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0 IlHAlSArIoN nEs PNFI'S HORS ROUTES ET DU SOT EN VIIE

o ni: 1F LAIIEIIOIAT ION DL L.A TRACT ION

Prof. lDr.ir. P.F.J. ABiEELS

U.(;.L. , (;6nie Riiral

Lotiva-in-la-Neuve, Belgium

R ES-UME

t, tis -oreioses ri'dctioIs .1 l'jntroduction de movens mnecafliques stir les,
torres agricoles et en forkts se font jour en raison notamuent des coinpac-
tagos induits. fl'autre part, l'6volution hors route doit envisager de
plus en plus de v&~hicules sur pneus I diverses finalit~s. 11 est donc im-
portant d'aborder les questions li~es aux proprigtks des enveloppes d -for-
mahies pour voir de quelle mani~re it peut etre possible dPen approprier
la corw opt ion en fonct ion des sots non am~nags sur lesquels i Is doivent
ivoluer.

:es caractteristiqoes n-cessaires .1 la prom~otion de nouveaux concepts doi-
vent niottre en i vidence la d~formabilito des enveloppes et d~gager les
;ropritts de chacune des parties principales du pneu dans la transmission
des charges stir Ie support. C'est pourquoi, taux d'aplatissement, tauX
d'~crasement, distribution des 4 paisseurs de mati~re sur la section du
;onoo, propri(-t~s de l'6paulement, fl~chissenent de la bande de roulernent,
rijideur du tore, caract6ristique d'amortissement de 1'enveloppe sont ) 6
terniner. L~a relation pneu-sol ressort des effets de compression, de ro-
tai on et de pivotornent du pneu sur le so!.

L~a modtelisation qui ri~sulte de la connaissance de ces caract~ristiques per-
-wt d'introdiiro des concepts et des m4Cthodes de calcul d'enveloppes. La
r vol isat ion d, prrtt vpes c onf ir i-e xpir imivnta Iement los possi hilit4s a in-

AVANT-PROPO(

Lorsque les alttirat ions et d -g3ts aux sots prennent une importance exage-
rev on agr-iculIture et en sylv icul tore, on certain nombre de ri~act ions se
font jour A 1'encontre de la m(-canisat ion sous la forme par exemple d'in-
.,rdi ts souvent subjectifs ou de mesures compensatoires friquemmnent on6-
tuse%. En etfet, si une part des causes de dm gradations pout htre attri-
b'.e aux vehicules et machines elleq-m~mes, c 'est bKen plus g~n~ralrient
les opt~rateurs qui sont en cause pour no pas avoi r adapt6 lours conditions

de tralvail.

1)05 lors, les notions de CmFMP4ctage des sots par los effets des pneuznati-
ques doivont ktre pr~cis~eq pour ktre enseign(-es Pt vulglarisees. CeLto
vulgarisation permettra aussi,d'une pairt do miomix oriienter les choix par-
it les manufactures ot, d'autre part do suggilrer de riouvellIts solutions

poor amt I inner la propulsion hors r-ouite et rt~du ire lem impacts des pnous
sur lo,. sols. D~es 6tonoies directes et indirectes d't6nergie sont dits
ILurs possihlos en garantissant mieux l'onivironnement.
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LA MODEI.ISATION DUi PNEU HORS ROUTES

Le pneunatique re~oit les charges reprise. par le *oyeu de l'essieu d'un
v~hicule et qui lui sont transaises par le voile et I& jante sur laquelle
il est mont6 pour former Ia roue. L'analyse des effete de cette transmis-
sion porte sur 1. d~formabilit6 de lenveloppe et our lee effets enregis-
trks au sein d'un substrat donn6 come support.

La d~iformabilit6 de 1'enveloppe torigue ou pneu

La d~forwabilit6 d'enveloppe eat renseignfe par les taux d'aplatissement
et d'fcrasement qui ressortent de Is gdom~trie externe de l'enveloppe.
11 eat connu que cern taux: augmentent avec la charge appliquie et diminuent
avec l'616vation de la pression de gonflage ou du nombre de plis. 11 est
aussi not* que les variations de ces taux respactifs permettent de ranger
certaines manufactures en des cattgories diffirentes de Is notion de ply
rating. Lee valeurs des variations de hauteur de tore pneumatique 6tant
sup~rieures A celles de largeur, lea taux renseign~s expriment la d~for-
mabilitk g~ndrale du tore d'une part at celia des flancs d'autre part.
Il reste encore A souligner que la coupe tranaversale d'un pnau r~vale
une distribution variable des 6paisseurs de matiare tout au long des pa-
rois et qu'une prassion de gonflage donnfe se distribuant 6quir tentielle-
went dan. toutes les directions n'engendrera pas les uumes effete quant A
Ia diformabilitf. Celle-ci eat particuliarement importante aux basses
pressione de gonflage recumatdables en~ locomotion hors routes et Plus
particuliarement sur milieu granuleux.

La variation de la preasion de gonflage contribue principalement A une mo-
dification de Ia raideur du flanc de l'enveloppe at influence peu Ia bande
de roulement.

L'application d'une contrainte
sur Is bande de roulement en-

gendre des sollicitations dana
% Y I& section du flanc du type ef-

fort normal, effort tranchant at
moment flichissant. line fqua-
tion de f lexion du I lanc soumis

/I une charge et soutenu par une
/ pression de gonflaga peut s'fta-

blir.

x L'expression g6n~rale eat

-S..~x

El E

4W



5I
I r i ut I o vI tinittdre ii II.n~t r~~ if~StIju . Ii

r

12 6' v (x) I

r

Ii o r. pan ii nc

I, tc Id It,.

-1 1 st-ir envv Iuppi' en iidque point depo-nd du modulje Jei r i-

I1 i I I lint, de la , hdrge appuI iqu- v et (it, la f li-che tuI.~rti
.. . n..,t 11 t J Vt 1, inn u',.. le ust I ite 'I la presis ion de iu'nt l;i-

1 .. 1 . rd Initit pt ;rmet onte rt'sulutiuon dtiniss dnt

I -n i vx n- t * ip 1 i ' I Ir i !r tk )11 111

I I t. .It iqlierent en d vs I ix dr li biic dc r ul1 mv.lt

* * * ; r. . e *r 1 ev dcp I I, ernenit .s vert i cdiix I d i , diistl . IAe' ic

* . -. . .'u I~d(I url'uit Iins'.rt i-dies net temerct rnirns icinjortai-

*~ au s*.. Ii a i 1,i ,ressiulm de gonf lago. inircirni, rjiii

S. n'~''us lt , ,niiri . L~e prenicr itivouvu I.j re I I i i1

- I I-.1 T1 l t I it t rVeTlt 1 (111 dt I *' cic, ki I nitieli t . Lt ' O 1)Ii III
I t. *. . . l lngaiiecir V t dii ni-Ar i !, b rrtrt., . Pluis

*-it li,. l t -,trtvil , m, i-leee Udrxd tI I I i, sIi.

C .. ; i *.r r, I-.'e t i i, r t an, I. ;).irt I, i I ii Cruiln 1,ratiu dis
t . I a0 .p cl i .ii iI Ss.- i I . -rm,' oci I icux dte poiioccn-

1: It r. I :I. I r -7m- se-,, I w I no. siipur i ires des bair-

' it , .r it, ,u; rt .- i Ii I I It - i. u It' 1,1 delcirnIIt ~Inn v r c
'c -I .t 'Vd.uitint plus 4~r In.- qci.' Ies harrettes no.- cuvretlt pas5

it

-i .r-il-nunt ste c-loit bivn t
0

.'ide.mnent , Oune 1 'i66ent dit pneii-
.* I 1i t u-- Iv d 14 Ii, ippir t . Assimi Ilii pour Ies besoins di- son

ii . iii- ;.jtri, di 4, ev t I n i n it a i re r I ngtuIIt11a ir e, iI t est jios s ib Ite d' v
I ' ro I , t ,. I-r sin' . v us . LI f Inlihe I mesur ie s en dIive rs kind ro it I

A Ins , 1.1 t i i0 11t .1 1. dj t Ij' Xi dtisef

Ii.Iitten

1 , li, 2 121 I

ii - -si >'

I-VAN,



e t1

x )1 (2 xl - a2 x2) si a x 1

oi Ul - charge appliqu~e, H ou F
I - longucui ie la pouitre, 1.

L- module d1't6asticit6, FL-2  3
I- moment d'inertie bh L~- L

Ainsi qu'on petit le voir, Is fl~che prise par I& bande de roulement suite
A action ou reaction localiske en &a surface est esseiitiellement dlpen-
dante de F si celui-ci peut prendre des valeura 6levfes par rapport A
1'.thelle de variation possible des autres cotes dans Is rfalisation d'une
enveloppe de pneumatique.

Le pneumatique hors route ou tore d~formable distingue lea parties flancs.
kpaulaments at bande de roulement. A celles-ci il convient d'ajouter les
talons qui assurent Ia liaison avec 1'4liment rigide janta associg A Ia
masse du v~hicule, par construction. Le achima du pneu agraire, torestier
et hors route en gfnfral est donc

ROUE jante voilt ou diaque

talon

PNEU flanc

kpau lament

I ... * bonds de roulement

Sot support

Les conditions du comportement dynamique du pneu sont approchkes en vue
de prfciaer le mode d'action des charges support~es our le aol. Un banc
spicial d'asaais en atatique a ft4 r~alisE pour ce faire. Easentielle-
ment, il s'agit de voir comment l'anveloppe produit un certain "martele-
ge" du sol du fait de la constitution glastique du pneu. Le pneu, eat
ass imilE pour cc faire A un systame compos6 d'un ressort et d'un amor-
tisaur dispos~s an parallle.
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L~a taract~ristique de l'amortissonient cr66 par Penveloppe du pneu 6volue
dift~remment pour les pneus r.'diaux et diagonaux. Les dimensions du pneu
influencent ette caract6ristique. L'616vation de la pressioi de gonfla-
ge diminue Is valeur de la caract~ristique d amortjsseuent et cela d'au-
tant plus nettement pouir It's pneus diagonaux.

pncus radiaux

p~kPa

b caract~ristique d'amortiaueement. kgls

Quant au degr6 d'amortissement r~alisO par lee enveloppes. il apparalt
nettement influenck par la pression de gonflage et cela plus pour les
carcasses diagonales que pour los radiales.

pneus
di agonaux

p ~kPa

V e dAgre, d'amortissement

4 4
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"S no -, 14 V "tt - I i' dv t 111 e stir app' i % r.'pr is (I v I a thtior iv de' Ia
Ii ' ,t i n- . di "T t ,r i.mi o ~~ I ient , v Iti ies t repr ( sint 6 aiix f i i Ires, su -

7 bande de rou I reeit t
f f 1an c "

suppo'rt. pc'teau

-enfrt w charge
I largeur FP

moments

a'.ra2 fld 'un pro'l 11 do- prieu hors route n cnt rat nant qu 'un comnpac-
tigi'- riduit doil teinir cornpti des modZles donnant la distribution des
ii ttt la mii'ux approprii~e pour atteindre ce but, tin tel mnodi~le ente'nd
llspOS.'r l's appuis de la bande de roulement Ai I'int-rieur de celie-ci et
it n pl,;s I 1'emtplac'ttent des i6paulements.

,,St ainsi fiiv Ia hinde dv roulement fait coiisid~rer 110 pouttri de' sec-

Inre, tangulairi' charj~t' pow tol i'm.'nt p)Ir WJ , W-), W) . i t sotlii'
Aixs ou localiscs i j, wps'. stir Ie sot. La distriutiont

.'S1 -t.i lions dI,. &ontt ..~ .p, ... 451 pI", olttim' -i priori , mats

.1, d, it ^,trt- urtiformi' I ratt'm,ri I mti t long'itwdinaitmewt le .' 1'st
p, t q- r t i'unell i' i Ia il- ht.' pr is'. Di6s 1 'rs', il .- st possible dv t ' u

onl r ),I f I iejnt de' raid,r . lin --f t't , i ,t lai r t-a ti n i rmiment

r.'jit .' osla hild. dt- rolilem,'ut , :iIors

* ri-i I t '0 to, at i I . t

- I t ir.~.um~i~hhIU.IuEII~pI-A.~
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Le dt'placenent~ 'kitudii All pneu vretv 1 'ornii~re Pt implnnte It's par-
ties sai Illnteis tit- Ina hatide de ron lement dans le' support. Ai nsli se'

crt'nt fitft'renites zones tit, cot'iatt all !o'iv de I'airt' d'empreintt' qui so,

2 Ll iii . aqe Inst ant. Les face' a~te is au plan kil Hsll di£t r i-
btlt'nlt Ie h lt's l S SUr Iv' malssift sous-jall nt t't letir c~tl ct p1'llCdt kill
f r,,t t t'rntnt lors div I 'app I it at 101n d ' et f (1 tS tangottiels i ssur duicspt

MItI)I.It's fites )r'thogonaloes lit plan du aol * implant~es dans Ie' massif
grantmuex 7t encurrenc, de' la possiihi li ti de pen('trat ion vont *e'llicito'r
It' imi lieul vin ci sail lement.

11 appltralt ainsi que barrettes et t'ntru-barrettes inuont des r8les ricn-
nliqt's pouir .a collstitut lol d 'n mass if coh(5i f resi stant an ci sail Ierm-nt
vt offrant les meilleurvs qujalites de frottement tint interne cJU'externt'.
Ncs lots intervient egalement Id nature et it's propri6tt~s des mati~res ell
- 'ft act pou r ct' qi irel1i've do 1 'adh6s ion ent re e Illes. Ains i , £'oiv isue It'
6eh-slrraget de. portioens t'nt re-harret tts et Ie mai nt ien de's bnrrut tui. au
liteu d'implantation sun la hande de roulement. Ces considtirations in-
flunnctnt los coes gcorno'triqties des barrettes, des entre-barrattes ot.
do's- onpoi~s de' racel-demont des part ies sai ilantes stir la band± de rsaile-

I 'A'PLICAT! CN DE LA !IODlEIISATI ON FT SES RF.SILTATS

,, riti ip, dc' hast' .) I1'. lah rat ion d 'un pneul hors route cmiorte la ne-
s" 1It- r-i.1 -l me 5c lltandc Lit reulomt'nt en t'nciirbell'mrnt 'r ses .sp-

s Ie it poor kit vIargeiiir de ptivu donn6eo I imposee tn i aI i n lits
.X s Livt travai I , , "ine enl labouir par exonp le, ler': lons soxit pl aces
!'I it'-r I 'lr 3o' I a Iargeir . LA, 10Cliisat ion enl est calculable. Le re-

"1?' 1 Il MOInI, laiSiqiit ptrrnt't un dtplacemnt d'tint' portion des flAnCS

a.j:. rt' A rt'i,ldrt' .1 Ia conditi on premitre. Ce type de' pneu lhors rolutt,

',ilmne~t Cam~elI Shl~'o' et symbo Ii 6 par (.11

pi emi ores app litat i lit] pricipe sont obtellues t'nt Iechappage de (Ir -

Assis approprio*'t'5

't'xpjjlmtntat ion .'t -l's rtisultatLs

(frnt' poiur it's r'neus de manutaltlrt's IT lssiquets, les versions (,, S sent 5Al-

ii ses auix essatis de d~f ormat ioni, d ' enpre inte e't de tr ansisio deO~ l t oup It
en) proc ('lant aux bitc s statiquo s. Le's cond itioens dot rt'ponst' divniantiIt' vt
Ic perf-~ormances s(llnt atlyste% svl1it~ ts~i ' n traivail stilr It'

Wie'oo maniere gent'rale la dormat ion du t liam Pull CS est plus C ilitlo qt'v
, vI Id L 'till pneu cl la stiqut' mai s st- v~ir iat i ons sont j)1I0u t ii hIt'', (.Ir It'
;pr.I i diiIrint' devietnt mlli us thipt'zllltnt dc Ia prvst in de' goiila a mnefhlt

Ills si' it j (-)large-.

J). ,r s, la surfa c di' l-ttact oi e d a Lihandt' de' roueu ttms't jug-
mililte. , omii' I] a tIolnsf It.O lIt's prlnidet'1 d 'et tonv oiI't Iinill gran-
(Ii's 11111 pillr till prof i15 I , jqipe .1 riii'te prt'ssiotis de goni lagt' vt chiarge's,
Al I f ,il t nl',t fi jll(, ,-s d'rnive s he' rp r t't pilus e't mit'ux stir Ia mitit'-

re- di's f lains . Al nsi Jt t111 esi'don "'' a)X IF I.nt's i'ngt'ndi'-t-et' I till

met~~~~~~~~~ ~ ~ ~ ~ ~ ~ "l~i ittr4ttl nilu rasettecagv
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:It It s-il', i l'ti i a - , ioricit ' i.- i ii t rip imlttrt.int

I S !i i .,s m .irti l l, s n

I'l't poll I lix t 'it's'v pucti, :

Ptivu las~l(Lit.Pli C's

d a- a400 .it 1) 1. 1 1) 

20001 '.25n)

as;m' ;,r,' lit ait ;It'll d, dI II ti-ran avs ii mova'nni, totitttis Ii's rtipart i-

t -i. ic,' k'ilvaur s out inva'rsi's tjutiit ) Ictir pratndvtir poutr tihaqut' part ii'.
po ts 'ur %;all nli. d ist! itit ion dt. pasvtr du' malt ii're i 1 hut

t-. tuira , a' -. rm'at i~ns cam bIchs aui ti n e't 'i 'tipilement: altrs
- rlrIa li I i nt ; rrautar m u t d it c st 1)1luis i ipor t anit t' dau it ' n s

* rt ' raii, a' di' t tdi, ior 'lit crnua'.s ivc,'d Ji IIt'rt-ji s pneus stilt kavd hu'vs

*I t l~.it I np t v d.i- I ls~i~i ion dv I tt nI , iil ra mi'o~ti'ir, dei la Vi-

d A'', '.*Ill-i, a';v lit , (ill gi iss'lfi'ut relat it, ( Ii tr~ivai v t tv'ttuo. C v( ar -
-i n. da's t ravauix a.-i', co I us de' 1.0tr , (it- lirsagi' vt dei' ra. mn,

n, t i i is -w i -an ti'-s s i nui I-i i r v's i nia"gZrin t I v's va r iat nris r entc n t rt-e s stir in
-..",- t r .i ini, tis les mZ'm e s , i r o n st anrwc '.

* ;t.' l in de's va letirs mi'sura'es des suirf a(vs <'ompr i se's ent re barrs't tes
, ns-iit ies tie mrimes prof iI s de laande de rmil i'ment e'n deux concept ions
J. ititit a, ttiri - lassiqia ut C'S - permett d 'app~r4& i('r I ' inc idente de' la

'ii ~ ~ jOU di'- mttnt I Ii porit'Ti ia r )-.-

E'v, Iti i,, rt- Ia tress ion d1', gooif [age,
Ilian k Pj

120 ) 3 60 60) .1 2W0 120 a 20K0

Ra~dtitt ion de' Ia surf ace de ' ontic t , 7

I lssiqt'6 24 11

at ~v Idenit 'Juat' Iae t vpa' US v. ri f i c I i ndi'pavndanice plis grande vis-i-vis
l rva u-aIs li Ii't 't ligv iv t (vI'a p.our tititi's Iies a trges admissibles.

* -t -i trT'iai ', .. t ra tt tiltI i cc's d irve t 'mant 'I 1 st-i rtat,' e0 It ec'tjiva

a- it ' t 'Ii's btil rt t,'-s df-la' dfi ititla t Ia e'tiit lit ia' s val-irs a'xpt*riru n-
t -I - sl -it dt hin '' - 1
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Ooati on L. iIIt I Ltheiir 2l~s~

loitn ( S ()RI) C S ORDP S (P 1)

S1t rf, Kiethav o. 2 ,1 9 o,2 (.' ,64 0),61

VoI nine t rava iIII1 79102 1 I 660 4" 1,8() 122()

orlsomma t o n A4

I ,ifn il t oI lime, 6 ,2 (14 ,1 () ( 4,1

lI. hour sans h le-ayo de d i f f iren t i v I vt sans 4 x 4
2 j wi a v ve 1 hoc a g vvt 4 x 4

1)'11 tui e s , -i s ceon t iritnnt c es va I ei r s cl is s e tr ad u is ct ors dex p t'.-
r vn( es prat iques .1 la f ertme par une poss ibi I it ttie recoujr ir Itin t ratcteuir

J.' r.e i ld r P pui ssance met r ii po' nur vf t et tuer t1)in mrnv t rava i I en des condij-
t ins semblables. 11 faut noter quie le CS permet de travail 1cr plus effi-
i ement A ba'~se% pres i ens de gent lage et qul'une prerire ceinpara i sn en-

rt' les ",re f il s if f -rent s de bande de roiilemfont n 'a pas dilmontril d 'avan-
tollt ktat de ot. le., gi isstrnents vnrcgis-trke, .se revelent

w-n' Lrt. -plus tailbics avec les ranhtaturvs CS.

(:05 CLU S IONS

!,'txp..riientatinm kn statiipe Cet en dynamique sur pneus agricoles et to-
re:. ivr s permet dt quantifier dvs caracter ist i ques phiysiques prepres atIx
,-ivnuippes rmanuf a~tur

6
vs. Paral leniment, I '-bservat ien ics itfets tns

-milieux granulieux autoriste I!61aboration tie moontlvs interpr.-tatifs.
It ili sat ion decrux-c i dans a concept eli de netiveaux profi is t ransversaux

:1 ssathire perinet alers le al ul raisorn' du la compositio~n ou de la pri-
-wton des env'leppis.

!. r.-ali iation expurimentalt- d,- pne'us stliant les infermat i-n. (al- ul. 9
's

-r-met de pro, ider ) des essais q'ui eont riit les md~ies -- aboros. L~a
.tanardsationdeis ithodes de test des piiets iiitnufacttiroes, ti-I v jut d,--

j7t .) e, irti tIans une ceinmoni. at ion pr ,K .dvritc, est den- ltivii de natur.-e
YMlltIX r7-ISVIgwne le., It iiisatetirs qu.int aux cedi t ions. d'ut ili ati in it

I int -,,I jte n JIt-s t .-- Imi -st& m.i rittc t tr v pel t t-galtI een t t re vvnv is age

.i part ir tie oilunai ssan(--s qut, Ia re herche a permi s 'in it ier.

-1.1 rlTtRATVH-:

P . Dl orlmat ion) des 111ltIMIL7IItU k-ie t ropr its fucnit t

P I .I . th Initernatioinal Conferenct ISI'.S , Dittro it -tletgiten,

VSA.

PlI . , I l7f 'ixre letlIv t bi ii ad ctdt t stidis. htoutnalI ot I,-rr.t-
tha i i, , vol I . n* 1. pp. bi ( 1 911.t 14 I i g

ARFALt 12 '. vt Di. F-CILHRC, PI 17# .1 loomI tien tout r-irrain. La t oprlm-

t ion d, i I . H-,vot- 2.- 'Agr~il O t t., W' I * pp. I i I -1 Ii).

A?, il t9 *nr,- 1 5 i I an m wV, ti- i , m~
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!r-ELlN(; Vi OFF-RI AWD TYRF- AND 9011, FMR IMPF"Nf TIWTI(JN

PTC. DR. IR. P.F.J. ABF/

'1lV ITERU CA"['OLI('FT" M LCXAIN, CGIE RURAL, ILWXAIN-A- M, BF/LIM

TPA E LtA SY S. IICAPNY, NIAE, SI1-S'., EMNGUDA

Abstract

Many effects have been observed as a corsequence of introducing machinery

to agricultural land and forestry. In the main these effects are due to

induced compact ion. Moreover, off-road development must look to more and

more vehicles with different types of tyres for different purposes. Thus

it is important to deal with the problems of flexible tyres in order to

see hFu it may be possible to adapt their design to the unprepared soils

on which they must rnm.

The characteristics necessary for developing new cocepts must include

firstly the flexibility of the tyre identifying the properties of each of

the priripal parts of the tyre in transmitting loads to the supporting

surface., That is why the following parameters must be determined:

load-deflaction relationship, variation of thickness of material over the

tyre's section, properties of the shoulder, deflection of the tyre tread,

stiffness of the torus, and the damping properties of the tyre. The

ty,,re-scil relationship is related to the effects of compression, rotation

and turnino of the tyre on the soil.

1Te -IXylLnq which results from the knowledoe of these parameters has

enab]ed intrmduction of oncepts and methxs for designing tyres. The

production of prototypes has confirmed experimentally the potential thus

develoed.

Foreword

When deformation and dawaqe to soil take on exaggerated importance in

agriculturm and sylviculture, a certain number of effects appear as a

result of mechanization in the form, for exaple, of often restricted

operatirns or frequently rerous remedial measures. Indeed if part of

the cause of the damaqe may be ascribed to the vehicles and machines it

is rKr generally tle case that their operators are at fault for not

hkivino adaptedi thm t.) their wnrkiinc conditions.

I'
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T )# ideas of Soil calpaction due to tvres rmist be specified in order to

be imderstood. This will als) enable a better choice for manufacturers

on the one hand, and proposals of new solutions for improving off-road

locomotion and redwinq the effects of tvres on soil on the other.

Direct and indirect savincis in energy are thus possible thrcuih better

protection of the environment.

MWDELLITC OFT.FRODTYI

Introduct ion

7Thx t\Tre is ickded through the axle of a vehicle; loads are transmitted

thresh the wheel disc and wheel rin on which the tvre is mounted to form

the wh(eel. The effects of this transmission on tyre deflection and on

the effects recorded in a supportinq meditrn are analvsCd.

Def(rnnabilitv of the toric casuno or tvre

T,'re deformability is measured by the load-deflection relationship and

the external q9("etry of the casino. It is krnwn that the values of

these parazrters increase with aplied load and decrease with increasing

inflation pressure or ply ratinq. It has also been observed that varia-

tiors ir, thcse respective paramfters enable certain makes of tyre to be

pt into ply rating categories. Variations in torus height being

areater t vin variations in width, the measured paraeters express the

general deformability of the torus on the one hand, and of the sidewalls

an the other. It should still be stressed that the cross-section of a

tyre reveals a variable distribution in thickness along the walls and

that an amidirectional equipatential inflation pressure will not aive

rise to the same deformation effects. This is particularly inportant at

the low inflation pressures as reoommended for off-road operation and

more especially on a gTranular medium.

The variation in inflation pressure oontrilyites mainl- to a modification

in the stiffness of the sidewall and has little bearino on the tvre tread.
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The application of force to the tread
-gives rise to normal and shearing forces

and a bending mcuent in the section of

y the sidewall. An equation for the

deflection of the sidewall subjected to a

load sustained by an inflation pressure

may be established. The gen ral

expression is:

x W.y(X)
El El

Fiq. I

By retaining a unit of sidewll formed by a section 1 cm wide we have:

Y - W.y(x)

E .e
3/ 1 2

and e (- 12W.y(X))1/3
Er -

where e = thickness of the sidewall

W = load

Y = bending deflecticn

Er= Young's modulus of elasticity

Thus, the casing thickness at each point depends on the value of Er oiven

to the sidewall, the applied load and the tolerated bending of the side-

wall for the deformtion, given that deformation is a function of infla-

t.ion pressure. One of the paraneters may be calculated using computer

progira uing whilst the othersremain constant.

The deformation of the sidewall is determined by effects in the tread

because of the existence of continuity at the shoulder point. In fact

norral, shear effects and certain moments are localised at the shoulder

and] they then establish certain tread properties when the tread is

dpplied to a supporting surface.

'V.
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Thtw lcxvs exerted Stat ic~lly oE the tread can help us to understand the

vertical lisplacyrients thus caused. 1Te crossply tyre exhibits vertical

_tcfnr'rmt is which are clearly less t-lakn in tihe radial. In t-his case the

infl!at i pre-sure, alscA, acts as st iffn(-r, buit tvw) factors shonuld be taken

'u",zaY~ilt ,f Irst I%. thesd.ol-tra relIation at the shrulder and

Sea t:. t lonirth mrd nirl- of lxios. Thie flvrv mnemros aini the longer

tle u',t ,iu' 'J t~w -~ !f~ f inflat ion pressure. The deformat lris

V . .4I ,iT:\'4 I i ct iti (,n the centrel ine str~w the partii-

I I,..- -:i t i74-tart 'f t ie1Jii, let;!_ 1 raii. Thewsv aptioar to be

f iniirntat in, .r. tht. carcass ()f the tyre when 'Ely the tips of the

i' 11 Il - PI rt te ht 1ad ki nd it is_, 4)skrved that t-he vert ical dvflec,-

* or. 1- t fi razeS* sCt i is SOi (Treat thait the hugs (in ryit co-ver the

f thv vf 'Ie S.1 I,, if'5if(Ni -is th' ,irt of thie tivre in c(on-

* .~ ~ , .: v........mu] at id for tI i.- -)tds of the stud'x, to a beam o-f

oc'.iT1~litir t 4 t. iit 15 j i55 il 1c to apply r(i~ rlat iii. h

iflfect .crs nciisured at different locrat ions o-f a tread iniflected by loads

'rdie s- of reference equations. ThusL- the deflection (f) at distance

*r-s thew svp~crts for a av" b, the* distances fromn the point of applica-

r. : f the. lo-ud wit!. rvs~x'ct to the sdflm supxr-ts, is gjiven by:

W&L bX ( - 112- X2 ) if x<a
41 T-I

ma X) (2 x 1 - a2 
- x2) it z<x<l

I b'ihof the beavn

nxhulus of elasticity

I - nrrvnt of irw-rtia -bh
3

11u ,i.- rkIy 1L* se'n, the kflIect t on in the tread foll n I I Iallsc

act I, ri 'i react Ion 'c, it s surf ace i s essent ial ly depenffdent 1)n F if it can

t,-kt' *.a.x . icl. ire trevat cTrinpared with the pnssible scale of variation

f thef otlw'r vl:SIn the, dJeSj u rm f a tyrv.
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T f (1f-road tyrr. or deformble torus dlist mqishes betien the sid I,

siv-uiders am tread. To these wk should add the beads wtiich ensi,

oLntaict with tlJ" r qid run, part of the vehicle rss by virtue of :ts

ouristrct ion. The fiqure below is a general diagrumtic represent at ion

of the field, forestry and off-road t'-re:

el disc or wheel j.sC

rim b ea d

tvr, sidei&a l1

\ shoulder

Fin. 2

q . (kit or.s ,if the ynxanic belaviour of the tyre r .pproached with

t :iow to sjAcifyinc the node of action of the loads suwported on the

s II. A special static test riq has been designed to this end.

sicically it is a mtter of sevinq how the tyre produces a certain

inn in the soil ,lui' to its elastic nature. The tyie is simiu-

l-tti so that this may be stuclied on a system co-frisinq ,i sprino ,rod ,i

I-irl* r in piiallel as illustrated in the diaqram bebA.

C b

C stiffness
r
r dIa 4 ino cirateristic

Fiq. 3

-% ,. •

I.I
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11w- stiffness of a tyre increases with inflation~ pressure, for both

radial aml diaq-xvil tyres. No ef fect has been found~ due to ply rating.

C IN/
r

p, kPa

Vaxiation in stiffness as a function of inflation pressure

Fig. 4

RadMI and. cross-ply tyres have different dappinq characteristics which

are also infliornice by their dimnsions. Increased inflation pressure

roduovx~s U-k- dar~inq, particularly with cross-ply tyres.

radial tyres

b ciwpiflg factor, kgj/s
Fig. 5

9t
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Rr"in; is cloarly influenced by inflation pressure even more witr! TOS

lies than with radials.

cross-ply tyres

p ,kPa

Ix, nn !(Tree,

Fig. 6

7Tyrve-scil rfiat ion

7%-, tyre-soil rulati )n allows the- effix-ts withi-n the supporting Tediumn to

Lx- ,ritirstood. chs ffect!-; tr(,case in threc ways by tlve action of

tht, tyre (in a soil:

1. Yg~ression which is sI-~vn by sinkxqe and which is acc itanied by

(YVIJct ion and packinq leavino; eithe-r a local print or a track i.e-.

ttv, nit;

rrtatiofl which is s-inby friction, qrip, iExartn1 or breakino awiv

(AIc~ ~ sojil;

.xt i; rvevent Which ir(-lid--ni scrapinj tu~ soil surf ace.

list
7

X.
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IcNnst it uteps a htrxvnosor cxuxisteflt mass of pakrticles,

x.l-; crk(Ri~is Irhui4' or less evenly (list riliitj-l (,r in rk'tuKrks with voids.

2.Iniuo t1*- tyri ' xe thu s*-,il can 1, 0d t- stinicturcil uixttpict ion

t i'ut Atet inc the b asic ifltcr-pai-ticult, est rxture, cause* sail'

.0 -f I. r'.c, ITK C~~ 1I cl IS orI leVat t( te'Xtrl paT1 kck ino af fect inq the

s~ ' c~ e Hence lpress ic if, r-tmit iC v Cfl v 0Cotiml of the, t yre

o ~a~ce-~which ant trr-& ,r a n e.esi]ecs far an the

at. '' t! he'1 is 0 5'ne ie.]i irn2 ut. mc]. wyilli afeet the ti)p arakbic iol

:i, i,.t t i t.,i c Oi o, !vn I: 1( X'al I- ; (-r ipmle!ns.Icw, t he di tr 11)1-

-~~ Tor, it'~sre:fr rminoirs. it T II it tt certif line ()f

~~~~~~~~~~" -W I~Ci~ ()Tl ' e~Th~no ~ i I n ' rca, or,. t].

.0 ~ ~ ~ ~ ~ ~ ~ ~ ~ r%4 -S'1. ~i~~:Tr~ ot~~~~ 1 ~f lrxs.ffr (Cf the

1 '4 vp c ' o

+Cd , ,

11" I fit r 1i ,c T i 1iC ,a

Csi uaC ion

(a CI.
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I1~~() vle~vul1~~ t'ffocts c~n sul )its, ta en fri te thicxwy of the

';treriolh of maoterials 'vve whalt is slywn in the fiqures below.

H, tread --

F sd~i

ti, tx- ~ -c.c fr- t 1 l' l~v-rczi)n irad- iva hecnreo h

I I I I I I I I IMP

W. 8i

7!i'Wilinqup u anu~ -roa tye pof ie wichonl invlve reuce
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2i~ t if-, that the t read Ivivis us' to cons;idcr c a m ocf iexla
sct ,,' kkli(kI at mt i,,'-r'ls k' Wb , W ,. ...... m (4t~ t('

b ',~i tple' ' C ' on th s(oil Tm di.st r ilt tICn )f

cdt r*,,lorvi. P1 , P2 P3 .. i2 rot krriwn apt i(ri , but rmist to-,

r.-n A Ier l -.l bw 1 tirally uniform; it is protort iornil to tme

Wnv!in:,. It im. thus ir-ssible to find a stiffness. In fact if j is

the -. me Il istr ibutc reaction urner the tread, tlen

wlhere 1I i .1set react i cin

I width

';" i',lst itut ion f p - -ky, the relat oion betmcn q ar y belinq qiven by

,4

,Ix4 F1
.4

Cix k E

whiere k is stiffness.

'Ilip units c cerned are:

y, cm; b, am; q, kg/a=n and k, ka/cri
3

2
with k beinc defied as sinkage depth under a pressure of 1 kg/an

Ihe product kb gives units of kg/cm2 and is equivalent to the modulus of

elasticity to be found for the soil. Thus the value of k is related to

defonTability of the ground and acceptable sinkage.

k)tat ion of the tyre in contact with the soil leads to friction and grip

t, prnvide prupulsion, i.e. the reaction to the al4Aication of the enqine

torqrue. The tread must possess or create the conditions necessary for

tytainmng this friction and grip. The following interpretive diagram

may he pruposed.

I
_._.- ;":", .>%.
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4W

W :load

<":engine torl~M

wx:di sir ilbted loads

F :effort app ied

t frictional zones

C sheaing zone

ma : initial soil cxrditl ns

so: _il oonditions under the ilgs

rmc :inter-lig sol l condit ions

mf soil after passage of the wt~cl

Ftc;. 10

"I forward nDvveint of thne tyre creates the rut and imrplants the lugs in

tl~ suTxxort meium ty. 'ln~s different contact areas are created with the

u; rint area which is continuously defined. The tangential faces at soil

1,vel distrtlbite theT loads on the underlying soil and their contact gives

way to friction when tangential forces are applied from the engine torque.

:te orthxona1 faces at soil lev, inJlanted in the granular mass up to

the lu/nit of the possibility of penetration are going to shear the nmsditmi.

It thus apeas that lugs and inter-lugs play zmchanical roles in making a

crhesive mass, providing resistance to shearing aid increasing friction

both internally aid externally. The nature aid proerties of the

materials in onntact with the soil also have a role to play in so far as

there is adhesion hetiee the tyre and the soil. This is relevant to the

cleaning of Inter-lug areas aid the strength of the attachment of the luqs

on thle tread. These factors affect the geometrical posititoning of the j
lugs, inter-lugs, aid fillet radii oif the lugs on the tread.

F .. , •

•.

W load
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APPLICATICH OF 1H MODEL AND RL'IS

Development of the model

,Mw underlying principle in the development of an off-road tyre is the

need to produce a tread of orbelled construction on its supports.

Hence for a tyre of given width, or for a width determined by a particular

application such as ploughinq, the beads are pLced inside the width.

The position may be calculated. Use of a conveitional mould allows dis-

placemnt of a part of the sidewalls in such a way as to satisfy the first

condition. This type of off-road tyre is called the Carel Shoe and

clnoted by CS.

The first applications of the principle are obtained by remoulding of the

appropriate casings.

Dexrm ints and results

As in the case of conventionally manufactured tyres, the CS versions are

sub ected to static tests for deflection, sinkage and torque transmission.

The dynamic response characteristics and perforrance are analysed on test

tracks and in work in the field.

Generally the sidewall deflection of a CS is greater than in a conven-

tuxosal tyre but its variations are less since the deflected profile becomes

less dependent on inflation pressure and load.

Hence the effective contact area of the tread increases. As stated for

sinkage depths waller than for cornvetional profile at similar inflation

pressures and loads, it should be noted that the pressures and loads

affect the materials of the sidewalls to a better and greater extent.

Thus the suppleness given to the sidewalls provides better cumfort arvi

better load transfer to the tread without inducing bending nfrents Whxcii

are tro great at the shoulders.

-'. .. . --- l - - .,. -- - . - I " - '" |
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te values of the modulus of stiffness specific to the parts of the side

wall are given below for two types of tyre:

Modulus of stiffness daN/m 2

Tyre part Conventioal tyre CS tyre

Shoulder 22 000 47 000

Middle of sidewall 54 000 35 500

Bead 24 000 42 500

OCmplete sidewall 34 000 41 000
(mean modulus)

On average there are few differences between he tyres, vet the distribu-

tion of the values is inversely related to their size for each part.

Hence for a given distribution of material thicknesses we should expect

to find similar deformations at the bead and shoilder although the canter

of the sidewall is, strictly speaking, greater in the CS.

Traction performances obtained with different tyres are evaluated by

taking the following factors into consideratiai: fuel consuaption,

engine speed, forward speed, slip and work dare. The latter oncerns

tasks such as ploughing, harrowing and traction, similar mean conditicns

which integrate the variations encomtered on given terrain under similar

cirmstances.

The development of values measured from areas between consecutive lugs of

the same tread profiles in 2 nmanfacturu designs - conventional an CS -

enables appreciation of the effect of inflation pressure for an identical

load.

Tyre inflation pressure7yre kPa

120-160 1160-200 1120-200

Decrease In contact patch area,

CS 1-2 6-13 8-13

Conventional tyre 6 24 31
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It is obvimis that the CS verifies the qreater vine ende with respect

ti inflation pressure, and this applies to all acceptable loads.

Tractin perforrce is related directly to the effective contact area of

th lugs on the tread. Fxperinental valu are given below:

Operat ion Plouhino 1 Ploughinq 2 Harrowinq

lyre cS OCIN CS OCIN CS CON

Area worked, ha/h 0.22 0.19 0.22 0.20 0.64 0.61

Volume worked, m3/h 792 513 660 450 1280 1220

Fuel cos icm er
'xit volume, ml/m j  6.2 8.4 7.1 9.0 3.8 4.1

Ploughin I witlhout differential lockinq or four-wheel drive

PloxurnTq 2 with locking and four-wheel drive

CS : Canel Shoe (ON : coventinal tyre

Other tests confirm these values. They way be translated into practical

farman terns by the possibility of using a tractor of less por to do

the same work in the same conditions. It should be noted that the CS

enables more effective wrk at low inflation pressures and that a first

canriarison betvre different tread profiles has not shown any advantages.

In any case recorded slippage is always less with the CS.

C(NCLSICNS

Static and dynmic experiments on agricultural and forestry tyres eable

quantification of the physical characteristics of manufacture tyres. At

the same tine, obervticn of the effects in the grarixar Wass helps in
the develoiment of explanatory models. Their use in the design of new

cross-secticrs thus enables reasoned calculation of the construction of

tyres.

After experimental production of tyres from the calculated data, tests way

be carried out to justify the develope models. Standardisation of test

methods for manufactured tyres, such as those considered in the course of

a previous paper, is thus desirable to inform users as to the conditions

-
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of use; manufacturing techniques can also be developed by using the

knowledge gleaned from this research as a starting point.
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O DEVFLOPMENT OF A SOIL-WHEEL INTERACTION MODErL

_ Gerqe Y. Paladi (Member, ISTVS) and Behzad Rohani

U.S. Arm . Engineer Waterways Experiment Station, Vicksburg, Mississippi

ABSRACT

The development of a mathematical model for calculating the motion resis-

tance, sinkage, drawbar pull, torque, and side force for a flexible wheel

traversing a yieldinq (or deformable) surface is described. In order to

make the problem tractable, the deformed boundary of the wheel is assumed

to be an arc of a larger circular wheel. The entire soil-wheel

interaction process is treated as two springs in series, one describing

the flexibility of the tire and one describing the elastic-plastic

deformation of the soil. Mathematical expressions are derived for the

two spring constants in terms of the load deflection characteristics of

the tire, the undeflected configuration of the wheel, and the mechanical

properties of the soil (both shearing response and compressibility

characteristics).

The system of equations describing the performance of the wheel is solved

numerically via a computer program called TIRE. Using this program, a

series of parametric calculations is conducted to demonstrate the applica-

tion of the methodology and to study the performance of flexible wheels

on different types of soil under various kinematic conditions. A partial

validation of the proposed interaction model is established by comparing

the results of a large number of laboratory sing.e wheel tests on both

clay and sand with the corresponding model predictions.

16,

7 . 1 ..
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INTRODUCTION

The determination of the response of a single flexible wheel traversing a

yielding (or deformable) surface is essential for the analysis of the

steering performance of wheeled vehicles. Specifically, the stnkage,

motion resistance, drawbar pull, torque, and side forces acting on a

powered flexible wheel moving on a yielding soil must be accurately

determined. Due to the overwhelming complexity of this problem, previous

research in this areA has been directed, by and large, towards extensive

experimentation and the development of empirical equations relating the

various parameters of the problem (Rpference 1). Unfortunately, these

empirical equations are not generic and apply only within the range of

the experimental data on which they are based. On the other hand, most

of the analytical investigations conducted in this area are based on the

assumption of a rigid wheel (Reference 2). That is, the effect of the

flexibility (elasticity) of the tire on the kinematics of the wheel is

neglected. Even in the case of the rigid wheel, there is no general

equation that can predict accurately the sinkage as a function of applied

load, configuration of the wheel, and the engineering properties of soil

(Reference 3). In a recent article, Fujimoto (Reference 4) introduced

the flexibility of the tire in his analysis of the performance of elastic

wheels on cohesive soils. He introduced an empirical relation between

the central angle of the wheel, the internal pressure of the tire, and

the radial stress acting on the periphery of the tire. 7Te radial stress

was assumed to be constant over the periphery of the tire. Fujimoto

concluded that the determination of the radial stress is the most diffi-

cult problem in the analysis of soil-wheel interaction and recommended an

empirical relation between the mobility cone index (CI) and the radial

stress.

The objective of the present investigation is to develop a rational soil-

wheel interaction model that is free from excessive empiricism and is

- -, s. ..
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general enough to treat a wide range of problems. The core of the model

is a method for predicting the sinkage as a function of applied load,

deflection of the tire, slip, undeformed geometry of the wheel, and the

fundamental engineering properties of the soil (such as coh,sion, angle of

internal friction, density, compressibility, etc.). Accordingly, the

modcl can he used to predict sinkage in sand, clay, or soils exhibiting

both cohesive and frictional properties. The equilibrium conditions and

the sinkage of the wheel are then combined to calculate motion resis-

tance, drawbar pull, torque, etc.

T,. demonstrate the application of the proposed model, a series of para-

metric calculations is conducted to determine the performance of flexible

wheels on different types of soil under various kinematic conditions.

Also, a partial validation of the model is established by comparing the

results of a large number of laboratory single wheel tests on both clay

and sand with corresponding model predictions.

DERIVATION OF THE SOIL-WHEEL INTERACTION MODEL

General Procedure

The most essential part of the soil-wheel interaction model is a ,rocedure

for determining the sinkage of a flexible wheel. The basic parameters

that must be included in such a procedure are the applied load, configura-

tion of the wheel, flexibility or elasticity of the tire, slip, and the

fundamental engineering properties of the soil (such as shear strength

and compressibility). The development of the physical soil-wheel

interaction model is presented in detail in the subsequent sections and

is based on the assumption that the entire interaction process can be

simulated by two springs in series, with one spring defining the elastici-

ty of the tire and the other describing the elastic-plastic deformation

of the soil. These two springs are then combined into a single equivalent

spring describing the interaction of the soil-wheel system.

The simulation of the resistance of the soil by a spring constant leads

to a nonuniform distribution of normal stresses at the soil-wheel

interface. The shear stresses at the soil-wheel interface are calculated

from a rheological model which describes the shearing stress-strain

characteristics of the soil. The final step of the analyses is to

"Nowo

_ -
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determine the motion resistance, drawbar pull, torque, efficiency, and

side force for a flexible wheel traversing a yielding surface. These

parameters are calculated based on the assumption that the deformed

boundary of the tire is an arc of a larger circular wheel.

Spring Constant for a Flexible Tire

A typical load-deflection curve for a flexible tire on a rigid surface is

shown in Figure I where ' denotes the deflection of the tire at point A.

In practice, ,, is usually expressed as a percentage of the unloaded

section height of the tire (Figure 2). The radial deflection of a generic

point B along the periphery of the tire at an angle a Is specified by

' (Figure 1). If the deformed section of the tire is characterized by a

continuous spring with constant kt , then the vertical differential force

dF applied at point B can be expressed as

dF - k !A cos,j da ......... ......................... . (1)

From Figure 1, '. can be expressed in terms of , , , and the unde-

flected radius of the wheel R

R - - cos - I - A)] ...... .............. . (2)1 COSI cosIR

Substitution of Equation 2 into Equation 1 leads to

dF - Rkt [coali - (1- A]da.......................(3)

Also, from Figure 1,

t AcoaT-- 1................................................. (4)

In view of Equations 3 and 4 and static equilibrium, the applied load W

can be expressed as

t t

2~ 2

w- 2 f.dF 2R to~ 2t)o da .( ..... )

O4
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W

DEFLECTION

Figure 1. Load-deflection curve for a
flexible tire on a rigid surface

1. UNLOADED SECTION WIDTH (D)
2. UNLOADED RADIUS (R)
3. UNLOADED SECTION HEIGHT (h)
4. DEFLECTION AT GIVEN LOAD= ,/

2R

A h1

L.A SECTION A-A

Figure 2. Tire geometry4
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Integration of Equation 5 leads to the following relation for the spring

constant k

k -. . --.................... (6)

2R sin t t cot I

The spring constant k can also be expressed in terms of A by com-

bining Equations 4 and 6:

k W (7)

9N

Equation 7 is portrayed in the top of Figure 1.

Spring Constant for Soil

Let i be the radial stress necessary to maintain a slow expansion of a
C

spherical cavity in an elastic-plastic medium from radius R to R0

(Figure 3a). The radial stress o, is expressed analytically in terms of
C

the shear strength parameters and the volume change characteristics of

soil (Reference 5). The resistance of the soil to expansion of the spheri-

cal cavity can be simulated by a continuous spring characterized by spring

constant k . From Figure 3a. the spring constant k can be expressed5 5

as

S R' - ) o R + R) ................. (8)
s - Ro

where R - R corresponds to spring deflection. Now consider a wheel of0

radius R embedded in soil to a depth R - R (Figure 3b). The normal
0

stress at point A resisting the embedment of the wheel is assumed to be

equal to the radial stress 3 inside the expanding cavity. Similar to
C

expansion of the spherical cavity (Figure 3a), the resistance of the soil

r,, the embedment of the wheel can also be simulated by a continuous spring

with constant k given by

a __I
i&4?

. -. - ,

* t " ""

mm ,4ml m m
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0Ro

a. EXPANSION OF SPHERICAL CAVITY

0

R

b. ANALOGY BETWEEN A WHEEL EMBEDDED IN SOIL AND CAVITY EXPANSION PROBLEM

Figure 3. Proposed model for computing the spring constant for soil

'" lo
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k RD ,. . . . . . . . . . . . . . . (9)
R - R

0

where D is the unloaded section width of the wheel (Figure 2). Combining

Equations 8 and 9 we obtain

+ Ro)(R -o)
RD . . . . . . . . . . . . . . . . . . . . . . . (10)RD)

where, from Figure 3b

R + R - R (1 Cos . . . . . . . . . . . . . . . . . . . . . . . (11)

R-R - R........................ (12)

Substituting Equations 11 and 12 into Equation 10 and solving for

cos /2 and , we obtain
S s

cos - . .......... ......................... (13)

2 cos - . . ....... ........................ . (14)

Substitution of Equations 11 and 13 into Equation 8 leads to the following

expression for the spring constant k
S

It is (lear from Equation 15 that the apparent spring constant of the soil

is a function of the engineering properties of soil through , and the

geometry of the tire.

iEql, valent Spring Constant for the Soil-Tire System

The model of the soil-tire system in terms of the spring constants kt and

i is portrayed in Figure 4. The equivalent spring constant k fcr

e

-A" -

T +,

, .'.
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R 

I

k t

a. SPRING CONSTANT FOR FLEXIBLE TIRE (k t)

R

b. SPRING CONSTANT FOR SOIL (k S

1w 
R

k t

c. SPRING CONSTANT FOR SOIL-TIRE SYSTEM ks kt
k S +k t

Figure 4. Equivale~nt spring constant for soil-tire system

woo
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the soil-tire svstem can he determined from static equilibrium and is

given as

k k

e k- +

8 t

Normal and Shear Stress Distributions at the Soil-Tire Interface

Based on the concept of the spring analogy advanced In the previous sec-

tions, the expression for differential vertical force at a generic point

at the soil-tire Interface can be expressed as (Figure 5)

kc R coSU - Cos ~)COsBt
dF -DRoN Co(I+ di s c(sa (17)

Figue 5. Noral sres disribuionalo17th

inv Figqurten 5. Nand st2,s diquation alon bthme

I ___soil-tireinterface

Solving~~~~~% Eqato 17fr oN- eoti
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I- 1. .. . .... . . . . . . . . . . . . . . . . . . . .. .. ( q

1.q;tAt i ,n P de's,ribe the ditrilot ion (it normal stress at the oil-

r Int *rf.i,. Nte that at point A (Figure ')) where n, Equat In ll

:d ,..'; that N , wich i C-nSistent w ith the osiumpt ion made in

I ;,r " viol. sr* t ions. ,n the other hand, at tho. tr-.,, surface where

- i - rure ,) E ition i9 ind ciat v [hat a 0 it these po i nt.

,:likr now a tire with turn angle with respkect to the dirt(t i>fn ot

m" 1t11, Mt plan view of the' tire i sihown in igure fha. It "lip in the

;iant, f the wheel is d-t ined by the si p ratio S , then slip in the

.1 :r..,'tion ,f the motion can bei express,.d as

1"DIRECTION OF MOTIOf

DBP MF

jSF A

SF

A N
MR

a. PLAN VIEW b. STRESS DISTRIBUTIO4 ALONG
SECTION AA

Figure b. Geometry of the tire with turn angle ri

The components of shear stress parallel and perpendicular to the plane of

the wheel p nd N respectively, can be obtained from the rheological

,o()il model presented in Reference S.

-- €

."%*L - . .4
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Combining Equation 20 with the rheological soil model results in the

following expressions for i and 'NP

C (C + N tan )S
- . (21)

p --- s i+ C + (I tanqP
jcosrij N

G(C + 'N tan,)S tan .
N '" S.. . . . . . . . . . ....................... (22)

I + C + oN tano

where rN  is given by Equation 19. In Equations 21 and 22, C , C , and

: correspond, respectively, to shear modulus, cohesion, and angle of

internal friction of the material.

DeflLction and Sinkage of a Flexible Tire

If the deflection of a flexible tire on a rigid surface under a given load

W is denoted by . (Figure 1), then the corresponding deflection on a

yielding soil "t (Figure 7b) can be determined from the concept of the

equivalent spring constant

k
k +k ............ ............................ .. (23)

S t

Similarly, if Z is the sinkage of a rigid wheel under a given load W
r

(Figure 7c), then the corresponding sinkage Z of a flexible wheel

(Figure 7b) Is

Z- zr ......... .......................... (24)

The sinkage Z can be calculated from the balance of forces In ther
vertical direction (Figure 8a)

1

. Cos5( + + , sin(i + t1)]du. ... ............ . (25)

2

-pop

l _ _
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Nw

a. RIGID SURFACE-FLEXIBLE TIRE

b. SOFT GROUND-FLEXIBLE TIRE

r

c. RIGID TIRE-SOFT GROUND

Figure 7. Variation of the rentral angles ' n
and %inikage Z with relative rigidit ot the

tire and mollI

-- -- ~~-~umfJ MP
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a. SINKAGE OF A RIGID WHEEL

YI

b. SLNKAEof AFEIL HE

FgRe8 eetyfth rbe
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w\V

b. SNKAG OF FLEIBLEWHEE
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The shear st ress :In Equat ion 25 can be obtained from the rheologlcal

soil model described in Reference ') and has the following form

(~+ c + -N tan:

whe re N is g iven Inv Equat Ion 26. fhe so lution oif Equat ion 25~ leads to

ail expression tor I ' The actual sinkage Z7. can then be rcalculated

from Ulgurv 7,-)

"r- Hil - o -...................................................... (28)

Relationships Governing Single Wheel Performance

(weometry of the problem

konsider the geometry and boundary conditions for a flexible wheel-soil

,stem shown In Figure 8b. The contact surface between thv wheel and the

soil is assumed to be an arc of a circle with a radius equal to or larger

than the undeflected radius of the wheel (only in the case of the rigid

wheel Is the radius equal to the undeflected radius). The center of this

circle 0' is located at the intersection of the vertical line through

point A and the bisector of the angle AOB . According to Figure 7b, the

relationship between the angle ,the sinkage Z , and the deflection

ot the tire '.is

-Cos-~ I z - t)....................... .. . . ..... . .. .. .. .... 29

Also, from the geometry of Figure 7b

2 - Cos-,( - . .. .. .. .. .. .. .. .. .. .. .. .(30)

From the geometry of Figure 8b

k>, . .(1



48

Using Equations 29 and 30 to eliminate Z from Equation 31. we obtain the

following relation for R°  in terms of R and the central angles o

and -2

" 4-,.

-in 1 2 (321 2

sin

Equations 29 through 32 completely define the shape of the contact surface

hetween The %oil and the tire.

Tire xnttc.rnal motion resistance

7he intcvnal motion resistance (IMR) of the tire is expressed in terms of

the detletion of the tire on a rigid surface. Data from a number of

*,xperiments wher. IMK has been measured are portrayed in Figure 9 (Refer-

emne -, which shows that IMR increases rapidly with deflection. The

3ahed urves in Figure 9 are approximate upper and lower bounds to the

0.4
/

/

0.3

. --,.

[_ o /

LAJ dC

LA J

'- 0.1 -

0 20 40 60 80 100

DEFLECTION, PERCENT

Figure 9. Tire Internal motion realstance-deflection
relation (Reference 6)

_ __- ; ,b ,.

"a
"~~~~~~~~ itl I I II I Ii 1
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, I.t L". I , ill l'ig lh t I m, , vhe w d .1 rl1, .ivsragi.,

A ll t I tit 'l. with t Il' l "t l lm i t liW.1t i- *Xpr ssiool Itr

MO tr yy I IIl rvSISt1TI ' TVl.rPII 'T-- - -- - - - - -- - = - ij -c ir-ncv and idt- for( e

Wt, can now procee.d to de've lop ,ppropriatt, equat ions tor mot i)n resistance

kK draw'ar pol (1Bf'), torque ( r) , and ,t f ic incv (E). From Figures h

1-- 2

1-2

2

flBP " R'tD I P0( 2 )a-M................(5

1-2
2

T - R 2 p .R2  dI . . . . . . . . . . . (36)

.2) 2
2

:- --p (I - S) (1 - t . .......... . . .. ................... (37)

where and i are given by Equations 19 and 21, respectively, with

p

replaRed by 2 and MF R "i 2"-) sIn, . Similarly,rea~dbv 1 2 ndF- "I- 2 V

fr,,m Figurets 6 and 8 the side force (SF) is

- -- •;;i, :--  : '- 'rI;:

. . ..-
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12

SF - R'D f IN dt + 14R tann. ...... .................. (38)

2

where "N is given by Equation 22. The above system of equations pro-

vides a complete solution to the performance of a flexible t ire traversing

a yielding soil. A computer program called TIRE has been developed which

numerically solves the above system of equations.

PARAMETRIC STUDIES OF THE PERFORMANCE OF

A FLEXIBLE WHEEL ON A YIELDING SOIL

in this part, the performance of a flexible wheel on both clay soil and

sand is parametrically investigated (for n - 0). In addition, the effects

of the unloaded section width, the deflection of the tire, and the slip

ratio on the performance of the wheel are also analyzed. The radius of

tht, flexible wheel used for the central case is 14.1 in., its width is

8.28 iTH., and its carcass section height is 6.35 In. All calculations

were conducted for an applied wheel load of 1000 lbs. The results of the

parameter study are presented in the following sections.

S inkage

rhe r,-sults of the calculations for assessing the effect of soil type,

Slip ratio, and tire deflection on sinkage are presented in Figures 10

thr,,ugh 13. Figures 10 and 12 indicate that for both clay soil and sand

sinkage increases with increasing slip ratio. The effect of tire deflec-

tion on sinkage is portrayed in Figures 11 and 13 for clay and sand.

respectively. As indicated in these figures, the sinkage decreases rapidly

with increasing tire deflections from zero (rigid wheel) up to approxi-

mately 40 percent deflettion. Beyond 40 percent deflection, the rate of

decrease in sinkage is small.

Motion Resistance

The effects of soil type, slip ratio, and tire deflection on motion resis-

tance are shown in Figures 14 through 17. Figures 14 and 16 indicate that

/A
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motion resistance initially decreases with increasing slip ratio up to a

slip ratio of approximately 4 percent and increases thereafter. This

initial decrease in motion resistance has been observed experimentally and

is attributed to the plowing action of the tire. The increase in motion

resistance at higher slip ratios is due to an increase in sinkage (see

Figures 10 and 12). Relationships between motion resistance and tire

deflection for each soil type studied are shown in Figures 15 and 17. The

motion resistance initially decreases with increasing tire deflection and

reaches a minimum value at about 30 percent deflection. At tire deflec-

tions higher than 30 percent, the motion resistance increases again. The

initial decrease in motion resistance can be attributed to the initial

rapid decrease in sinkage (see Figures 11 and 13). The increase in motion

resistance at deflections larger than 40 percent is due to a rapid increase

in the internal motion resistance of the tire (see Figure 9).

Drawbar Pull

FigurTs 1 through 21 portray the effects of soil type, slip ratio, and

tire deflection on drawbar pull. Figure 18 indicates that for clay soil

the drawbar pull increases rapidly for slip ratios between zero and about

1U percent. For higher slip ratios, the increase in drawbar pull is

relatively small. For sand, on the other hand, the drawbar pull increases

rapidly and reaches a peak value at about 20 percent slip ratio (Figure

20). The drawbar pull then drops for slip ratios in the range of about 20

to 50 percent. Beyond 50 percent slip ratio, the drawbar pull increases

very slowly. rhis type of behavior also has been observed experimentally.

Relationships between drawbar pull and tire deflection for each type of

soil -tudied are presented in Figures 19 and 21. As Indicated in Figures

19 and 21, the drawbar pull initially increases with deflection up to a

d.,tletIon of approximately 50 percent. Beyond this deflection, the

drawhar pull decreases because of a rapid increase in the internal motion

r-slstanit. of the tire (see Figure 9).

hf,.,e t Ot Section Width on lire Performance

tigures 22 through 25 present the effect of the unloaded section width on

sinkage, motion resistance, drawbar pull, and torque, respectively, for

clay soil at 15 percent tire deflection. Figure 22 %how- t!.4t sinkage

decreases rapidly as tire width increases from approximat. 1i/ - i.2 to

I_____
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- S. . For larger t ire widths the decrease in sinkage is ro lat ively I
smal. Figure 21 shows that the motion resistance decreases as the width

of the tire increases. This is expected because as the width of the tire

increases, the sinkage decreases (see Figure 22). It should he pointed

out that in Figure 23 the internal motion resistance of the tire was

assumed to , Independent of the width of the tire. if the effect of

wit' n1 the internal motion resistance of the tire were taken into con-

s deration, the result in Figure 23 would have been different.

Figure 24 indicates that the drawbar pull increases as the tire width

intreases. Most of the increase in the drawbar pull takes place for the

,ire widths less than 50 percent of the radius. For larger tire widths,

t!, rate of increase in drawbar pull is relatively small. Thiq behavior

is also related to sinkage (Figure 22), where it is observed that most if

the detrease in sinkage takes place for tire widths less than 50 percent

of the radius. The relationship between torque and tire width is shown in

Figure 25. The trend in Figure 25 is similar to Figure 24.

CORRELATION OF TEST DATA WITH MODEL PREDICTIONS

Background

The results of the extensive parameter studies presented in the previous

section indicated that the model predictions are qualitatively in agreement

with the observed performance of flexible wheels on a yielding soil. A

detailed quantitative validation of the proposed model requires controlled

laboratory tests and the measurement of the appropriate soil properties

discussed in Reference 5. A partial validation of the model, however, can

be accomplished by using test data already documented in the il- rature.

The main drawback in using existing data from the literature is the lack

of information on the mechanical properties of the soil used in the experi-

ment. Usually the soil is characterized in terms of simple indices such

as the mobility cone index (0l). These indices must be translated to the

appropriate soil properties required by the proposed model. This is not

an easy task and requir-s a separate analysis (divorced from the soil-

wheel interaction model) to make such a translation. Usually one is

forced to determine the numerical values of several material constants

from an index such as the CI. This inherently introduces uncertainties

- . .
.- 4
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(or a bias) in the numerical values of the constants which, of course,

will affect the degree of correlation between the model predictions and

the test data. In spite of such uncertainties, a partial validation of

the proposed soil-wheel interaction model is attempted for the zero turn

angle.

Test Parameters

Test data for 13 different tires and 2 soil types (clay and sand) were

selected from the literature for correlation with model predictions

(Reference 1). The D/R of the te tires ranged from 0.122 (bicycle tire)

to 1.737. A total of 165 data points was selected (65 test data for clay

and 100 for sand) for different wheel loads and tire deflections. The

tests, however, were all conducted at 20 percent slip. Soil data for all

the tests were given in terms of the mobility cone index (CI). Using a

methodology developed in Reference 7, the appropriate soil properties

required by the model were estimated trom the C1 data. A sunmary of all

the test data and the companion soil properties are given in Reference 5

and for the sake of brevity are not included in this paper.

k~odel Predictions

The results of model predictions are plotted against the corresponding test

data in Figures 26 through 31 for sinkage, drawbar pull, and torque. Each

figure contains a 45-degree line (line of perfect correlation), a line of

least square fit, and the standard deviation 7 which signifies the

deviation between the experimental data and the corresponding model predic-

tions. It is a measure of the deviation of the data points in the figures

from the line of perfect correlation. Comparisons between the least square

lines and the 45-degree lines indicate that the overall correlation of the

m,,del predictions with the test data is very reasonable in spite of two

;,ssIble sources of error--that is, the general scatter in the test data

and the uncertainty in estimating several soil properties from a single

cone index. The sinkage, which is one of the most difficult parameters to

predict, has the lowest standard deviation. The degree of correlation

exhibited between the test results and model predictions indicates that

the physical basis of the proposed soil-wheel interaction model is sound

for both cohesive soils and granular materials. Therefore, it may be

concluded that the proposed model is capable of simulating the interaction

A
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between a flexible tire and a soil exhibiting both cohesive and frictional

properties.

SU*IMARY AND CONCLUSIONS

A mathematical model for calculating the motion resistance, sinkage, draw-

bar pull, torque, and side force of a flexible wheel traversing a yielding

soil has been developed and computerized for numerical application. The

entire soil-wheel interaction process was treated as two springs in series,

one describing the flexibility of the tire and the other describing the

strength of the soil. Mathematical expressions were derived for the two

spring constants in terms of the load-deflection characteristics of the

tire, the undeflected configuration of the wheel, and the mechanical

properties of the soil. The motion resistance, drawbar pull, torque,

efficiency, and side force for the flexible wheel were obtained from the

equilibrium equations by assuming that the deformed boundary of the tire

is an arc of a circle with a radius equal to or greater than the unde-

flected radius of the wheel. The model is partially validated by comparing

the results of a large number of laboratory test data for single tires on

both clay and sand with the corresponding model predictions. Efforts are

presently underway at WES to couple the soil-wheel interaction model with

the dynamic equilibrium equations of multi-axle wheeled vehicles for

analysis ,f the steering performance of such vehicles.
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NOTATION

& (,ohe s i on

I Unloaded section width of the tire

DBP Drawbar pull applied on the tire

dF Vertical differential force

E Efficiency of the tire

C Shear modulus

h Unloaded section height

IMR Internal motion resistance of the tire

k Equivalent spring constant for soil-tire system
k

k Spring constant of the soil5

kt Spring constant o~f th~e tire

MF Motion resistance in the direction of otion

KR Motion resistance in the plane of the tire

R Radiuq of the tire

",
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R Initial radius of an expanded cavitv0

R' I Radius of a circle containing the deflected portion of the wheel

S Slip of the wheel in the plane of the wheel

SF Side force Applied on the tire

S Slip of the wheel in the direction of motiona

T Torque applied on the tire

W Tire load

Z Sinkage of a flexible wheel

Z Sinkage of a rigid wheelr

Generic angle

Maximum deflection of the tire on a hard surface

t Maximum deflection of the tire on a yielding soil

I. Deflection of the tire at the generic point

) Angle between the direction of motion and the plane of the wheel

2cos 1 
(1 )

t -R

2cos l_() 2cos -R-

CO-l (I z +t)

Radial stress inside a cavity

N Normal stress at the soil-tire interface

Shear stress at the soil-tire interface

N Shear stress perpendicular to the plane of the wheel

p Shear stress in the plane of the wheel
P

S Angle of internal friction

I\
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0 ABSTRACT

0
mm It is not unicommon in off-rcad mobility for vehicles to operate over

M sryinq types ot terrain. In situations where inorganic clay soils cons-

titute the primary substrate material, considerable differences in soil
stability and compliance characteristics can occur because of local

variations in soil type, density and water intent.

This stuo, takes into account the above con!,traints in the methodology

,Jeveloped for evaluatior and prediction of ,fficient tyre performance.
This requirement for capability in development of eff;icient tyre traction

on !,oil for mobility purposes is crit ial if off-road operations are

performed in remote regions where minimum fuel expenditure is particularly

important. The developed analytical procedure utilizes the experience

gained from experimental tow-bin tests which studied tyre-soil interaction
under varying tvre and soil conditions. ._ .

Because of the interdependent relationships formed between the forcing

function (tyre loading) and the response functio~i (soil response), varia-
tions in the properties and characteristics of one partner wil affect
the other. In view of the interdependencies, both tyre sinkage and

contact patch will also vary - dependent on tyre and soil properties.

Thus, tyre performance which will be characterized by the mechanics of
energy transfer at the interface must account for contact patch and

normal and tangential load distributions over the patch. Soil compliance

under load must also be included in the accounting since this will dictate

bearing stability, sinkage and tractive slip.

INTRODUCT ION

In the performance of wheeled-vehicles under off-road circumstances the
specific reouirement scrutinized for evaluation of vehicle performance

relates to capability of the machine to produce maximum work. In the

present concern for minimization of fuel expenditure, the production of
maximum tractive effort, i.e. work done, becomes most important. This
requirement is especially critical in situations where vehicles operate
in remote and poorly accessible regions. Under such circumstances,

climatic and local environmental conditions such as operational terrain

characteristics become significant considerations in the production of
useful work.

With a given vehicle, the ability to provide adequate mobility will
finally depend upon interactions established between the wheels and the

supporting terrain material. For this particular examination, tyres are

considered as the tractive elements producing the transfer of energy
between the vehicle and the terrain surface. If consideration of the

P ' . ' ~*9,
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propp tit i I it of input ener(1v is to he made in regard to efficient per-
fIrman 'e (it t yres under hear ing loads relatile to the nature nf the
';tippnrt inq t er aif, losses in enerq arising from enerqy-dissipat ing

characterist ics (if the tvies must he minimized. The efficiency of energy

transfer from the tyre to the ground will then be maximized.

The contact patch established between the tyre and the ground surface and

the mariner in whirh the sets of forces are distributed and transferred

across the t're contact patch are the controlling parameters which will
estahl ish the eff iciency or productivity of the tyre in mobility/tractive
performan'e. In this study the relevance between inorganic soil support

materials and the tyre is studied in relation to the development of

efficient tractire effort. The analytical model developed accounts for
the compliance of both the tyre and the soil system and the analysis for

piediction of drawbar pull-slip relationships utilizes the interactions
between tre and soil. The load and unload sequence of the supporting

soil material in response to input from the moving tyre is an important
consideration in the analysis.

1ABfRATORY T[ST PROGRAM

Because the size of the soil tow bin was limited, model-sized tyres were
used in the study. This was considered acceptable in the context of

development of the basic structure of the evaluation and prediction tool.
It by no means pretends to fully model life-sized tyres in interaction
with the ground. Since the compliance of the soil can be adjusted in the

laboratory study to provide some form of "scale-appreciation" - i.e. the
soil was deliberately made much softer than most real-life conditions - it

was hoped that the test results obtained could provide the basis for the
necessary analytic formulations and test validations. At a later time,

expansion to full field-scale testing would be useful.

three model tyres were investigated in this study, namely, Tyre 3.00-8.00

2 PR (buffed). Tyre 3.00-4.00 4 PR (buffed) and Tyre 4.10/3.50-4.00 2 PR
'originally-treaded) as shown in figure l(a-c). Once the last tyre under-

went all required tests, it was buffed, thereby resulting in another model

tyre for testing [called lyre 4.10/5.50-4.00 2 PR (buffed) in Fig. 1d]

which was later treaded with the directional tread pattern as shown in

fig. le [called lyre 4.lO0,3.50-4.O0 2 PR (re-treaded)]. In effect, a
total of five model tyres were studied, each of which was subjected to

similar teat requirements. Hence. it was possible to investigate the
influences of various tyre characteristics, i.e. carcass construction,
dimension, surface condition, etc. with respect to the tyre-soil mobility

performances.

Iwo main series of experimentation were performed in this study as follows:

1. Static loading of the model tyres onto soils with different

stiffness to measure the corresponding tyre deformations and

contact areas.

2. Wheel tow-bin tests in which each model tyre was powered to

move through different soils compacted in a soil bin, being

slightly wider than the tyre width, in order to measure the

torques required and the drawbar pulls developed. the details
of such a test procedure have already been presented (e.g.
Yong and Webb, 1969).

- I,
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Three typesi of supporting ground were used namely,

I. rigid wooden floor to create "unyielding" surface,

kaolinite clay to resemble "soft" ground, and

. clayey sand to simulate "stiff" ground.

The kanolinite clay was prepared at 95' saturation while the clayey sand
was a mixture of fine silica sand passing sieve number 50 and kaolinite
proportioned at 50% of the sand dry weight. Tjhe clayey sand was compacted
in the soil bin at a dry density of l.9B t/m and a moisture content of

',oil specimens prepared under the same conditions as those used in the
preparatior, of soil for the soil bin were tested under plane-strain
condition , usinq the triaxial test. The resultant stress-strait cjrves
(it both the clayey sand and the kaoliriite clay are shown in F ig. 2. It Is
nt i(,tj that the (rlave and i- much stiffer than the kaolinite clay, i.e.
the r('mpliance of the clayey sand is lower than that of the clay.

IU[AP-IfFORMATION C'HARAC 1R I TI",

fly loadinq each model tyre statically through its rim at various inflatior
pressures. the relationships between the static wheel load and tyre car-
(ass deformation on a rigid unyielding surface can be established as
illustrated in F ig. 5. All the model tyres exhibited a linear relation-
ship hetween the applied wheel load and the tvre deformation. Amongst the
tf res tested. fyre 4.1(1,'i.'(t-4.0I( 2 PR (originally treaded) (fig. Ic),
^ift, heat, side-wall stiffening of the treads, is the stiffest. However,
ohen the tread is removed completely (by buffing) resulting in a smooth
surtace, the tyre stiffness is reduced significantly as demonstrated in
Iiq. c. Furthermore, the influence of retreading with the directional
tread pattern [wide-spaced tread bars without sidewall stiffening, i.e.
Ivre 4. 10 .%O-4.O() 2 PR (re-treaded3, f ig. le] on the tyre stiffness is
neglilble, as can be seen in the comparison curves shown in F ig. 5d. A
comparison of the curves shown in Fig. Sc for the buffed tyre with the
renujlts inF ig. Sd indicates no significant difference between the load
defurmation characteristics of the two types of tyres.

IhR[ CONTACT ARTA CfAHA('IfRIIICS

The contact atea between a tyre carrying a grien wheel load and the
supporting ground is the key factor which controls its mobility pertfor-
manre through its characteristic ability to transfer the interfacial
forces deeloped. The nature (geometry arid area) of the contact patch
is a direct reflection on the relative compliance of both the tyre and
the soil support system. Of particular interest is the case of a moving
tVre as it indicates the actual service condition. Because of the actual
physical distortions of the contact patch and particularly because the
micro-compliance of tyre and soil are not uniform, the distribution of
both normal and tangential stress (or pressures) developed and transmitted
through the contact patch area become exceedingly sensitive to slip.

Whilst the contact patch area of a tyre under motion can be measured by
taking photographs beneath the tyre when it travels over a rigid trans-
parent plate at various slip rates, as illustrated schematically in f ig. 4,
it is well understood that the patch geometry and area will differ in
respect tu the compliance of the supporting medium. In addition, the
jlip-generated effects created by the rigid plate need not be similar to

,.4
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that produced by the actual compliant soil interface interaction.
Recognizing the preceding, it is nevertheless essential that a base value

be established - for later comparisons with predicted patch influence.
Thus in the riqld plate tests used for measurement of the contact patch

established, the translational velocity of the test model tyre was kept

€onstant at l".2 cmisec while the rotational velocity was varied to
,)hta;r approuimately 0-80'. slip rates.

The measured contact areas of the five model tyres using the procedures

described are shown in f igs. 5 and 6. It is noticeable that the majority

of the measured contact areas are not sensitive to the changes in the slip

rates. Two interesting points are noted:

1 At low inflation pressures, or in the situation where the
load is sufficiently high with respect to the inflation
pressure, the contact patch area shows a marked sensitivity
to slip. This is evident in the top curves shown in Figs.
%a and 5b.

2 At higher inflation pressures, the dependence of patch area
onl slip is considerably reduced.

In general, it is noted that the stationary contact areas are slightly
hicer than those developed while the tyres are in motion. This corres-
ponds to the normal phenomenon that the overall diameter of a moving
tyre is increased from the stationary one due to the centrifugal force
effect on the tyre casing (lurley, 1970-71). It is expected that for
larger tyres, the changes in contact areas at various slip rates should
he more detectable.

The influence of side-wall stiffening of the tyre carcass in Tyre 4.10/
1.50-4.00 2 PR (originally treaded) is clearly observable in Fig. 5c,
indicating that this is the main mechanism controlling patch area and
that this is not significantly altered with inflation pressure.

The results shown in f ig. 6 indicate that buffing and subsequent retrea-
ding will provide significant changes in the patch area characterization
with inflation pressure. Furthermore, the contact area of the buffed
ttre can te less than that of the originally-treaded one as can be
riciticed in the case (if l.6 kg wheel load and 0.41 kg/cm

2 inflation pres-
",Wre. In (,ther (ases. the contact area of the buffed tyre is always

impliriq the effect of tyre wear.

While it iS very difficult, if not impossible, to measure the exact con-
ta(t area of a tyre moving through a soft ground, the test results
uieent ed above demonstrate that changes in contact area during motion
should he anticipated. As noted previously, the degree of such change
vill depend on the relative stiffness of the tyre-soil system, i.e. the
(ompliance of the tyre and supporting soil, and the slip-interface
relat ionships.

!i order to compare the tyre-soil interaction the average computed values
of interfacial stresses can be used, i.e. the computed values of tangen-
tial ,,tress and normal stress developed at the interface. The tangential

stresses developed by the model tyres were calculated by dividing the
measured torques with the product of the rolling radius and the stationary
tyre-soil contact (patch) area, whilst the normal stress was obtained by
dividing the applied load with the stationary patch area. The tangential
stresses obtained are related to the corresponding normal stresses as

-V01 .-. .

• • = V z ;.
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i I ot rated in F igq. 7. For all model tyre-;, either the peak values or
the u o;mptot ic t alues of the measiired torques were used in valculat irg
the tanqentiaI stresses. The soil-soil shear stresses measured in a
direct shear soil test are also presented for direct comparison.

the test results indicate that the natures I the tangential stresses
between the t re-soil interfaces are goverr.d by both soil compliance arid
!strface characteristics of the tyre and terrain. Ir the situation where
the hearinq soil is less compliant - i.e. the clayey-sand as shown in
I gq. :a. the irif luence of surface propert ies of both tyre and terrain can
he ;eer in the different -urvps pr(iduced for the different tyres. However,
for a mire compliant soil where tyre sinkage apparently becomes more sigi-
ifticant, the influerice of surface properties of the tyre or terrain
he(eones rnonsiterably reduced - to the point of insignificance at higher
normal tresses. As indiicated in I iq. 7b, the various tyres appear to
produce a common aerage tangential %I'hear, stress for the same normal
%tre-,-, at higher normal stressesi - in cordrast to the results shown in

1. 'a.

MOBIl I INR1ORMANCt

'h, irt, juprnce of %) i crmp Iarie on the t yre-go i I iriteract ion problem is
dtmrist rated r t erms of alt erat ion oif the patch character ist ics arid
,,iqni f i can(e of surfface charar t er ist i r on de-eopierit o f t arigert il
,t res , - ass -eeni i t ) the precedirig !f( t irf. In rorft ruct inr ant aral iyt-
(fi Tordel to predir t mobility performance, it is noted that this item
plas at, imprtart role ir the strurture of the anal,,iis - since the

er'es tra smitted from the tyre to the ground most act through t.he cont-
,1 t patch. Thi; is riot iiilstial s ive the pruilem is a boundary talte
p rb I em. h ' anaI vt i caI model desigqned t o in c rpo rate t tie e f ect s of
Tre f lbii l it, arid soil compliance ini regard to mhi I itv perfrmance
f, ft,eef, ,rei ious developed. A detal )ld descr ipt in r)f the analyt ical

' i ;r. lts uappl i at ir, carl be fooirld Irl lonrg it al. 197fa,b , 1
9

HI' i,t)

irti eii'irt method F FM suluit ii(f, t eStkese olves the e(.i I l)r iur
"fOf ; i :)r the iklppr;[ t iru s i I y ith outp(ut itorrot io t given in tern;

nf -,t lair, [ate f ield. velo itv f ield, and sties, f eld. Input and other
rie't - ai itiformat ion re(ltiramerits; for soluJt [Oi us(ng the FHM are load
t(,r ,l:ii. ilit ion, arid load-unload st reso-st rain relatior; for the ;oil.

-,r !,I ,( if ip ation (if the load tjruindai c iorid t ion, it is rieces,arv tii
it at) ,I: a foot pr irit patch lerigtht, b distr but lot Of norma1l
. e..'. I dit i but inn iff anrid ial ;t ness arid d: \,ariatiLon o f
Ist r iiit t r, r)f le-; for riormal arid tai(erif ial stresses. I or sifrpI ici't

I ')t Iof,. the problem 1; tteated as a two-dimensioiinial problem. I igure
n.i,. the f iinite elenrarit resf scheme used arid the corit~tt patch lenrgth

;rd v, a f irdar eri tal !ii ii unit foIi determinat inn of mesh size. \ntite
fi'at ",ir"luat ,rl ( f tlre r(ot lon is ahfiv,ed h, cornsider ingj successie
!,tat iiori ri puift i i.n f(or the tyrv.

I onrnil'te ir(g the t ie as anr elast i.c ystein and the io i I as a piecewise
ir ealr rt i -,at er ia I , tie len(th otf t tie corrt a(t pat ch foot pr irt can

2-o-d T I a PIr I t'k V -19,41

' * P I I

2 a' 12"
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w~here R undef ormed radiu5 of t yre

H, since soil terrain surface is considered horizontal

P applied wheel load

2a length of contact patch

I I It Plastic moduli of tyre arid soil respectively

11(, compliance of tyre and soil =1/[, 1AI
I' 2

-Poisson's ratio for tyre and soil respectively

I.,for hoth t *re and soil as first approximat ion

Is ,irig the actual complIan8ce Values measured for t yres and Soil, the
coot act patch lerngths (ur the t yres n the soilIs used can he calculated
xid t ompared in terms of equii.alent. patch area with the patch area values
a( tually measured from patch point.- in the soil in stationary tyre-soil
te!,t s. The actual soil patch areas are compared to the predicted (comn-
1,it ed i va Ites i n I igq. 9 arid 10. f or further comparisons, the test results
t i o the !stct ionar tyre tests on the viiid t ransparent. plate for the same
I res at the same mti Ilat i o pressure are alsgo shown. The differences
it heeri t he r iq Id pIa tev measu red alu tes, t he ac tualI soIi pa tch v alIue s and

t ht- compu ted predicted, values for the patch areas takircj into account
the cimpl lacti of the s~oil c-an tie rioted in t he f iguies. Two specific
pt iot , arn bie rioted:

if !tit, path arti ire dev eIrpeci oft the rigjid t ranscparent p1late i!,,
if, gletiral. less than) that in the !-oil since tyre sinkage
jot cc tfie socil I ocrs. This is part icularly obviuirs in theu
a,;e of the. ka 1c1if I t e (-la,, where t tie t yre s irikaqe i s h igh.

I r, ef f,. #- t f he' pati(h a rea reflIect s t he i nflIuence of t y r
,i k aile I ito ftti so ilI. tyre dJeflection in the scrilI, tvre

ir ti; t jf f ricscc ar id t r e -oot fi (urat ioorn. It ccfrrc I d he
I l that I fte t ot art area in so m I as repfort eci here in isc

tifif' nor i/it a I-pro jer t ciacrea , riot thte actucal curVed

.iI tace arePa.

t tie t impited 'predicted resoul f close-ly mat ch the at tuca!
patcrh t outpr irit s measurerd in the t yre-som I load cleforrmat mon
it udies - iruricat mnig that thte aria! yt ic-al rricdel use m Is val id.

crrpl I( iat ions ar is irru f rtomc tie nf ormit Ion g iveri t i I i9s. 9 ant! 1F are-
;. I- t'kioui. fier arie of ttle sic i Icompnlc i arice, myod it If Wt tin it hf t), 00at 1

:Icit ic(r r; . "irice thte coi pri ao aie otf tie si I vv I I Ac l irny' tie tiqicie ticiri
igjir ref erenice tecot htrace, the' Icual patch-f area v'if I fI b I es!se . In

;in ,f f -rotail sijt ca iuon, thIe prtecsvncc-, oit a c ;t viq m ug jport t err air !;yctteri
1"1" 0rcirIijn. - lecairirj theretiy tic the Ieal i/tl fiiri thiafto the t -tichi aec
!t i-i pf -id liv th oicirt at t t v re w i I I a lwcea s he a varia l aho oicu, ricicofcit terr
iriS icier citl .ort-i' tian that crceaccicredt ciii ;I tiari tinyFe lii i sctppct .
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i.' t ,i re!; i -,t wicte' t~ ir; ii' d toc prm) idte a me'arei tot tie'term iTinrq thte

i . ,, '' ti t ti pat h ;i t he i rt r'r f ;ce' - I . v. t fie iirvat tlurp

r, , t he p;t ch . 'i1rof v t he con tauct pr'ssire' at thte t vre-so i I i tit vt
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Fint erfacialI energy obt ained bN det erm inat ilo) oft shear iti

!,t restors at it er f ace anid s It;l rate, arid

I t re clef or-mat ion energy obt airned as out put int nmat ion0
f rom thte I F M analIystIs [ equat ion f(4)1.

At ',pt1 alI rie r rl halIarue( tos shown schema t ica IIy in F ig .2 irn whiich all
pa rt ic i pa t irig eon tijy component s are demonst. rat ed . FBy as'sesi rig t tie i ipo t
eric rig artid a I I ene rgy losses.* t he out put eniergy can he p redicted I cadigi

o the ilrawhtar pull produced by the t yre-nil syst em, if 'io irquired.

7hto iif liutl(O of assumptions madie concern in g Fthe natr ore(f normal pressure
dii t rit ut ion aicross t he patch I eriqt.h i n the 1 nad-uriload sequence as a

tsto moc es over the gr-oiinil call be ek alI at ed. Tthis isi din,',:t. rat ed by
tor)" idet tog twyo (ortes - a unit form anid a pirabol it- pre'i~* -i ditt r it i ori.

T i. t Vo cases a re cons ide red into the analIyit i talI model1 t the v,alIuti ton
t he amount of t y re detornimat i or) energy anid t yr-c de fIec t tort i ni i; Iq .
I iv' t r P def or-mat t ori energy o f a modelI t yre movi ng t hrougqh soi' i of di F Ii
r'vrit A t ft nests has, beeni pred ic ted and compared t o t he 9 1 tuwat tori o f t he
samek t v T t moi to otn a r iglid ty te lding surf ace. It is exp"''ed that ttii'
or'-t 'it t rend wil1l tie at tained when the t lexibil ity of th , yr- tin t tie

,uppor-t Itig Fso I toi !,Lt f iient I y high. I t tos not i ced t hat .vhenr thte modulusw
fit e-lot it tv' of thte soIl I IsII is les,; than ttiat of tfu tyre f

f.r. I f t e- I . the t yre is st iffr than the onder; ting .to I, t her-

i- to 1'i t i rij in riii appret tablIe F I Pi ih i I t t y . ThUS wheri f, " I tnt li''1.'
sotI I t v Ief

thatri oite. a r itgtl wheel model , i e. I t) c ,(an he utyr'd in the anialysi';.

ot it her wtirc , if the rat io iof the soil comtplitan-ce r solto the t yri'

uimpl tIi%(e I,; qieiter tho ktuit',, a iirpri model analyt its ould he tisei.

COM1 IVr~; RI MARK")

k tm theur' ( e-i d riir disusisoot, tt i~i apparent that the soil compi 'ire
(it t r, t he F re perf tot marnice , depend i rg ott the degree oit t ytie " I bh t I

t he- lr; t 'l. fi ii I arid t ht tiitefr-f ace rharact ertt t rcs . In the general
'' iaton of mobtitlity pterftormnce, the selectitori of a suitable. etti li.-

tt -,il *'ti,; piFr imari tly ilepentjerit ort the drawbar piolI deve-iipeil to,
I Or' .'t i. the F)ia amti't- wthtcti atffeit ttre output of the vehitrli-tv-
-' Ii ',,, r ar-vi, oilq)II o tI . igq. 14 a( coriitg t o t he obser- ved pertfitrnraiuir'"
i)t t''r -trill mlii,'! t,17tv, tr'sti-uj hevrei. It Iiok ut~ious ttiijh the ti--wtIl
It or I t 'lfa pldi, ta k;er- import ant role arid r;ome parameters such an; thi'

-0 k it illr Fit ''sctr- ian tntf Ituiie it v ther asi' welIlI. Iii essence * the sot
I11tiill i'(s (aiirirt hi' #-Xilitdd from the tinalysis oft the ott -the-road

4ft 1 it IatI perI tot marice.

(3w I i i~ Po tr it er - i i. I t io. t initip' o f t ie paramet ers rid t he comitplIeit t y o I
1'ht 1 fi'- F e-' I sYot orri, ti imple mahemat ica I expressioni for the

-1I I! tiiFiaitour f aruuiot he ostab) totted lit this stage. Hiencei, the r'-teiit
i ati' if, any paraf0. (oe en lriiit he #ekkpr-onnted guojnit it at t ,,vIv Wit houit .

olFtvi 'al v , I.,. Ne 1-1t ttI e ',, ,thfe reltit 1t import arii oif vt i IFar-

inletf-rI t ato'h ( irtri ti ito her-rt qua I i t at Itve' Iy at; very import tit I. , I f,-
tIn l F!, o na.t I arid mritt, e 't tidy (ii--e'd 'k it) lablr-' I . lii addiit tori, eatt
p. it airot ori t ', i fiiiiitirieinitd toi tie tnt rt-wwd' 'i I iior di'-t'reute I) I it 001-Flj

finii t #F'a'. tt)If Ie ii (Irrt.r t t nIt o j'ar,. t lte (it awtiar pt II.
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() 0. 70 ksc
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-it 3.0,
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S0.125
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L10 12 11618 20

Axial strain, %

Fig. 2 Stress-strain relationships of clayey sand and clay (kaolinite)j
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ru ROLLI N(, Rf S I STAM V A.\I" I NIKAiF OF TI)WEDI

Al "MMFF. COMBINATIOIN, IN SANDr

1., 1FTHERkINIOS-11 mu I. i irirT
( W I IA (111111- 4 ifSt I1:NC;F, Silk I VFNIIA1 SWiNINO, WILT. T N6b 8A

INTrROD:C *I0N

0 Pt it i it, t, pruetiit thet performance of wheteled vehi, Ies auross countri;

O - -. aii i'ip. rtanco, in both the design of mi lit .irv vehic les and

0. :s- :~:"~:I!t effl, Ivenuss within a qpec ifie tu heatre i operatiin. In

6: .- ?. t t h p r et In o f t he r o 11 i zig r us istur -I n a-nd s In kage f
.,!w. 1,. in ti. Ilic advantage , fY form of i t- qiat in was thait,

re itht ) -rju. , I J.11 ciploved the con( index g.radient as a mvr.isure0i~ tr-1 I tor Inotil Itv stud-ies, this pi euiiLn use- oni',' thv soil1
~ .~w~ .111i 1tt, an$gle of frictin : cf the Soil. T~ie pre. itI

I, .. I wiiswn t o ~rre I tu e I I with -- xperime:ots in a id range ,f
* 1 ' '. r i, s. la andi granular So i Is .

'_ k 1 h.,s .W: i*W"n!(- tha t Lthe t pIul ui py,-ssure, beneiti an

A.l*', ir. 1, . e.iI irv general.' ht: igh.in,! v rt ai n I muh
1:i1 t~an 1,i I t ra kt d , ctnterpmrt. Inj t,'unr.il It .-ss,;m-d that tigh

icq-its I- o r performance. I ti 5.s -- ta inlv s,. on l ine
- i s, .htt. inicreased pressure'1..* no tutnetit in traction,

it in i . 'iltv ot extra sinkage in~it ull inn , re-sistance. Fo r th i
toI i 1 wi p l I reduces and the mobil itv suiffers. IHowev'er, on1

-AT11 * '1 1 i4111 inreaseil pressure botti increases traction and
,i , .ai tt "o*i- re soult that. d raw-1iar pull I an, ac t iallyv ic rase ~ito

it re. ii' I w i Wit FrT VehiCle !csiiners ittempting to imnprov.e
7. 1 -n~or, I I een a1 tuript i 1 0 solu'It io n to cc 1ide-r diliII ling L h,

6". 1 t I i axit. Itie effeAt of this 1t in has1 pro."td
nt I1 ar -4.~ I,! olf Leni I sappoin in I u. i t crne. 'Ic Lzur and

.u2t ti. ap!on this suh~ect (J) (41101. VXXIplCS of field tests y~n

- . .. r:i:-.ral and military vehicles in whii1 thv single whieeled
ycrs: , t-n t rs :ttw dual whet led on ccrtmi in sil 1 ondi t ions.

p. it rt), I: Rut, Llelalkl and (lark (4, 5) o n I ohesiVe Soil
ow. tatwtil~t .Ilil-wlheels consistuntis o, .- perfornk-d single wtels,

t ic imIprovement. leo rasel w ithi ;oil st rength. Mel zer and
1 j~.tr:i,. a ompreliensive series (if te-sts on driven dual wheel

.in,] prese.nted their resuilt'; within the svstem of mobility
ir r . po to. Freitag (6). Theyv found thlat the draw b~ar pull

di isdwitth A dual wheel systetn, with zero Separation between wheels,
,InM id-I wittht,. whiiti wuild be obtained fromn a Single who.el oif the

-n erlIi-,inensins I Pte total draw bar pilI f romn the pair of wheels
-. ;t-se )w i in evasel suparation and tiev conf irme~d the findings of
.eeent aii! S t',at the benkfit of dual '.4heelS waS greatest, on weak

I .4-c 1 iplf 1) has, ohse.-ved thait the reihict ion in roiling
rusistanv witt? vp iratioti tound by MelIz. r and Knight, and confirmed him-
*.lf rxperirwfrtil', onltradir ted the' predictionr from mobility numt-ric
analysis.

6l.ist to, w irk "I C, ilgl xarined wheel separationr ratios (n/b
figure- I) in tlic rai f U to U. ii, MIzer sxarinteI ratios of U Mild I to

777 - ~ -- -- 77
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fi,; n . rikn of dual whv' el system -.iirrxing the same loaj.

.'v,,, t l'4',- l arin !, t . ire sinip v the percent age imprwpro .:c I r ived fromi

Ii, ng Iq, t he wh,. . .

!iv ,i ' Iring a hla I ombination with zero p.i, i rg (j, , , ' lu . '

v,: an he -brained from equations (I):

-br ab T T, Fi-, N

S 2W - 1l 2U-6

q

_iW_ )/3_ 2W 2/3

and F by q io1bN I UU - 37Z
S I 2W 1

d 2byNq l

Fr small separations, the soil will be unabi,, to perceive the wheels as
is, rete aiTd therefore the performame of a pair of wheei , each of widti

b, ;eparated by an amount '.i' can e repres.-nted by a single wheel of

2" ' ],3 ; 2w W4 1/3

K dT -7I (2b.a)N j2;
Fk __----_ -------- I 00,%
S2'W /3 0

q
1/3) 1 /3 -1/3

i55 ~ ~ ; '-2-a 100 11 f { a/2b) -I 3

2b~aa

1 1 .794 i 6I b

20.b 13.2 a/b%.

S."I!arly F S  37% + 21 a/b%.
S

:h,se ,.xpressions predict that, for small values of a/b, the improvement
Nerived from dualling will increase linearly with wheel separation.

EXPERIMENTAL W)RK

A programme of tests was carried out on model scale, rigid wheels in single
and dual onfigurations. The wheels were towed at a slow, constant speed

on a uni form bed of dry Calne sand, the details of which arv contained in
rcf.reni, 7. The wheels used were 0.047 m wide, with diameters of 0.25 m
ar-J ., and O.U72 %, wide with a diameter of 0. 3 m. For each wheel com-

iti,,, both ixl,. load and wheel spacing were varied, and the rolling

r1-sist.i. e and sink age of the (orbination recorded. The results of the

experi'esntgl tests :ire presented in Figures 2 and 3.

--_ ___--_ ___-- - ."- ; . -

I . " "~ 
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-
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H tho,  the fi ndirg and ;in oral iis

o , he .itt r jta i e to the d i f ferent
t ' rip exami n dI. ( learly there is a

eomp lx t ine rac t ion between tract ion and

rolling re';iqtanc;- in the case of driven

wheels as invest igated by Melzer and
Knight. The aim of this work is to

isolate the parameters of sinkage and

rolling resistance by studying the towpd
case. By taking experimental resultq
for a range of ratios between 0 and 5.

l -, bi and comparing these with the predictions
from the formula of reference I. this
paper seeks to quantify and explain the

Figure I reductions in sinkage and rolling
resistance which accrue from dualling
towed wheels.

THEORY

RI.ertnc e (I) gives the following expressions for the rolling resistance
.i: ! sink;ig! of a towed rigid wheel in sand:

S2 W4 1 /3
bd 2y.

q

z f 2W 1 / 1

byN d'
,
'

q

w!.re R is rolling resistance

W is vertical axle load on wheel
b is wheel breadth

J is wheel diameter
is roil bulk unit weight

N is .i Terzaghi bearing capacity factor

e'.e expressions were shown to predict, within tolerable limits of
v, :2fr, v, performance parameters for a wide range of wheels on several

san,>. ,f widely differing properties. The advantages of these equations
".'er other systems lies in their ease of use, and in their dependence only
% -wil bulk unit weight and angle of friction in defining soil properties.

.i. infcr.iative method of describing the performance of dual wheel systems
is t,, examine the benefit which accrues from replacing a single wheel with
.i douile wheel unit. In this paper this benefit will be characterised by
a "reistance improvement factor" (F R ) and a sinkage improvement factor
(F ) defined as follows:

R d
9FR = g___ - 100%

where R is the resistance of single wheel

and Rd is the resistance of dual wheel system carrying the same load

z - z
FS s d 100

zs

__ __ _ _ _ _ _ _ _ _ _ _, _ ItS 7.,
'AI

-0
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- -W (Nb*W'~
-152 4 47 .

-
-

. 2 47 *1

. , 1t 2 4 7 X j
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72 2',0

Figure 2

F1  ,

S 15? 47 2 -)

- . l97 47 2i

* -t • • 212 47 )lJ

I r2 72 2' AJ

S190 722 2' ,

I I I I N7 ab* * 04 64 64 4 1

Figur 3

DISCUSSION

One advantage of assessing dual wheel performance by comparison with a
single wheel carrying the same load is that the major source of error,
which comes from soil property measurement, is eliminated. lhe only signi-
ficant sources of error in this work were in the measurement of rolling
resistance and sinkage. It is estimated that the determination of both
sinkage and rolling resistance could be uibject to errors of up to - l.

Since both single atd dual wheel measurements are subject to errors, their

9'4,
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t I 1 bi ivct to errors of up to ' 2U%. The experimental
, , ,i. tv thi. tol lowing characteristics of behaviour:

pi, in;. a in, wheel with a dual wheel combination will reduce
th .inkag,. .ind roll ing resistance.

* 'h., impvivement derived from dualling wheels increases with wheel

pa., ing, :1,l the wheels act as separate entities.

'1 As i iv:!, , ! thuimb, the percentage improvement derived varies from

.- r, reitance and about 50Z for sinkage.

- t Il :. . ,tled to the figures represent the theoreti cal pre-
'Ions. In t:;e case of rolling resistance, the predicted benefit is

nsi d.rablv ,re than that actually observed, although the variation with
itpar i: omparable. In the case of sinkage, both the levels of

. : nd their dependence on a/h show some correlation.

I t 1 " o, Lo observe that the presentat ion of Figures 2 and 3
•! . . -es the distinction between different families of tests.
i t,,. i:1. ix:c load, wheel breadth and wheel diameter do not manifest

•. a ruping when the results are analysed in this way.
' .- . " - ., ind the rolling resistance improvement factors

,:tivi.rt f mobility numeric. This is consistent with the

i,; w,'rKers who observed that the magnitude of the benefit
w:th increased numeric value since, for towed wheels,

. .-istance also diminish with increased numeric value.

I it .., , ,rtl. making an observation on the case of driven dul

in bth sands and clays reductions will be observed in

.Al,- .t . , liin resistance through dualling wheels. The increased

,'t aI ., wi O :)prove traction significantly in cohesive soils but not
.i . it is probable therefore that there will be more to

!. .- iv .alineg wheels for applicat i,ns on clavs than there will

.a:, i. i:. re is c larlv a need for more information on the p. r-
. , ! -riv,.:n !ua wheel combinations on clay soils.

ONCI.US I)N

A projerarie of tests on towed, rigid wheels on sand has shown that

rvpla, ing .a single wheel with a dual wheel unit will reduce both sinkage

aii r.,linw resistan v.

P- iP'prove nmt derived from dualling wh..lIs increases with spacing,

,at i . tih- whecl' s a t as separate entities.

yi As .a rle, ,f thumb, a 0U! reduction in sinkage and between 10 and

-.' re,:u ti ,; i:, r, liing resistance derives from dualling wheels.

) B,.', mod:lliny th, dual wheel unit with a single wheel of the same

,At. rnalI diminsi,)ns, some trends of behaviour cdn be predicted.
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TIA IAUL
O '.R. Jk. A 4 .UM R , It.LIA

o

ABSTRACT

In this paper the applicability of laboratory test
results on the scaled mxdels of pneumatic tyres in the dry
sand test bins to predict mobility of vehicles in actual
desert conditions in Western Rajasthan has been studied by
a field test progran1e. The tests conducted at two test
sites 150 km apart show that the mobility equations derived
by labratory tests could to a fair degree of accuracy
predict the trafficability over sand in actual field con-
ditions of varying soil strength.

For the purpose of vehicular mobility, soils are
Lroddly classifiec as fine grained soils like clay and
frictional soils like sand. The mode of generation of
thrust as well as motion resistance is different in both
these types of soils. Thrust Is provided in case of the
fine grained soils basically by cohesion between soil
jarticles and weight of the vehicle contributes little to
it. un the contrary in the case of frictional soils the
thrust generated is a function ol vchicle weight.

Uff the road vehicular nfibility is of paramount
irortance to military operations, nmwitinised farmlng,
successful forest and other eDgineerinr operations of
kublic utility. fforts have been made by various resear-
chers to co-relate the vehicle and soil parameters to
predict the trafficability of vehicle in off the road
condition, to determine the availability of draw bar pull
under such condition and to draw purposeful conclusions
in design of the runniny gears of an off the road vehicle.
Most of the research has been confined to the areas Of
fine grained soils due to strategic and economic importance
of such dreas in the past, like North West Europe, South
kast Asia, Korea. Not much attention was paid to frictional
soils and the areas where such soils exist have recently
attained _reat military and tctnoidIc imprtance e.g. West
Asia, Western Rajasthan.

.- ,-,.,- -,04 ,,



With a view to obtain nurt' useful correlotion
betwcen vehicle jdramcters and suil p irdatihters in tia
frictional s .ils the I resent study Af erformance
|prediction of neumatic Tyres on Send was taken up.

SOIL - VLHiCL. INTLR.iCTICti Ak-RuACiLS

Primary oject of a soil - vehicle intcractloA
approtch is to di terrnune the rol lint rusistancc, "rcarinj
cajacity and trdctin in terms A tth vhicle -,r. .oil
parar-t.tt rs. From these reldt, nships, traffic 'ty

o! a vehicle i.e. whether it would be able to c,. s
particular terrain or not could be predicted. A nurbt,
of relatinships correlating these, some th(,,r. t1ical -n
some empirical hus Lcen drawn up, over the iyar. .i.r
thesc relationships predict results to : fair d.L ....
accuracy (Appox + 2L%) in the case of fine rained-
soils. Similar rul.tiuships fo frictional seils C: i .
at the US Army Lngineers naterwuys Lxperiment.l 3t ti r.
are

Dilntnsionlless Nulhility 11ul,'~ric

For wheeled vehicle for operat.n un freely
drained dry sand (Ns)

Ns - G. (b.d) 3/2 x

w h

Where G - Soil penetrati n resistance
gradient M/m?

b = Tyre width m

d - Outer diameter of o pneukktlc
tyre m

W = Weight of wheel lV

s
= Ratio of tyre deflection to section

heiyht, dependent upon tyre stiff-
ness, inflation pressure und ground
condition.

?.ost conaknly used value - 15 to 17*,

WA4



S ecific R
Rolhny = 0.025 + U. .35 Ns + Q.4kU (2)
rezitoiice Ns - 2.5b

Specific
drawbar = 0,521 US - .5k (3)
Jull Ns + 19.4

Where R = Towed Rolling resistance
of a wheel

D2u = Drawbar lull at 2( wheel slip

siA L PNLTRiT1A; Rt,5SlTAMCi AR-DINT ( ,)

This is an inportant soil paraieter of frictional
soils and is the average slope of the curve, cone
pentration resistance Vs depth of penetration in sand.

G = CZ Q MI'/m 3  (4)

CTz Average Cone Index, O-Z depth -Ith

CIo = Cone Index at surface

4 Depth of penetration of the cone base

A,.r. a 2u deyree right circular cone of 3.23 c 2 base area
ts i,rcmd t4',rouyh tle soil normal to the soil surface at

rt- uf crVs, soil penetration resistince is recorded
,is C~nt :nde (furce,/unlt area)

FILLD TLST PRGXJRA-'LL

The mobility numeric described alove has Leen
dtrivvd iror" 1.h1ratory tests on scalud nKdel of wheels
.zdcr controilcd condt-iuns of cnviroivnents and on soil
test tuds A uiif, rr soil p.rameters. It is, therefore,
necss~I-y tu i sctrtain the applicalility of these relation-
3L I-s to jetual yround conditions and on full size tyres.

"," d test royraanf-re wus taken ', up as

k Ttitficatility test on a car size pneumatic tyre
,it Tcst Site I near the city of BAPMLR in South
-- st Raj~jsth~in.

4
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L) Trafficability test un a heavy truck size
ncuiatLic tyre at Test Site II near the city

of 0AISLIkLR in Aestern Rajasthan. (Separ-i'(d
from Test Site I by over 150 Y~ns distance).

Thu two test sites separated over 150 Im apart and
the two tyre sizes of wide range were selected for the
tests to assess the universal applicability of the soil
wheel interaction relationships at equaLions (1) to L3)
in the desert conditions.

TRAFFICd.BILZTY TbSTS AT SITL I

'kn all wheel drive light vehicle with 9.(A x 13 tyres
was selected as test vehicle as the load distributir. or itz
four wheels was found to be fairly equal. weight on each
tyre was determined as 5.4 kN. The soil parameter 'C;' was
computed from the field measurement of Cone Index Values
taken with kenetrometer Soil Hand Operated, commonly in use
in UK. The field tests were carried out on 31 May lJL1 and
LlJJne 1961 on sandy areas both on plain sandy patches and
on sandy dunes. Sufficient soil parameter Lneasurements to
forecast the soil strength4 were taken and are given at
Table 1. Drdwbar pull was calculated using equations '.)

and (3) and fro. this the trdfficability of the vehicle
was predicted. The test vehicle was then roved over this
site to asctrtain its trafficahility. The results are
shown at tin Tdblt 1.

:t can be seen from the values at the tahle that
the model equations can be applied to field conditions and
predict results to a reasonable accuracy.

TReFFICABILITY TLSTS ^T SITL 11

Soil parameter measurements on a sandy area termed
as Tlest Site 11 about 150 1,,m north of the first test site
were taken on 23 and 24 June 1,81.

The soil value neasurements and computatiun ot soil
jarameter are given at Table 2.

A six wheel drive heavy vehicle with each w;huel
shdring a weight of 21.b 1,N, with tyres of 12.Lx( x 2u
influted to the required pressure was now taken up as
test vehicle. Its j-erformance on the test site was
predicted using the milility equations (1) and (3).
Mobility test on the vehicle %4s carried out to cunfirmt
the relicted jcrfurmoncu. The results ut the test are
shown at "iablt .



The jredictedi ptiumatic tyre performance in the
.. Ct. -.rui ..LA :IU ufditiufls .ppcars to Ouifter sli htly han

2 t..Aritd undu'(t ialo)rat,-ry coflditiofl5. Thce drawbar
.i2 rvdicted by the eu(.uaion k3), is Icss compared to

-. at actually achieved on the.. ground. 1Howevur, it is
r-rL tl,,t une w.~uld ckxme Qcr-ss -A kur( y colcu;ive soil or

,I irei tiictior-ii s)l under actual 4jround conditions.
A.' , -fcj inj irn rind t)hat the soil 1 iamettrs vary from

,-t- t-. j iCt- i~rld fl)TT time tu tifle .e weather depekndent,
pt - .I~i xity -A thk. r ce ss by ,.hich the: soil

tte!; timrust ity int(erctiu)n .ith hei.which is
ewt r. Nchlclt- sitced, spacing of tyrtes (etc.. it can

C i~~t thjt thL latorcitory tcst results o~n rt.dcls
* ~.~atons(i) to (.4) can be applied to actual g;round

't~ ns and for intierdction with full scale whe-els on
rt nls silswitrn a re.jsonablf- accuracy.

RL.FLRL1NCLS

1. FRL:-TAG( UIP Dimensionless Analysis of
kerformance of Pntumyktic
tyres on Sand. ASAk. Vul 11
No.5.

~.. ii?2.A~A. ~I-rfermance of soils under
tyre loads. Report No.U.
Sep, 102. US Army Lrigineers
Waturwuys kxi eririwntal
St~ttiun.

Users Handbook for
l-enctrometer, Soil Haind
operated bO)215
Mvk"k(c) 'July 196b.

-* ,^P-LkR G M Furecasting Soil
Strength Measurements
fromt a randow sample.
Journal of Terramechanics,
Vol lu No. 1, 1973.
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ILL-T. [f SLIP ON LNLRGY UlSTRIBI1TION H[TWEEN TYRE AN[ "J0IL

M M. RoNA I(DN I PICHANI,'/ATION, NOVI SAD. Y11GOSLAVIA

CD l' r I t o,+Pt

t Ii t ou t I f,

0 Ar.' i ,lc uLatiuLM Of the drawbar pull of a agricultural tractor moving over
dg, -1i tural lend requires a detailed study of power losses thereby OC-
0, jr q. wni(h may, in principle, be defined as fellows:

-- .',- sses dependin, on pneumatic tyres and
ss 1. 1, Ie tiorn with the soi I , inc ludi ri interfate pheno-

,',nt .. oc ( ir1no betweern tyr'es and soil 8  i.e.

' :JS ' All ()

we re i'i P ueans the tutd! power Ioss, -Y . powe r loss caused by comp)action
'ne su.il, the bul1dozinq arIfi draqq inq Uffec ts, "P, power losses caused

vi ,, r, hhysteresis of pneu:atik tyre (, the hard surfaces.

r ', makes it po,.sible to conclude, that locomotion in a field
iis t,, ,.,, jdci besides of the power losses caused by deformation of the

.'. ta i) ower losses as occuring on hard surfaces, similar to whet
- njq u.'tl *jnr ete -ement runway, at an unchanged regime of movement.

1'4, f-jdtior would simply mean that movement over a field has to overco-
t- ;,w+,, osses as uccurin g when tyres move over a solid surfaces at an
,a, :.u, ,e f movement. This assumption, however, is only approx-
,a.i.ty ,ji :ht,for it is known that the deformation of the tyres moving

I: ;r,,nd isr not the same as in soft soil /I/, under the same re-
I"N f r l'{lf P t whi~h ,ircumstance i nfluences the total power loss va-
it! t W "a T t il surfaLes.

tle pt-'im ' ,f slip, which ossurs wheti there is a drawbar pul I
, . c(.1riex sharaLterIstits of the soil, including the soil thrust :ha-

,cte'ristics, make this assum, e.g. the value of above formula doubtful.
is only 'ssible to notice, because of certain absolute amount of po-

wt-r l'ss which is unquestionable generated, that slip and other pneno-
"tnuns which exsisted under such conditions, effect power loss distribu-
tl,, betweehl tyre dard soil.

ti-t1,1tt 1 wil be taken as a base for discussion and the power losses
it.rifratt*i by tyres moving over a concrete cement surfice, on one side,

,j,.,J ii toe s, i bin, on the other, will be analysed separately as a first
,.A r(-;dt1V#i?;y as a second for varied values of slip and tyres dynamic
, ard.

• 0 ' A I t 1Ois

,+ t -;rfpo ts. .f this dndlys is tests with four diffh-renit tyres,, i e
*--A lIP, A 1PP. .4-42 lOPR arid 1,.4R-42 10 PR are prformed.

t", wt-re rmado- oii two types of ground surfaces:
- ricreLte ceilwent surface and

., L .-,., ..,.,.



- sandy 'oam soil surface of the following .hdractpristics given
on table I.

Table I: nome sharacteristics of sand y loam soil

PART[CLL SIZL DISIRIBUTION ORGANIC LOWER J LOWER PLASTICITY SPECIFIC
SAND SILT CLAY ]MATER LIQU. PLAST: INOEX GRAVITY
71, 10 j X LIMIT LIMIT gr/cm 3

0 071.6 1,4 1.0 ° 2.5 17.6 ,9 2,65
_ A_

The tests were made at NTML,AuburnALabama with s.qle wheel agricultural
tester /2/. During tests the following motion parameters were continually
registered: dynamic load, torque, transverzal velosity, tyre revolution

Pso' si ] p
so Sl

kW PNEUMATIC: 18,4R-42 ________

pi=110 kPa

10

- s-sandy loam . .
C8 C1080 kPa on 5 cmi...

4

I j - . i lPsi-input power

2 L / output powerI
.... .... .:-- ) J s-power loss --

0 _ _ _ _ _ _ _ _ _, _ _.'
10 20 30 DL kN 40

(.0, P( :!: F .. '
k-- PNUATC 1804 P !

[ ~~ 4 1 '--Pci-input po
we r L

I I ( iP,-o-Otput power-
[ Ap(_-pow r loss

0 10 20 W0 DL kN 40

F (ure I. Relatio, between input and output power on concrete cement and
sandy loam surface,, for the given tyre and motion conditions

q



1 f lat 0fi) pr' ,F,'sure, and ner t trdctIun. The following values were ca lculaited
Iuum tests data: slip. i riput power. ,utput. power. pul rati ) and tra'. ti-
we' vf f i i, in( ,.

i net lfIa t ior. pt surie durin ] the tests was (onstant at 110 kPa for all
if t ste-d ty res, while the slip varied within 0 and 30 and dynamic load
aTriounti t riti r ly frum () to approxiirately 50 kN.

I'i r isture o(,ntent was in average about 9: and soil bulk density after
preliminary LonIl~dction 1.19 qr/cm in average. The averag,, value of pene-
tromueter readIng on I' cm depth was approximately H21S kPa.

P, 10 1 1-4A I

I L - nc re te s

ls-sandy I oa m +

10 10 20 30 DL kN 40

3
kwP , IPs I
kW

c- .ontretels-sand loam

2 0-**00 40

p1 l kPa

s 15

0 0 20 30 DL kW 40

figure 2. otal power loss as a funtion of dynamic load for given tests

2onditions
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S-m~i 'hese data it resul ts that the soil in the soil bin was relatively
dry and the preliminary compa( tion quite effective.

the testing itself was performed so that for a constant slip and tyre in-

4 ation pressure the dynamic load was continually increased within the
limits stated above.

Resul ts

The total losss of power occuring when pneumatic wheels run over the con-
crete cement runway as well as over the selected soil surface were calcu-
lated from the difference of the input power exerted on the tyre (Psi,Pci)
respectively, and the output efficient power (Pso.Pco), as it wds shown
in figure 1.

From diagrams shown in figure 1. can be seen that power losses for both
tested surfaces (AP, and AP.) increase with increased dynamic load at con-
stant slip value and inflation pressure in the tyre.

Figure 2. shows calculated values of total power losses for the movement
of tyres on concrete cement and selected type of the soil with particular
selected slip values, constant inflation pressure and varying dynamic
load. It is characteristic that the lines showing power losses could be
very efficiently analytically approximated by straight line equation of

the type of:

APc,s a + bDL ..... (2)

whereby the lowest coefficient of regresion (r) amounted to 0.929.

Similarly it can be found that losses of power increase with increased
slip, as formerly found, and dynamic load. Besides, from figure 2. it is

possible to conclude that a progresive trend of power losses on concrete
cement surface increase at a higher rate relative to increase of power
losses on soft soil surface with increased slip and constant dynamic load
valjes. So, for instance, with a load of 20 kN and 110 kPa inflation pres-
sure,an increase of slip from 0 to 15. the absolute level of of losses
u, c.ncrete cement surface increased approximately 5.46 fold. whlist when
Wiing in the soil bin the loss of power increased 2.15 fold only.

This circumstance indicates the extraordinary influence of slip on power
;,,sses and leads to the conclusion that the study of losses on a solid
ground as against the losses on soft ground could resulted in certain
useful experiance.

irum the diagrym in figure 3. and from other data established until now,
it becomes clearly evident that power losses owing to slip increase in ca-
se of movement over hard surface at a higher rate than in case of movement
in soft soil conditions. For example, the slope of power loss lines for
cooret cement runway increase approximately 3.4 fold at the increasin
slip from o to 15;, wnils, under the same regime of movement, the rise of
sipe of power loss lines for the saluy loam soil surface in the bin is
approximately 2.4 fold, as it evident from fig.3.

That means that at a certain imount of slip power losses on hard surtace
cu.fld e,(.eed the loss occuring in case of soft soil surface, at otherwise
equal conditions. t could be possible to see some dissagreement of this
stateent and statement which was given as an explanation of equation (1),

A,

• .:T :L L"
" .;, ~ ., y. .

* " . .,,
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o'jSurte j I th t~iIf "W.

"U1re f il. She aintur of1 I yIdeaise d a rea, tyr df reatIot'

Shnhti pitr ofielzdsttmn nacodnewtheuto

is gien inpktues 4aand b. Piture4asonteranofpwrls

whe 3uii vrhr ufc.liti cs h ye i ujc odfr
matirs y alernte ressre t font f (one1, .nd n te zoe o d2

rec cotat wththegrund(zne ) ad trechng ehnd f he on

Fies and the rsiace ofte oielie an thel tyre wqt deformaie onstesm

Shea-i pitr ofie lzdsaeeti ccrac heuto 1
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w~i dS Whe toI axI of, so Ii d Wound 11 t Ur .1 . TheI lot,) eIer;
ed Ii :ne f, I w o t h fe ei tj r'e ;d Itol (I b hi fier fov the airv~oiiI if offr

; pii ;I % Ir t Iv d fornbit I ior) i the (dst, 4bt.

"d W o, . * e i~o iI, T.,, t, beha ve () he rv ii it I f I h.
4 11' fe :1e 1 1 (-ro t i 1 1 d% a e Of '11VIi vemert Uiifltr th Y I t ' ( I

. 1 1e srx go w 1,1 'I" I bfo a ioe there is nI. vrin (h I I Ie frfy.I on-
:4 1 iF Of t hti '" i , I u I ~ I ) ,J( In dyir m f ro III III I rr ,() f % fxv I I I I .1ni'. I

1 :0, ! t U "IS eq u 1 i h 1 1n u i tetA be !ween 1, it Iye art.I vI *.I ve
** S I I tit, W s 1,i fe s IdesI, the de f 0 Iw tI tin ,Y I t) lyr 1i "' I, r '-i,t (_ a-

at a i irnum. 'or the tyre r Ib-, a re fletI, al y muirt, It I f tIn 'iI I h
I i he f Ie Id , as shown in pic t ore 44

Wvi1rruspec. t I ,re of this uI'~tn the to ta Iloss, o f power sho ul1d be
inl qte"IIS''t s'.i adrid , ad( tLdi l y it Cis s o un tilI the 51 ip rearhies a cer-

a I opVe I it I (-a 1 slip, valu 1 Ic As i, 1 shown by fI qur-e t he r(Ai f f0-
c* 'we bt Iwee n arc oi t o f e ner 'qy In % nud~ by t he de formo~ t Ion n f t te t yre

ha d S,PrfaL V arnd the toi 1a power ( ursup Liur'f by Je formt 1on o f t he fy re
,Iil the s ji 1 r, so ft s ur face d i moin ishes. qrajdual 11y , wh ich trend i s i n fa -

f the fa t. that. wi th i ncrea sed slI Ip ie forma ti ons o f pne umat ic wheelI
ric ret (emen t runway a re more I, idf-t . which leads to a permanrent.

Iii, iease of power losses, whilst wi th t ne same cond it ions o f mci vement ,
b. t t h is tnM i m n sandy odi I; Sil; b in , t),,I s ) it.rea se o f t otalI power Ilosses
ise.setI a y l e S,,.

ske' ve. behavior of power losses iiake% the di fferentne between hard-soft
UsVS I ess, aiia less with increased ,'ip so, in one moment IInes for po-

wery ouss or, koncrete eavent. surface and natural soil Isurface should have
,-,I nt. of intersec trorf, as it was shown in pist -e 3. lip ep-l relative
to poinit o' eqia Il osses. cfou;l be al "ed critical sl ip valuc- for gi ven

( rdi tiuns.

VV0

1H.4R- .4

Vi~~11 V Inkr reiit)l Vdi

I ;re u iurrtri. r laionbetween Lcompressed and shea red pirt ic les of
Ithe Ii I un 40fm of track lenqht with various tyre and slip

- -~ir''zi= - --- r1~Z2T -- -- M4
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1 ?t4 thi't( 1 I U t 0 1l11,1 1 10 n t , 11 11c %vr lI tlq I, o .v v thu ec. -

lIht io(r f o r di i m nsh ii los, I+ power 11 ';0 1 1 l " i r f h,| , to be a( I((.ep-
V d ' SI J f 1r ( o( C ' tU) l T Ir ', l1i rl deto, in i I ) 1 t n, % h(' r( ',i t rl' ) r

1 1 1 i,l' l' t.yrv iti Fm'+ tl - j K r1 i A b i

-reav nq~ .f y na iII ("Id o'..- l~ t'iaS 1fl 'I' , 5< '15tlll li, d O(
nq('( ,,' I 

t 
) S, I ,(% "(( t l I I

7'l t, tht' dynar'l, I, 'II pr Iimi') , da ')q t he e(.st. is ' ri st'rilt ft)r I fr-
tal" I, p ra t, 1 t t, vt rv tl( ,i h1ir1d- s,1t ,i ',10 0, ;aid the 1rvel f I ppinq

' %t, t herefot v the orflpra I 'cvv 1 o powor ' te r- 1 i tr 'lllVr2 S

nere t ) ", be the que,,t i(1 Iha t pos i IP t, xpla tnat i n ,u d 'ie 1) rjd by
vpll'te analysis of tyre-sol S1 5t I st sole possibl(, fxplanation is

tilt' "ci jrf'i I, f ar l f"t I5 v rvi di St !, / 11 ior of pewfr In5, , ,ptween 0rie-

mlaIt 1 Wne a ll "o t' 1 I . : I " ( h , asn It th , phenomrt- n if ret r ri rq

of certain amount of onerqy to the .yste7, I .. of thit p,ir-t of ,nergy
that has been acctuiulated by the deforme,j tyres.

This would mean that with the movement of tyres over the soft surface un-
der the qrowing clip condition, the intensity of deformation of pneumatic
tyres gradually decreases in zone I and 3 (figure 4), whilst the inten-
sity of the soil deformation q-adually increases.

The moment when a ceratin slip level is reached, which is mainly function
of the dynamic load and mechanical chara(.teristics of the soi. and of the
Abserved pneumatic tyre and It comes to The maximum possible reduction
(f deformation of the tyre on the circumference and to maximum deforma-
tion of the soil. The hypothesis prevails that in that moment the level
of active forces is ef4,jal to the value of the supporting capacity of the
soil soil thrust value), or, that it comes to the destruction of soil
structure under the contact zone between the tyre and the soil.

A 5slt)e explanation may be obtained by the appli(ation of Coulomb's

rl _eriur of soil failure, or

H A c DLtg€ .... (3)

whf-eire ,is s.il thrust value, A loaded contact area. c soil cohesion,

'. Jyami,. load and o angle of internal friction of the soil.

:r -ase of movement under the zero slip onditions upper layer of the Soil
is destroyed and the tyre penetrates to i certain depth z as could be de-
terminated by equation

np _ z ... . (4 )

wherein k and n are parameters (meChanic,,7) of the soil and p the active
pressure on the soil.

:n 5. ch event the horizontal load on the soil is at the minimum, as there
is no pull and, exept compacting, there is no deformations of the soil.
With increasing slip, and the apperiance and increase of pull it comes to
a horizontal loading of the soil. Knowiny the characteristiLs of the dis-
tribution of the pressure in the soil. i.e. their variability (directly
under the tyres rib the intensity of pressure is much higher) it results
that the microdistribution of horizontal stresses in the soil varied from-
point to point and that is presumed that local overload occurs. It fol-
lows that in the overloaded zones of the (ontact local destruction of the
soil o.ccurs and, in connection with a reduction of the total cohesion in

tte soil that increases its deformation, in the sanw time forming a space

,- ,-* " ' - ,
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+or" !'estorinlq pnujfTiitl( wheel of deforuI.tion.

With aditional Increase of slip and the force of pull a further increase

in horizontal stresses of the soil occurs until the total destruction of

,_ohesive ties between soil particles. The tertain volume of the soil sli-

des In that rr)rnernt in known epicycloid surfaces arid a further increase

kW 4

PN UMATIC: 18.4-42

Pi 110 kPa
.. .. Ps P t 0

:4A p

c -conr rete
s-sandy loam
Cl 1080 kPa on ' cm
Pt) 1 .67 kg/mi A
w-7. J3 40

-~0 30 I
4m

02 Wow 
1OkN

o! 55 20 25 30 s

Fn  AP S  kW aPc W

kN K m K m

10 0.3762 0.0491 0.1347 0.1394

20 0.7001 0.0510 0.2828 0.1132

30 1.0242 0.0516 0.4264 0.1039

40 1.3470 0.0520 0.5685 0.0990

Figure 6. Relation between power loss as a function of slip with variable
values of dynamic load for the movement of the tyre on concrete
cement runway and in the sandy loam soil bin.

of the drawbar pull is generated by the characteristics of internal fric-
tion of the soil. In that moment an essential reduction of deformations
in the tyre occurs in the zones in front of and behind of the soil-tyre

contact area (zones 1 and 3, picture 4d) and the reduction of level of
energy losses on the tyre itself, on the account of the energy increase
spent for deformation of the soil. Some amount of energy which was

-._
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accumulated on deformed tyre would be taken beck to the system at that
momentmaking process of eAcesive soil deformation more sucessful. There-
by it comes to a rapid increase of the squeezed volume of soil particle
in the zone of the track (zone 5, picture 4d).

A look at the pitture 5. indicates a quick rise of the sheared (squeezed)
volume ot the soil in the zone between 10 and 20i of slip. i.e. around
,ritical slip values for all of investigated tyres. This statement could

be used as a prove for given hypothesis.

16 s-sandy loam , - -

Cl-1380 kPa on 5 cm
cl ..b. ..1-. I67 k /m' -" _ ... . . .. -.

w-7 ,83, ow O

14

1 8.4R- 34
!2 " -. . . 18.4-34

10

0 10 15 20 25 30 35 DL kN

Figure 7. Lines of critical slip as a function of dynamic load for all
of tested tyres

Curves of power loss as a function of slip with constant dynamic load and
ifnlation pressure, with high correlativity be represented by an exponen-
tial function, i.e.

AP z k ems  .... (5)

wherein k and m are analitical facturs.

By utilizing formula (5) the extrapolation of curves was done an(' the re-
sult whereof are given in figure 6.

As an interesting feature it can be pointed out that for all other exami-
ned tyres, the curves obtained were practically identical.

From figure 6. the characteristical cross reference points can be noticed
where the power losses occuring in movement of a hard surface are identi-
tial with losses occuring with movement on a soft surface, assuming an un-
changed regime of movement, in conformance with hypothesis given, points
when the cohesion characteristics of the soil are coming to be destroyed.

. Y ,, .,€ .;..-.>.,, ,,,-.
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TH'A Thr FORCES OF LiIIVi TYii, JN THE COM.PACTED SOIL

J. SWIECH

to IBMiR. WARSAW, POLAND

N
INTRODUCTION

SEind of soil and its condition exerto ar. important

0 influence on the size of traction forces achieved by
1rivinF systems. The kind of soil determined by itsSmechanical composition may be assumed as unaltered even

Sfor a long period of time. The condition of soil determined
ty its physical and mechanical properties is dependant on
the kind of cultivation, vegatation humidity and compaction.
As a result the value of traction forces depends or. the
temporary condition of soil. In order to find out the value
of traction forces as influenced by the compaction of soil
traction tests of tractor drive tyre were effected at the
Institute for BuildingE, Mechanization and Electrification
in Agriculture in Warsaw. Tests dealt with in this report
were made under humidity of soil and operation parameters
of the tyre (vertical load and inflation pressure) kept
fixed while changing the compaction of soil. -.

TEST PROCEDURE

Measurements were made under laboratory conditions in a
soil bin filled with natural soil of the following
mechanical composition:

- sand (1-0.1 mm) - 42 per cent
- silt (0.1-0.02 mm) - 36 per cent
- clay ( (0.02 mm) - 22 per cent.

The humidity of soil during the testing was m = 1i ! 0.9
per cent. Before measurement of traction the soil was
tilled 0.25 m deep, levelled and stripped. In order to
obtain various compaction of soil it was rolled with a
smooth roller

d = 0.41 m

w a 415 kg

The measurements were made for 4 different conditions of
soil

I - tilled and levelled soil
2 - soil rolled 2 times
3 - soil rolled 4 times
4 - soil rolled 6 times.

Traction parameters of soil were established by way of
compaction test [1J as represented in Table 1. Measurements

----- ,
•
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of drawbar pull force - F. torque - T and depth of tyro
rut Ek were made for a tyl? 14.9/13-28 8 PR AN-10 (lug
angle rA = 0.4 rad). Fig.1 by using a device Trak [2.
During the measurements a vertical load W - 8.0 k
inflation pressure Po = 90.0 kPa. Trace of tyro left in the
soil prepared for testing each of the conditions is shown
in Fig. 2-5.

RESULTS AND DISCUSSION

Results of measurements are displayed in Pig. 6-9 as
diagrams of mean values Pp . T and zk in the function of
slip - s. Curves of man values were plotted through the
middle of dispersion field for measurement values on
diagrams recorded with X-Y recorder. Fig. 6-9 show also
curves of tractive efficiency It computed by way of the
formula

7L t - rr (1 -

where rr - rolling radius.

Under given test conditions the maximum positive slip of
the tyre a - 50 per cent was achieved regardless of the
soil compaction. The curves of drawbar pull force were
increasing. The maximum force of drawbar pull achieved
under compaction corresponding to rolling the soil 6 times
amounted to F = 5.93 kM. Following measurements of tyre
rut it was fognd that it depends on the level of compaction.
As soon as after the second rolling the depth of tyre rut
decreases by 0.045-0.05 m as compared to the soil not
compacted. Further compacting of the soil (up to 4 and 6
times) brings about not so large decrease in the depth of
tyre rut. Differences in depth after succesive rollings
are no higher than 0.,01 m.

The difference in depth of tyro rut between the non
compacted soil and the 6 times rolled one is depending on
the slip 0.06-0.07 m. Rolling resistance forces computed by
the author PF = 0 have shown that value of the force on the
not compacteg soil was max1=a Fr = 1.44 kN. With growing
compaction the value of rolling resistance force was
decreasing, after 6-th roll Pr 1.05 kN that is by about
27 per sent lower than on the soil not compacted. With
increasing compaction of soil there grows tractive
efficiency to reach, at the slip s a 15 per cent, the
maximum value regardless of the level of soil compaction.
After 6 times of rolling the soil t max - 67.7 per cent
and is by about 15 per cent higher than on the soil not
compacted.

In order to compare actual values of drawbar pull forces.
tractive efficiency and depth of tyro rut there are put
together in Table 2. results of measurements and compaction
of the values for the slip s = 10. 15 and 20 per cent.

4' . w~'



Following results available in the above table it is
possible to establish that under maximum tractive
efficiency corresponding to the slip s = 15 per cent, the
difference between the value of drawbar pull force in the
soil not compacted and that rolled 6 times amounts to about
1q per cent. The depth of tyre rut decreases with growing
compaction of soil. In the soil rolled 6 times it is about
56 per cent lower than in the soil not compacted.

CONCLUSION

The research on the influence of soil compaction on the
value of traction forces Tws made in an average silt soil
having the humidity of 11 ).5 per cent. Measurements were
made in a tilled and levelled soil as well as one compacted
with a roll 2, 4 and 6 times. There was measured value of
traction forces achieved by a tyre 14.9/13-28 8 PH AN-10
Stomil under vertical loading W = 4.D kN and inflation
pressure p, = 90.0 kPa. The tests have shown that under
given soil conditions and growing compaction of soil:

- drawbar pull force is increasing and under slip corres-
ponding to maximum tractive efficiency in the soil rolled
6 times, it is about 18 per cent higher than on the soil
not compacted.

- rolling resistance force for Fp = 0 is decreasing to fall
in the soil rolled 6 times, by about 27 per cent as
compared to the not compacted one.

- the depth of tyre rut decrease and in the soil rolled 6
times it is about 56 per cent (zk = 0.047 m) smaller than
in the soil not compacted.

KEY TO SYMBOLS

" d - dimension of roller m

2) Fp - drawbat pull kN

3) Fr  - rolling resistance kN

4) Gw  - weight of roller kg

5) km  - modulus of unitary deformation
of soil kG/cm 2

6) m - humidity %

7) n - exponent of soil deformation -

P) p - inflation pressure kPa

9) rr - rolling radius m

10) T - torque kNm

11) W - vertical load kN

* x - scale - forces exponent

1) Zk - deep of tyre rut m

., •
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14) oc - lug angle rad

15) It - tractive efficiency %
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Table 1.

TRACTION PARAMETERS OF SOIL

k x

Soil conditions U
kG/cm2  -

Tilled and levelled 0.73 3.121 1.226

2 times rolled 2.671 2.526 0.817

4 times rolled 3.591 2.081 0.598

6 times rolled 3.796 2.193 0.61

• . .~.t .,
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*Tyre trace s oil rollel 6 times



14-9/13-28 8PR AN-10 STOMIL
I W- 8.0 kN

FT .p- 9.0 kPa
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k

Fig. 6 Drawbar putt - Fp torque - T
Tire rut - zkand tractive efficiency vs.
slip-s (Mican values.)

''44



118

11.9/13-28 8PR AN-10 STOMIL
W- -0 kN

F T p-900kPa
Ak) 4kNm)
w - Y22 TIMES ROLLED

60.

06

Q02

Fig. 7 Drawbar putt - F ,torque - T
tire rut - z.and fractive efficiency vs.
slip-s (mean values.)
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149/13-28 8PR AN-10 STOMIL
W -8.0OkN
p& -90.0k Pa

F T (Qr' TIMES ROLLED

(kN) (kNm)
6.0 -F lp

T
4.0
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io 20 3 0 z /.
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Fig.9 Drawbar putt -F ptorque - T,
tire rut - z kand traclive efficiency vs.
slip-s (mean vatues.)
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Fig.8 Drawbar pullt- Fp torque - T
tire rut - z kand tractive efficiency vs
slip-s (mean values.)
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cIlt., t t I mei in a var lety of sands
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mr~t~t ,':- , V ,i ;*- , f the (nite Penetromu.te r in Mobility Prediction," A. R.

.P n 1 '. 0. Pe,'a app-lied the Ns. methoiloclqy for a quite different
an,, nd ft a med Nse veisus tire drawbar performance results that were

r tescribe well iny those in the "Synopsl'" paper. This prompted a
r44~xia ma. t l the aithor of information in the "Synopsis" paper, an

a:S f lata presented in Reece and Peci's "Assessment" paper, and a
,,,.':;" i ;,.at ,, body of U. S. Army Enr'ineer Waterways Experiment

a:' WL; field lata on wheeled vehicle perfrmancf tests in a variety
,ar; n all -;Iplemented by new lal-ortry sand test data). The primary
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,orately pred,, tt tire an i wheeled vehicle Irawbar performance in a very
roa1 range f -inl types mnd conrdi t ions, inc ludinq those of the "Assess-

iet" paiper.
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I NTRODUCTI ON

To obtain best wheeled vehicle performance in sandy soils
requlires implementation of a rational methodology for selecting the -fost
appropriate tires and then ising those tires to best advantage. In turn,
such a methodology requires an ability to predict accurately in-sand tire
and wheeled vehicle performance. U'sing laboratory and field test results,
this paper describes a useful methodology for predicting the diawbar
pertormance of tires and wheeled vehicles operating in a broad range of
sand types and conditions.

BACKCROUND

Drawhar pull and drawbar efficiency were selected to describe
ti-sano t ire performance herein because (a) the amount of pull a powered
wheel ,an develop is often of major concern in vehicle in-sand operations,
and (h) the efficiency with whikh a given amount of pull is developed
determines the Input energy required, a major ioncern in today's energv-
cons, ious world.

It has proved useful to describe in-sand tire performance by
relating dimensionless tire performance terms to a dimensionless sand-
tire prediction term, or numeric. Tire drawbar performance is described
herein by the following two terms:

Drawbar coefficient (G ) - DP/ (1)

where

D1 - drawbar pull, the "force available for external work in a
direction parallel to the horizontal surface over which the
(tire) Is moving"l*

W - weight (load) on the tire

and

DP v
Drawbar efficiency (,i) T P2_

T .

where

DP - drawbar pull

v - forward velocity of the wheel axie

T - torque input to the wheel

- rotation velocity of the torque Input shaft

Fa th raised number in the main text re'ers to a r.terence of the same

nuimhe at thi. end of the text.

4,l
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Si-11 ni. , w.i, ,ctisin i't 4-d tilt f . lent Iv well def ied, however, to "of fer the
,ci- tIr I t ,.nt.it ivi- pert orman, #- pred Ict Ion syste m . . . for vetlI( les
v i t ! :c In icc 'r','-t,,c-ml st sands "

For i curmfbir t velrs t his "tentative performance prediction
V..tv. ',. a,. ,, ,epted as workable, .' though it was rec ognized that the Ays-

tem had pot.tnti Il for furt her rvf I nement Sch refinements were made
ptc cme.i l and in an evolutionarv manner, primarily because of the lack of

,Lats for lefining In ditail a range of physic-al properties of the sand;
tor whi h t 1irc and whetled v.hic'le drawbar performance data were avail-
i Iv. I'vents of tit- pa!; t few years have caused a renewed interest , how-
.,.v I . in re f ining and Improving the drawbar performance versus sand-tIre

c:imeric methodologv for wheeled vehi les. The remainder of this paper

it-;, ribo.; devilopment of such a methodologv, first taking into account
-. me insights; gained in ear I ter ;tudies of the influence of sand type on
S ingl C-tire. drawbar performan( e.

ci rst (onsiderat ions of Two Sand Vs

In addit ion to singlt-tire tests in air-dry Yuma sand, WES also
,ndu( ted a smaller, but significant, number of laboratory tests in air-

iry mocrtar sand (a ccarser-grained riverbed sand). Figure 5a uses data
from tests of five tires in mortar sand, together with the W20 versus

Ns ,urve from Figure ia for Yuma sand, to demonstrate that these tires
develioped ,onststcntl smaller values of t-20 in mortar than in Yuma

ind at corresponding v.lties of N
S

In l1472, Relirence '3 attempted to account for this difference
c',ccwn the relit ions of C to relative density (Dr) for the two

. di. (itnd drot Riet f inc-e 6. For air-dry mortar sand:

I) - 75.O log (; * 9.3 (4)r

and I or tuit -dry Yna sand:

1) - 71.1 log G. + 51.6 (5)

r

? t- e

1) . .. .... - 100, percent (6)
max min

Sf-r imii, i i v, ill drawfcr c,*f tic ent data considered herein are

l,.o- I gnatid .2) iata, .11 cithough '. in the wheeled vehicle field tests

w:i, samlle.I at tfi' near-maximum-pull level, not necessarily 20 percent
,lip. Alsoc, f,,r brevity, tire drawhar performance in several subsequent
f f,jrvs is d't ined only in terms of L'20 . Performance is described

Ill terms ,f f.tl 20 and 20 fi appropriate concluding figurem.

mo__
- 4
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"MAX an ' tn-tn are void ratios for the loosest and densest sand states,
respecttvt,'lv, and v is void ratio fot the before-tire-pass sand condi-
t ion. A :ive; value of mortar sand C ((GM in Figure 5) was converted
t,, Yuma sand t. 'y) by first determining the mortar sand Dr value in
Vqoation 4 and then using that same Dr value to solve for Yuma sand ;
in Fquation '.. This use of Dr as the intermediate soil parameter in
translating C values between different sands appeared to produce the
desired result, as evidenced in Figure Sb by the shift of the mortar sand
tire test data to locations clustered about the u20 versus N. curve
for Yuma sand. Reference 5 recognized, however, that use of Dr as
described above must be considered tentative, and recoimmended "that tests
be, conducted in several additional sands so that the relative density
approach . . . can he further verified."

In 1976, Reference 7 reported drawbar performance results from
. later series of teqZs in air-dry mortar sand, these conducted with four
4.OOR2) radial ply tires (each different in terms of tread design and
other construction features), plus two 'o.00-20 hias-plv tires (one with
nondirectional cross-country tread, the other with tread buffed smooth).
Tests for each tire were conducted over n range of wheel loads and tire
deflections, and at two levels of (; , approximately 2.2 ant 5.5 KPa/m.
For tire deflections of 15 and 35 percent, Figure 6a shows that the rela-
tion of ,'20 to N. separated as a function of G . Further, Figure 6h

shows that the relation of '20 to (N) for these test data also
separated by Gy (where Gy values in INs)y were obtained by Equations
4 and 5 and the process described in the previous paragraph). In attempt-
ing to account for this separation, Reference 7 noted that "Ideally, the
C value to use in describing tire performance for a given (tire) pass
is the value that predominated during that pass. For first pass, this
value lies between the 0- and I-pass values"--i.e., between the before-
and after-first-pass values. Examination of mortar sand tire test data
showed "that G. changes with ti-e traffic in a funnel-shaped pattern"
like that shown in Figure 6c, and "indicated that the best G value for
describing first-pass, 20-percent-slip tire performance is C at "pass
number" 0.75 (hereafter termed G0.7 5 ). That is, G should be weighted
:l toward its after-first-pass value." Figure 6d shows the well-defined

C3/2

relation obtained for t20 versus N' where N' - G0 75 (bd)20 v W h"

While the '20 versus N,, relation collapsed the mortar sand test data
for the six 9.OOx20 tires quite well, the central curve in Figure 6d is
notably different from the one in Figure 3a for Yuma sand. The thrust of
the analysis in Reference 7 was not directed at accounting for the influ-
ence of sand type on tire drawbar performance. However, Reference 7 recog-
nized that "Clearly, more work is needed to develop techniques for describ-
ing sand soil strength that changes significantly with tire traffic."

A First-Cut, More General N Methodology5

In 1978, Reference 8 attempted to define a methodology to satis-
fv the two needs demonstrated in Figures 5 and 6--i.e., to define a means
(a) for translating (; values between different sand types, and (b) tor
describing the effective (predominant) during-tire-pass value of G .
This methodology was applied by means of the nomogram shown in Figure 1.

The aim of the nomogram was to define G; , "effective sand pene-
tration gradient, the value of C that predominated during a given tire
pass, normalized to one type of frictional soil (selected as Yuma sand)."

- - - .-- .:--.-4 -.. - .-- - -
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Ise of the nomogram required known before-tire-pass values of C and of
Dr (Gh  and Drb , respectively), and involved the following steps (iden-
tified bv circled numbers in Figure 7):

SLp_1: For the sand of interest (taken as mortar sand in Figure 7a).
determine for Gb  the corresponding value of Drb "

Stes 2 and 3: For the tire b/d value of concern (0.29 in Figure 7b.
for example), translate the Drb value of step 1 from Figure 7a to 7b
(shown as a dot in the example). In Figure lb. use the family of curves
that relate Drb to D)rg (effective relative density) as a function of
tire b/d to estimate Dre *

Steps 4 and 5: Translate Dre of step 3 for the sand of interest to Dre
for Yuma sand (step 4), and then to (e  for Yuma sand (step 5).

Ce  from step 5 was then used as the soil strength term In

C (hd) 3/2

Ns -- - and Nse was related to tire drawbar performance

terms .o tan 47? and n20 tan 070 . The rationale for using tan $70
(tangent of sand internal friction angle from a direct shear test at
70 percent relative density) as a multiplier of U20 and n20 was that
") I' rb tends toward a Dre value of about 70 percent for common tire
shapes (b/d values from about 0.2 to 0.3). particularly with repeated
transformations of Drb to Dre to correspond to multiple tire passes,
and (b) the products W20 tan 070 and n20 tan *70 appeared, in con-

junction with Nse, to provide a normalized description of tire drawbar
performance for the three frictional soils considered in Reference 8
Yuma and mortar sands, plus a finely crushed basalt used as lunar soil

simulant, LSS, described in Reference 9).

Figure 8 shows the relations (a) of W20 to N and (b) of
20 tan 070 to Nse based on test results in Yuma sand ?or the same 10

tires as in Figure 3a, in mortar sand for the same 11 tires as in Figures
5 and 6, and in LSS for one tire-like wheel. (This wire-mesh wheel was
evaluated for use on the lunar rover vehicle by testing the wheel in the
rather exotic LSS. The two asterisks of Figure 7a define coordinates of
D~r and ; for the two LSS test conditions.) For the test data con-
sidered, the relation of "20 tan $70 to Noe in Figure 8b is consider-
ably better defined than is that of 020  to Ns  in Figure Ba. While
the Figure 8b relation appeared promising. Reference 8 "recognized that
the range of frictional soil types considered . . . is limited; thus it is
hoped that other investigators will test the universality of the t20 tan
:7() and n20 tan *70 versus Nse relations using tire test results
,htained in a variety of frictional soils."

In 1981, References 10 and 11 applied the methodology described
in Figures 7 and 8 to drawbar performance data obtained with a 6.00-16,
2-PR treadless (smooth) tire in air-dry Cresswell sand. For this tire-
sand combination, Figure 9 shows that the 20 tan *70 versus N1b
relation obtained was very different from that obtained in Figure 8b.
Clearly, the W20 tan $7A and n20 tan #70 versus Noe methodology

was shown not to succeasl'ullv treat all sand tire situations, and the need
was established for analyzing a broad range of sand types and conditions
in one study. A description of that analvsis follows. I

- - - -"' -- ,



N Met tnic 1"d I ic(r a .1 ~ i

'11v !.-st Sands. Two ma icr I ini tat ions In the' WE~S in;alvse's
t,'?., poinjt' arv that (at) ,niv two) crdtnarv test sands were'

? :ma .ini nor tart sandl-- the c x(,t I c L15 i s he rea f tivr no(,t co)n-
I !vT I th'se' I nis wer " ea(Ih iseuI unTlv air-uirv In single-tfire
'.1 n~ In~ ,~ m*I san , Ivsj considrs I H sandls-- thfit Yuem~a .mrtar, and

t ''d1 '-.elii p'lus 4'ven1 otherI lands fIor which veb ii IV I ie d dIratwar
I.Ita W.-. iv ,ai lablo' (six sands from References 4 and 12, ,nve fr,)m

t~i ,1 1.A separate valuec of sand misturei content was re~porte-d In
z .-Ti, 4-'1 .' andl I I (r vach1 whe'elIed veh icleI tes t; tevs t s a t mI sIt ure s

"7 t.' ''.'rc'.nt are cinida'lrei herein.

ii,., 'sstr'. tirst st ep In ft- ana lvski was to obtain samples oIf
I%';:'' !(III 1' 11 tg .'a t I the 10 tevs t sands . I n ti ItIs r ega rd, par -

ti kiaa t 'anl.s ire' ctc'nded ti Dr. A. R . Ree'ce for supp lv ing the needed
I 4r.-sswv'I I sand ( t he sand used in Referenceq 10 and 1I)I an I tic

.. '. . r,,. Ivan. Ftohl I Isseme'nt TechiIque d 'Angers * for sipcl vi ng
.'''" ror.fac he0s At l.a'ur! Ii n S ,t Ssi, IFritn(e (two of

't.-, .ito~ In o,'!ercn( v., 4 a nd 12) Samples 40 the Yuma and mortar
w, r, !f a e ron-. large stockpiles at WE~S, and samples. It the

r. s.iininv te sav--nds we-re obitained in re-visits to, wheeled vehicle test
it*.In the'- 'itcd Stat es.

A -nit J' r , ,n, em in the new ana lvs is was hoiw c IT~sPiv the 10 s'and
ma',xt ched t to sand,; act nall'c uised in f lit- te1sts of single tires or

wha'celec v'ehi, Ik's reported in References 4, 10, 11, 12, and 13. One
'-eans '! evaluating, this was to compare the original grain-size distribu-

ion urvo-'' sh,,wn in t hese references with the co)rresponding cuLrve's sh~own
In Figuire I(I !,,r the- sand samples that were used fin 1981 WU:S soils
,ak'rattorv test Inig. Resu~lts of this comparison ;are sihcTw In Table I for

,'rin-iize'o diameters at ft- 10. 10, 50, 70, and 90 pe'rce'nt finer by weight
I ICei I s. A,, t-xpectvd i- t Tr i ginal and the 1983 curves rmatched very c Ioselv

[!,I t ha ia and mrscrtar sands ( WFS I abtcr.atcorv test sands). For Paw Paw
",ine .c1 th o',rig Inal and 198 1 cu~rvvs are one and th~e same. For

Crcswve I sand, t ha re is -t ncct i c'aab Ie d if ference between the o)riginal and

;Iuin,- s ix sands were' tested in the f iel d during 1958-
rc p-rt-d i n R4 ta'rvi'T I, 12 (196 )). It was anticipafed that the

-,o 2('.'c.e'.r, t im,, pliva; inabilI tv to, locate precisely some
tcjif C't Site-', CO(IIId cause substant ial dliffere'nces between

t"'c '1i '!TTl;aIand I'1s i list ribjt Icn cairves, at least for some of the six
eI rn a' I .' ".cn". ,si I TirTiedt the' Or iginalI and the 198 1 curITve.s
.11.11 " At- irtc~'t ayreemant fccr the' Padcre Island site, verv a.'lose

.,re'c'Tia'nt :,r tlit Mi-',i s ip i iver Bridige site. somnewhat less agreement
*r thet 1.1 i~ il. nd thle two, NOt icTnial Seashore Hieadquarters sites.

: ea',! c'''e'nt 'b" a oimiside'ribli' margin) for the Siscinio site.
-- ;1it ci ''T. I' . ,mp.it istils b.'twae'ni the cirigilhal and flt-e 1983 sand grain

Ali-te'rs as described in [able I are disc ussed later ii the analysis.

I e SAtimiTI . 1) r a nd Sand Mtci sture Content. Ini

in~ci .'ib ini- t adir thle 1I) qina samples, it was reacognizedl, f irst, that
11 T Cirellct tic het siiit able for use as an Intermiedilate soil parameter
ji t ra'. alu I. W ,'t weeT Sand tyvpes. ( Rcall from Figures ba and 6b that

:-'.;r It in-1 I datai for the Yumai and mortar s-anus was not alleviated

- - A
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ti 1 11 11 - t r in , I a t I u, I v . i Hiowevor , Iir d i d i i'pi-I

" i ~ ..IH> I I i 11 . , 't a dl d ;[ 'd 114-4. r 1 )t I on i It fhe. chlanlge. I1 n i

t 1i1, t I I t 1i4 t i l 0 1 i , 1j. .1 iI r t IIv pa'4i . %tt ' that F i yIIr,, hf

:1. r  I I this tlI I. t '( d si -r i e t h ;im , iro ,... 1,-4m1.wt.ct rit i. r-ilI, Iv

rlbtd in Figure, 6i . ) Furttohro , I has .hi. 1i)irti i"t1, s lii I .r '"
1 . (a) oII i(I tta.sii in val-c n V . (: in rea-i's, dhi to-.1 ill, .1is .

do. riasve , and (b) of taking values within til i,.' ring.' f(I ti 1((0
r, tilt o ,r tIl II s nds.

To devo- I op t ht di-;ired standardized d.ai rlpt lon, th,. r. lat I il
bh'twtt'n . and )r  was i1t edrmine.d for each of t lf s. ind ;lamp I I-s it
'.ld moftitri' i i odil t ons at least f rom air-dry 1(, ' percent mol.itur.l,
*X\dditifo allv, measitt'emi -tso I r; ;ind Dr Wert, obt.iied fir the iima

.iI r,' .sswr i - ! 4a ni ; a it ti Ilv sat tIratei d c ndt It fi n fi r (rt.4s i. a 'iliI

.ct I. per rent n mois ture ( ontent .

F iguire i shows relations among 1); . r . ind Sad mr1i,-tUT4'

Oit tt reprietient at iVe of those obtaned for ti' 1 sand s¢ampli.'s. FO r

uYi san , t his fI grv.' I lostrates- that thei ve.rsus P relation Is
do. r Ibid by r

1)r - ai I jg G,+ 2 /

r.hl' .1 is i nst.int Ior a given sand, .and I changes ' valtue aS a

Tun tion of sand moitur, lentent. Note in Figure 1 1 that a') de- reases

As sand moisture content increases from air-dry toi about 7 per en t (this
,irni' pattern was obtained for all the test sands), but a2 increases

markd lv as moisture increases from about 7 percent to the fully saturated

,,ndit ion (this pattern was also obtained for (resswell sand).

Figure 12 illustrates the relations (a) of a2  to sand moisture

, ontent , and (b) of G (at Dr - 70 percent) to sand moisture content that
were obtained for the Yuma and Cresswell sands. For each of th. 10 sand

samples. the pattern of change in a2 with change in moisture from air-

fry to 7 percent was similar to that sh(own by the dashed curves in Fig-
,jrI. 12--i.e., for each sand, a2 decreased semtlogarithmicallv as moisture

InLcreased from air-dry to about 2 percent, and then continued to decrease,

but at a fast-diminishing rate until a minimum 12 valte was obtained at
about / percent moisture. For the Yuma and Cresswell sands, ., in-

r.ased rapidly as sand moisture increased beyond about 7 per(ent.

'he in inuence on (I taused by tiis pattern of change In 12

wir : sard moiture cont ent Is seen by rearranging Equation 7 to

1) - a
- ant !log -T J (I)

a!1

iNs, itor ealth of[ the 1( sand samples (constant a,) ind any constant
1.'vt-1 o f Dr . (- attained a maximm value at minimum a---i.e. at aboit

;.p'ri nt moisture, o-itnten. Further, based on data for two of the test
antis (Yutma and ( reiswelIl ), it appears that, for a given sand and constant
I ti.,i r aste's ripldlv as sand moisture contett increases beyond

,... t it 7 pirent.

Table 2 summarizes In columns 1-9 for each of the 10 sand
• amples the relation of Dr to (G obtained In 1983 WES laboratory

l,-sting at sand moisture contents from air-dry to 7 percent. (Values iii

.tr ilumn4 of Table 2 will be discussed subsequently.) Note In column

. that ratil, is~ted value it air-dry sand moisture content was obtained

_ _ _

_ * ~ 1
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In the WE.5 soils laboratory after a given sand sample remained undisturbed

for at least seven days. These at-WES air-dry moisture contents do not

nfecessar I v correspond to air-dry moisture contents at other sites.

Prediction of During-Tire-Pass G; To predict (G for the
C C

10 test sands required implementation of both (a) the relations among C,

:) . and sand rioisture content (suuzmarIzed in col umns 1-_) of Table 2),

and (b) the relations among Cb , tire shape factor b/d , and ;e shown
in Figure 1I. A three-step process is involved:

(1) Use Equation 8 to estimate Drb (from known values of
Gh , a, , and a2).

(2) Obtain Dre from Figure I i (using Drb from step , and
known b/d).

Dre " 2

0) Compute C - antilo- .......-- using the same values of
e aI

a and a2 as in step 1).

Before applying the above procesq, it is useful to examine the
rclatlon in Figure 13. The shape of each curve in Figure 13a is the same
as in Figure 7h for bid values of about 0.2 and larger. For smaller h/d
values, the curves in Figure 13a reflect recent analysis of single-tire
.rawbar test data in Yuma sand using the 1.75-26 bicycle and 4.00-20, 2-PR
tires (b/d values of 0.068 and 0.150, respectively) not considered in
Pe ference 8.*

Tn agreement with Reference 7 and with Figure 6c herein, r)re
in Figure 13a reflects the condition obtained at tire pass number 0.75--
i.e., first-pass Dre is considered weighted 3:1 toward the after-first-
-ass condition. For two powered-wheel tire passes, the appropriate Dre
value is for tire pass 1.75; for three tire passes, 2.75; and for four
tire passes, 1.75. The relation in Figure Via was successively applied to
otaln [re values for tire pass multiples of 0.75; 1)re values for tire
passes 2, 3, and 4 were then obtained by interpolation as needed.

Detailed application of the Drb ,b/d , Ire relation for a

given all-axles-powered wheeled vehicle would require that a separate
value of h( be determined for each axle, and that these G. values
thei. be averaged to determine Ge for the overall vehicle. Figures 13b,
I 1c, and 13d avoid this cumbersome process by reflecting averaged values
of 1re for tire passes I and 2, passes I through 3, and passes I through
4, respectively. For a given 4x4, 6x6, or 8x8 vehicle, then, use of the

* In Reference 8, -,20 (and n20) values for all the tires considered

reflected a mewhantcal/el -ctrihal correction to negate dynamometer
carriage acceleration forces developed in the single-tire, programmed-
in(reasing-slip tests. No such correction had been in use during
testb of the 1.7'5-26 bicycle and 4.00-20, 2-PR tires reported in Ref-
erence 4. However, for a number of single tires tested over a broad
range of N. values, acceleration-corrected t,20 from Reference 4 has
been determ ined to be smaller than uncorrected 20 by a near-constant
0.O045. For both the 1.75-26 and the 4.00-20 tires, the acceleration-
corrected .?2 values used herein were obtained by subtracting 0.045
from 2 values previously uncorrected for carriage acceleration.

7i
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single appropriate relation in Figure 13b, 13c, or 13d produces a single
Dre value and a subsequent value of Ce very close to that obtained by
treating each axle singly.

Use of G in N The intended application of G , ase se e

defined by the three-step process described earlier, was to serve as the
G (bd)3 /2

soil strength term in sand-tire numeric N G - • 6 . such that
se W h

Nse would collapse both single-tire and wheeled-vehicle drawbar data for
a broad range of sand conditions to a single relation for a given sand
type. The success of Ge in this role Is illustrated, first, in Figures
14a and 14b which show for 10 single tires and for three 4x4 vehicles, all
tested in air-dry Yuma sand, that all the test data cluster closely about
the same central '20 versus Nse relation.

N., was also determined to be more effective than N. in
consolidating L2 0 data for each of the nine other test sands, in each
case producing (as expected) a separate u2 0 versus N e relation.
Figure 15 shows representative results, using data (a) ?rom tests of a
single 6.00-16. 2-PR tire in air-dry Cresswell sand and (b) from tests
of four wheeled vehicles in moist sand at the Padre Island site.

Normalization of G to G . Having developed a means to

predict Ge , it remained to develop a means for normalizing Ce to one
sand type, selected as Yuma sand. Analyses were made involving a number
of parameters descriptive of physical properties of the 10 sand samples,
with best results obtained by application of the relations shown in Fig-
ure '6.

In Figure 16. three sand parameters are involved--penetration
resistance gradient (G). sand compactibility (D'), and sand grain median
diameter (d o). Compactibility Is defined as

e -

D1 max emin 100, percent (9)
e min

and dSO (sand grain diameter for which 50 percent of the sand sample
is finer by weight) is read directly from a sand's grain-size distribu-
tion curve. In Figure 16, subscript x denotes sand x, and subscript y
denotes Yum sand. For a given sand x, known values of D'/D' and
(dso)/(dO)v are used in Figure 16 to determine corresponding values of
(;ex/cey)D, and (Gex/Gey)d 50  respectively. A given value of e for

sand x (Gez) is then normalized to the corresponding value for Yuma sand
(c ) by the relationey

ey ex x(G ex/Gey

where

Gex /Gey C ex/eY)D x ( ex/Gey d1s)

1:do
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For use in normalizing Gex to ;e . the curves in Figure 16
exhibit expected trends. A Riven sand of hig compactibility requires
less force for its displacement than does one of low compactibility at
the same relative density. Thus, for D'/D' > I (all other conditionsx y
constant), (;e must he increased for normalization to Ce This is
accomplished by taking the appropriate value of I x/(;ev)D, -I from

Figure 16, applying this value in Equation 11, and then using Equation 10.
(For D/)., I , ex/cey)D, , I and ('e, is decreased in normaliza-
tion to Gev

Note, also, that the penetration resistance of a sand with
large-diameter grains is greater than that of one with smaller grains
(all other conditions constant). Thus, for (d5o)x/(d5 o) v , 1,
(Wex/;~,v)d~o 1 and Gex is decreased in normalization to Ce . (For
d, t) /,(I ) 1 , (" is Increased in normalization to C,

x 0 v ex ey

Use of (. in N .Having determined the value of (ev 4 t tv

!or a parti,-ular sand x, the next step is to use (; in N -

(bd) 3/2
e ' " to predict in-sand 20 and -20 tire and wheeled vehicle

performance. The success of (; in this role is Illustrated in the fol-
lowing comparisons. ey

In Figure 17a, data for all of the single-tire tests considered
herein fer the Yuma, mortar, and Cresswell sands cluster about the same
..2( versus Nse v  curve obtained earlier for Yuma sand in Figures 14a and
14b. (Note that' Nsev - Nse for Yuma sand only.) In Figure 17b, single-
tire test data for these three sands all cluster about the same n20
versus Nsev relation. Note further that, based on results from the same
laboratory single-tire tests, data collapse about the two relations involv-
ing Nse v  in Figure 17 is considerably better than that about corre-
sponding relations in Figure 18 involving N

5

In Figure 19, the wheeled-vehicle test data for six sandy field
test sites show much less data scatter about the central w2o versus

Nsev curve (the same curve as in Figures 14 and 17a) than do corresponding
data for the same test sites in Figure 4 about the central curve of 020
versus N .*

5

Based on Figures 17 and 19, Nsey is demonstrated to be very
effective in consolidating single-tire and wheeled-vehicle W20 data to
,,ne relation, 120 data to another. Remarks modifying this general con-
clusion need to be made, however, relative primarily to one of the labors-
tory test sands in Figure 17 (Cresswell sand) and to the one field test
sand not shown in Figure 19 (Suscinlo sand).

Some Strengths and Limitations of the N Methodology. First,
sey

regarding the Cresnvell sand, determination of its Cey values in
Figure 17 was made using as input data one set of C values gleaned

from References 10 and 11, plus values of a, , a2 , D' , and dso
from the 1983 WES laboratory tests of the Cresswell sand sample (using

* No n20 versus Nsey relation is shown in Figure 19 because measure-

ments of r120 were not obtained in any of the wheeled vehicle tests
considered herein.

lo It - ' i
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a2 at the WES air-dry condition). There was interest in determining
how these predicted values of Gey (and of Nsey) compared with those
obtained by using the same set of G values, together with input values
of &I , a2 , D' . and d5 0 , obtained from References 10, 11, and 14.
Table 3 suarlzes this comparison.

For the 11 air-dry Cresswell sand test conditions considered,
the major conclusion from Table 3 is that, although two quite different
sets of input values of a, , a2 , D' , and d5o were used (see the two
footnotes of Table 3). nearly identical values of Gey and of N. were
predicted (compare results in columns 9 and 10 with those in colume 14
and 15). This close agreement reflects that the overall process for trans-
lating values of C to Gey (summarized in the first footnote of Table
3) is reasonably robust. Tat is, based on the comparison in Table 3, the
G-to-G. prediction process appears not to be unduly influenced by even
fairly sizeable variations in values of its required input parameters.

This tentative conclusion is supported by the wheeled vehicle
field relations shown in Figures 4 and 19. For the first five sands in
the legends of these two figures, the sand samples used in defining values
of a1 , a2 , D' , and d by 1983 WES laboratory testing were like
the sands used in actual 19 to 1961 field testing only to varying
degrees--see Table 1. (For the sixth sand, from the Paw Paw Island site,
the 1983 sand sample was taken from the precise location of field test-
ing.) For the first five sands, taking this discontinuity between sample
and test sands into account, the improvement in the relation of 120 ver-
sus Nsev  in Figure 19 versus the W20 versus N. relation in Figure 4
i rather remarkable, even with one significant caveat: the ii versus
Nsey relation obtained for Suscinlo sand (not shown in Figure R9) is con-
siderably different from that shown in Figure 19 for the six other field
test sands (it is displaced far to the left).

There are two principal poss.) lities for explaining what at
first seems to be the atypical W20 versus Nsey behavior of the Sus-
(inio data. First, it is possible that one or more sand parameters needed
in the process for translating C to Gay have been omitted. The proc-
ess described herein is the one that was etermined to make the G-to-Gey
translation best for the test data examined, based on analysis not only of
the sand parameters now included in the process, but also of several other
parameters initially considered potentially important (coefficient of
uniformity Cu - d6 0 /d1 O , angle of internal friction, etc.). Still,
modifications might substantially improve the G-tO-Gey translation
process, and such modifications are welcomed.

The second, and much more likely, reason for the W20 versus
Nsey behavior of the Suscinto sand relates to the fact that, of the 10
sand samples used in 1983 WES laboratory testing, Suscinio's grain diameter
distribution showed least agreement with its corresponding original dis-
tribution, by a large margin--see Table 1. Thus, it was not surprising,
when the Dr - 141.0 log C + a2 laboratory relation for Suscinio sand was
applied to Suscinio field values of G, that values of Dr considerably
larger than 100 percent were obtained in some cases. (This did not occur
with the nine other sands.) Note, also, from Table I that the Suscinio
field sand was considerably less coarse than the 1983 Suscinio sample sand
(which included almost as much gravel as sand--see Figure 10). In fact,
from Table 1, the Suacinio field sand's overall distribution of d values
is approximated just as well by the 1983 La Turballe laboratory sample
(from the low side) as it is by the Suscinio laboratory sample (from the
high side). (Prediction of Suscinio Gey values by using for input

, , .4 L
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Sitsinto lll C value-; and l.a Tuihalle laboratory Ila a 2  , I) , and

d,)( v.ilues produced a Suscinlo ,20 versus N relation very closelv
approximated by the relation in Figure 17.) Finally, note that tile good

tit ot the "Sus, in,, data in the ;20 v,,r~ Nu s relat ion of Figure 4
further indicates that ch.racterist l-s of the ut cinfo 4and, a,; encoun-
tered on-site and measured at least hv G , were T'ot foreign t, those of
the six other sands in Figure 4.

The above observations suggest that, for the Suscinlo beach
site, the discontinuitv between 1983 sample sand and 1959 field sand was
qimplv too large to overcome in using aI , a2 , D' , and d5 o values
from the sample sand to describe drawbar performance in the field sand.
These observations also lead to the caveat that it remains to be deter-
mined how (oarse a sand must he for the Nse v  relations not to apply.
(Sands at least as coarse as the La Turballe qand are successfully
treated by Nsey .) A second caveat is that a substantial amount of

laboratory testIng is ne-essarv to define the input values of a 1 , a2

, and d o required by the process for translating I; to Cev for s
in Nsev (particularly to define al and a2 for the range of values ol
l'r and sand moisture content of possible concern). If the user is not

restricted by thuse two caveats, the Ne v  relations of Figure, 17 and 19
are useful now in predicting drawbar perfbrmance with better accuracy than
do the N. relations of Figures 18 and 4. If the above caveats negate use
of the Nse v  relations, the W20 versus N. relation of Figure 4 is

still Judged sufficiently well defined to offer the basis for a useful
w tveled vehicle drawbar performance system.

SUMMARY AND CONCLUSIONS

To sur narize, a ifve-step process was developed for predicting
tire and wheeled vehicle .20 and r 2 0  performance for a given sand and
,and moisture content, described as follows:

(1) Use Equation 7 to estimate Drb (from known values of b
a, , and a2 ).

(2) obtain 1) from Figure 13.re 0 -
Dre a2

(3) Compute C - antilog . For sand x , this is
C e a
ex

(4) Convert Gex to t;ey by use of Figure 16 and Equations

11 and 10.

(5) Use Cey in Nsey and the relations in Figure 17 to
predict t20 and '20 •

Relations of -20 and n2 0  to Nsey now offer better predic-
tion accuracy than do those of ;20 and n20  to N, for a broad range
of sand types and strengths, and for sand moisture contents up to about
7 percent. Implementation of the Nse ¥  relations is limited, however,
by two caveats: (a) the exact range o sand types for which the Nsev
relations are applicable remains to be determined (sands from at least as
fine as the Yuma sand to at least as coarse as the La Turballe sand con-
sidered herein are successfully treated by N ), and (b) substantialsey
laboratory testing Is necessary to define values of a1 . a2 , D' , and
d5 o . which are required as input bv the process for defining Ge for
use in N . Further work is needed to minimize or eliminate t~e in-

fluence of these two caveats. For now, with proper account taken of their

4'
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limitations, either the Nsey or the N. methodology can be employed to
predict in-sand tire and wheeled vehicle drawbar performance with useful
accuracy.

REFERENCES

1. Meyer, N. P. et al., "International Society for Terrain-Vehicle
Systems Standards." Journal of Terramechanica, Vol 14, No. 3, 1977,
pp 153-182.

2. MeIzer, K.-J., "Power Requirements for Wheels Operating in Sand,"
Proceedings of the International Conference of CIGR on the Perspec-
tives of the Development of Agricultural Tractor Design, Vol 1,
p 197, Warsaw, Poland.

1. Freitag. D. R., "A Dimensional Analysis of the Performance of Pneu-
matic Tires on Soft Soils," Technical Report No. 3-688, August
1965. U. S. Army Engineer Waterways Experiment Station. CE, Vicks-
burg. Miss.

4. Turnage, G. W.. "Performance of Soils Under Tire Loads; Application
of Test Results to Tire Selection for Off-Road Vehicles," Technical
Report No. 3-666, Report 8, September 1972, U. S. Army Engineer
Waterways Experiment Station, CE, Vicksburg, Miss.

S. Patin, T. R., "Performance of Soils Under Tire Loads; Extension of
Mobility Prediction Procedures to Rectangular Cross-Section Tires
in Coarse-Crained Soil," Technical Report No. 3-666, Report 7.
April 1972, U. S. Army Engineer Waterways Experiment Station, CE,
Vicksburg, Miss.

6. Melzer, K.-J., "Measuring Soil Properties in Vehicle Mobility
Research; Relative Density and Cone Penetration Resistance," Tech-
nical Report 3-652, Report 4, July 1971, U. S. Army Engineer Water-
ways Experiment Station, CE, Vicksburg, Miss.

7. Turnage, G. W., "In-Soil Tractive Performance of Selected Radial-
and Bias-Ply Tires," Paper No. 76-1520, December 1976, American
Society of Agricultural Engineers, St. Joseph, Mich.

S. Turnage, C. W., "A Synopsis of Tire Design and Operational Con-
siderations Aimed at Increasing In-Soil Tire Drawbar Performance,"

Proceedings, 6th International Conference, International Society
for Terrain-Vehicle Systems, Vol 11, pp 757-810.

9. Melzer, K.-J.. "Performance of the Boeing LRV Wheels in a Lunar
Soil Simulant; Effects of Speed, Wheel Load, and Soil," Technical
Report N-7l-1O, Report 2, December 1971, U. S. Army Engineer Water-
ways Experiment Station, CE, Vicksburg, Miss.

10. Pecs, J. 0. and Reece, A. R., "Tyre Performance on Submerged Sand,"
Proceedin a,7th International Conference, International Society for
Terrain-Vehicle Systems, Vol II, pp 755-796.

11. Reece, A. R. and Peca, J. 0., "An Assessment of the Value of the
Cone Penetrometer in Mobility Prediction," ProceedinIL, 7th Interna-
tional Conference. International Society for Terrain-Vehicle Systems,
Vol I1, pp Al-A33.

4V A

- I l -"- II



135

12. Rush, F. S., "TrafIicabilIty of Soils; Tests on Coarse-Grained Solls
with Self-Propelled and Towed Vehicles 1958-1961," Technical Memo-
randta No. 3-240, Seventeenth Supplement, May 1963, 17. S. Army
Engineer Waterways Experiment Station, CE, Vicksburg, Miss.

I3. Schreiner, B. C., Moore, D. W., and Grimes, K., "Mobility Assess-
ment of the Heavv Expanded Mobility Tactical Truck - Initial
Production Vehicles," Technical Report (in preparation), U. S. Army
Engineer Waterways Experiment Station.

14. Peca, J. 0., "Traction on Sand," unpublished Ph.D. Thesis, August
1983, Department of Agricultural Engineering, University of Newcastle
upon Tvne.

NOTATION

a, a 2 Constant and variable, respectively, in the equa-
tion Dr - a log C + a2 for a given sand over
a range of sand moisture contents

Unloaded tire section width

C Soil penetration resistance

C Coefficient of uniformity
u

CI Cone index

d Unloaded tire outside diameter

d (d) (do) Median diameter of sand grains, d50  of sand x,
dso of Yuma sand

D', D', D' Compactibility, compactibility of sand x, com.-pactibility of Yuma sand

Dr D rb , Dre Relative density, before-tire-pass relative den-
riry, effective (predominant during-tire-pass)

relative density

DP, DP2 0  Drawbar pull, drawbar pull at 20 percent slip

e, e max, emin  Before-tire-pass sand void ratio, maximum sand
void ratio, minimum sand void ratio

, C e , G ex, G Sand penetration resistance gradient, before-
e e Y tire-pass G , effective (predominant during-

tire-pass) G , Ge for sand x, (e for Yuma
sand

h Unloaded tire section height

I Slip

N N N Sand-tire numerics N G(bd312 6
S se sey a " h' Nse

G; (bd) 3/2 C (bd) 3/2

.....----.. . h and N hey W

- y

. . . . ... " ' _ _ _ i J .. .m Z . .. . . .. . : - '- . ,.- 7 .
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T Torque input to wheel

v Forward velocity of wheel axle

W Load on a single tire

5 Tire deflection (under load)

20 Drawbar coefficient, drawbar coefficient at 20
percent slip

, 20Drawbar efficiency, drawbar efficiency at 20 per-
cent slip

Rotation velocity of the torque input shaft

C. ____-"F
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Previous work on tracks is mostly confined to the classic 'Knematic

analysis of a roller chain passing around fixed sprockets (1), and

more recently to the cnsequences of this "polygonal action" in terms
of such problems as noise and vibration (2). More recently still
(3) this work has been extended to a study of the dynamics of the top

run of a tank track, but the track is held above the ground and passes
Over fixed axis sprockets.

By contrast the motion of the track or "chain" of a real tracked vehicle
is very different and much more complex because:

a. Torque is applied through a sprocket which move:; with the

vehicle.

b. The load is distributed in an indeterminate manner along a
finite length of essentially stationary trac" in contact with the

ground.

c. The track inertia is a significant fraction of the system
inertia, and its motion is very non-linear.

1. There is significant coulomb friction bctween adjacent track
1 inks.

it is clear, then, that whilst the previous work has produced useful
results, the analysis has not yet reached the stage where it is directly
applicable to a tracked vehicle computer model. The model described in
.5ection 2 therefore makes some simplifying assumptions, and a parallel
pruramme ,f more detailed work is in progress to investigate real track
dynamics (4).

2. COMPUTER SIMULATION

The -,mputer simulation comprises a main program which solves the
Jifferential equations of motion describing the vehicle response, a data
file describing the vehicle, a terrain file which describes the ground
ver which the vehicle is to be run, and a number of sub-programs which

can tbe ielected according to the output required.

------- ---Main Pr -ram for the Model.

The vehicle is modelled in side elevation only, giving 3 degrees of
freedom for the hull (one each for pitch, bounce and longitudinal motion),
and one for each road wheel (typically 5, 6 or 7). The hull and parallel
suspension links are assumed to be rigid. The suspension compliances
include the main spring element (most commonly torsion bar or hydro-
pneumatic), bump and rebound stops, and road wheel tyre stiffness.
Fri~tion is included at all wheel stations, and damping is included at
thuo4 wheel stations where damper units are fitted (commonly front and
rear only).

As noted in Section I the vehicle track is an area of uncertainty and
difficulty. For the model described the track is considered as a light
string with an exponential elastic characteristic (measured from an
initial fitted tension) due to catenary effects. A portion of the actual
tracx mass is added to the model sprung mass. During operation the track

f
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F. t a v-. tr !I I I tra !,tiltle sjs . it r

r. s '.'i- nrc';5 ,. mt ry tPrrain such that the pitch

,-,.x, i te 1 p not uincmJi)n to f rid t hat the front lower

j,' , ," f t, I, ,I t k,- q he iroiind. "h is occ-i rence I a mon i tore(
,"4! 1 ,r ' *': ::. . i i L i ',,'7' ihe Ji f I dyed as par t of the o utit

_ ', !, i. , ; ;,d.'i 70 i' , r;un. o ri urin ( oce cannot ie

AT, t.. ' t. it,- II,,7 L idC- I i n t hf, ijUat Ions oif mlut ion .

* ** it 1-s 5. Ve''- i Ai ffetrtit I'll elquat lons of uMotion rSimultaneously

,th lit c 'D- itta tvch.ull ;e. btecats4e of the "sitiff"

1, . it. i, i ,c t i I tI I t ,it-, ar i ,se with the hiqher
,It t, , t :., I ,r mi s . I f displa,: m.nt on1 y i s of

,,,; t 1 :)s. tl i 1 1 I y ,:' si Ir t| rt 5 ince the doubli' int,.rrat ion

1 ; '1 f.i l i.let f"1t4r 1i: v-f !-,-t . Hiwi'vv-'r, for tcc'1 ,-rt Ions , anA
I . as.,-r ,xt , - nt .,)r v,'l, I I iv's, the t tr,:;t abi t' t m lcy l a f to

.:i let : I, .- Yr rs. Dl.-u.'a, Ini'; tIe ite, ratIon step lnqt h ,It imately
t he t h -. 1 enlm it an lead t) Very lfoln computer run t Imes,* and so

I: at I, tep ' enth has tven int rol-2ed into the Rinqv-Yut t7a rout ine.

.I,.r ly tak,.s coarse, steps where thi' rates of change of the higher
1. r vit '.s ire slw an. finer stops where the rates of change are high,
:s ;iv.n,; ;ood ac(-lj acy ttith reasonable computer run times. Exper lence
:. also tai4ht ;c those artieas of the system which at' sensitive to

r, I z., idiS wt.at lo, dl e rror form;itlat ion is bust su ited t-o the

r,-, i i., I.. wrt tten in mxbil,ir forrmi thus al lown easd;y Mdlficat ion
, T -.art icjlar real cases . The results discuissed in Sect ion 4

i ret , - z-i ved f run a numbe r o f var lInts of the basic program.

* .- '.i ', , ,Data File.

A T ri:; JeiaLle aimunt of let a led data i s needed to descr ite the. vh Ihc It
'd for t-e :--dei . This data comprises:

. .1;,l and unsprung masses, and a factor to allow for

Ia 'I It 'll . depenclent on the gear in use.

M-.. ,,':tilS ,f inerti la

.Ir'pilteTC VI-NIc]0' dLirrs-n1siotis, .;eoilietry and initial conditions.

. .'isipvn.iiorn compl lances, fri, t i-n arid damping -haracterist lcs.

k. l 1,;i 1 sI stn a iv' char1cte('r Itit it

h' I A(, - 1 :0~ 1 _ I
el,

- ,*

- -'h'
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lepending on the nat ure of the vehil:Ie t he dat a may be ( onst.rit s , "r

alqebraic or tabulated functions which are vvaliated or trie-rixlated as

necesbary. A sih-proqram allows easy display and Imo|difo at ions )f the

urrent data file.

.. 3 Terrain Data File.

The terrain is recorded as a series of vertical co-ordinates at uniform

ho izontal intervals. The program loins these points by straight line
s.;ement s. Experience ha s shown that there is 1 itt 1, tu 1,v ,;ained by
using a horizontal interval of less than one third road wheel radi.;s.

Th,. effect of the finite wheel size - ground profile ;e,,m#,t ry is '",

fIlly into account, but the ground is assumed to be riqid.

A library of terrain profiles is available including flat ;round use,1 to

h,1'k equilibrium arid steaC: state positions, simple obsta. lfs such
As ramps and steps which are easy to make and usf- f.or reil vehi, if-
,'-ting and which form useful standards for comparative purlxsses,
synthetic random courses, and representations of real "random" course
which have been surveyed.

.>4_(itput Sub-Prugrams.

1he irogram is capable of giving as output any of the calculated forces
1,1 moments, any of the displacements (or first or second derivatives)

A any motion corresponding to each of the degrees of freedom, albebraic

functions of these such as various relative motions, and indicators
orresponding to hull grounding, bump stop action, and so on. Any

,)f these variables can be plotted as a function of any other, or as a

function of time. For terrain crossing it has been found convenient to
use horizontal displacement of the hull mass centre as th- adependent

variable.

i. EXPERIMENTAL MEASUREMENTS

It is most important that all computer models are validated against field

measurements as thoroughly as possible. To this end the model described

in Section 2 has been used to predict various aspects of the responses

of three particular real vehicles. The vehicles used were:

a. A Chieftain Mk VP Main Battle Tank over flat ground and ramps.

b. A Suspension Research Vehicle running over flat ground,

ramps, sinewaves and a 200m random course.

c. A model tracked vehicle of approximately one-eight full

scale.

These three vehicles are shown in Fig I.

Further details of the vehicles and the instrumentation used to record
the various motions is described more fully in Sections 3.1, 3.2 and
J.5. Some of the results of the trials are shown and discussed in
Section 4.

.. , ,
. ..';,,V
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ii. it) I~ i i~ on ( h,- rx(.'i i.; t,,- i ; s 11, 1 1 f rom wor k don"-
R.iM; t H 1 ilt man ,~ :t emrs A Btat h lIt t 1(' 1 r rot ary damper

t om it It - fr I, M hI.; work '11, ai1i4 Shownl I n Sect I cqi '4

.Sjii11 i- i4 h Veo lerriIls

,..vvehi I, W's mI' tvit l ab) le speci i i l 11y for thInis work , mun hav-; been-r
I tI'd wit h a r in it- f t rainu(ucvrI; . ThoseI' in,-Ii~ :

.: r ?. k-- fii un it s t , ite ,, u r-, k,- p.''. in, t -ru i.

li,,Iin I sc'lri on ac('eIIeromut el

!1'mr I t S ~ I II 1r t r j11 1 .IIIS

A ui.'riiIt- irno.unt J Ait a has bei olectedi for this vehicle.

viii 1 'L' rot 'NA'r t .,, juthors' runt rol and hence only
i, i i :. wu h - ),ild! . f it t e, -a s 11y anrd r * mvvd wit hou t
it, t1' - L . .rui.- wi . j os cibl.. This was pr intar I ly

r- csti-rt. it Iti-I to t hi fronTt ind rear of the hill. The weighted
il itcri-ri t: , t t i-se . in, ts t he jve Mas _ns cent re bo~unce and

I, . ir t I, ns rtisl'v I Ivu y. (:ine filmn' taken at b4 frames,, !oucond
.riu-l t , 1, xtr.'r,,l -isif j,' for puailtative analysis and for

, 0' . ini r-. i. ;.L I r1 ;herwi sc inexp laiied features on the
. . i-1-4b. 'iodtis "Pit turn incladed a calibrated clock, but

0 'mit t-n~ese~irn' displacements by # examinat ton of consecut ive frames
-- ci-, pirt iaii.' Ruisfl.1uns were completed at threedifferent

t, id m two dtI fir'rit values of initilal track tension (5) .

mr, rt( ui, t ly t .;pani' tric-k I ink has been, reduced in sec2t Lon dnd strain
i . :,- so that tricLk t enision culd be me'asured around the track circuit

Ih cjlraoct ions to thi- strain gaugjes aie by flyinq leads and hence
Ii 0 or, ly slow si'evet , r ri ;ht litie, f lat qround runs have been
~~.s5;Lh zd.lb. rewls 4thained show that measurement of track tension by

'~:* dii, pertec(tly' feasible, aind the work is continuing. A
* .. ... t ry sy!;t cm s in dveloped and will be- incorporated in the body

nh I rak I i rik irind w i 1. t rmn.nit to atd aer ial1 attached to t he ho II

* - k.i fI rt 1 .i(i Mdcie

%,*-is.' of T! . *bvi,,us lifficulty in handling and mudifyinq; any full
;.m.trui kefI v.hic I', . mawelI wan; Aes iqnel, bui lt aid tested (7) .it
n..t r-i r.sent any 1.art ic-,lar full scale veiile, but can be

* .ii a - r.-prsi'nt .% wide ran~ge of possible i/chicle:.. The
..f r i v., b1y ji i nt eIr. t I ele -ctLr ic mo t or hta vi nji a n umb i I i c, I

I .i .p~.is i it. 'ont nol syst em & Ilowingi either speed or torque-
:t r I A-- Aset it hasi nr,ite-, rin,; mechianism.

Jt

C c'
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A.'leroum-tp.rs are fitted to tht, hull, an,l potetioifmeters are ltt-l I

T!,, wheel arm axles. A selected link ha., been n~di fied to allow

is'was, iremnnt 4 t rack t ens iol. Appr )Ipr iat e pick up p)int s in t h, 7 ira

,,nt roI un it ai l,,w 'xrIs to It recirdei which (an tke cal i hI at
aqainst sprockot spee and t(,rluv. At present only preliminary rs '

art, .vail able, but the system shows every idI cation of bei ng a,

e'xtremely jsefil validat ing tool. In particular it will allow tie
,,Mpit,'r m,d-,l t,, h, validated for o ,rst i n4  condit ions beyond thos.
irr-,nt ly *'xperiencld by the full !; ale vehiclts.

4. TYPICAL R ESULTS

Thii.; - t iuro !;hows some typical resul ts from work don ovevr a pe: I -), of
sv-veral years. )kilrin4 this perio

w] 
the :omputex m)del uinderwent

ornt inuous develoment to suit the va mo.)us requirements.

s ection 4.1 cumpares sum*, computer mode, and field trials results t.
illustrate the degree to which the model agrees with th, real vehicle
.t represents.

Sectio.n 4.- shows some results from computer m dels used to compare
Jifferent suspensions and changes to the vehicle layout.

Section 4.3 shows the results of work done to support assessment of the
performance of a rotary damper unit.

4.1 Computer Modl. Validation

The earliest work in this connection used the Suspension Research Vehicle,
Fig I (a), running over test ramps. The vehicle has four road wheels on
trailing arms with torsion bars and tubes. Figs 2 and 3 show the front
wheel arm ingle relative to the hull, and the hull pitch angle
resp.'tively. The computed and measured results show generally good

agreement, although .t is noted that the real vehicle appears to have a
lower pitch frequency than the computer model vehicle. It is believed
that this may be due to the fitted track tension tending to lift the
end road wheel stations, thus reducing the contribution which their
torsion bars make to the pitch stiffness. The computer model should take
account of this if the track characteristics are correctly assessed, and
this is still being investigated. A further difficulty is that the
vehicle pitch moment of inertia and mass centre position are seldom known
accurately.

Fig 4 shows SRVJ traversing part of a random course. The real vehicle
speed of 2.4 m/s was the fastest that could be sustained over what is
a very severe course. Again the agreement in terms of hull pitch angle is
seen to be good in respect of both amplitude and frequency.

Fig ' shows some results for a Chieftain Main Battle Tank, Fig I (b).
This vehicle has six road wheels, interconnected in pairs with wheels
mounted alternatively on leading and trailing arms. A nest of coil
springs is fitted between wheel pairs. The computed and measured
acceleration levels for vertical motion of the mass -entre agree well.
Fig . shows the displacement of all six wheels together with the mass

MOWN"-,-.-. --

'.vt, *

,j._ _ .. ... . ... .
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:,t I' kVt. It a dIsplacement and p It :h ,'an Iv. The wheel displacement

! t xvs a sL show where the rebiunld stop was active. Photographic

r., rIinj , f tI., f ild trial avu extremvly g-o)d qualitative agreement,
i iiily w .t'r t hr road wheels are clear of the ground and are

. i- rted e it, ,.t 1y the' rehcund stop or by the track.

i- and ,:' :,ow s.m,, preliminary results from the scale model vehicle,
Fi; ,;. L- veh'cle has six road wleels mounted on trailing arms,
wit'. . i spr ur;n between the wh,,,,I arms and the hull. The measured

I ,t'zati-n *uiiii ilr s shown in Fi; " have been filtered; at approximately

i |H -" rkrx '.'e t' I uLtjra ! i' io'l nprdtlises. The model speed of

n L ir,:n t, i fill s,:e vehicle speed of approximately t m/s,
f.1 Ie 4E '-a t,,i r am i ; ;, ale to 1).4 m, thus representing a very severe

741!. -n. "Thi qejitral shapes of the measured and computed accelerations
i%; wheel irm .n ries are in good agjrement, although the results from

f r nt w:.ev, st at ion sujiest that the computer model includes too

SI::: itI tr i jti . 'krt' tr tidies with the scale model are in

. C]omjuter - P redli ct ion~s

A e i I IT; t i t i.n.n :,ave b-un a.de. FI 'I shows one such example

.rtet;y :1 Vicker!; :,.'!,zo:,: Syste,, fur a i ilht tracked vehicle, which
qnmiat.s two. .ilftitint susipelsis.n systems. :ne vehicle is traversing
nix t' f ri' :,ewt.iVs& at ! in s, ai, hul .l leration and front

w.,l i : 1: ,eCM, Wt Ire ;sef 3s t',e nQMiarisor, criterion. rhe improvement

t!f red ', tie particular Hydrogas system over the torsion bar system is
.ariy vident, *'.t it .iflud be noted that the systems represent two

,.'ry different buli tiAdards; in particular the wheel travel and
.s - t th . a"d:;1 for each system. The comparison is riot intended

j M; tr.it HyIr, ;as sui;pessions in eneral are better than torsion bar
l. r ,. 't i, not ;pussitle to state how accurate the predicted

S , i,, , .;revici's validation of the compuiter model allows the

:%,: . I ar ,d wiLth confidence.

-- ie.i ear ., ,r'., trick plays an important role in determining the

, , :. .s.'.'. t terrain disturbance. This is particularly true in
.vy r. o, . v ;. shows the effect of front and rear drive sprocket on

Wht, the drive is at the rear, the vehicle assumes a
'i. rvn,,-.. ,,n f I,. qround of about 2 degrees, nose up, and

A .- ;..,:t it, response to the disturbance is increased. When the drive
-. 'tnt this effect is negligible.

a:,. n *,v, , reg,,ired level of damping on tracked vehicles results in
jM. dvr 1 -a I; and a high rate of heat generat ion. The concept of a

t.ar, atl,,.ir r-lted to the hull at the wheel arm pivot is an attractive
'> t, n. Fig II shuws some predictions for wheel arm angle,

,w.. ' r' . i:,'. ir ve locity and damper torque for a rotary damper fitted
I_ - .: 1 :.t "1,1 K,'d vehiclt, (cout esy ilortsmari Defence Systems) . At the
;w. ' m ; the act ion (f the "blow-off" valves in the

wI .', limit thu diper torques is clearly evident.

At t t,,i r ;''.e. r %(, . m, s the wheel arm angular ve loc i ty, slid hence

U _ -.- ~ ------------- 41

4M,' ~ I * 4



160

the damper fluid Ilow rate, ar4. such that the dm|l.,r i . ri t i11; on t to
1 low-ff valve character stl arid vory lar tt t or, u, , in now 4 nvr it . .

t sh;ould be noted, however , th, t he oh ;ta: le is r,iter Abrupt and that

h ; an,1; tlar velo, it ivs ar v to b., expected, kven -- th. prdicted
voloctities are somewhat higher than thos,- ri-puitel by Hortos an Defer-e
Sy stems, and this difference is being invest gated. Measured pressure. in
fhe real damper show lajs at the blow-off pressure arid in the tran," i-n
rotm positive to negative velocity; this opens up the possibil it. .

jreJency dependent damping. These lags are not shown in thls part -ar
predict ion.

CONCLUSIONS

Vhe validation work described and the results obtained show Cl-I l1 that
-omp iter modelling of tracked vehicles can be quit,, acurate, an an
extremely useful design tool for investigating competing designs and
the effects of design modifications.

7i,. particular model developed is flexible and easy to us . The modular
structure of the program allows easy modifications to acc,_i,t different

• ,.': e :onfigurat ions, and to wutput a wide range, of predicted responses.

The model also allows further development and adaption to new problems,
in larticular investigation of the vehicle response to firing its guns

The model described in this report and a transmission simulation :,)del
(1.) are being combined to give a more realistic vehicle model whi.h can
respo:nd to engine throttle and gear change demands as well as to ground

prof i les.

/ A ..
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a. Chieftain Main Ba tie Tank.

b. Suspension Research Jchxclc (SRV 3).

c. Miodel Tracked Vehicle.

P~q.1 VEHICLES USED FOR EXPERIMENTAL WORK.

IA,
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DEI(NING OFF-ROAD VEHICIEJ WITH (uO. RIDE BEIAVIOUIR

L.N.I.. IH'TN, D.A. CRuI.I.A

SL ,irtrent of Mec hdnal Engineering, University of Leeds, Leeds, U.K.

ABSTRACT

0 cThe r-qalts from simlple ride vibration models of off-road vehicles are
O ,xnedl trms of natural frequencies, mode shapes, frequency response

," sp, nsc to zealistic ground inputs.

L4,.s itf, the lIimtations of such models inherent in the assumptions, it isi iulel nat they provide designers with useful information about the

.io nant leat .rs rjf vehicle ride response.

1. INTRODUCTION

.h,, backqr ,und tc the off-road vehicle ride problem is well documented
,r .]rJrto,. Reviews of relevant work on the topic appear at
.:',trvals and re-emphasise the effects of poor ride behaviour, e.g.
,.rat. r dJs-omffrt, spinal injuries, limiting of operating speed, pre-

mat iv fat ique failures, etc. Agricultural tractors often lead the
!is' f vehicles which transmit high acceleration levels to the operator
-1' thel carq :!, but there are plenty of other examples in the earth-

n v ,;, f,,o';ry and military industries.

irn , 'here ar only three methods of isolating the operator: by
o js.<.niii .s seat, the cabin or the whole vehicle. Again, the merits
. x.v,%a qtg.. of each of these systems has been thoroughly discussed.

lr; in,' iv, the majcr factor in selecting one of these systems is cost,
s , 

tt.a't a ir, ultural tractors are universally equipped with a seat sus-
i-nsi n, whereas military vehicles have axle suspensions, often of a
c-. .! '! t , ted Je:I(n.

A Ie.L ;,r -ught t(. know something about the ride behaviour of his vehicle
d" t:1, leSin stae o. Consequently, much effort has been invested in
h-v.leio~nq mathematical models to predict. ride behaviour. However, there
i; pears to be a gap between the sometim, s very sophisticated models that
tave been dev#.lped and their transformation into useful design infor-
t.I .r. Certainly, such models have limitations, in particular, because

,:,f-ire, sv ,ature of the tyre/ground interaction and the resulting
v;Lzational rosp,;nse is not understood. But despite this, even simple
veticle models do indicate the primary features of the ride response.

h,. ,,)( (t of this paper is to try and exploit the results obtained from
",i:!, , vehile maxels and examine whether they lead to design guidelines.

',ret. vehicles are studled|:

a t aqricultural tractor
a 't off-road translrt vehicle, unladen
a 't off-road trd1apurt vehicle with a tIt payload.

44
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The model restricts xtion to the symmetry plane of the vehicl,, llving
three Aegioes of frpedom, namely vertical (z), pitch (0), and ! .nii']dinal
,x) (see Fiq. 2). This restriction simplifies the equations of m.t ion
and the inputs are reduced from four wheels to two, front and rear, but
it has the disadvantage )f neglecting lateral and roll motion. Thesc
directicns are obviously important in practical terms, but they usually
rank as secondary aspects of behaviour compared with the bounce, pitch
and longitudinal directions.

2. NOTATION

c damping coefficient, kNsec/m
C' matrix of damping terms (n x n)
f frequency, Hz
k' ground roughness coefficient
H1Ujl frequency response function
k stiffness coefficient kN/m
K matrix of stiffness terms (n x n)
I vehicle wheelbase, m
m number of inputs
M matrix of masses and inertias (n x n)
n nunber of degrees of freedom
S -'w displacement spectral density of variable x, m'/(cycle/m)
Sx f) displacement spectral density of variable x, m'/Hz
X

S'fJ acceleration spectral density of variable x, (m/sec')'/Hz
K

-A X input vector, dimension m
matrices relating input displacement and rate of change of
displacement to vehicle motion (n x m)

V vehicle speed, m/sec
I state vector, dimension ai
X forward distance from vehicle centre of mass
z downward direction

downward distance from vehicle centre of mass
0 pitch coordinate
C root mean square

frequency, rad/sec
wave number, cycles/m

o:uffices: F front axle
R rear axle
S seat (when applied to X, Z)

suspension (when applied to k, C
x input variable
y output variable

3. TYRE/GROUND INTERACTION

Little work has been done on the vibrational characteristics of off-road
tyres, either on or off road, but a review of current knowledgp appears
in (I. The particular problems relating to this field are:

(a) diversity of off-road tyres
(b) non-linear tyre characteristics
(c) the need to consider longitudinal as well as vertical

tyre/ground forces
(d) the deformable nature of off-road surfaces.

-poo



173

of thle many t ,'-r. mole] whi ch have wu is'rop I t he s impI' es t I s thli po in t

,on tac trm- lI i . 1 A) wh 1 1, lia' been usedA ext en% ively I n (in-road vehi c Ie
dynami cs. It:- use, however , needs , areful considerat ion sinue it over-

.'mpthas ites hei effect of any hiqh frequency Components in the surface
"Ver which itravels. For off-road surfaces containing sharp irrego-

lar it ies t he pitcanta at, model IS inAdequtate but May be Modi fied to

filter ,Ai hi,her frejuvrncies; examrles are the fixed footprint and
r ig il t reaUbindJ models (Fiqs. lb, c) . Output from these Models is

juivaloent t(i that from a Noint contact model traversing an appropriately
moot h,- .urface. Off-road surfaces also give rise to significant long-
itulin.Al tcrces at the tyre, for which the above models are inadequate.
rht, radial spring model (Fiq. Id) , of which there are various forms, goes
,,)MO. way towards predicting these forces, and if tangential components

arte in luded :t has thv potential to model interaction between a tyre and

a ecral.surface.

:n the freiuency domain idealised surfaces decrease in displacement ampli-
tide and increase in acceleration amplitude as frequency increases. The
filterina effect of tyres on high frequencies can be formulated in a tyre
enveloping function (Fig. le) applied to the ground input spectrum, al-
thouqh the exact form .3f such a function is open to question. However,
the frequency response of the vehicle itself, which Jecreases rapid!y
with i?cieasing frequency, acts as an effective filter when considiering
vehic le accelerat Ion levels, and for this reason the point contact model

may not be as inailequate a-, is commnonly Imagined.

4. nlEoR'TcA. BACKGR~OUND

4. 1 :.irarisation uf Models

When predict ing vehicle natural frequencies and modes of vibration the

tyres arv treated as linear damped springjs in both the vertical and long-
it:iiinal directions. However, longitudinal components of ground input
w_-ll 'Le negilected. These have only a secondary effect and difficulties
still kexis;t in describing their relationship with the vertical components.

For nAion iestricted to small excursions from steady state values, and
for tyict; and suspensions treated as linear spring/damper comibinations,
the eqluatiojns of motion of the vehicle assume a linear form

Kx #Ci + K x 132) u * 112i l

where x is the state vector of dimension equal to the number of degrees of
freedom, ;ani u is the input vector of dimension equal to the number of
inlputs, m. M, C and K denote respectively the mass, damping and stiff-
ness matrices; 131 and U12 are matrices relating input displacement and
rate oI change of displacement to the vehicle motion.

h';uatiori 11) may be transformed into a first order system cf
Jigs.nion 2n in the form

A! * By - Cv4 #iC DO

..Natural Frequencies arid Modes of Vibration

heinaua frequenc IY s of the vehicle may be obtained from the oiqcn-
values of the matrix A B, with A and h defined in equation (2). Vie
correspondingj etgenvalues define ii modes of vibrationi, each associatedl
With a natural freqluency. Each mode may be. visual ised as oscillat ionIabout a point in the x-/. plane. Such a pxint situated tin or very near

4$'- 
e
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I. 1)mA i. tin i.1iI ly i : tch mnot ion ; a )- on t f( rward ('r

nd t v.1i Iv leri-t o; vvi I i a ot In; and a point ibove or below
i'n~te, I rlqt~x,,lnx mo Ion. Ftor , ontres of on(]illtion well away from

t!,#, vohl, 1, th,, .i tial .iistance i!: unimportant; the direction from the

S t-, : l': a itf- "h.- am ult of couplinq between vot ical and ]ong-

-j,,.'n' ,f the vehicle to a unit displacement input over a ra:,ge of
f r-ou.n*,s may he obtained by Laplace transforming equation (2) to give

, C, X -S I Oi I * lu2s) Uts) (3)

.1:1i then :d'stitut nq s e to give
-l

X' .x -MxwM * Ci',2 * ?( (x11 4 ti2iw)U(1W) (4)

i X , tli./ 2(.'Jr (5)

The frc.jutr;cy response function H(w) may then be calculated over a range
*f fre-plencles, w.

4.4 R.sponse te Ground Inputs in the Frequency Domain

The statistical j ropeties of many surface irregularities may be for-
mulated in a lisplacement spectral density function )f the form,12],

S hi , - 6 ."-P (6)
x

wrs're U wave number, cycles/m

S W displacement spectral density, m'/(cycle/m)x
k. ground roughness coefficient

Aqr.cul ural surfaces have been measured and found to be representable
in tl,.s fcrm with i in the region 10-4 to ()- 5 231, and the exponent, p,
lyjI ally arcund 2.

In terms ,f frequency, f, the displacement and acceleration spectral
ien.s' t ei bet'ome

S ,fV - v C'f (7)
x

!.. f f) S f lr4 V Gf2 (8)

x x

where V v.-ehicle speed, m/sec
and f = VQ, Hz

Output spectral densities S are related to S through the frequency
response H and its complex onjugate H*, in t9e form

S (W) Ii w( S (w ) w) (91'W
y X

where w 2wf
and S If) ' 2w S (w) (10)

yy

Rout mean sluare displacement, cy, of an output variable y is given by
;max

a S (w) dw (II

with Wmax chosen so that hii;her frequencies have negliqible effect.

A similat exrres:, in hold for 0"" In terms of S..
y ".

A. . ..:
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;,hit s-'ectzal iensity funct ion is also ut('d to meas;ure til litiJi 'I vi -

rat ion ass(ciatel with ivon frequencies. Within a sje if i
, 

bondwi Jth

eithor side of the frequency of int.erest the area under the spectral

tensity curve gives mean square displacement (or acceleration) ovvt thi.,

bandwidth.

When using a vehicle model in which rear wheel input is equal to front

wheel input delayed by 1/V seconds, where I is the wheelbase., then thk.

re-sultnq rout put spectral der.sity curves exhibit a rippled effect. A

,omponent in the ground spectium of wavelength 1/n metres 01 - I, 2, ..
will result in the front and rear wheels bouncing in phase with fre'e:y
nV I liz, with ni-o contribution in pitch. Components with wavelength
i .n - i) metres have the opposite effect, enhancing pitch at frequencies
r. - V Vil li'. T7he effect on the output spectrum is seen as I super-
imi,.se1 periodic component of wavelength V/1 Hz.

4." Response o (;round Input in the Time Domain

The equations of motion (I) may be integrated to give a time history x(t)
for a given speed and ground profile, such as a surface feature or a
random profile generated from a spectral density function. Time his-
tories may be compared for different parameter values but for the ride
estimation they are of limited use, showing only dominant frequencies and
maximum excursions from initial conditions. A better idea of frequency
,cntent is olbtained by transforming the time history to the frequency
domain using Fourier analysis, to give spectral densities. One advantage
of this method is that non-linear vehicle equations may be used to generate
the time history, whereas the methods of the previous section require
linear equations.

5. ANALYSIS OF THE UNSPRUNG VEHICLES

71,e three vehit'les chosen for analysis are:-

1I) A typical large (it, 90 kW) four wheel drive agricultural tractor.
2 A possible configuration for an off-road transport vehicle of

: l, I 1,. weight, iith a front-mounted cab.
V).:, I,. . with a t payload which alters the position of its
ent r e ,fmass.

Thf -, r tinatt. :tiy!,tem and parameter necessary to describe the vehicle
x-lu- ar. sf-,w: in Fig. 2, with values for the three vehicles given in
Table I. .nalen weights and tyre characteristics are deliberately set

,jual t fa. ilitate later comparison of axle suspensions.

Nattlral fre-quentL5s are given in Table 2 and indicate a depeendence more

,rn weiqht than ,n configuration. Corresponding centres of oscillation
,ire shown in Fig. i. In each case, the three mrdes are only weakly
cjupled; each can be identified as a predominantly vertical, pitch or
!. nqitudinal mode. The mode shapes for all three vehicles are noticeably
similar despite the apparent geometrical differences.

!;jnie ride infrrkttl r is rejui red at the operator's seat positin, fi c-
jency resjr;, ani spe.ctral ensity are referr e to this po(int . The

vert ical ar lonqituldinal seat mit lini z ari, x ate related to the

Jel'iclv cAx'rinates 1, e, x (see kig. A by

,: 0 (1
S %

x -x- U

IVI

e.
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r,.,llenLy re~4*l's, of v,.rt ioal seat mot ion resultinq from a uinit vertical
noput I ."e front whel is shown for the three vehicles in Fig. 4. Again

There i, t.. ral! ;iml.trity betwoen the three vehicles. Ilk each case
.,e !.".iAr.',, r,;j-onses arise from the two lower frequencies associated

v'.' r it al aill loti'itudit.al motln, with relatively little contIbutilon

f r !:.I.. I t ': 1, v, le . The lifference in amplitude uf the 4 to ', 11Z peaK
b,,w,.r. the faltr I) and unlalten transport vehicle (2) reflects the

f 'h.. PiSK iat,. pitch centre with respect to the seat. SIni.
, ..r,. frt her horizontal ly from the u;-at Iri vehiclV .', the L on-
i....et v*,-rta.al .)tion, fcr a given pitch amplitud., will he

;r. ' ,r e ;ffect 'a Linq the transport vehicle iS to luwel the
ji *ril1 !r, ltiercies and al'-s.o to sharpen the peaks of the frequency Ic-

:; i t in,; a r-.-lir:tioni in effective daipinq arising from the

r~a e

ti -
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ehi "le I

4

. A j:r- t,' .r t aI sw e a t r t i r f, fr i un It

Ic 1 2 3

0,! . .( 4. 1., 2.1 .7

K.' 2.4 ,4.. 2.1 2.4 4.2 1.2 1i

... 1.' 4.1 1. 1 1.0 1.2 3.4* S

I , 1 . .1 4.1 1 .1 1 .0 t 0.6 0.7 3.3

Si, . Na' a. i f rt. u ,,r, es kHz) fur tht three dieq re s of freedom Lf t h

vef, . Ie' t'"d'. Values of suspension stiffness, k , are in
kNriTxle; values of suspension damrplnq, c , are in kN sec/m/axle,.

rt.,ency rspxnse analysis provides a useful tol for estimating the
* t-.jt .f chianinq veh.icle parameters. New parameter values are in-
,,rtvi ir. e- t i n (1) and fast, efficient computer routines exist to

;rerate natural frequencies, mode shapes and frequency response curves.

This enabis the .ehi ,le desiqner to q.ckly build up a simple picture
ti r VeIe I" 1 vilratlotlal characteri stics.

P-r,,,tutncy re.:.s, tc; ritvle Inputs, however, cannot predict the relat ive

am ! lIt odes f vit-rat in a-sociated wit It each modie under practical opt-a-

t 1 n cuni it i,,ns. A fuller descr it ion ,f these requires a ground input
with a pr(,tsriklet am.liude di stribution .aqaknst frequency, app l .- d to

lx,t ? front ani rear wheels. Figure ', shows the seat vetlcal accel,-
r it i sp j. -- ral lensit iv't re-,ult inu from v |at ion ( I apr1 lied to an input

a. -ierat i, r rfil-. , f the' form f eluat ion ',), with speed V .. m -se "

at r ;hri.- ,'- - -I -u., & ror. 'nt n ll- T11 -t mca i r, uar and seat

.. , W
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v., ~ r a ;

s pect r a 1e, )ie

i..ns I t y -

Vehicle I

4

F- iq. V.rt ica I s.dt, ,ceerit Ion ..pectral denIi t iwu for an input Of
rouqn.s! C I . at spfeed V ) r/sec, Vehic le% I and J.

I Vr t Ica 1 I.,ng i t od 1 ialI

vehil 1( I U 1 3

'uspvns 1 Ut :

None ..2.4 -) . 2. 3 2. 21 .

Front 2.0 1.7 1 .3 1.0 1.4 0. 8
Rea r I1., 2 .4 2. 3 1 1.2 1.4 1'
Fu 11 1 .0 1 .2- 0 0.8 0. 8 0.4

* JiwejS~.droot mean square vert ical and long it udinal seat
11- ie .r it runs I/se') for vehicl1e-s with -buspunri n pardmeters

K #ui kN/m, c 20 kN See/n travoel irrq at zwed V 2 rn/sec

u/itz a surf ace tit rojughne-ss G - 10_).

Th1w fijur indicat i's the distribut ion of this accelerat.Ion ovter f requency
uha way that thet drei under the curve in a given banidwidth repre-
I-Et m-i ; 1,ar '-t vii t rca 1 acceli-rat ion ovei that bandWidith.

ral, exhbit hligh ']celeratiori level., drown!d .1 I lt, corretspotidiinq
- x ni* thaot freqiuency; and at ito I.') lii', which results frmn a

11,1t'I i.'~ 
t ~hs. i.(1 H/, Mod and a component from t ht, wheelbase ef fect

.. ...I -,41.4) at J. I lie.. It is this effect also Which gives rise t,)
-I rr;f iitte perk at .11)(At . liz, and the smiller ;Awaks tabovt -1 liz.

A t to 4'A 1 liz ji tch c ent re to thte se~it It,;ul t s in a

r bi o t, v l w e e a o fr-m t i y d
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f, ? the unl aden transpor!t vehicle the spread of accelrat lon over fre-
is more noticeable, with a significant contr i butin between 4 and

H.,, since the pitch centre is now well behind the .;eat. The effect of

loading is to reduce rms acceleration and corncentiate the accelerations
into the three natural frequencies, especially the vertical mode at 2.1
HZt, whICh is enhanced at this speed by a peak at 2.2 Hz due to the wheel-
base effect.

If speed is varied from 2 m/sec the peaks produced by the wheelbase eff,,ct
move along the frequency axis relative to the !;tationary peaks due to
natural frequencies. This will lead to differinq patterns of ac,:leration
as these peaks interfere with each other.

6. SIUSPFNSION DESIGN

To investigate the effects of axle suspensiun on seat acceleration, the
vehicle model was modified to include the suspension elements shown in
Fig. 2, with the option of front, rear or full suspension. Table 2
shows the effect of the full suspension on natural frequencies for three
values of stiffness and damping, namely:

(I) k 900 kN/m/axle, c = 30 kN sec/m/axles S

(ii) k 400 kN/m/axle, c = 20 kN sec/m/axle
s S

(iii) k 100 kN/m/axle, c = 10 kN sec/m/axle
S s

For the soft suspension (iii) compared with the unsuspended vehicles the
longitudinal, vertical and pitch frequencies are reduced by factors of
about 2.5, 2.0 and 1.1 respectively, independent of the vehicle type.
This results in an approximate doubling in the separation of the three
frequencies.

Figure 3 shows the effect on the modes of vibration caused by the three
suspension options. The patterns for a single axle suspension are simi-
lar for all three vehicles. The pitch mode is affected only slightly,
the vertical mode moves to include more longitudinal component, and the
longitudinal mode moves up to include more pitch. For a suspension on
the front axle this last centre moves to a point near the rear axle, and
v:ce versa.

The vehicles behave differently, however, when fully suspended. For
vehicles I and 3 the patterns are again similar with little change in
pitch or vertical modes and the longitudinal mode moving up to a mid-
wheelbase position. In contrast, for vehitle 2 the vertical and long-
itudinal modes each move to a point near the front and rear wheels,
respectively.

As a general rule, movement of a mode centre towards the seat will reduce I
its effect on the vertical and longitudinal motion of the seat. However,
the movement of one mode is accompanied by movement of all the others, not
necessarily in favourable directions. Here again, the response to real
ground inputs provides further insight for the designer.

The effect on rms values is shown in Table 3 for the middle value of sus-
pension stil~ness at front, rear and both axles. The table confirms that
for suspen.' ) to be effective at reducing vertical seat acceleration it
needs to be mounted at least on the axle nearest the seat. A front sus-
pension on the tractor or a rear suspension on the transport vehicle have
little effect. In contrast, a suspension on either axle will signifi-

I 4V.

. .. .. . _ i i . .
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-At ly reduco lung it udinal fI a a cc.' l-r atzion. vihus' re.u ,; arf-1
lighted in Fig. (, which compare . the four ;usp.onsion opt ionn for the un-
laden transport vehicle. A rear suspensi n reduces higher frequency corn
ponents while retaining the 2.5 and 3 H7 bounce peak. A front suspensi<,!
reduces this also and is seen to be almost as jood as a full suspens[ion
from the operator's point of view.

10

No suspension

0.

/ \Rear suspension

Vertical

seat

acceleration
spectral Front suspension
density , ' . z--- 7

m/sec' ) /Hz 10

Pull suspension

0 2 4 6 8

Frequency, Nz

Fig. 6 Vertical seat acceleration spectral density for Vehicle 2,
with input as in Fig. 5, for each suspension option. Suspension

parameters are k. - 400 kN/m/axle, c 20 kN sec/m/axle.
s 5

The disadvantages of a soft suspension is the increased static deflection
which it causes. The largest suspension stiffness is set equal to that
of the tyres and gives a static deflection of about 25 mm for vehicles

I and 2, and about 50 mm for vehicle 3. The softest value gives res-
pectively 250 and 500 m. These may be prohibitively large, especially
for the laden transport vehicle, but the value is included here for

illustrative purposes. By simulating vehicle behaviour for different
values of stiffness and damping, the designer will obtain the necessary

information to provide a compromise value.

As an example of a solution in the time domain, Fig. 7 shows a 5 second

time history of vertical seat displacement for the unladen transport
vehicle crossing a square cut furrow 200 mm deep by 400 mm across, at a
speed of 2 m/sec. Since the point contact model was used, the shape of

the furrow was modified by application of a rigid treadband to give a
smxothed profile (Fig. 7, inset). The solid trace is for the unsus-
pended vehicle and the dotted trace shows the effect of mounting a full
suspension of stiffness k 400 kN/m/axle. Rms vertical seat displace-
ment is reduced from 17 to 10 mm and acceleration is reduced from 5.6
to 2.1 m/sec'. Corresponding values for the unsprung vehicle with an
unmodified furrow profile are 74 mm and 19 m/sec

1
, which are clearly

unrealisticras one would expect. This confilms that it is necessary for
any ground inputtwith significant high frequency compunents, to either

-II - ,- -

• ,,. _'"
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- S~;.rv utFur row
f ur row profile

,, rmm x 400 mm r.If i ,

1,;. .:. y f~' !v' r t i-ai sea t A isp Iacenen t fo r Vch i Iv 2
'I"Ii a. X ' mm furrow. moiie y a riold trvalkani

'n" t a spvvd 'f 2 r/sec . Thew sol i . iinci for no

0-1Inl; tnt ;e a!hed l ine is for full susppnsion with

kN i. il.' c )0 kN sec/rn/axle.

('ONCLUS3 IONS

* A~. . : f. >implv vc-ticlc models described contain many I imit in.;

I the, '.-, n.vet lit-less useful in providing Jes iqners

*'f.Kf .r r icle v ibrat ion behAviur.

* .A:..'. v,., 0at ~ifur keepinq the vehicle models simpl~e is that a

ciierel.resvnrtat ion Is limited by the tyrv model. f~it I I a

i-t l'-*'i i;t ion of off-road tyre vibrat ion is avai labl*'.

-. ; j!. .'. v.10..icu mo,'hvl are inappropriate.

* r'' in1 . ini in.irt aspects of ride behavi',iir. * implc modelsi

fgi f1' !- I .. yi ' dusigner% t,, 4n,1vr:tanA the effect of. for
&~on .* .. ' ,t , ii xnA vehicle Jitmetry on the operator dc ( eli-

it 0 1,,! Fvl .. rt hermore, fat m knricat, lye itmut inq meth-ds
: !',r, i .'X-'1)usvu otaetr*ptimTisat ioni studies can be .Iof11t jiky

.j ' ti,- iil jIr r,i indust ry, t i. add itilon of ax Ie sus;*'nsilont)

A-wtIy .. n;sspvnle-I vehicles Ia sob j.'ct of .lreat a iote*0st At

"u Tt. 1*,* iole Ishowt, t hat f u Il axle susp4.nsi..nr tis s., n if i cajit Iy

I .- 1, tidy. a s i njI- ixlIe ,,ispi.ns ion. It a -iinrl.' axle only LS-

p'A',.-2 ' r.t. ttw oni- n.'arest the Ix ivy! 's tiat ,ffers the qjrearq-tJ

I., j. . n .rv.rt TI, aI &I aceelAt Ion l-VelI. Hweve:T thv axle furthest
r.,r I,. eat ,f vr s :,riu rediiw t ion in pt tch, And hew v lonq I t udi nalI
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Theoretische Untersuchung einer Aktiv-Federung f~r Rad-

SSchlepper

to H. Junker: A. Seewald

~JInst. f. Kraftfahrwesen, TH Aachen, BR Deutschland

EINFUHRUNG

O Durch die Einsatzbedingungen auf unebenen Feidwegen und im
Sunbefestigten Gel~nde werden Rad-Schiepper in der Regel zu
Ow starken vertikalen Schwingungen angeregt. Da auBerdem auf-

grund von Zielkonflikten mit der praxisgerechten ErfUllung
wichtiger Arbeitsaufgaben bewuBt auf eine separate Federung

Sdes Schlepperrumpfes verzichtet wird, 1st der FahrzeugfUhrer
hohen Schwingungsbelastungen ausgesetzt, die im Extremfali zu

Svermindertem Leistungsverm5gen und soqar zu GesundheitsschS-
den fUhren k~5nnen.

In der Vergangenheit konnten durch eine verbesserte Abstimmung
und Auslegung der Sitzfederung und -d~mpfung deutliche Verbes-
serungen des Schwingungskomforts bei Rad-Schieppern erzielt
werden. Dennoch sind in vielen Einsatzf~llen mit. hohen Bela-
stungen die heute verwendeten konventionellen, passiven Sitz-
federurngen als einziges System zur Schwingungsisolierung dber-
fordert /10, 12/. Den vielen Vorteilen der einfachen passiven
Federungssysteme stehen als Nachteile thre bekannten physika-
lischen Grenzen gegenUber /7, 13/.

Daher wurden im Rahmen einer von der Deutschen Forschungsge-
meinschaft gefdrderten Arbeit /8/ die Verbesserungsmdglichkei-
ten auf diesei Gebiet durch den Einsatz einer Aktiv-Federung
f Ur den Fahrersitz von Rad-Schleppern untersucht. Dabei wurden
die Erfahrungen vorangegangener Arbeiten /4, 11, 15/ aufge-
griffen und durch die Beschr~nkung auf die Absttitzung des Fah-
rersitzes vurden die bekannten Probleme aktiver Isolationsay-
steme bet hochfrequentem Anregungainhalt und gro~en Nutzlasten
bewuflt ausgekiammert.

Bei den durchgefUhrten theoretischen Lntersuchungen wurde die
analoge Simulationstechnik angewendet. Ausgehend von den ma-
thematischen 1Modeilformulierungen. fUr die Teilsysteme "Fahr-
zeug* und "Aktiv-Federung", die jeweila auf den Daten realer
Bauteile basieren, vurde mit eine. analogen Gesamtmodell eine
Synthese der beiden Teilsysteme geschaffen, und schlieglich
die dynamichen Elgenschaften im Hinblick auf minimale Schwin-
gungabelastungen f~r den Fahrzeugftihrer optimiert.

RADSCHLEPPER MIT KONVENTIONELLER SITZFEDERUNG

im ersten Untersuchungsochritt vurden die Schwingunqseigen-
schaften sines serienmlliqen Rad-Schieppers mit konventionel-
ler Sitzfederung analysiert, urn Ausgangsdaten fUr die anschie-
Bende Integration der Aktiv-Federung zu schaffen.

woo
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Als Basisfahrzeuq fUr die Untersuchungen diente ein Schlepper
der 37 kW-Klasse, dessen relevante technischen Daten in Bild 1
aufgeiistet sind. Die Angaben fUr Federsteifigkeit und DAmp-
fung der Schiepperreifen vurden /16/ entnammen.

am="" S we~ . I"%$1.6

A"* "Mw"e~s - 611* "" , - .6.

0 -aso W.

p~~ds,61.~M' 4. 194**~ 1U

w.UU..~9. 64 1*4

-Nla es m s" -. 1A -I**

ild 1: Techn. Daten eines 37 kW-Rad-Schleppers

Fahrzeugmodel 1

Aufgrund der Anordnung des Schleppersitzes in der Fahrzeug-
syiumetrieebene konnte auf die Nachbidung eines rguzniichen
Modeils verzichtet und das in Buld 2 gezeigte Einspur-Modell
zur Simulation des dynamischen Schwingungsverhaltens des Rad-
Schieppers verwendet werden.

Die Abfederung des Aufbaus er-
folgt ausschlieglich Ober die
vordere und hintere Reifenfe-

SITZ .FAHRER derung. Der Schiepperrumpf
wird zusammen mit alien Neben-
aggregaten ala starrer, masse-

SCHLEPPERRUMPF cs k behafteter Balken betrachtet,
I auf dem der Sitz im Bereich

I Ober der Hinterachse angelenkt

c , C' k Die zur Beschreibung des Bewe-

Z gungsverhaitens des Rad-Schiep-
- pers erforderlichen Differen-

Z,.- TZ1, tiaigleichungen wurden mit den
VOROERACHSE IINTERA HSE im Modell angegebenen Parame-

tern formuliert.

Bild 2: Einapur-Schwingungsmo-
deli des Radachieppers
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Schwingungsei genschaf ten

Zur Ermittlung der vertikalen Schwingunqseiglschaf ten wurdo
das Fahrzeugsimulatioflsmodell neben der Anregung mit hairmoni-
schen Signalen zur Bestimnung der Frequenzg~flge mit (den 1. irigs-
unebenheitsverlbufen verschiedener Fahrbahntypen anqekei(qt. Als
repr~sentativ far den Schleppereinsatz wurden die [Inebenheits-
verl~ufe einer befestigten LandstraBe sowie eines unbefestig-
ten Feidweges verwendet. W~hrend die LandstraBelunebflheitel
mit einem eigens entwickelten MeBger~t zur dynaniischen Uneben-
heitsbestimnung ermittelt wurden, wurde der Feldwegverlauf
synthetisch erzeugt. Nach /16/ betr~gt die Differenz im Lei-
stungsdichtespektrum der Unebenheiten typischer LandstraBen
und Feidweqe etwa eine Dekade. Da die spektrale Leistungsdich-

te aus den Quadrat
der Anregungsampli-
tude gewonnen wird,

_______ ergibt sich ein Am-
plitudenverhaltnis
Landstra~e:Feldweg

103 1: ,J'ff. Diesen Zusam-
~ ~mennan spiegein auch

cm3 FELOWEG, die im Bild 3 darge-
stellten und mit Hil-

10' 0 fe eines FFT-Analysa-
p tors ermittelten Lei-

sturgsdichtespektren
X-1 der verwendeten Land-

10* straBen- und Feld-
- AOSRSS wegunebenheiten.

04 Die bei harmonischer
11 v Anregung an den Rel-

5.10"fenaufstandsfl~chen
des Schieppei-modells

D ___________ ermittelten Fre-
quenzggnge far ver-
schiedene MeBpunkte

~ zeigt Bild 4.

.5-10' Im Amplitudenfre-
LA quenzgang sind die

ia'1  J Vergrl5Berungsfunktio-
S-1o' 1-1 S 10-1 10'1 S10-1 01CM-1 5.10' nen des Aufbauschwer-

wEGKREISFREGUENZ Q punktes, des Sitzan-
104501 01 5101 101 .10 cmlenkpunktes sowie der

10' 5 l0ITS10' 510 10' L SitzoberflAche darge-
UN(8N~4ITSELLELANE L stelit. Der Funktions-

verlauf far den Auf-
Bild 3: Leistungsdichtespektren der bauschwerpunkt 1st

Unebenheiten einer betestig- gekennzeichnet durch
ten Landstrage und eines un- zvei Maxima, die durch
befestigten Feidweges die Hubeigenfrequenz

(3 Hz) und die Nick-
eigenfrequenz (3,75 Hz) bestim't sind. Dagegen zeigt der
Sitzanlenkpunkt im Bereich Uber der Hinterachse lediglich
emn Maximum mit einem Vergrt~Serungefaktor 5 lii Bereich der
Hubeiqenfrequenz. Dieses Ph~Inomen wird verursacbt durch die

-;OHIO
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IUI i Lage des Momentanzentruns
* . der Nickschwingungen des

Schiepperrumpfes nahe der
~, Hinterachse. Der Funktions-

I .- ' tverlauf des Sitzes er-
reicht bei der Eigenfre-

*quenz der Sitzfederung von
1,8 Hz emn Amplitudenver-

P hAitnus von 2,7, das bis

I, auf 3,5 ansteiqt und dann

I p- mit wachsender Frequenz
XFB (911) steil abfgllt.
S(HWERPLJNKT

00 ~i? N INK Bei stochastiscer Anre-

90_ gung des Simulationsmo-

G,,dF-dells durch die Uneben-
Crad heitsprofile von Landstras-

S0 - ~ - se und Feldweg wurden als
~ -. Bewertungskriterien der

3t -90~ Schwingunqseigenschaftenz
- .~ .-..- die in der VDI-Richtline

-180,2057 definierte Wahrneh-
- mungsst~rke K, sowie die

* * Effektivwerte der vertika--770 len Beschleunigung verwen-
_____j det.

01 1 10 ' 100
FREQUENZ Bild 5 gibt die bei Fahr-

geschwindiqkeiten von 12,5

Buld 4: Frequenzgang des Einspur- km/h und 25 km/h ermittel-
schwinqungsmodell des Rad- ten Werte am Rumpfschwer-
schieppers mit konventio- punkt, am Sitzanlenkpunkt

nell efedrtemSitzund am Sitz wieder. Sowohi
nell efedrtemSitzdie Effektivbeschleunigun-

gen als auch die Wahrnehmungsst~rken weisen fUr den MeBpunkt
am Sitz die geringsten Schwingungsbelastungen auf, wodurch
eine gewisse Isolitionswirkung des konventionell gefederten
Sitzes nachgewiesen wird.
Dennoch werden bei Feldwecfahrt Wahrnehmungsst~rken X~. 110
erreicht, korrespondierend mit Beschleunigungswerteni. 0,7 q,
Belautungen, die bei l~ngerer Einwirkung zu einer Beeintr~ch-
tiqung der Gesundheit f~hren.
Im folgenden werden daher Mbqlichkeiten untersucht, diese ho-
hen Schwingungsbelastungen f~r den FahrzeugfUhrer durch den
Einsatz einer Aktiv-Federung wirksam zu reduzieren.

AKTIV-FEDERUNG

')ie Funktion bekannter Aktiv-Feder-Systeie /2, 3, 4, 11, 15/
basiert auf demi Einsatz geregelter, l~ngenver~nderlicher Bau-
teile zur Abfederung der zu isolierenden Massen. Gelingt der
Pegelung die Einhaitung eines exakten Phasenvermatzes von
180* zwischen Aktiv-Feder-Bewegung und Anregung, erf~hrt eine
Jerartabgefederte Hasse im Idealfall keine dyrnamischen Kr~fte
und ihre Aboolutbeschleunigunqen werden zu Mull. In Vorunter-
suchunqen /8/ vurde die Eignung verachiedener Aktiv-Feder-

*WNW
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Do " Z AU ,(HCWIRPUJNY

160 9" ItZ-72ANENP% Konzepte zur Sitzfede-
4 I - rung bel Rad-Schieppern

6n FIOWNgekl~rt. Dabel zeigten
"~,12 --- ---- ---- elektrohydraulische Sy-1 steme die gr68ten Vorzil-

X 8a ge. Im Vergleich zu pneu-
matischen und mechani-

40 schen AusfUhrurijen lie-
4 fert die Hochdruck-Hy-
41 draulik in Verbindung
0 14 Fmit elektronischen

101 - Steuerelementen hohe und
LO"V pr~Izise Antwortgeschwin-

digkeiten bei gleichzei-
- *tN~ tig hoher Leistung und53 Zuverl~ssigkeit. Es wur-

6 ~de daher emn Aktiv-Fe-
der -Systemi bestehend aus41 einem IHydraulikzylinder,
Servoventil, Regelein-

-- - heit und Energiequelle
zt2 LANDSTRASI ausqew~hlt, als analoges

Simulationsmodell abge-
0l, bildet und dessen dyna-
0 3 4. 5 6 m's 7 8 mische Eigenschaften un-

12.5 Wmh 25 tersucht und optimiert.

FAHRGESCHWINOIGK[IT Bild 6 zeigt den prin-
Bild 5: Wahrnehmungsstgrke KC und zipiellen Aufbau des

Effektivbeschleunigung am Aktiv-P'eder-Systems im
Rad-Schlepper mit konven- Vergleich zur konventio-
tioneller Sitzfederung (KFB) nellen, passiven Anord-

nung. Die MeBstellen 141
und M2 dienen zur Er-
mittlung der Schwingungs-

PASSIV AKTIV anregung und zur Erfas-
sung von Soll/Ist-Wert-
Differenzen.

MASS( MASSE Die zur technischen Dar-
tj ghe S~z Fahrer atelluig der untersuch-

ten Aktiv-Feder-Anard-
2 nlung erforderlichen Bau-

teile zeigt der in Bild
7 dargesteilte Hydraulik-
kreislatif.

z R Servo-Ventil

Ala Bindeglied zwischen
1 Elektronik und Hydraulik

und zur Steuerung des
ISCLPEROIRGUtG IHydraul1ikzyl1inders kommt

dern Servoventil eime we-

Bild 6: Passive und aktive Fe- sentliche Bedeutung zu.
derugsaytemeNach einer Untersuchung
derunusyaem~everschiedener Ventilbau-
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arten und Ventiltypen
und nach Abschgtzung des

SPEICHER erforderlichen Volumen-
Pnw-iJ VENTI stratus wurde ein zwei-

VENTILstufiges Serienventil.

RUCKS(K AG- 
m it einem Nen 

ldurchflu 
B

FILTER VENTIL PMEBetriebsdruck von 210 bar
- - und gutem Frequenzver-

halten ausgewihit. Da dieL7~[1 mathematische Erfassung
des dynamischen Ventil-
verhaltens unter bestlnun-

SERVO- WRK- MOTOR ten Randbedingungen
ZyINE BaNZIE3S- durch ein lineares Ver-
ZYINEREwNI.L zbgerungsglied 2. Ord-

nung m6glich ist, ist

Bild7: ydralikreisaufdereine Ventilbeschreibung
Bud : Hdralikkeiua~fderdurch die foiqende Dif-

Aktiv-Federung ferentialgleichulg 2.

Qrdnung statthaft.

T' T' *q +q -V~

nit T.2- Zeitkonstantel

q - gesteuerter Voluinenttroin

i - SteuerstroDm

V- Verst~rkungsfaktor

Die fUr das ausgew~hlte Ventil gUltigen technischei Daten be-

tragen:

Hersteller f e 1? T VI M4 T v2 tM

MOOG 210 111 1,67 0,76
(76-2 32)1

Durch eine Analogrechenschaltuflq zur Simulation der o.q. Dif-
ferentialqleichung konnten die Ventileigenachatten hinreichend
qenau nachgobildot verden. Die in Bild 8 gezeiqten Amolituden-
und Phasenfrequenzglnge zeigen lediglich im h~herfrequenten
Bereich vernachl~ssigbar geringe Abweichunqen zwischen dern re-
alen Servoventil. und dem Simulationsmodell.

Servo-Zylinder und Servoantrieb,

Der Servozylinder, als hydraulischer Linearmotor wirkend,
transformiert die yam Servoventil gesteuerte Leistung in me-
chanische Leistung. FUr den Aktiv-Feder-Einsatz vurde emn dop-
pelt wirkender Glejchgangzylinder gewflhlt, der durch folgende
technische Daten charakteriaiert wird:

Ierateller fa Vae P M5 A~ r3 I" ~
REBID 100 64 4,91
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l10 Die Zylinderbauart
zeichnet sich durch ei-
nen hohen mechanischen
Wirkunqsgrad aus. Durch
eine besondere Laqerge-

I I staltung unter Verwen-
> dung spezieller Dichte-
4r elemente wird stick-

I slip-freles Verhalten

~ 02 t - SIMULATIONSMOOELL ezet
-- PALE SEROVETILFUr das dynamische Ver-

REALS SEVOVETILhalten eines Servozy-
V I- linders kann ebenfalls

Q0iL .- elne mathematische For-
mulierung in Form einer

.9 Differentialgleichung
G,,d 2. Ordnung gew~hlt wer-

_ V den.

Z2 Tz Z z +z=

£ ~~fdt

I t mnit T 1 z,Tz 2 - Zeitkon-
________0___ stanten

0'1 1D 10 S-1 100 z - Weg der
FREOUENZ z Kolben-

stange
Bild 8: Frequenzgang des Servoventils Ak - wirksame

(Realtell und Sirnulationsino- k Kolbenfl3-
dell) che

q - gesteuerLer
Volumen-
strom

Die Abbildung der Differentialgleichung am Analogrechner
fUhrt zu elnein Sirnulationaniodell zur Ermittlung der dynanii-
schen Eigenschaften des Servozylinders.

Die Reihenschaltung von Servoventil und Servozylinder bildet
den Servoantrieb, der urn geschiassenen Regelkreis der Aktiv-
Federung die Reqelatrecke darstelit. Bild 9 zeigt den Fre-
quenzgang des Servoantriebs. Da das Amplitudenverh~ltnis des
Servoventils in einem veiten Frequenzbereich nahezu Eins ist
und der Phasenabfall des Servozylinders deutlich frUher emn-
setzt, vird das Gesamt~bertragungsverhalten des Servoantriebs
wesentlich durch den Servozylinder bestimnt.

Regelkreis

Zur Verbesserung der Ubertraqungseigenschaften der Aktiv-Fe-
derung vurde urn n~chsten Untersuchungsachritt durch Hinzufllgen
eines keglers emn geschiossener Regelkreis hergesteilt. Die
Reglereigenschaften solltei so gew~hlt werden, daft ale die Ab-
weichungen des dynamischen Verhaltens des Servoantriebs vain
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Solizustand, charakterlsierbar durch ein Amplitudenverh~lt-
10 ---.-. nis =1 und einen Pha-

* senwinkel =0*, weitge-
A hend kompensieren. Da
7 * kein bekanntes Regelcle-

t ment die gestellten For-
* *- derungen nach Absenken

der Arplitudenverhg1tnis-
se im Bereich der Servo-

I antriebeigenfrequenz bei
gleichzeitiqe- positiver

01 * - Anhebung des Phasenwin-
4 . . Lkels erfihlt, wurde auf-

- S~V0ANRI~Bgrund der zu realisieren-
den Folqeregelung einer

DOIJ Kompensation der eai
-------- yen Phasenwinkel PrioritAt

.;~ ~ -.- ingerdumt. Die dazu er-
*- forderlichen differenzie-

* renden Eigenschaften wur-
den durch die Auswahl ei-
nes PO-Reqiers berUck-

-... ... .... ... sichtiqt, der durch die
- -- foiqende fifferntialglei-

chunq darstelibar ist:

y zK (x +T *.X)U: Ljt it T - Zeitkonstante
0'1 10 10 100 x,y - Einqangs-, Aus-

FREOUENZ ganqsqr5Be

Bi i1 94: I-requenzldnj des Servo- K - Regierkonstante
antriebs (Pcejc1strecke)

Dc-nf priflzipli-lef Aufbau des Regelkrelses zeigt Bild 10. Der
PD-Regier forrnu-
liert aufqrund der
Abweichung von Re-

REGELSTRECKE qelgrb~e und Soil-
- wert eine auf die

S(RVO- SERVO- GROSSEReesekewr
9 VCTIL IYLIOEQkende Stellgr5e,

die das Ubertra-
qungsverhalten des
Servoantriebs pa-

REGELREISsitiv beeinflu~t.
ANPSS-SOLL- Zur Ermittiung op-

REGER -o W*RT timaler Regeikenn-
daten wurde nachSTELL- REGLER REGEL- der Differential-

GROW - ABWEICHUNG gleichung des PD-
Regiers emn analo-

bild 10: Reqeikreis mit StbSrgrL5Benauf- ges Simulationsmo-
schal1tung dell qebildet und

mit den Modellen
von Servoventil und Servozylinder kombiniert. Die Abstimisung
des PO-Reglers und die resultierende Wirkung auf das tibertra-

14e gungaverhalten geht aus 
der Geeniberstellung der 

Frequenz-



oaonqe des jes tcuerten Servoant r icbs urnd des qcesch loussenerl Re-
qielkreises in Bild 11 hervor. [)iv Ei~wnfrequenz des Akt iv-Fe -

der-Systems wird (lurch
das Schlieflcn des Reqjel-

- -~ - kri-les mit Hilfe des* F I - ~ PD-Reglers von 4) ti. auf
90 Hz an~jehoben. Gle ich-A zeit ig steiq;t aufqrund

der entlmpfendlen riqjen-

f das pltdnehits
und der Phasennachlauf

~i 0 1 1 AnschluB durchcit-filhrte
V 4fl Untersuchunq zur weiteren
2111q Q% KIO I U Verbesserunq der Reqel-

qIiite fUhrte zu der- in

___ ~ ~ ~ Bl 10 K l -. BA Odarqest.:iiten

.90 stimmtem Anpagregler das
Giradr !Jbrtraqlunqsverhalten

0 qunstiq beeinfluBt. Der
mtSt~rqr6Benaufschal-

-90 tung ermittelte Fre-
~180I -quenzganq zeiqt in Bild

11 im Vergleich zum qe-I I -~ , steuerten Servoantrieb
r ~t - ~ bzw. zum einfachen Re-

CL 20 qekrei mitPD-Req icr

* 3~ JL eine Eigenfrequenz des36 1 . 1 0 Aktiv-Feder-Systemsvo
1,0 10FREOU)FIN 150 Hz. Im Frequenzbe-

reich bis ca. 50 Hz wird
ein nahezu konstantes

Bild 11: Frequenzqang des Servoan- Am~pitudenverh~1tnis bei
triebs und des geschlos- gieichzeitiq verringertem
sencn Reqelkreises mit Phasennachlauf erreicht.
und ohne Std5rqrb~5enauf- Die Resonanzstellenver-
schaltung schiebung zu h~5heren

Frequenzen ist jedoch
mit dem Nachteil eines steigenden Azplitudenverhgltnisses Im
Eiqenfrequenzbereich verbunden. Unter BerUcksichtigunq des re-
lativ niedertrequenten Anrequngaspektrums 1st jedoch deni Am-
plitudenanstieg bei ht~heren Frequenzen nur eine qerinqere Be-
deutung zuzumessen. Vor der Anpassung des qeschiossenen Aktiv-
Feder-Regelkreises an das Schwinqungsmodell des Rad-Schieppers
wurde die Stabilit~t des Regelkreises mit Hilfe des NYQUIST-
Yriteriums UberprUft. Bei diesem Kriterium bildet der Fre-
quemzgang des aufgeschnittenen Regelkreises die Bewertunqjs-
grundlaqe.

Die Anwemdunq des NYQUIST-Kriteriums beim optimierten Reqel-
kreis mit PD-Reqler zeiqt Bild 12. Der aus der qeometrischen
Addition der Frequenzg~nqe von Servoantrieb und PD-Reqlerre
suitierende Furquenzgang des aufgeschnittenen Reqelkreises

re-f.
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liefert eine Amplitu-
10-- denreserve von A,,-3,

* , ,, j ~ und eine Phasenreserve

R=n~g3 00, und erfUlit
7 . damit die Stabilit~ts-

z - SYNTHESE VON AKTIV-FE-
* 4 DERUNG UND RAD-SCHLEP-

M *OfOS Zur Anpassung der Ak-

"CJfA%(WfTF'EO tiv-Federung an das

Rad-Schleppers wurde
der Schwingkreis der
konventionellen Sitz-

* -............... federung durch den ge-
o schiossenen Regelkreis

* .. ~ 4 des aktiven Systems er-
_* . . .. setzt. Als Stbrgrb5Ben-

z .1 signal wurde die vri
kale Bewegung des
Schlepperrumpfes am An-
lenkpunkt der Sitzfede-

M -770...................runq verwendet.

_30------i-- Sc hw ingung se ige nschaf ten

FREC)uANZ Die bei integrierter
Aktiv-Federung ermit-
telten Amplitudenfre-

Blud 12: Stabilit~tsunterstichunq quenzg~nge des Fahrer-
nach dem NYQUIST-lKriterium sitzes sowie die auf

die Erregungsamplitude
bezopenen Beschleunigungen am Sitz sind in Bild 13 den ent-
sprechenden lKurven der konventionellen Sitzfederung gegendber-
qiestelilt. Die mit St6rgrb8enaufschaltung arbeitende Aktiv-Fe-
(k'r-Version zeigt km Vergicich zur Version mit einfachem Re-
jelkreis qUnstigere Amplituden- und Beschleunigunqswerte.
Gegenuber der konventionellen Sitztederunq bieten beide Aktiv-
Fo-der-Versionen im Frequenzbereich bis ca. 15 Hz ein deutlich
abgesenktes Beschleunigunganiveau. Im h~Sherfrequenten Bereich
result.iert aus der Tiefpa~charakteristik der konventionellen
Federung emn steiler Azplitudenabfall, dem die Aktiv-Feder-
Systeme aufqrund der auftretenden negativen Phasenwinkel nicht
in der Laqe sind zu foiqen. Darauf sind auch die hL~heren Werte
der bezogenen Beschleunigungen der Aktiv-Federunq im Frequenz-
bereich~x 15 Hz zurickzufUhren. Die im Eiqenfrequenzbereich der
Aktiv-Feder-Systeme auftretenden hohen Beschleuniqungswerte
sind aufgrund des subjektiven Bewertungsemptindens des men-
schen fUr die Gesamtschwingungsbelastung von geringerer Be-
deutung. Die bei stochastischerAnregung des Schiepper-Simula-
tionsmodells mit Fahrbahnunebenheiten ermittelten Werte der
Wahrnehmungsstgrke K(Z und der Effektivbeschleuniqung des kom-
ventionell und des aktiv gefederten Sitzes qehen aus Bild 14
hervor.

40 %
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10 - FIi/ 1  T 1 1 1 100001

AF 6 (9TJI) M P RU ER $21

AUPCHALTUNGiI

01

0. . 0 S 100 0. 10- 0

Bild 1:Amplitudenfrequenzgang und bezogene Beschieuntgung
bet konventioneli (KFB) und akttv (AFB) gefedertem
Schieppersitz

- Die Darstellung zeigt
- - ei durch den Einsatz

S100 der Akttv-Federung im
ko gesamten Fahrgeschwin-

~60' digkeitsbereich deut-

20 itch abgesenktes Ni-
veau der Beschlcuni-
gungen und der objek-

-.------ tiven Schwtngunqsbe-
lastungen. Liegen beim
konventionell. gefeder-

A ~ ten Sitz die Wahrneh-

M/S1, !mungsst~rken bet Land-
mls~i.stra~enfahrt zwischen

6 KZ-30-35 und bet Feld-
6 wegbetrieb zwischen

5 0- F j KZ=90-120, wird durch
0-0 £Pe!TZ)"TP-Wrft den optimal abqestimi-

1.*OyRS( ten Aktiv-Feder-Regel-
S~~s £UfSCISAWUWO

FILOW(Gkreis mit Stbrgrb8en-
3 - AftOSTQASE aufschaltung ein Pkw-

Komfoz-tniveau erreicht.
> Diese lediglich tim Hin-

~ 1-------------------------4ick auf Hinimierung
66 der Schwingunqsbela-

0 -Astung ausgelegte Ak-
tiv-Feder-Abstimmuung

0 3 4 5 6 ffiS 7 8 fUhrt jedoch auch zu
12,5 km/~h 25 reiativ gro~en Rela-

Bild 14: Wahrnehmunqsstgrke und Effek- ttvbewegungen zwischen
tivbeschleuniqunq des konven- Sitz und Schlepper-
tioneil (KFB) und des aktiv rumpf. Beimn Feidweg-
(AFBI qefederten Schleppersitzes betrieb wurden mehr-
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maim die Grenzen des Zylinderhubs (berschritten, was durch
eine zusitzliche Regeikreisschaltung und elne Zylinderendla-
gerdimpfung vermieden werden sollte. Da qrofte Relativwege je-
doch generell eine sichere FahrzeugfUhrung erschweren, saulte
In zukanftigen Untersuchungsschritten der Einsatz elner Aktiv-
P'ederung auf die gesamte Fahrerkabine mit integrierten Bedien-
elementen ausgedehnt werden.

Leistungsbedarf der Aktiv-Federung

Einen Zugang zur rechneriuchen Abschitzung des erforderlichen
hydraulischen Leistungsbedarf der Aktiv-Federung gestattet die
Gleichung

pp. .v
p np P-X vK ff

mit Pumpenwirkungagrad np= 0,85

Betriebsbldruck p - 210 bar

Kolbenflhche AK = 4,9 cm3

Mit den bei Fahrqeschwindigkeiten von 25 km/h erinittelten Kol-
bengeschwindigkeiten am Aktiv-Feder-Zylinder von 0,22 rn/s bei
Landstragenfahrt bzw. 0,67 rn/s bei Feldwegbetrieb errechnet
sich ein Leistungsbedarf von 2,7 - 8,1 kW je nach Einsatzart.
Aufgrund dieses hohen Leistunqsbedarfs, insbesondere bei Feld-
wegbetrieb, erscheint der Einsatz elner Aktiv-Federung nur in
den Schiepperkategorien mit hohem Leistunqsangebot sinnvoll.

ZUSAMMENFASSUNG

Mit Hilfe elnes analogen Rechenmodells zur Simulation der
Schvingungseigenschaften eines Rad- Schieppers und eines ein-
fachen Aktiv-Feder-Systems wurden die theoretischen Mdqlich-
keiten einer aktiven Sitzfederung untersucht.

Das Aktiv-Feder-System, bestehend aus einem Servo-Hydraulik-
zylinder, Servoventil und Energiequelle wurde in einem ge-
schiossenen Regelkreis mit PD-Regler und Stdrgrbgenaufschal-
tung betrieben. Nach Ermittlung der Frequenzginge der einzel-
non Bauteile wurde das Aktiv-Feder-System in dam Fahrzeugmo-
dell integriert und eine optimale Abstimmung der Reglerkenn-
daten unter Beachtung der Stabilititskriterienvorgenommen. Bei
Schwingungsanregung des Gesamtmodells mit harmonischen Signa-
len, movie mit den Fahrbahnunebenheiten von Landstra~en und
Feidvegen bevirkt die aktive Sitzfederung eine deutliche Ver-
ringerung der Schwingungsbelastung fUr den FahrzeugfUhrer.
Eine Abschitzung der erforderlichen Bedarfsleistung des Aktiv-
Feder-Syatems 198t einen Einsatz nur fUr Schlepper der gehobe-
nen Leistungskiassen sinnvoll erscheinen.

ii ~ .Wow
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A I'flE ICAL INVE GAT(IN OF AN ACTrVF SUSPE2NSION SYST" FOR WHELED
TRAC71KM5

H. J1NKER; A. SF LD

Inst. f. Kraftfahrwsen, TN Aaachen, BR Deutschland

(Translated by K.G. Hamcnd, NIAE, Siluce, EDqlarK- d

zwrrUTI ON

fheeled tractors, because of their operating conditions on uneven field
tracks and in unconsolidated terrain, are, as a rule, subjected to strong
vertical vibrations. Since, in addition, a separate suspension system
for the tractor is deliberately rejected because of a conflict of aims
with the orrect fulfilment of important work tasks, the driver is liable
to high vibration loads which, in extreme cases, can lead to reduced
performance and even damage to health.

In the past, clear improvemnts to the vibration comfort of wheeled trac-
tors could be obtained by means of improved adjustment and design of the
seat suspension and seat damping. However, in many instances involving
high loads excessive demands are placed on the conventional passive seat
suspensions currently employed as the sole system of vibration isola-
tion(10,12). The wll-known physical limits of sinple passive suspension
system stand in contrast to their many advantages(7,13).

For this reason the possibility of improvemts in this area through the
use of an active suspension system for the seat of a wheeled tractor was
unvestigated within the framework of a project (8) prmoted by the Deutsche
Forschungagseinschaft. Experience gained in previous work(4, 1 1 , 15) wes
assimilated and, by focusing on the seat mounting, the familiar problems
of active isolation systems when dealing with a high-frequency excitation
content and large working loads were deliberately set aside.

Analogue sirmllaticn technique was applied to the theoretical investiga-
tions carried out. Mathmatical models of the subeystens "vehicle" and
"active suspension" based on pertinent data from existing components
formed a starting point for a synthesis of the two subsystem by means of
an analogue gross model. Finally, the dvnamic characteristics were
optimised with regard to minimml vibration loads for the driver.

WHEELED TRATJS WITH CNVEMIONAL SEAT SUSPENSION

In the Initial research stage the vibration characteristics of a standard
theeled tractor with conventional seat suspension were analysed to provide
original data for the subsequent integration of the active suspension.

As a base-line research vehicle a 37 kW tractor was used, the relevant
technical data for which are listed in Fig. 1. The data concerning sus-
pension stiffness and dawping of the tractor were taken from(16).

I
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Structural mass = 2640 kg

Seat mass nS = 120 kg

Spacing centre of gravity - front axle lv = 1 .25 m

Spacing centre of gravity - rear axle lh = 0.74 m

Spacing centre of gravity - seat 1s = 0.6 m

Structural ncment of inertia about the lateral axis 0 = 2203 NMs2

Spring stiffness of front tyre cv = 50 104 N
m

Spring stiffness of rear tyre 56 . 10N

Spring stiffness of seat cS = 1.4 104 N
m

Front tyre damping kv = 3029-N-

Rear tyre dampin kh = 4210

Seat sprinq dampin ks = 908 !S

Fig. 1 Technical data for a 37- waeled tractor

Vehicle model

Because of the disposition of the tractor seat in the vehicle plane of
synmet-y a three-dirnsional model could be dispensed with and the two-
dUnjm al mod l shown in Fig. 2 used to simulate the dynamic vibration
behaviour of a wheeled tractor.

Seat + Driver

€,A k, . k,

z,}- -" -T" Z1.
Front axle Rear axle

Fig. 2 7%g)-dv li tnal vibration model of a wheeled tractor

;V

,' ,- .. Y.
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rhe spr ir11ra of the rtriature OV tzerentej exclusively through the
f rmrt and rear tyre s,.cs~rvz. The t-ractor '.ody is regaided, together
with all its ancillary assemblies, as a riaid mass, to which the seat is

tnked in the area above tt* he z-u ax.-

Thle lifferential e~pat icvs ;acessary for describing the nrtixn character-
11stics :)f .i wtweehi trac' A weivr tuxm~iated In term of the paraffeters;
Avfm~ in the fli..

".tbrati.v -,,r,rt~risticP

n -rder t Lt .cLr, he .% r- i, t' Jratirfl -viracteristics the vehicle
sixrilat icr rxrd*' -fts e~ite1 with the Lorngititlil roughrnss properties
cf diffevv-t -r~d typs aF %.11 an. with hainnx siqnals to define the
:r kAAnK',, rrF~x--ses. Th-e iz _ rresR ptynjrt ies of a pavetd hlghlwy and of
an u-,.paed ield track wpre tusei as tqzpesnitative of tractor c)Verdtcr.
mrj hi,;hwey "%.cTess was aiasurea with a papoxse-built neasurbitj
a4,Tarat~is *ot : Tnzirc dcxUanatitA1 "a- fLel track pr,4A-rties
%*_-e gmra.-ed .jAdticaA. rlrg '"(~ Uie ratir, of t)-*?Ae

*-V tv -P ',1 , ! c :-~I" -f~ ft -piczl' 3jhWnlys t,, that 'r (ield
tracks is5 iiprrxvmteiy ot the order of ten. if t1* bpectral powr den-
sity is obtAined from the s.juare of t*- extAatL amplitude, a highuay:
field *-rack ratio of awv.1xtude of I1 10 is obtained. This relationiship
isalsom ref lected in the ijkvr dmisity spectra of highway mid field track
roughnesb L.-Yi * which am.f ptespnted in Fig. 3 and were reasured with the
aid of ai F'IT mnaIyser. 11he m'vAsured frequercy responses fc. fhar xic

emtat-on at tUe '.yie Lx-'tdt surfaces are brLbai in Fig. 4 for different

'easuri-no i~. ___

Ira Field t ack

Fig. 3 kiwer density 1 - -

spectra of the roxigtuhess Highway. \ Kof a paved highay and 1 '
an~ upaved field track

SA' -1 SD-, -0 -0- IC.S

LTrark annuilar frequny 0

104 510' 10' S-101 lt S-101 cm-ifs wave lerogth L

woo
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h aplification functions of the body's centre of gravity, the mat
linkage point and the seat surfac are represented in the amplitudie
f requucy resqome. The function curve for the centre of gravity of the
body is daracterized by two maxims, which are defined by the natural
frequency of vertical vibration ( Hz) and the pitch natural frequncy
(3.75 Hz). Conversely, the set linkage point in the area over the rear
axle only shows a maximu with an amplification factor of 5 in the range
of the vertical natural frequency. This phenomen is caused by the
position of the instantaneous centre of the tractor body pitch vibrations
rear the rear axle. 7t* function curve of the seat reaches a ratio of
amplitude of 2.7 at a natural frequency for the seat suspsion of 1 .8 Hz,
continuing to rise towards a body natural frequency of 3.5 and then
falling steeply as frequency increases.

Fig. 4 Frequecy respomse A

of the to-d ional
vibration model of a wheeled 0 -- -

tractor with oovieticnally .o 0-1

seun at Aj
KFB (Seat)
Tractor cent k
or gravity - "

90 point

I - - - -- -0

4110 s" 100
Frerr"IcY

Percetion strength K, defined in '.1I Standard 2057, and the effective
values for vertical acceleration were applied as criteria for evaluating
vibration dharacteristics during tocastic excitation of the iniulaticn
model by min of the roughsm profile of highway and field track.

Fig. 5 reprocs the measured values at the body's centre of gravity, at
the sat linAsW and at the seat for forward spads of 12.5 Ia/h and
25 Wh. Both the effective acleratio and the perrtio strength
values ixa. the wmllset vibration lomds for the masuring point at the

AID
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seat, thus dimnstratinq that the conavnticnally sprung seat produces a
certain degre of isolation.

However, perception strengths of K00 are reached over field tracks,
norresxrodinq to acceleration values of >0.7 g. Loads of this magnitude
lead to impaired health following prolonged exposure.

Therefore, the possibility is investigated of effectively reducing these
high vibration loads on the driver by the introduction of an active sus-
pension systen.

AMWV SLSPENSICN

The operation of existing active suspension systems(2 '3 '4 '1 1 , 15 ) is based
on the ise of controlled, longitudinally variable components for the sus-
pension of the masses to be isolated. If the control system is success-
ful in maintaining an exact phase shift of 1800 between the movement of
the active suspension systean and the excitatio, a mass suspended in this
way will ideally experience no dynamic forces and its absolute accelera-
tion will be zero. In previous research( 8 ) the suitability of various
active suspension concepts for wheeled tractor seat suspension was
exanirnd, electro-hydraulic systems showing the greatest advantages. By
comparison with pneumatic and mechanical solutions, high-pressure hydraulic
systas carbined with electronic control elements offered high, precise
response speeds simultaneously with high performance and dependability.
An active suspension systa, consisting of a hydraulic cylinder, a serta-
valve, a antrol unit and a power source was therefore selected, repro-
duced as an analogue sintxlatic model and its dynamic properties investi-
gated and opt i sed. " ' fase (Seatj q'

":z Body c ot q A
, Wa 'z Seat lnkaq -.-

- -Field trc.

so
Fig. 5 Percp ion strength
K and effective acceleration Highmy
for a wheeled tractor with
conventional seat suspesio 0 LW
(K~r'? 0 .- .-

- .~ Field tr

4I

'
Highfty

@ 3 4 6 MIS7

12.3 he^h 2$
Forward speed 4

" :"V
I. . '
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Fiq. 6 shows the basic design of the active suspension system copared
with the oaxvent ional, passive arrangement. 7T* measuring points MI and
M2 are used to measure vibration excitation and register the theoretical
and actual value difference.

PASSIVE ACTVE:

MASS MASS
Fx.6 Passive and active at+et+

R E
z

i

Tractor moverent

ITh necessary compnents for a technical description of the active suspen-
sion layout under investigation are shown in the hydraulic circuit
presented in Fiq. 7.

vrvalve

Fig. 7 Active suspension Filter hePUM
hydraulic circuit-

Servo- Pressure Motor
cylinder restriction

valve

Servo-valve

t* servo-valve forms an essential connecting link between electronics and
hydraulics and a vital mans of contrallinq the hydraulic cylinder.
After investigticn of different valve designs and types and assessment of
the required flow volume, a tw-stage production valve with a nominal
flowrate of 19 l/m at an operating pressure of 210 bar and good frequency
reprse ws d uoi. Since dynmic valve response under defined boundary
conditions my be descrlbed by mms of a second-order linear deceleration

e 5 . .
powwo

_ r
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tcrn, it is leoitimate to describe the valve bYj rtans of the follwtng
second-or:er differential equation

T, * ).t q *q = V,. i

VV

wfhere Tv1 2 - t ue cxnstants

q - controlled flow volume

1 - control current

- aulipfication factor

The technical data relatinq to the valve selectod are:

Manufacturer fe 1Hz] D Tv1 ni1r T2 ims)

MDG 210 1. .67 0.76
(76-232)

Valve characteristics were reproduced accurately by means of an analogue
oomputinq circuit for sirmaating the above differential equation. The
aplitude- and phase-frequency responses shown in Fig. 8 display diver-
genoes between the physical servo-valve and t.h e sinulation rrel in the
1igher-frequ-ncy range only; these are small enouglh to be disre<arded.

Servo-cylinder and Servo-irive

The servo-cy1irder, which functions as an hydraulic Iirear motor, trans-
forms t-n power controlled by the servo-valve into medianical power. Fbr
uqe in an active suspension system a doble-acinq constant flow cylinder
ws chosen, which had the following technical characteristics:

Manufacturer s In] Ve s [c I] Ak 1cr'9] Ik Ikg]

100 64 4.9 1

The cylinder design is distinguished by a high deqiee of mechanical
efficienicy. Stick-slip-free operation is achieved by means of a particu-
lar bearing cornfiguration with ti, aplication of special seals.

- - ,, - , -p,
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Fia. 8 Frequekncy, res- 1

jxnse of the' cr~ .,ZUi.tf rxlel
%alve (prysical cxn--PysclMrv-
R-rwent aml suiilat ion fVa iI IL

MoDlr 1)1
Q01L7~FL7

.90j 7
§ -

0.1 1.0 10 s-1 $00

A~ 7atiem, ical forTriula in O- form of a seconid-order differential equationi
7a-' sii-rlarly be chosenl to) descrite the dynamic response of a servo-
cy, indxer.

Iz z 1z z - qdt

wtjerf- T Z1, Tz2  -tim cxstants

z z pistczl rcxl strrke

A,, -effective piston area

q -controll1ed flow vohrv'u

1,eprduinci the differential *equation on an davlociw cfYW'uter creates a
s umlat icrin model for measur inq the* dynamic character 1st ics of tthe servo-
cyl inder.

'Ihe serial connect ion of servo-valve and servo-,cylinder forms the sem-vu
drive, wich represmts t~rt controlled ranoe in the closed-loop control of
the active mssenslon system, Fig. 9 shows the frequency response of th
servo-drive. SIna the ratio of xp1itxke of the- qervo-valve in a wide
frequency spectrumi Is alzivst one and the phase drjp clearly begins earlier,

MOM
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the total transwission characteristics of the servo-drive are essentially
detenRined through the servo-cylinder.

The Cotrol Ucoj

In the next research stage a closed-loop control was created by the adit-
tion of a control unit in order to ifrove the transnission characteristics
of the active suspension systAn. The characteristics of the oontrol unit
should be selected in order substantially to compensate for the divergences
of the servo-drive's dynamic response from the theoretical state, charac-
terised as a ratio of auplitude = 1 and a phase angle = 0 ° . Since no
krwn contrl element fulfils the requirement set of lowering the ratios
of wrlitake in the range of the servo-drive's natural frequency while
siultaneously raising the hase anqle, priority was given to ocupensatiny
for the negative phase angle on the basis of the servo-mechanism to be
ut[leented. '! e differentiating characteristics required for this were
provided for by the choice of a PD-aontrol unit which may be described by
the followinq differential equation:

y = K (x + Tv . X)

where T - time constant
v

x,v - input and output quantities

K - contrxl constant

10

1.0

0

Fig. 9 Frequency respre Sero-drive
of the servo-drive (oontrolled
range) O LL I -

090

.9 -- - - -

01

0.1 1,0 10 s' 100

FREUE C
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The basic design of the control loop is shown in Fig. 10. The PD-ontrol
unit formulates a regulating variable acting upon the oontrolled range in
terms of the divergece of controlled variable and theoretical value;
this regulating variable positively affects the traniission characteris-
tics of the servo-dive. An analogue simulation model was gee-rated to
neasure optimal control characteristics in acoordance with the differen-
tial equation of the PD-oontrol unit and was ombined with models of the
servo-valve and the servo-cylinder. Synchrtnisation of the PD-antrol
unit and the resultant effect on the transmission characteristics arises
from the contrast between the freq ency reqonses of the controlled servo-
drive and of the closed-loop control in Fig. 11. The natural frequency
of the active suspension system is raised from 45 Hz to 90 Hz by closing
the control loop with the aid of a PD-costrol unit.

Controlled range

Neouatin Controolled
vle variablesina

Fig. 10 Control loop with noise elimination

Simultanrously, the ratio of amplitude rises on the basis of the damped
characteristics of the differentiating control fraction and the phase lag
beomes mal ler. Associated research to further improve quality of aon-
tol led to the developmnt of the noise elimiration shown in Fig. 10
wtich favourably affects the transmission characteristics in conjunction
with an optimally synchronised matching oontroller. Frequey response
rw.suri with noise elimination shows a natural frequecy for the active
suspension system of 150 Hz in Fig. 11 by comparison with the controlled
servo-drive or with a simple control lop with a PD-ocintrol unit. In a
frequency raw: up to ca. 50 Hz a nearly constant ratio of amplitude with
a simultaneously reduced phase lag is achieved. The response shift
tcmrds higher frequencies is, howver, associated with the disadvantage
of a rising ratio of amplitude in the natural frequency range. In view
of the relatively low-frequency excitation spectrn, however, only mall
importanc ixild be attached to the amplitude rise at higher frequencies.
Before matching the active suspension closed-loop control to the wheeled
tractor vibration model, the stability of the control loop was verified
with the aid of the Nyquist criterion. The frequency respnse of the
open control loop form the basis of this criterion.

It* application of the Nyquist criterion to an optimised control loop with
a R-Omtrol unit is show in Fig. 12. The frequecy response of the
open control loop resulting from the geomtrical addition of the frequency
expanes of the servo-drive and the pD-control unit provides an amplitude

rsvof A. , 3.0 and a phase reserve of aR 30- thereby fulfilling the
stablit cr~iaA R a1 and me~ O*.

-A

II . . .. .V ,

\'.,.' . . , _



009

10 - - - . . .. - -

--i,

.0.1--

- servo-drive

.90.0---.. -Q.

-O I

I St

-360 - - -- ----

0.1 to t0 In

* Control loop wi~th PD-control unit

**Cntrol l1op with PD-(trol unit ,

and noise elimination

Fig. 11 Frequcy res of the ervo-drive and of
the cloBW-10Wp control with and without nois elimination
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10

0 0.1 Servo-dive

--90

0*

-Not-
0.1 AO 10 S4 7 IM

*PD-ontm uni

**Opm ootrol loop

Fig. 12 Stability invstigatium acooding to the
Nyquiut criterim
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SYMnisIS OF PL SUSPSICN AND MI MM TRR

In order to match the active suspesion system to the teeled tractor
vibration model, the oscillator of the conventiral seat suspension was
replaced by the closed-loop control of the active system. The vertical
movement of the tractor body at the linkage point of the seat suspension
was used as a disturbance signal.

Vibration proerties

The amplitude frequecy respses of the seat measured for integrated
active JaWnsicn and the acceleration at the seat related to the excita-
tion amplitude are compared in Fig. 13 with the corresponding curves for
convntional seat suspension. The active suspension version, functioning
with noise elimination, shows more favourable amplitude and acceleratLion
values as ompared to the versic with a simple control loop. In con-
trast to the conventional seat suspension, both active susmaicn versions
offer a clearly depressed acceleration level in the freqeny range up to
ca. 15 Hz. In the higher frequency range a steep decrease in amplitude
resuilts frtm the low pass characteristic of the conventional suspension
which, because of the negative phase angle that occurs, the active suspen-
sicn system are incapable of following. This is also the reason for the
higher related acceleration values of the active suspension in the frequency
range >15 Hz. The high acceleration values occurring in the natural
frequecy range of the active supension system are of lesser iqportance to
the total vibration load because of subjective evaluative perception by the
driver. 'Te measured values for the perception strength KZ and the effec-
tive aceleration of the oorventionally and actively suspended seats during
stochastic excitat1on of the tractor simulation model with road surface
raugtmess are skain in Fig. 14Ko_:B _,T I V= i

• AFI (ea) itI-onolut

KB 10wt I nI I I eV- -nat -n

- -; - - -- moo .,-,. - - - -' , .

174

to/ !

*AID (Seat) with H)-aritrol u.nit
*'AFB (Seakt) with R)-wxtrol uhnit and noise elimination

Fig. 13 Amlitude frequency respose and related acceleatiai
for convention~ally (1GB) and! actively (AFB) suspended tractor seats
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*AMS (Seat) with PD-trol
uit and noise elimin~ation

Fig. 14 Perception strength5
and offective encleratian of S WS (Seat)
coventicnally (K'B) and

atively (APB) mpmnzg 4i~trd

0 3 4 S 6 Nis 7 g
%LS kmaf 2S

A clearly deressed level of acceleration and of objective vibration load.
through the use of active sunion is sham~ in thm total forward gseed
range. Wile the perep iom strength for a conventionailly sprung seat
during highway driving and field track operation lies between KZ 30-35
and I 90-120,* respetively, a y.a comort level is acheved
through tim use of an optimally syncronisd actiwe-supensiion control
loop with noisee ellinaticn. Hokaver, such sydumnaaticn of the active
sumpas icn 0jutwi, where the only ais Is to minimise vibration loading,
also leads to comparatively large relative noisnts between seat aid
tractor body. Duaring field track opration the limits of the cylinder
strok~e wee often Pm I - , wichd should be avoided by means of a supple-
metary cointrol loop circuit and a cylinder and-bearing dampiIng. Since,
hmovner, a large relative dogy e of trawel generally renders the stable
ccrmdut at the vehicle momi difficult,* the use of active smpension shold
km 1 1 A I in future resarch to an entire cob with integrated controls.

Powr rowliromnits for active slaonio

An aproc to calculating the nsary hydroulic pF requirnt of en
active sumpansion rysten is pemittad by the eaaticn:

p -1 p.A
np VIKoff

wher PW eff icimncy VV 0.85

opertin oi pessurep -21

Pistonaria A -. 4.
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Fbr the measured piston speeds at the active suspension cylinder of
0.22 m/s during highway travel and 0.67 m/s during field track operation
at forward speeds of 25 km/h, the calculated power requiremet is equival-
ent to 2.7-8.1 kW, according to operational mode. Because of this high
power requirement, especially during field track operation, the use of an
active suspension system seems useful only for tractor categories with a
high power availability.

SUMMWY

The theoretical possibilities of an active seat suspension wre investiga-
ted with the aid of an analogue computer model designed to simulate the
vibration characteristics of a wheeled tractor and of a siuple active
suspension system.

The active suspsion system, consisting of a servo-hydraulic cylinder,
a servo-valve and an energy source, was operated in a closed-loop control
with a PD-control unit and noise elimination. After measurement of the
frequency responses of the individual components, the active suspension
system was integrated with the vehicle nodel and syrLhrnisation of the
ontrol unit characteristics was optimised in terms of stability. During
vibration excitation of the total rdel with harunic signals and with the
road surfae roughness of higarays and field tracks the active seat sus-
pension achieved a clear reduction in the vibration load on the driver.
It was concluded on the basis of evaluation of the necessary por require-
went for an active suspmsion syst that the application of such a system
was useful only for tractors belonging to higher power classes.
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LEISTUNGSSTEIGERUNG UND VERBES SERUNG DES FAHRKO#4FORTS BEI SELBSTFAHRENDEN

BAIN4ASCHINEN DURCH REDUZIERUNG EINSATZBEDINGTER NICK- UND HUBSCHWINGUNGEN

SPROF. DR. -ING. WOLFGANG POPPY /DR. -ING. ALFRED ULRICH

N KONSTRUKTION VON BAUMASCHINEN -TECHNISCHE UNIVERSITAT BERLIN

,on Selbstfahrende ungefederte Baumaschinen - wie Radlader und Autokrane -
Sneigen auf unebener Fahrbaihn schon bel niedrigen Fahrgeschwindigkelten zu

erheblichen Nickbewegungen. Durch die dabel auftretenden dynamlschen Bean-O spruchungen werden de.- Fahrer, die Maschine und die Fahrbahn hoch belastet
Sund in ungunstigen Fallen erheblich gefbhrdet.

Eine wirkungsvolle und kostengUnstige Schwingungsreduzierung lift sich
durch die Verwendung der ArbeitsausrUstung der Maschine als Absorbermasse

Serreichen, indem in ihre starre, Abstutzung emn Feder-Dimpfer-Element emn-
gefUgt wird. Die Auswirkungen dieses Schwingungsabsorbers auf die Fahr-

Ssicherheit, die Bauteilbeanspruchung und den Fahrkoinfort wurden ami Fach-
gebiet "Konstruktion von Baumaschinen" der Technischen Universitat Berlin
analytisch und experimentell untersucht. Fahrversuche mit Geriten unter-
schiedlicher Grbe haben gute Obereinstinunung *it den Ergebnissen der-
Rechnersimulation erbracht. Die Verbesserung der Fahrsicherheit und des
Fahrkamforts liegen bel 50 % gegenUber den konventionellen Maschinen.

1. EINIEITUNG

Selbstfahrende Erdbaumaschinen legen beim Einsatz auf der Baustelle nlcht
selten auch I~ngere Fahrstrecken zurUck und nehmen beim Transport zu den
verschledenen Einsatzorten "auf eigener Achse" am offentlichen Straben-
verkehr teil. Aus wirtschaftllchen GrUnden wird angestrebt, die Fahrzeiten
zu mtnimieren. Der Fah.-zeugfUhrer w~hlt deshaib nach subjektiven Kriterien
die jeweils h~ichstanbgliche Fahrgeschwtndigkeit. Diese wird jedoch wesent-
lich durch das Schwlngungsverhalten des Fahrzeugs und die sich daraus er-
gebenden Beeintrbchtigungen de.- Fahrslche.-helt und des Fahrkomforts be-
qrenzt.

Besonders ungefederte Baumaschlnen neigen schon bei niedrigen Fahrgeschwin-
digkelten zu erheblichen Nickbewegungen, die zu einer hohen dynamlschen
Beanspruchung des Fah.-ers, doer Maschine und der Fahrbahn und in ungiinsti-
gen Flen zu eine- erheblichen Gefghrdung fUhren. Elne E.-h~hung des Fahr-
komforts, der Fahrsiche.-heit und der- Wirtschaftlichkelt IM~ sich durch
Reduzierung de.- Fah.-zeugschwingungen, insbesonde-e der Nickschwtngungen,
erretchen.

2. OGL ICHKEITEN FOR DIE SCI4EINGUNGSRED4JZIERUNG AN ERDBAUMASCHINEN

2.1 Fede.-- und Dimpfe.-wirkung doer Fahrzeug-eifen

Bet do.- Nehrzahl do.- Erdbaumaschinon ist der Reifen das alleinige Feder-
OMmpfer-Element, das in der Lag. 1st, Fahrzougschwingungon zu reduzieren

4- (ilid 1). Durch Senken der Fede.-steitigkeit (Buld 2) und Erhtihen de.- Rol-
fondImpfung (Optimum Dt0,25; Slid 3) ist es a~glich, das Schwlngungsve-
halten elne- Maschine positly zu beeinflussen. Do.- heutige Stand der Tech-
nik bei de.- Reifementwicklung zeigt jodoch, dW ein weicher Rotten mit
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optimalen DIupfungseigenschaften zu Problemmn hinsichtlich der Lebmnsdauer
des Reifens, zu erhdihtem Roliwiderstmnd und zur Minderung der Lenkflhig-
keit des Fahrzeugs fUhrt.

Bild i. Reifen ais Feder- und Dgmpfer-Element beini Radlader

0,3 ___ _

60.2

j0 00 0 O 02 C

Iltat mo9uwueeW" F__I

Slid 2. Achsbeschieunlgung in Abhingigkeit von der

Fedirsteiflgkeit der Reifen
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Abheban
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OGMp~unp~d 0

Bild 3. Achsbeschleunigung in Abhuangigkeit von der
Re ifendampfung

2.2 Achsfederungen

Der Einbau von Feder- und Dampfer-Elernenten zwischen Fahrzeugachsen und
Aufbau ist die am haufigsten verwendete und wirkungsvollste Methode, Fahr-
zeugschwingungen zu reduzieren. Bei iobilen Baumaschinen ist eine Achsfe-
derung beim Arbeitseinsatz jedoch hauig unerwUnscht.

Durch einstellbare und sperrbare hydropneumatische Feder- und Dampfer-Ele-
inente kann die Federung in Fahrbetrieb ein- und beim Arbeitseinsatz ausge-
schaltet werden. In Bild 4 und 5 ist die Anordnunq und Steuerung einer hy-
dropneumatischen Achsfederung dargestel it.

Bild 4. Radlader mit Feder- und D~mpfer-Elementen zwischen
Achsen und Aufbau

V~
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I 4/4-Wegeventil

y2 Hubzylinder

43 2/2-Wegeventil

C 7I- 34 Drossel

5 Speicher

Bild 7. Anordnung elnes Speichers im Kreislauf der
Hubzylinder elnes Radladers

23. SCHWIJ?GUNGSYERNALTEM MINES RADLADERS

3.1 Rechnerstiuatlon

Fur die analytischen Untersuchungen wurde ein Radlader gew~hlt. Das ungefe-
derte Zweiachsfahrzeug hat Uber vier Rider Kontakt zur Fahrbahn. deren Un-
ebenheiten als Schwingungen Uber die Reifen und Achsen auf den Fahrzeug-
rahmen Ubertragen werden.

Das vertikale Schwingungsverhalten des Radladers 1bBt sich wegen der Fahr-
zeuglbngssyuuietrie an Hand elnes ebenen Schwingungsersatzmodells betrach-
ten, wie es in Bild 8 fur einen Radlader mit elastisch abqestUtzter Ar-

- LSA
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beitsausrustung darqestellt ist. Fur die Berechnungen muB dabei die H4ifte
der Fahrzeugmasse bzw. des Fahrzeugtragheitsmonentes herangezogen werden.

Ausgehend won diesem Ersatzmodell werden die Bewegungsgleichungen fUr die
Zuck-, Hub- und Nickschwingunqen des Radladers und seiner Arbeitsausru-
stung aufgestellt und mit einem Analogrechner gelost.

Zur Nachbi Idung der Fahrbahnunebenhei ten be i der a na Iogen SimulIat ion dient
ein Rauschgenerator, der eine regellose Ausgangsspannung U(t) liefert. Mit
diesem Fahrbahnsignal wird die Vorderachse des Radladers direkt angeregt,
wahrend die Erregung an der Hinterachse Uber emn Laufzeitglied eingeleitet
wird. das aus Radstand und Fahrgeschwindigkeit berechnet wird.

Als Beurteitungsgro~e fujr die Fahrsicherheit dient die dynamische Radlast
an Vorder- und Hinterachse, zur Beurteilung des Fahrkooiforts die vertikale
und horizontale Sitzanregungsbeschleunigung.

Bei der analogen Simulation ist die Verwendbarkeit der Rechenergebinisse
eng mit der Eingabe realistischer Fahrzeugdaten verknUpft. Fur gelande-
gAngige Fahrzeuge, speziell fur mobile Erdbaumaschinen, stehen die grund-
legenden schwingungstechnischen KenngroBen (Gewichte, Abimessungen, Schwer-
punktlagen, Kassentragheitsmomente) nur in Einzelfalien oder unvolistandig
zur Verfugung. Die notwendigen Werte wurden deshalb aus Firinenangaben oder
durch eigene experimentelle Untersuchungen ermittelt.

Entscheidend fur eine genaue Berechnung des Schwingungsverhaltens ungefe-
derter mobiler Baumaschinen ist auch die genaue Kenntnis der Feder- und
Dampferkennwerte der Reifen. Vorhandene statisch ermittelte Reifenkenn-
werte nichtrollender Reifen weichen vom tatsachlich auftretenden dynami-
schen Verhalten so weit ab, daB sie fur die Simulation nicht geeignet sind.
Die damit erzielten Rechenergebinisse kortnen nur Tendenzen angeben. Die
dynamische Reifeneinfederung wurde deshaib am rollenden Rad bei wirklichen
Fahrvorgangen ermittelt. Sie liegt gegenuber der statischen Federkonstanten
fur die untersuchten Fahrzeugreifen (12.5-20, 10 PR und 17.5-25, 12 PR) im
Mittel umn 20 t niedriger.

Zur Ermittlung der fur die Simulation benutzten Reifendampfung wurden Er-
gebnisse von Nitschke (1) verwendet. Damit lieBen sich in Abhangigkelt von
der jeweiligen Achsresonanzfrequenz. dem Reifeninnendruck und dem Fahrzeug-
gewicht die DWmpfungskonstanten der benutzten Fahrzeugreifen bestinunen.
Wegen des schmalen Frequenzspektrums. das eine ungefederte mobile Bauma-
schine aufweist, 1st dies eine brauctibare AnnAherung an die wirkliche Ret-
fendampfung, wenn die Unterschiede zwischen statischer und dynamischer
ReifendAmpfung nur gering sind.

3.2 Ergetnisse der Rechnersimulation

Die Beziehung zwischen Fahrzeugmasse, Nassentragheitsmoment (Y-Achse) und
Schwerpunktiage bewirkt bei mobilen Baumaschinen eine starke Kopplung zwi-
schen der Vorder- und der Hinterachse. Dies wird durch die Xoppelmasse aus-
gedrUckt. Sind Teile der Fahrzeugmasse - wie beim Radlader - auBerhaib des
Radstandes angeordnet, so 1st die Koppelmasse negativ. Derartige Fahrzeuge
neigen schon bei niedrigen Fahrgeschwindigkeiten zu starken Nickbewegungen,
was die Fatirsicherhelt durch hohe dynamische Radlasten und den Fahrkomfort
durch starke Sitzanregungsbeschleunigungen in vertikaler kind horizontaler
Rictitung erhebl ich verschlechtert.

~, ~-J-1--4
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[in weiteres charakteristisches Merkinal ist das Auftreten von zwei Reso-
nanzstellen bei der Obertragungsfunktion der dynamischen Radlasten (Bild 9
und 10). Die erste fesonanzstelle wird durch Nick-, die zweite hoherfre-
quente Resonanzstelle durch Hubbewegunqen erzeugt, d.h., die grd~ten dyna-
mischen Radlasten werden durch Nickbeschleunigungen verursacht.

Fur die Kappelmasse m K -0 ist das Obertragungsverhalten an den Fahrzeug-
achsen unabhangig von der Fahrgeschwindigkeit. Bei negativer Koppelrmsse
zeigt sich hingeqen eine systematische Abhangigkeit (Buld 9 und 10). Dieses
Verhalten ist kennzeichnend fur massengekoppelte Zweimassenschwinger und
macht es erforderlich, die gewahten BeurteilungsgrdBen stet, im Zusanwnen-
hang mit der Fahrgeschwindigkeit zu betrachten.

Lo

30 
kjerh

03

FRequnz

Bild 90. Vergrolerungsfunktion der dynamischen Hinerachislasten fur
einen Radlader mit starr abgestUtzter ArbeitsausrUstung
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Die Schwingungsbeanspruchung des Menschen ist bei der Bedienung selbstfah-
-ender Baurnasdiinen durch die geringe Reifendampfung allgemein recht hoch.
Die Lage des Sitzbefestigunqspunktes ist dabei eine konstruktive GroBe.
die die Fahrersitzbeschleuniqung negativ beeinflussen kann. Im Schwer-
punkt des Fahrzeugs ist die vertikale Beschleunigung am geringsten (Biud
11) und dies damit der gUnstigste Sitzbefestiqungspunkt. Diese Auiordnung
168t sich aus konstruktiven Grunden nicht bei alien ?aschinen verwirkli-
chen. Bei Autokranen kommen zum Beispiel Sitzanordnungen von der Vorder-
achse bis hin zum Schwerpunkt var.

[2

0

Sdtrpostbo LAq

Bild 11. Vertikalbeschleunigung zwischen den Fahrzeugachsen
bei einem Radlader

4. SCHWIlNGLJNGSRE DU ZIE RUNG -DURCH ABSORPTION

4.1l Prinzip tires dyn-amilschen Schw n ung-sabsorbers

Die wi'-kunqsweise *ines dynamischen Schwingungsabsorbers 168lt sich prinzi-
plell an einem Einniassenschwinger erkiaren. der mit elner zweiten elastisch
angekoppelten Masse ausgerustet ist (Buld 12).

TAbsorbr.
Sytem

Bild 12. Dynamischer Schwtngungsabsorber
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Der Absorber ist im Prinzip emn Resonanzsystem, das auf der schwinqenden
Struktur angebracht wird und den zu reduzierenden Schwingungen entgegen-
wirkt.

Ist der Absorber so auf das Hauptsystem abgestimmt, dab3 dds Verhaltnis der
Resonanzfrequenzen v =I ergibt und der Dampfungsgrad k =0 ist, wird die
Resonanzstelle des Hauptsystems volistandig absorbiert (Bild 13). Diesen
gewunschten Verhalten steht als Nachteil entgeqen, daB zwei zusatzliche
Resonanzstellen auftreten. Bel einer unendlichen Absorberdampfung k -F
ist die Absorbermasse mit der Hauptmasse so verbunden, daB sie sich nicht
gegeneinander bewegen. Das Absorbersystem ist dabel vollig funktionslos,
so da die elgentlich zu absorbierende Resonanzstelle wieder auftritt.

Zwischen den extremen Dampfungswerten k =0 und k =gibt es eine Damp-
fung, bei der das Hauptsystem die kleinsten Schwingungen ausfUhrt.

16

S I~
x 1

0

0 
0 

_ 
__ 

_

0%6 0,7 Q9 Q9 to0 t, 1,2
Frequenzverho~tnis w/N

Bild 13. Obertragungsfunktion eines dynamischen Absorbers
bei unterschiedlicher Dampferabstinwuung

4.2 Absorberabstimmng im Hlinblick auf Fahrkoeufort und Fahrsicherheit

Bei der Wahl der gUnstigsten Absorberabstinmmung zeigen. sich fur die dyna-
mischen Radlasten und die Fahrersitzanregungsbeschleunigung unterschied-
liche Abstirmungsfrequenzen, jedoch annahernd gleiche Dampfungsgrade von
D -j0,3. Diese 0imnpfung ist, wie Untersuchungen bei der Nassentragheits-
momentenbestinmming von Absorbermassen beuim Radlader zeigen, praktisch nicht
realisierbar. Vielmehr muB mit einer eigenen Dampfung von D A1, gerechnet
werden.

Die in Bild 14 bis 25 dargesteliten Rechenergebnisse zeiqen das Verhalten
bei dieser hohen Dampfung und einer Absorberfrequenz von 1,4 Hz, die einen
KompromiB zwischen Fahrkomfort und Fdhrsicherheit bilden.

V, t,
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Die Linearspektren der dynamischen Radlasten (Bild 16 bis 19 und der Sitz-
anregungsbeschleunigungen (Bild 22 bis 25) machen deutlich, daB die ma~geb-
liche Reduzierungder Fahrzeugschwingungen b*1 der ersten ResonanzUberhdhung

(Nicken) erreicht wird.

0.6-vv v
fn :1.0 HZOA =0.3

0.5, m ~14 HZA -- :1.0
f t= 1.75 HZiDA 0.3

~0.4

a:

0.1

Fohrgectwindqkei v
Bild 14. Radlastfaktor an der Vorderachse in Abhlngigkeit von der

Fahrgeschwindigkeit bei unterschiedlicher Absorberabsttnmung

0.6

tI q =1.75 HZ z/ 0.3

0.1

Hwderochse

Fotvgeschwwndogkeit v
*Bild 15. Radlastfaktor an der Hinterachse in Abhingigkeit von der

Fahrgeschwlndlgkelt bel unterschledlicher Absorberabstimmung
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Bild 16. Linear-Spektrum der dynamischen Vorderachslasten elnes
Radladers mit estlsc abgestUtzter ArbetsausrUstung 
inAbhngigkeit von der Fahrgeschwindgkeit
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Bld 1. Linear-Spektrum der dynamichen Hntrachslasten ies
Radaders mit estlic abgestUtzter Arbitsausristung 
iAbhnggket von der Fahrgschwndigkeit
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Bild 20. Vertizona Fahrersitzanregungsbeschleunigung i
inAbhgiket von der Fahrgeschwindgket bei
unterschiedl icher Absorberabstimuing
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Bild 23. Linear-Spektrum der vertikalen Fahrersitzanregungs-
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0 1 2 3 4 5 6 7 HzS
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Bild 24. Lintar-Spektrui der horizontalen Fahrersitzanregungs-
beschleunigung eines Radladers mit %tarr abgestutzter
Arbeitsausrustung in AbhAngigkeit van der Fahrge-
schtvindigkeit
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Bild 25. Lmnear-Spektrum der horizontalen Fahrersitzanregungs-
beschleunigung eines Radladers mit elastlsch abgestUtzter
Arbeitsausriastung in Abhangigkeit von der Fahrgeschwin-
digkeit
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4.3_Absorberbewejung

Bei der praktischen Realisierung einer Absorption von Fahrzeugschwingunqen
durch Verwendung der ArbeitsausrUstung als Absorbermasse ist die dabei
auftretende Absorberbewegung im Hinblick auf die beim Befahren offentli-
cher StraBen geltenden Sicherheitsvorschriften von besonderer Bedeutung.
Die Relativbewegung zwischen Fahrzeug und ArbeitsausrUstung soil moglichst
gering sein.

Die in Buld 26 dargestelite relative Amplitudenverteilung zeigt. daB die
benotigte Absorberbewegung selbst bei optimaler Absorberabstinmmng nicht
grdBer als t 30 mmu wird. Bel Verwendung einer realistischen Absorberdamp-
fung von D w 1 ,0 reduziert sich der maximal benotigte Absorberweg auf
t 15 mmn. Derartig kleine Relativbewegungen der Arbeitsausrustung lassen
sich ohne Schwierigkeiten konstruktiv verwirklichen.

fA c 1.0 Hz
DA :.
DA =35H

CD =A
0 .3

DA m1.0

S v =60km/h

-75 mm -5O -25 0 25 50 mm 75
Absorberbowegung ZA

il~d 26. Relative Auplitudenverteilung der Bewegung der Arbeits-
ausriistung bel unterschiedlicher Absorberabstlmmng

5. FAHRYERSUCHE

Zur OberprUfung der durch die Rechnersimulation gewonnenen Ergebnisse wur-
den Fahrversuche mit elnem der Simul~ation zugrunde gelegten Radlader
durchgefuhrt. Diese ergaben eine gute Obereinstinunung mit der Rechnung.
insbesondere hinslchtlich der erzlelbaren Schwingungsreduzierung (Bild 27
bis 29).

Bemerkenswert sind Verhalten und XuBerungen des Fahrers, der den Versuchen
zunachst mit gro~ter Skepsis gegenuberstand, nach den Fahrten mit dem
Schwingungsabsorber auf diesen aber nicht mehr verzichten woilte. Gerade
die Vertrautheit mit deni ublichen Schwingungsverhalten der selbstfahrenden
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Bauniaschinen hat zu der aligemein anzutreffenden Vorstellung gefUhrt, daB
dies nomal und nicht anderungsbedUrftig ist. Dei" stehen die Uberzeugenden
Ergebnisse und Erfahrungen mit der Schwingungsabsorption durch elastisches
AbstUtzen der ArbeitsausrUstung entgegen.

Hz
.160

1120 _

or Absorbr

Frquenzf

Buld 27. Schwingungsreduzierung an der Hlnterachse eines Radladers
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Bild 29. Schwingungsreduzierung am Fahrersitz elnes Radladers

6. ZUSAII4ENFASSLING

In analytischen und experimentellen Untersuchungen werden der Fahrkomfort
und die Fahrsicherheit ungefederter selbstfahrender Baumaschinen mit star-
rer und elastischer Abs tUtzung der ArbeitsausrUstungen betrachtet. Fahr-
zeuge, bei denen ein wesentlicher Teil der Fahrzeugmasse auberhaib des
Padstandes angeordnet ist - wie dies bel Radladern stets der Fall 1st -

neigen schon bei niedrigen Fahrgeschwindigkeiten zu starken Nickbewegun-
gen, die die Fahrsicherheit und den Fahrkomfort erheblich beeintr~chtigen
konnen.

Als BeurteilungsgroBen fUr die Fahrsicherheit dienen die dynamischen Rad-
lasten und fur den Fahrkomfort die vertikale und die horizontale Fahrer-
sitzanregungsbeschleunigung. Die Abhgngigkeit der dynantischen Radlasten
und der Sitzanregungsbeschleunigung von der Fahrgeschwindlgkeit ist bei
diesen Fahrzeugen sehr unterschiedl1ich, so daB die SchwingungsgroBen stets
fur den gesamten Geschwindigkeitsbereich betrachtet werden mUssen.

Die Lage des Sitzbefestigungspunktes zum Gesamtschwerpunkt des Fahrzeugs
ist entscheidend fur die Auswirkungen der Nickbeschleunigungen auf die Be-
anspruchung des Fahrers. Durch elastisches AbstUtzen der ArbeitsausrUstung
und lhre Verwendung als Absorbermasse kann das Schwingungsverhalten der
Maschinen wesentlich verbessert werden.

Bei der Abstinunung des Absorbers in Bezug auf die grdBtmdgliche Reduzierung
der dynamlschen Radlasten und der Sitzaviregungsbeschleunlgung muB ein Kom-
promiB zwischen Fahrsicherhelt und Fahrkomfort getroffen werden, wie er
bel der Auslegung von Achsfederungen Ublich 1st.

AA
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"VWeQguflcet. -. :.hen Arbeitsausrustung und Fahr-zeugrahmen betragen bei ei-
nt'r in der Praxis realistischen Absorberdampfung von D a 1 etwa t 15 rmr.
Perartig Jleine Relativbewegungen der ArbeitsausrUstung lassen sich ohne
Shwierigkeiten konstruktiv verwirki ichen.

Insqesarit zeiqen die vorliegenden Ergebnisse, daB mit dem Prinzip der
Schwinquinqsabsorption eine betrachtliche Erhohung des Fahrkomforts und der
..ahrsicherheit ungefederter selbstfahrender Baumaschinen erzielt werden
,~ann. Fahrversuche mit einem Radlader bestatgen die Erqebnisse der Rech-
nersimulat ion.
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INZREASE IN PERI1NCF AND Il4Wt4fr OF RIDE CCWORr OF SELF-PIVPYUkfM

CONSTRMON MACHINERY BY REIING PII! AND VErTICAL VIBRATION

PROF. DR.-ING. W. POPPY and DR.-ING. A. ULRICH

ONSTKTIcON VON BAZJAS , T INISCHE M1 IV TAT, BERLIN

(Translated by Miss G. Batanan, NIAE, Silsoe, England)

Self-propelled unsprung construction machines - such as tractor-loaders

and mobile cranes - are prone to pronounoed pitching motion on uneven

driving surfaces even at low forward speeds. Because of the dynamic

loads which thus occur, the driver, machine and the driving surface are

highly stressed and in unfavourable conditions are onsiderably endangered.

An effective and cheap method of reducing vibratin is the use of the

working attachment of the machine as an absorbing mass, with a spring and

damping element set in its rigid support. The effect of this vibration

absorber an safety, construction element stresses and ride comfort was

analytically and experimentally investigated in the "Konstruktion von

Baumaschinen" (Cnstruction machinery design departient) at the Technische

Universitat, Berlin Driving tests carried out with equipment of various

sizes correlated well with cuipiter simulation results. Ride safety and

comfort are improved by approximately 50% in omparison with convemtional

machines.

1. Introduction

When used on a construction site self-propelled earth moving machines

frequently have to travel long distances; they are also used on the

public roads for transport to various locations. For economic reasrs it

is desirable to reduce driving time to a minimum and, moreover, acting an

subjective criteria, the driver of the vehicle selects the highest speed

possible for the conditions. Speed is, howver, essentially limited by

the vibration behaviour of the vehicle and oonsiderations of ride safety

and ajnfort which result fran this.

tnprung construction machinery in particular is prone to considerable

pitching motion even at low forwrd speeds; this gives rise to high

dynamic stresses an the driver, the machine and the driving surface and

in unfavourable conditions can be extremely dangerous. Ride comfort and

"Wo X"
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safety and ecxrdC2Tc efficiency can be irwrea by reducing the vehicle

vibration, in particular the pitching notion.

2. Alternatives for vibration reduction on earth Moving machinery

2. 1 Sring and dawiprg effect of vehicle tyres

Tyres are the only suspeision elements an the majority of cwntructicn

machis (Fig. 1). By reducing the spring stiffness of the tyres (Fig. 2)

and i reasing the dmping ratio (Optzium D = 0.25; Fig. 3) it is possible

to inprove the vibratiz behaviour of a machlne. The preswt state of

technical developmt of tyres, howver, ush that a soft tyre with opti-

mUm damping chracteristics gives rise to problems with regard to the use-

ful life of tyres, increased rolling resistance and a reduction in vehicle

steerability.

Fig. I lyres as spring and damping eluits on a tractor-loader

i
4.
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____ _____ Liftino'_ _

-40.

10.1' 0 U

Static tymW deflection~ Fsuic

Fig. 2 Relaiarwhip bewe axle accelerticn an spring
stiffness of thie tyres

0,3

0 0,2 4' 46 00 10
degree of domin~rg, D

Fig. 3 Palaticniship In wee axle aceleraticn and tyro dospin

2.2 Axle emi icno

Thie wcet frequently used and ~s effective iiwtbxd of reaing vehicle

vibraticn Is the inserticn of ruispnso elements between the axles andi
the b~ody of the vehicle. An axle suqwmim is, howwr, frequwitly
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mxdeirable cin wirle costrutiom dhine wtm~ they are in operaticn.

TV* sam~penii of sme madirm can be avitdisd ai during driving and swit-

ched off during woring oiperatin by men of adjustble am c'10l

hyr-lamamtic spring and dmuing elemnts. The arrugawt and ontrol

of a hydr-pemtic axle wm uin are utm In Pigs. 4 and 5.

Fig. 4 Tractor-loader with suppesionx elamnts betbmen axles and body

-------------- --- *--------- --------------------

F~g.5 Crcui d~gr o a ydr---------- ale-----icu
(Zett~ys5

p C 
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2.3 Vibration absorber

An effective and cheap method of reducing vibration is the use of tte work-

inq attachment of the machine as the absorbinq mass (Fig. 6). A hydraulic

accumilator coneted to a pressure regulatinq valve is used as the spring
and damping element (Fig. 7). The spring rate and the dwping coefficient

of the element are arranged so that they absorb machine vibration over a

wide band width.

Fig. 6 Use of the loading device as an absorbing mass
to reduce vibration

I 1 4/A movetent valve

I- / liftinm cvlinder

I 3 2/2 moviennt valve

4 pressure regulating valve

I$
h accumu lator

Fig. 7 Arrarnsmuwt of an accwtator in the circuit of
the lifting cylinder of a tractor-loader

- * b - m ma -i I
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3. Vibration behaviour of a tractor-loader

3.1 Computer simulation

A tractor-loader ws selected for the analytical investigations. The

unsprung two-axle vehicle has contact with the drivinq surface over four

wheels; the unevaress of the surface is transmitted via the tyres and the

axles to the vehicle frame in the form of vibrations.

Because of the lateral symmetry of the vehicle the vertical vibration

behaviour of the tractor-loader can be observed usina a "bicycle" vibration

simulation model, as is shown in Fig. 8 for a tractor-loader with an elas-

tically supported wrking attachment. Half of the vehicle mass and the

momne t of inertia must be used for the calculation.

- LSA

-C L0

KV C t,

Lv LH

Fig. 8 Vibration simulation system of a tractor-loader with
elastically supported workinq attachment

On the basis of this simlation model the equations of motion for the longi-

tudinal, vertical and pitching motion of the tractor-loader and its work

attachment have ben established and solved using an analoque omputer.

In order to simulate the surface unevenness in the analogue simulation a

sional generator is used, which delivers a random voltage U(t). The front

axle of the tractor-loader is directly excited by this signal, while the

excitation of the rear axle is passed in via a Ielay line, wi.ich is cal-

culated from the wheel base and forward speed.

-
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The dynamic el load on the front anid rar axle i used to evaluate

safety and the vertical and horizontal acceleration of the met to evaluate

ride comfort.

7he usefulness of results obtained by oa.pter simulation is highly 1 e-

dent an the input of realistic vehicle data. only in a few cams are the

basic vibration characteristics (weight, dimenions, position of centre of

gravity, mas momnt of inertia) available for cross country vehicles,

particularly for mobile construction mchinery, or it may be that these

characteristics are inomplete. The necessary values were therefore

determined from data supplied by the nenufacturer or by one's own experi-

mental invest igtions.

Precise koledge of the spring and daping characteristics of tyres is

also important for exact calculation of the vibration behaviour of unsprung

nubile construction machinery. Available statically determined tyre char-

acteristics of non-rolling tyres deviate from the dynamic behaviour ,hicl.

actually occurs to such an extent that they are not suitable for simula-

tio. The si ulation results obtaine using these characteristics can

only indicate general trends. Dyna ic tyre stiffness was therefore deter-

mined using a rolling driving wheel. It is on average approximately 20%

lower when compared with the static stiffness for the vehicle tyres inves-

tigated (12.5-20, 10 PR and 17.5-25, 12 PR).

Results obtained by Kt~chk (1) were used to detAmine the tyre damping

used for the simiulaticn. These results enable the damping coefficients

of the vehicle tyres used to be determined in relation to the respective

axle resonance frequecy, tyre pressure and vehicle weight. Because of

the narrow frequency spectrum of an unsprm mobile onstrution machine,

this is a unable afprduic of the actual tyre damping, if there is

only a slight difference betwe static and dynamic tyre danping.

3.2 Results of the compter simulation

The relationship between vehicle mass, mass moment of inertia (Y-axis) and

position of the centre of gravity gives a stmn oupling between the front

and rear axles on mobile machines. This is expressod by the coupling

mass. If parts of the vehicle mass - as is the case with tractor-loaders

A'

,- ,' ' . .

• * . , . • .
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- are outside the %teel base, then the coupling mass is negative. Such

vehicles are prxm to pronouncd pitching motion ev at low forward speeds,

which considerably affects safety bemuse of high dynmlic wheel loads and

influes ride ocafort by strcm excitation acelerations of the seat In

the vertical and horizontal direction.

A further characteristic is the oo-urru of two reonances in the trans-

fer funcion of the dynmic wh@wl ladoi (Figs. 9 and 10). The first res-

awo point is caused by pitchL-.j, the s--d higtor fregquency point by
vertical nesnts, i.e. the greatest dynmic wheel lad are caused by

pitching aocleratin.

he trumissiom behaviour on the vehcle axIs is indUnt of forard

ed for the coupling me wk - 0. Homver, for native coupling mines

there is a sys ttic d ny (Figs. 9 and 10). This behaviour is

characteristic for ess coupled two mss vibrating system and as that

the selectd evaluation variables must be constantly observed in relation

to forward speed.

kN

10

00

0 7 ti I ? H
f remwuc

Fig. 9 Poplification funceton of the dymi front-axle iod

for a tractor-loader with rigidly supprted working attad t
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frec'uency

Fig. 10 Amplificationi furctioni of the dy/namic rear-axle loads for
a tractor-loader with rigidly supxortei working attactimet

I e vibration stress experleiced by operators is generally very high during

the opeiaticrn of self-propelled xonstxwica machines because of the

limited tyre damping. The poeitim of the seat attatui point is thus a

des ign factor which can decrease aceleratizn of the driver's seat. Ver-

t ical ar leratin is least at the centre of gravity of the vehicle (Fig.

11I) and this is them the optinunE set attarwi point. This arrangemwt

is not possible cn all nechie k~ause of design aosiderations. (kn

mobile cranes, for example, the seat can be placed from the rear-axle up to

the cetre of gravity.

5A

04

t14t

I m 2 I 0 1 2 m ]

fea reisix (

Fig. 10 Vertical a fluncration t vehicle axles l a tractor-loader

a ws
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4. Vibration reducti .! absorption

4. t Principle of a dynuic vibration absorber

Itte method of operation of a dynac vibration absorber can be explained

usU1g a single oscillating maes, which is equpped with a seond elasti-

cally oampled ness (Fig. 12).

* Sytem

Fig. 12 Dyvnaic vibratin absorber

The absorber is basically a resoance system, which is attached to the

vibrating stncture and ountemrcts the vibraticn %ftch is to be reduced.

If the absorber is adjusted an the vain systm so that the relatlaiship of

the ress frequency Is v - I and the dping coefficient k 0 0, the

reonane pint of the main wystem is oonpletely absorbed (Fig. 13). A

disadvantage of this desirable behavir is the fact that tva adlditknal

reaswMpoints O= . With infinite aboorter duping k - () the absorb-

ing mass is linked to the main xdy, so that they do not mom against ae

another. ITe absorbing syste is then ompletely re n ¥ nt, so that the

resonamc point actually to be absorbed occurs again.

Bet the extrema d ing coff icimt k - 0 and k -V there is a daping

lewl, at which the main system gives the wallest vibrations.
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KA ^ t

Sl32\

'400

0.6 0,7 0.8 Q9 1,0 ,1 1,2
fre(Wunc, relationshiD w / N

FIa. 13 Transfer function of a dynamic absorber at
various danping adjustments

4.. Absorber adjustnent in relation to ride ccmfort and safety

Tvre are various criteria for which the stiffness of the absorber suspen-

sion can be optimised. These include dynamic wheel loads and acceleration

(f the driver's seat. The optimm damping value is found to be constant

with an auproximate valic- of D = 0.3. As illustrated by tests to deter-

mane the nruLnt of inertia of absorber masses on tractor-loaders, this damp-

inq is practically unobtainable. For practical purposes the a damping

ratio of ) = 1 is used.

The simulation results given in Figs. 14 to 25 show the behaviour with this

high daping at an absorbing frequncy of 1.4 Hz; this is a curpramise

bet vfm rick. comfort and safety.

The linear spectra of dynamic wheel loads (Figs. 16 to 19) and the seat

excitation acceleration (Figs. 22 to 25) show clearly that vehicle vibra-

tion is cnnsiderably reduoed especially in the pitching mode.

"Woo
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- tn :1 0 H Z/D A Z0.3

.t :1.4 HZ/DA -1.0
f, : 15 HzlDA :,3

i.d
0

02

~front axle

0 10 20 30 40 50 60k rh7rO
forward speed v

Fig. 14 *e' loading fact= On the front axle in relatim
to forward sped at various abeorber adjuwfmets

0.6 1-
IV = 1.0 Hz/DA =0,30.5 t n z: 1.A Hz/D,, = 1.0

I Ft1 : 1.75Hz/DA :0.3

£ ),4-

.3

0 10 20 30 W0 50 6Okm/h7
forrd pe v

Fig. 15 VOieel loading factor On the rear axle in relation
to forward speed at various absorber adjustmnts
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~60
A!I -- - - '- - -

Fia. 16 Linar spectnmn of dynamic fronxt axle loads of a
tractor -lokvier with rigidly suppiorted wrkincq
attaclrtwnt in relation to forward spevd

NNN

fret pxcy

Fig. 17 1Irnar spctrm of dynamc front axle loads of a
tractor-loade~r with e last ical ly supported working
attac'urct In. relat ionw to forwardi slxwd

'.5-
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6 T' ml

f reckavcy

Fig. 18 Linear spectrum of dynam~ic rear axle loads of a
tractr-Kinader with rigidly supported wrking
attachmrent in~ relation~ to forward speed

f rexpiency

Fiq. 19 Linear spectrm of dynwdc rear axle loads of a
tractor-loader with elastically supported wrkinq
attacmimt in relation to forward speed
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Vi'e. 20 Vertical uxcltation acceleration of the driver's seat
in relation to forward speed for various absorber
d(lJUsthMits
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F .. 21 HorIzijtaj excitation acceleration of the driver's seat
in rul at io to forward sjxoed for various absorber
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6 AI

IKI

f requency

Fig. 22 Linear spectni of vertical excitation acceleration of the-
driver' s seat of a tractor-loader with rligidly sp~ported
woarking att&adutet in relation to forward speed
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Flu. 24 1 uicar spectnin of horizontal excitation acceleration of
the driver's seat of a tractor-loader with rigidly
suj4xrted work attachmevnt in relation to f orward speed

4)0

f re< ui vcy

Fig. 25~ Lineoar spectrum of horizonftal excitation acceleration~ of
the drivers seat of a tractor-loader with elastically
suppo~rted work attacment in relation to forward speed
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4.3 Absorber movement

In practice the absorber movement which occurs is of particular importance

with regard to the safety regulations in force %ben travelling on public

roads. 1e relative mrveent between vehicle and work attachment should

be as -all as possible.

100 fA 1,0 HZ

DA :0.3

1A 1,75Hz
DA 0.3

// 60

fA :1.4Hz

DA z 1.0
20

v :bOkmIh

-75 mm 50 -2f 0 25 50 mm 75
absorber movement ZA

Fig. 26 Relative amplitude distributic of m vemet of working
att&fuwt with various absorber adjustmnts

The relative amplitude distribution give in Fig. 26 shows that the

required absorber motion is not greater than ! 30 mm even at optimum absor-

ber adjusments. If a realistic absorber damping of D - 1.0 is used, the

maxim required absorb mrm t is rediced to ! 15 mm. Such mall rel-

ative momwtt of the working attachmnt can easily be acmevUted.

5. Driving tests

To test the results obtained with the camtpter slimulation driving tests

were carried out with the tractor-loeder which formed the basis of the

sL'ulatiLn. These correlated well with the calculation, particularly

with regard to the vibration rmduction which can be obtained (Fig. 27 to

29).

.4 I
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'1 behaviour and opinions of the driver are significant as he regarded

the tests very sceptically, howver and he wanted to keep the vibration

absorber after the tests. It is precisely the belief that the vibration

behaviour of self-propelled machinery is normal that has led to the gener-

ally widespread view that it does not require remedying. Against this

there are the convincing results and experienes with the vibration absorp-

tion by the elabtic stpport of the working attachment.

200 --

.160

o

0

'-4p12o

80 -~with absoaber

C

- 40

0 1 2 3 4 5 6 7Hz 6
frequency f

Fig. 27 Vibration reduction on the front axle of a tractor-loader

1A
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200 - -- --
kN

,

Hz
:160

120

0 [ without abeorter

S801

1- 401 ~40 with absorb~er

0 1 2 3 4 5 6 7Hz 8
frenc" I

Fig. 28 vibration redttion an the rear axle of a tractor-loader

S

:4

3

I without absorber

0 2

with absorber

0 I 2 3 4 5 6 ? Hz8
f requenc

Fig. 29 Vibration rduction an the driver's seat of a tractor-loader
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6. summ

Ride oomfort and safety of unsprung self-propelled construction machines

with a rigid and elastic support of the working attachmt are evaluated

by maans of analytical and experimental investigations. Vehicles which

have a considerable part of the vehicle mas outside the wheel base - as

is always the case with tractor-loaders - are pra to pronounced pitching

motion, even at low forward speeds, which can ocnsiderably influm ride

safety and comfort.

Dynamic wheel load are used to evaluate safety and the vertical and hori-

zantal excitation acceleration of the driver's seat to evaluate ride com-

fort. The dependency of the dynamic wheel loads and the excitation a cel-

eration of the seat on forward speed is very variable for these vehicles,

with the result that the vibration characteristics mist be constantly

observed for the total forward speed range.

The position of the seat attachent point in relation to the oentre of

gravity of the vehicle is decisive in the effect of the pitching accelera-

ticn on the stress to the driver. By elastic support of the working
attAhent and its use as an absorbing mses, the vibration of the machine

can be considerably reduced.

By ajustment of the absorber to obtain the greatest possible reduction

of the dynamic wheel loads and the excitation acceleration of the set, a

ocXiramise aust be achieved between ride safety and ccmfort; this is

usual in the design of axle susptsions.

Relative movements between the working attacment and vehicle frame, which

ocur with elastic support of the attachmnt, are approximately ! 15 mm.

with an aborber damping of D = 1; it is possible to achieve this in

practice. Such small relative movmwents of the working attachment can

easily be incorporated in the design.

In cioxluslon the above results show that, using the principle of vibra-

tion absorption, ride comfort and safety on unsprtg self-propelled con-

struction machines can be considerably increased. Driving tests with a
tractor-loader verify the results of the coaputer simulation.

.. .4
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STRESSES IN SITU GENERATING BY BULLDOZERS

H.FUJII T.SAWADA T.WATANABE

OKAYAMA UNIVERSITY KYOTO UNIVERSITY OKAYAMA UNIVERSITY JAPAN

SYNOPSIS

The author carried out full-scale field tests and measured stresses in
situ generating by bulldozers. These data were analyzed experimentally
as well as theoretical by making numerical models. Five bulldozers are
used on different types of soil such as cohesive soil, sandy soil and
rockfill materials. Most measured stresses are much larger than the
stresses calculated from nominal contact pressure. The stress variation

ME by travelling a bulldozer on the ground, that is the time-stress (t-o)
relation or curve on the oscillograph shows particular shapes as if it
were random vibration. These curves are classified into roughly four
groups. As a bulldoz can drive without whole crawler tracks in contact
with the ground, the con act pressure occurs three different type patterns
according to the configul tion fo the ground surface. The particularity
Of t-i curve of a bulldoze is due to the disaccordance of the length of
shoe and the distance of tr k rollers. And also, it is due to the
indirect load transferred th ugh track shoes. Since it comes from the
structural characteristics of the bulldozers, "the Structural Stress
Variation Model" is considered for "the three ground models".

INTRODUCTION

This paper reports about the stress in situ by bulldozers while travelling.

The author has studied the field-compaction test of compaction equipment
(3)(4)(S)(6)(7)(11). Bulldozer can be used as a compaction equipment
such as small embankments or preliminary compaction in spite of its small
nominal contact pressure. But their compaction effect is fairly useful.
There has been research on crawler type vehicles such as bulldo-ers or
tractors from the viewpoint of agricultural engineering (1)(9), but quite
little from the viewpoint of compaction equipment (10). So the author
executed the field compaction test using several bulldozers on different
types of soil, measured the stresses in situ and considered that.

THE METHOD OF TEST

Full-scale field compaction tests were carried out on the site of two
rockfill dams and one highway construction. Measurements were made of
the stresses in situ, the acceleration, the velocity, the settlements of
the surface, the deformation in the layer compacted, the penetration
resistance and the density. The test sections were generally made 6 m
wide and 10 m long, and sufficient soil was placed around the sections to
prevent movements in the lateral directions. In the center of the
sections were buried such instruments as earth pressure cells and
accelerometers. Also the center of the section was chosen as the origin
of the Cartesian coordinates, with the X axis being the short direction,
the Y axis the long direction and Z axis the vertical direction.

k,
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Although measurements were made at only a single point the results
obtained by shifting the equipment in the X-direction after each pass are
assumed to be the same as if measurements were made at a number of
locations. Soil used for the tests were three kinds of cohesive soils
for impervious zones, rather small rockftill material for transition zones
and soil originating from weathered granite. The soil characteristics
obtained by laboratory and field tests are shown in Tab.l. Also the five
bulldozers used are describe in Tab.2. The pressure cells used both the
Carlson type and the strain gage type.

STRESS DISTRIBUTION UNDER CRAWLERS

Results of experiment

The schematic of BUL-1 and its crawler is shown in Fig.l. Before going
into the min arguments, several assumptions need to be discussed. The
first is that the ground is considered a semi-infinite, isotropic and
homogeneous elastic body. When a load is placed on the boundary, normal
and shearing stresses are generated in situ. Because the shearing
stresses change their directions in accordance with the location of the
rollers, they are assumed not to be related to compaction. The second

TABLE I INDEX PROPERTIES OF SOIL FOR TESTS

CLASSIFICATION COHESIVE SOIL ROCK H.

NOTATION Ch-a Ch-b Ch-c Ch-d Rk

LABORATORY TESTS
Unified Soil Classification SC SC-SN CL SN GW
Specific Gravity 2.75 2.72 2.74 2.66 2.79
Maxim Dry Density kU/mi 15.3 16.5 17.3 18.8 -

(6/1u) (1.54) (1.68) (1.76) (1.92)
Optima Water Content % 2S.3 21.6 18.6 11.5
Liquid Limit % 52-55 S2-5 30
Plastticity Index 15-20 IS-20 13 -

FIELD TESTS
Dry Desity Sefor.eacten 11.11-13.7 12.4-15.7 14.7-15.7 16.3 19.6-21.6

k / (. -.4) (1.21.1 1.3-1.6) (I.S-1.6) (1.7) (2.0-2.2)
Aft,r jamcton 13.7-1$. 4.7-15.6 16.7-18.6 16.7-17.6 20.6-2i.kN/r' gce") (1.4-1.9) (1.5-1.9) (1.71.9) (1.7-1.8) (2.1-2.4)

Water Coatent 21-36 27-33 10-20 19-24 -
Gravel Content over 84 S ) 16-25 27-49 22-28 25 100

TABLE 2 CHARACTERISTICS OF BULLDOZER USING COMPACTION

NOTA- GROSS CONTACT TO SROU CONTACT USED SOIL
TION WEIGHT LENGTH WIDTH JA PRESSURE Ch R

kN(t) cm c- C kPh(kg/c) a b c d

IPA:- 108 11.0) 214 46 INI0 SS50.56)U-ZIMiS7) 243 S*IN. 2 154 15.7 24 1 12400 0.63)
VA-3 38.7) 316 56 3M40 107 1.09)
I11-4 113II.S 220 40 17600 640.64) *
UL-S 94 9.6 222 76 33744 27 0.28)

4
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assumption is that oz(P), which is the normal stress in the Z-direction
caused by vertical load, is mainly related to the compaction. Although
the stresses in three directions were measured, oz was used for the
analysis because of this assumption. Two examples of the results in
measurements are shown as Flg.2. Broken lines in Fig.2a are the results
of a bulldozer BUL-1. They represent a compaction of the location of
the roller on the X axis versus oz in situ at several depths. The
measured values are rather scattered. In accordance with the first
assumption, stress in situ due to the distributed load of the compaction
equipment acting at the surface can be calculated by Boussinesq's
equation (8). This equation should be used be used for the statical
load, but Brom and Forssblad (2) mentioned that the stress distribution
for vibratory rollers also agreed with Boussinesq's equation. Therefore,
the stresses are calculated from the statical contact pressure of Tab.2.
They are shown as the solid lines in Fig.2a. Comparing the solid lines
and the broken lines (drawn by connecting the upper points of the measured
values), both lines are similar in shape in spite of the differences of
th. magnitudes. Therefore, assuming the 'quasistatical loads' for the
dynamic load due to compaction equipment, the stress distribution in situ
can be calculated at least qualitatively. There is a tendency that the
faster the speed, the larger the difference. The magnitudes change with
the soil type. The stresses in the rockfill are larger than in the
cohesive soil. The same tendencies exist with the other rollers. Fig.
2a shows the bulldozer BUL-1 running in second gear speed on cohesive soil.
The measured value is about six times greater than the calculate value.
The theoretical value is calculated by Boussinesq's equation as below.

1z . mn +m2 +n' +sin-' m --... (1)
(l+n2 )(m2+n2 ) /TMT _n2

where m = a/b, n =z/b in Fig.6.
However, the calculated value is only 20 % greater than the measured value
for the 26 ton tyre roller running in second gear speed on cohesive soil
Ch-a shown in Fig.2b. Since the tyre roller has six rear tyres, the
theoretical stresses in situ are the sum of the stress due to each tyre,
under the assumption that superposition is valid. Where do the
differences come from ? One of the reasons for this could be the stress
concentrations of Frbhlich's theory. Taking this into account, a 15-25 t
increase of the stress calculated by Boussinesq's theory is produced even
for rockfill materials.

Crawler Track - Gru stm Model

1) Basic assumption
Although the nominal contact pressure of a bulldozer is rather small as
shown in Tab.2, the measured value is much larger as shown in Fig.la. If
the whole load is transmitted to the track rollers, the front idler, and
the sprocket of the bulldozer, and one of the rollers is on a track shoe,
both the calculated and the measured stresses should almost coincide.
However, the contact pressures of the bulldozer are changed by the ground
characteristics such as bearing capacity and shape of ground surface.
The big difference of the bulldozer compared with other rollers is that it
has crawler tracks. Therefore, a bulldozer can be driven even when a
portion of its crawler tracks is not in contact with the ground. The
.intact pressure of the bulldozer will change in accordance to the
onformation of the ground surface it is moving over, and the load of

bulldozer transfers indirectly from the track shoe to the ground. Thus
the condition of load from the bulldozer is changed by ground conformation.
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Actual ground surface is never horizontal and is composed of a number of
horizontal parts, up grade parts and down grade parts. The items as
follow are assumed.
(I) The portion of same gradient surface is the same as the length of

crawler tracks.
(ti) The conformation of ground does not change while the track shoe is

Just in contact on the ground.
(iii) The critical point of change slope Is nominated as point C, and the

grade of both sides are 1, and I, however, 1 <

(V) The track shoe on the point C does not move while the track rollers
are moving, a track shoe is plane and its contact pressure of any
portion is uniform.

(v) The load from track roller is transmitted statically to the track
shoe Just under it and never transmitted to other track shoes.

(vi) The moving rollers mean the whole rollers on the track shoes such as
front idler, track rollers and sprocket.

2) Crawler Track - Ground System Model and contact pressures
Due to 1, and 12, A - It - 12 0

Here we define the Crawler Track - Ground System Model. The relationship
between the ground conformations and bulldozer are divided into three
types, illustrated below using BUL-1 as an example.
(i) Model I (A O), Horizontal type (Fig.3a)

If the ground surface is completely plane, the track shoes under the
sprocket and front idler are slightly risen to the surface, so that the
load is transmitted by the other track rollers (Case 4). Since the
ground is usually not so rigid, the contact pressure occurs for all track

TABLE 3 LOCATION OF ROLLERS BEING CONTACT TO THE GROUND
INDIRECTLY ON "CRAWLER-GROUND SYSTEMN MODEL (cf. FIG.3)

OIL LOCATION OF ROLLERS NO. CONTACT TO G=OUM
NUMBERS

SACK POINT C FRONT OF ROLLER

11 1 2 3 4 5 6 7 7
1 2 34 S 6 (7) 6

1 2 3 4 5 6 5
1 2 3 4 (7) 4

1I 2 3 4 5 S 7 7
( 2 3 4 S 6 7 7

I1 1 2 3 4 5 6 7 7
1 2 (3) (4) (6)(6) 7 2-3

1 2 (3) (4) (5) 6 7 2-4
1 2 3 5 6 7 2-4

1 1 2 3 2-46 1

NOTICE I lit rollertiet Is sprocket
2-6 ?nd-6ti roller~that Is track roller

7 7th rol)r.that tsfront idler
roller No. rtsing, that is rollers not contact through track
shoes
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shoes under moving rollers as usual (Case 2). If the ground is very
plane and very rigi.2, only the nails of the track shoes contact the ground
and take the whole load (Case 8,9).
(ii) Model II Convex Case ; A > 0 (Fig.3b; Tab.3)

The loading condition is changed with the relationship between the point C
and the location of the centroid of the bulldozer while travelling. The
centroid of BUL-I is located between the second track roller and the third
one. So, the loading condition is the same as Case I before reaching the
front idler at point C. The shoes under the front idler and the first
and the second track rollers do not touch the ground surface up to the
time that the third track shoe reaches point C. That is, the number of
shoes which transmit the load of the bulldozer changes sequentially
through 7,6,5 and 4 until its centroid reaches point C. But then they
change three to seven after its centroid passes through point C.
Ofi) Model III Concave Case ; A ' 0 (rig.3c; Tab3)

Thea loading cinditlon is the same as Model I till the front idler reaches
point C. According to the bearing capacity, sometimes no track shoes
under track rollers touch the ground surface. In this case, the load is
tarsimitted by 2-7 track rollers. The contact pressures of each case are
shown in Tab.4. Fig.4 shows the theoretical stresses distribution of
BUL-l using the contact pressure in various cases in Tab.3 The
theoretical stresses and the measured statical stresses almost coincide as
is described later. But there are still the differences between the
theoretical value and measured value while the bulldozer is travelling.
For only the statical factor, this is too large to be readily explained.
Therefore, the cause of the difference must not be the statical load but
the dynamic load (3).

STRESS VARIATION AT A POINT IN SITU

Theoretical consideration - Structural Stress Variation Model

The stress variation at a point in situ resulting from a travelling
bulldozer, that is the time-stress (t-o) relation or curve, shows

TABLE 4 STATICAL CONTACT PRESSURES OF BUL-l DUE TO
GROUND CONDITION

LOAD BEING CONTACT CONTACT MIGHT
SITUATION CONTACT LENGTH PRESSURE OCCURRED

TO GROUND kPa GROUND MODELBY ( cm ) (kg/cm2) I II II

CALUCULATED 
CASE I DISTRIBUTED ALL CRAWLER 214 58(0.59) *

2 RECTANGULAR 7 TRACK 19.5i7 86(0.89) *
3 6 MSHOE x61I01.O2) a a4 5 x5 120(1.23) a a a

5 4 x4 150 1.53) *
6 3 x3 200(2.04)
7 2 x2 300(3.06) a
a LINE 7 GROCERS 2x7 836(8.54) 9 S Wx 1170(12.0)

MEASURED 461-716 Rk(4.7-.3)

392-490 Ch
(4-5)

,+, .p, ',
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particular shapes as shown in Fig.lO, which are gotten on the oscillograph
at full-scale field tests. They seem like random vibrations. If a
bulldozer werenot using its crawlers, its theoretical t-o curve might be
as shown in Fig.4, which is calculated by equation (1) under principle
superposition. at the depth 10 cm under the surface travelled BUL-1.
This is like a triangular load and is completely different from F;g.lO and
also the other rollers such as tyre roller or steel roller. They are
like three quarter sinusoidal curves and their shapes are almost the same
respectively in spite of difference of their magnitude. To make sure
whether these stress variations are random vibrations or native ones.
Let's try to get the theoretical stress variations for the three types of
CGS-Models. Fig.5 shows Cartesian coordinate on semi-finite soil mass.
Y axis is the direction of bulldozer travelling and Z axis is vertical
direction. Definitions of symbols are given below:
o(x.y,z): the arbitrary point to calculate stress, C(x,y,z): the point of
ground just upon P, 2ax2b: the area of track shoe Bi, i(xi ,Yi,O): the
center of track shoe 9,, (XkYkO): the location of moving r61ler Rk,Pk:
the load transmitted by Rk, q(i,t): contact pressure of Bi meanwhile Rk on
it, v: the speed of bulldozer

Yk - vt ----- (2)

q(it) - g(xiYi,Xk,ykt,A)

ofpk/(4ab) :tL(i9k) t < tNL(i k)

"0 :tNL(i,k)t t tL(i+lgk) ----- (3)

where tL(ik): the time which roller Rk just moved to track shoe BI, tNL(i

,k): the time which roller Rk is just apart from BI . So

tNL(i,k) = tL(i+l,k) ----- (4)

Coefficient of influence in Boussinesq's equation due to track shoe Bi is
shown,

k(i) - f(xi,yi,a.b,za) ----- (5)

The stress at o caused by n track shoe is shown as
n

o(z,t) • 11 g(i,t).K(i) ----- (6)

n
O(z,Yk) -i', g(xlYi,YkA).f(xiylabzA) ----- (7)

Results of calculation

Let's illustrate with a simple example where the ground is completely
plane. As in the previous section, here we will consider the BUL-l for
an example: at first, the backward edge of B and R, located just on the
urigin as shown in Fig.6a. As before, for this case, the load transfers
from only five track rollers Ri-As to five of seven track shoes B,8 7 of
BUL-l (fig.6). Since the distance for two track rollers and the length
of track shoes is different, the load distribution at a moment changes as
shown in Fig.6. As Rt moves Y, cm on the crawler shoe Bi, the other
rollers R4 moves on BI as shown in Fig.6aiig.6f. Fig.6a coincides with
Fig.6e, although therf is a difference of track shoes length (19.5 cm).
The stress distributions in this load condition are shown in Fig.7a,ig.7e
respectively at z-20 cm. So the stress distribution changes suddenly at
the time that any track roller Ri on any track shoe Bj moves to another

k _ _._OWN_
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one Bi. The results of this calculation, that is. theoretical stress
variation at a point is shown in Flg.8. Now, let's calculate more
general cases for three CGS Models as mentioned before. The procedure of
calculation is fairly complete but basically is the same as the former
calculation. Another example is the case of track shoes under 7 moving
rollers (front idler, sprocket and 5 track rollers) of BUL-l contact when
the ground is plane. Fig.9 shows the results of theoretical stress
variation with time at a point in situ, which is due to the structure of
bulldozer. So that, let's define this for Structural Stress Variation
(Model). The depth of calculated stresses in Fig.9 is z-22.2 cm. They
are the stress variations while the bulldozer is moving left to right.
Axis of abscissa and ordinate show the travelling length of bulldozer L
(cm) and normal stresses T(z,Yk)(kg/cm 2 ) respectively. Flg.9a is the
calculated result of Model I. Let's compare with Fig.4 and Fig.9a. Fig.
4 is the stress distribution. It also can be read as the stress
variation with time by changing the scale and by difining time for
abscissa. Although the abscissa of Fig.9a is the length, it can be
changed easily to time by dividing the speed for each case. Fig.9b is
the case of Model 1 . The case of Model 11 convex-type ground, is
calculated in the condition that the center of track shoe Bi keeps off its
one half ie. a cm, from the point C Fiq.9c is Model m in the case
where 4 track shoes under moving rollers R,,R2,RSR. are in contact with
the concave ground. Fig.9 shows the feature of each model or ground
conformation. For stress variation on Model I ground, 4 larger peaks
appear in the intermediate part and rather smaller 1 peak in front and 2
peaks in the rear. For Model H , 7 peaks seem triangular. For Model III
Peaks appear in the front part and rear part.

COMPARISON OF MEASURED VALUE AND THEORETICAL VALUE

Classification of stress variation

Typical measured data are shown in Fig.t0 by BUL-l. Abscissa is time and
ordinate is stress. Stress variations in Fig.lO are roughly classified
into four types as follows by connecting small peaks of stress variations.
Type(I) Trapezoid type (Fig.lOa)
Type(YI) One triangular type (Fig.lOb)
This type can be classified as three types by the location of the largest
value appearing;

TABLE 5 CLASSIFICATION OF THE MEASURED STRESS VARIATION
AT A POINT (cf. FIG.12)

NIMBERS OF DATA IN FIG.12

TOTAL (1) (ii) (iii) (iv)
a b c a b

COHESIVE NO TRACTION 11 3 0 0 1 7 0 0
SOIL TRACITON TA. 138 43 28 3 24 27 3 10

ROCKFILL NO TRACTION 25 1 2 0 0 18 4 0
MATERIAL TRACTION IA. 18 4 0 0 0 1 9 4

30 3 25 53 16
TOTAL 192 51 57 69 14

j -4
K .4P

.'" 7 "1-

I . .} : .,L
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a: former part
b: later part
c: central part

Type(M ) Two triangular type (Fig.lOclOd)
This is also classified into two types by the location of the largest
value appearing;

a: former triangular
b: later triangular

Type(W) Random type (Fig.lOelOf)
This includes all types other than the above.
Tab.5 shows the classifications of 192 measured stress variations by the
types mentioned above. Since from the measured values are obtained from
the field compation test, there are quite a few cases where the bulldozer
pulls a tamping roller.
Type (W ) mostly occurs in any case, especially where there is no traction
of tamping roller. If small differences are not taken into account, Fig.
9a and Fig.lOa are similar as well as Fig.9b and Fig.lOb,Flg.9c and Fig.
lOc. So it can be said that the stress variation of bulldozer with time
like the random vibration is due to its structural characteristics.

Quantitative comparison

The measured stress variations of BUL-4 and BUL-5 are shown in Fig.13a,
13b , and their calculated stress variation by Structural Stress
Variation Model is shown in Flg.13c,13d. Different concave type stress
variations occur for different bulldozers. On the other hand, most of
the actual ground conformations are like Fig.l2, which is just after 15
passes by BUL-4 on Ch-d soil. This figure shows microscopically small
waves due to the track shoe of the bulldozer , but is microscopically
concave at the point of the buried pressure cell. This phenomenon can
explain why there are so many measured stress variations of type M.
Fig.14a shows the stress in situ of BUL-3 which is measured when the
bulldozer has travelled several centimeters and then the engine is stopped.
In other words, it shows measured statical stress variation without any
dynamic load such as vibration of engine or the shock of striking to the
ground. On the other hand, Flg.14e shows the calculated stress variation
of BUL-3, that is Stress Variation Structural Model Type ilM, measured on
actual ground as shown in Fig.12. The geometrical shape maximum value
and the location for both figures are fairly similar. Fig.14aM4d is the
measured stress variation where BUL-3 travels at 1st, 2nd and 3rd gear
speed. Although the faster speeds show a larger magnitude of stress, the
geometrical shape does not change fundamentally. So it can be said that
the Structural Stress Variation Model is valid for estimating stress
variation in situ due to a bulldozer.
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FINITE ELEMENT ANALYSIS OF GROUND DEFORMATION BENEATH MOVING TRACK LOADS

Leslie L. Karafiath

C R&D Center, Grumman Aerospace Corporation, Bethpage, NY 11714, USA

INTRODUCTION

The major portion of the motion resistance forces encountered by vehicles
traveling off-road is caused by the deformation of the ground under the
vehicle load. Tracks were originally conceived as implements to
distribute the vehicle load over a large area and thereby reduce the
pressure to, and deformation of the ground. Tracked vehicles with rigid
suspension systems distribute ground pressures nearly evenly and can, at
low speed, traverse soft terrain not negotiable by other vehicles. +__

The requirement of the military for increased cross-country mobility of
combat and support vehicles lead to the development of flexible tracks
supported by sprung iad wheels. While such suspension systems and tracks
are necessary for good riding quality at high speed and for obstacle
crossing capability, the role of the track in uniformly spreading the
pressure over the ground contact area has been severely compromised. The
pattern of pressure distribution beneath the tracks of military vehicles,
as many measurements show, is characterized by peaks immediately beneath
the road wheels rather than by uniformity over the contact area.

The soil response to nonuniform pressure distribution depends on the
magnitude of the peak stresses and, if these induce plastic flow
conditions in the soil, the duration of the peak stress impulses. The
latter is inversely proportional to the velocity of travel. Researchers
in the field of off-road mobility have long been intrigued by the idea of
reducing motion resistances by increasing the speed of travel. This
report presents a methodology which supplants intuition with an analytical
tool suitable for the quantitative evaluation of the effect of both
pressure distribution and travel velocity on motion resistance.

MOOELING OF SOIL PROPERTIES IN VEHICLE-TERRAIN INTERACTION SIMULATION

The interaction between off-road vehicles and terrain is essentially a
contact problem where the geometry of the running gear-soil interface as
well as the stresses acting on it change with the operating conditinns of
the vehicle and the properties of the soil traversed. The solution of the
problem requires that there be compliance between the interface geometry
and stresses computed for the vehicle running gear and soil. Solution
procedures to this exceedingly complex problem proposed by various
researchers working in the field of off-road mobility, invariably resorted
to simplifying idealizations. In regard to the vehicle, the most commonly
adopted simplification is the assumption that the vehicle is moving at a
steady, low speed. Even so, solutions based on erapiricism or analogies
have been preferred over analytical solutions by many who considered
analytical formulations unsolvable. In these approaches a major
consideration in modeling soil behavior has been the convenience of
obtaining some description of soil properties in the field rather than

(-
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modeling soil behavior by material constants used in the applicable theory
of soil behavior.

The most widely used soil property models in this category are:

0 Cone Index. Theoretical justification for representing soil prop-
erties by cone penetration resistance in pneumatic tire-soil inter-
action was furnished by Freitag. He showed by dimensional analyses
that in purely cohesive soils the cone index and in purely frictional
soils the gradient of the cone index is the significant parameter
which controls tire performance. Under any other conditions, the use
of the cone index distorts the similarity and results in a low confi-
dence level of the performance estimates based on its value

* Parameters of Pressure Sinkage Relationships. These parameters,
obtained from plate-sinka'ge tests, are of variable dimensions and,
therefore, conceptually ircorrect. Their use for the determination
of the vertical stresses at the running gear-soil interface is based
on false analogy and is unsupportable by theory.

The advances in computer sciences and the general availability of com-
puters for the numerical solution of nonlinear differential equations have
changed the premises of the treating of vehicle-terrain interaction
problems radically, and have made a rational approach to the formulation
of these problems possible. In a rational approach, the properties of
soil are modeled by the material constants which occur In the theory used
for evaluating soil behavior in the interaction problem. Soil property
models in this category are:

* Coulomb Strength (Cohesion & Friction Angle). Soil strength has long
been recognized as the most important soil property governing mobil-
ity. Therefore, it is logical to use strength parameters for the
characterization of soil behavior. The strength of soil defines the
conditions for plastic state of stresses in the soil. Plasticity
theory can be used for the determination of critical stress
conditions occurring in various vehicle-terrain interaction problems.
However, strength parameters by themselves are insufficient for the
characterization of soil deformation behavior and, therefore, in
vehicle-terrain interaction models based on plasticity theory various
semi-empirical relations had to be used for the estimation of soil
deformations

0 Stress-Strain Properties. Early attempts to model the behavior of
soil as a linear elastic material were of extremely limited validity
in vehicle-terrain interaction simulation. Soil behavior being
essentially nonlinear, various nonlinear relationships have been
suggested by Kondner, Schofield-Wroth, Duncan-Chang and others to
represent the nonlinear stress-strain behavior of soils. Recently,
it has been shown (Ref. 1) that the parameters of nonlinear
stress-strain relationships may be evaluated from field ring shear
(Bevameter) tests, if properly conducted.

The scope of the present paper is restricted to the analysis of deforma-
tions in frictionless clay soils. The Ramberg-Osgood relationship, first
proposed some 40 years ago to model the strain hardening behavior of
metals, was found to represent the nonlinear stress strain relationships
of clay soils, exhibiting strain hardening under rapid loading conditions,
reasonably well. Since algorithms to treat material nonlinearities repre-
sented by the Ramberg-Osgood formula were already available in the finite
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element code, this formula has been accepted to represent the nonlinear
stress strain behavior of the frictionless clay material assumed in the
analyses.

The Ramberg-0sgood representation of nonlinear stress-strain properties
is: 0 n

o. 07 __ a

0.7
where the three parameters defining the nonlinear relationship are:

E initial tangent modulus
00.7 - stress at which the stress-strain curve has a secant

modulus of 0.7E
n = exponent defining the rate of strain hardening in the

plastic range.

Equation 1 is used in the finite element code to define the nonlinear
stress-strain relationship in the plastic range, when the stress exceeds
the yield point, on (Fig. 1). Up to that point, the stress-strain curve
is linear. Strain upon unloading follows a linear path parallel to that
in the elastic range, as shown in Fig. 1.
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For the purposes of the analysis presented herein, the properties of the
clay material were assumed to be represented by the following parameters:

E - 800 psi n - 6.0

go.:, 
4 .3 psi 00 5.0 psi

A clay material of medium plasticity and high degree of saturation
exhibi'lreg the properties defined by the above parameters would have a
cone ,,'x in the range of 35 to 45.
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THE "DYCAST" FINITE ELEMENT CODE

The Dynamic Crash Analysis of Structures (DYCAST) code of the Grumman
Research & Development Center was developed for the nonlinear, elastic-
plastic, dynamic analysis of structures, primarily for the evaluation of
the crashworthiness of various vehicle designs. For general information
on the theoretical background of the code, the reader is referred to the
DYCAST/GAC Theoretical Manual (Ref. 2). Program parameters and options,
available elements, applicable nodal constraints and loading options are
described in detail in the Users Manual (Ref. 3). The following
discussion is limited to the adaptation of the code to the analysis of
ground deformations beneath moving track loads, and problems associated
with the use of the code for this purpose.

Of the elements available in the code, only the triangular membrane and
the spring element were used in the analysis. Their usage is discussed in
the next chapter. The triangular membrane element, defined by three
nodes, used in the analysis assumes constant strain within the triangle.
Transitional triangles are employed where different size triangles are
joined in areas of mesh refinement. These triangles contain additional
midside nodes, as necessary. To accommodate these additional nodes, a
linear strain distribution is assumed within the transitional triangles

Of the time integration method options available in the code the Explicit
Modified Adams predictor-corrector method was used in the analysis
presented herein. This integrator automatically chooses the time step to
reflect current system stiffness and dynamic response.

Currently applied loading can be input in DYCAST in separable form,

P(xt) - p(x) g(t)
where the p(x) represents the spacial distribution of forces on node
points and g(t) is the time distribution of a load factor parameter. The
function, g( t) is input in DYCAST as a table of load factor versus time.
Only one table is currently available in the code. Consequently, a new
loading option has been added to the code to allow the simulation of the
moving of the track load over the surface. This new option specifies a
time delay between nodes accepting concentrated loads. Combination of
this option with the specification of loading time history under the key
word *PTME" allows the simulation of traveling track loads, as shown in
Fig. 2.

DEVELOPMENT OF FINITE ELEMENT MESH

In vehicle-terrain interaction problems, the terrain is generally con-
sidered to be of large, often infinite extent. In the modeling of the be-
havior of such a continuum by a mesh of finite size, the conditions at the
mesh boundaries require special attention. In dynamic analysis, rigid
boundaries are the source of reflected stress waves which may or may not
significantly affect the problem solution. In the present problem, the
seat of soil deformations Is in a shallow depth beneath the surface. The
farther the mesh boundaries are from the seat of deformations the less the
effect of the reflected stress waves on these deformations. Preliminary
analyses were made to study the effect of stress waves on the deformations
of the surface. The mesh used in the final analysis Is shown in Fig. 3;
nonlinear spring elements (not shown in Fig. 3) join the nodes at the
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vertical boundaries of the mesh. The parameters of these nonlinear spring
elements were estimated on the basis of the magnitude of passive earth
pressure and associated displacements at the node locations. These
springs lessen the reflection of horizontal stress waves from these
boundaries and simulate the restraining effect of the continuum adjoining
the vertical boundaries of the mesh.

All nodes at the horizontal mesh boundary at 6 ft depth were assumed to be
fixed for the following reasons. While stresses and displacements of the
terrain are often computed by formulas valid for a semi-infinite
half-space, in reality the soft soil conditions of particular interest in
mobility research occur only to some limited depth where bedrock or other
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firm soil layer is encountered. Thus, in the vertical direction, it is
more realistic to allow for a rigid boundary at some depth than to apply
some artificial system there to simulate the effect of an adjoining
infinite continuum of the same material.

PRESSURE DISTRIBUTION PATTERNS

Tracked vehicles transmit vertical forces through road wheels and their
suspension systems to the tracks. Tractive (horizontal) forces in the
track are generated by the driving sprocket. The track pad and shoes
distribute these forces over the contact area. Various patterns of
pressure distribution result, depending on the relative stiffness of the
suspension system and the ground, and the flexibility and Initial tension
of the track.

To evaluate the effect of pressure distribution on ground deformation,
three pressure distribution patterns have been selected for the analyses
as shown in Fig. 4. All three are equivalent as far as total load is
concerned and correspond to an average value of the vertical normal
pressure of about 7.5 psi over the assumed 10 ft long x 1.25 ft wide
contact area. For the convenience of reference, the pressure distribution
at the top of Fig. 4 is called uniform, although allowance is made for a
time rate of rise and decline of the uniform pressure over a 0.5 ft length
at the ends of the contact area. The pressure distribution shown In the
middle of Fig. 4 is referred to as a pattern with "low peaks," 1.58 times
the uniform pressure. Between the peaks, there is a low pressure equaling
0.2 times the uniform pressure. The pressure distribution shown at the
bottom of Fig. 4 is a pattern with "high peaks", 2.12 times the uniform
pressure. The areas between the peaks carry no load.

The horizontal or tangential stresses as transmitted to the ground are
assumed to be distributed in the same pattern as the vertical normal
stresses. Their magnitude is assumed to be in a selected proportion to
the vertical stresses. Several horizontal/vertical stress ratios have
been selected in the analysis to evaluate the effect of this ratio on
ground deformations.
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The assumed pressure distributions are idealizations of distributions
observed in various field experiments and represent a realistic
approximation of pressure distribution variations expected to occur
beneath tracks supported by five road wheels.

Since the triangular elements of the finite element code accept only loads
concentrated at the nodes, the pressure distribution patterns were
converted to concentrated loads acting on nodes 30 - 38 (Fig. 3).

SIMULATION OF VEHICLE TRAVEL

The representation of a continuum of large horizontal extent with a rela-
tively small finite mesh poses problems for the simulation of traveling
vehicle loads. The following two alternatives were considered for the
simulation.

a The vehicle is assumed to travel at steady speed

0 The vehicle accelerates from a standing position to a given speed and
maintains that speed during passage of the vehicle over a point in
the ground.

While this latter assumption is the desirable choice, its adoption would
have required a much larger mesh than that shown in Fig. 3 and appreciable
computer time for the analysis, since computations for the accelerating
stage increase the trital time significantly. The assumption of steady
state speed, on the other hand, involves approximations in regard to the
loads applied at the surface.

The assumption of steady state speed implies that the vehicle arrives at
the mesh boundary with that steady speed. Thus, all nodes at the surface
should receive loads for a duration appropriate for the travel velocity.
However, the triargular elements adjoining the vertical boundary of the
mesh are, except for the nonlinear springs, laterally unsupported and
would, therefore, exhibit excessive and unrealistic strains if directly
loaded. The compromise solution, adopted in the analysis, is that loading
for a vehicle traveling from left to right starts at Node 30 and continues
through Node 38 (Fig. 3). The track position of interest is when the
loading reaches Node 38. At this time, the 10 ft contact length of the
track covers five triangular blocks ending at Node 33. A typical deformed
mesh corresponding to this position of the track is shown in Fig. S.
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Ground deformations in this position are thought to be representative of
those occurring beneath a vehicle traveling at steady speed,
hypothetically from an infinite distance. The deformations to the left of
Node 33 are not necessarily representative of those occurring behind a
tracked vehicle traveling at steady speed and definitely do not signify a
rebound but rather the lack of loading in this part of the surface. The
role of the part of the mesh to the left of the Node 33 is to simulate the
action of the continuum behind the track, and not the determination of the
deformations of that region.

CASES ANALYZED

In accordance with the scope of this project, the effect of the following
input variations on ground deformation has been investigated:

0 Soil thrust (tractive force)

e Pressure distribution

* Speed.

To keep the total number of analyses to a reasonable level, the effect of
each of these input variables was analyzed for one combination of the
other input variables only. The matrix of the analyzed cases is shown
below.

F h/FFhv

SPEED BRAKING DRIVING
FT/SEC -.5 -.3 .1 0 .1 .3 .5 .67

10 U

15 HU,L

20 L

30 U U U U U H,UL U U

60 H,U,L U

Fh - Horizontal force (soil thrust)

F - Vertical force

U - Uniform pressure distribution

L - Pressure distribution with *Low peaks"

H - Pressure distribution with "High peaks"

RESULTS OF THE ANALYSIS

The analysis of ground deformations beneath moving track loads brought
forth an abundance of information on the time history of stresses in each
element and displacements of each node of the mesh representing the soil
mass. For brevity, only those results are reported herein which have
direct bearing on track performance.

The full line In Fig. 6 shows the variation of soil thrust with slip due
to ground deformation for the case of uniform pressure distribution. Soil

S , -- , W'O*
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thrust is the propelling force from which the motion resistance would have
to be deducted to obtain the net drawbar pull. The major component of the
motion resistance is due to the trim angle, obtained in the analyses. The
dotted line in Fig. 6 shows the drawbar pull approximated as the soil
thrust minus motion resistance due to trim angle. Point "A" in the figure
indicates the case for which the deformed mesh is shown in Fig. 5.

The slip value shown in Fig. 6 is an average value of that portion of the
slip which is caused by ground deformation. Note that ground deformation
itself may be responsible for as high a slip as 201.

Other components of the total slip include the slip due to tire deforma-
tions and separation of the solid-soil interfaces. The magnitude of the
former is difficult to estimate but in all probability it is much smaller
than that caused by ground deformation.

Separation of the solid-soil interfaces may occur whenever the shear
stress exceeds the strength of the interface. This will be discussed in
more detail later in connection with the displacement and velocity history
of the individual nodes during passage of the track load.

Figure 7 shows the variation of sinkage with soil thrust for uniform

pressure distribution for the whole range of soil thrust. The effect of
pressure distribution with low and high peaks is shown for a limited range
of soil thrust, encountered most commonly in driving conditions. At the
right side of the figure, the coefficient of motion resistance due to the
trimmed position of the track is shown. The solid line indicates that
even pressure distribution is most helpful in keeping sinkage and motion
resistance low; the increase of sinkage with the absolute value of soil
thrust is the most important feature of track-soil interaction.
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Figure 8 shows the effect of speed and pressure distribution on sinkage
and the motion resistance generated by the trimmed position of the track.

It 4s apparent from the figure that, from the motion resistance point of
view, evenly distributed pressures and high travel velocity are the most
advantageous. An increase in the travel velocity from 10 to 60 ft/sec
reduces the sinkage to about half of its maximum value exhibited at 10
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ft/sec in the case of uniform pressure distribution and even more in the
case of pressure distributions with peaks. For the case indicated by "B"
in the figure, the deformed mesh is shown in Fig. 9.

The magnitude of slip caused by the horizontal deformation of the ground
is also affected by both the pressure distribution and travel velocity.
Figure 10 shows the variation of slip with the pressure distribution
pattern and travel velocity for a soil thrust of 0.81 kips/node, 30% of
the vertical load/node. This useful and novel information on the
interrelationship among slip, pressure distribution and track velocity
refers to one type of clay soil. More important than the results shown in
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the figure for this soil is that the methodology to obtain such
information has been developed and can be applied to other cases.

Displacements. velocities and accelerations of each node are comuted for
every time increment by the integration of the differential equations of
motion. Of these, the displacements and velocities of the loaded nodes at
the surface are of particular interest, since the vertical displacements
of the surface nodes way be equated with sinkage and the horizontal
displacements are the principal cause of slip. An example of the time
history of x (horizontal) and y (vertical) displacements is shown in Fig.
11 for Node 33 for the case of a pressure distribution with low peaks and
30 ft/sec travel velocity. The effect of pressure variation is barely
discernible in the plots. The total horizontal displacement of this node
at the time it was Just passed by the moving track load (t - 0.5333 sec)
is opposite to the direction of travel and, in effect, reduces the
distance traveled. This travel reduction is identified as slip in
off-road mobility research terminology.

The time histories of x and y velocities of the same node, show in Fig.
12, reveal that the slip is not uniform over the length of the contact
area. The velocity variations reflect the changes in the pressure
distribution. From the travel velocity and average slip. the track
velocity comutes as 32.8 ft/sec on the average. The first peak in the x
velocity occurs shortly after the loading of Node 33 begins at t - 0.2
sec. The amplitude of the peak far exceeds the average track velocity
indicating that the assumed rate of loading is too high. To eliminate
this inconsistency, the development of an interface element, simulating

mm temI.~ ~ ~~~~~OI M______________1.1 .. .fivg uIoI v

so TMVL VeLOCiTY - 29 FTI

MAX 5.5

I.~ ~ ~ ~~~~Al W_________________
.5.I I I

0 .1 .1 .2 .A .5

R&h 11 Ti.. HmIw.u of X Uwd Y D~hNO'~ of No*s 22.Prum DIbubt
1L

11m, iK



289

" MAX 219

I~
I mom141 V

..2 3 4 .5

TIME, REC

200TT

I ) \ .

0 .1 .2 .3 .4 .5

TIME. sEC

Fig. 12 Time Historie of X nd Y Velocitie, of Node 33

the load transfer between track and soil, is contemplated. Such an
element would allow for relative displacements between track and soil and
the development of shear stresses consistent with an interface shear
strength-displacement relationship.

The y velocities shown in Fig. 12 also show the response of the soil to
the pressure impulses represented by the peaks in the pressure
distributions. It is interesting to note that between the positive
(downward) velocity peaks the velocities become negative (upward)
corresponding to a soil response that tends to flex the tracks upward in
between the road wheels.
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CONCLUSIONS

A methodology, using finite element analysis techniques, has been
developed for the determination of the deformation of clay soils under
moving track loads. Nonlinear stress-strain properties as well as plastic
behavior of soil have been modeled and together with the dynamic
capabilities of the finite element code fully utilized in the analyses.
This methodology, for the first time in off-road mobility research, makes
the quantitative evaluation of the effect of pressure distribution and
travel velocity on soil deformation induced slip, trim angle and motion
resistance feasible. Results of the analysis of selected cases, shown
graphically, indicate that these effects are significant. The method is
also suitable for the performance of parametric analysis needed for design
optimization.
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A RIC FOR TESTING THE SOFT SOIL PERFORMANCE OF TRACK SYSTEMS

C E I MACLAURIN

N VEE CHERTVLE SURRE ENG LAND

c€J INTRODUCTION

For a given level of performance the track and suspension system of a
military tracked vehicle must be as light and compact as possible to
maximise weight and volume available for crew and payload (arnour
protection. weapon and comunicatton systems, ammunition, fuel, etc).

am Although track systems have been used on military vehicles for some seventy

years methods for predicting their performance in soft soil - and actual

performance measurements - are limited and, even with its shortcomings,
the nominal ground pressure teru*'4emains the performance comparator most
coomonly used by vehicle designers. This is partly because of the

S complexity of devising, proving and using improved methods and partly
because military vehicle testing and training areas tend to be on sandy
frictional soils where tracked vehicles rarely exhibit mobility problems.
Operational areas are likely to include silty and clay soils where
differences in track system design will affect performance to a much
greater degree. If an improved track/soil model was available overall
automotive system performance models could also be improved and designers
would be able to make more rational choices between often conflicting
requirements - for example:-

- increasing the number of wheels should improve soft soil performance and
also reduce sponson height but increase cost and weight.

- increasing wheel diameter is likely to improve soft soll performance but
increase sponson height, weight and cost.

- Increasing track width should improve soft @oil performance and reduce
bush loading but will reduce space available inside the vehicle.

- increasing track pitch is likely to improve soft soil perfromance and
reduce track weight but increase the level of vibration due to chordal

action and reduce the life of track bushings.

- increasing track contact length is likely to improve straight line soft
soil performance but may increase slewing moments required to steer the
track.

The important soft soil performance parameters for a military tracked
vehicle are generally:-

Limiting go/no go soil strength - this defines the areas of terrain

generally accessible to a vehicle under particular soil and weather
conditions.

W Gp - vehicle weight/track width x track contact length x number of
tracks.

-%
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Tractive rolling resistance - the lower this is the greater the
potential speed and range of a vehicle. Rolling resistance is usually
considered divided between internal and external components - the
internal being the proportion due to sprocket engagement . pin, bearing
and seal friction, rubber hysteresis losses (road wheels, idlers,
bushes, pads, return rollers), horn rubbing etc., and the external
component due to work done in *oil deformation.

Net traction I* required to enable e vehicle to climb gradients,
accelerate and. for a skid steered vehicle, to steer although the
straight line traction considered here will only give a comparative
indication of traction required to steer a vehicle. The development of
external traction (or drawbar pull) is important for towing deed
vehicles, bulldosing, mine clearing, etc.

The development of high tractive efficiency under traction conditions
is important in that it affects vehicle acceleration end speed on
gradients but is not as important for overall fuel efficiency as on,
for example, an agricultural tractor used for ploughing.

SOIL/TRACK ITSTN( ?MYOMANCE MODKLS

A number of theoretical, seiL-eapirical or totally empirical models of
soil/tracked vehicle performance exist although details of validation
tests with ost of these models are generally operae. They include:-

1. The WES YCI method (Ref 1) which is a totally empirical method based
on in-soil measurements of vehicle performance. Cone Index (CI), or
Rating Cone Index (RCI), is used for describing soil strength. The
method applies to cohesive fine grained soils and the first stage
in using it is to compute a Nobility Index (Ml) from vehicle
parameters. In essence MI takes the form

MI- 50 k + W
b'it- 10 -a P-

where W - vehicle weight (lbf)
b - track width (ins)
A - length of track on ground (ins)
n - total number of road wheels
p - track pitch (ins)
k depends on vehicle weight

Various other correcting factors for ground clearance, powr/weight
ratio, tranemission type etc., are also included in MI but have a
relatively mall influence on its value. The second term looks
promising in that it has units of pressure and appears to make
allowence for the peaks of pressure which occur under road wheels.
The first term however has the rather inappropriate units (for a
cohesive soil/vehtcle model) of specific weight and appears to give
undue benefit to wide tracks. If figures for a typical heavy armoured
vehicle are inserted into the relationship we get

%I 00 + 7
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i.e. the first term with its rather unsatisfactory form is by far the
dominant one. The limiting go/no go soil strength VCI (Vehicle Cone
Index) can then be estimated from an empirical relationship and is
approximately proportional to MlI. Drawbar pull and rolling
resistance in soil of a particular strength can be estimated from
simple relationships based on 'excess' RCd (actual RCI - VCI).

2. The Bekker method (2) uses the well known two part 8evameter
instrument to measure soil values. A plate sinkage test is used to
simulate vehicle sinkage and predict rolling resistance. A ring
shear test is used to simulate and predict gross traction. Net
traction is computed as the difference between gross traction and
rolling resistance. The track is assumed to act as a rigid flat
plate which may be reasonable for a crawler tractor with closely
spaced wheels but is unlikely to be so for the usual type of military
vehicle sprung track system. Although some impressive looking
predictive equations have been published, details of validation
studies of the method are limited.

3. The method is now being considerably extended by Wong (3) who still
uses the basic bevameter Instrument for measuring soil properties but
in a vehicle mounted form with automatic data processing. The
pressure sinkage relationship under repetitive loading and the slip
sinkage characteristics of the terrain are also measured. In
modelling the soil/vehicle Interaction the track is assumed equivalent
to a flexible and inextensible belt. Positions and diameters of
roadwheels, sprocket, idler and support rollers are specified. Using
the measured soil characteristics a system of equations are set up
for the equilibrium of forces and moments acting on the track system
and for conservation of track length. The deflected shape of the
tr4ck and track/soil contact stresses are computed. Only a limited
amount of data on validation studies have so far been published but
the system shavs promise especially if computer implementation is
relatively simple and a range of 'standardised' soil values can be
made available for use be designers. The lack of track link pitch as
a vehicle parameter can be questioned since this has been shown to be
a significant factor (4) as can the assumption that the road wheels
are rigidly attached to the body although it would appear relatively
easy to include suspension deflection effects.

4. Turnage has performed some laboratory tests with a modular track rig
(5) in dry sands and near saturated clays. Cone Index was used to
measure soil strength. The track was s belt type with bolted on
shoes. Track contact length and width, and spacing and number of
wheels could be altered. Most of the test work was with the sands
but a preliminary dimensionless prediction term for clays was also
suggested in the form

C1 bi ( W )0.5 V a Total load on track
W ( -) Wuax a Load to cause bogies to

bottom out on suspension

IV
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is Cl (V )0.5
E (wWM)

( .. )0.5
(WIam) i apparently a term to allow for the effects of load
concentrations under the wheels but its derivation is not easy to
follow.

5. In 1972 Rowland evolved the mean maxim pressure (M6P) term (4)

MMP - 1.26V d - diameter of road wheels
(pd)U.5 a - ratio, actual are of

track link/nominal area,
pb.

which correlated well with measured in soil pressure peaks under
road wheels. Rowland postulated that 1MP would be expected to
give a guide to the soft soil behaviour of tracked vehicles and
showed that it was linearly related to limiting go/no go soil
strength (CI or RId) in clay and organic soils. Re also produced
a relationship for external rolling resistance in clay soils (6)

C (MP) . 9

Z- - 0.28 (E-) where C!v - coefficient of
external rolling resistance

CI
and further bypothesised that P61 could be used as a describing
mobility nmber for track @yet~ end in the form
N - 2.8 (CI ) 0 . 72 could be comparable to the WS
C (NUP)

peimatic tyre mobility numbers and their predictive performance
relationships (7).

1I lM NOSILK TISTU

A prime requirement of this investigation was some means of obtaining
accurate in soil performance measurements for a variety of track system
configurations. It was decided that a mobile tester of the type used
by VIM and others was the most adaptable and cost effective way of
obtaining this information. Laboratory scale model testing can give
useful information but would still need to be correlated with full
scale testing. Full scale laboratory testing in soil pits presents
formidable problems of soil processing especially with clay soils and
has now been abendoned at NYVI. There are various experimental
difficulties with using a vehicle to measure in soil performance -
controlling slip for example - and extensive modifications would be
required to fit different track system configurations to the vehicle.

The KVIE mobile tester (Fig 1) is based on a crawler chassis to enable
it operate effectively tn weaker soils and is capable of testing wheels
(8) as well as the modular track rig described here. The track rig is
carried in an arch frin and connected to the teeter by parallelogram i
links which can also lift the rig clear of the ground when
manotuvring. "ydroetatic drive motors are accomodated within the

A

EL
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track rig and are connected to the track sprockets via roller chains. The
track rig i normally freely pivoted in pitch to simulate straight running
of a two track skid steered vehicle although pitch restraint can be applied
to the rig to simulate certain types of articulated, wagon steer and half
track vehicle. The position of the rig to frame pivot point can be
adjusted to model different c.g. positions and 'traction centre' heights.

The track rig is 3.2 a from idler to sprocket centre with a nominal
dimension of 2.0 a between front and rear wheels. The maximum road wheel
size is 0.61 a dia and 2, 3 or 4 of these can be fitted. Up to eight
0.25 m dia wheels can be used. 0.36 a and 0.43 m dis wheels can also be
fitted in various 2, 3, 4, 5 and 6 wheel configurations. A variety of
link tracks up to a maximum width of 0.61 a can be used. A simple band
track is also available.

The wheels are carried on pivoted balance beams to accomodate terrain
roughness. When the rig was designed consideration was given to the use of
an individual wheel sprung suspension but space was not available in the
rig to accomodate the springs and the wide range of Individual wheel
loadings would have required a range of springs of various rates. The use
of load equalising balance beams is a reasonable compromise - compared
to a sprung suspension weight transfer is reacted between a forward set of
equally loaded wheels and a rearward set of equally loaded wheels. With a
sprung suspension weight transfer is generally proportional to the distance
from the 'spring centre' (usually near the centre of the vehicle) and
spring deflections will also alter the approach and departure angles of
the track. The rig can be turned round to provide a forward or rear drive
sprocket and approach and departure angles can be adjusted. Total ground
load can be varied by means of ballast weights between approx 25 kN and
55 kN.

Tractive forces from the rig are measured by a pair of horizontal
transducers. Sprocket torque is measured by a strain gauged shaft within
the sprocket hub which carries torque between the chain sprockets and track
sprockets. Signals are fed out via slip ring boxes. Sprocket speed is
measured by a toothed ring and Inductive pick up within the hub. Although
other methods have been used forward speed is now measured by a toothed
ring on the tester sprocket, tests having shown tester track slip to be
very smell under most conditions.

EXPERIMENTAL PlOCEDIUE

For the trials reported here the rig was used in its rear drive
configuration with the external pivot point at mid-wheelbase and at a
height above ground to give approximately the same ratio of traction centre
height to wheelbase as c.g. height to wheelbase on a typical tracked
armoured vehicle. Tests were generally performed at a vertical load of
55 kN although some tests were run at half this load. The following track
system configurations were used:

4 f ,
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No of wheels Dia of wheels Track ("ea sL 2)
Type width. b pitch. p Area ratio, e

0.254 A 0.343 0.117 0.831

0.610 A
Be 0.343 0.117 0.831
C 0.343 0.230 0.831
D 0.425 0.116 0.672
E 0.286 0.116 0.814

0.432 A
1

0.254 A

2 0.610 A

* Track A less rubber pads.

All tracks rubber bushed except track C which is dry pinned.

Tests were performed by the progressive slip method. The track speed was
held nominally constant and the parent vehicle speed varied to give a
range of slips from appro -202 to +1002 with slow transition through the
important -5 to +30Z slip region. Neasurements of net thrust, sprocket
input torque, sprocket speed and forward speed were recorded on magnetic
tape.

Runs were made at two, (sometimes three) track tensions, with at least 12
runs per track configuration.

Soil strength measurements were made by cone penetrometer - at least 6
measurements per run - with a concentretion of measurements in to
0 to 20Z slip region. In rut measurements were also made.

Analysis

The magnetic tape recordings were played via filters and A/D converters
into a computer for analysis and graph plotting. The tractive effort
recordings were corrected for tester longitudinal acceleration. Gross

traction PC. net thrust or traction PT, tractive rolling resistance RT,
tractive efficiency n, and slip m were computed as follows:

.),
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p - T where T - sprocket torque
C r r - effective sprocket radius

RT PC - PT

n PT
v  when v - forward speed

TW w - sprocket angular speed

a W wr - V
eWr

PC, PT and RT were divided by track weight to give the coefficients of
gross traction CC, net traction CT and tractive rolling resistance CR, r.
CT , CR and n were plotted against slip.

RESULTS

Results from two teat sites are reported here - both sugar beet fields
after harvesting. Soil moisture content on both sites was unseasonably low
giving comparatively high soil strengths,

Site A

The soil was a very silty medium/fine sand with over 30% silt or clay (USCS
Classification SK/SC). Moisture content was around 202 giv g average cone
index values of around 450 - 500 kPa in the 0-150 - layer. Laboratory
triaxial tests on a sample of the surface soil shows it to be mainly
cohesive with some frictional properties (0 - 9").

Site B

The soil in this site was a clayey silt (USCS classification ML/ML-CL) with
at least 502 silt or clay. Moisture content was around 29%. Average cone
index values for the 0-150 = layer were typically around 300 kPa.

Traction Curves

Typical traction curves from both sites are shown in Pigs 3 and 4. High
values of gross traction coefficient were obtained at Site A - in some
cases exceeding 1.2. Traction coefficients were appreciable lower for Site
I because of the weaker soil. A noticeable feature of the curves for
Site A is the considerable increadse in rolling resistance which occurs as
traction develops. In some cases the coefficient of rolling resistance at
202 slip is over 3 timas its value at the self propelled point. This
considerable increase was somewhat unexpected and unlikely to be due
increased internal resistance which would be comparatively small for rubber
bushed tracks. for comparison, data for the rolling resistance/slip
relationship of wheels was investigated. Rowland (9) reviewed available
data and suggested empirical relationships:
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For pneumatic tyres

CR - (1 + a)

i.e. CI proportional to slip and doubling between 0 and 100% slip and,
for rigid cylindrical wheels

C1 a (1 - 0.75a)

i.e. rolling resistance actually reducing with slip. No such simple
relationships are apparent for track systems, the rolling resistance being
a function of traction and the track system configuration.

In a two track skid steered vehicle traction causes weight transfer from
front to rear depending on the position of the 'traction centre', the wheel
and track arrangement and wheelbase. A moving unsprung track system
generally takes up a characteristic tail down pitch angle. At low
traction this is due to progressive compression of the soil under the
wheels. As traction increases the soil under the rear of the track will be
subject to greater shear deformations due to slip. This will increase the
likelihood of soil failure and extra sinkage under the rear of the track.
The effect is sometimes referred to as slip sinkage.

With a sprung track system the frame or hull will take up an additional
angle due to spring deflections. This will be increased by a raised
sprocket (or idler if front driven) due to the vertical component of track
(gross traction) force. Because the suspension will generally be
considerably more compliant than the soil this component will also unload
the soil under the rear wheel and thus increase loading still further on

the adjacent wheels. The effect can be countered on front drive vehicles
by means of so-called compensating Idlers (Fig 3a). With a rear drive
sprocket various arrangements are possible which interconnect a link
between the final drive reduction gear and the rear wheel (Fig 5b). The
extra cost and complication of these arrangements usually preclude their
use although front mounted compensating idlers are quite widely used to
counter vehicle nose dive when braking. Conversely soil offloading
under end wheels may be beneficial when steering in reducing moments
required to slew the track. An active suspension could be used to
control soil normal forces under wheels.

In Fig 6 values of CR are shown plotted against CT as well as slip for
2. A and 8 wheel arrangements. It is noticeable that the increase in
rolling resistance is much less marked with the two wheel arrangement
where weight transfer is proportionately lees than in the other
arrangements and where track force does not off-load the rear wheel
because it is rigidly attached to the track frame. The increase in
rolling resistance thus appears to largely a function of weight
transfer in the track system as traction increases. See Appendix for
calculation of ground reaction loads.

Comparison of Different Configurations

All the arrangements were tested at a 'normal' tension (nominally 201
of weight on track system) and a 'tight' tension (nominally 302 of
weight). Nigh tension is sometimes thought to improve performance,
especially in the go/no go region, presumably because of better
'bridging' effect between wheels although with sprung systems it also
increases the tendency to offload the end wheels and hence increase
loading on the reminder.

VOW_
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Averaging all the results from both sites gives the following values for

CT20 and CRS p

Site A Site B
Normal Tight Normal Tight

CT20 0.53 0.53 0.29 0.29

CRSP 0.11 0.11 0.15 0.16

i.e. no significant difference between the pro-tensions.

Similarly one of the track@ was run without rubber track pads (track B in
Fig 2) but again no clear trend was apparent - running without pads showing
a slight increase in traction on one site and a slight decrease on the
other. All the values of coefficient of traction at 20% slip CT20 ,
coefficient of rolling resistance at zero traction (the self propelled
point) CRSP, and the coefficient of rolling resistance at 202 slip Cj20
were therefore averaged for each track system configuration neglecting
track tension and the absence of track pads. These average values were
then plotted against the dimensionless terms Cl/pGp and C/14 to see if
either can be used to adequately describe the measured data by meoan of
empirical curves and form the basis of a simple tractive performance
prediction system.

Cl - average cone index in the 0-150 m layer

M - W

nbe (pd) 0 "5

The results are shown plotted in Pigs 7 and 8.

The Cl/G P against CT20 plot (Fig 7a) shows an approximately linear
relationship although with an appreciable amount of scatter in the low
CUMN region and with no real indication of a limiting go/no-go value
of CI/E P . The R wheel configuration is seen to perform well as does
the long pitch track (C) at low Cl/NGp. The effect of wheel diameter
is not readily apparent.

The plot of CI/1 1 p against CRSp (Fig 7b) shows low resistance for the
8 wheel configuration at low CI/IGp and high resistance from the 2 wheel
arrangement. The effects of wheel diameter and track pitch are not very
apparent.

The CI/M against CT20 plot (Fig Ra) shows generally improved collapse of
the data points and there Is now an indication of a limiting go/no-go
value of CI/M although no measurements are available for this region
because of the comparatively firm soil conditions. Again the effects
of wheel diameter and track pitch are not clear and in particular the
long pitch track appears to 'underperform' with the weighting given to
it in the M relationship. It was slightly unfortunate that on both test
sites the long pitch track was tested on slightly firmer parts of the
sites which makes it difficult to compare performance directly with the
standard pitch track. The two wheel configuration is seen to perform
comparatively well but this is probably because weight transfer effects

rat-.
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are comparatively small and there is little rise in rolling resistance
with traction. A describing curve has been tentatively placed through
the data points but no attempt has yet been made to ascribe any function
to it.

The CI/M against CRSp plot (Fig 8b) shove improved merging of the data

points compared to CI/Wp. C includes both external and internal
components even though Cl/4 is attempting to describe only the external
resistance. It is difficult to see how the two components can be easily
separated. The usual asstmption is that measurements of internal rolling
resistance from hard road trials also apply to the off-load condition
although recent tests at HVaI have shown that terrain roughness can
markedly increase internal rolling resistance apart from the effects of
soil packing in the track system. All the tracks were rubber bushed except
the double pitch which was dry pinned. The internal resistance of dry
pinned tracks are generally appreciably higher than equivalent rubber
bushed ones and are also more sensitive to pretension and gross traction
forces. MeasArements on a vehicle have shown the low speed hard road
resistance of the double pitch dry pinned track to be approx 0.015 greater
than the standard rubber bushed one (both at normal tensions). The
measured CGSgp data points have therefore been reduced by this amount.
It is planned to use the tester to measure the hard road resistance of all
the configurations to see if there are any marked differences between
them.

Fig 9 shows CI/M plotted against C120 . No particular relationship is
apparent and in nearly all configurations the rolling resistance
coefficient actually increases at higher values of ClI/ due to higher
traction and the effects of weight transfer.

Fig 1 shows Cl/M plotted against peak tractive efficiency np. Generally
quite good merging of the data points is indicated with np not exceeding
75-S0? even at high values of CI/N.

CONCLUSIONS

The mobile tester with modular track rig has proved a satisfactory way of
gathering in field tractive performance data for track systems of different
configurations.

The cohesive soil/track mobility nmber CI/N shows promise for forming the
basis of a simple tracked vehicle performance prediction system but more
data is required particularly in the important go/no go region where
performance can be expected to be nore sensitive to differences in track
system configuration. At high traction consideration would also need to
be given to weight transfer as affected by traction centre position,
wheelbase and the departure angle of the track.
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APPENDIX

The affect of traction forces on $round reaction loads.

WT-

teotr tr- rig.+X -c, .

T - static track pretension, expressed as a ratio of vertical load on
track system. and for a rear drive sprocket assumed to be maintained
under traction conditions.

RGI- kz. k3- RGA - vertical ground reaction forces under wheel.

Since the wheels are free-rolling, rolling resistance will effectively

act through the wheel centres.

Taking moments about A for forces acting on 'body'

WC-yh + W(CG + T)b + WI - KI 2t + Wea

33R - W(Ch +tCE-+ T)b + I -Ta)
21

Resolving vertically for forces acting on wheel 4

2
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-kC W Mi T)b +t - TS) - W (C + T) sin 0
0, R

Similarly for wheel I

kI - WCh+ (Cl- + T)b + t - Ta)
4t

Inserting the average values of Site A, 0.61m dia wheels, track A/8

CT20 - 0.56 t - 0.64 m
Cr2n - 0-81 OR 30'
h - 0.30a T- 0.2
a - 0.47a b - 1.10.

R 3 - 0.71W
k4 - 0.21W

i.e. RG3 is almost 3 times its nominal value and R(A is slightly less
with very little load on wheels I and 2.

The inclusion of a compensating mechanism will introduce a vertical
force between wheel 4 and the body which can be made some desired
ratio of W (CC + T) and will increase NRG and reduce RG3.

The introduction of suspension springs makes the analysis more
complicated in that applied forces will cause appreciable deflections
and some form of computer based solution will be required.

4 4 
"
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Fig I WVEE Mobile Tester with Track Rig

C
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Fig 2 Track Links
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C Tp 'e Abh~ngigkeit der Borientragf~higkeit unI der Zugkratft vonr% 1r Abstan-1gr~sse ler Bodenplsatten
A .Mierzwlcki

4. Warsaw Technical University, Poland

0
0 Einfflhrung

on Hsher, in dier theoretischen uni experimentalen Arbeite.,
lie Abstanlgrbsse zvischen den Bodenplatten hat man nach dem

S Kriterium der maximalen Scherkr~fte /der maximalen Haft-
krflfte/ bestimmt. Auf diese Weise wurde lie Geometrie der
Lflckengliederkette tes',Ammt [1, 3). Die Abstandgr~sse, die

S 2 s. 3 Breiten der einzelnen Bodenpiatte betrlgt, versichert
gr8ssere summarische Scherkraft P im Verg leich mit der
traditionellen Raupenkette /ohne Wbstmnde/. Der Zuwachs der
Kraft P1 st fiber den maximalen Bodenpiattenlruck beschrlnkt,
ler djen Wert von C,04 MP& nicht fberschritten saulte (2].
Aus der eigenen Forschung des Austors (2] ergibt sich, lass
der Senkunganzeiger /Verhlltnis der Vertikalsenkung zum
horizontalen Schub in der selber Zeit/ fOr lie Lfckenglieder-
kette im Vergicich mit der traditionellen Raupenkette 2 - 3
mel im Bereich der Drucke von 0,02 - 0,05 M4P& gr~sser ist.
Es verursacht den Zuwachs des Rolividerstandes P RI der Oiber
den entsprechenden Zuwach3 des Haftkraftes nicht ausgegleicht
ist. Als Ergebnis kriegt man die Minderung des Zugkraftes,
die die Differenz zvischen der Heftkraft und den Rollvider-
stand 1st.
Andere Weise der Bestimmung des Abstandes zwischen der Boden-
platte, kann das Kriterium der maximalen Bodentragflhigkeit
werden.

2. Die Abhlngigkeit der Bodentragfghigkeit von der Abstand-
grOsse der Bodenpiatten

Einfluss der Abstandgr~sse zwischen den Bodenpiatten der
Reupenkette auf die Bodentregflhigkeit wurde experimental in
den Mode Iluntersuchungen bestiint-Frtkher wurde die Analyse des
Senkungprozesses des Bodenplattenpaares als des kleinste
Fragment der Raupenkette durchgaffthrt. Die Analyse vurde auf
der Basis der Autnahmen, die das Senkungprozess In den
Grobsani gezeigt haben, getan. Der Fotoapparat, der fOr die
Realisierung der Aufnahmen diente, war an des Spennwerkzeug
befestigt, an des selben Spannwerkzeug waren auch die Modelle
der Bodenplatten eingespannt /Bild 1/. Es erlaubte auf den
Erhalt des Bildea des Bodenkeiles /odor zvei Bodenkeile/ der
sich unter den senkenden Bodenpaar bildet /Bild 2/. Die
Aufnahmen vurden fOr die Platten mit den Sporn, denen Breite
I - 30.mm und M~e h a 15 - waron, gemacht. Die Abstand S
zvischen den Platten hat tolgende werte angenommen: 0,6, 10,15, 22.mm, was den Verhtitnis s/1 0, 0,2, 0.33, 0,5, 0,73
entspricht.

WO7.
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B il 1d. Der Prtfatand f~r lie Fotoaufnatmen der Senkung des
Bodenplattenpaares.
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c

d.

e.

Bi1d 2. Die Bildug des Bodenkeiles unter dem senkendem
Plattenpeer ftr: a/ S - 0, b/ S - 0,2 1, c/ S . 0,331,
1/ 5 * 0,5 1, e/ S a 0,73 1.

Vv
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Aus der Analyse treten folgende Folgerungen auf:
I/ F'Sr die Abstandgrsse S a 0 - 0,921 unter des Plattenpear

entateht ein geoeiner Bodenkeil. Anderung der Abstand-
gr~sse, in diesem Bereich soil auf die Bodentragflkhigkeit
unter der Raupenkette nich be.inflbssen.

2/ Bei des Abstand S a 0.33 1 der Bodenkeil beginnt sich zu
teilen. Man ken merken don Bodensasluasstrahl aus dem
Bereich zwischen don Bodenplatten.

3/ Bel des Abstand S a 095 1 der gomeine bodenkeil beateht
nur in vergehender Form. Es *rgibt aich aus der Differenz
zvischen der Ausflusotrahlgoschvindigkeit des Bodens aus
des Bereich %vischen don Bodenpiatten und der Plattenum-
strbmunggeschindigkoit des Bodens von der lusserliche
Se it e.

4/ Fr den Abstand S o 0,73 1 bilden sich zwei separate
Bodenkeile unter *eder Bodanpiatte was bedeutet, dass
Einwirkung 3eder Platte auf den Boden unabb~ngig Lat.

Die Messungen der Bodentragfghigkeit unter der Modellen der
Raupenketten wurden auf dem Prefatand, der aid des Bild 3
gezeigt ist, gatan.

Bild 3. Der Prif stand f~r die Bodentragflkhigkeitmessung
unter der Raupenkette.

Die BodentraW ahigkeit war in der Punkt ion der Senkung
aufgezeichnet.
Die Lange der getesteten Raupenkettenoodelle fBlid 4/ hat

* mom
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man, beginnend yam Plattenpa-r, fiber die Zugabe der Boden-
platten vergrflssert.

0 L

b L -

Bill 4. Des Schema der Raupenkettenmodelle: a/ lie
traditionelle Raupenkette /S - /, b/ die Rauppnkette
mit lem Abstand S.

Die Gr~sse der Bodenpiatten /Breite Iund H~he h/ und dice
Abstinde 5 wurden vie in der Analyse der Senkung angenommen.
Die Forschungsergebnisse zeigt das Diagramm auf dem Buld 5.
Auf der Basis der ergebenen Resultate kann man feststellen:
1/ Die maximale Tragfflhigkeit tritt ffir die traditionelle

Raupenkette /S a 01 und die Raupen1kette mit dem Abstand
3 w 0,2 1 auf. Es folgt aus dem Fehien des Bodenausl'luss-
strahles zwischen dem Plattenpaar bei dem Abstand SmG0,2 1.
Die Einwirkung dieser Ketten kann man als gleichbedeuteni
der Platte BxL behandein.

2/ Der Abstandzuwachs fiber S w 0,2 1 verursacht lie Minderung
lea Bo'ientragfghigkeit - wobei kann man zwei. Bereiche
unteracheiden:
- fir 0,2 1 < S,< 0,5 1 /venn der Bodenkeil. in vergehender
Form besteht/ die Minderung der Tragfflhigkeit betrfigt
- 1% ffir die Kette mit lem Anstand S a 0.33 1 und - 4%
fir lie Kette mit dem Abstand S - 0,5 1.

- fir S <0,5 1 die Bo'Ientragflhigkeit nimmt -30% ab.
Es ist verursacht durch die unabhflngige Einwirkung jeder
Bodenplatte.

Der Rollwiderstand, der fiber die Gleichung(3]beschrieben ist,
hflngt von lea Senkung ab.

wa: 1 - Breite der Bodenplatte,
k - Faktor der vertikalen Bodenverformbarkeit,
n - Exponent, der die Eingenschaften und Struktur Jes

Bodens bezeichnet,
z - Senkung.

Ergebene Resultate der Bodentragfflhigkeit zeigen, dass der
Abstanrlzuwachs fiber 5 - 0,2 1 /Je mehr fiber S a 0,5 1/ bei
der Konstanten vertikalen Belastung gr~ssere Senkung ebenso

__ V.
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Bild 5.Die Bodentragfghigkelt unter der Raupenkettenmodelle
bei der Senkung z 0 025 1: a/ die traditionelle
Raupenkette sit S : 0, b/ die Raupenkette sit do.
Abstaid S a0,2 1, c/S8m 0,33 1, d/ S - 0,5 1,
e/ S a 0,73 1.

grOsser Rollwiderstand verursachen soil.

3. Die Abhangigkeit des Zugkraftes von der Abstandgrbsse der
Bodenpiatten

Die Abhtngigkeit des Zugicraftes von der AbstandgrOsse der
Bodenplatten vurde auch in den Mhodelluntersuchungen bestimmt.
Die Untersuchungen hat man fOr 3 Raupenketten mit dem Abstand
S . 0, 0.4 1. 1,12 1 durchgeftkhrt. Die Spalten wurden so
angepasat, doss die den 3 unterachiedlichen Bereichen der
Bodentragflhigkeit /sehe Kapitel 2/ entaprochen haben.
Angenoene Abstinde twiachen don Platten der Rauponketto
haben keinen wesentlichen Einfluss, auf die Haftkraft. Es
ergibt sich daraus, doss bei diesen Spalten antatehen noch
keine Bedingungen fOr die Entstehung dot Bodonkeile vor jeder
Bodenpiatte. Die Scherfllche des Bodons ist tangential 2u den
Spitzen dot Spornen - mulch vie bei der traditionelle
Raupenkette [3].I. Resultat, fiber die Zugkraftgrbsse,
entscheideit det Rollwiderstand. 1/
Die Zugkraftmeasungen wurden auf do. PrOfstand', dot auf dem

Gensue Beschreibung des Prfatandea bet indet sich in Arti-
kol *Traction Investigation of a Track Vehicle" vorOffon-
tlicht in Proceedings of the 7 th International Conference
ISVS in Calgary 1961.
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Bill 6 gezeigt ist, lurchgef~hrt.

Bill 6. Der Prfifstand ffir die Zugkraft messung.

In len Forschungen hat man die konstante Last des Schiepper-
modells angenommen. Es verursachte, dass bei der selben
Gr~sse ler Bodenpiatten und bei der konstanten aktiven LAnge
ier Raupenketten die spezifiache Dr~cke mit dem Abstand-
v8rgr~aserung zu genommen haben. FOr gepr~fte Raupenketten
ler spezifische Druck p hatte folgende Werte:

- tralitionelle Raupenkette /S u0/ - p -0,033 MPa,
- Raupenkette mit dern Abstand 3 0 0.4 1- p - 0,042 MPa,
- Raupenkette mit dem Abstand S -1,12, 1 - p - 0,07 MPa.

Die Untersuchungergebnisse vurden auf dem Diagram /Bild 7/
vorgestellt.
Ergebene Resultate zeigen, dass der Zuwacha Jes Abstandes
zwischen der Bodenplatten der Raupenkette verursacht die Min-
lerung der Zugkraft. Es ergibt sich aus der Vergr8sserung
les Rolividerstandes, der fiber die gr~ssere Senkung verur-
sacht ist. Der Zuvacha des Abstandes fiber S a 0,5 1, wenn
die Einwirkurig der Bodenpietten unabhflngig ist, verursacht
realativ grbssere Zugkraftminderung als bei der Spalte
S--,0,5 1.
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Bild 7. Die Abhlngigkeit des Zugkraftes vow Abstand zwischen
den Bodenplatten in der Raupenkette: a/ traditionelle
Raupenkette /S a 0/, b/ Raupenkette mit des Abstand
S - 0,4 1, c/ Raupenkette wit dem Abstand S - 1,12 1.

4. Schlussfolgerungen

Ergebene Resultate betreffen die Modellbedingungen
bezfglich der Versuchuethode so wie des Bodens /Grobsand:
Kohesion k w 0, Innenreibungwinkel 9 a 280 , Feuchtigkeit
w - 2%/. Doch, die Analyse der Senkung der Raupenkette/der
Bodenplatten/ in Abhlngigkeit von des Abstand zeigt deutlich,
lass der Zuvachs der Spalte die Vergr~aserung des Rollwider-
standes und nlchst die Zugraftsinderung verursacht.
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1WHDEP 1 Or SOIL BRNUM CAP'CMrY AND DRAJWAR PULL N TIE SPACING
EMAMN TRPCIK PLAMTS

A. MER4rCKI
kMUSAW 7WI OALGM UNIVERSMT, FLN

(Translated by K.G. Huiond, NIAE, Silsoe, England)

Starting point for this investigation were the results of the drawbar
pull tests which wre published in Proceedings of the ISIJS Conference
in Viera - 1978 and in Calgary - 1981. Up to nw in definiticon of the
spacing betwee track elemmert the criterion of maxim= shearing forces
was applied.

In this work was applied the criterion of muxiz soil bearing capacity
under the track lmiepewlmce an the spacing betwee track elements.

In the paper the results of the model investigation were presented.

1. Intrcduct ion

7'he spacing betwee track plates has hitherto been defined in theoretical
and experimental work in terms of the criterion of maximum shearing
stresses (mnxima tb.zst). !he l geomtry of the spaced link track was
def ined in this way(T_,;t. Spacing equivalent to 2-3 vdths of a single
track plate ensures a larger overall shearing stress PW by comparison
with the traditinal tra (without spacing). The increase in stress PH
is limlted by the maxiLmn track plate Iemsue, which should not exceed
0.04 MPa 1 . f The &thr's am erch ) has sham that the sinkage
index (the relationship between vertical sinkage and horizontal thrust
over the same period) for the spaced link track is 2-3 times greater than
for the traditiorAl track in the pressure range 0.02-0.05 MPa. Increased
rolling resistance is caused, which is not compensated for by the cor-
responding increase in thrust. An a result, a reduction in drawbar pull
equivalent to the diffe"noe between thrust and rolling resistance occurs.

Another method of determining the spacing betwee the track plates is in
terms of the criterion of maciun soil bearing capacity

2. The dep of soil beariMg capacity an the spacing of the track

T'he effect of the spacing bete the plates of a track on soil bearing
capity ws determined experimetally in model-based research. The
process of sinkage of a pair of track plates as the mallest section of
the track had already been analysed. 7his was carried out on the basis
of ptographs showing the sinkage process in coarse sand. The camera
used was mounted cn a clamp, to which models of the track es were
also fastened (Fig. 1). This enabled pictures to be obtained of the
wedge-shaped groove (or tw grooves) in the soil formed beneath the pair
of track plates as they sank into the soil (Fig. 2). Te photographs
were taken for track plates, with a grouser, having a width 1 - 30 mm
and a height h z 15 m. The spacing S betwee the plates had the
following values: 0. 6, 10, 15 and 22 m, ourresponding to S/i ratios of
0, 0.2, 0.33, 0.5 and 0.73.
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Fig. 1 Test rig for photographs of sirkaoe of track plates
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f iq-. 2 Fanrati (icf wedge-shaped qrouve beneath the sink tnq pair
of track plates for: (a) S -0, lb) S 0.2 1,
(c) S 0.33 1, (d) S 0.51, (e) S 0.73 1.
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An analysis produced5 the follouing onluiins:

1) A oamus wmdg&-dvqpsd groove is f2 1 beneath~ the pair of track
plates at a specing S a0.02 1. Alteration of the spacing within
this range *icm.ad not atffect the soil bering caaity beneathte
track.

(2) It* wedge-duped groov begins to di1 at a spaing s - 0.33 1.
7t* cmtdrd fbi. of the moil frum the area bbme the track plates
can be detected.

(3) 7V e como %mde-shmp grov exists only in vestigial form at a
qscing S a0.5 1. This arise from the ditfferenc betm the out-
mird flow speed of the moil 1 11m - the trac plates andI the track
plate by-pass speed of the soil fromi the external side.

(4) TNj separate madwsped grooves beneath each track plate at a
spaing S - 0.73 1, iudicatling that the act1in of each plate anthe

1'armats of soil bearing capacity under modls of track* %we carried
aut c. the test rig simm In rig. 3.

Fig. 3 Test rig for wmasu~ring soil bearing capacity undier the track
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-,Oil bearing capacity was plotted as a function of sinkage.

ite length of the track model tested (Fig. 4) wa inrea ed by the acki-
tin of further track plates after the pair under consideration.

L

Fig. 4 Diagram of the track model: (a) traditional track (S = 0),
(b) track with spacing S.

The size of the track plates (width 1 and height h) and the spacing S were
assumed to be the sane as for the analysis of sinkage. Rlesearch results
are shown in the graph in Fig. 5. From these it can be established that:

(1) Maximum bearing capacity is experienced with the traditional track
(S = 0) and with a track at a spacing S = 0.2 1. This follows from
the absence of soil outward flow between the track plates at a spac-
ing S 4 0.2 1. The action of these tracks can be treated as equiva-
lent to the el~rent B x L.

(2) A spacing increase over S = 0.2 1 reduces soil bearing capacity.
Too ranges can be distinguished:

- for 0.2 1 < S 4 0.5 1 (when the wedge-shaped groove exists in
vestigial form) the reduction in bearing capacity is equivalent to
-3% for a track at a spacing S = 0.5 1.

- for S > 0.5 1 the soil bearing capacity is reduced by -30%. This
is caused by the independent action of each track elemaet.

Polling resistance, which is described by the equation (3), depends an
sinkage. P = I-- l n 1

Whe.re 1 - width of track elevent

k - factor of vertical soil plasticity

n - exponent denoting the characteristics and structure of the soil

z - sinkage

-- I i - I l |I '~; ' e"
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The results obtained for soil bearing capacity show that a spacing increase
abuve S = 0.2 1 (especially above S - 0.5 1) should cause greater sinkage
as wii as qreater rolling resistance at a constant vertical loading.

P

10 20 ISO I z

Fig. 5 Soil bearing capacity under track models for sinkage
z = 0.25 1 : a) traditional track, a = 0, b) track
at spacing S z 0.2 1, c) S = 0.331, d) S = 0.5 1,
e) S = 0.73 1

1. i dmlme of draviba pull an the spacing of the track plates

1v dependece of dra bax pull on the spacing of the track plates was also
detexvded in model-based research. Investigations were carried out for
three tracks at spings S = 0, 0.4 1 and 1.12 1. Spacing was adjusted to
correspond to the three different ranges of soil bearing capacity (see
Section 2). IThe spacings adopted betee the elements of the track have
no esemtial effect on thrust. It follows that, give this spacing, oon-
diticms are not produced for the formation of wdkge-shaped grwves before
eac track elanst. The plane of shear of the soil is tangential to the
peaks of the grousers, muc as is the case with the traditional track (3).
As a result, dravkar pull is decided by rolling resistan. Measurenwts
of draviar pull were carried out on the test rig* show in Fig. 6

*A precdine description of the testing is given in "Traction Investigation
of a Track Vehicle", Proceedings of the 7th ISVS Conference, Calgary, 1981.

'k . , --
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Fig. 6 hast rig for masuring drawbar pull

The weight of the model tractor ws assumd xmstant in the research.
Consequetly, specific pressure rse with Incrased spacing for track
plates of the same sise and at oamstant effective length of track. The
specific pressure p had the follcwing values for the tracks tested:

- traditicnal track (S a0) : p = 0.033 I~a
- track at spacing S - 0.4 1 : p - 0.042 I.a
- track at spacing S - 1.12 1: p - 0.07 M4a

he results obtained shw that the increased spacing be track plates
causes a reducion in drmaar pull. This results from the increased roll-
ing resistance caused by greater sinkage. Increased spacing Oyer
S - 0.5 1, wtem the action of the track plates is indepndent, causes rela-
tively greater dra*,ar pull reduiictn then for the spacing S f 0.5 1.

j

_ I,.
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Fig. 7 he dendence of drawbar pull an spacing betwee track
plates: a) traditional track (S = 0), b) track at a
spacing S = 0.4 1, c) track at a sacing S = 1.12 1.

4. Conclusiorns

The results obtained agree well with the model conditions relating both to
the research mwthod and the soil (coarse sand: oheslon k - 0, internal
angle of frictim P a 28, moisture ccntet w 2%). Analysis of the
siJnkage of the track (the track plates) dependent an pacing ohoms clearly
that increased s ing causes an ncrese in rolling resitane and, -
sspaatly, a reructicn in drawbar pull.
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The Dynamic Interaction Between Track And Soil

P.Parringer

N Industrieanlagen-Betriebsgesellschaft m.b.H., 8012 Ottobrunn/Germany

Abstract

The knowledge of the dynamic interaction between track and soil is
0 important to analyse high speed vehicles with flexible track.

O This paper describes a possible method for the measurement of this
Sinteraction. Force- and displacement-sensors are fixed in and on the

track to measure

longitudinal-, transversal- and normal-load at one
track-shoe,

- sinkeage of this track-shoe and the

- longitudinal- and transversal slip of this track shoe, ,7

Furthermore soil parameters are defined and the dynamic behaviour
of the soil is calculated and expressed in terms of thesesoil parameters.
These parameters are one input to vehicle simulation models. Combined
with well established parameters our newly defined parameters may serve
as a basis to describe the mechanics of soil.

One of the main advantages of the proposed method is the indenpendency
of measurement steps and analysis steps.

Several examples have been investigated and encouraging results have been
obtained. Although the proposed method is purely a rheological
approach, we feel that it may be a powerful tool to enhance our

understandinn of soil dynamics.

WNW
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1. Indroduct-ion

There is one wellknown and improved method to describe the static
interaction between track and soil defined by Bekker about 25 years
ago [2,3,4]. Meanwhile, there were great efforts of innovation in the
field of electronicsespecially in

- measuring and data transfer technics and
- computer technics.

This is one main reason for the existing wide gap between analytical
background including the constitutive laws and the possibilities of
todays computer technics. Efforts to close this gap have been made
for example in (1,10,111.
At first view finite element methods would be a proper way to calculate
the interaction between track and soil, but until now there are
many restricting points. The most important two restrictions are first
the unknown constitutive laws for soil with terrain cover and second
the three dimensional elastic-plastic calculation of the dynamic
interaction between track and soil is at present - practically speakinq -
nearly impossible.

For these reasons about five years ago the IABG decided to

- measure the dynamic interaction between track and soil
in all practical important operating conditions,
soils and soil conditions, and to try to

- find a relatively easy approach to describe this
dynamic interaction (the system used today is shown
in Figure 1).

The first step of this way is published in [5,6,71 and shown in this
report.

2. Measuring equipment

The measurinq equipment for the KPz-Leopard 1 and how it must be handled
is shown in Figures 2 to 6. The most important restrictions for the
choice of usable sensors were the absence of a power source on the
track and the terrain cover.
For this reason optical sensors and sensors which need high power are
impractical.
The chosen sensors for sinkeage and slip-measurements are simple mecha-
nical systems with all disadvantages resulting from this fact,
The moveable parts of these sensors are very light to prevent them from
da'iaqe at high speed (test speed withoutdamaae was 30 km/h for the
slip sensor and 60 km/h for the sinkeage sensor). It should be mentioned,
that the accuracy for the slip measurement is very high because the
slip can be measured directly. The load cell [6,8]shown in Figure 2,
works quite well, has exactly the size of a track block with rubber
Pad and is able to withstand forces up to 100 kN in the three
'hebasuring directions (normal, longitudinal and transversal). Like the
"e1.etry-transmitter and the displacement sensors the two load cells

'one track block are waterprotected.

VPp
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The smallest equipment to measure track soil interaction consists
of one load cell, one sinkeage sensor und one telemetric unit with at
least two channels (shown in Figure 6 for the right track).
For the analysis of the interaction between a turning vehicle and
soil, an equipment like the one shown in Figure 6 may be the easiest
to work with. To get more information at the same time the newest
measurements are made with two load-cells, sinkeage and slip sensors
on one track within a distance of about two meters and a simpler
equipment on the other track.

3. Test results

Typical filtered (lowpass RC-filter 24 dB, 10 Hz) test results are
presented in FiQures 7-10. The measured ground pressure and sinkeage
distribution in Figure 7 shows that the pressure distribution is not uni-
formly and the first and last peak is relatively small
(track pull forces at the outer road wheels). Because of the roughness
of terrain the sinkeage needs to be calibrated as shown in Figure 7.
Very important is the shown delay am of the sinkeage. This delay is one
of the reasons for the larger delay of traction (Aw) in Figure 8
(pull is here negativ).
The second reason for this is the pull-slip relationship and the lack
of normal load between the road wheels. The traction can only be
built up, if there is a normal load and must be built newly for every
road wheel.

This is important to show that in this case the traction-slip
relationship is opposite to some theories, not much better than that
of a wheeled vehicle with the same number of driven wheels.

The lateral forces in Figures 9 and 10, where the soil is
very hard, show similar behaviour. The soil for the measurement
substantiated in Figures 7 and 8 was not as hard as it might
appear. A proof for this is that the trace in the grassland had a
depth of about 50 mm.

Some further short comments to the turns in Figure 9 and 10 should

be made:

Longitudinal load: The outer track was driven and the inner was breaked.
Because of motion resistance the sum of braking forces along the contact
length of inner track is much smaller than the sum of towing forces
at the outer track.

Normal load: The sum of normal load along contact length is, because
of centrifugal forces, at the outer track higher than at the inner track.
For the outer track (Figure 10) the maximum of normal load is at the
rearof the vehicle, but it is obvious that at the last road wheel there

tan't be measured a normal load because of the pull in the track.
The opposite effect is watched at the inner track (Figure 9). Here the
first roadwheel shows no normal load.

Lateral load: A part of the sum of lateral load will be balanced by
centrifugal forces (easy to see at Figure 10). The change of the
direction of lateral load takes place approximately at the third
road wheel (of seven road wheels).

s_ _
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Of course these test results, have a wide range of utilization.
When checking the relationships between normal load, sinkeage,

motion resistance, tractive effort and drawbar pull the user has

to consider that the measured values are valid only at the position

where the sensors are located and that in addition to the

inhomogenity of the soil the roughness of the terrain has a great

influence to the measured forces (the load cell is fixed in one

track block which is one of many track-blocks in a line coupled

by very stiff rubber bearings).

4. Evaluation of dynamic soil-parameters

The method for the calculation of so-called dynamic soil parameters
(spring rate C and damping 3 of Figure 1)is shown in Figure 11. For
the used test Ixample the normal load FZ was calculated by an inverse
function for C - 0.5 kN/au, D - 0,03 kNs/mm and the curve of sinkeage
Z (Figure 11). Fike the results If measurements the test values are in the
kind of about 300 digital values along the contact lengh of track-soil
interface. With a simple linear equation with three unknows(equation 1 in
Figure 11) the first results Cd, 0 and BZ will be calculated
as a function of longitudinal d~splcemen w

As a function of these results the elastic and plastic soil deformation
will be calculated with forulas 2 and 3 of Figure 11. If as usual the
plastic soil deformation Zp is not constant there is a need for one or
more iteration -steps which cannot be shown, like the more complicated
calculation with friction R , in this short overview. There are
two reasons for the neglectiln of a constant couloabian friction R
in the practial calculation: First itimpossible to measure a

step-function in normal direction and second there are numerical
instabilities in the results if there are two kinds of friction or damping
in expanded equation 1.

The results of the test example are stable if all three points of detail A
are within the steady state of the Fzand z-curve. The elastic-plastic
soil deformation - normal load functions in Figure 12 are trivial
but shows well the structure of this useful second illustration of soil
behaviour.

For the real measured example of soft soil in Figure 13 the corresponding
Figure 14 has the following meanings:

- The first picture (normal load above sinkeage) is only another
picture of the measured results.

- In the next two picture the measured sinkeage is at every load
point divided in plastic and elastic soil deformation.

- The area under the curve in the second picture is the energy
which is needed to deform the soil under one pad. The motion
resistance is a function of this energy.

- The energy-loss in the soil corresponding to the damping D is
the area within the curves of the third picture and the sllpe
of this curves shows the elastic soil stiffness (spring rate CB).
In theory these curves are elliptical (see Figure 12).

..
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Without the first peak there are no great differences in soil stiffness
(spring rate CB Ist practical constant) of soft soil (Figures 13 and 14).

But in the harder soil presented in Figure 15 there is a great hardening
effect from one peak to the next (test area exists of a very hard subsoil
and a weaker top-layer). The comparision of the second pictures of
Figures 14 and 15 shows very clearly that in the harder soil the soil
dependent motion resistance is much smaller than in the weaker soil.

5. Closing Remarks

This paper is only a very brief discription of the hard- and software
to measure and simulate the dynamic interaction between track and soil.
Further studies have been made to improve the measuring-equipment and
the soil-model for tangential direction of tracked and wheeled
vehicles. For the measurements of the tire-soil-interaction in soft
soils tire-deflection sensors (91 should be prepared and tested.
They would be very useful to answer important questions about
the use of central tire-inflation-pressure system (CTIPS) with stiff
high-pressure-tires like the size 14.00 R20 18 PR in very soft soil.

Although this paper shows only the first step of a long way, the
author believes in a wider use of this method in the future because
of the following reasons:

- the measuring equipment will be cheaper
- the computation of soil parameters will be more
sophisticated

- there is the possibility for automatisation in
measuring and analysing steps.
Therefore it will be possible to measure and calculate
a large number of parameters in one test area and discribe
the real statistic distribution of soil parameters

- measurement steps and analysis steps are independent and
can be improved separatly.
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F z:Normal load

z:Plastic deformation

- Z: Elastic deformation

C: Spring rate

D: Damping
(elastic part)

PForce in plastic

Z * Z,. (sinkeaqe)

Assumed plastic soil behaviour: z f(R SP)

ZP D.first loading
relaxation

©: reloading

(i.loading above last maximu

new relaxation

Rn P F;

Figure 1: Track-soil-interaction
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Figure 4: Sinkeage sensor and load cell in track

Figure 5: Calibration (field tests)
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j Normal load at load cell

9.

6. 1
3.

300. 1.SI ).......3.. .
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0 . II . . i . 2 -.a 's 3 .S . . S . 's

Figure 7: Measured normal load and sinkeage and calibration of
sinkeage (there is a need of calibration because of theroughness of the terrain)

Normal load at load cell

Traction at load cell

- i 2. ?.' b.5 4. 4.5 ',. 1,5 6.

Traction is impossible without normal load; the built up of traction
takes place separatly at every road wheel.
The delay Iw is larger than Am of picture 7 because of traction-slip
relationship (soil: relativ weak grassland, trace depth: 50 mm)

Figure 8: Example for measured normal load and traction
(unfiltered)
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Figure 10: Right turn in first gear
(The load cell was fixed in the left track outer track)
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Figure 11: Test example and related calculation
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A:'ALYSIS OF GR( UD rRESSURE 7TSTR1I!TICN BE';ATH TRACeED

MODEL 717!! ESPECT TO EX-TRNAL LOADTrG

In
SI. iAREK R. PCCYLIUSZ

I.?.R.C., TEC!TCAL UNIVERSITY, WARSAW, POTAIND

INTRODUCTION

0 This paper is a continuation of the investigation,results

am of which were presented at the last Conference ISTVS in

Calgary in 1981 /Traction Investigation of a TrackedD Vehicle Model/.
The results obtained then permitted to draw certain

Sconclusions, however the necessity of rearrangement

concerned with the test model and the frame of conducted

investigation appeared simultaneously.

New research aimed at settling the effect of changes of the

centre of jravity /C.G./ on tractive efforts and on

distribution of ground pressure beneath the track /i.e.

LU.'P, NGP/. The location of C.G. varied according to the

changes of external loadings.

The measurement of the drawbar pull and the distribution

of pressure between track and soil layer were carried out

in the model scale.

TIHE TESToSTAN.

The model of the tracked self-propelled vehicle running in

the mobil soil bin wcT.s the mechnical part of the test

a parntus. The model and the 'oil bin were being described

in the paper which was presented at the l--st Conference ['].

The s:r ter of registration of t'ie dr.wb'r pull undervent a

ch',ires. The vehicle nodel was connected ',:ith the immovable

socle through ai. octrgonal dynnnoieter designed according I
to [2]. The ea:urinr systea of drawbar pull had better

se..zivity nnd l .ernrity than previous one /Fig. 1/
The rigid nteel plate enablin 6 froet lo-.ding, of the -,odel

/with the tAd of bob/ was mouitee ri ;ht over the front wheel

/Fig. 2/.

:' .wow.--,-
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PREPARALTION OF THE SOIL

The soil prepared for measurements hnd specified -.echanical

conctitution due to uniform mixing and humidification so
that it possessed homogeneous structure,humidity and density

in the whole bin.

,ur idity of the soil vas checked every day before beginning
nnd after cor.,)letion of the experiments.

.Before each test the soil was mixed,levellized and compacted
by means of mechanical compactor.

All the tests were carried out on the clayey sand.
The physical soil properties and the grain size distribution

are shown in Table 1 and Fig. 3 respectively.

Table 1. Physical properties of the soil

wet density /kN/m 3i 26,1

average water content /%/ 9,0

cohesion /kPa/ 10,0

angle of internal friction 29,0

bulk density /kN/ 3/ 16,0

I W
G6oian ao:, -0

Pig. 3. Grain size distribution
of tested soil.

i !yOr. ..

""~~WO ]'.'_ .. I
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TRACTIVE MIASURFIIETS

The disposable drawbar pull and the machine loading coming

from the soil /when the track was rolling/ were registered

during the tests. The tests were carried out for the value

of slippage .2% and .100% /what means loosening the

machine adherence with soil/.

In comparison with previous investigation there were

increase of slippage value from sw8.4% to 2%. It was so,

because the tendency to the lateral tilt occured when the

slippage value was s-8,4%. It mainly took place after 2,0

or 2,5 m of riding. When slippage value was 20% model was

not disposed to tilt itself.

The location of C.G. was varied in each aerie of

measurements.

The simulated external loading of the model was obtained by

means of additional masses fastened down to the model at

different places.

The following drafts of loading were separated:

a/ an additional mass 228 N /8,e% mass of the model/ -Fig. 4

b/ 319 N /12,3% I -Fig. 5
c/ 547 N /21,0% / -Fig. 6

d/ 696 N /26,.% / -Fig. 7

Loadings,which simulated an action of a bulldozer blade

were given up in discussed Investigation /practically a

horizontal component of force/. It was why,because this

component of loading was simulated by means of a system of

two horizontal parallel cords fastened to the model on the

both sides and there was no possibility of determination of

cord tension with a sufficient accuracy. The additional mass

which created the tension in cords hung freely and was

exposed to the action of uneven body forces.

Before each measurement the track was re-set in a determined

which occured every 35 revolutions of a track sprocket.

The number of revolutions resulted from transmission ratio

of the chain drive.

This way a constant track tension /i.e. horizontal loading

__yhorizontal lodn
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Fi-g. 5

Fig. 6
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the track :-:roc:,ct and front wheel of the model/ was being

obtained. Also each strain gauge was setting then to zero

or to the constant fixed value by means of the digital

voltmeter. It made sure about efficient accuracy of

measurement.

DATA ANALY313

The conducted tests made possible to reveal some distinct

regularities existing in correlations of the type of the

used additional load /i.e. location of C.G./ and values of

the drawbar pull as well as ground pressure distribution

beneath a track of the model.

A value of the drawbar pull /D.P./ depends on a location of

the centre of gravity /C.G.J The weight of the model varied,

so some operations had to be introduced. When the model was

loaded with an additional mass, the obtained values of D.P.

were equated,so: mb

D.P. an P /1/

wheres

D.P.an - an analysed value of D.P.

DPm - a measured value of D.P.

m b - a basic mass of the model /265 kg/

% - a mass of the model when the D.P.m was

measured.

The loadings of the rollers were diminished too. An influence

of the additional mass was eliminated, so variable values of

D.P. could have been compared.

This way a phenomenon of a change of a C.G. was obtained

without changing of a total mass of the model /in theory of

course/.

The displacement of C.G. influences on a pointAS location

/centre of the bearing reactions of the ground/.

The point s S location /xS/ was computed by /2/ /fig.8/

- /FE - G/ 0,25 L ,--G F/ 0/2/
P AB + PC + FD + PE + P PG

. . j., _m." "
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wh"re-

FA3 .... FFG - reactions as :J:,own in fig. ,i

I - track ground contact length

The eqnation /2/ resulted from the, equilirium of momc,'s

of a bearing reactions F in rela'ion to th, point S.

Such a way of computing of x 3 has been admitted as 4 correct

one,because of intentionally high value of a ratio -

-i = 4,25

w:,ere:

1T - track link pitch

LR - pitch of supporting rollers.

It caused the decay of vertical loading of a track between

two rollers [4] . It seemed that in this case the vertical

loadings were concentrated around the rollers md equation

/2/ wa.s not saddled with a significant error.

A de;endence ..etween location of C.G. an,. xS was sh-own in

fig. 9 /point D = miidle of the contact area of a truck/.

During the investigations C.G. was shifted or a limited

scale of 0,146 m /24% of the track ground coz:tact leing-th L/.

The centre of bearing reactions S changes o:, ai :cale of

0,12? m /20% L/. D.r. value depends o,- t:e loc,-tion of C.G.

/xCO/ as well as x, - value.

All dependencies are non-linear; in accordanice with the

re,-rescion analysis /by means of the microcomputer with the

plotter/ both are second-degree polyno,-lal.

Figure 10 shows depen lence DP = f/ G, , where xco is a

-splacement of C.C. measured from the loc.-tion of C.C. for

the mcel without additional mass.

In fig. 11 the course of function D' = f/-w/ clearly shown

t .' t displr.ce:.ent of point S towards t..e fro.-t of thec model

ctus, a± icr(inse of D.2. to a certain ,le ree; further

-> plnce er.t to.,%rds the centre of sy:.:.etry of the model

/poirit D1 dcesn 't yield )enefita, D.!. ,- value dirii'es.

7,.,.' co.rse of hot;. functiol.s /DP /T-/ DP = f

M.ny .,e En:ltin.i as folows:

.~4 -,
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1. ,:e;, n C . . i.. ...- ed 'owirds the r',ar of the model, the

c,-;:tre of t".e pct ]:w dsplaced i1. the sume direction

/ A:, = 0, PC 0/; a fr',nt of the model i.,i unlorded, so the

'roc rolun contict arca dininis.ies.

.he trt'-c iv( ef ort can be computed in accordance with:

= bf Ic + p/x/.tgO/./1 - exp-,-/dx /3/
0

b - width of track

c - cohesion

p/xl- normal pressure under trnck

- antgle of internal friction

j - displaceient of soil beneath a track

K - coefficient of a compression of soil

When the trick ground contact length /L/ is smaller,then a

value of "j" dimi,.ishes as well as a value of force P.

The drawbar pull /l P - R,where R - rolling resistance/

decreases accordingly. to the dimishing force P.

Then the displacement of C.G. towards front of the model

causes the decrease of xS and increase of D.P.

2. In accord!.nce with[5]in the cyclically pressed ground

beneath the track shearirng parameters /c,O/ diminish after

each cycle of the load.

In the ground loaded with pass of subsequent rollers the

shear resistance becomes smaller. The loading of model's

front car. have an effect on increasing of D.P.

When xS/LO,12 the value of D.P. begins to decrease. For

xS = 0 dependence 1P - f/ / reaches 71 per cent of

D!M x /1245 /. -

The function D=f/-L--- / is shown in fig. 12.

A parabolic dependence D.P. versus displacement /xCG - xS/

ca:, 5e shown for the investigated model and given soil

conditiono.The above function has a high coefficient of

correlation /R = 0,998/, therefore some conclusion can be

drawn.

:'or uniform ground pressure distribution /x S  CG - O/

DP-value ic: not maximal /1049 N/1 minimum of the function

- 'Im 2

xA
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XCG -X,
occurs for L = 0,055 practically rhen both points are

in line. The larger distance between points, the hig;ier

value of D.P.

CLOSING RM.ARKS

1. The results of investigations confirm an assumption that

D.P. depends on the location of C.G. of the model. The D.P.-
value varies between 720 N and 1300 N, i.e. almost 100 per

cent more.

So great difference causes a necessity of the iivestigation

of C.G. location's effect on the drawbar pull.

2. All t.e obtained dependencies like D.1. versus factors of
the model's state of loading are non-linear.

3. The gauges fixed in the model permitted to the continuous

recording of ground reactions loaded the model's frame.

Computed centre of reactions depends on the location of C.G.

of a tracked vehicle.

4. The grou.d pressure distributions obtained during

investigations permit to establish a loading spectrum of
models frame and to carry out its fatigue limit analysis.

5. The carried out analysis allows to make most favourable

distribution mass of the model /for the used soil/.

6. The vertical loading of the frame is not uniform as well

as the triangular.

Further research on propagation of stresses in ground beneath

the track /related to the concentrated force F loading a

roller/ is going on.

REFERENCES

[11 A. IERZMICKI, W. I. PO:'CYLIUSZ, Traction Investigation

of a Track Vehicle rModel, The Proceedings of the 7th

Confere;:ce ISTV3, Calgary 1981

(i

; ., .. . .- . .- -I -



360

[2] N. H. COOK, E. RABIUO,!ICZ, Physical Leasurement and

Analysis, Addison + Vesley, Reading 1963

31 D. ROWLAXD, Tracked Vehicle Ground Pressure and It's

Effect on Soft Ground Performance, The Proceeidings of

the 4th Conference ISTVS, Stockholm 1972

[4] V. SKOTNIKOV, A. PONOMUREV, A. KLIMAfIOV, The Mobility

of the Machines /in Russian/, Minak 1982

[53 K. KOGURE, T. KUDO, Shearing Properties of Sand Under
a Repeated Loading Representing the Ground Pressure

Distribution of a Tracked Vehicle, Journal of

Terramechanice 1977, No 4.

*11



N361

A COMPARISON BETWEEN A CONVENTIONAL METHOD AND AN IMPROVED)

METHOD FOR PREDICTING TRACKED VEHICLE PERFORMANCECo
I JY. WONG and J. PRESTON THOMAS, TRANSPORT TECHNOLOGY
C RESEARCH LABORATORY, CARLETON UNIVERSITY, OTTAWA, CANADA

t!t , INTRODUCTION

0 One of the most widely used conventional methods for predicting tracked
vehicle performance is based on the assumption that the track in contact
with the terrain is equivalent to a rigid footing. Furthermore, a uniform

am normal pressure distribution over the entire contact area is assumed if
the centre of gravity of the vehicle is located at the midpoint of the
contact length. On the other hand, if the centre of gravity is locatedin front or behind the midpoint of the contact length or if load transfer
due to drawbar pull takes place, a sinkage distribution of trapezoidal

'shape will then .'% assumed. Based on these assumptions and the
measured pressure sinkage and shear stress displacement relationships
of the terrain, the tractive performance of tracked vehicles is predicted.

Experimental evidence has shown that while the conventio :, method may
find applications in the prediction of the performance of crawlers with
low ratios of roadwheel spacing to track pitch, commonly used in agri
culture and the construction Industry, it gives unrealistic prediction of
the performance of tracked vehicles with high ratios of roadwheel spacing
to track pitch designed for high speed operations. In the latter case,
the normal pressure is usually concentrated under the roadwheels and is
far from uniform. Consequently, the track in contact with the deform
able terrain deflects and has the form of a curve. Furthermore, an
element of the terrain under the track is subject to repetitive normal and
shear loadings of the consecutive roadwheels. To take these factors into
account, an improved method for predicting the performance of tracked
vehicles with relatively short track pitch has been developed. The
objective is to provide the designer, the procurement manager and the
test engineer with a quantitative means whereby the effects of vehicle
design parameters and terrain conditions on performance can be assessed
more realistically than using the conventional method.

This paper describes a comparison of the normal pressure distribution.
snkage and drawbar pull slip relationship of a tracked vehicle as
predicted using the conventional and the improved methods.

THE CONVENTIONAL METHOD

One of the widely used conventional methods assumes that the track
behaves like a rigid footing. With the centre of gravity of the vehicle
at the midpoint of the contact length, the normal pressure distribution
is assumed to be uniformly distributed as shown in Fig. I. On the other
hand, if the centre of gravity is located in front or behind the midpoint
of the contact length, a sinkage distribution of trapezoidal shape is
assumed.
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If the pressure-sinkage relationship of the terrain is known, such as that
shown in Fig. Io then the sinkage z of the track can be predicted by
equating the reaction due to normal pressure p with the vehicle weight
(I) (2). The functional relationship between sinkage z and pressure p
for a given terrain can generally be expressed by

z = f (p) (1)

It should be mentioned that the pressure-sinkage relationship may very
with terrain type and conditions. Various methods have been proposed
for characterizing the pressure-sinkage relations of different kinds of
terrain as described in references (I), (2), (3). (4) and (5).

Based on the predicted track sinkage zo, the motion resistance R due to
terrain compaction can be predicted as follows:

Rc= b fze pdz (2)
0

where b Is the width of the track.

In addition to resistance due to compaction, the track may encounter
resistance due to bulldozing effects (I). This should be taken into account
in determining the total motion resistance.

If the shear stress - displacement relationship of the terrain under an
appropriate normal pressure p is known, such as that shown in Fg.i,
the tractive effort of a tramck F can be predicted as follows:

F = b f sdx (3)
0

where t is the length of the track and s is the shear stress under the
track which varies along the contact length (I). (2).

If the shear stress - displacement relationship can be described by a
simple exponential function (1)(2), the tractive effort F at a given slip i
can be expressed by (1)(2)

F = (Ac + Wtan#) (1 - K (1-e -iL/K))

(I)

where A and W are the contact area and normal load of the track,
respectively; c and # are cohesion and angle of internal shearing resist-
ance of the terrain, respectively; K is the shear deformation modulus of
the terrain.

It should be pointed out that the shear stress-displacement relationship
may very with terrain type and conditions. Various methods have been
proposed for characterizing the shear stress - displacement relations
of different kinds of terrain as discussed in references (1)(2) aid (6).

Based on the predicted motion resistance and tractive effort, the drawbar
pull-slip relationship of a tracked vehicle can then be estimated. The
drawber pull-slip relationship forms a basis for the comparlson and
evaluation of the tractive performance of off-road vehicles.

, • ,_ _ _ _ _ _ _ _ _ I _ _I
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THE IMPROVED METHOD

When a tracked vehicle with relatively short track pitch travels over a
deformable terrain, the normal load is usually concentrated uwider the
roadwheels. However, the track segments between the roadwheels also
take up load(7). As a result, they deflect and have the form of a curve.
Furthermore, an element of the terrain under the track is subject to the
repetitive loading of consecutive roadwheels (8). To predict the normal
pressure distribution on the track-terrain interface, the pressure-
sinkage relationship and the response to repetitive loading of the terrain
have to be measured. Fig. 2 shows the response of a muskeg to repetitve
loading (4). It shows that the stiffness of the muskeg during unloading
and reloading is much higher than that in its virgin state and that it
exhibits a certain amount of hysteresis.

When the terrain characteristics are known, the prediction of the normal
pressure distribution is reduced to the determination of the shape of the
deflected track in contact with the terrain. A detailed analysis of the
mechanics of track-terrain interaction has been made. The track system
with the major interacting forces are shown in Fig. 3. In the analysis,
it is assumed that the track is equivalent to a flexible and inextensible
belt and that the roadwheels are rigidly connected to the vehicle body.
A set of equations for the equilibrium of the forces and moments acting
on the track system and the conservation of overall track length have
been derived. They establish the relationship between the shape of the
deflected track in contact with the terrain and vehicle design parameters
and terrain characteristics. The solution to this set of equations defines
the sinkages of the roadwheels and the shape of the track segments
between roadwheels. From these, the normal pressure distribution under
a moving tracked vehicle can be predicted. The details of the analysis
are described in reference (9).

To predict the shear stress distribution, the shear stress-displacement
relationship of the terrain and the characteristics of the track-terrain
shearing have to be determined. It should be mentioned that an element
of the terrain under the track is also subject to shearing action of a
repetitive nature. This is because the normal load applied to an element
of the terrain under the track varies as the consecutive roadwheels roll
over it. As a result, for a terrain exhibiting frictional behaviour, it
undergoes the loading-unload Ing-reloading cycle in shear, similar to
that for normal load. To predict the shear stress distribution on the
track-terrain interface, the response to repetitive shear loading of the
terrain must be known. Fig. 'a shows the response of a frictional
medium (a dry sand) to repetitive shear loading. It Indicates that
for a frictional terrain, the shear stress-displacement relationship during
reloading is similar to that with the terrain in its virgin state. This
means that when re-shearing takes place after the previous loading-
unloading cycle, the shear stress does not instantaneously reach its
maximum value for a given normal stress. Rather a certain amount of
shear displacement must take place before the maximum shear stress can
be developed, similar to that when the frictional medium is being sheared
in Its virgin state. This phenomenon has been taken into account in the
analysis. Together with the knowledge of the shear displacement develop
ed under the track, which can be determined by a kinematic analysis of
the track based on the concept of slip velocity (1)(2), the shear stress
distribution under the track can then be predicted. Fig. 5 illustrates
how the development of the shear stress under the track may be modified
If the response of a frictional terrain to repetitive shear loading Is taken
into account for an Idealized case. It should be pointed out that when the

.45,
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repetitive shearing characteristics of the terrain are taken into consider-
ation, the predicted total tractive effort of the vehicle at a given slip ray
be considerably lower than that when they are not taken into account,
as can be seen from Fig. S. The details of the analysis are given In
reference (9).

When the normal pressure and shear stress distributions have been deter-
mined, the motion resistance, tractive effort and drawbar pull as functions
of slip can be predicted. The prediction procedures have been programmed
on a Hewlett-Packard 98145T microcomputer. The required Inputs include
both the vehicle and terrain parameters. The computer outputs Include
normal pressure and shear stress distributions, sinkage, motion resistance,
tractive effort and drawber pull at a given slip (8) (9).

A COMPARISON BETWEEN THE CONVENTIONAL
METHOD AND THE IMPROVED METHOD

The normal pressure distribution, the sinkage of the track and the drawbar
pull-slip relationship of a tracked vehicle, with basic parameters shown in
Table I. operating over a variety of terrains were predicted using the
conventional end the improved methods. The parameters used to character-
ize the pressure-sinkage relationships and the response to repetive normal
lad for a sandy terrain and two muskegs are given in Tables 2 and 3,
respectively. The shear strength parameters of the terrains used in the
predictions are given in Table 4. For further Information concerning the
methods used to characterize terrain behaviour, please refer to
references (3), (4), (S). (6) and (9).

A comparison between the predicted normal pressure distributions using
the conventional and the improved methods and field measurements over a
sandy terrain and a muskeg are shown in Figs. 6 and 7, respectively. It
can be seen from Fig. 6 that over the sandy terrain the maximum pressure
predicted by the improved method is quite close to the measured one,
whereas that estimated using the conventional method Is 43.7 kPa, only
about 10% of the maximum measured pressure. Over the muskeg, the
normal pressure estimated using the conventional method is again 43.7kPa,
about 40% of the maximum measured. However, the maximum normal
pressure predicted using the Improved method is again quite close to the
maximum measured as shown in Fig. 7. The reason is that in the improved
method the response of the terrain to repetitive normal load has been
taken into account. As mentioned previously, after the terrain has been
compacted by the first roedwheel, it becomes much "stiffer" than in its
virgin state. This promotes the concentration of normal pressure under
the roadwheels. The behaviour of the terrain during the unloading-reload-
ing cycle shown in Fig. 2 also explains why it is possible that the normal
pressure at a point on the track segment between two adjacent roadwheels
can be as low as zero, while the sinkage at that point as measured from
the original terrain surface is not zero.

Figs. I and 9 show a comparison between the predicted sinkages of the
vehicle using the conventional and the Improved methods and the measured
sinkages over the two types of terrain. It can be seen that in general
the conventional method underestimates the sinkage. This is because the
normal pressure estimated using the conventional method Is considerably
lower than the actual maximum pressure. On the other hand, it can be
seen that fair to good agreement exists between the measured sinkages and
those predicted using the Improved method.

* - I II I --
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A comparison between the measured drawbar pull slip curves and thos-,
predicted using the conventional and the improved methods over the
sandy terrain and the muskeg are shown in Figs. 10 and II, respectively.
It can be seen that the conventional method overestimates the drawbar
pull of the vehicle over the full range of vehicle slip, particularly at
low track slips. It is also shown that there is a close agreement between
the measured drawbar pull and that predicted using the improved method.
This is because the improved method gives a more realistic prediction of
vehicle sinkage and hence motion resistance. Furthermore, the response
of the terrain to repetitive shear loading, as described in the previous
Section, has been taken Into account in the Improved method.

It is interesting to note that the significant differ, ce in the drawbar
performance between a crawler used in constructioi, industry and a high
speed tracked vehicle of similar size and weight reported in reference (10)
is parallel to that between the two drawbar pull-slip curves shown in
Figs. 10 and II.

CLOSING REMARKS

It is shown that the improved method outlined in this paper gives a more
realistic prediction of the performance of tracked vehicles with high ratios
of roadwheel spacing to track pitch than the conventional method. The
improvement achieved is due primarily to the inclusion of the response of
terrain to repetitive normal and shear loadings and to the detailed
analysis of the mechanics of track-terrain interaction.

It is believed that the improved method outlined in the paper provides
a quantitative means for evaluating the effects of vehicle design para-
meters and terrain conditions on tracked vehicle performance and for
comparing the performance of different tracked vehicle designs.
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Table 1

Vehicle Parameters

Vehicle Weight. kN 88.72

Number of roadwheels (for one track) 5

Radius of roadwheels, m 0.31

Distance between roodwheels, m 0.67

Distance between the centres of the sprocket and
the tensioning wheel, m '4.03

Width of track, m 0.38

Track pitch, m 0.15

Initial track tension, kN 8.54

Weight of the track per unit length, kN/m 1.27

Height of track grousers, cm '4.7

Number of supporting rollers 0

Angle of approach of the track, degrees 23.8

Angle of departure of the track, degrees 16.4

Location of centre of gravity in the longitudinal
direction (in front of the mid-point of the track
contact length), m 0.13

Height of the centre of gravity, m 0.99

Location of drawbar in the longitudinal direction
(distance from the mid-point of the track contact
length), m 2.29

Height of drawbar, m 0.75

ONO- .-. .,
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Table 2

Values of the Pressure -Sinkage and Repetitive Loading

Parameters for a Sandy Terrain (LETE Sand)

k ck 0n k 0A

kN/m n kN/m n2kNlm 3 kN/m

102 5301 0.793 0 503,000

Note: k 0and A uare parameters used to characterize the response

to repetitive normal loading.

Table 3

Values of the Pressure -Sinkage and Repetitive Loading

Perameters for Two Types of Muskeg

Muskeg Type Petawawa Muskog A Petawawa Muskeg 8

k M, kN/m 3  290 762

M .kN/m 
3  51 97

k,0 kN/m 3  123 147

A kN/m 4 23540 29700

Note: k 0and A uart parameters used to characterize the response to

normal loading.
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Table 4

Shear Strength Paramveters of Various Types of Terrain

Terrain Type of Cohesion Angle of K
Type Shearing (Adhesion) Shearing

Resistance
kPa degrees cm

LETE Internal 1.27 31.1 1.1
Sand

LETE Rubber-
Sand Sand 0.66 27.5 1

Petawawa Peat
Muskeg (internal) 2.83 39.4I 3.1
A

Pe tawa wa Peat 2.55 39.2 3.1
Muskeg (internal)
B

Oro/
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Fig. 1. The conventional method for predicting tracked
vehicle performance.

*POW. .

jL ~ A



371

W o bC " LaboralorV
Carlos on Uettvr4ty. ttew. . Canada

Inglrtrnont number - 1 94%o-Iaa. to.: lg-11-2

the tooting radtuo (ce)S 7.3
I'le X-In~rObOnt 4CI6)2 .

140- Pressure Extpt.
treating Madiua??.S4 to

136

So-

14 66i
in40rC

Fi.2 epneofamseorptiienra od

ofOslo



372

1~

+0

LL..

t

,- " "' ; - p _"c ,. _ . - .



- U. -

I

~373

I
V

L.
U

L

a

S

1.
S

S

a
a
I.
S

U-

0
Cl)

I
1p,4 ~> 4 -

4 VI.,.

t~t ~ ~-. - .



374

---- V

S

Fig. S. Development of shar stress under a track over
frictional terrain predicted by a) the conventional
method and b) the improved method.
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driving wheel (sprocket)

track belt aluminum frame
carriage

frame.

- drawbar pull transducers

Position e. cm

W1
2 125

direction of motion3r3
4 40

(3 U drawbar
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TABI[ I I XPf RII N AI PRIO(,RAM

VAR IABJ I ,

loll Kaolin clay, S = 95-Q81

T'pe of Grousers and Standard, Iassi .e and Aqgressive
Multiple Grouser (Yong et al., 197H

'lip Rate {} - 60%

Belt lension 1.0 kN

(rouser 'pacinq 12.5 cm

tertical weiqht 680 N

weight fccentricit, 0.0 cm

OBjCTIVES ANP MFASUR[IINT%_

1. Traction - slip relationships for different hitch positions.

2. Drawbar pull - slip relationships for different hitch positions.

1. Rear sinkage.

4. trac-k iti(l i at ion.

ANAt IlS Of I t )1R HL'AI 1

The results of the drawbar pull tests conducted on each of the tarious

grouser types can be expressed as force-qlip rate relationships for each

drawbar pull hitch position or force-'position' relationships for

different slips. The ratio between the drawbar pull and the traction

force can be used as a measure of the track efficiency (F ig. 2. The
higher the motion resistance is the higher the energy losses will be arid

the lesser will be the useful drawbar pull. Consequently, the efficiency

of the track will be reduced. figures 5, 4, and ') show the relationship

between drawbar pull, traction, sinkage, slip rate and position developed

by the track section mounted by an aggressive grouser-track system.

Similar results were obtained for two other grouser-track types. Iractiiri.

driwbar pull and rear sinkage were found to increase steadily with
iicreasing slip rate.

During the whole series of testing, it was clearly observed that the

drawbar pull was the highest for 'position' I at all slip rates, while the

lowest values were recorded for 'position' 4. the meac,ured traction
forces were found to follom the same trends as indicated for the drawbar

pull for all of the four 'positions'. While the rear sainkage showed art

increase with increasing slip rate, it was found to he minimum for
'position' I and maximum for 'position' 4.

'Position' from thereafter will mean drawbar pull hitch position.

- ? " ,"f
* r *
VA.
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PRIDICTJ[ yEiI(l

The energy balance equation for a track/grouser-soil system such as that
shown in fig. I can be written as:

Mw : P v + D + C + S (1)
c

where M = input torque applied at the sprocket

w = angular velocity of the sprocket

P = Use'ul drawbar pull

Vc = carriage (vehicle) velocity

D = distortion energy ratio

I compaction energy rate

S z shear slip energy rate

The analytical framework which is cast in terms of energetics is shown
schematically in Fig. 6 where the prediction of the input (traction) and
output ?pull energies of the full track under various loads, track/
grouser characteristics and slip degrees are obtained using an iterative
technique. The prediction procedure starts with a reasonable assumption
of the pressure distribution beneath the track. As a first approximation
an even pressure distribution can be assumed, i.e. eccentricity e = 0.
From the measured pressure-sinkage relationships the corresponding grouser
sinkage can be obtained. the excavated sinkage due to track slippage
fl] can be added to obtain the total sinkage distribution beneath the
track. Utilizing the sinkage-traction relationships, the mobilized trac-
ti',n force developed by each individual grouser can be obtained according
tG its displacement in the clay soil. Accordingly, the applied specific
input energy (per unit travel) at the sprocket is calculated at any degree
of slip using the followig expression:

Specific Input Energy = 1/(-i) (2)

where I z total mobilized traction beneath the track

i = slip degree = 1 - vc/v

v = carriage velocity

v = theoretical track velocity

The visioplasticity analysis and computation of parasitic energy compon-
ents as previously presented (21 can be used to predict the total energy
losses (distortion, compaction, shear slip) beneath the track. This can
be achieved by summing together the participation of each grouser beneath
the track according to its sinkage and horizontal displacement J ix
where x is the distance from the track contact point at the front to the
position of the grouser under consideration.

11.
z~
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direction of motion

RN

L/2 L/2

'EXACT
SOLUTION.

'6,.

Fig. 7 Equilibrium Analysis of the Section Track

M - applied torque to the sprocket which is equal to the traction
force multiplied by the radius r of the sprocket.

Taking the moment about point a, forces T, R, and Q are cancelled and the
moment equilibrium equation can be written as

W (e-e) + M = P.e (4)
xy

where e = eccentricity of the upward reaction 0 from the centreline
of the track loaded area

fquation (4) can be written as

P M

Three possible cases of pressure distribution can be obtained from the
applied forces and moments, depending on the value of e as follows:

1) e L/6: for this case both qr and qf are compressiorn and the

pressure distribution can be linearized to form a trapezoidal
distribution as shown in the upper diagram of Fig. 8. The front
and rear pressure qf, qr can be calculated using the following
expressions:

qf = ( - 6e/t

iqr 
= q%, (I + 6e/L)(6

(6)
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L/2 -L/2

actual q1  1) o<L/6

distribution '

q, 2) e=LI6

r 3) e>oL/6

fq. 8 linearized Pressure Distributions Beneath the Track

where %: W/bL

2) e z L/6: Trianquler pressure djitribution which results from
qf = 0; the pressure at the rear point is given by

qr = 2 %

3, e 1/6: In this case, part of the contact area beneath the
track is unloaded and hence no pressure is transmitted to the
supportinq soil at the front portion of the track. The effec-
tive length of the bearing area is denoted as Ie .  the lower

diagram of rig. ( illustrates this case where the effective
lenqth Lt can be calculated as follows:

e

Se = 3 (L/2 - e)

and the pressure at the rear is given by

q r 2 9m /t e

: 2 qm L/3 (1/2-e)

-- 4-
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In addition to the energy consumed in deforming the soil due to slip
(horizontal grouser displacement) some compaction energy loss is also
incurred in track motion because of track sinkage. The procedure for
computation of compaction energy due to track sinkage was developed
preiiously 121 where this compaction energy can be calculated from the
following equation:

Specific compaction energy _ r f) W (3)

due to track sinkage - '( - i) b

where 1,.f = track sinkage at rear and front, respectively

I = length of loaded area beneath the track

W = track weight

b z track width

Applying the equation of energy conservation, the total losses can be
deducted from the input energy to yield the useful drawbar pull energy.
This predicted drawbar pull satisfies only the force equilibrium condi-
tion of the track, but does not necessarily satisfy its moment equilibrium
(since the assumed pressure distribution at the beginning is not neces-
sarily the true one,. Hence, equilibrium analysis of the track section
as a free body is to be performed (Fig. 7) in order to obtain a new
pressure distribution consistent with the predicted drawbar pull. A trial
and error technique is then used where the new calculated pressure distri-
bution is utilized in the next trial and the same procedure is repeated
until the input and output pressure distributions are equal. At this
stage, both the force and moment equilibriums of the track section are
satisfied as shown in fig. 7 and the drawbar pull is the exact value to
be developed by the track under any given conditions as specified in the
input data.

Equilibrium Analysis of the Section Track

Io evaluate the pressure distribution beneath the track, its equilibrium
under different straining actions should be considered as shown in Fig. 8
where a free body diagram of the section track is illustrated together
with different possibilities of the generated pressure distribution.
',training actions of the section track can be identified in terms of the
following forces and moments:

- the track weight which ats vertically at the centroid at
distance e from the centreline of the track loaded area

!positive towards the rear)

I - mobilized traction force at the level of contact area
beneath the track and the supporting soil

R - motion resistance, assumed to act at the same contact level

P - useful drawbar pull, assumed to act horizontally (the effect
of track tilting is neglected) at height e yabove the contact
level y

0 - total normal contact pressure beneath the track which is

assumed to be linearly distributed

-74
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Effect of Drawbar Pull Position

The effect of the drawbar pull posit ion of the predicted drawbar pull
coefficient for the aggressive track system is shown in fig. 9 for
different slip rates. The results presented in this figure are the pre-
dicted values corresponding tn the special case of tern weight eccentri-
(It, e 0.0'. It is shown that there is an opt imum pull eccentricity

ratin e I which produces the maximum pull coeff icrient for any opecif'ic

slip. Plotted on the same figure is the line of maximums which connects
the peaks of different curves. The optimum pull eccentricity rat in lip!;
between i' to 25 percent for this part icular case of zero weight ec(entri-

lt%. Increasing the pull eccentricity ratio beyond these specifiepd
limits considerably reduce!,, the track performance due to the very !igli-
ficart tal Idown alt itude of the track associated with the increase of the
moment produced by the drawbar pull . The reuIlt inq tilt ing pu it lnn f
the t rack reduces the effect iie pe-nptrat ion height of the gr )users at the
track front while the track sinkage at the rear is increased. This situa-
tioni causes mot iOT resistance and energy losises to be of appreciable
kaliue and consequentl', reduces the efficiency of the track. A reduction
(f up to 100 % in the drawbar pull coefficipnt will occur if the drawbar
pul I ercentricity ratio is increased from 20 to 60 percent.

Sigqures l(T0a to l0(d, examine the compound effect of both the pull
vecentricity ratio ke !I ; and the weight eccentricity ratio le 1 , ony x

the predicted pull coefficient for different values of weight eccentri-
Siti ratio between -12 and +12%. from these figures it is concluded that
the weight eccentricity can also play a great role in determining the
track efficiency. Increasing the weight eccentricity towards the track
front (-12% will counteract the effect of the drawbar pull moment and
lead to a more uniform pressure distribut ior beneath the track. In the
other extreme weight eccentricity ratio of 12'.), the moment produced
due to the weight eccentricity strengthens the effect of drawbar pull
eccentricity in producing large pressure concentrat ion towards the track
rear. and consequently rapid reduction In the pull coeff(cipnt is
obt ained.

VOMPARII ON Of tXPtERlIMNAl AND PRtEDICIFI)
R SUI Ir

figores 11, 12 and 15 show the predicted values of drawbar pull at
different 'positions', for the standard, passive and aggressive track
,,ections, respectively, used in the test series. The predicted results
are expressed as a relationship between drawbar pull coefficient

Idrawbar pull/weight of track, P/W] and drawbar pull eccentricity ratio
[height of drawbar pull above track level/length of track. e /I in %].

Y

In addition, the experimentally measured values are plotted on the same
figures with the predicted values, for reasons of comparison.

The-,e figures clearly illustrate that the experimental and predicted
results are in good agreement. Both the experimental and predicted ialues
for the drawbar pull coefficients show an optimum pull eccentricity ratio
which produces the maximum pull coefficient for any specific degree of
slIp. This eccentricity ratio is in the order of 211% for must cases.

.
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C UN('I i Vi I NS

the experimertal prn(ram demonstrates the actual effects of the drawbar
p)o ll hitch pus it ion on the performanre of tracks over soft ioils.

tir different trali,-orouser systems, it was, f o it that hoth traction and
drawbar poill deteriorate as the polll height is increased ahm r the track
For,tart Ie .,l. In addition, track .sinkaqe at the rear is (onsiderahl y
inc reased for hi gher hitch posit inns. Con sequent Iy, hil h'r notion re.s is-
tance and l o er track effici ercy can be experier(ed doe to an increase
vt the drawhai po ll height aiove a certain level.

[ (not (or re I at ion ha, bheren obtained between the exper imert al I y measu-ed
track performance arid the predicted values using the energet ir, predi( t ie-
m'de I . the importance of the hitch position can he further demoristrated
troen the predict i e model in terms of the I ne of max imoms tinar ini f it(1,.
11 arid 11[. 'his line occupies a very narrow zone for the case of positiv,
.veiqht e(certri' '- it i d 10 d where the moment prodo(ed by the weicht
ar,d thr drawbar pull are of the same sign, while this Iline extends to
coker a wider ran(le for the case of a neqat ve weight ert ent ricitv (F i(.
101 a due ton the oppo(n ite effect of weiqht arnd drawbar poll on the over-
all track muoment equilI ibriu.

the resilts can he used to construct the optimization curve shown in
i gq. 1. for different deqrees of slip. F rom this figure, it is possible

tf IM nate the tieSt (cmb at ion of the pull and weight eccentricity ratios
in (rider to produce the maximum drawbar pulls and the highest. track eff'i-
I er(i',s. In other wvords, for any specified weight eccentricity it is

possitle to specify the associated drawbar pull eccentricity (or visa
ler.a which produces the maximum track performance at any desired degree
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GROUSER EFFECT STUDIES

Zhang K*-Jian

NORTH VEHICLE RESEARCH INSTITUTE, BEIJING, CHINAN
ABSTRACT

After having finished the nonlinear finite element
analysis of the sands under the tracked vehicle by a
nonlinear finite element analysis program called NFAP,
A modified Duncan model based on soil triaxial testing

0_ was suggested. The results of the experiment and the
values predicted are well coincidence. The studies
show that the grouser has important effect for the
thrust on sands.

INTRODUCTION

Over a long period of time, the selection for structural
parameters of a tractive devise of vehicle is full of blind-
ness. It led to the defeat of the tracked vehicle design due
to lack of quantitative analysis on the basis of responses
in off-road mobility analysis of tracked vehicle /l/. Thus
the study of interactions of the soil-tractive devices to
promote the off-road mobility will be of utmost importance.
However, because of the complexity and nonlinear of surface
soil property, up to now, the quantitative analysis of the
interactions of the soil-tractive devices is still a problem
that is not well solved.
The doctor's dissertation made by Perumpral at the Purdure
university in 1969 is regarded as the earliest application
of the finite element method in the field of terramechanics,
on the basis of which he made calculations of the soil dis-
placement field and the stress field under the rigid wheels
/1. As to the soil, he selected the segmented linear elas-
tic strain-hardening model assuming that , remains unchanged
and Z changes with the loading segments only. The computa-
tion results are close to that given by the WES research
report based on the elasticity theory, but differ form the
experimental results. The static and dynamic analysis wore
once carried out the soils under the rigid wheels by Chung
and Lee /3/, who made use of the critical state concept put
forward by Roscoe and Burland on saturated soils to study
the soil nonlinearity and also made a comparison with the
results computed by Perumpral. Besides, Ton, from 1972
began studying the possibility of applyinthe finite ale-
sent method in the field of terrameochanics and calculated
the soil deformation energy loss under the loading condi-
tions of both the rigid wheels /4/ and the flexible wheels

t I-
: . : , r k .A
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/5/ with the same consideration about the coil nonlinearity
as Perupral Ic.
In the early study of terramechanics, Bakker et a1 believed
that the vehicle traction on sands depends on the vehicle
weight while the grouser effect is very little according to
the classical Coulomb theory. This authoritative undorstan-
ding han been so deeply convinced by many people up to nov
that few people are villing to make deeper study about the
track-soil system.

UINARY ATTEIFT ON Q TITATIVE ANALYSIS

The track-coil interaction involves the track links in con-
tact with the ground and the soil under its action. In the
finite element analysis, the idealisation of track-coil sys-
tem and selection of the olastoplactic model and the analy-
sis method vill be of utmost importance. They involve compu-
tation accuracy and cost. The author /6,7/ made a finite
element analysis of groucer effect by using the Drucker-
Prager model in "AP /8/.

I. Idealisation of Trak-8oil System

Theoretically speaking, it is better to analyse the grouser
effect in a three-dimesional space. This is because the
grouser shape changes in the direction of the track link
width end the ratio of track link width to track link length
is not large enough. Nevertheless, thousands of elements are
required, oven the three-dimensional displacement field and
stress field of the soil under the track are to be roughly
described. Iven if the computer program could have the abi-
lity to carry out the computation, the computational work is
too lanre to be accepted, and this requires simplification.
At present, the midorose section of the track link in the
width direction has been chosen for making a plane strain
analysis because the grouser profile at this cross section
can mostly represent the grouser profile of the whole link
(account for 0.5 approximately) and is also the main part to
offer the thrust. As a matter of fact up to now, the wheel
width has been assumed to be infinitely ireat in the finite
element analysis of wheel (tyre) and coil interactions so as
to carry out plane strain analysis.
In this study, the two links are 314 m long and soil sample
to be analysed is 970 me long and 405 as high. The soil san-
ple is subdivided, which includes 52 linear and 40 nonlinear
elements with the total number of nodes being 128. To make
the bandwidth of the stiffness matrix minimm, the nodes are
basically numbered in a radiant manner. The constraints for
the boundary displacement are close to the whoel-oil system
anasais as made by Perumpal, Chung and Yong et al. In this
study, as the soil considered is loose sand, it is reaso-
nable to aeso that the soil in contact with the track link
is exerted a vertical uniformly distributed forces. The ho-
risoatal loading shall be converted from the vehicle field
test data. In brief, the loading conditions ar completely
in conformity with the maximum traction conventional tests

a_- "J"- .-- 4'
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of the tracked vehicles.

2. Selection of Elastoplastic Model and Analysis Method

The soil involved in this study is the dry loose sand, its
volume density being 1.57 g/c. , water content 0.6% and is
categorized as rough sand according to the particle grade.
Through the sample triaxial test, the four nec¢ essary soil
contnts are obtained as follows:

E - 200 kg/cm' -0.22

C 0.04 kg/cm -35.80

In the NFAP program, the Drucker-Prager model is specially
prepared for making plane strain analysis of soils and rocks.
The model provided by Drucker and Prager is an extension of
the Coulomb yield criterion /9/. In the principal stress
space, the yield surface is a cone, its expression is

f -I, + J + k a 0 (1)

where a and k are positive constants. In the NFAP,

a sin f (2)
r13. 3 +Bit

k- C cos (3)
13 + sin'f

The yield surface difined by the von Mises yield criterion
in the principal stress space is a column, its expression is

f W 4 - To 00 (4)

where -r a is the test-determined yield stress in pure shear.
Although the von Mises criterion was derived in accordance
with nonfriction materials such as metals, the effective
stress field and effective strain field obtained by using
the criterion conditionally are still useful.
In this study, the increment iteration method is used in the
nonlinear analysis technique. The load is to be increased
step by step in 24 steps, when one load is charged it is
allowed to regenerate the stiffness matrix and to do up to
15 equilibrium iterations. In view of the nonlinear property
of the soil, when the Drucker-Preger model is applied, the
relative error used to measure the convergence of the equi-
librium iterations is taken as 0.02.

3. Computation Results and Discussion

The elastoplastic Drucker-Prager model (hereinafter referred
to as Model 7) and the elastoplastic bilinear hardening von
Mises model (hereinafter referred to as Model 3) were used
in the computation.
Fig.1 shows the trace of node displacement obtained by using
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Fig.1 Node Displacement Traces

the Model 7, the top diagram indicating the reversal loading
and the lover one indicating the forward loading. It can be
seen from Pig.l that the node displacement caused by forward
loading is usually greater than by reversal loading. The
displacement mean value of the 17 Points in the neighborhood
or the track links under forward end reversal loading condi-
tions is taken. The displacement generated by , - 1.0 kg/cm
under the forward loading condition is equal to that genera-
ted by P. - 1.16 kg/cm' under the reversal loading condition.
Fig.2 illustrates the plastic area calculated by using the
Model 7, the top diagram indicating the reversal loading end
the lower one indicating the forward loading. It can be seen
from thisfigure that the plastic area generated when P. -
0.8 kg/cm under the forward loading condition is analogous
to that when P, a 1.0 kg/cmt under the reversal loading con-
dition; end the plastic area generated when P. a 1.0 kg/cm'
under the forward loading condition is analogous to that
when P, 1.2 kg/cm' nder the reversal loading condition.
In other words, under the same applied loading condition, it
is more easily for the forward loading to get yielding fai-
lure in soil; or the reversal loading may be 20% greater
than the forward ioading to make the same soil failure.
The effective stress field and effective strain field as
derived by using the Model 3 are illustrated in Figo3 end
4. The top diagrams indicate the reversal loading end the

lower one indicate the forward loading. Both figures are
given in the form of contour. It is obvious from igs.3 and
t4 that when P, in equal to 1.0 kg/cm', the effective stress
and strain generated in the soil under the reversal loading
condition are smaller then under the forward loading condi-
t ion.

*sIr oiyfrtefrad odn oKtyed fi
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Fig.4 Strain Contours

For quantitatively describing the stress state of soil under
the track, the * - tr . figure is useful. Fig.5 is ob-
tained from complttionm sults by Model 7. It can be seen
from Fig.5 that the pulling states appear on down-front of
the low teeth and rear of the track link under the forward
loading condition, but on down-front of the high teeth and
rear of the track link under the reversal loading condition.
The higher compressive stress states appear on down-front of
the other grousers. It is obvious from Fig.5 that the res-
ponses under the forward loading and reversal loading are
different. It shows once again that the grouser has impor-
tant effect for the thrust on sands.

Fig.5 Tmax -- imn ( o - pulling)

t~
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EXPAISION FUR NF.P

In the field of terramechanics, the constitutive models used
in the finite element analysis are usually taken from geo-
technical engineering. However, the properties of surface
soils invoived in terramechanics are obviously distinguished
from the properties of soil in the foundations concerned in
geotechnical engineering. Thus in using the constitutive
models indiscriminately, the error would be introduced. In
order to improve the confidence of computation, the author
/10/ suggest a modified Duncan model based on soil triaxial
testing.

1. Modification of Duncan Model

In terra-mechanical problems, while the vehicle travels on
the ground, the lateral earth pressure Or increases in some
ratio with the axial pressure r.. Under the proportionally
loading conditions, soil mass has additional strengh due to
the increasing of So , thus the soil's stress-strain rela-
tions exhibit inclined asymptotes rather than level aymp-
totes. Fig.6 shows the triaxial testing results of the sand
and sandy loam.

-, (kg/cm')

0.8

0.6 . Y/ .. 1.4

0.

0-2,

Fig.6 Triaxial Testing Results on Sand and
Sandly Loam (acr /acri - 2 )

The tangent elastic modulus E is expressed in two different
approaches according to the chnditions of soils.

a) For the soils which have large density and higher conso-
lidation pressure, when O'p is a constant, the hyperbolic
regression equation of Duncan is acceptable for practical
purposes. Its tangent elastic modulus E' is shown in Fig.?.
While m/of is a constant, the valug of Et approaches

' - _ .,
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Fig.7 Relationship between Z and r

some fixed value Z' and can be expressed as

t .; ' (5)

For sarady loan

I' .m- 3 T 0.25) tan( Ty - ) (6)

For sand ( C - 0.05 kg/cm )

E' - 30 (5r + 0.25) tan( 9 ) (7)

In Zqs.(6) and (7) K is bulk modulus (kg/Cm'), and r, is an
initial consolidation pressure (kg/cm').

b) For the loose soil relationship between stress and
strain does not exhibit a hyperbolic relation. If a hyperbo-
lic regression is used, a low confidence will be resulted.
The elastic modulus of the soil is less than what is ob-
tained by hyperbolic regression initially, but is greater
after reaching a fixed stress level. In order to reflect
this behavior of loose soil accuretely, the expression of E;

is modified as follows

. K+ 3(a' G 4 ro 0E i  (8)st, 83 ( ,- i)

In view of the above analysis for Zt, the author suggests
that the tangent Poisson's ratioat could be obtained direc-
tly from the following equation:

At "(1 - t/3K)/2 (9)

Such a treatment will be simple and possibly more accurate,
because t is modified accordingly.

SW Vs
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2. Implementation of Modified Duncan Model in Finite Element

Analysis

The formulation of the modified Duncan model discussed in
the previous section has been implemented into the NFAP.
The responses of soils loaded with track links are analyzed
and the results are given below.
The three links are 450 am long and the soil sample to be
analyzed is 2350 mm long and 1630 mm high. The track links
are subdivided into 19 linear elements and the soil sample
are subdivided into 111 nonlinear elements. The total number
of nodes is 173.
The displacement mean valus of the 16 points in the neigh-
borhood of track links under forward and reversal loading
conditions are given. It is 0.164 - under the forward
loadiLg condition and it is 0.153 m under the reversal
loading condition. The displacement under the forward loa-
ding condition is 7 % greater than that under the reversal
loading condition.
It can be seen from Fig.8 that the stress generated under
the forward loading condition is much more than that under
the reversal loading condition. In order to compare the fai-
lure ratio of each layer of soils, their averages are listed
below:

Forward Loading Reversal Loading

First Layer 0.26 0.19
(0 - 5.8cm)
Secand Layer 0.37 0.29
(5.8-8.3cm)

Third Layer 0.35 0.28
(8.3-13cm)

It can be seen that the failure ratio under the forward loa-
ding condition is more than 20% in each layer.

EXPERIMDfT INVESTIGATION

A laboratory experiment was conducted to compare the predic-
ted stress values with the measured values. The boundary
conditions in both cases are similar. The uniform pressune
on the soil surface is applied by a specially designed fle-
xible track links. Four testings are repeatedly made for
each scheme to eliminate the error of accidental factor in
the testing. The adhesive traction of the track links is
equal to the testing total traction minus the resistance
caused by pushing soil. This resistance is computed by
Bekker's equation /10/. Substituting for soil and track link
parameters becomes:

IV
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Rb - 8.775 Z + 0.555 Z' (10)

where Z is the sinkage of track link.
The testing results show that the adhesive traction under
the reversal loading condition is approximately 14% greater
than that under the forward loading condition whether the
number of the track link is one or two. Fig.9 shows the
relationships between adhesive traction and horizontal dis-
placement under one track link and two track links.

. 600 ..-. ''

0 500
,4

cc 40
* .00 / h..,,.. *..

- One Link F.L./f -One Link R.L.
.200Tw • 20 j• -Two Link F.L.

100

Horizontal Displacement, cm

Fig.9 Relationship between Adhesive Traction
and Horizontal Displacement

OONCLUSIONS

The results of computation and experiment show that the
modified Duncan model and the expanded NFAP provide a means
for quantitative analysis of terra-mechanical problems. The
geometry of grouser has important effect for traction deve-
loped by track links on sands.
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RIE COWORT OF IFF-ROAD VEHICLES

GLt ItNTER H. HOHL

AITRIAN FFI'ERAL ARMY, VIENNA

01 1. INTRODUCTION

,l ecause of the rouqhness of the terrain they encounter, cros country vehicles
experience more shock and vibration than ordinary road vehicles. Hence off-
road speed is usually limited by the ability of the operator to withstand these
vibrations to negotiate a to retain adequate control of the vehicle. In addition
to other factors, the comfort of the operator, which contributes to his qeneral
safety, also depends on the physical characteristics of the seat, which is the'~ link between the driver and the vehicle.

In the last years great attempts have been made to improve the driver seat.
Such developments however should not he at the expense of the driver's
ability to "feel" the terrain. Still the operator is usually better situated
than the other crew members as he is able to control speed (the main factor
affecting vibration) and to observe obstacles in front of the vehicle. Soldiers
sitting in the rear of a truck or in the crew compartment of a tracked vehicle
are affected not only by vibrations but also by exhaust qas and, last, but not
least, by psychological effects.

Hence a new definition of the term "Speed" should be made

olling resistance
SICOp+S technical
Power weight ratio Fiq. I

A + I 1Speed definition
inresing t e rrain
rouqsiiWs

IV S to (1)

1Sto1 (2)

assS tolln) aI stactical

S f ire

I.,_,_____
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-technical is defined as the hiqhest speed which i possible from the technical
point of view, exrludinq consideration'human factors. For certain
terrain situations this speed is nearly proportional to the power/weiqht
rntin and it decreases with the increase of rollinq resistance
and slope. As in recent years the power/weiqht ratio of cross
r'ountrv vehicles has been improved, the technical speed is relatively
hiqh, even tinder poor environmental conditions.
In many cases however this hiqh speed, although technically
possible, can not he tolerated by the human body. The driver
will reduce the speed to the

-Stolerable This is defined as the speed which is tolerable for the crew members
to carry out their duties efficiently. The tolerable speed will
not be the same for all crew members, and therefore this speed
is further subdefined by the several crew memberl(Crew member
1,2 ... n) For military purpose the

-fire must also be considered. The "fire-speed" is defined as the speed
in which the weapons are fired, achieving specific results in
accuracy. S will increase by usinq stabilisation devices.
In military Wrations a cross country vehicle can not to be
considered in isolation since it is employed in conjunction with
other vehicles in a military formation for specific tactical tasks.
Therefore the

S-tactical the "tactical speed" must be considered. The tactical speed
should not be hiqher than the lowest Sto I.

With these factors in view it is the intent of this paper:

a) to present a qeneral overview of national and international standards
and recommendations and publications which deal with the field
of measurement of whole body vibrations.

b to present a method to assess the ride comfort of cross country vehicles
with "k-Wert" (K-value) accordinq to VDI-recommendations.

c) to report an tests, conducted by the author, with wheeled army vehicles
of varyinq tire pressures, speed, tire-size, and terrain, aid to present
the results on a comparsion test between wheeled and tracked armoured
vehicles of the same size.

_5 ,. - ,
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2. MEDICAL CONSIDERATIONS

The human body itself has no special sense organ to register mechanical vibrations,
nor does it have any specific defense mechanism to counter those vibrations.
The influence of mechanical vibrations on human subjects may be tested either
by collecting statistical data or by experimental research. Both methods of
investigation result in the conclusion that a human being exposed to mechanical
vibrations can be affected by reduced comfort, fatigue decreased proficiency,
and finally by impairment of his safety and health.

The reasons for human reactions to mechanical vibrations experienced by cross
country travel can be categorized into three groups. These are

- Physical Effects
- Physiological Effects
- Psychological Effects

2.1 Mechanical models (Physical effects)

For the purpose of investigating the effects of mechanical vibrations, the human
body should not be regarded as a rigid mass. Theoretical models of varying
degree of complexity have been developed by several researchers to represent
the human body as a mechanical system of masses, springs and dampers.

A C

Now NoDoA

600-,

SS

I T

F1iq. 2

Mechanical substitute system for the human body. (rDieckmann and C-oermanin
modified by Iis)

A I mass- I spring damper-system D Multiple masses-springo-dampers
R 2masses-2sprinqs-2dampers-system system (RrOel & KJear)
r' 7masses-7sprinqs-5darnpers-system
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Dieckmann reqards the accuracy of model A to be sufficient up to a frequency
nf 10 Hz, which inrludes the main resonance of the body. The second resonance
between 10-13 Hz can be included with model B. A more complicated mechanical
system representing the humn body as a multiple mases-springs-dampers
system has been published by Bruel A Kjaer (6) a company which produces instrument
for measurinq and analysinq mechanical vibrations.

When the human body is regarded as a simplified mechanical system the mechanical
properties of the several linear and non linear elements should be known. Since
these elements are influenced and interconnected in a very complex way and
since the properties are very difficult to determine and therefore differ from
person to person, mechanical and mathematic models can not be applied In
every case. Moreover experiments with human beings are difficult, time consuminq
and in extreme cases unethical. Experiments with animals do not provide accurate
comparison to human reactions in every case.

2.2 Physioloqical and Psycholoqical Effects

Apart from the mechanical influence described in 2.1 physiological and psychological
effects can also be observed. These effects are extremely complex and therefore
very difficult to measure. In the ranqe 1 - 3 Hz shortness of breath Is detectable.
The frequency of respiration is different from the vibration frequency of the
lunqs. Between 5 - 9 Hz the amplitude of the movement of viscera Is at the
maximum and the human body attempts to reduce this effect with bated breath.
Vibrations in the sphere of low frequencies increase the pulse rate. The skin
temperature of the legs drops during the impact of vibration. The expenditure
of energy increases in ranges of all frequencies and is the effect of muscular
exertion. A very striking effect of rechanical vibration, above 20 Hz Is the
partial suppression of muscular reflexes and is reqarded as a disorder of the
nerve centre.

Many studies on physiological effects, such as perception, discomfort, and
pain, have been carried out on drivers of vehicles (tractors) or earth moving
ma-hines, and on aircraft pilots by varying the environmental conditions.

This research has determined that mechanical vibrations can result in physiological

T shle 1. Physiological symptoms dominate in the range of frequencies
I to 20 Hz

Symptoms Frequency (Hz)

C-eneral feeling of discomfort A - 9
f)ifficulty of breathing 2 - 4
Head symptoms 13 - 20
Abdominal paie 4,5 - 10
Speech disorder 13 - 20
Urqe to urinate 10 - 18
"Lump in the throat" )2 - 16
Chest pains 5 - 7
Increased muscle contraction 4 - 9
Lower yaw symptoms 6 - 8

* _
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Vibrations with frequencies below I Hz ran also result in general feelings of
discomfort. These vibrations can rause kinetnsis, nr motion sickness, and the
characteristics of these symptoms are quite different from those described
above. Human reactions to vibrations below I Hz depend on a larqe number
of external factors (e.g. age, sex, vision, activity and odours) which have nothing
to do with the motion.

In addition the psycholoqical effect of cross country travel should not be overlooked.
In particular the crews of military vehicles, such as trucks and armoured tracked
vehicles, are exposed to a hiqh level of psychological stress. The crew members
who cannot observe the obstacles and the rouqh tdrrain feel a general discomfort
resultinq from mechanical vibrations to an even greater extent then the driver.
In an AP(-, for example, the crew is not ontlf bothered by the vibrations but
also by the exhaust, used air, the noise of the vehicle, and the battle.

3. FREQUENCY ANALYSIS

The set of equal comfort contours presented in the international standards
are emperically determined so that a large sample of people were exposed
to sinusoidal vibrations with a certain frequency and intensity. The problem
is that the vibrations which occur in cros country rides are not periodical,
therefore a frequency analysis must be conducted to demonstrate acceleration
amplitude as a function of frequency.

3.1 Methods of frequency analysis

Digital Analysis

The rapid development of diqital techniques can not be explained solely by
the constant falling price of diqital components. The advantages of diqital
techniques over analog techniques are mainly in the area of larqe dynamic
ranqe, very qood stability and linearity and linear averaging. The diqital technique
is suitable for the storage of spectra for later comparison and for the transfer
of data to external machines like computers.

Two groups of digital parallel analysers are in use:

- Digital Filters
- Fast Fourier Transform (FFT)

Dinital Filters

Diqital filtering is the best method for constant percentage band with analysis
on a logarithmic frequency scale. Digital filters are used for octave, 1/3 octave
or 1/12 octave analysis. The relevant recommendations and standards (ISO,
vfli, OINORM) demand a frequency analysis not exeedinq 1/3 octave band. Therefore
a digital filter analyzer is practicable for analyzing random vibrations with
regard to the effect on the human body. The fact that diqital filters work up
to the range of 20 kHz, one decade higher than FFT systems is for the analysis
of vehicle vibrations of no importance.

/ . * V'
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'.2 Fast Fourier Transform (FF T)

The siqnal rominq from the acceleration senser via amplifier and recorder
is a random curve and a funrtion of time. There is a need to determine the
freqtency comprnents, which usually can be performed by Fourier techniques.
It will he tiseful to show the various forms of Fourier Transform.

1. Integral Transformn

is the ideal form but only applicable with continous signals. A continous
time signal q(t) extendinq over all time, -a< t <,..can be transfered
into a continous frequency spectrum extending also over all frequencies
-oo < f < * Oby the following furmula

G (f)= g(tl
- t  d t )

Then it can he shown that the inverse function is

(2)

g(t)=f G(f)e i2vft df

This method is not usable for the irregular curves we have in vehicle vibrations.

2. Fourier series

This a well known method described in many mathmaticsbooks and Is useful
and practicable for periodic time signals. One period can be compared
between -T and +T of sine components in that form

(3)
gGtg~) 2: G(f )e J fis (4)

h j*CO

In this case a periodic and continous siqnal is transformed into a sampled
'disrrete) frequency spectrum.

" s. snpled function

is the opposite of case 2. The sampled signals of time are transformed
into a continoou form

f)e .2 vn) gv tn) f ( G(f) e f (6)

4. Discrete Fourier Transfer

The most FF T-anslyaers work on the principle of the so called "'iscrete
Fourier Transform" OFT. This means that both time and frequency domain
are indiscrete -sampled. Strictly speakinq the FFT is not really a classic
Fourier transform is rather a calculating schema.
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The [iscrete F ourier TrA sfnrm cnn he shown if, the forin of the FFT-
alnit h'o

',7)
1 WJ " v-4 , nk( fk) lqzg(tn)e Ai~ ;g(t)-V Co ((fkl -

The number ,N' of the samples is the sRmP in the frequency and time domain.
[)F T applies to discrete and periodic time siqnals, therefore the frequency
spectrum is also periodic and discrete. fwinq to this periodicity only a
finite number are needed for the calculation.
In contrast to the traditional analysis where the siqnals are continously
processed the DFT stores the data of the time sAmpl in a diqital memory,
and when this is full the whole memory is transformed into the frequency
domain as one block.
The principle of this schema is described clearly in /'/.

4. cTANDAlr)DS AND RFr()MMr[n-ATIONS

4.1 Fqual sensation curves

The first attempts to investiqate the influence of mechanical vibrations were
carried out by A. Mallock about 1900 when residents near Hyde Park complained
about underqround shocks. He discovered a relationship between frequency
and acceleration and determined that vibrations of low frequencies of about
I" Hz are more unpleasant then those hiqher frequency ranqes.

Since 1900 many investiqators have attempted to measure the subjective
reaction to ohlective measurable vibrations. Thouqh the results vary in some
cases they coincide in the fact that the subjective sensivity is a function of
frequency. nne problem is that the human reaction to whole body vibrations
differs from person to person and that human beinqs cannot remember the
intensity of vibrations
very well.

Althouqh research done in the field of equal sensation curves is based on different
methods, four principle experimental procedures can be seen.

Verbal description:

Tte test subject is asked to indicate when he feels that a constantly increasinq
%i riusOidal vibration of a certain frequency has reached a level which is described
for example as "perceptable" "comfortable" "tolerable" or "very uncomfortable"
"un.co mfortahle" "mildly iincomfortable" "noticeable, but not uncomfortable"
... (for example Parks and Snvder 1961, (fhaney 1964/65, Fotherqill and C(riffin
1977'.

A.
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A "standardl' sinusoidisi vihratiorl stimuluI (if a certain firquency Findi at-celerat ion
is presented to the suhpert. After a short pause thp frequency is changed Find
th)e s;ihiect is, required to indicate when the vibration appears equal in sensation
In the Ostandard 'fnr example Ashley 1970, Shoenherq and Harris 1971, flupuis

!,36n 'i.mfl' researches conducted in this manner was the basis for the
first VI Al -ret-ommindat ions in 1%3.

P Fit i jmet hod

The rat inq method merges the twn methods described above. In this case the
test sub pert has to present his subjective perception in a 10 cm long rating
line. The scale is markecd on both ends: one end with 1)" represent ing "smooth"
aind the other %;th '90" representing "rough". The subjects were exposed to
a number of sintusoidal stimuli of a certain frequency and acceleratin. They
were asked to evisttate each stimulus independently without comparing the
stimuli with each other 'flttorne and Clarke 1974).

!!RM ~ ~ w~ 30a Ocka0 A Owh

Equal sensation
I + curve comparison

standard and
different research

DIM "WU -=dnI

w
VO 3W
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Relative intensity estimation method

The test persons are subjected to a pair of sinusoidal vihration ,timuli of the
same frequency. The second stimulus is the more intensive than the first. The
suijects are required to evaluate the relative intensities of the two stimuli
(.ones and Saunders 1974).

Althouqh the results of different researchers do not coincide exactly, the principal
shape of the curves of equal sensation is nevertheless similar. It was determined
that in the range of low frequencies (lower then 8 or 10 Hz) the intensity of
sensation is greater than in the range of hiqh frequencies.

The equal comfort curves presented in the ISO and VDI- standards are useful
for calculation hut they do not accurately reflect human impressions of sinusoidal
vibrat ions.

Studies by H. r"xpuis, nsborne & C"larke (shown in Fig. 7) and Jones & Saunders
for example reached conclusions which differ from the IS)/Vnl-standards.

4.2 Standards and recommendations

Since the purpose of this paper is to assess the effects of mechanical vibrations
on the crew members of cross country vehicles, only those elements of the
respective standards and recommendations pertaininq to sittinq subjects in
vertical direction (z-axes) are discussed. The vibration level indicated in the
criteria curves are given in terms of RMS (root-mean-square).

The first international guide line in the field of vibration assessment was published
by the (",erman "Verein Deutscher Inqenieure" VDI (Society of rerman Fnqineers)
in 1963. This V[l 2057 recommendation is based on fieckmann's research carried
out at the Max-Planck-Institute in flortmund. Investigations of the late sixties
and seventies came to the conclusion that biochemical and physioloqical reactinns
as well as the effects of vibration on proficiency boundary and health must
also be considered.

ISO-Standards

Pesults of this research enabled the 1SO (International Orqanisation for
Standardisation), the World Wide Federation of National Standards Institutes,
to develop the is--2631 standards.

The definitions and numerical values given in the ISn 2631 are only valid in
the frequency range I to 80 Hz. For the assesSment of mechanical vibration
transmitted from solid surface to the human body four physical factors should
he considered

- Intensity (acceleration rrns)
- Frequency (I - S0 Hz)

- Direction
- Duration (exposure time)

The fact that the huoman body has an increased sensitivity to vertical
vihrations in the range 4 - R H - is reflected in the tolerance curves which
are represented as three straight lines in the logarithmic scales.

I lI
' S -". '



422

For the evaliint ion of human exposure to whole-body vibration three criteria
can be dlist inguished:

-preservation of comfort "redlucedi comfort boundary"

-preservation of working effirieny "fat ique-decreased proficiency boundary"

-preservation of health or safety "exposure limit".

F%-ee-dinq the exposure spcified by the curves pictured in Fig. 8 will in most
situtit ions causi- noticeable fatigue and decreased job proficiency in most tasks.
The tiegree of task interference depends on the subject and the complexity
of the task. In the case of driving a vehicle in an off-rood-situat ion there is
every reason to believe that the degree of complexity is very high.

These criteria are intended only for average people considered fit for normal
living routines and the stress of an average working day. For "reduced comfort
boundary", the acceleration values are divided by 3,15 (10 dN3 lower) and for
..exposure limit-i" the values are to be multiplied by 2 (6 db higher).

0, Fig. 4

2"v t00,00ISO-2631
.100Eqgual sensation

00, curves. Vertical
vibration exposure
criteria curves

- -- - ~ defining equal
a -0 "hfatigue-decreasedt - proficiency

- - -boundaries for a
sh sitting person

VIRcgsm000 -0d00tio-

of thecdgre f ensation prevdb ua ens

Thetoer~w- crve pesnte i in 231proidd he mptu toreis
VD W7 helts erin(99 aotdte rnil sae(he

strato lie)fo i 61bu etu h -auefrteassmn
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As tht K-curves are three straight lines in the loqarithmic scale three formula

in the correspondinq frequency ranges must he qiven.

K7 (K-value in Z-direction):

If54 Hz K7 = 10.a,"f (9)
4 f8 Hz K7 = 20.a
80 f.<80 Hz KZ = 160.a/f

In the following tabulation the correlation between measured K-value (object
ieqree of sensation) and subjective perception is qiven.

Table I C"orrelation between "I(-value" and subhrctive perception

K-value Subjective perception

<0,1 not perceptible

- 0.1 perceptive boundary -

little perception
0,4 -

normal perception
--1,6-

greater perception
6,3

maximum perception

For random or distributed vibrations a method to calculate the K-value
is qiven. The K-values of every range of a narrowband or a third-octave
analysis can be calculated.

The total K-value (K tot) is the root of the sum of the squared partial
V -values (K)

K!- Kn.K

The two standards VDI 2057 and ISO 2631 are based on different philosophies
but reach the same conclusion. For studies which compare vehicles
in differinq environmental conditions the VO[ 2057 is mk -e practicable.
For investigation inr protection of the human body aqainst occupational
disease the ISO 2631 should be used.

__ j.
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5. EXPERIMENTAL MFTHOOt-(Y

5.1 The test vehicles

Field test were carried out at uarmy traininq area, about 20 km southeast
of Vienna. Two 5 ton 4x4 military trucks and two armoured vehicles, one wheeled
and the other tracked, were available. For the determination of the influence
of speed, terrain and the sittinq position, all 4 vehicles were used. The compartion
tests between diagonal and radial tires were conducted on vehicle A and B.
The influence of tire size could be demonstrated on the armoured vehicle r.
For the comparsion of the suspension systems of tracked and wheeled vehicles
model C and D were used.

Table 3 Specification of the vehicles

NodeI A a C D

Engine power kI Is 130 236 206

Top ipeed km/h so 110 105 63

Overall height Wa 2970 2813 2730 2170

INull) (1950) (1600)

5335 6240

Overall length mm 6570 6610 :69001 (5570)
(Hull)

Overall width M 2400 2436 2500 2500

Net weight ton 7.6 6.6 16 13

Wheel bag*/ W 3700 3800 2500/ 3192

Track contact lenght 1400

'810 1960 2070 2120Tread width - 190607722

N"umbex of tire 6 4 6

Tire size 9.00R20 14,5S20 14 P 20
9.00-20 13 P 20

Suspension System RI 43t'nq LRt wprg Cil on a

Vehicle B is a prototype and was designed and built between 1981 - 1983.
Vehicle B is nearly 20 years old and of conventional construction. The
principle variables influencing ride comfort are tire size, wheel number
(the rear axle of Vehicle A has twin wheels) and sprln, characteristics.
Though both vehicles are supplied with leave springs, the sprinq characteristic
lines and the construction features are quite different.

VON..... 4
-=
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Vehicles A has the classic leave sprinq construction with closely packed spring
leaves, 11 on the front axle and 14 on the rear axle. Hence a considerable internal
friction with dampinq function occurs. The static springK constant for the front
axle sprinq is CSt 1 133 N/mm and for the rear axle sprinq it is Cst = 228 N/mm.

Vehicle F3 has the so-called "Parabola Leave Spring" with parabolic premolded
leaves, 3 on the front axle and 4 on the rear axle. In order to reduce internal
friction 4 mm spacers are fastened between the single spring leaves. The static
sprinq constant for front axle spring is C 129 N/mm and CSt 1= 60 N/mm
for the rear axle spring. SS

The smooth character of the "Parabola Leave Spring" increases under dynamic
conditions. While the ratio between C and C, (dynamic spring constant)
is about 4 the parabola leave spring, ift5 ncreaeslo 20 on the conventional
spring typ.

5.2 Equipment and experimental procedure

The accelerations were measured at 4 points by Piezoquarth accelerometers
Bruel & Kjaer 8302. For the tests with the trucks one acceleration sensor was
placed at the driver's seat inserted in a seat transducer. The other sensors
were screwed to the wooden bench on the loading space to simulate the vibration
impact to persons sitting in the front, in the middle and in the rear position.

The experiments on the armoured vehicles were carried out in a similar manner.
For the calculation of the transmissibility, which is defined as the ratio of
the amplitude of sinusoidal vibration to the seat sonsor, a second accelerator
was fixed at the bottom of the driver compartment.

The third accelerator was mounted at the commander-seat in the turret and
the fourth sensor, in order to measure the ride comfort of one of the other
crew members, was attached on a seat in the crew compartment.

The signals coming from the accelerators are amplified in a BrOel & Kjaer
amplifier Typ 2635 and stored in the Tape Recorder 7005. The amplifier and
tape recorder were placed in the cabin and were controlled by the assistant-
driver.

The vibration signals stored at the Tape Recorder 7005 were analysed by the
narrow band FFT analyser Bruel & Kjaer 2033. This FFT analyser sampled the
input signals and converted each signal into digital form. The sampi were collected
in data blocks, and each date block was converted into the frequency domain
by Fourier transformations.

The analyser was used in the range I - 10 Hz. The result of the FFT-anilyi
was a transfer function shown on a monitor screen. The frequency scale was
displayed linearly, while the acceleration was shown alternatively on a linear
or logarithmic scale. The 2033 FFT-onelyaer operated by sampling the input-
signal and converting each semple into digital form.

The samples were then collected into data blocks. These data blocks were
transformed by FFT irto the frequency domain. A 400 line spectrum covers
the chosen frequency 0 - 100 Hz, hence, the line spacing
f 100 HZ/400 0,25 Hz.

t
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At the outset computer program (BASIC-) of the Micro computer system MINC-
I I recorded the RMS acceleration values of the 0,25 Hz steps coming directly
from FFT-analyser. The FFT-analysis was also seen on the monitor screen
of the computer terminal. For each acceleration value In the three frequency
ranges C) to 4 Hz, 4,25 Hz - 8 Hz, 8,25 Hz - 80 Hz according to formula (9)
the W, values were computed. In a second step these Ki-values were then squared,
and added. The root of the sum is the K-value.

Immediately after the calculation was completed the K-value appeared on
the screen. The output was:

-Accelerat ion/Frequency -plot shown in Fig. u
-one page summary of acceleration valkwes of the 0,25 Hz intervals
plus V -Value

-summary of V-valuefs of a test serie

%,
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'.2 Test results

All tests were carried out in the followinq three surface situations

o f the foncrete rood way
UI ... paved street with road holes end en irreqularly distributed surface.

The pevinq stones had a size of 80 mm x 80 mm
Ill .. plain lawn covered qras

Influetnce of fittirl position

It is found that the distribution of the K-values to the several aittinq positions
was speciL~for every vehicle even under vsryin environmental conditions.
In the followin table the ride comfort for the several sittin posit ions
of the four vehiclee is presented.

Position ]: rear seat
Position 2: front seat of the loadin .pace/commander seat
Position 3: seat mount of the driver s.at

Position 4: driver seat

tK• i A
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Tat, In e j idHe cm n fnr I depe#noi m I onf qitf t i n 1) osi t i on

\'ph r le inreanq( V-value

A 2 4
P 4 1

14 21

F xept for vehicle A the driver is in the best situation. The reason
is that vehirle A has an old seat construction. An examnple of a modern
vibration damping seat suspension can be seen in vehicle R, where
the inadequate -wit mniintinq is rompensuted hy the seat.

In, all four vehirles it i-% clear that individuals sitting in the rear are
alwnvi subject to greater shock and stre-ss and the Stact should be
lower then S t for that -;PRt.

Influence of speed

For all vehicles and in all varying situations the K-value increased
with speed. This typical tendency, both typical and expected, can
he seen in the figure below where the "V-value"/speed dependence
for the several sitting positions in the three surface situations for
vehicle A is plotted

K I---------

F iq 9 V -valiue -speed - dependence
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Influence of terrain

K IX
K I ~~~. 50km1IhI

90

70
60
so 4

30

20
10

Fiq 10 Vehicle A variinq speed and terrain

The principle result that the W,-values increase with increasing terrain
roughness is in accordance with theoretical considerations. It is of interest
to note that results pertaininq to difference between roadway and paved
street is hiqher that between paved road and off road terrain. Hence with
regard to ride comfort, bad raod conditions are similar to terrain condition.

Influence of spring system

The differences in the spring system of vehicle A and B are described in
S.I. In the following table it is clear that the spring system has an important
influence on the ride vomofrt of wheeled vehicles. For each member of
the crew, in all terrain situations and in all speed range, the K-values
are considerably higher for vehicle A compared with vehicle B.

Table 5 K-values of the driver's seat of vehicle A and B

Speed Terrain I Terrain II Terrain III

km/h A B A B A B

10 . - - 37 29

15 - - 22 30 43 27

25 15 9 29 30 65 51

37 19 10 39 37 69 65

50 23 17 59 43 80 69

65 21 15 64 59 - -

80 30 16 104 71 - -

'A17
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Irfl'nenc_¢pjfnrpep~rofsrlire,_tire typo nodt re 5- uP

ThP vehirle itself ar alo he ;Pen ar ai system of m nse .. sprinqs, Anldn
dampers. The tire is one of the sprinqs of the system and Ai variation in
inflation pressure or the use of diqnnal tires instead of radial tires should
have an influence on the ride comfort. But the test results showed that
these factors are of minor influence. The same result was found when
vehicle C was provided with tires of a smaller size. The differences in
the K-values had no distinguishable tendencies And were in the range of
inaccuracy of measurement.

C-omparison between a wheeled and a tracked vehicle

K H ] ii
50

va 50 kmlh

40 37

30 27 Fig. 11
2 23 F-values of the

20 driver seat withconstant speed

10 8 and varying

0 Conlditions

C D C D C D

The figure ahove shows clearly that the wheeled vehicle has better ride
comfort on a natural road (i) and under poor road conditions (II). On the
grass covered lawn (i1l) the tracked vehicle had the lower K-values. The
reason may be that the suspension system of a wheeled version has the
better damping characteristics when the wave length of the surface roughness
is short. In cases of lonqer waves the tracked system has better accomodation
facilities.

r'ornludirnq remarks

The main factor which can be influenced by the user of a vehicle system
is the speed. Other factors are spring system and seat construction which
can be altered by the designer. These components should also he considered
in vehicle tests. For the transportation of casualties in vehicles the best
location for the patients can he found by determining with the method
described in this paper. That the tire characteristics have such a minor
influence was one of the unexpected results of these tests.

The author will continue the test series with other cross rnuntry vehicles
in order to measure and assess the vibrations in the three axes of the coordinate
system. It iq hoped that a relationship between defined terrain roughness
and V-value will be found.

------------------------------------- .-
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I I RTHIE R EVE'tI'Mh't IN RIflE QUAIIT" ASSESSMENT

0
W NEWEI.I. R. MURPHY, .!kt.

N I'. S. ARMY FN.INI-FR WATE.RWAYS EXPERIMENT STATION, VICKSBUIR;, MISsISSIPPI

Wds'I NTRODUCTION

Q ?ntvrnationallv, a growing concern has developed and widespread disagree-O ment haq occurred over the present methods for quantitatively describing
and assessing the effects of vehicle vibrations on homars, and over the
,hort- and the long-term effects of vibrations on dri .s and occupants of
heavy trucks, agricultural and earthmoving equipment, and military ve-
hicles. None of the present methods is completely satisfactory; in fact,
most criteria were developed for low-level "boulevard" rides and are
highly suspect when applied to the severe vibrational levels encountered
in varthmoving and militarv-tvpe operations. __

l('dav two, predominant methods are used by the military to describe the
v ,!et ts of vehicle vibrations and himaan response: the absorbed power
Mt-thtd (used largely in the United States) and the International Standards
,tganization (ISO) method (used extensively throughout European countries
is wi1] as in the United States). The two methods are similar in that
!,oth u, e frequencv-weighted accelerations corresponding to human sensi-
tivity to arrive at a single number which describes the vibration Inten-
sitV. Portable ride meters have been developed to provide expedient field

..'Isirement. of both absorbed power and the ISO accelerations.

in 1478, a NATO working group on mobility (NATO AC/225 (Panel It Working
,roup I)) composed of representatives from the United States, Canada,
t rance, the Federal Republic of Germany, the Netherlands, and the United
Kingdom adopted the Army Mobility Model (A104) and its supporting absorbed
power procedures for determining ride-limiting speeds for use in the model
as comparison tools to provide a standardized reference for determining
vehirle mobility performance. The AM is also called the NATO Reference
Mhilftv Model (NR1 I). The use of absorbed power over the ISO method to
,Iescribe efiects of vehicle vibrations has caused resistance and concern,
,articularlv among the European participants. The United States military
-md it% NATO partners need agreed-upon, accepted standards to describe the
,.rius as.-pects of ride quality in meaningful terms for defining the
vibr~itional effects on human health, safety, and performance of military
tasks.

WIHY ABSORBED POWER?

In 1968, personnel in the Mobility Systems Division at the Waterways Ex-
p,.riment Station (WES), in conjunction with the formulation and develop
ment of the components ol the Alt, embarked on a comprehensive ride
Ivnamics research and development program. The principal objective of the
ride dynamics program was to develop a means for predicting ride-limiting
speeds of vehicles as a function of terrain roughness. This objective
t,-quired a quantitative measure of vehicle vibration that related to human

aiceptance of the vibration and response to vibration. WES decided to
.dopt a promising measure called absorbed power. This absorbed power

uantit%, purported to be a measure of the rate at which vibrational

mop-
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,?Iv'v is absorbed by a tVp Ical human, had been deve Itped on I y r(-, .nt Iv at
th, IV. :. Army Tank-Att omt I ye (onrnand as a rI'Nu It (of a (omprhenl. , I e
, lon,,Iv 'ontrolled labor.atorv program (Pradko, *lee, and Ka luza I9h6). An
ittta, tiv. t.atur, if absorbed power Is that it is conceptually a s'alar
qoantitv and the resultant response of vertical and horizontal vibrations
, 3n be determined by directly suming the absorbed power in each component.

Sin e 1968, the WES has conducted numerous fI eld tests wi th virtuai Iv

.,v.rv type, of wheeled and tracked vehicle in terrains throughout the
world. The absorbed power quantity has worked well in fulfilling the
principal objective of describing ride-limiting speeds. A criterion of 6
watts of absorbed power was chosen as an upper bound of vibration that
will permit crew members to effectively perform their tasks. Test results
revealed that beyond the 6-watt level, a vehicle occupant can do little

else except hold tight. Results have also shown that highly competitive
drivers and crew members will accept absorbed power levels regularly
ranging up to 10. 20. or more watts for periods up to 10 or 12 minutes
(Berry 1975). The same tests showed that these high absorbed power condi-
tions frequently caused minor injuries and bruises and often produced
severe vehicle damage and a high risk of accidents and cargo damage.
Thus, it is recognized that the 6-watt absorbed power level is not an
absolute human tolerance limit to vehicle vibration and that crew members
will, if necessary, accept considerably higher absorbed power levels at
the risk of injury and vehicle and cargo damage. A broader range of test
results has shown, however, that quite often only a small increase in
speed can be attained at 15 or 20 watts over that at 6 watts, because the
b-watt absorbed power levels usually occur when the vehicle's suspension
begins "bottoming out" and producing discrete shock loads. Slight in-
creases in speed beyond this point significantly increase the intensity
and frequency of these shock loads, which in turn rapidly increase the
absorbed power levels. These high absorbed power conditions are not
considered to be an effective or meaningful measure of basic ride charac-
teristics. While the use of ride speed limits based on higher absorbed
power levels will increase projected vehicle speeds in Isolated terrain
situations, the overall vehicle performance throughout an area generally
will not be materially increased, and relative performances of two or more
vehicles in the same area will rarely be changed.

THE ISO METHOD

In 1974, after a decade of serious comittee deliberations, the ISO pub-
lished a standard for describing human response to whole-body vibrations
that was approved by 19 countries including the United States (ISO 1978).
The i."-) standard defines numerical limits for exposure to vibrations in
terms o, weighted root-mean-square (rms) accelerations in the frequency
range of I to 80 Hz according to three criteria of increasing intensity--
preserving comfort, working efficiency, and safety or health. These three
limits are referred to, respectively, as the "reduced comfort boundary."
"fatigue-decreased proficiency boundary," and the "exposure limit bound-
.re." The preferred method of evaluation is to compare separately each
rms acceleration level for 1/3-octave bands of spec'fied center frequen-
cies against the recomended level at each frequency. This procedure
assumes that in regard to human tolerance there are no significant inter-
ations between frequencies. An alternate method, which appears to be a

more accurate representation for complex vibrations, sums the weighted
accelerations to give an overall rms level expressed by a single quantity
(Allen 1975). This single quantity method led to the development of
portable ride meters. One such meter was built in the United States in
1978 by Endevco for the Society of Automotive Engineers (SAE) Ad lvoc Ride
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let tir Task Force in a.ordance with spet if icat ion.4 cI ted in ISO 2611 ad
',AF .1101 1. For vihr.-t ions occurring in more than one axis simultaneoulslv,
,'oh axis is evaluated separatelv and vectorial lv summed. There has been
Truch disagreement over the use of this method and a number of del iciencies
hive been highlighted by its critics. The most notable deficiencies cited
are tie lack of empirical support in a number of important areas, in
particular the time-dependency relations on human response (Obsorne 198).

becauqs of these disagreements and concerns and other unanswered ques-
tions, a joint United States-Federal Republic of Germany effort was re-
cently Initiated to resolve these major issues. As a part of the Future
Armored Vehicle Research (FAVR) program, a joint United States-Federal
Republic of Cermanv ride test and evaluation program Is scheduled to begin
at Trier Proving (,round in May 1984. with similar follow-on tests in the
1'nited States. The main emphasis will be to jointly study and compare the
results of the two methods.

Over the past 15 years of testing, WES has developed a large, unique data
base containing detailed vertical, horizontal, and rotational acceleration
measurements, along with the corresponding human subjective commwents and
ratings, terrain measurements, and vehicle characteristics. These data
are stored on analog FM magnetic tape. As a starting point for this
study, selected vibration data representing a wide variety of vehicles and
terrain conditions are currently being reprocessed to analyze and compare
relations produced by other proposed quantities, particularly the ISO
standard.

This paper describes briefly some of the initial results of using only
vertical vibration data from recent tests with a pair of wheeled vehicles
to compare and evaluate the relative merits of the absorbed power and ISO
criteria. Discussions include similarities between the two methods, the
relations (or lack of relations) between subjective ratings and the ab-
sorbed power and ISO quantities, some notable deficiencies common to both,
and the effects of psychological influence. Evidence indicating the
validity of the 6-watt absorbed power level as a reasonable driver-imposed
criterion of acceptability is presented along with plans for future work.

COMPARISON OF ABSORBED POWER AND ISO FILTERS

Human response to vibrations depends upon the frequency of the vibration.
C.:rves of constant comfort or equal perceptions of vibrations as a func-

tion of frequency have been measured by many investigators. The precision
and definition of these curves have improved with the progressive improve-
ments in equipment and measuring instruments. Regardless of the improve-
ments in precision, they all present basically the same characteristic
trough shapes. For example, the keenest sensitivity of a seated subject
exposed to vertical (buttocks-to-head) vibrations is in the range from 4
to 8 Hz. This range of maximum sensitivity is attributed to physical
ri.sonances of body parts and internal organs. Precise experiments and
measurements indicate the most sensitive frequency of a seated subject to
'ertiual vibration occurs at about 4.5 itz, which is the resonance of the
viscera. This critical resonance will vary somewhat among hurans due to
differences in body structure. Most likely, the less precise curves are
better overall general representations of human sensitivity.

Any method that purports to evaluate vibrations in terms of human sensi-

tivity must account for this frequency dependency. The frequency-weighting
,an be accomplished numerically by appropriately weighting the Fourier

spectra of the vibrations. The frequenc-weighting Is more readily
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ac ,,mplfshed in the analog domain through the ise of band-pass filters.
As mentioned previously, portable ride meters have been developed that

filter input accelerations and produce on-the-spot measures of absorbed
power and ISO ride values. Figurt I shows a comparison of the absorbed
power and the SAE/ISO ride meter filters for vertical vibrations. The

standard ISO frequency-weighting factors specified in ISO 2631 are shown
as discrete points. It Is seen that the absorbed power and the ISO

filters have the same basic shape. The absorbed power filter peaks (zero
attenuation) at 4.5 Hz, while the SAE/ISO filter peaks at 5.8 Hz. The
absorbed power filter is more restrictive because it attenuates (reduces)

accelerations more heavily at frequencies beyond the 4.5-Hz peak. It is

also seen that the curve representing the SAE/ISO filter of the Endevco

ride meter corresponds very closely to the discrete points representing

the standard ISO frequency-weighting factors. Obviously, because of

these similarities, the respective quantities calculated from accelera-
tions processed by these filters and frequency-weighting factors will
produce similar performance patterns.

COMPARISON OF ABSORBED POWER AND ISO RESULTS

WES began its first comparison of the absorbed power and the ISO methods
this past summer (1983) as part of a comprehensive analysis to resolve
apparent discrepancies In results obtained from ride tests with a light
dune buggy vehicle. This dune buggy had exceptionally stiff suspensions

that produced extremely high acceleration and absorbed power levels, even
on relatively smooth test courses. The absorbed power levels measured for
the dune buggy were consistently two to three times higher than those
measured on conventional vehicles for similar test conditions. The high
absorbed power levels were not the issue. The issue that caused the
concern was that the subjective ratings of three experienced WES test
drivers consistently rated these unreasonably high absorbed power levels
as acceptable rides. Numerous supplemental ride tests were conducted on
the same test courses with two additional vehicles and three drivers to
obtain "head to head" data for direct comparisons. One of the two ve-
hicles was an P151 jeep which had a gross weight and size similar to that
of the dune buggy. The principal performance results presented in this
paper are limited mainly to data from representative tests with the dune
buggy, one reference vehicle (an 8x8, 14-ton* armored vehicle), and one
driver. These relations are representative of the relations obtained when
comparing the combined results of the three vehicles and three drivers.

Figures 2 and 3 graphically depict the respective absorbed power and ISO

ride meter results from tests with the two vehicles on two test courses.

4ore detailed data are presented in Table 1. Figure 2 shows how vertical
absorbed power and ISO weighted acceleration vary with speed for the two
vehicles on a test course (course 4) of moderate surface roughness. The

* U. S. customary units of measurement used in this report may be con-
verted to metric (SI) units as follows:

Multiply By. - -To Obtain

inches 2.54 centimetres
miles 1.609347 klilometres

pounds (force) 4.448222 newtons

tons (force) 8896.444 newtons

".Y.
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,xpositre-I imit t ime depundent'v boundaries representing the ISO at ce l.r.-
*ion 1 imits for the most sensitlve frequency region (4 to 8 liz) of fIvee

Sclected exposure tlmes are shown on the plots. The drivers' 41hle, tiv,
ratings, based on a scale of increasing severity from I to 10), ar. also
shon adjaient to the respective data points. The subjective rating
siale used at WES to express the drivers' perception of ride qualitv is
given below:

SubjIect iveI nd ex ....... Pe rc ept ion .......

1-2 Barely noticeable
)-4 Strongly noticeable
5-6 Uncomfortable
7-8 Extremely uncomfortable
9-10 Recomended limits (not willing to take

for any sustained period of time)

Past experience indicates that when WES drivers are allowed to drive at
their discretion, under guidelines of achieving the maximum safe speed,
the subjective ratings fall within a range of about 6 to 7. This indi-
cates that ride conditions with subjective ratings greater than 6 or 7 are
really conditions of stress levels beyond the criteria of acceptability.

For both vehicles increases in speed produce corresponding increases in
absorbed power and ISO acceleration. However, absorbed power and ISO do
not increase at the same rate. Also, for any selected speed the absorbed
power and ISO acceleration for the dune buggy are about twice the magni-
tudes of those recorded for the 8x8 vehicle. Yet, the driver's subjective
ratings are consistently lower for the dune buggy at corresponding levels
of absorbed power and ISO acceleration. According to the recommended ISO
exposure limits, the results in Figure 2 indicate the 8x8 vehicle can be
driven over test course 4 or a course of similar roughness at a speed of
20 mph for up to an hour and can be driven at speeds in excess of 50 mph
for about a half hour. These same ISO limits indicate the dune buggy can
he driven at a speed of 20 mph over such a course for only about 16 or 18
minutes, and at speeds beyond 40 mph the permissible ISO exposure time is
less than one minute.

Figure 3 shows results similar to those of Figure 2 except the surface
r ghness of the test course is much more severe. The severity of the
test course is reflected by the rapid increase in both absorbed power and
ISO acceleration with increases in vehicle speed. AKain, at any selected
speed both the absorbed power and the ISO accelerations for the dune buggy
are about twice the corresponding magnitudes recorded for the 8x8 vehicle.
Also, the drivers' subjective ride severity ratings are lower for the dune
buggy at corresponding levels of absorbed power and ISO acceleration.
N,,teworthy are the overall high subjective ratings. This particuiar
driver, like the other two WES test drivers, is considered to be fit,
tough, and competitive. As mentioned before, based upon their discretion-
are driving habits, subjective ratings greater than about 6 or 7 reflect
Ilvels beyond their self-imposed acceptability criteria. Figure J shows
that the driver's subjective ratings for both vehicles are largely in the
range from I to 1O. indicating that the ride quality of the majority of
the test" on this course exceeded the driver's criteria of acceptability.
Nublective ratings of 8 to 10 mean the rides were exceptionaly tough.
Fhe data in Table I reveal that these tests ranged from a maximum duration
,)f ,ihout one minute to a minimum of 6 seconds. Based on combined con-

sideration of the ISO recommnded exposure limits and the high subjective
r.itinjvs, it appears that neither of the two test vehicles could be driven
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.it %peeds hevyond about |0 mph on terrains with such levels of Rorface
rougihness tor periods longer than about half an hour.

SIMILARITIES BETWE.EN ABSORBED POWlER AND ISO RESUL.

f itres 2 and I clarlv show certain similarities in the manner that
.0-~orhed power and ISO acceleration increase with Increases in speed an
well as similar correlations with driver subjective ratings. Figure 4
illstrates further correspondence between the two ride quality measures.
Th- two plots iii Figure 4 reflect relations between ride-limiting speeds
and terrain surface roughness for the dune buggy at three arbitrarily
qele(ted levels of absorbed power and ISO acceleration, respectively.

This limiting speed versus surface roughness relation is exactly the type
of format required as input to the AN/NR1H to depict vehicle ride per-
tormance relations. The ride performance relationships are very similar
tor both the absorbed power and the ISO acceleration measures. In fact,
the relation for the 20-watt absorbed power level is almost identical to
that for the 2S-minute ISO level (the 25-tinute exposure limit corresponds
to an ISO acceleration level of 3.6 u/sec ). Consequently, if so desired,
the ride-limiting speeds based on the 6-watt absorbed power level custom-
arllv used in the AIA/NRM to describe ride performance could be replaced
with ride-limiting speeds based on either a more suitable absorbed power
level or a preferred level of ISO acceleration or permissible exposure
time. The AI/NRM requires a limiting speed-surface roughness relation

to describe ride performance regardless of the criteria used to determine
the limiting speeds.

PSYCHOLOGICAL IMPLICATIONS

Human reaction to vibration is a complicated dependency upon both physio-
logical (physical) and psychological (mental) disturbances. Neither ab-
sorbed power nor ISO acceleration nor any other measure of purely physical
motions can account for the psychological effects. Recalling the subjec-
tive index rating mentioned previously, the perception definitions deal
only with thresholds caused by interactions of vehicle motions. However,
without fail, during driver interviews regarding rides that were rated in
the range of 8 to 10, the principal objection was attributed to lack of
control of the vehicle. Although this reason does not fit into the per-
ception definition, the psychological implications cannot be Isolated or
removed from the subjective ratings. This psychological influence of
vehicle controllability depends strongly on the nature of the vibrations.
That is, a ride composed of high-intensity, uniform accelerations will be

perceived quite differently from one composed of low- to mdium-intenaity
accelerations made up of recurring impulses and shock loads. This is a
condition of high crest factors; i.e., ratio of maximum peak to rum accel-
erat ions where the ISO limits are admittedly questionable. It is the
occurrence of harsh shock loads that often catapult driver and vehicle
Into the air and along with inducing momentary pain and possible injury
serlouslv hinders the driver's capability to control the vehicle. This
psvchological distinction between uniform Motions and motions composed of
recurring impulses is the principal cause of the discrepancies in the
%ohjctive ratings recorded for the dune buggy.

Tabl 2 lists the respective speeds and driver subjective responses record-
ed from arbitrarily selected levels of absorbed power and ISO acceleration

for the two test vehicles and three test courses with three levels of
sorface roughness.

".6
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Subtle yet important eftects of psychological influence on the measures of
pvrformance can be seen In the table. Both absorbed power and ISO accel-
cration reflect the same effects. For example, for any given level of
either absorbed power or ISO acceleration, the speeds of the 8x8 vehicle
are about twice as high as the corresponding speeds for the duno buggy.
According to current procedures for evaluating ride performance. the 8x8
vehicle would be considered far superior to the dune buggy. However, for
any given level of either absorbed power or ISO acceleration, the subjec-
tive ratings are consistently higher for the 8x8 . This difference in
ratings says that a 6-watt ride in the 8x feels rougher or more severe
than a -watt ride in the dune buggy.

Comparison of ieprvsentative acceleration-time histories of the two vo-
hicles reveals that, in tact, the dune buggy accelerations generally were
rather uniform throughout and did not exhibit significant impulses or
shock loads. This uniformity is attributed to the extremely stiff rear
quspensions combined with the vehicle's "tail-heavy" weight distribution
that prevented suqpenston "bottoming" and thus the associated shock loads.
This condition is in contrast to the soft suspensions and high wheel
travel on the 8x8 which produced gentle, low-frequency-. high-displacement
motions. These soft suspenslons on the 8x8 resulted ! low-intensIty
acceleration-time histories with dispersed harsh shock loads occurring
when the suspensions "bottomed out." The intensity and frequency of these
d:,,k load, were moderate on relatively smooth courses but rapidly in-
,reased with increases in both speed and surface roughness.

The relations illustrated in Figure 5 provide an even broader understand-
ing of this phenomenon between the dune buggy and the 8x8. Figure 5 is a
standard ISO graph depicting the rms acceleration magnitudes for each of
the standard 1/3-octave hand center frequencies rocorded from ride tests
with the two vehicles. The results of the dune buggy ride reflect con-
giderablv higher absorbed power and ISO (summed) accelerations, yet lower
subjective ratings than the 8x8. These two rides, which were both less
than 15 seconds' duration, were very near the limits that the driver could
tolerate.

The predominant acceleration for the dune buggy occurs in the 3- to 5-Hz
range where both absorbed power and ISO acceleration are most sensitive.
The dune buggy acceleration at the most sensitive absorbed power frequency
(4.5 11z) is nearly three times that of the 8W8. This explains the higher
absorbed power level for the dune buggy. On the other hand, the pre-
dominant acceleration for the 8x8 is concentrated between 1 and 2 Hz where
vertical absorbed power and ISO accelerations are much less sensitive.
This low-frequency (- to 2-Hz) acceleration predominance is character-
Istic of most conventional vehicles. Suspensions are customarily tuned to
produce a sprung-mass resonance In the frequency range of I to 2 Hz and
thereby isolate occupants from irritable vibrations In the 4- to 8-Hz
region. It appears, at least for short duration travel, that drivers are
more willing to accept the rather high uniform vibrations in the 4-to 8-Hz
range caused by ..tra-stiff suspensions rather than endure the recurring
harsh jolts that occur from the softer conventional suspensions which tune
the major resonances to the I- to 2-Hz range.

This subjective willingness (as well as health implications) may well be
reversed for long duration travels, such as occur during operations of
agricultural and earthmoving equipment. This possible contrast between
the effects of short- and long- duration vibrations provides a high
potential for application of adaptive (adjustable) suspensions. It is
intcrestlng that the single-valued ISO accelerations obtained for the
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dune buggy by summing over the frequency spectrum is more restrictive
than the worst single frequency.

One other psychological factor worth noting is that observation of the
subjective ratings in Table 2 reveal that, for any given level of absorbed
power or ISO acceleration, the ratings increase with increases in surface
roughness. That is. a 6-watt ride feels rougher on a rough course then it
does on a smooth course.

HOW GOOD IS THE 6-WATT LIMIT?

There has been quite a bit of controversy and dissent over the use of the
6-watt absorbed power level as a ride-limiting criterion. The reason for
its initial selection was a direct outcome of the results of Pradko, Le,
and Kaluza's laboratory study which established the absorbed power concept
and subsequent 6-watt limit. The limits of its validity were explained
earlier in this paper. The criterion has served well for many years an a
sound, consistent measure of practical operational limits. It is not i
human tolerance limit; experience has shown that competitive drivers and
crews will accept considerably higher absorbed power levels for short
durations, even at the risk of injury. However, test results have indi-
cated the 6-watt level may be a good measure of a driver's self-imposed
criteria of acceptability.

Figure 6 shows the relative and cumulative frequency distributions of the
vertical absorbed power recorded at the driver's seat of a light wheeled
vehicle while negotiating two cross-country mobility traverses. These
data reflect the same WES driver in the same vehicle. The driver was
instructed to drive the well-marked traverses at the fastest safe speed.
There were a number of occurrences of factors other than ride, such as
slopes, curves, and vegetation, that restricted the speed. However, it is
seen that the percent of time the driver spent at ride levels above 6
watts was relatively small (3 minutes or 6 percent on one course and 10
minutes or 21 percent on the other course). Similar results have been
obtained with other drivers when instructed to drive at their discretion
for extended durations. However, experience has shown that the same
driving Instructions for short courses and short durations (1 minute or
less) generally result in speeds limited by vehicle control and usually
considerably higher absorbed power levels. In any instance, for rather
long durations the 6-watt level appears to be a driver-preferred limit.

PLANS FOR FUTURE WORK

As mentioned previously, plans are being formulated under the FAVR program
for a joint United States-Federal Republic of Germany program to begin in
May 1984 to study the relative merits of the absorbed power and ISO pro-
tedures. Work will continue at WES using the existing data base to study
and evaluate the merits of the two methods and other proposed criteria.
Emphasis will be placed on the following areas:

Effects of impulses and shock loads on ride criteria.

Detailed analysis of crest factor levels and their effects on ride
criteria.

Influence of rotational notion.

Effects of multi-ais vibrations on ride criteria.

0i S..
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Ef fcct; of durat ion of exposure.

E i cts of vibrat ions (in recumbent stb Jocts.

CONCLUS IONS

Based on the results of this preliminary analysis, it Is concluded that
!or short distance travel and limits based on safety and health:

Absorbed power and ISO weighted accelerations produce similar ride
performance relations.

Human response tu vibration is heavily Influenced by psychological
eI fe, t%.

- At equal levels of intensity, rides with high crest tactors
feel more severe than rides with uniform acceleration.

- At equal levels of intensit., rides feel rougher on rough
courses than on smooth courses.

Neither absorbed power nor ISO weighted accelerations account for
psvchologicai influences.

Vehicle control and not high vibration levels are the principal
limits for short-duration travel.

Rides composed of recurring Jolts tend to hinder vehicle controlla-
bilitv and are more objectionable than rides composed of more uniform
mot ions.

For short-tjratlon travel, drivers are more willing to accept rather
high uniform accelerations in the sensitive frequency, range (4 to 8
fiz) rather than endure recurring harsh jolts that occur from the
softer conventional suspensions which tune major resonances to the I-
to 2-Hiz range.
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Absorbed power r peak - 4.5 Hz
SAE/ISO ride meter peak - 5.8 Hz
Standard ISO peak - 4-8 Hz
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Figure 1. Comparison of normalized filters for vertical
vibration, Endevco SAE/ISO filter, absorbed power

filter, and standard ISO filter
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Table I

aide.tr

Tes a.6 fhzeG f.. Tim Speed APed r C..~ o Subjectivoe

9.01 Let 4 2. 0 73.3 14.3 1.42.2
31 22.3 27.3 10.2 3.04
32 135.9 21.4 6.4 2.3 3
33 M.5 22.0 6 .8 2.5
34 7.7 44.3 1 6.6 3.2
33 4.9 49.4 20.0 3.63

L.et 3 2.6 36 73.6 14.4 3.4 1119
37 22.5 135.2 3.0 1., 5
38 10.5 11.2 2., 1.

38 17.1 20.0 12-~ 3.3 6
40 131., 23.4 12.4 3.5 4
42 20.6 12.2 23.0 4.0 7

let .8 42 39.0 8.7 2.2 1.3 3
43 78.4 12.6 14.0 3.3
4A %34.1 1. 0 %.7 2. 08

43 24.1 14.1 24.$ 4.9 10

2.4 (Dum . Le 4 1. 76 "6.0 3.2 1.3 0.8
auftgv

1  
77 62.5 6.3 1.3 1.0 1

78 34.8 9.3 6.12.1
79 -a4.3 9.91 6 201
s0 23.4 14.6 14.8 3.0 2

II 23.3 24.6 141323
81 a7. 19.2 212.1 3a,

83 173 19.7 2S.5 4.14
N4 12.3 27. W3.4 4 .6 5
83 22.2 27.9 40.3 1.0 6

Let 3 1.6 1S0 60.3 S.7 3.S 1.4 1

13 1 359.3 3.7 1., 1. 3 1
11 )33.I 1 0.0 11.5 1. 1

234 23.7 14.4 28.* I.3
133 24.6 13.9 26. 3.3
236 1.3 14 23. 4.2 4
137 18.35 184 2..0 3
138 24.8 23.0 37.0 4.9 6
139 V Id Void Void Void Vold
160 16.6 23.4 32. 3 4.7

261 12.3 27.3 42.2 3.3
262 12.0 281.4 33. 1 3.2
163 8.13. 4. S.91 6
164 :87 1",.$ 4.6 3.31 6
13 7. Y6 44.9 M8.7 3.9 1
16 7.8 43.7 34.7 .

Levt 7 2.8 278 38.5 3.8 3.0 2.7z
190 33.9 6. 5.0 1.

21 3S.1. . 6. .
26 36.0 9. 1 .
133 2a. 13.2 25.8 4.4 7
184 23.1 23.6 23.14.7
183 Y 2. 0 i3.3 32.1 4.9
186 20 .3 16.6 31.4 4.8:
187 27.3 ) 28.7 41.2 3.6 9
1I8 18.2 18.? 42.8 6. 3 10

___
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Table 2

L;omfparion of. Limin& S eeds versus Su ftAC_ Rough ness "
for Selected Absorbed Power and ISO

Vertical Vibration Levels

Absorbed Power Levels
,;"r (are

T',,,r R, --(rnes _ -- . 1 i-- -tts ----- --- -_ --
Cotirqe in.__(rms) 6-wait 12-watt- 20-watt 4 0

o-wart-

2x4 Dune 8Wgy

4 11 10.0 (1) 14.5 (2) 17.5 (4) 27.5 (6)
5 1.6 7.0 (1) 16.5 (1) 16.0 (4) 25.0 (6)

2.8 6.0 (2) 9.0 (5) 11.5 (7) 19.0 (1)
M
xM

4 1.1 22.0 (3) 31.0 (4) 52.0 (3) --

5 1.6 15.0 (5) 22.5 (5) 30.5 (7) --
7 2.R 10.0 (8) 10.5 (8) 13.0 (10) --

ISO Leve s
Limit lngSpeeds h

Surface -_- - j -' T-.-minT - "-l'-m in-)
Test Roughness 2 2 2 2
-ourse in. (rma) 1.06 m/sec 2.36 m/sec 3.60 m/sec 5.60 m/sec

2x4 rhine Bugg"

4 1.1 6.0 (1) 11.0 (1) 17.0 (4) 40.0 (6)
5 1.6 4.6 1) 9.5 (3) 15.0 (4) 18.0 (6)

7 2.8 3.0 (2) 7.5 (4) 11.0 (6) 18.0 (9)

8
x8

4 1.1 14.0 (2) 20.5 (4) 50.0+ (3) --

5 1.6 11.0 (3) 17.0 (6) 26.0 (4) --

7 2.8 8.0 (3) 10.5 (8) 12.5 (8) --

NOTE: Numbers in parentheses denote driver's subjective rating index (0 to
10). Dashes in columns denote levels could not be achieved due to
vehicle control problems.

,1 € ..... ' ,-v-
. ,: : 'V

. .. " "*
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COMPARISON OF MEASURED AND SIMULATED RIDE COMFORT FOR AN
AGRICULTURAL TRACTOR AND INFLUENCE OF TRAVEL SPEED AND TYRE-
INFLATION PRESSURE ON DYNAMIC RESPONSE

C. STRAUSS, W. CHRIST

00
N BATTELLE-INSTITUT E.V., FRANKFURT AM MAIN, FRG

0 I NTRODUCTIO N

O Off-road vehicles, whee e . or tracked, such as commercial ve-
hicles (e.g. agricultural wheeled tractors, scrapers, excava-
ting machines, trucks, truck tractors) or military vehicles
(e.g. trucks, armoured vehicles and special-purpose vehicles)
have to operate under extreme terrain conditions. One aspect
of these conditions is the terrain roughness, which has an

Simportant influence, on the one hand on the vehicle stress,
on the cargo or attached implements, and on the other hand on
the ride comfort for the driver. Therefore, the need for re-
ducing the shock and vibration levels, taking into account
increasing travel speed, becomes an important criterion for
the design of most of the above vehicles.4ZM Th ar,.att H O
Standards Organization (ISO) has proposed fatigue-decreased
proficiency limits as a function of exposure time and exci-
tation frequency, which are applicable to off-road vehicles
/I/. When designing a now vehicle, the manufacturer has to
make sure that the ISO criteria are satisfied, depending on
the purpose of the vehicle and the expected time of exposure
to shock and vibration.

Purpose and Scope

The purpose of this paper is to demonstrate the possibilities
of the manufacturer to use a generalised mechanical system
simulation program to compute the dynamic behaviour and the
ride comfort of a vehicle travelling over a specified ter-
rain.
A computer program has been implemented at Battelle-Institut.
Frankfurt am Main, FRG, which is capable of analysing motion-
constrained, rigid-body and closed-loop kinematic chain
mechanisms /2/. This program is also capable of formulating
automatically the equations of motion, constraints and input
functions and simulating the static, kinematic and dynamic
response of any two- or three-dimensional mechanical system.
To formulate the mechanical system, the program uses a
problem-oriented language that consists of definition, data,
request and control statements.
Based on acceleration data for the centre of the front axle
of an agricultural wheeled tractor (FRONT) and for the point
where the driver's seat is attached to the chassis (SNPT),

t.F
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which were measured while the vehicle was running on the IqO
5007 standard "amooth-track* profile, first a comparison of
measured and simulated data is presented, using two different
ways (time integration and eigenvalue/-vector analysis) of
analysing the dynamic behaviour of the vehicle by means of
the simulation program, applying a specially created postpro-
cessor, which permits the eigenvalues/-vectors of a mechani-
cal system computed by the main program to be combined with
the spline coefficients of an excitation input profile /3/.

Next, the influence of different travel speeds (12.5 km/h.
25 km/h and 40 km/h) on the dynamic response and the ride
comfort of the tractor is presented.
Finally, the effect of different tyre pressures measured at
different travel speeds on the 180-weighted dynamic response
is described and briefly discussed.

nalysis of Measured and Simulated Dynamic Behaviour

The results presented in this paper are related to a 4.6-t,
wheeled, two-axle agricultural tractor (4x2) which has an
axle spacing of 2.6 m, a spacing of adjacent wheels on one
axle (front/rear axle) of 1.8 m, with a 13.6 - 28 AS front
tyre (dia. a 1300 mm) and an 18.4 - R 38 rear tyre
(dis. - 1710 mm); the vehicle has a drivers seat suspension;
for the simulations Which are presented in this paper the
driver's mass was defined by a value of 70 kg. As will be
seen later, the effect of the estimation of the inertial pro-
perties of the vehicle will cause some differences in the re-
sults of the simulation.
The presented dynamic response for the above points of the
vehicle was measured by the Insitut fkir Landtechnik, Prof.
Gdhlich, Technical University of Berlin, MRO. As for this
special vehicle only the vertical component of acceleration
was measured, while the vehicle was running at a constant
speed of nearly 12.5 km/h over the ISO standard "smooth-
track" profile, only this component of the various simula-
tions is presented in this paper.

Part I of the Results

In the first part of this paper, a comparison between differ-
ent types of possible dynamic simulation procedure results
are presented, using the time integration analysis as a very
expensive procedure and the eigenvalue/-vector analysis as a
relatively cheap way of performing dynamic simulations which.
however, is subject to boundary conditions (e.g. linearised
system). The measured data are presented to demonstrate the
capacity and accuracy of the applied program system and type
of analysis.
The 180 standard "smooth-track" profile was used as the
motion input excitation where the cubic spline coefficients
are separately computed taking into account the different
sises of front and rear tyres; for this part of simulation,
the travel speed is set at a value of 12.5 km/h according to
the ISO standards.

S. - N
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In Fig. I the measured vertical acceleration data for the
seat mounted point (SMPT) are plotted in the time domain;
before being stored on computer tape. these data were fil-
tered through a 20-Hz low-pass filter to avoid any influence
of higher frequencies on the results obtained. These data are
stored with a time step of 0.01 s, and more than 2900
measured points are plotted; to switch this result from time
to frequency domain, an FFT (Past-Fourier Transformation)
algorithm was used to obtain the relationship between the
effective acceleration values and the frequency (see
Fig. 2). This figure shows the typical behaviour of the S14PT
of a wheeled vehicle of the above specified geometry and mass
proportion /4/. Fig. 3 and Fig. 4, respectively, show the
corresponding results of the vehicle system with the time
integration analysis, and in Fig. 5 and Fig. 6 the corres-
ponding results of an eigenvalue/-vector analysis are shown.
It can be seen that in the frequency domain the measured and
the time-integrated results agree very well (main resonance
peak between 1.0 m/s 2 and 1.1 m/s 2 in a frequency range from
2.6 Hz to 2.7 Hz), while the eigenvalue/-vector analysis
reaches only 0.84 m/s 2 at a frequency of 2.7 Hz; in the time
domain, all three plots show an almost similar dynamic beha-
viour of the SMPT of the tractor; one reason for the diffe-
rences between the two types of analysis (the input data for
both types of analysis are exactly the same) is as follows:
describing a non-linear system with the eigenvalues and
eigenvectors (linearised system), for example at a static
equilibrium position, and performing a dynamic analysis, the
mechanical system is treated as a system with an assumed
constant stiffness, while the stiffness of the real system
changes according to the different displacements (e.g. spring
stiffness) and velocities (e.g. damping rate).
Comparison between the measured and simulated acceleration
behaviour for the second point (FRONT) yields the following
results (see also Figs. 7 to 12): in the time domain all
curves are located nearly within the same range: in the fre-
quency domain the two main resonance peaks of the effective
acceleration values of the simulated system are located
around 1.8 Hz and 2.6 Hz. while the measured data show these
peaks at 2.6 Hz and 3.3 Hz respectively; one important reason
for this offset is the fact that the values of the inertial
data of the vehicle which were used in the input files are
estimated.

Part 11 of the Results

The next part of this paper describes the influence of
different travel speeds on the dynamic response of the simu-
lated tractor; again, two different types of analysis, i.e.
time integration and eigenvalue/-vector analysis, are used
for the simulation. In addition to the presented results for
a travel speed over the ISO standard "smooth-track"profile
of v - 12.5 kim/h, two speeds are chosen: v 25 km/h and
v - 40 km/h. According to the first part of the paper, simu-
lation was effected for the same two points of interest at
the vehicle (SMPT and FRONT).

" ' 't , .
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The results are presented in Figs. 13 to 20. While both types
of analysis show the same trend of increasing acceleration at
increasing speed, it is remarkable that especially at the
speed of v - 40 km/h the time integration analysis shows
nearly twice the acceleration data computed by means of the
eigenvalue/-vctor analysis. Therefore, it is obvious that
for this range of travel speed (with the corresponding dis-
placements and accelerations) the eigenvalue/-vector analysis
does not satisfy the expected accuracy; the reasons for this
effect were briefly discussed in the first part of this paper
(se also /5/).

Part III of the Results

Finally, the influence of travel speed on the ride analysis
(ISO-weighted ride comfort) was simulated for the vehicle
system; also the influence of two tyre-inflation pressures
(TIP I - front tyre: 1.5 bar, rear tyre: 1.4 bar; TIP 2 -
front tyre: 1.0 bar, rear tyre: 1.0 bar) at different travel
speeds on the ISO-weighted ride comfort is shown and briefly
discussed; to show the effect of a seat suspension, simula-
tions are being made for the driver's seat and for the SMPT.
Tyre spring and damping rates were changed according to the
reduced tyre inflation pressure.
In the following figures the boundary curves are plotted for
the different exposure times (according to the ISO standard).
Figs. 21 to 24 show the ride analysis results for the above
points (driver's seat, SMPT) at the vehicle system travelling
at a constant speed of v - 12.5 km/h with two different tyre
inflation pressures (TIP 1. TIP 2) on the ISO standard
"smooth-track" profile; it can be seen, that implementing a
seat suspension has the same effect of improving the ride
comfort for the driver as reducing the tyre inflation pres-
sure. The positive effect an the ride comfort of reducing the
TIP for a tractor with seat suspension can be seen in Fig. 22
and Fig. 24 respectively. As decreasing TIP results also in
increasing traction effort for extreme soil conditions, it
may be of an interest to implement a central tyre inflation
pressure system for a tractor to improve both ride comfort
and traction effort.

Figs. 25 to 28 show the same type of analysis for a constant
travel speed of the vehicle system of v - 25 km/h. According
to the results presented above (v a 12,5 km/h) the same
effect results for the different points, except for the
driver's seat: the expected improvement of the ride comfort
for the driver by reducing the TIP turns into a decrease in
comfort; the same effect at the driver's seat is shown in
Figs. 29 to 32, which present the corresponding simulation
results for the vehicle travelling at a speed of v 40 km/h:
in these figures the acceleration response is "smoothed" at
frequencies above 2 Hz, but in the range of lower frequencies
the resonance peaks increase. In practice. 25 and 40 km/h
would correspond to on-the road tractor speeds, where a low
TIP anyhow is not necessary (to increase traction) or
possible (increase of tyre wear).

K. . 1 , ,



455

Conclusions

The comparison of the measured and simulated acceleration
data for the two fixed points at the tractor chassis show a
pretty good agreement in particular for the time integration
analysis: comparing the results of the two types of analysis
applied, the eigenvalue/-vector analysis will cause some
errors at higher input excitations (increasing travel speed).

The well known effect, of improving the ride comfort by a
seat suspension and by reducing the tyre inflation pressure
was demonstrated. In this context the question arises whether
a central tyre inflation pressure system will
simultaneously improve both the ride comfort and the tractive
.'ffort for a wheeled vehicle operating under extreme soil
-.nditions. The question of whether such a system can be
realised implemented in a wheeled tractor has been answered
ny the engineers at least for general off-road vehicles, but
t remains to be investigated whether the market will aecept

-he additional cost, a detailedi cost/effectiveness analysis
would help the user to make the decision.
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Fig. 31 Simulated (time-integration analysis) vertical
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Fig. 7: Measured vertical acceleration data for the
centre of the front axle in the time domain
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CHARACTERISTICS OF FARM FIELD PROFILES AS SOURCES OF TRACTOR VIBRATION

K. OHMIYA, K. MATSUI
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N
ABSTRACT

0To evaluate farm field profiles as sources of tractor vibration,

0 prfils of meadows and rough terrains were measured and analyzed. A

slope angle measuring apparatus with a vertical gyroscope was made to

measure profiles using the slope integration method. Periodic uneveness

was not found in the measured profiles, therefore it may be assumed that

profiles of farm fields, except plowed field and field with furrows, are

random and non-periodic. Power spectral densities(O.1-3.5c/m) of measured

profiles could be approximated by a straight line on a log-log paper. The

mean value of spectral slope( 2.3) was steeper than that of the recom-

mended classification of road roughness by ISO(TC108), however, it is

suggested that the classification by ISO may be useful to select the

profile of test tracks for the vibration test of tractors or the dura-

bility test of tractors and implemen-s. Then the coherency functions were

calculated to investigate the correlation between two parallel tracks

spaced for the tread width of tractor(1.5m), and the value of the

coherency functions were small beyond 0.2c/m of road frequency. Therefore

it is surmised that profiles of paths of tractor wheels are independent.

V.
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INTRODUCTION

Vibration of agricultural tractors and implements are mainly excited

by the irregularities of terrain, and it is neccesary to investigate the

irregularities of the roughness of agricultural fields and roads. Therfore

many investigators have measured and analyzed the roughness of theml) 2 )

3),4) 5) 67The irregularities of runways , road surfaces and rough terrains 6 7 )

have also been investigated. "Generalized Terrain-Dynamic Inputs to

Vehicle" was discussed by ISO/TCI08 and the profiles of artificial tracks

for the measurement of seat vibration of tractors and implements were

standardized by BS8 ) and ISO 9 ) .

Thus, many reports described the irregularities of various surfaces.

however, the profile of a terrain was inve.tigated as one track and the

irregularity of a terrain was evalued by a measurement of one or two

tracks. As an agricultural tractor runs over a terrain, the tractor

vibrates by the displacement of terrain which acts on each tractor wheel

and it is considered that a tractor is a six degree freedom vibration

s.,Stem. Then. it should be noted that the profiles of terrain are recog-

nized as twi) parallel tracks which a tractor runs over and it is necessary

t,, investigate the correlation between two parallel tracks.

This paper describes the profile measuring system, the roughness of

agricultural fields and the correlation between two parallel tracks which

a tractor runs over.

Power spectral densities and coherency functions were calculated by

the -,mputer in Hokkaido University(FACOM 230-75, HITAC M200).

MFASUR ING METHOD

1. Measuring Method of Profiles of Terrain

The conventions .iwthnd for the measurement of profiles is surveying

by a level and a staff, but it is very tedious and it requires much skill.

!1 P
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Tt is ,Is(, possibl v to measure prof iles by a string and a scale , however,

it i* diff icult to measure them for long period because of the slack of

the string. Therefore many measuring apparatuses for terrain profile have

1o) 11)bven developed Servo-seismic method and surface following wheel and

I inear potent iometer plus accelerometer method 1 2 ) are available for the

.!wasurement of road prof iles, but it does not seem that they are suitable

to measure profiles of a rough terrain suth as seen in an agricultural

field. Then it was found that the apparatus used for the slope integration

13)
meth od , which was developed by the University of Michigan and the Land

,ocom,'t ion Reseach Laboratory, was suitable for measuring of agricultural

f ields. The principle of this measuring method may he described as follows:

the two quant it ies to be considered, namely the elevat ion y and the

h.,r izontal component x of a distance along the groud travel, rmay be relat-

ed hv equat ions:
I

- O sin 0 ds (1)

and

x 4 cos 0 ds (2)

where v0 is the elevation of the ground at the biginning of the run and 0

is the slope angle of the ground under the vehicle distance I from the

origin. To solve the problem two quantities must be measured continuously:

14)the distance traveld by the vehicle,and the slope angle of the ground

The wheelbase of the apparatus affects the accuracy of the elevation

severelv, so the numerical calculations were done to determine the wheel-

base of the apparatus 1 5 ) . In order to measure and analyze the roughness of

agricultural fields, the measured maxirmum spatial frequency nfwy be equal

or below 3-4 c/m, becatus, the essential frequencies of tractor vibration

16)
.rc bel w approxim.ttrlV 8Hz ) and the spatial frequency of 4c/m im,? be

equivalent to the frequencv of 8Hr( of vibration as a tractor runs at a

speed of 2/," .. 10imMi of the wheelbase was selected and a self erect ing

i- .
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gvroscope(Tab. 1) was used to measure the slope angle of the terrain.

Yiz. I shows the general view of the slope angle measuring apparatus. This

apparatus has three wheels, one is the front wheel and other two are rear

wheels. and the radius of wheel is l()Omm. An electric magnetic proximity

stnsor produces a voltage pulse at 3q.'mm increments of travel.

Table 1. Vertical gyroscope

Model V(;21(Tokyo Aircraft Instrument CO.,LTD)

Sources of Electricity 1l 14 t 2V 0.6A

Range Pitch Anglet 55*

Rol l Angle ±70'

Accuracy of Self Erection under 0.4°

Fown r d

Vertical Cyroscope

F cturei( magnetic
rox inity sensor0

measure distance

Mek.tal piece to

measure distanc(,ea

150m

Figure 1. General view of the slope measuring apparatus

Pt- slop, angle- at every 50m increment of travel wre calculated and

pr,,f ile. were calculated by Eq. (3) and (4).

n

Y(n) - Y(O) -_ tan @_, AX
i-i

i-I:

8 4
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- con Ri l",,,& (4)

where Y(n): the elevation at x-. cos 0l 1

Y(O): the elevation at the beginning of the run

A : a tinit travel (5Omn)

2. The Accturacv of the Prof iie Measuring System

In order to inspect the accuracy of the profile measuring system using

the sIlope integrat ion method, artif cial undulat ions were made in a soil

bin and the slope angle measuring apparatus ran over the surfaces of the

art iticail terrain. Fig. 2 shows the elevation of the artificial terrain

and the elevat ion measured by the apparatus.

30L

F 3L TERRAIN
z o MEASURED
0

0 0

0
o 5

0, g.o :00

DISTANCE

Figure 2. The elevation of the terrain and measured

It seems that the elevat ion easured by the apparatus is nearly equal

t.- the elevation of the artificial terrain. The powr spe, tral densities

%,-r. ,alculated and shown in Fig. 3. Powr spectral densities of measured

prtf f ile are al most in agreement below 3-3.5 c/re.

From the results mentioned above, it is possible to measure the undu-

]t ion of the terrain under approximately 0.3m o the wave Iength by the

prcf ile mea,uring system using the slope angle integrat ion method. If the

whi., I bh , of tht, .ppar.,tus is shorter. t h, spat ial frequency of the terrain

whi, h th,, apparatis can measure would be also higher, howver, the appara-

- I Ile

. . .... t : "
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rtis with shotter whet'lbase may not run over the terrain. Therefore, it is

ec'tognized that the profile measuring system using the slope integration

nthod and the slope angle measuring apparatus are suitable for measuring

profiles of agricultural fields.

164 _ 
-

* T(tAAIN

M EASURE~o

101'

a I le UII0

a

FREQUENCY c/m

Figure 3. Power spectral densities of measured and original

RESULTS AND DISCUSSION

1. Measuring Sites

Five meadows and two roads were selected for the measurement and

analyzation of the profiles of agricultural fields, since tractors run

over madows at high speed and surfaces of meadows are so hard and rough

that the vibration of tractor caused by the irregularities of the meadow

may be severe. Five meadows and tw) roads are in the Faculty of Agricul-

ture,Hokkaido University. Tab.2 shows the outline of each meadow and road.

Mfeadow A-I and A-2 are in the same place and profiles of A-i were

measured from east to west and A-2 were measured from south to north.

+I .

K +
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Road F is a rough farm road and G in a conc rete track of t he tractor

pull test.

Table 2. The outline of meadow and road

Name Length Nuwrbers of measured Space of

tracks each track

M~eadow A-I 45m 19 2.5m

Meadow A-? 45m ~ 19 2.5m

Meadow B 2 Sqn 11 0.5m

Meadow C 50. 21 1.5m

Meadow D) SL0M 1 1.5m

Meadow E S0 1.5m

Road F 'lOw 4 1.5m

Road C 35w 2 j 1.5m

2The Roughness of Agricultural Fields

Fig. 4 shows profiles of meadow A-i and Fig. 5 shows profiles of

meadow A-2. It does not seem that periodic undulat ions are not found in

both profiles.

It does. not seem that there are any correlations between the tw~o pro-

file:s that are side by side in Fig. 4 and S. The measured data of the

prof iles were transformed into the power spectral densities (P.S.D.) of

terrain roughness and calculated P.S.D. curves of the profiles uf meadows

and roads are illustrated in Fig. 6-13.

20 )0

DISTANCE

Figure 4. Profiles of meadow A-I

I7

"IT Lz'



480 '
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Figure 5. Profiles of meadow A-2
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*n 0

FREQUENdCY .

Figure 7. P.S.D. curves of roughness of Meadow A-2

10

10

L L

10

10- 1 _____0___

FREQ9UENCY .

Figure S. P.S.D. curves of roughness of meadow B

Ior

1A.04'



482 .

10 10

FRE!QUENCY 1

Figure 9. P.S.D. curves of roughness of meadow C

-0

10

AV.

Figure 10. P.S.!). curves of roughness of meadow D
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Figure 12. P.S. D. curves of roughness oif reado E
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" , 0

10 )a

FREQUENCY ./M

Figure 13. P.S.D. curves of roughness of road G

Fig. 6-11 show that no periodic undulations are found in the rough

terrain like meadows, such as many researchers investigated. As P.S.D.

,urves are illustrated on a log-log paper, curves may be approximated by

one strtight line. ISO/TCI08 investigated the recomended classification

-,f road roughness for the mobile road, and the roughness is classified by

the P.S.D. and P.S.D. curve is approximated by two straight lines on a

log-log paper (Eq. 5,6).

P(f) P(f )(-) -1 (f fo) (5)O f 0

Nt) - P(fo ) -W
PW f)(-) 2 (f af )(6)

where P(fl: P.S.D. of profile m /c/m

f spatial frequency c/m

fo 1/271 '- 0.16c/m

U!.W 2 constant WI-2

2 -2 1.5

.:v- e.
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The roughness is classified into five gradesvery poor,poor,average,

good and very good by ISO. The roughness of meadow A-i, A-2 and B were in

the range from very poor to poor, meadow C and D were in the range from

poor to average, meadow F was in the range from average to good, road F

was in the range from poor to average and road G was in the range of very

good.

It seems that P.S.D. calculated from data obtained may be approxi-

mated by one straight line on a log-log paper. The slope was calculated

by Eq. (7) and the mean value of the slope of P.S.D. curve of each terrain

is show~n in Tab. 3.

P(f) - A (f)W (7)

where A,W: constants

Table 3. The slope of P.S.D. curve

*

Terrain W

Meadow A-i 2.3

Meadow A-2 2.4

Meadow B 2.3

Meadow C 2.2

Meadow D 2.2

Meadow E 2.1

Road F 2.0

Road G 2.0

* W is calculated in the spatial

frequency from 0.1 to 3.5 c/m

The slope recommended by ISO is 2(equal or below 1/211 c/m) and 1.5

(equal or over 1/2ft c/m), and the total mean value of P.S.D. curves of

meadows was 2.3. Thus the slope of P.S.D. curves measured is steeper than

the slope recommended by ISO, as in the case that Fujimoto investigated

17)the roughness of haul roads for earth moving machinery . Therefore the

characteristics of the irregularities of agricultural fields such as

meadows may be somewhat different from the automobile roads, in other

t

jte ~."A
4". ~ -
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words. the amplitude of long wavelength undulation of the meadow is larger

.and the amplitude of short wavelength undulation of the meadow is less

than that of the automobile road. However, the meadow A-i, which was eval-

uated as very rough terrain by our observation, is valued in the range

from very poor to poor, meadow E, which was evaluated as smooth terrain by

our observation, is valued in the range from poor to good and road C,

which is a smooth concrete track, is valued in the range of very good.

Thus there seems to be some correlation between the roughness which is

evaluated by our observation and the classification of roughness which is

recommended bv ISO. Consequently it is suggested that the classificatio

of roughness by ISO may be useful in the selecting of the roughness o'

test track for the vibration measurement of tractors or for the durab it

test for tractor. and implements.

. Correlation between Two Parallel Tracks

A farm tractor hqs mostly two axles and four wheels, thus it runs over

two paralIl tracks. Tractors can be vibrated not only in the vertical

modu,the longitudinal mode and and the transverse mode but also in the

pitch mod,, the r-11 mode and the yaw mode. if the characteristics of two

parallel traks are not the same and each tractor wheel is excited by the

displai.ment of the terrain. Therefore the correlation between the two

;,arallel tracks whih a tractor runs over was investigated.

In this paper it is assumed that the tread width of tractor is 1.5n

wide. Fig. 14 shows one of the example of P.S.D. curves of two parallel

tracks whihh were 1.5m apart. The roughness of both tracks seems to be

almost the same, since both P.S.D. curves are nearly equal.

The mode of tractor vibration depends on the irregularities so that

the correlation between the two parallel tracks should be investigated. If

there is a correlation between the two parallel tracks, the tractor does

not vibrate in the transeverse and the roll mode and does not vibrate in

pt

VA . .
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Figure 15. Coherence function of two
parallel tracks (meadow B)

50.0

-0.6i.

'* 0.?

0.? 0.2 0.4 1.6 6.S 3 3

ISUMENCT I.

Figure 16. Coherence function of two
parallel tracks (meadow D)
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Figure 17. Coherence function of two
parallel tracks (meadow E)
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the input, due, for example. to extraneous noise or nonl inearity o)f the
sse18)2

system Therefore r (f) nearly equal to zero in Fig. 15-17 indicate

that the correlation between the two parallel tracks is very small and the

two parallel tracks are independent of each other.

CONCLUS IONS

(1) An apparatus, which has a self erecting vertical gyroscope, has 'een

developed to measure the slope angle of terrain and the profiles of

agricultural fields and roads have been measured by the slope integra-

tion method. It is found that the slope integration method is suitable

to measure rough terrains such as agricultural fields and the data

obtained contains under 4c/m of likely interest for tractor vibration.

2 Five meadows and two roads were selected to measure the profiles of

terrains in order to investigate the roughness of farm fields. The

roughness of meadows was not the same grade that would compare with

each other, but no periodic undulations were found in all meadows and

roads examined. Therefore it is recognized that profiles of farm

fields, except plowed fields and fields with furrows, are random and

non-per iod ic.

(3) Power spectral densities (spatial frequency:O.l-3.5 c/m) of profiles

measured could be approximated by one straight line on a log-log

paper, and the mean value of spectral slope (2.3) was steeper than

that of the recommended classification of road roughness by ISO/TC108.

Then the characteristics of agricultural fields such as meadows may be

somewhat different from automobile roads. However, it is suggested

that the classification by ISO is useful to select the profile of test

track for vibration tests or durability tests of tractors and imple-

m. nt s.

(4) The roughness of two parallel tracks on which the tractor runs over is

almost the sau,. In order to investigate the correlation between two

464
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tracks, the coherence functions were calculated. Values of the coher-

rence function were small, namely it is nearly equal to zero, so two

parallel tracks are independent of each other.

Consequently, it should be recognized that the roughness of two paral-

lel tracks' are almost the same but there is little correlation between

them, since the value of the coherence function is smaller than unity.

Therefoer a tractor may vibrates not only in the vertical, the longi-

tudinal and the transverse mode but also in the pitch, the roll and

the yaw mode.
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