral lines which were calculated by
averaging over the nasrow band frequencies Be  situated
symmetrically around the frequency of the spectral line. This
concept is explained in more detail in paragraph 1 later on.
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To avoid ihe loss of data during window application. due 1o the
fact  that windowed data are zero near the  boundaries.  overlap
analysis can be performed.  Overlap can be intuitively assessed  and
it is basically defined as the size of the step 1o the next sample
record on which to perform analyses.  Io this instance a distinetion
needs 1o be made hetween the total sample record used 1o obrain
the statistical properties of a ifinite random history and the smaller
sample  record  which is  again a  subdevision of the total sample
record. A PSD s caleulated Tor every smaller record and  the
average of these PSD's is accepted as the PPSD of the complete
record, and therefore as the PSD of the random history.  This
process is called time averaging and will be discussed again later on.
Subdividing the initial record into smaller records iy done in the
time domain before windowing, with the resuht that  values in the
original data which are made zero or nearly zero by windowing, are
not changed with the next step i the analvsis, depending on the
weasure of overlap.  The PSD of a stwnad are therefore caleulated
by stepping throug! the signal with a record of sive T caliulating
the smoothed PSD of every sammnle record.  The step siee is o oany
one of T/2. T/3 or T/4. the acoaracy of the PSD increasing with
the smaller step size.  The average PSD ool all the samples i3 then
taken as the PSD of the complete  ae-al or histary Tie above
process s illustrated in fuure 6,
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ESTIMATING THE S FIROM AUTO=CORRELATION
ESTIMATIES

This is the classical method  whiclh is called 1the  "Blackman
Tukey” method after the men who developed it From appendix A
the relation bhetween the PSD and the ACE is entioned amain:

)

5]
Go(D) = 4| Ry(r)cos2alrdr (CR)

‘0

The cquation to use with disecrete  random  serics on a digiral
computer in order to give the value of the PSD at frequency f, s
given by

m-1

Gull) = M[Ro + 27 Ricos[F7 1) & Rueosl?

r=1 i |'

L L ¢ L L

™"

where the parameters are defined as [ollows:

Gall) — raw unsmoothed estimate of the PSh
h — time interval between sample values
1 I

R — estimate of ACEF at lag r
n — maximuin lag number
[e=1/2h = cut off frequency

The autocorrelation estinate are first 1o be obtained for discrete
values hy

- | Ner
Ry = RBylth) = — ¥ xpxi {C1)

N n=1

where r s the lag mumber and N the toral oumber of samples
used.  The maximum time displacement of the estimate is given by

™ = mh.

The value of Gg(f) should only be calculated at discrete (requencies
numbering m + 1 calculated by

= — k = 01.2,..m
m

The index k is called the harmonic number and  the PSD o s
therefore estimated av 11/2 independent spectral lines,
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Because the data was analyzed with a rectangular window  (see
paragraph 2 above) it is necessary  to do smoothing so as  to
climinate the side  lobe fluctuations.  As said earlier the Hauning
window or weighting Tunction is used for this and it is defined by

Wy, o= Wiyleh) = L {1+ cos [if_“ (QE
2 m

for v = 0.1.2,....m
Wi, =0atr>m

The final smoothed PSD (_i,;(f} are given for the harmonics. k. by
utilizing (C11), (C9) and (("10).

- * L = . me-1 % { g ¥
Gy = (:xlﬁ]zjh{li.. + 2 ::I\\'p.rl{rl-tjs';il" 13

[ m Loy

L

ESTIMATING THE PSD FROM FEFT COMPUTATIONS

DIGITAL CALCULATION oF THE FAKT FOURIER
TRANSFROM (FFT)

The Discrete Fourier Transformi (DEFTY i 1o be explained  before
discussing the FFT because the FIFT is esssentially a computer
algorithm to caleula  a DIFT.

IT x(t}) is a periodic function with period I (es 08 rthe assumption
for PSD calenlation) then x(t) can be written as a Fourier series

[2:!-.'[‘-

s
x(1) an-f-kl.'lla;(r'o.\': (Cid)

r

T

where aj x(t)eos

2
T |

4]

and by, x{tisin
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In complex unotation {C11) can be defined in a single cquation hy
utilizing the Luler relation

= (08 X -k 1 sin X
|({‘rx b e
2
and e o8 X — ¢ 8in X
. X X,
sin x = ='(e" ~ ™)
2
Therefore +he Fourier series can he written as
[ 27kt
o a— L
dg.k. L L.\_;1l{i!.k—-‘]}k}(‘ T+ tap+byle
3 b

by making Xy = ax — by the equation becomes

Faki 2zk ¢
{ =

Npo T + Xge )

k3
where Xy denotes the complex conjugate of Xy.  Because a, 15 1te
average or offset value of x{t) it is removed seperately and therefore
(C16) can be written as

© At
T X ; (C17)

k==t

But if only discrete time values are known, instead of a continuous
time function x(t}, they can be represenied by the discrete series
Xa}, 0 = 0,1..N=1 where t = nAt and At = T/N. I now the
iscrete form of the coefficients ay and by are employved to redefine
Xy then (CI17) may be written as

i'.’xk ik

1
Xy = At

but substituting T = NAt then (C15) becomes

f2 '-\}

N | (19}

4

with k 120081}
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This is the formal definition of the DFT and the inverse
transformation gives every discrete value of {x,}. as in (C16). if the
time is taken to be the discrete points n.

If the values of x is caleulated by {C19) N multiplications of the

Yxknl . =

form x, exp —.‘['-'—--]1-[-1' are 10 be performed for cach of N values of
N

Xy, bringing the total caleulations to N%  The FFT brings this
total number of computations down to Nlog(N) which is a gain of
99,95%. The FFT succeeds in this because it works by partitioning
the full sequency {x,} into a number of shorter sequences. The
DFT of the shorter sequences are then calculated and combined
together to yield the complete DFT of {x,}. This process is called
the "Cooley—Tukey" method after its developers (Cooley & Tukey.
1964).

The sequence {xp}. n = 0.1.2..(N=1). with N even. is partitioned
into two seperate shorter sequences (Y} and {Zu}. as shown in
figure C8 where

: N o
¥n = Xog aud zp = xau, with n=0.1.2.....—1 200
(3}

. -

The DFT's of these shorter sequences are given by

| NJ2-]
Yy = Yooye

X773 nso

N/2-1 —
Zk - x Ny

n=f
with k = 0,1.2...(N/2-1)
Rearranging the summation in (CI8) into two seperate sums. similiar

to {C21) and (C22). and substituting (C20). the following is
obtained

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021




TEIT VAN PRETORIA
17 TORIA
PRETORIA

Comparing {C23) with (C21) and {((22) it follows that

(C24)

for k = 012, (N/2=1), which is the recipe for combining the
DI'TI"s of the two shorter sequences Y and 74 . The partitioning
can actually be done even further by partitioning the two sequences
into further sequences and so on, with the only requirement being
that the number of samples N in [x.} is a power of 2.

CT: Partitioning  the  sequence  {x] into sequences  {v)
and {z}

\TING THE PSD

1etimes necessary to resort back to an analytical explanation

is to follow, because keeping o the discrete notation
»s the discussion unnecessary. It would make no difference
. ‘ual computations, however.

from the definition of the PSD according to the analogue

Zanalyzer, where the power spectral density is defined as

square spectral densiiv, a digital similarity is searched for.

= he the easiest to work with a random history x{t) which
ited by its Fourier series as follows

(C25)
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This is exactly ecquation (C16) without the mean value ag and for
simplicity the value 2x/T is replaced by w.  lHere it is clear that
the frequency, in Hz, is given by k/T and therefore w is simply the
radian  frequency  in r:itl/s. According to (Bl) the mean square
value (MSV) of this history is given by

{B1)

In order to be more correct, T is allowed to approach infinity
which implies doing analysis on the complete history and not only a
small sample thercof. Substituting (23} into (B1) therefore gives

T

2 1 &
= lim 1 ¥
B S— k:

2

A T . b
: [.\L{'”‘“‘T + Npe d”'“! dt

" ile
- el (4
.\|\ e . I

-2kT |
- -0

which, when the definite integral s solved and 1 i made 10
approach infinity, results in the approximation

X =

o & XX

(C26)
k=1 )_

The fact that the MSV is equivalent to the Fourier transform
squared, can also ecasily be found from DParseval's Theorem {Kaplan
p 151, 244) which states that

et = | /Xu(0)/2df

i
4

- —

where Xg(l) is the TFourier transform of xp1} and therefore
complex quantity with

XKD/ = XX

The prove of this theorem is left 1o the interested reader.
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If the discrete form of equation (B9} is employed, the relationship
between the MSV and thie PSD is found to be

W, =X Gal ) (1)

where Al = 1/T. From this relationship it is clear that the power
spectral density can be estimated by

Gulfi) = XX (C23)
2AT

with units [amplitude®/frequency].

For discrete digital calculations Al would be the step in frequency
to obtain the next discrete spectral line at which te caleulate the
spectrum value. The value of X, could be obtained by calculating
the FFT of samples taken out of a certain finite time histery.,  The
length of the samples should not varv and should be tiken us T,
The value of Al is calculated therelore as Al = 1T and is the
narrowest possible value of the resolution B

The PSD Tfor cach sample is calculated from the FFT of that
sample and the PSD characterizing the complete history is obtained
by averaging the PSIMs of all the samples.  This is the time
averaging process mentioned carlier.  This procedure also improves
the accuracy of the estimate and makes it consistent. that is the
accuracy improve with increase in number of samples.

The form of equation (C28) can also be explained by assuming that
a random time signal does not consist of a band of continuous
frequencies but consists ol very discrete frequencies Af  apart.
Ohbserving for simplicity only the k'th harmonic lodged in this time
signal, which is also assumed to be periodic. it can be given by
(C14) that

x(t) = aycos wt + bgsin «t.

the Fourier transform of which is

XM = 1 | xm{r—-ﬁ] g .\:é{f + _”
2 | T T

4
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The concept of the dirac delta function, also called the unit impulse
function &T), is introduced here.  This function is defined as follows

80) = +w and cverywhere clse &) = o
0
and the density is | o0)df = |
-
This leads to the following:
6 = fx) — k) = o with 8f — L) = o everywhere else.

o2
and ([ — f)df =1 (C31)

-0

This function is illustrated in figure '8

? 8 - )
|
I

Figure C8

As can be seen from (C31) the area under this function is always
unity and the Fourier transform for a single periodic wave. like a
sinusoidal wave, is always a dirac delta [unction. If integration
over all the [requencies is done. assuming that there exist no other
harmonics except the k'th. then the valve of the Fourier transform
at the k'th frequency is given by

xké[i =]
—_—

T

where {, is the fundamental frequency of the single harmonic history
x(t). This equation can be rearranged to give

(C3)

where the term in brackets is equal fo 1.

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021




ITEIT VAN PRETORIA
SITY OF PRETORIA
SITHI YA PRETORIA

When working with discrete frequency increments. say Al the area
of the rectagular pulse should be equal to unity. Refering to figure
C9 it follows thercfore that the height of the pulse should be 17Af.
Should Al becomes infinitely small the height should approach the
delta Tunction, therefore

= Ml -, (€33)

Lim

|
Af-0 AT

i .

AT

fo
Substituting (C33) into (C32) gives

x( = Xk (€34
2A1

In order to obtain the value of the lourier transform at the
frequency k, it is assumed that only the frequency k is lodged in
the history.  This is also the principle on which the analogue
spectral analyzer operates. The delta function is approximated with

sin bf

a function having the shape as shown in figure C10, the

I
shape of which is also that of a window funciion showing the
ieakage iobes adjacent to the main peak.

Figure
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If a different derivation for the mean square valee is made it will
be seen how the result (C34) can be used to calculate the PSD
according to (C28). Starting again from (B1)

2 2

vl tim ! J xa(L)dt (B1)

T
4]

Letting the integration be from —o to =

2 s | o
¥ o= lim — % (1, T)dt
¥ T T r ¥

o

which, after utilizing Parseval's Theorem as before. can be written

as
= lim i IXG(ET 2l
T-o T
o

o

e

Wik) = 21im ! J JX(i TV /2
Lim

=

But it is known that

vl = E[\Pi(k)} = [Ceundr

0

and therefore together with (C33) it results in

Gx(f) = 2lim | /XW{IT)/?
Ton T

which, il the limiting term is ommited. gives an approximation for
the PSD

Gul(f) = 2 /XD (C36)
.
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If digital calculation procedures are used, the PSD can be estimated
using (C34) and (C36). This is against the background of assuming
that the continuous time signal consists of discrete frequencies. which
are evaluated as seperate entities as if each one is the only one
present. in the signal. Thus  combining {C34) and (36}, and
remembering that Al = /T, the PSD is estimated by

JATT
G(f) = ZhR
2A

SUMMARY

At this stage it should be sensed that all the above derivations
should be summarized. The process of digitally calculating the PSD
is thus presented as follows:

Determine the highest frequency of interest in the data. [his is
the cut—off frequency, f[.. and all frequencies above this value should
be filtered.

The sampling [requency fs. is now determined by {o due io the fact
that in order to sample the highest frequency accurately at least
two observations need to be made of the signal in this frequency.
Therefore fs > 2fc as explained in appendix H.  The time interval
between discrete points is therefore At = 1/,

Determine the number of data pe ots required to caleulae a
This should be any wvalue N where N = 20 and n = [23...
Normally 1024 data points are used.

The length of the sample record is now fixed by the relationship t
= NAL and the frequency resoluton. Be is given by 1/T.

The accuracy of the estimated PSD can now be determined by
equation (C5) which is similar to (GI10). If it is not possible to
employ the time averaging procedure (See appendix G and par 3.1.1.
in the main body of this report) because of the limited amount of
data available, the error would be 100 % but can be improved by
smoothing of the PSD in the frequency domain (See appendix G).
The error can then be calculated by equation {G11).

Execute the following calculation procedure:

(i) Generate the discrete time series by sampling the various
records from the 'infinite' random sequence. (Appendix H).

(i) Multiply this diserete series  with the Hanning window
function (Appendix C. par. 2).
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Caleulate the FET's {or mwore correctly the DET'si of the
sample recerds (Appendix . par. 11).
Estimate the spectral coefficients and thereafier caleulate the
complete  spectrim at diserete frequencies  according 1o
cquatior {C28) for cach sample record.  (Appendix O par.
1.2).

(v) If more than one sample exists obtain the average PSD for
all the sample records. (Time averaging, Appendix G

{vi) (M time averaging is not performed, do [requency smoothing
sy oaveraging adjacent speetral values (Appendix G order
to dmprove the accuracy of the estimate.

The result of the above procedure is a set of coordinares of a
smoothed  spectrum  G(I) between  the frequency tange 0 o 171,
Plots of typical PSD's are shown in figure Il Notice  the
differences in shape which can be utilized o characterize a random
waveform simiply by its' PSD.

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021




TEIT VAN PRETORIA
ITY OF PRETORIA
ITHI YA PRETORIA

Figure C10: PSD plots for (a) Sine w-ve, (b) Sine wave plus randor. noise,

{c] Narrow band random noise and (d) wide-band random noise
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APPENDIX D
THE SPATIAL PSD

DEFINITION OF THIE SPATIAL PSD

Although all the theory derived in the preceeding appendices are for
either  periodic  or  guazi—periodic  random  sequences,  which  are
functions of time, it is actually applicable to any random sequence
which is a function of any other variable.  For rough surface
irregularitics as found on roads, runways. off—road terrain, etc. the
spatial PSD is defined. Figure D1 shows the height v of surface
undulations, above an arbitrary horizontal reference line. plotted as a
function of horizontal distance x along the terrain.

L\, i N 5 A = T i .3
\_r’/ ~— S
Figure D1

Instead of varying with time. the height s a function of distance
and it is clear that lone wavelength irregularities correspond o low
frequencies in the time dimain, whereas short wavelengths correspond
to high frequency disturbances.  The time frequency  [exeles/second;.
which was used so far. is now rveplaced by the spatial frequency
[cyelesfunit distance] defined as

(D1)

where A is the wavelength of the undulation. The spectral density
of the height variable v is thercfore now a function of the spatial
frequency which will be defined in SI units namely. cvcles/meter.
throughout this work. The PSD of a rough surface is thus called a
spatial PSD and is given by Gy (7). This quantity is calculated
exactly as prescribed in appendix C. There iz however a definite
shape which is a characteristic of this PSD and this is shown in
figure D2.
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As can be scen the downward slope is characteristic of the spatial
PSD calculated for surface roughnesses.  This is consistent with the
observation that high frequency surface irregularitics have small
amplitudes  and low [requency irregularities usually  have higher
amplitudes.  This leads 1o the conclusion that the value of the
spatial PSD falls off with the square of the frequency.  Therefore, if
a straight line is ftted 10 such enrves, as in Geure D2, the
equation deseribing this steaight line will have the following form

it

Gul7) = K9 (D2)

Where K is called the roughness constant and a is the value of the
slope.

ROUGHNESS CONSTANT CALCULATION

Confirmation of the validity of equation (D2) is done in section
3.1.5 of the text and for the discussion that follows here a value of
=2 for the slope "a" is assummed.  Values obtained by the various
investigators  indicate  1he suitability of this  assumption  (Savles
& Thomas 1977).

The constant K is termed the roughness constant and iz the value
of the PSD at a certain reference frequency. In order o be able
to fit a straight linc through the PSD log values. it is necessary 1o
smooth the curve. This is not to be confused with the windowing
or "smoothing"” process of the time data before speciral caleulations
{sec appendix (', paragraph 2).  When unsmoothed data is used the
high frequency  values  will be  biased by statistical  noise  and
experimental errors, and therefore it is suited to smooth the eraph
by calculating the mean PSD in a range ol frequency bands.  This
procedure was taken from the ISO/T¢ 108 and is used in the
absence of any other coafirmed 1method. The detail of the
smoothing process is contained in the standard but is summarized
here for completeness.

The applicable spatial frequency range for natural surface roushness
is devided into octave bandwidths and the mean PSD in  the
following bands are calculated

Octave bhands from the lowest frequency (not zero) up o a
centre frequency of 0.0312 ¢/m.

Third—octave bands from the last octave band up tw a
centre frequency of 0.25 ¢/m.

Twelfth—octave bands up to the highest frequency.

The applicable frequencics are shown in table DI 1aken out of the

ISO/TC 108 standard. For simplicity more or less the same
notation is emploved.
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The mean PSD in each bandwidth ¢ is calculated as follows
n”—l )

Gult) = T+ % (:x{j)Ber[rll][f}—(rlu—{l_:ﬁ)BJIG,\-(n”) (D3)
_}=]l|’+1 /

Hh(f‘} - |1!(.'}

where  Gyg(t) = smoothed estimated ]’5[)_ in band ¢
Tl = [{HL + 0.5)Be — n}{f}](‘-x[ni-)
ne = lower limit of smoothing band ¢
ny, = higher limit of smoothing band ¢

Ny = INT

[0, (i)
ng = INT _{

HQ

+ 0.5

B, = frequency resolution.
(See appendix C par 2i
1
B(, = .
Therefore 3. i=Af

e

where L is the length of the record.

Because the value of the PSD at the centre frequency of each hand
is the sole remaining PSD value in that band, it is necessarv 1o
interpolate between these points to obtain the smoothed curve for
the complete bandwidth of frequencies. This curve is then used for
fitting the straight line which would represent the PSD in such a
way that it can be used in characterizing the specific surface.

Equation (D2) can now be rewritten as
Gl1a)72

a
’r()

Gx(7) =
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where 4, is a reference frequency, determined by the specific surface
measurcd and also the application of the user.  According to the
ISO/TC 108 standard this reference frequency is 0.1 ¢/m for
on—road surfaces and in order to remain compatible with this
international draft standard it was decided to accept this reference
frequency as applicable Lo off-road surface.  The roughness constant
K is therclore calculated by

G, ()
K= D5)
T

where the value of a is =2, and 7, = 0.1 ¢/m.
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DERIVATION OF SPATIAL PSD FROM PSD'S OF THE TIME DATA

If a vehicle traverses a rough terrain at a certain speed v, the situation at the
wheel can be simplified by a simple spring and damper system as illustrated in
figure El. The translation and therefore acceleration of the mass is a function
of the frequency response of the whole system.

gl ¥a(t)a(0)

——

Figure El
Assuming a linear system, the frequency response function is given by
H() = (/e 90 (BIT)

and it is known from (B19) that
Gy, (0 = /H(D/G, (1) (B19)

with G}, (f) being the PSD of the time signal vp(t) and G ifi the PSD of the

m ht
terrain profile at speed v. The system gain factor is [I()/ as defined in
appendix B.

L CONSTANT VEHICLE SPEED

If the vehicle forward speed », is constant, the relation between the
wavelength A of the terrain profile and the applicable time
frequency is the forward speed of the vechicle. The relation between
the spatial frequency 7, Fc_w]es/metcr]. and ‘he time frequency is
therefore given by

f = vy (E1)

This also means that a time lag, r, for calculating the ACF for the
time signal , is equivalent to the space lag L. by the following

(E2)

T =

1
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The PSD of the time signal is given in analogue form

Sp

w L) I
G, () " -zJ R),P(r}o"""[‘dr

=Tn

and the spatial PSD should therefore be given by

G, (1) - eri (L)L
Yin Yo

Substituting (E2) and (E1) into (B8} gives

v i

LJ

—t{v7)|—

G, (f=v7) = Brﬁ" {T = E]e }[f’ dL
P Yp A

%

9

p .
- J| R (Ll '7dL
-0

v

which is equivalent o writing

G, (0 = 1 G (1)

I

( o

Yo =

It is therefore clear that the relation between the spatial and time

PSD's is only the vehicle forward speed which is applied to the

spectral value. The horisontal scale need only to be adjusted for
(E1).

ACCELERATIONS OF MASS IS KNOWN

If the acceleration history, with time, of the mass in figure El are
available and not the translation with time. the spatial PSD can
also be obtained by dning the manipulations set out below.
Assuming a unit impulse input to the system then the following
applies. The DFT of the translations is given by (C17):

"r“) =
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Differentiate  with respect to lime results in the speed
acceleration

27k

and ¥m(l)

which can be rewritten to

I ® 2 o

! 27k " R

ynl(t) = l T _[2 7k \'kle (ET)

g Kt T ]

The term in brackets is the Fourier coefficient of the acceleration

n

signal yn(t), thercfore

27k 'y - .
- Y. « k= 0.02..N-1 (E8)

=y g

L m

With the definition of the PSD of the acceleration signal being
% e : i)
Gy (D) =~ /Yy, [ (C36)

m T _\"l7l

it can be defined in terms of the translation data PSD by

m

4
Gy () - {““] G, (f)
B J

T

and with f = " it becomes

G, (1) = (&) G, (). (E9)
m “m

The spatial PSD can now be computed by using (B21) and
which results in

G, () = P ¥ G (E10)
TRt T(2ai]r
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APPENDIX F

FATIGUE ANALYSIS THEORY

This subject is obviously not to be covered in detail and the interested reader is
refered to the list of references cspecially Osgood (1982) and Collins (1951}, A
short smwmmary is however necessary of those aspects of this subject which is
applicable to the work discussed in this report.

L. CYCLE COUNTING METHODS

It is quite simple to count the number of cyeles in a constant
amplitude Joad signal but when dealing with a random signal,
exhibiting a mean value for most of the time. the proress mets a
bit more complicated. The counting algorithms developed for these
cases are based on various approaches and assumptions. The most
accurate ones are accepted to be range pair and rainflow counting.
(Figure F1 and T4). As can be scen in figure F4 the rainflow
counting technique is based on the hysteris stress strain loops
experienced by dynamically loaded material. [t establishes the size
of an amplitude as well as it's mean value and is stored in a
matrix where the number of cycles is stored at a position
corresponding to a size and mean value. It can therefore be wused
in consequenl accurate fatigue prediction and testing.

The output from the range pair counting method is a histogram
depicting amplitude size vs cumulative number of cycles (see figure
F1). This format does not include any data of the mean value of
a amplitude.

Murphy (1982) used another method to present the rainflow counting
data.  Accelerations were measured at critical locations and these
signals were analyzed with the rainflow method. The data was then
stored in the form of a response histogram as shown in figure F3.

The horisontal axis gives the magnitude of the occurence (2 «x
amplitude) and the vertical axis gives the [requency of occurence of
each magnitude per mile. The straight line is obtained by fitting
an exponcntial equation to the data and coefficients of this egaation
can then be used to characterize the data.
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Figure I'5: Response histogram of Rainflow conntire Jdata

DAMAGE CALCULATION METHODS

It is usually required 1o be able o predict tie Geigne life or. al
least calculate and predict the damage 1o @ny component, with the
knowledge of the load evele it experiences. e vagious ethods
available include almost  without exception one or more ecmpirical
parameter to be determined by laboratory test=. A few of these
methods are listed below:

Fatigne SN curve and  Goodman  diagram. Limited 10
constant amplitude loading (sine wave).

Miner's Rule for cumulative damaee calculation. A load
specteim consisting of sine wave blocks of varving amplitnde
size is tu be sed.

The Local Strain Method use covelic material properties. It
accomodates  pre—strain.  sequence  of  loading.,  mean  stress
effects and cmploys the results of e rainflow cointing
technique.

The Nominal Stress Method is primarily concerned with low
eycele fatigue and accomodates plastic few but ignore wean
stress effeets.

The Fracture Mechanics approach is concerened  with erack

srowlh and combined with the loval strain approach it also
gives an indication of erack initiation.
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Local Strain_ Method

The local stress and strains ar the crack root are derived by
Neubers' Rule fromy data on smooth specimens and as it is usually
difficult to measure at the crack root the strain gange data giving
the nominal strain on the component s used,  The assumption is
made that the local damage done on the component is equal to
that done by the same loading imposed on an axial test speciment.
Validity of a linear summation of damage as well as Neabers' Rule
ig furthermore assumed.

To include work hardering/softening the cyclic or fatigue properties
of the material are included. but because of stabilization  during
cyclic loading the stable stress strain response is used instead of
monotonic values and is given by

1/

/ : LR £ 11 g

2% & s/ ap) tFh

2 2k

This relationship is illustrated in figure 6. I'he fatigue properties
in equation (F1) is:

A

strain amplitude

o :
stress amplitude

1

n' = cyclic strain hardening exponent
|

(Slope of the log Aa/2 — log N2 plury

r;- = fatigue  ductiliny  coefficient approximared
monotonic fracture ductility. ‘“§

a fatigue strength voefficient  approximared
maonotonic true fracture sirength, 4

L = Modulus of elasticity

This data is readily available for mwost materials or can either be
obtained “-om finite eclement analvsis. or by exirapolating from
existing st:ain data.  If no data is available. tests should be done
on specimens and the properties above are then derived from piors
of the plastic strain, (Aep/2). and stress (Ag/2). versus  the
reversals to failure, log 2N¢ {a cyele is two reversalg)
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Figure F6:  Stable cyvelic stress/strain hysteresis behaviour

Additional cffects to be catered for are pre—sirain. mean stress and
geomelry  effects. For the geometric discrepancy  between  the
lahoratory test specimen and the actual component. some cmperical
expressions had heen developed and Ky is deflined as the fatigue
notch factor.

(F2)

1+a/r

where Ky is the theoretical stress concentration factor. 'a' is a
material constant relating the fatigue life of notched specimens 1o
that of unnotched specimens and r is the number of reversals.
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The important thing, however, is to correcily estimate or determine
K¢ so that the nominal stress and strain values can be related to
the local values with Neuber's Rule in the form of

A0AC = Ki{AsAe) (F3)

where AeAc = local stress/strain range
and AsAe = nominal stress/strain range

This relationship can be rewritten with the addition of the modulus

of elasticity, E both sides and by taking the square root. it
becomes

{30ACE = K;{Asicl (F1)
The a-life function is defined as

o = JoguxAeE (F5)
Equation (FF1) can therefore also be written as

Geritical = E\-fﬂnnmill:ﬂ iF
hecause it was found that «a is independent of the mwean stress.
When the nominal strains are elastic it follows that

) 2, -y
AcAe = {l\f;l(‘} I 1F6)

and because the rainflow counting iechnique is directly related 1o
the stress strain hysieresis loops experienced by a material (see
figure I74). this counting technique is most suitable in determining
the correct stress and strain ranges to be used in equation (F61.

A suitable cumulative damage summation which is usually used is
the linear rule of Miner:

(FT1
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where 1 is the number of reversals and .\'l- 15 determined from the
following empirical relations:
Aa

‘)

o

= a'r{-zwr)“ (¥3)

= 70 ang® + qany' (F)
= o (2 f ([(-'- [’} }

where b and c are slopes of the respective curves and all the other
variables are as defined carfier. These two relationships are usuaily
defined for constant amplitude. completely reversed cycles  and
therefore pre—strain, mean value. ele. are still 1o be compensated
for.

The linear cumulative damage rule of Miner is usually used because
of simplicity and because more complicated ones are sull reluctantly
accepted  in terms  of accuracy. One  succesful  relationship  to
calculate fatigue life under random dynamic loading was developed
by Corten and Dolan {Hofmeister 1959, Collins 1051):
Ny

Neg=___ (F10)

I a (o] &

T > r
&y -Fea l: + {1 g ! | = ,
o |

Desired answer of cyeles to (ailure
Cyeles to failure for stressing at o
Maximum apphed stress
Second largest applied stress
Ratio of cycles Ny at a1 to Ng
oj Ratio of cycles Nj at a3 to N
a = A parameter derived from an >—N diagram fo. the material

Finally, it is neccessary to menfion shortly how fatizue damage or
predicted life can be presented statistically.  The Weibull  three
parameter distribution has been suceessfully  applied where remaining
life. damage, strength, etc. are of interest.  The Weibill probability
density function is given by

_\ o J-_l " rr\ _:\‘u "]j
ST T exXp— |
. = T,

(F11)
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Randowm variable namely speciment life. cumulative damage.
elc.

minimum value for random variable,

characteristic value for random vadiable

Weibull slope or shape parameter,

For various values of # the Weibull distribution has the shape as
depicted in figure 7.

Figure F7: Various Weibull distributions

Fatigue data, be it life cycles or damage values. can be plotred on
Weibull probability paper to yield a straight line from whence the
slope, J, the characteristic value. Nao and the minimum value, N,
can be read off directly.  The mean and variance can then be
calculated to be

g = No + (Na=Na) I (141) (F12)
J

= (NaeNo)' [0 (143) - T (14d)'] (F13)
i J

where 1" is the gamma function. These values can then be used [(or
comparison or reference values or else the median value of the
random variable can be read off at the 50% probability point.  The
median and mean value are not usually the same because  the
distribution is skewed to the right. (Figure FT).
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APPENDIX G
STATISTICAL _ACCURACY AND FERRORS

The accuracy of the estimated PSD can be defined in terms of the mean square
eTTOY

s error = B[(Gy — Gy)'] (G1)

Where Gy is the estimate of the true PSD, Gy If this relation is expanded it
is found that the mean square error is described by the sum of the variance for
the estimate and the bias of the estimate
‘1 1 2 r : ] - 2l
E[{(lt — (!x)] = \ﬂl‘[ng] + I)Z[G-_(] [G'.E]
This equation in turn can be manipulated to give the root mean square of the
error in terms of the standard deviation for the estimate and the bias error

rms error = {aﬂ[dxli—b'ﬁ[(}x] G

The standard deviation for the estimate is called the standard error or random
error and is defined as follows

a[(-ix] = JE[(;K! — I [(';xi

which can be normalized by being expressed as the fraction of the quaniity
which is estimated.

oG]
TGy

Normalized standard error: ¢ = (G

In the same way the bias error can be expressed as a normalized quantity.

Normalized bias error: &, = ]_’IL’-“ ) W5)
Gy

The total error or rather the normalized rms error can therefore be written as

+ y

{o"i[(.ix'j + b2 [b\]
Gy

ilrfc"- e (:xjr‘}‘i
Gy

X
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For speciral density estimates the error can be compiled by defining the two
relevant sources scperalely ard then combining it.  Thus the variance of ihe
estimate is derived from the definition of the PSD similar to {C28).

Vo2 (f AT)

agn Y
AT

with Al = I}l.Gx{f] o Pp 2 E 'B*'_‘J_ (See Appendix D)
Be
Therefore BeGy(f) = ¥.%(f,Be), but because of the relationship defined by (B7)
which is also interpreted as Ry(0) = BeGk(f) the variance can be written as

Var[BeGy(f)] = 2e8x%(0)
BeL

" 332 g
Var[BeGy(f)) = S0 (G7)
Be L
where [, the record length in meter. replaces the time interval T which was
used in Appendix C. The effective bandwidth B is defined as Be = 1/L = \f
which is also the frequency resolution.
The bias error can be expressed by

b[Gx(f)] = 3¢ Ge(i)

24

where G"(f) is the second derivative of Gy{f) with respect 1o [

The total normalized mean square error of the PSD estimate Gg(f} is given
equation (G6)

1, B [uu}

376

Gy(1)
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Because the bias error is a function of the second derivative of the PSD. G"(f),
it is pronounced by peaks being present in the spectral data. The result is that
if high bias error exists, high peaks in the data are underestimated. Because no
sharp peaks should exist in surface roughness spectral data, the bias error
component would be small with respect to the random error component. [For
this reason the bias error are neglected in this work and the complete
normalized standard error is thus deflined by

P ! (G10)

{B: L

But now, if the PSD is estimated from the FFT as explained in appendix
paragraph 4, a smoothing operation is required ir the data to make the estimate
consistent.  An estimate obtained through FFT estimaies are independent of the
sample record length and is thercfore an inconsistent cstimate (Bendat & Piersol
1979) (see also appendix A). Two ways of smoothing can be employed to
obtain a consist:nt estimate, the first is ralled time averaging.  The total
sample length L is devided into smaller recoids L' and the PSD of each smaller
sample is calculated afterwhich averaging of these PSD's over every {requency
takes place. The effective bandwidth B. is now defined as B. = 1/L.  The
length of L' are determined by the number of data points required 1o calculate
one FFT of the sample. This number should always be a power of two because
of the algorithm for the FFT as a method to calculate the DFT of a waveform
(See appendix C, par 4.1). This means that the total length L should indlude
enough points so that a number of samples L' conld be extracted from it - See
appendix C, par. 3).

The sccond way of smoothing the data is by frequencey smoothing.  This process
is explained in detail in appendix D, paragraph 2. which is 1o average the value
of the PSD at frequencies in narrow bandwidths,  This is usually employed if
the sample length cannot bhe devided into smaller records in order to do 1ime
averaging, because the total sample length includes just enough data points for
one PSD calculation.  Mention is made by authors [Newland. 1931 . Bendat
& Piersol, 1971) of a process where zeros can be added to a waveform in order
to complete a second, tunird or subsequent sample record so that time averaging
can be done. This ought to be done with care and not without a thoroush
knowledge of the implicatious involved.

If frequency smoothing is employved the effective bandwidth Be is  differently
defined namcly,

(2n+1)

(G111}
L

where 2n + 1 is the number of adjacent spectral values which are averaged. and
Ny is the number of discrete sample values in the random history in question.
The detail of one such averaging or smoothing procedure is contained in
appendix D.
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Il either of these smoothing operations are not performed the standard crror
equals 1 and this implies a 100% inaccuracy (Equation (G10)). In the work
discussed in this report both techniques were used because it sometimes occured
that the measured terrain sample was just not long enough to do more than one
FFT calculation on it. Averaging adjacent spectral values had to be done in
any case (o obtain a smoothed curve for the calculation of the roughness
constant. K.
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APPENDIX 1
DIGITIZING O CONTINUOUS DATA AND ALIASING

A continuous signal can be stored digitally by obrerving successive va'ues of this
signal al equally spaced intervals apart.  This process is illustrated in fizure HI.

Figure Hi

Sampling at points too close together will result in an unnecosary high amount
of digitized values. Sampling at points too [ar apart will lead to confusion
between the low and high frequencies in the data. It is bnperative therefore o
select the correct value of the sample interval "ds. Phis phenomenon s
illustrated in figure 112 where the high frequency wavelorm: is seen as the low
frequency waveform when digitized. This s called aliasing.

WA AN

Figure 112

The sampling {requency is defined as f5 == /g5, It is clear from figure H2 that
one cyele is defined when at least two samples are made per cyele.  Thus the
highest frequency which can be defined when sampling at f, ig f3/2.  This is
called the cut—off or Nyquist frequency and is defined by

fo = (111,
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From a closer stady of figure 12 & can be seen that during aliasing a certain
high frequency is duplicated or folded over ws a predictable  lower  fregqueney.

This does have a influence on the shape of the PSD oas ~hown in |
which  shows  the true spectram and figure  i03h which  shows 1k
.\‘[]!‘f'll'l]|||

enre Hda
o aliased

Figure H3

In order to avoid rorrupting the data in this manner : . T
Firstly the cut—off frequeney can be choosen =0 bl Lot 00 b ot possibie
the data to contain any higher frequencies. or weendly e andigitized (e
he  filtered above the highest Neguency of intenest and then e
frequency  is chosen twice as high.  The second  pothod 0 nsua

roence the use of anti—aliasing filters before digitizine

Aliasing occure, during the measurement ol o surface profile with ihe mecauring
device described in this report. when the proximity switeh generates pulses at
steady intervals ‘ds' b owavelengths smialler than 'ds' exisi in the data. It
not  physically  possivle 1o filter  these  frequencies omr of the profile before
measurement exeept when it happens inoany event by rthe erushing effeer of the
towing vehicles' tyres. When the profile is upvicldine the effect of  aisasing
ought tu oe considered during the analvses of the measared data with o PS[D.
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APPENDIN 1

WIRING DIAGRAM OF MEASURING SYSTEM
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APPENDIX
GUIDELINE FOR SOFTWARE USAGE

The 1 ehanuels of data which is the output of the pessunmg svstem is storil
on computer dise.  Channels are allocated as Tollow-

Chan 1 2 proximity switch pulses
Chan 2 = pyro piteh angle theta
Chan 3 » gvro roll angle bota
Chan 4 » wheelset swivel angle alfa

The data is processed by the program PROFILE 1o vield two arravs right and
left track) height values in mm, at ecqual spaced  distances 'ds' mm o apart.
These values are in integer format so ihat it can be further processed by e
Editor software with respect 1o filtering of low frequencies or trend  removal.
The data is then converted to real format by the program FLONTFIRE. A
calibration is introduced here to convert the profile heights 1o ‘meter” values,

A type | data file is thus available which contain heights ax RIEAL  wvalies
Every value is a measured profile height in meter. accurate 1o the inn, '
a cqual, known distance 'ds' [m] apart.  This file wouid consist of twe Cha
the left and right hand track of a vehicle,  The fle sboald NOT e SHOL
than 1024 REAL values ie. Rox 123 real w blocks

8 ox 236 inteser blocks LUFC niks,

16 o< 125 inteser blocks (HP biks

The procedure would he as follows:

1. Caleulate  spatial PSD by cadling SPECTRAL, AP orher st
analvsis functions are also available.  The PSD s stored inoa
which is named by the user.

Caleulate the smoothed PSD by calling SMOOTHPSD.  The Psid s
read out of the Ble which it was stored in above and the smoothed
PSD is stored in another file.  Use the smoothed PSD o caleulate
the ronshpness constant K. and the slope. a. in the formula G =
Kn<=a. This is done by the same calling program,

A hardeopy file can be generated at any stage in the above wu
steps by selecting the appropriate soltkey.  This hard copy file is
then plotted on the plotter by calling HARDCOPY.

TO CALCULATE PROFILE HEIGHTS FROM ORIGINAL RAW DATA
Calling pregram:  PROFILE
Load file: PROFILE.LOD
Forms: PROFILELFROM

Include Gles:  FORMSDATAINC
Subroutines:  none

TO CONVERT INTEGER FILE TO REAL FILE

Calling program:  FLOATFILE
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TO CALCULATE PROFILE SPATIAL PSD

Calling progran:  SPECTRAL.FTN
Load tile: SPECTRAL 1LOD
Forms: SPECTRALLTFORM  main menu
SPECTRY 2FOBM  wenn for 1 file
SPECTRALSFORM  menn for 2nd fle
fnclude filos: ANALYSIS INC
FORMSDATALINC
SPECTRCOPY.INC
Subroutines: ANALYSIS.I'TN Do all  spectral  analvsis  and
screen display.  This subroutine includes the subroutine
PLOTSPECTR in another forinat as below.

TO CALCULATE SMOCTHED PSD AND ROUGHNESS CONSTANT

Calling program: SMOQTHPSD.FTXN
Load [ile: SMOOTHPSD.LOD
Forms: SMOOTHPSDL.FORM  main menu
SMOOTHPSD2.FORM  one file name
SMOOTHPSD3.FORM 1wo file names
SMOOTHPSD3.FORM  fitting straightline to I'SD
Include files: ANALYSIS.INC
FORMSDATAINC
SPECTR COPY.INC
Subroutines: PLOTSPEC R.IFTN

TO PLOT HARDCOPIES ON PLOTTER

Calling program:  HARDCOPY.RUN (SPECTRCOPY.FIN
Load file:  SPECTRCOPY.LOD
Include files: SPECTR_COPY.INC
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APPENDIN KK

QUALIFICATION TESTS CURVES

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021




Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



RENEURE K8

VAN PRETOR
OF PRETOR
R

1
I
YA PRETORI

A
A
A

N
Lelababa bbbl dy

T T

o%cmxmaccmxm:%ckkﬁidd

u” OUOd = =t | -

oSNoIonow
(I}

omnmown
T e
I

[wwi

AubraH

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021

ooo

oo

ouno

?"ni:ru')
I

- 0 ~

[(m]

Distance
Comparison between the dumpy level & slope

DURES P02 I DA 4000 4.5 5.0 5.5 6.0 6.5

8

0.0

integration method.




TEIT VAN PRETORIA
ITY OF PRETORIA
ITHI YA PRETORIA

APPENDIN L

FIELD TESTS CURVES
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Rough concrete synthetic track copied from natural terrain.
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APPENDIX M
THE _EFFECT OF CURVIES IN THE ROAD ON THE MEBEASURING PROCESS

Refer 1o figure 5.1 for a diagram of the measuring ecart.
There are two obvious possibilities:
I The wheelset is the inside wheel in the curve:

3 The wheelset, with the proximity switch moanted beside one
wheels, will continne to sample au 'ds' distances.

3 The other wheel will sample at ionger distances because
moving at a faster npeed.

The wheelset is the outside wheel in the corve.
3 The wheelset will continue to sample at 'ds' distances.
2 The other wheel will sample at shorter distances than 'ds'.

Important parameters in Lhe sampling process are:

. The wheel diameter — This dimension is also the size of the sualies
wavelength to be measured with reasonable accuracy and s therefore rthe
lower limit of the wavelength bandwidth.

The sampling distance — It is necessary 10 sample  the  smalles
wavelength at least iwice so as 1o redoce the aliasing effect.

In the light of these two parameters the worst case of the two  possibilities
mentioned above is that where the wheelser is in the inside.  The lower limit
wavelength of the other wheel is the diameter of that wheel, D, The sampling
pulse is generated by the wheelset wheel every '(1.-:{‘ meter irrespective of the

specd at which the wheelset wheels turn.  Should the other wheel go at a faster
speed then the sampling distance at this wheel would increase 10 say ds,.  If
ds, would increase to more than the half of the other wheel diameter. D/2 then
aliasing would occure and the smallest wavelength D would be measured with
error. It is necessary therefore to define the smallest curve radius which would
be allowed in order to prevent this. The following parameters are defined:

Cuter wheel diameter D lm}
Outer wheel speed Vo lin/s]
Wheelset wheel diameter d \d]

Wheelset wheei speed , m/s}

Wheeldiameter ratio di =1

Sampling distance:
=d
Wheelset wheel ii:iIr = — [mn]

i

Outer wheel ds,y [m]

HIs: = (s, with straight movement)
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Track width
Towing speed
Curve radius

Now vo = —— v and v

(R + 2)
Therefore —7{
¢ (R — °/2)
The relationship between the sampling distances ds,, and ds, is as explained
jl’l\
above and therefore it can be written that ds, = — tirf where ds - is constant.
"F
Vo W
= — —d
voT
!
+ (R + §2)
— - d
TR =2
The value of ds, is restricted by the outer wheel diameter and should be less
than D/2 as stated before. Therefore

R+ 92)

¢

(R — {12

27d D
e [y
14 2
) B —
2 7d]

{1) - '

|

T
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Thus for the Lypical situation where d = 0.15 m and D = 0,25 m the condition
is that the curve radius should be L7 times larger than the track width £

This impliecs a very sharp curve which s anlikely to oceur in a siretch of
selected for measurement.  The conclusion is therefore that rradual curves with

radii greater than at least 1wo times the track width would not influence the
measured data notably.
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