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x H orison ta\ dist.;uH'l', 
{x11} SeqUC'tu'C' of discrc-tr \·alu1•:-: ,if 1!1(' f11111'tio11 
y Prol1le height. 
Yr Right hand I rark profile• 
Yr L('ft. hand t rark profilr 

v Sp('('d of profi\(• hPig,li1 ( \'('r1 irally 1. 
·11 

y ArrelPrnU011 of profi Jt, 11Piµ,ht ( v1•r1 ir,1 I ly J. 
{;" n} S<'<JllPncy of discrPtP val 11rs of 1 hi' fu nrt ion y. 
{Zn} S('qurnce of d iscrl•tc val urs of t liP fnnct ion z. 

13 Frrquency bandwidth. 

Br Effective f rcq11rncy bandwidth. 
Frequency resol ut io11 

D \\l!l('cl dianwter. 
Damage value with \linrr curnulat in· d,111i.1g1· r ,dcuL1t iun. 

E Modulus of E.la .. -,ticity of a malrrial. 
E[ ] Estimation of some paranl('tf>r. 

F Force. 
Dummy frequency. 

Gxy Cross Spectral Density funrtion. 
G x Power Spectral Drnsi ty fun ct ion. 

Gx Estimation of PSD function. 

Gx Raw ut1smoot hr,:l PSD. 

H ( f) Frequency Response Fu wt ion 
H0 Frequency RrsponsP Function at rPferrnrP freqtH'llC.\ fn. 

Im( Imaginary part of a complex numbrr. 

K Roughness constant. 
Kr Fatigue notch factor. 
h: t Theoretical St rrss ronccn t. rat ion fact or. 
L Total sample record length [m]. 

Space lag in ACF calculation for spatial data. 
Length of _rreasuring _ ::art from towing hook lO whe.:t'k 

L' Length of shorter sample length in tirn1' av('ragiin!. prurcduri•. 

11 j\.foment of force acti11g at a distancr. 

~ Total number of sample:-. sample functions or n'cord::;_ 
Any random variab!P. 

Nr Reversals to failurr in fa, iguc analyse.-; and te:,;t i11g. 
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and 20 Hz and Haa~ch ( ! 979) <kfi rH•d t hr b,mdwidt h br1 ween 0.-i 
and 10 IIz. The following table illustrates the wa\·clength 
bandwidt.h used by t hr various i nvf'stigators: 

Invrsti ator Wavrlen th bandwidth rml 

BPkk(•r ~1DG9) {),()\ JO 
HaaRrh 197!1) 0.1 ].10 
Croll a .v :vlar!auri11 ( \!)~(i) 

., :w 
Ohmiya { 1986) (),:I 20 
I I unter ( 1\)7\)) 0 •):' .~·) 

., 
Wendcnborn (1965) '} :rn 

It is obvious that the lower limit would be dictat('(I b\· the 
resolution of the measuring device. It would aim br suitahle to 
limit the smaller wavelengths to the length of the rubber tyre 
footprint. The only problem would br to ddinr the .specific tyr(' 
for which the proDle is measurrd. 

3.1.3 J,.1easurin bot.Ii tracks of a vchirlr 

A vehicle traversing rough ground is subjected to roll mownH'nts 
which impose torsional strains into the vrhicle structurl'. Thc;::c ru!! 
movements result from the differcncp in rlrvat ion of the prufi le at 
certain transverse positions. BC'kkPr ( 1969) assens that '' 111easuring 
these two profiles may be an expensive rcfincniC'nt that mi~Jn not 
pay for itself in terms of impro\·ed accuracy". 

Ohmiya (1986) investigated the com·lation t)('tWC'('n hi.s :c;epc-ratf' 
measured profil cs of the two tracks of a vehi cir with t hr cohf'rrncr 
function (Appendix B). lie found that 110 corrPlation l'xist.s bPlwCl'n 
the two tracks and this means that thP tran:.;w•rsc track proCTk i.:: 
also accepted to u<' random. Otlll'r investigators considncd the 
possibility of using a two dimensional power spectral dc11sity to 
characterize a two track country road ( ( 'cbon .. \.: \'cwland: Cotr. 
Kazin & Bogdanoff, 1963). 

:3.1 .4 Distortion of the uround b · vehicle t vrrs 

r.leasurement should possibly be done in the vehicle's track brcause 
the profile is never the same after a vehicle has passed over it. It 
also might not be far from the truth to assume th at the profile 
experienced by a vehicle is the distorted one of the vehicles' track. 
Laib (1977) employed his measuring device in this manner and 
Bulman ( I 9i9) nwntioned the same aspect. 
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K is called the roug/1r ss constant and is the val uf' of t hl' :,; t ra i p,h t 
linP PSD at a refcre111·,~ frccp1cnry of 0,lc/rn. Tlw slopL' is gi·:pn hy 
the value of a. The proccdurr for sm0othi11g the initial PSD. in 
order to r;t t.hr straight line to thr datn, is srt out clearly in 
ISO/TC 108. Tuis intnnat.ional surndard also giH•s the 
rla.c;sifiratio11 of rnad w11ghnr:,;:,;, by mean;-; of tlw rnhw of h. and is 
illustrat.C'd in figurl' :L:i 

Van Dcuscn { 1969) rn1.~·l11ded fro111 his work 011 lirnar s,,rface:,; that 
natural random :mrfarps follow a powrr la'.':. viz. the a11:.p1·, nde falls 
off at the ;-;qua re of t hr spacial freq urncy. Say !('S ~\: Thu: 11a:- ( I !l 78) 
confirmed this fact with their inV<:'stigation on surfarcs , an~in.!; from 
virgin terrain to ball bearing surfaces. It is also illustrated by tiH' 
value of the s!ope, 'a1

, which was usually found to be --:2. Tabh• 
3 .1 gives the val ucs of I a I as calcu ! at.eel by \·an Dcu,:;cn for v a riou::
surfaccs and table 3.2 shows those caknlatcd by \\"C'ndcnbum ( 1 %5 ). 

The value of 'a1 in equation ( D2) has sincP t lien ;Jr-Pn ,HTt'pt l'd to 
be -2, and this was also adopted in the intrri1;\1ional stardard 
ISO/TC/108. It can therefore be predicted for any natural s11rfac(' 
that the slope of the straight line, litted to the spari:i.l PSD. would 
be approximately ~2. 

Surface ,...: 
~I 

,-J_ 

l.2x10-.i 
t 

Paved Road i :."!.l __ :") ' Unpaved, with gra\'cl l.lx!O LI 

Unpaved, waved :L IX! 0-{i 2.-1 

Unpaved, rough :2.0x I 0---6 :J.8 

Virgin, cross--to u n try l.Gxl 0 
-;J 

2.0 
--------·--

Table 3.1 Van Dcuscn values of slopC' 1a1
• (n in cycles/ft). 

Surface K a 

Country road lx!0-0..!S 2.33 

Field road lxl0-0.:tG 2.24 

Freshly pioughed field 
·) 

Ixlo- 0.:JS 

Furro-.ved field lxlOl.:JT 1.15 

Table 3.2 \Vendenborn values of slope 1a'. (n in cyC'lcs/m). 

 
 
 



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

20 

A clear distinction n('('ds to be madP bctw<'{'ll two application:,; of 
the fatigue cyd<' counting algorithms found in the Ii t.rrat urC'. 
Because of t.be abi Ii ty of thrsr algorithms to rt'\"C'al thr munbt'r of 
cycles contained in any random signal. this property is also used to 
fin cl t.he nu 111 her of orcurcncrs of t hf' am pl it II des of a surfacp profile. 
This would dir<'ctly indicatr thP it'ng;th of th(' profile mrasur<'d and 
is done hl1ra11:,;p thC' :,;prctral analysis d(1srribC'd in the previous two 
paragraph:,; furnishes 110 infor111at ion 1Tµ;ardin½ the !engt h of t hl' 
samplP rnea.'iured. This fart would become drar with inn1stigatio11 
of th" methodology of the spectral analyses proct•du i-,,.~ and t lw cy< I(' 
rounti ng algorithms. For a detail description of the fatigue cycl<' 
counting and damage calculation mC'thod, Lhe reader is rrfered to 
appendix F. 

In order to find a vehicle's response to a gi\'t'll trrrain profile. it is 
usually necessary to instrument critical or suitahl<' component:,. 
'Suitable components' implies chassis parts subjected to tor:,;ional and 
bending load mode;-;, suspen;:;ion or ax IC' displacrmrn ts and 
accelcra tions. 1 Critical rom ponC'n ts 1 arr usual \y rn gi nr mountings. 
suspension links, wheel hubs and stub a..xlrs. springs. Ne. In ord('r 
to get an adequate picture of vehicle response. it wuu!J br 
necessary to have quite a number of monitoring positions. thr:' 
mm1mum being at least three, being the front and back ;-i.x!(' 
vertical displacement and the relative displacement ()f the 1i,f1 c111rl 

right hand wheels. ( r.1 urphy ( l 982)). 

\.Vhen investigating the loads on critical components. the critPria is 
the amount of damage inflictcd by I ht' random loadin_g on t lw 
cornponen t, with thr assumption that fatig11{' dam a/!,(' i;,; rnrnulai in'. 
lJ:mal!y a plot is gi'tH'ratcd of siz{' of amplitude~ \"S the nurnlier of 
occurcnres. From this data thP damage calculation is donl' which 
results in a figure indicating life spent or remaining life. (St'<' 
Helf man, Collins I CJSI, Osgood I 98'.2). 

With a Eiurface profile, till' plor of amplitude size \"S number of 
occurcnccs is di rcctly used as characteristic of the profile. A typical 
example of such a plot is the level crossed and the range pair plot 
of the counted cycles. Contrary to the PSD roughne;:;;-; 
characterization, a one figure classification of the profile roughncs!'i 1s 
not possible with this method. 

This method of surface characterization is howeH'r scverelv vehicle 
dependent and is usually employed when a specific ,/chicle is 
developed or investigated. Some vehicle manufacturers haw 
employed this method to design and build test tracks for tcsti ng of 
a definite vehicle configuration. The folio wing chapter describes 
some of these techniques in detail. 
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This givrs the sloped distance whirh the cat t has con·red. In order 
to en sun' that this whrcl constantly turns. CYCnthough it might not 
be in contact with the ground. the front ,1nd rear running wheels 
were connect rd by a chain and sprockrt system. (It pro\·cd. 
however, to hP a mistakr. and will\)(' disrnssed latr•r on.) A 
p,yrmwopp mounted on tht' cart framf.' tn(•asurrs the pitch angh' 0 
arnl roll ,UIJ.',11' tJ whirb tiu' frame makes with the absolutr horizontal 
plan(' as it. 111ovPs brhi11d t.hr towin~ vrhiclr. The output signab 
from ('very transchtcc'r are :,;torL•d on an F~-1 tapr recorder. 

A ft.er t hcsc signals ha n' bC'Cn t ransferrcd to a digi ta! computer. 
calculations arc performed on them to give the coordinates of the 
profile. The value of 0, /3 and o arc sampled evcrytimr the pulsr 
occurs in the signal of the proximity switch. Thrsc pulses are. as 
mentioned earlier, always a fixed distance 'els' apart and the 
coordinates, x and y of the measured profile can be calculated as 
follows: 

The angle ..,. whirh the whrelset. would makP relatiw• to the> absolute 
horisontal can br calrulat.rd simply by 

"fl = 0 + tl: 
( ( 

Thr right hand track profilt' hl·il!,ht i:,; t IH'Jl gin'n hy 

yrt = \' 
¥ r(t-1) + ds ~in ,, 

and tlir left hand track by ( .~).~) 

Yf1 = \' • r1 + ( sin .i, 

where ( is the track width. 

For both tracks the horisonul <lisplaccmen t is given by 

x 
1 

= x , __ 1 + ds cos -1 t 

1.':i.l) 

(.':i.:J) 

The coordinates are tl1en con verte<l to onh the Yaluc of the height. 
y, at equally spaced horison ta\ distances. · The result is an array of 
height values. y, starting at horisontal distance x = o. 

The soft ware developed for these ca! :-ulat ions n(>('d only be adapted 
for the increment distance 1ds' as we!! as the calibration curn:'s of 
the angles 8, j] and a. if a new wheebize is implernented. 

A wiring diagram of the complete hardware side is shown in 
appendix I. 
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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 measured as the vehicle sees them. Slippage 
of the wheels over the grass should be prevented. 

The assumption is mack that the profilr which a \'Chicle "secs" or 
('xpericnces, is the dPformrd profile after the vehicle ha.c; tra \·e\led 
ov<'r it. Th is is t fU(' for t. he rear wheels but not for the front 
whee\:.; clrpending on the soil type and hardness. This assumption 
is, however. justi fird against L he dcfi n i tion of the properties of the 
surfaces of interest, viz., hard ground roughness. The profile 
measuring wheels arc therefore allowed to run in the tracks of the 
vehicle. 

DETAIL DESIGN OF THE MEASURING CART 

Frame 

Ref er to figure 5. 2. 

The angle O 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 wa \·el engt h s that 
will be accurately measured by the systPm. 

For light commercial and passenger whirles on r(rngh terrain or dirt 
roads the smallest obstacle of i II tcres t would also dictate the 
wheelsize of the measuring system. :\ practical wheelsize was taken 
to be 75 mm diameter, therefore tlw lower limit of wavelengths 
which would be measured accuratclv b 0.Oi,i rn. The valur of y 
was therefore decided to be approxi1~natcly LS mm. 

L 

But gyroscope 

and gyroscope 

⇒ 

= y 

s i n 0 

accuracy 

resolution 

0 ~ 0.i.5° 

L ~ 
0 . 0 I -5 

0.83 % of 90° 

0,2 % of 90° 

s i n ( 0 . i .S 
O 

) 

L ( 1.150 m 

(.S..t) 
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5.5.2 Smooth the PSD according to tile procedure described in 
ISO/TC 108 and explained in appendix D, paragraph 2. 
This smoothing is to be donr to simplify the process of 
fitting a straight line to the data, which was done with thr 
least Rquarcs technique. 

5 .. s.:i Calculate the roughness constant after ensuring the slope has 
a value of -2 (see paragraph :1 Parlier). This was obtained 
by varying the frequency limits between which the straight 
line was fitted to the data points. ISO/TC 108 suggests 
between 0.1 and 2.8 c/m which proved to be sufficient. 

5.5.4 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 guidPline for the use of the 
software is contained in appendix .J. 

 
 
 



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

(i. 

ti.I 

51 

UALIFIC'ATION TESTS 

The fi ~·st serirs of t,{'sts wL'rc' donP to drhug 
l'nsure :-.ound 111crha11iral functioning. TIH· 
ohstarh's were~ usPd for all 1 l'Sts: 

Square obs1 aC'l<' 
(a) 20 X 20 
(h) 30 x 30 
(C) 50 X ,SQ 

1111ll 

111111 

mm 

Half 

t~ 
round obstacles (radius) 

25 mm 

c) 
d) 
e) 

(f) 

37,5 mm 
55 mm 
70 mm 
125 mm 
155 mm 

the hardware and 
following syntlH'tir 

These obstacles arc only of acadi:·rn.ic importance and are E'i11ployed 
to investigate design principlC's alld t bcory. :\ real profile was used 
however, to qualify t hr aecuracy of 1 hr device. 

The results from the tests over the synthf't ic ub:-tacles proved the 
following points: 

G. I. J The largest sq ua rr o bst ar!1_, :,; hou Id IJf' :,; 1 nal ll'r than t hL' whee 1 rad i u:-; 
(:Ji,,5 llllll). 

G. I. 2 The l argcst rnu nd obst adr is in the range of 1:2-5 mm otherwise 
slippage of wheels occur. 

6.1.3 ~fore- weight is Jl('('ded on thr whcr]sct to ensure constant ground 
contact. 

6.1 .4 The ground following wheels of the wheelset should he disconnected 
because they do not turn at the same speed when climbing an 
obstacle. This resulted in a false downward slopP in all· the 
measurements. 

G. I..':> The optimum sample frequency for analogue to digital co1n-er:3ion 
was found to be l 2S Hz by in vest igati ng sam pie points per pulse of 
the proximity switch. Tl1e pulse signal from the proximity .switch 
was also filtered with a 6-1 Hz low pas.s filter and the other signals 
from the gyro and potentiometer wPre filtered by a similar 8 Hz 
lov,· pass filter. 

fi. Ui l'nwrtntcd tra11siC'11t vibrations occured on the gyro roll signal ca.used 
h:: bumps and also vi brat ions t ransmitt.ed from thP towing vehicle. 
Although the instrument was mountC'd in it's original rubber 
motmtin,g~. it proved to have too much damping for this application. 
:-\ stiffr•r monnting was devised which impron1d thr results but 
\';ou I cl ob \·iuus l y dL•(-reasr gyro ii f e f'X pc-ctancy. 
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Towing speed should be as lo\',· as possible, typically awun<l 0.1 to 
0.2 rn/s, w that bounring, sudden jerks and shorks, do nut Ofcur. 

It is cs:,;cntial that t.hc p;_vro br startrd in an abso!utr horizontal 
poi.;ition. ThC' zero vahH' signal;; in t hi.-; position are usf'Ci in 
suhsequ(•11t <'omput.or ralrnlalio11s as ralihration valnPs. If a rnltH' 
for an angle is assumed to he z.rro, but docs not rpprescnt an 
actual zero angk, a fa]:,;p slope> is induced into the calrulatcd profile. 

The srcond series of tC'sts were made to provP the adhrrcnce to the 
initial specifications of the measuring system: 

Obstacles smaller than the wheel diameter are not mrasurcd with 
any reasonable amount of accuracy. See figure K.1, in appendix h, 
where a square obstacle of 8 x S mm was incorrectly measured to 
have a waveh~ugth of appru:. "'lt<:'ly 70 mm. ( Pleasf' note that 
horizontal and vertiral scales are rHlt the same. ) 

The lo" .. ·cst obstac'lc to be 111(',tsu rPd is determined by gy roscopl' 

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 plale w,G 
measured and the rrsu It is shown in figurf h.:.? where t hC' d ic-t ortrd 
shape can be seen. 

The smallest obstac!e to be measured with rra.-;onablr accurncv is 
the halfround obstacle with ra,Hus the s,irrn~ as thr> wbrel radius· i.1'. 
37,5 mm. A com1nris<rn t~> the act11al sh;qw is sl1ow11 in figurP 
K.3. A sma!lrr '.20 mm radi:1s half rt,li!ld ub:-;tade \•;a.s L1t•,L,url'd a." 
having a trian?,ulh.r shapr c1s shown in figure 1..: .. 1. Thi~ i:- :,;r\"ercly 
influenced by tlw length of the sampling distance. els. Thr principle 
is that of the Nyq!list or cut-{)ff frequency whPrc the accuracy is 
influenced by thr number of sample points per wavelcngt;-i. In 
order to mca.sure a wavrlcngt.h of 37.,5 mm accuratr1y, at lea.c;t two 
sample points are t.o occui dming it:-' traversing. 

Small square obstaclrs of ::-izl' :W x 20 mm and 30 x :30 mm wei c 
measured to have tht' shape as shown 1I1 figure K.5 and K.G. Tl1e 
downward slope in figur( h:.6 is due to the fact that the whcelset 
jammed behind the o bst acll1 ct uri ng which ti me the front and rear 
wheels are lifted into the air simultaneous!\· until the front wheel i:-: 
able to climb the obstacle. · 

A sloped step obstacle w,L" crP,ned and the measuring sy.stcrn provrd 
itself capable of measuring it '.s shape quitC' arcmaH,ly a~ shown in 
figure K. 7. · 
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(i. '.2.6 Figure h: .8 shows the cornpari:,;on bet ween the actual profile of a 
simulation concrete rough trark. as obtained by measuring the 
profile height with dumpy le\'el and vardstick e\·en' 40 nun. and 
also by the measuring rart. ThC' stretch of road w~ 8 meters long 
with obst.arlc height:,; of approximately 150 mm. The phase 
cliffPrencc' which can J)(' S('<'ll bet.\\'C'Cn tlw <·un·ps can he ascribed to 
two pmrnih!e reasons: 

(a) The fact that the profile ,..,·as mea.<>ured c,·ery 40 mm with 
t.he dumpy level method and every :.39.2 mm with the 
measuring device which results in a I 60 mm pha.se shift 
because when plotting the two profiles it is assumed that 
both are measured at the same incrrmental distance. 

( b) The probable 1.•rror with the dumpy level met hod because the 
measuring tape wa.i; not stretched absolutely horizontal over 
the obstacles when the incremental distances were m('a.s;urcd. 

6.2.7 With cverv measurement it was found that the lefthand trark, or 
channel 2, • is defi ni tel v not measured with the same accurac v as t hC' 
right hand track. Tl-iis is mainly due to two reasons: · 

6.2.7.1 
6.2.7.2 

Gyroscope roll resolution and accuracy 
Susceptibility of the gyro 10 \·iurations 
transverse or roll di rcct ion p urcly because 
mounting configuration. 

lll the 
of it's 
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7. THE FINAL MEASURING CAHT 

7.1 DESIGN CHANGES 

h orclcr t.o product' a workablt> lllPa:;urin~ cart a fir:-;t prutotypL' \';,::,; 
:rnhjrrt<'d to the q11alifiC',1tion t0st:; as d('snibcd in t hr pr0Yious chaptw 
an cl the nr<·essa.ry design cbangrs wPre i m p]('mrn tc•d in a modp\ which 
will he ('ct\lccl tile final 111cas11ri11p; rnrl. Thr readrr is rcfrrcd to 
paragraph .5.4 for the disrussion which is to follow. The final de\ ice i.':> 

shown in figures i. l to i. i. 

7.1.1 Frame 

The frame was made to be adjusta\J\p in ordrr to catPr for a widP 
range of towing vehicles: 

Length: L = 2000 mm. 
Track width: R = 1·100 - 2100 (adj11st.1l>IP). 
Height: H = D50. 
Towing hook height wa..s made adjustable from .jOOmm to 1·10Omm. 

i .1.:2 \Vhcclsize 

WheelsPL wlwels: l::i0 mm dianll'tl'r ( This is tln-rdor(' ,1bo tl1v !uwi'r 
wavelength limit). 
Single wheel: 250 diameter. 
T lie proximity switch w a::; rnadP to ,~currat P JHd:-('::-: 1•wr y o. o:rn 111('t e1>. 

7.1.J Confi uration of the whr<'lsPI 

The extra two top wh("('IS, which were adopted in the prototype to 
cater for large obstacles, wf'rc rejected and thr ind ination and height of 
the larger obstacles are simply ! imi ted by the size of the vd1cclset 
wheel. 

The two wheels running side by sick to accumodatc tyrf' width wr>rP 
also found to be superfluou:,; and rejcctrd in the final design. Thi.--: wa~ 
motivated by the fact that the extra possible measuring width is D11ly 
an asset with narrow projecting obstaclrs but is of no USP with narrow 
i nden I ations or holes in the measured profil(". 

7.1.4. Ground contact ressure 

Durin~ the field tests v...-i th the final device, an obserrnt ion of the 
ground pressure was made. It soon became clear that the crushing 
effect of the drvice's wheels under it 1s own WC'i_!!,ht was about the samr 
as that of the !ight four whee! drive towing \·r!dc!r. This was obscn-ed 
Ovt'r large gr a.-:;s tussocks and cart h dods. 

 
 
 



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

62 

Tll(' :·wrond important a.,qwn Io r('lllf'!llh1-r is 1 he t rc111d n•11Hn·dl 
JH'OCl'SS. 11 did l!app('ll t l1a1 : h( 1 pol_H11t11i,1! fit wi1 Ii lea:-;1 sq11an 1:-: 

so11w1.Jm1•s provPd to bP i11:-,1:fficirn1 and luw fn,q1w1;(·ips W('J'i' 

t IH'n'forr i11clt1d(•d ill t lie• d,ll a. Tlw dirninat inn oi low frTql!t ncit·:-. 
or large' w:1\'{'lt1 ll/!,I hs ar1· s11r(•l_\ (hH 111dt•n1 011 t lH' ';eliicli> :-:i:(' ,l!ll: 

!yp1' for wliirll I h11 IPnai11 i--; s11rvPy1'd. This prrn i>-:-. ~h1llil•'. 
t lwn•fon• lu• ha11dlcd wi1 Ii :--01111d .i11d.!.',1' JH'tlt ;ir1d <·0111nHm :--1•11.~1•_ l"li1• 

;111101111! of at lc•111 ion IH 1ill/!, p,tid 1 o 1 li1 1 l,;w fn·q111'11C'_\· r,!fl!.',t' slio1iid 
l )H'n,forP lH 1 d1 1 t1>rmim 1d IJy t lw siwnfir pmp11~(' for whirh I lii- d,tLl 
is coll1't'1 l'd. . 

A rnn11ing an·ragP !IH'thud for diminali11g low frPqlH'IH'i('S w,t-- not 
applied to th(' data 1'n'n though sonH' authors; suggr•si t>d i r _ I !JI' 
reason was that thi:- procc):-;:-; would 1'ii!111nat(' frr'q1u 1nciP" i11 1 li1' 

rangr of intrrcst. Thi:- could liowr\·c·r lH' i11\'PSt igaH·d f11r1 lwr. 

The third aspt'r"t 1 o considc•r i::; t lH1 .~urn•~;; llf I l1;, fri ·q 1w1n·y 
smoothing trchniq1H' (sc'c appendix (' l. It is t'\·id1'!11 innn , !w 
PSD's of tlH1 thrPf' tc•rrains that t h0 cun·c•:-: rni!!.lll :-1 il i iH· ,: ::11 !1 
too rough in onlPr to mak(' a rnnfrdent d<'d11ction frnn: it in il'm1~ 

of the frequency content or t hC' data. Thi:- r1ppliP:- >\W('ifi1 ally tu 
the dctf'ction of harmonic rnmponrnt::; i11 tht' tPrr;-tin. Swh 
c·omponP11ts an·. for i11sta11rP. rkfi11itc>ly pn·.~en! in I lll' ;•rr,f,\ .. 11i ' 1.+' 

]3p],e,ia11 p,1sing (St'(' figun· I,~). but can h1' 1Jb('I"'.'1'11 , 1,1:-, \\ ;; ri ,o:Jll 
diffinilty in the PSD for thi::; tPrrain. !"Iii· ;iu.~:-ihil:':, ,iL-u i ,i.~r
t hal f rcquencics of i111 l'r<:':-1 1 o vPliich• luro111ot i1H1 rn,1~ !H' f'li1i1i11c1t1•d 
by ! hP fn 1qHc'nr.\· .'-dJlO(JI hin.l!, prn('('S~ · h,1.1i11. ( ·,)11· ,\· !lt,!.!d,11;1,t'. 

]9ti'.1). 

Tb\~ ,t~-curacv of tll!' {'alnila1l'd PS[)';-; i.~ ~i\1'I1 ii\ t lw 1•xp,·t':--,:•11i 1,11 

the COlllplC'll·, 11orn1alizE'd error in app('tHlix ( :: 

( r I(; IO 1 

~n;r. 
For tht> a\·1 1 ragr salllplC' ir~n_gth of L so 111 and a f n•q11r•r1r., 
rrsol ution of Bt' - 1 / ( I 0:.!-1 )( 0 .O:l'.l) 1 ii(' rrror i:- in the {1;df1

,· of 
70 t;(. but if cxpn~s::;ion ( (; 11) i.~ u:-ed. d('ri \'rd for t hr · ,111,2.c· i tJ 

frequency resolution lwca:.i.s0 of the fr11q11ency ::;1noo1 hi ng proc0:--s. t lH· 
average valur for the changed freq_uc1nry rP~olutiun is found to be 
0.11-52. The error givrn by equation (CIO) i:-: 1hen calculated 10 

be 32.9 Ji. :\s nwntioncd i11 apprndix C. 1 bi.~ rrror can b0 rr>rl1wPd 
by making the est i ma tc more con.si st en r ((·111 ploying a larger 11 u III lwr 
of samples) and by utilizing a frpq11c•ncy ::;muothing prccr::-:,: which 
gi\·es a coarser frcqu('1H·~- n•;;ulutioll. Thc:-l' 1 wo aspens riced tu 1Jt' 
i11\'f'~tigated furthrr. 
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11 is dPfinitPly m'n'ssa1T to r·oi1sidPr 1hr ribrations i11d11r('d irno tht' 
1111'a:--11ring cart dming · trrrai11 :--un·<'yin!!;. TiJ,,sr vihratirni.~ cau;:(' 
fa!:-,(' slopPs to IH' IrH'ast1rrd b.,,- thr> tiyrosrnpc a:- this in:-:t rt111H'I1! i:-: 
rxtn'!llf'ly :-;c•nsitivP 10 \"ihrat.ions. Thr 111P;1s11ri11g cart's ,1iff11t':-::..: 
rnhhP1 whPPb and .!!,,\ rnsrnp(' rnounl ings all play a major rnk in 
rnnt roll in)!. t h('S<' \'ibrnt ious. I: w,1s u!J\ irn1s during i1H'i1s11rt'IIH'11t 

t lia1. t hr 1 gyrosmpt' I P!Hls to vi bra ti' at ;1 damped nat ura! fn'qtwncy 
durinµ, t rav( 1 rsi11g of r·c'rL1i11 1Prrains. llH' :-;harp pP,lb ill 

approxi111ardy 0.S r/111 i11 all tlw PSI)':-: ;m' m<bt probably d111' 11) 

this. A stiffc1r gyroscop(' r1m1111t rc>still('d in prrma1 llrl' f,1.ilure of t lw 
i 11s I ru I n<-r1 t. and this shows t IH' corn promisr nc'cr:-;sa ry i 11 s riff 
lllOilllt ings for aC'curatl' llH';\SllH'llWlll and soft !110\lllt i11g:-. for 
iu:-tr11r11rnt protc1rtio11. 

Figurrs IA to L9 as wdl a:::; tablP :-<.. I indicaH' that tlJP lf•rrai11 
r:barac!.c•rizat ion llll'thod with t.liP PS I) and rou !.di ne--;s (·un-:1 r1n 1. 1,:. i:
sucrcssfu I. The po;-;i! ion of t ]J(' rnn·ps diffr'r rPlat ir1' to !'nth r11 h('r. 
which is ail indication of llH' diff('n'rH·c, in rou.!;!111('::;:-; ;1.~ pn 1di1 t('d h:.-
1he ISO/TC: 108. Insp('rtion of t lH' ('alculau1d \·,du":-; Cur 1 !\i' 
roughness ;-;11ggrst s 1 hc1 t t iH' ro11gh track r;rn lw cl c1:--:,i fipd a." an E c;r 
F terrain, according 10 ISO/TC 108, tbr B('lgian pa\·i1:g a:- cl D ,,, 
E terrain whilst the smoother dirt road is a (' (•r l) l('rrain. 
ThPsc values c·omparl' farnur.ibly with !f.'rrain~ rl,1c::cif:r 1d :n ,t :-irr1ilar 
m;u11H'r by OhP1iy;t ( I \i~G). To mab' a ck,tr •!i:-.: :ti( r ;(11. 1 l(•T Wf'('!1 

tlic PS D's of the \·,trious t('rra.iu;; \vould n·rpm1' :--urn•' ,·.'-JW, i1•:1•. ,, 
though. 1 t sbou [cl a!:-;o be not icf'd t l1a1 :-011,,· ( \J n·1':c :--1 •r•ri ,.~ r,) l", 
too Oc1.t du<' to 1 hr aspt'ct:-; n1{'11tio11('d ,,,nlif'r 0;1. Tl.1~ i.0 1'\ id,·1: · 
fror11 th0 va!t1(':( for I lH' ;;lop('. a. it1 I ,1lik '-.I. wl1t1 l1 ,!l, • , in 1 lw 
il\'('f,t.!!,(' lmv1•r I han --1. :\ major f(•,1:-;t,11 for 'L:~ 1 ,1!1 111· 1 hi 
unwantC'd vilirat ion:,; {'XJH'riP11n1d hy 111(' gyni:-T(JJ 11· ,i_, 1111'ti! ioned 
<'arli<'r. 

The IIH'a.<: t1ri 11g cart i bc>I f !H'rformPd much I ,1'1 tt'r t h,ill its' 
prcdrc('swr. This is larglly du<' to morP attention h,n·ing b(•f'll pctid 
to to IP ran ces and c lr,1 ran res. st u rd iN w hP1 ,[ cons! rn ct ion. mon• n I b bcr 
on tlw wheels. Ne. The !argr vi brat i 011s 1iot ired in the 111( '<"-" u rpd 
roll data with the prototype m<Hkl W('fl' red11crd. Thi.~ l'atJ hr· 
not icrd in t hr rrlat i \'Ply :--rnoor lt('r prufiks !.':"llt Td.! Pd fur li1r> \Pft 
hand trnch: b.v thr final sy:,;trm. (Sec ligurl'-" Li. L:! and L:l 1. 
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dist.rib11tion:- {Van DP11SC'11) or rainno\\. ro1111ling tPchniques to lw 
employed inst rad of. or 111 addition to. tllC' PSD profilr.• 
characterization would be n1q11ir('d. Care should be t>x<:>rcisC'd not to 
lose frrqucncy information which is of importancr in cornputrr mo(kl 
ridP simulation and :,:;u•;ppnsion ro111ponPnt trstin!'.!,. 

In c·m1clu:,:;io11 it. is 11(1tir!'d that tlt<' sy:,:;11·111 llPscTih('d in this rrp<irt 
off('rs an rxn•lh•11l ba~:c•linc for fur1liur studi('S and irl\TSli_gatioIJci. It 
also sucTrC'ds in ib' purpose of bring a su<·cT~sful tool in nwasuring: 
and ch,i ract crizi ng 1 hr profilrs of rough tPrrain s1irfaccs. 
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Cairn lalr t hr Fl· rs { :ir mun.' <·01-r1 1ct l v I IH' D FT':- l of t lw 
sa111p!r rl'nmls ( Appendix ('. par. -!. I). · 
E:;timatr I hr sp0ct ml co<'ffirillnt s and t lwrcaftrr ralculat l' t !ll' 
rompktf' spl'rlfllfll at distT('\(• frrqurnrirs acrordin~ tn 
c'q11at.i(J1, 1 (''2S) !or ('arh s,1111pk rPrnnl. ( :\ ppc't1di x ( ·. par. 
·L 2 ). 
If mon.• I.bar, dlH' sampl1• Pxists obtaill thr• a\'1'ra.~1' Jl~l) for 
all l h(• :-.<Lill pl l' n 'cords. (Tin 11' a \'Pra_gi ng. :\ p1wnd ix ( ; 1. 
If t11J1P r1\Tl',t).!.inµ; is 1101 J)('rforr11c>d. do frcq11P11C'y s11m(ithir:.~ 
b·,· ,tvt•raging adjan111t sp<'rl ral \·allH•,; ( ,\p1w11dix (; I i 11 <1rr!1-r 
\\J i,nprovr t lH' acrurary of t hf' f':--1 i111atf•. 

TIH' rcsul t of t hr a bow pror('d tm · is a ~Pt of cuu rd i na 1 !'::- ()f ;t 

smoothed sprct rum G ( f) brtwt'C'll t lH' fr('qrn'11C'y r,u1_gP ll tu I : ..J. t. 
Plots of typical PS D's ar(' shown i11 fig1m' (' l l. .'\01 iu' r ht' 
diffrrcnccs in shapr whic·h can l)(' ut ilizt'd t () d1aract{'rii'r ,1 r,rn(!OI11 
wavrform simply hy its' PSD. 
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APPENDIX f 

FATIGUE ANALYSIS TIIEORY 

This :--ubjcct is obviously not to be covered in detail and the int err.st rel read Pr i:
referrd t.o the list of references especially Osgood (1D82) and Collins (I9Sl ). :\ 
short s11111n1ary i8 howrvcr necessary of !.hose asprct:,; of this subjrrt. which is 
applicable to the work discussed in this report. 

l. CYCLE COUNTING METHODS 

It is quite simple to count the number of cvclcs in a con:-tant 
amplitude load signal but when dealing with' a random si!!,na!. 
exhibiting a mean value for most of the time. the pror:-ess gN~ a 
bit more complicated. The counting algorithms devdoped for thc:::c• 
cases are based on various approaches and a.ssumptions. ThE' mo:::1 
accurate ones are accepted to be range pair and rainnow cou111i11g;. 
(Figure Fl and F4). As can be seen in figure F4 the rainflow 
counting technique is based on the hysteris stress strain loops 
experienced by dynamically loaded material. It establishes the ;-; i zc 
of an amplitude as well as it's mean value and is stored in a 
matrix where the number of cycles is ston:id at a po~ition 
corresponding to a size and mean value. It can there fore be us('d 
in consequent accurate fatigue predict ion and t r:--t in.~. 

The output from the range pair couuting method is a hi:.-:togr;rn1 
depicting amplitude si,,e vs cumulativ'.." number of cycles l see figurl' 
Fl). This format doC>s not. include any rlata of tlie rnran rali1r> of 
a amplitude. 

Murphy ( 1982) used another met hod to pr0sP11 t l he rain flow rv 11 n 1 i 11g 
data. Accelerations were measured at critical !oc at ions and t hesP 
signals were analyzed with the rainflow method. The data wa_c; then 
stored in the form of a response histogram as shown in figure F.~1 • 

The horisontal a.xis gives the magnit udc of the occurence ( ~ ;,: 
ampli tudc) and the vertical a.xis gives the frequency of occurenct• of 
each magnitude per mile. The straight Ii nc is obtained by fitting, 
an exponential equation to the data and coefficients of thi~ Pq ,1,H ion 
can then be used to characterize the data. 
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If either of these smoothing operntions are not performed the standard error 
equals 1 and this implies a 100% inaccuracy (Equation {GlO)). In the work 
discussed in this report both techniques were used because it sometimes occured 
that the mtJasured 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 
(l.ny case to obtain a smoothed curve for the rakulation of the ronghnc::-s 
cmrntant IC 
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APPE\DIX I 

\\'IBl.\'C~ DIAGH:\\f OF :\1E:\S{'Hl.\(; S).STI-:\t 
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.. \ PP10·n1.\ .1 

(;l:Il)ELl~l•: FOH SOFT\\. \HF 1·s_.\(;1-: 

Tl\l' 1 rl1;1111l('b or data wliid1 is 1 lH' Olli p11! ()f 11\1' 1111';1."ll!lll'-', ~y:--tt'll\ 1:-- ::ttiri·d 
or1 c·o111p111f'I" disr. ( 'ha.1111\'ls dl'\' allot·,1tc•d ;1:-; ftJ!!n\\-. 

('.li;u1 prnx111111y switch p1tls1•,s; 
Chatt 2 ., 11no pitrh an"IP t hl't a 
Chan :1 ,~ g}TO rol! a ngl~ b1.>t a 
Chan 4 ⇒ whcrlsrt swivrl angk alfa 

The data is pron'ssed by t lw program PH(>l-'I LI·: 11> yi!•ld I wu ;irr,1~·s , rk/11 ,ind 
lrft track) hright values in mm, at equal sp,Hnl distances 'ds' 111m ;qMn. 
ThesC' valuC's arc in int('gcr format so 1 hat ii ra11 lw fml lwr procr'SsPrl by F:l,· 
Editor soft war" with rrspPct. 10 filtrrin~ of low f1Tq11,'11CiPs or t n'nd r1'111ov,i\. 
TllC' data is thrn mnvrrtPd to md flH111at hy t!H' pro(!.r,rn1 FLO.\ lT! l.E. .\ 
calibration is introducrd lwn• to rn11\·<,rt tlw proltlt• hPigl11s \() '111t·ti'r' \"d!u,•s. 

A type l data filf' is Urns il\'.ti!ablf' which rn11tai11 lwi.u.h1., d,"' HI·:.-\ l. ,.-.il1w"' 
Every value is a mm:-rnrrd profilr !wi,e,ht in 1111'tPr. acrnr,1! (' r u t iw :111i1. ~;i,u 1< 
a equal. kncnvn distancr 'ds' [rn] apart. Thi:-; file· wnuid , 1n::--i:--1 pf 1 11.1• 1 :1,1!:r:,•:< 
t !w ldt and rig,ht hand 1 ral'k uf a ,.·ehiclP. Tl.t> 17k :--l.11;Jld \0 l '1,' ~!!()Hi I :{ 
t hau 1 O:Z.I REAL va!i,'"•;-; tP. .-:. x I :2~ n'al w lilocb 

K x 2.'i(i i11tr>!!_l'r block~ ; I ITC iilk.-, 
JG x l'!K intl',!!_('!" blo('k:-- 1!1P h\\..::--1 

The procPdur<' won!cl ])(' a,c; fol!rn\"S: 

I. 

2. 

J. 

CalrulatP spatial p~;I) liy rn\lin!!. Sl1El'TH.-\L. .\!! ,,rLr'r -i~t..ii 
analvsis functions an' also a\·;iil,1\i\(•. Tlw P'.-il) i."' :-t<,r<'t! in a fii<· 
whic:h is 11a1tl('d b\· I h1• usPr. 
Calrulatr tlH' srnoothc•r! PSD b, rallin!.!: S\IOOTIIPSIL l"hl' PSD i:-; 
read 011t of thr file which it \:;a:-; St(>n•d in abo\'1' ,uHl r h(' SIIH)<J! l1(·d 
PSD is :-;tored in anotlwr file•. t·s" 1liP ::;111t1otlil'il PSD to calc11la1P 
the rou!_!,hnrss cnn~tant 1..;:. and 1 lH' :--lop('. a. in I hv formula (; = 
hn''"''a. This is done by thr sarm' railing pro,gr,!111. 
:\ ~1 a rd copy fi Ir can br grn('rnted at any s ta Rt' in the a bm·p l \\ u 
stf'ps by selNting the appropria11.1 :::oftb'y. This hard copy filp i:
then plot trd on the plott.cr by call in.~ IL\ R DCO PY. 

TO C:\LCl;L:\TE PHOFILE HEIGHTS FHO\I OH!c;J\.-\L IL\\\' J);\T.-\ 

Calling program: PROFILE 
Load fik: PROFILE.LOD 
Forms: PROFILEJ.FH0\1 
Incluch! files: FOH\ISDAT .\.I\C 
S II hrou ti ncs: none 

TO C'O\\TRT l\TECEH FILE TO HEAL FILE 

Calliu.!!. progran1: FLO.-\TFILE 
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TO < ':\ LC'l 'LATE PROF! LE SP-\ I'IAL PSD 

C'allin/i progi:ai11,: ,, _SPI-:CT HAL. FTN 
Load !ilC': SI l·,C I HAL 1,0D 
For111s: SPECTHAL'. .FOH~t ma.in rnPnu 

SPECTH/ 2.FOH~I IIH'llll for I n,,, 
SPE<'THAL:LFOHt-.l rnPn11 for 2nd fil<' 

1!1rludl' filPs: ANALYSIS.INC 
FOll~lSDi\TA.I i\C 
SJ>J~C'.'J"H('.0 PY .IN(' 

Subroutin0s: ANALYSIS.FTN Do all ;-;pC'r!ral auah·:-;i:-; and 
SCTC'C'n display. This subroutine i11cl\ld0s t!w ;11br(luti11P 
PLOTSPECTH in anotlwr for111at a.s below. 

TO CALCl1LATE S~10CTIIED PSD A:'-iD HOl'(;ll'.\ESS CO\~T:\\T 

Calling program: S~lOOTIIPSD.FT\ 
Load file: Si\tOOTHPSD.l,OD 
forms: Si\·l OOTII PS D l. FO IU.l main 11w11u 

SMOOTIIPSD2.f0l{M one fi!f' 11anH' 
SMOOTHPSD:1.FOHM two file namrs 
S:\100TIIPSD3. f'OHM fitting st raightli rw to !'~!) 

lndudc files: A:--rALYSIS.l:\C 
FOfl;\lSDAT .-\ .1\C' 
SPECTH COPY.I\(" 

Subroutinf's: PLOTSPEC rn.I·'T'.\" 

TO PLOT IIARDCOPIES 0~ PLOTTEH 

Calling p:-ogram: IIAHDCOPY.IU"\ (SPH' l"HC'OPY.l.-1 \ 
Load file: SPECTH.C'CJPY.LOD 
Include files: SPECTH COPY.I\(' 
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APPE~DIX i\l 

THE EFFECT OF C'llBVES IN THE HOAD o:,.; TIIE \IE:\Sr!U\"(; PROC'ES~ 

H<'f<'r lo fir,un• :>.I. for a dial-',ra111 of Lhl' rnp;i:-;uring cart. 

Tlu•n1 ,W' two o bv io11s possi bi Ii ti rs: 

I. The wheebet i:-; thP i11sidr w!u•rl in t lw rurn1
: 

⇒ The whcc\set, with the proximity :-;witd, rnut::!tl'd b('sidc onr of it':
wheels, will contin11c to samP!c: at 'els' dista11rcs. 

⇒ The other wheel will san1plr a.t. iongl'r distances hecau:-;e it i:
moving at a faster :,;1ceil. 

2. The wl1C'elset is t.he outs1dC' whC'rl in thP curve•. 
⇒ The whec\sct will continue to sarnpl(· at 'ds' di:--tanrl'S. 
⇒ The other wheel will samplP a1 shorU'r dist a11r!'S t ban 'ds'. 

Important paramC'ters in the sampling proc(1
:-;:-; arl': 

I. The wheel diameter - This di,11(1 11:--ion is abu t ht' ~izr.' of th1' ~11.c1lit·~1 

wa vclength to be mPasurPd with rr•aso11,dile ,HTt1r;1c·y and is t !it'rt'lon' 1 lw 
lower limit of the Wil.\'d('llJ!,th bandwidth. 

2. The sampling distance - It is necrssan· to .-,;1111plv thr :--rnalk:--: 
w a vel cngt h at ]('a:-;t 1. \\· i {'P so as 1 o r Pd tH't' t I ;P ,ti i as i n,g i",ffec-1 . 

In thr light of these two paranwt(•rs t hr wors1 ca:-:t· of the t wu possi bi li ! iv:s 
mcn tioncd above is that w}]('rr t!w w\i('(1 ls1·1 is in thl' in;-;id<1

. TIH· lower lin1it 
wa\'clcngth of the other whC'f'l is 1 he diamrt('r of t h,u whl'd, U. T!w :--ampli11~ 
pulse is generated by the w hC'Cbrt w hrf'l (1\·rry I d:--/ 111(1 t l'r irrrs pC'ct i VP of th(' 

speed at which the whcelsct wherls turn. Should the othl'r wheel go at a fa-..,u,r 
speed then the sampling distanrc at this wh('(1 l would increasP to s.-Ly d:,0. If 
ds 0 would increase to more than the half of t!H1 otliPr whrd diameter. D/2 then 
alia.,;;;ing would occure and the smallest wavplengt h D would i'r rne, .... '-l!ff'd \~·ir h 
error. It is necessary thcrcf orP lo define t lw sm al lcs I ru n·L1 radius which wou Id 
be allowed in order to prcv<111t this. The following pa ramrt('rs arr' defined: 

Outer whcPI diameter D fml 
Outer wheel speed l'o ,111/s] 
Whcelsct wheel diameter d 

f d] 
\Vheelsct whcci speed /I m/:;;] 

I 

Wl1eeldiameter ratio d/D 

Sampling distance: 
,.-d 

\\'hcP.lsct whPc>l ds [1n] 
I 7 

Ontf'r wlwPI dsn [mj 
'> 

Id;; - ds1, wi1li c-trai.d1t llHAl'llWll1J 
I t', 
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Thus for the typical sit nation whcrC' d = 0.1-~ Ill and D = 0,:2.i m thC' condition 
is t.hat thC' curvr radius should br 1.7 tinws largC'r th,111 thr track widtii (. 

This impli<1s a wry ;;harp C'llr\'(' whiC'h is milik<'l\' to occur in a strl'trh of 
sC'lrctrd for llH'asurPmenL TIH' t·onrlusion is l]l('r<'f<m' that p;radual curvr's with 
radii grra!.Pr L ha11 at l<'n:it. two ti rn<'s t. h<• t ra<'k w id t Ii ·,vou ! rl not inn t1('11CP the 
nwa..o;;urP<l data 1wtably. 
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