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AD-P00G4 258

HMODELTSATION DES PNEI'S HORS ROUTES ET DU SOT EN VUE
DE L'AMELIORATION DE LA TRACTION

Prof, Dr.ir. P,F.J, ABEELS
U.C.L., Génie Rural
Louvain-la-Neuve, Belgium

RESUME

¢ trés nombreuses réactions A3 1'introduction de moyens mécaniques sur les
terres agricoles et en forets se font jour en raison notamment des compac-
tages induits. D'autre part, l'évolution hors route doit envisager de
plus en plus de véhicules sur pneus 3 diverses finalités. 11 est donc im-
portant d'aborder les questions liées aux propriétés des enveloppes défor-
mables pour voir de quelle maniére il peut étre possible d'en approprier
la conception en fonction des sols non aménagés sur lesquels ils doivent
cvoluer,

les caractéristiques nécessaires 3 la promotion de nouveaux concepts doi-~
vent mettre en ¢vidence la déformabilité des enveloppes et dégager les
iropriétés de chacune des parties principales du pneu dans la transmission
des charpes sur le support. C'est pourquoi, taux d'aplatissement, taux
d'écrasement, distribution des épaisseurs de matidre sur la section du
pneu, propriétés de 1'épaulement, fléchissement de la bande de roulement,
raideur du tore, caractéristique d'amortissement de 1'enveloppe sont 3 dé-
terminer. La relation pneu-sol ressort des effets de compression, de ro-
tation et de pivotement du pneu sur le sol,

La modélisation qui résulte de la connaissance de ces caractéristiques per-
met d'introduire des concepts et des méthodes de calcul d'enveloppes. La
réalisation de prototypes confirme expérimentalement les possibilités ain-
st develeopples,

AVANT-PRODPOY

Lorsque les altérations et dégdts aux sols prennent une importance exage-
ree en agriculture et en sylviculture, un certain nombre de réactions se
font jour 3 1'encontre de la mécanisation sous la forme par exemple d'in-
terdits souvent subjectifs ou de mesures compensatoires fréquemment oné-
tuses, En effet, 8i une part des causes de dégradations peut étre attri-
buce aux vehicules et machines elles-mémes, c'est bien plus généralement
les opdérateurs qui sont en cause pour ne pas avoir adapté leurs conditions
de travail,

ks lors, les notions de compactage des sols par les effets des pneumati-
ques doivent étre précisées pour 8tre enseignbes et vulparisées., Cette
vulgarisation permettra aussi, d'une pdart de mieux orienter les choix par-
mi les manufactures et d'autre part de sugpérer de nouvelles solutions
pour ameéliorer la propulsion hors route ¢t réduire les impacts des pneus
sur les sols, Des élonomies directes et indirectes d'énergie sont dés
lors possibles en garantissant mieux 1'environnement.

.
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LA MODELISATION DU PNEU HORS ROUTES

Prngus

Le pneumatique recoit les charges reprises par le moyeu de l'essieu d'un
véhicule et qui lui sont transmises par le voile et la jante sur laquelle
11 est monté pour former la roue. L'analyse des effets de cette transmis-
sion porte sur la déformabilité de l'enveloppe et sur les effets enregis-
trés au sein d'un substrat donné comme support.

La déformadbilité de 1'enveloppe torique ou pneu

La déformabilité d'enveloppe est renseignée par les taux d'aplatissement
et d'écrasement qui ressortent de la géométrie externe de l'enveloppe.

11 est connu que ces taux augmentent avec la charge appliquée et diminuent
avec 1'élévation de la pression de gonflage ou du nombre de plis. 1] est
aussi noté que les variations de ces taux respectifs permettent de ranger
certaines manufactures en des catégories différentes de la notion de ply
rating. Les valeurs des variations de hauteur de tore pneumatique &tant
supérieures 2 celles de largeur, les taux renseignés expriment la défor-
mabilité générale du tore d'une part et celle des flancs d'autre part.

I1 reste encore 3 souligner que la coupe transversale d'un pneu révéle

une distribution variable des Eépaisseurs de matidre tout au long des pa-
rois et qu'une pression de gonflage donnée se distribuant &quipr tentielle-
ment dans toutes les directions n'engendrera pss les mémes effets quant 2
la déformabilité. Celle-ci est particulidrement importante sux basses
ptessions de gonflage recommandables en locomotion hors routes et plus
particuliérement sur milieu granuleux.

La variation de la pression de gonflage contribue principalement 3 une mo-
dification de la raideur du flanc de 1'enveloppe et influence peu la bande
de roulement.

L'application d'une contrainte
sur la bande de roulement en-
gendre des sollicitations dans
la section du flanc du type ef-
fort normal, effort tranchant et
moment fléchissant., Une équa-
tion de flexion du flanc soumis
2 une charge et socutenu par une .
pression de gonflage peut s'éta-

blir.

L'expression générale est

y--i--.w_'_l(_x.)_
El El
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o tenc e A ame contioute a Pendroat de UEpaalement
v, vl valiso des ettorts normaux, tranchants et Lertains mo-
. tl 1intss e Coax=ci Stablissent alors cortatnes proprictes de 1a
o oot tersqatelle s'applique sur oun support,
. vooes e ves statiquement en des lieux de la bande de roulement
coreteet Ty qer les deplacements verticaux ainsl causdés,  Le paey
! et des déformations verticales nettement moins importan-
. o etaale oy aussi la pression de gonflage apit comme raidis-—
. , civoviements sent X considdrer,  Le premier invoque Lo orelation

e teoroalement ) lintervention de M'vpaniement.  Le second Gl
. crie D aence de la lonpueur et du onormbre de obarrettes, Plus
PeoLsee ot s bonpaes sont ces hartvettes, moins grande est o i'ingi-
o e s e et lapes Les detormations relevdées dans e osens
g cro s CNgatenr revelent Timportance partnoulivrement prande des
L oot rietent . vendsol o appardatissent comme des licux de poingon-
crer e T atare B poea lorsque senles les taces supérieures des bhar-
et ttenl ur ot sup Tt et 3] ost notd gue la déformation verticale
T ereoate est dlantant plus grands que les barrettes ne couvrent pas

ande de rouienent se congoit bien évidemment comme 1'élément du pneu-
ntact avec le support. Assimilé pour les besoins de son

e poutre de o section unitaire rectangulaire, i1l est possible d'v

¢

et e e axpreasiens cohodes, Les fleches mesurées en divers endroits
o came o we roalement intléchic par des charges permettent d'utiliser
St s e retdrence, Amnst, da tleche ou toa Ta distance x des
1t et b des distanies dan e dfapplication de la charge par
N T A AppuLl s, viaut
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et

Wa (L= %) a1 -a2-%x%) si a<x-1

H1E1

ol W = charge appliquée, M ou F
1 = longucur de la poutre, L
E = module d'élasticité, FL-2 3

1 = moment d'inertie = %%r, LA

Ainsi qu'on peut le voir, la flache prise par la bande de roulement suite
A action ou réaction localisée en sa surface est essenticllement dépen-
dante de F si celui-ci peut prendre des valeurs élevées par rapport 2
1'echelle de variation possible des autres cotes dans la réalisation d'une
enveloppe de pneumatique.

Le pneumatique hors route ou tore déformable distingue les parties flancs,
épaulements et bande de roulement., A celles-ci il convient d'ajouter les
talons qui assurent la liaison avec 1'élément rigide jante asmsocié 1 la
masse du véhicule, par construction. Le schéma du pneu agraire, forestier
et hors route en général est donc :

ROUE J_ ) voile ou disque
Jante 4 talon
PNEU flanc
épaulement
iR bande de roulement
so. !

| support

Les conditions du comportement dynamique du pneu sont approchées en vue
de préciser le mode d'action des charges supportées sur le sol. Un banc
spécial d'essais en statique a été réalisé pour ce faire. Essentielle~
ment, il s'agit de voir comment 1'enveloppe produit un certain "martela-
ge” du sol du fait de la constitution élastique du pneu. Le pneu est
assimilé pour ce faire 2 un systdme composé d'un resasort et d'un amor-
tisseur disposés en paralléle.

..
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la caractéristique de 1'amortissement créé par l'enveloppe du pneu évolue
différemment pour les pneus radiaux et diagonaux. Les dimensions du pneu
inf luencent cette caractéristique, L'élévation de la pression de gonfla-
ge diminue la valeur de la caractéristique d'amortissement et cela d'au-
tant plus nettement pour les pneus diagonaux,

pneus diagonaux

pneus radiaux

p.kPa

- ———v - ~ v v ~—— T — Y

b : caractéristique d'amortissement, kg/s

Quant au degré d'amortissement réalisé par les enveloppes, il apparait
nettement influencé par la pression de gonflage et cela plus pour les
carcasses diagonales que pour les radiales.

8,2

Alagonaux

pheus
radiaux

v ~t - v T = '

€ :degré d'amortissement

P




Crolatnoe pnencoscol o permet dlenrepistrer les ettets au sein d'un sithe-

trat benne comee sapport, o Ces cftets o sont cduses par trois modes dae -
[P e stitoan o sol, a0 savertr
LA coompression guiose tradutt par Dentoncement et saccompapne de
Taveemnte et de compactages poar laisser soit oun empreinte locale
woat e trave, L fest=a=dire HTorniiore;
aor o tation gna o~ traduart o par du trottement et o Jde Placerorhage av
e arracereat de o portions de o solg
« ot ptode avet quioentraine e rdaclaye en surtace duosel,

v e i censiatue an massit hétoropine of coexaistent des partiou-
oy e srameans ot des settes aveo des vides plos o moins distr ibinds

vhoote se X,

v Jde by roue sur le o sol opeat entrainer un tassement structural
e attes tor Toes ansemblapes eldmentarres entre les p;{r[i('ul--s, Ccdauser
Ctlaines cgiescanoos des moltes ol prumeanx on provoquer un conpac tape

textiras attespnant les assemblages clémentaires, Des lors, compression,
tal on et oavetement duofmea auront des conseguences plus oon moins ro-
cooguant g i ttat duosol et plus exactement de la partie supéricu-

\
re oo ld couche arable.

e pengonhenents oxerceés par un pneumatique dans un sol o se traduisent
cart des compressiens localisces dont la distribution, suivant un protil
Transversan a0 Tequateur Jde la trace du pneu, est mesurdée pour restituer

ode ta o bande de o romdement sur e massif o pranuleax.,

teiderant es Gretils dennant Lo distribution des compactapes suivant
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Lt sent o rdrartas cemre s les nonents tldchissants creds par le mode
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Jes modeles d'ottet des Charges sur appuls repris de la théorie de la
testatance des materiaux dontent ce quioest reprisentd aux figures sui-

vantes

s S
B - bhande de roulement T o i
v : flanc > S e
¥ : suppoert, poteau N
R - renfort
w : charge
1 large
largeur F B F
wl R
WOy \/
g
P P /,‘ h ,. ‘\\
s L3 Y
y /) N
A.-_’Z . moments b

- .. 1so-compactages

laboration ¢'un profil de pnew hors route n'entrainant qu'un compac-
tage riduit doit tenir compte des modéles donnant la distribution des
ettets la mieux appropriée pour atteindre ce but. Un tel modéle entend
Jisposer les appuis de [a bande de roulement 3 1'intérieur de celle~ci et

non plus 3 1'emplacement des épaulements.
F F
B

.-

"est ainsi que la bande de roulement fait considérer une poutre de sec-
tron rectangulaire chiarpde ponctuel lement par Wi, “2' Wi,... ¢t soumise
gux conples Jocalises Oy U, 0,000 pesde sur le sol.  La distribution
des reéas tions de contact pr, po, Pyy... DTESt pas confue 3 priori, mais
cliv doat 8tre untforme transversalement et longitudinalement, elle est
proportionnelle 4 la tleche prise, Des lors, 1) est possible de trouver
un coetticient de raidear,  En oeftet, 1 g est la réaction unitormément
repartie sous la bande de roulement, alors

q = pb

onupoE reaction ltocalisse

i
{
Yos larpear
RPN SR - . S g !
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Le deplacement lompltedival du pneu crée 1'ornidre et implante les par-
ties saillantes de la bande de roulement dans le support., Ainsi sc
créent différentes zones de contact au sein de laire d'empreinte qui se
Jétinit a4 chaque instant. les faces tanpentielles au plan du sol distri-
buent les chatyes sur le massit sous-jacent et leur contact procede du
frottement lors de l'application d'efforts tangentiels issus du couple
moteur,  Les faces orthogonales au plan du sol, implantées dans le massif
pranuleux a concurrence de la possibilité de penétration vont solliciter
le milieu en cisaillement,

11 apparait ainsi que barrettes et entre-barrettes jouent des rBles mbca-
niques pour la constitution d'un massif cohdésif, résistant au cisaillement
et offrant les meilleures qualités de frottement tant interne qu'externe.
Vs lors intervient également la nature et les propridétiés des matidres en
contact pour ce qui releve de 1'adhésion entre elles. Ainsi, s'évoque le
debourrage des portions entre-barrettes et le maintien des barrettes au
lieu d'implantation sur la bande de roulement. Ces considérations in-
fluencent les cotes péométriques des barrettes, des entre-barrettes et
des conpés de raccordement des parties salllantes sur la bande de roule-
ment.,

1'APPLICATICN DE LA MODELISATION ET SES RESULTATS
i:l.‘r_ll._l_i-l sation

ve principe de base 3 'claberation d'un pneu hors route comporte la ni-
essite dde realiser ane hande de roulement en encorbellement sur ses ap-
piin, s lars, pour une largeur de pneu donnée ou imposée en taison des

eripences de travaill, comme en labour par exemple, les ! tlons sont places
v hinterieur de ta largeur,  La localisation en est calculable. Le re-
mrs oun moule classique permet un déplacement d'une portion des flancs

“anivre 4 repondre 3 la condition premiére.  Ce type de pneu hors route
ot denomme Camel Shoe et svmbolisé par €S,

Ces premieres applications du principe sont obtenues en techappape de car-
ASSes approprices.,

Pexpérimentation et les résultats

Compe pour ies nneus de manutfactures classiques, les versions €5 sont soa-
mises aux essais de déformation, d'empreinte et de transmission de couple
en procédant aux bancs statiques., Les conditions de réponse dvnamique ot
ies pertormances sont analysdes sur pistes d'essais et en travail sur le
tervain,

D'une maniere géndrale la déformation du tlanc d'un C$ est plus prande que
celle d'un pneu classique mais ses variations sont plus faibles car le
protail détormé devient moins deépendant de la pression de pont lage comme
aunst de la charge.

Des lors, la surface de contact etfective de la bande de roulement augp-
mente,  Comme 1l a été constate des protondeurs d'entoncenent moins pran-
des que pour un profil classique A mémes pressions de gontlage et charyes
1l faut noter que ces dernieres e répervutent plus et mieux sur la matie-
re des flancs.  Artast, ba souplesse donnde aux flancs engendre-t-elle un
metllear contort et provogue-t-elle un meilleur transfert des charpes vers
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S bande e tonbement sans aaduire des pmonents de tlexion trop importants

Pinocpanieme nta,

e vateur s de o modole de o ripidite specitiques aux parties do flane sont

cotae s crmarte s poutr denx tupes de pnegs

Poea classique Pneu €S
¥
ATt Modile de cipidité, daN/em”
Frativement JL000 47000
Myt da tiam OO0 15500
alen Ja000 42500
Vi oen totalite L4000 41000
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con pmvis presentent pea de ditteéronees en movenne, toutefois les réparti-

’
t1ons des valears sont inverses quant 3 leur prandewr pour chaque partie.,
s lere, poar une meme distribution des Epaisseurs de maticre il faut
Vattondre oodes determations semblables au talon et a ' épaulement alors
o o cambrure di tlane proprement dit oest plus impertante dans le cas

Cos cartermances de traction ohtenues aveo ditférents pnens sont dvaludes
oo tenant compte de da conseommation de Yuel, du répime moteur, de la vi-
teese davancement, du glissement relatit, du travail ettectud. Ce der-
Lier ot erne des travaux apricoles de [aboar, de hersage et de traction,

Aditiens novennes similalres intéprant les variations rencontrées sur un
terraln dans les memes circonstances,

C'évcdution des valeurs mesurées des surfaces comprises entre barrettes
snsecutives de memes profils de bande de roulement en deux conceptions

d¢ manutacture - (lassique ¢t €S - permet d'apprécier 1'incidence de la

sression de opontlage pour une meme charge.

Evelution de la pression de gonflage,
Pneu kla

[J0 2 160 160 a4 200 120 3 200

Réduction de la surface de contact, 1

[ a2 b3 13 8 a 13
Classique b 24 3

[l eot evident que le type CS viérifie 1'indépendance plus prande vis-a-vis
ieola pression de pontlage et cela pour toutes les charpes admissibles,

Ces o pertormances de traction sont lides direstement d la surface eftective
de ontact des barrettes de la bhande de roulement,. Des valeurs expérimen-

tales sont Jonnees crmapres,
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Operation Labour | Labour 2 Hersage
Prcu (B ORD S ORD s ORD
S icie avatl- . ,
uperficic travail 0,02 0,19 0,22 0,20 0,66 0,61
lee, ha/h
Volume travaille, 792 5113 HbhO 450 1780 1220
m‘/h
consommation 4
P'unité de volume, t,2 H,4 7,1 9,0 1,8 4,1

ml/m’

;

L.abour = sans blocage de différentiel et sans 4 x &
;

)
Labour 7 = avec blocage et 4 x 4

Prauties essais confirment ces valeurs. Elles se traduisent lors dfexpé-
riences pratiques A la ferme par unc pussibilité de recourir 3 un tracteur
de moindre puissance motrice pour eftectuer un méme travail en des condi-
tions semblables, 11 faut noter que le CS permet de travailler plus effi-
cavement A basses pressions de ponflage et qu'une premiére comparaison en-
tre des profils différents de bande de roulement n'a pas démontré d'avan-
tages, o tout ctat de cause, les plissements enrepistrés se révelent
toulours plus faihles avee les manutactures CS,

CONCLUS TONS

j."expérimentation en statique et on dynamique sur pneus agricoles et fo-
restiers permet de quantifier des caractéristiques physiques propres aux
enveloppes manufacturdes, Parallélement, 1'observation des effets dans
i~ milieux granuleux autorise l'élaboration de moaéles interprétatifs,
c'atilisationde ceux~ci dans la conception de nouveaux profils transversaux

ssdature permet alors le caliul raisonnd de la composition ou de la pre-
sentation des enveloppes,

La realilsation experimentale de pneus suivant les informations caloulées
permet de procéder ) des eswsars qui ocontirment les modéles ¢labordés.,  La
standardisation des méthodes de test des pneus manufacturés, telle que de-
T4 suggerce Jdans une communivation précedente, est done blen de nature a
micux renselgner les utilisateurs quant aux conditions d'utilisation et
ane cvolution des techniques de manutacture peut également ¢tre envisagde
A partir de (onnaissances que la recherche a permis d'initier,
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MODELLING OF OFF-ROAD TYRES AND SOIL FOR IMPROVED TRACTIOGN

PROF. DR. IR. P.F.J. ABFFLS
INTVERSITE CATHOLIOUF DFE LOUVAIN, GENIE RURAL, LOUVAIN-LA-NEUVE, BELGIUM

TPANSLATED BY S. HECAPTY, NIAE, SILSCE, ENGIA'D

Abstract

‘Many effects have been cbserved as a consequence of introducing machinery
to agricultural land and forestry. 1In the main these effects are due to
induced campaction. Moreover, off-road development must look to more and
more vehicles with different types of tyres for different purposes. Thus
it 1s important to deal with the problems of flexible tyres in order to
see how it may be possible to adapt their design to the unprepared soils
on which they must nmn.

The characteristics necessary for developing new concepts must include
firstly the flexibility of the tyre identifying the properties of each of
the principal parts of the tyre in transmitting loads to the supporting
surface., That is why the followino parameters must be cdetermined:
load—deflaction relationship, variation of thickness of material over the
tvre's section, properties of the shoulder, deflection of the tyre tread,
stiffness of the torus, and the damping properties of the tyre. The
tyre-scil relationship is related to the effects of campression, rotation
and turninq of the tyre an the soil.

The mixk-11ing which results from the knowledoe of these parameters has
enabled introduction of concepts and methods for designing tyres. The
productian of prototypes has confirmed experimentally the potential thus
developed.

Foreword

when deformation and damage to soil take on exaggerated importance in
agricuiture and sylviculture, a certain number of effects appear as a
result of mechanization in the form, for example, of often restricted
operations or frequently onerous remedial measures. Indeed if part of
the cause of the damage may be ascribed t. the vehicles and machines it
is rore generally the case that their operators are at fault for not
havinag adapted them to their workino conditions.




Toe ideas of soil campaction due to tyres must be specified in order to
be understood.  This will also enable a better choice for manufacturers
on the one hand, and proposals of new solutions for improving off-road
locamotion and reducing the effects of tvres on soil on the other.
Direct and indirect savinags in energyy are thus possible through better
protection of the environment.

MODELLING OFF-ROAD TYRES

Introduction

The tyre 1s loaded through the axle of a vehicle; loads are transmitted
throuah the wheel disc and wheel rim on which the tvre is mounted to form
the wheel.  The effects of this transmission an tyre deflection and on

tre effects recorded in a supporting medium are analvsed.

Deformability of the toric casing or tvre

Tyre deformability is measured lry the load—-deflection relationship and
the external gexmetry of the casing. It is known that the values of
these pararcters increase with applied load and decrease with increasing
inflation pressure or ply rating. It has also been observed that varia-
tions 1n these respective parameters enable certain makes of tyre to be
pat into ply rating categories. Variations in torus height being
areater than variations in width, the measured parameters express the
general deformability of the torus on the one hand, and of the sidewalls
on the other. It should stil]l be stressed that the cross-section of a
tyre reveals a variable distribution in thickness along the walls and
that an amidirectional equipotential inflation pressure will not agive
rise to the same deformation effects. This is particularly important at
the low inflation pressures as recammended for off-road operation and
more especially on a qranular medium.

The variation in inflation pressure contribites mainlv to a modification

in the stiffness of the sidewall and has little bearina on the tvre tread.
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The applicatian of force to the tread
gives rise to normal and shearing forces
and a bending mament in the section of
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:

= - Wyl

M
Y& 3

By retaining a unit of sidewall formed by a sectian 1 an wide we have:

Y= - W.ylx)
3
E .e /12
and e =<— 120,y /3
E .Y
r
where e = thickness of the sidewall
W = load
Y = bending deflection
E_: Young's modulus of elasticity

Thus, the casing thickness at each point depends on the value of Er aiven
to the sidewall, the applied load and the tolerated bending of the side-
wall for the deformation, given that deformation is a function of infla-
tion pregssure. One of the parameters may be calculated using camputer
programming whilst the otherms remain oconstant.

The deformation of the sidewall is determined by effects in the tread
because of the existence of continuity at the shoulder point. In fact
normal, shear effects and certain moments are localised at the shoulder
and they then establish certain tread properties when the tread is
applied to a supporting surface.
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The loads exerted statically on the tread can help us to understand the
vertical displacements thus caused,  The crossply tyre exhibits vertical
deformatians which are clearly less than in the radial. In this case the
inflation pressure alse acts as stiffner, but two factors should be taken
inte acomunt, faratly the subkswall-tread relation at the shoulder and
socondly the lenath and temdsr of luas. The more numerous and the longer
the e, the gnatler the offect of inflation pressure. The deformations
v an e transverse Jdirect ion on the centreline show the particu-
tarly areat ampertance of the lug fallet radii. These appear to be
Laves o andentat ion in the carcass of the tyre when only the tips of the
treae bars sapert the load and it 1s bserved that the vertical deflec-
slen an the transverse section is so areat that the lugs do not cover the
centre Lane.
The tren ol the tyre 15 clear Iy ddesianed as the part of the tyvre in con-
TACt wWitl trae aroemd, Samulated for the neads of the stidy to a beam of
rectanmilar it sect on, 1t s possible to apply known relations. The
aflections measured at different locations of a tread inflected by loads
rreible use of reference erpuations. Thus the deflection (f) at distance
f1’'m the supperts for a and b, the distances from the point of applica-
vior of the Ioad with respect to the same supports, is given by:

W bx 2 2o L2 .
T (1« - x<) if x<a
and wa (1 - x) 2 N .
— 2L - - % 72¢
61 E (2x1-a xd) it z<x<1
where W applied load

1 lersth of the beam
modulus of clasticity

I - mawent of inertia - bh3
12

Thus as ray be seen, the deflection in the tread followina localised
action or reaction on 1ts surface 1s essentially dependent on E if 1t can
take values which are rmeat ampared with the possible scale of variation

of the other values 1n the desian of a tyre.
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The off-road tyre or deformable torus distinguishes between the sidewall,
shoulders and tread.  To these we should add the beads which enswe
contact with the rigid rim, part of the vehicle mass by virtue of :ts
construct ion, The fiqure below is a general diagrammatic representation
of the field, forestry and off-road tire:

disc or wheel Misc

wheel _[_
rim

bead
tvre sidewall
‘ shoulder
tread
sl 7

support oroundd

Fia., 2

T conditions af the dynarmac behaviour of the tyre = aproached with
1 view to specifyinag the mode of action of the loads supported on the
s11. A special static test rig has been designed to this end.
masically 1t 1s a matter of seeing how the tyre produces a certain
windentation in the seil due to 1ts elastic nature. The tyre is simu-
Iated so that this may e studied on a system comprising 2 sprina and o

Awgsr in parallel as allustrated in the diagram below.

“r stiffness .
b dampine charatteristic ¢
Fig. 3 ’
~ R -~ -
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The stiffness of a tyre increases with inflation pressure, for both

radial and diaamal tyres. No effect has been found due to ply rating.

¢ ,N/m

L p, kPa

~ \ 1 ~r

Variation in stiffness as a function of inflation pressure
Fiqg. 4

kadial and cross-ply tyres have different damping characteristics which

arc also influenced by their dimensions. Increased inflation pressure
reduces the damping, particularly with cross-ply tyres.

kg/s

Cross-ply tyres

\

1 radial tyres
p.kPa
L : damping factor, kg/s
Fig. 5
- —
-

2
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napinag ts clearly influenced by inflation pressure even more withh Cross-—
plies than with radials.

8,3

cross-ply tyres

ANS
! s radial o~

N tyres
N

~

S

p,kPa
v - ~r - —r T —v v B
e  dapina dearee
Fig. 6

Tyre-soil relation

The tyre-scil relation allows the effects within the supporting medium to
be understood. These effects are caused in three ways by the action of
the tyre an a soil:

1. aampression which is shown by sinkage and which is accompanied by
ompaction and packing leaving cither a local print or a track i.e,
the rut;

2. mtation which 1s shown by friction, grip, smearina or breakine away

<€ Llackz Gf so1l;

paoeoting movement which includes scraping twe soil surface.




The st constitutes a heterogeneous or coexistent mass of particles,

hry s oand clads more or less evenly distriluted or in networks with voids.

Teopaseine cf the tyre over the soil can 1ol to structural compact ion
witlput affecting the basic inter-particulate st nxcture, cause sane
dalesconce of haps and clixds or lead to textural packinag affecting the
tasie Srrktture. Hence aompression, rotation and pivoting of the tyre
wili have oonsogences which are more or less reversible as far as the
state of the wl is ooncerned and whiteh will affect the top arable soil

Layers,

Dndentat bons by tyre are shown by localised crepression, the distribu-
coor st s reasured from o transverse profile at the centreline of
e wWAencl TOIY, 1 order o reconst et e wtion of the fread on the
CEATLLY T

Poovnsoe i these ot les aroined e oot pon st ridat ion acoordine

Tootiw P TANEVOrSe SeCon W may state that fhe ef ot s tusrr to e dijstry-
et as ot the bendina rorents croated ot rade of fransfer of the

e amothe tread ar o the shimlidere v 10 be vapressed in the aqranolar
Sas cf the sgvrtimeg sl T toellomn s Jhiaarams serse te o ltastrate
. TErmation as o fanet o C ol whiere o m 1ar coegact 3on oeenr s

Love—regact ton)

’ PR ' PR
P AN J ‘4 Y . .
; v, | NP2 : \ ’
vy \ YR !
. T 1 /
. \
, C \ ’/
| ] 1 &C—CrTRAct jon b
e 7 ' v
! | ' !
IO S 1 I
YRONTTION
frstraiat o A Cigtritat on b the agencral
situation
Fig., 7

T A s L | . - W L0\t e




The mixdels of load effects on supports taken from the theory of the

strenath of materials aive what is shown in the figqures below.

Lo wl ¥ ¥
PTIIIT ‘b b §5

i3 3
B . tread . -
F oo osidewall S -
P osupport \‘.’

R : i .
reinfe roe-, Toar

ment ' I widthy ¥ P F
- A (E ¥ & §
IH]TL‘I%HIH 3

it 3 ¥ . . N
’ . ¢ N
- ’ .

_“-"3 Coerente o

1so—oorpact 1on

Fig., 8

The burlding-up of an off-road tyre profile which only involves reduced
rgact 1on mist take into account models which best give the distribution
¢ offects to attain this aval., such a model requuires the tread supports
te be moved from the shoulder redion inwards towards the centre of the

trexd,

Fig. 9
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This 1t 1s that the tread leads us to consider a beam of rectancular

section loaded at antervals by w‘, W,, W, ...... and subjected to
e

'
localised couples O, C;_,, Vs eeee 0N U\i so1l.  The distribution of
Nt act react ions P,l, Pz, P}' ..., s MOt known a priori, but must be
‘ransversely and longitwdinally uniform; it is proportional to the

bencdineg, it 1s thus possible to find a stiffness. In fact if  is

| the mifermly distributed reaction under the tread, then

28
where v localised reaction
t width

iy substitution of p - -ky, the relation between « and y being given by

4
s XY 4
axd F1
_ 4
we aet dy -0
axi * El )

where k 1s stiffness.

The units concerned are:
v, an; b, an; ¢, kg/an and k, kq/an3

with k beinc defined as sinkage depth under a pressure of 1 kq/cnz.

The product kb gives units of kg/cm2 and is equivalent to the modulus of
clasticity to be found for the soil. Thus the value of k is related to
deformability of the ground and acceptable sinkage.

h Rotation of the tyre in contact with the soil leads to friction and grip
te provide propulsion, i.e. the reaction to the application of the engine
torque. The tread must possess or create the conditions necessary for
wbtaining this friction and grip. The following interpretive diagram
may be proposed.




a

W : load

¢ engine torque

; distributed loads
: effort applied

M’f}}j

: frictional zones

: shearing zone

: initial soil conditions

: s01] oonditions under the lugs
: 1inter-lug so1l conditions

.

2RI

: 8011 after passage of the wheel

Fig. 10

The forward movement of the tyre creates the rut and implants the lugs in
the support medium. Thus different contact areas are created with the
iprint area which is continuously defined. The tangential faces at soil
level distribute the loads on the underlying soil and their contact gives
way to friction when tangential forces are applied from the engine torque.
The orthogonal faces at soil level, implanted in the granular mass up to
the limit of the possibility of penetration are going to shear the medium.

It thus appears that lugs and inter-lugs play mechanical roles in making a
avhesive mass, providing resistance to shearing and increasing friction
both internally and extermally. The nature and properties of the
materials in oontact with the soil also have a role to play in so far as
there is adhesion between the tyre and the soil. This is relevant to the
cleaning of inter-lug areas and the strength of the attachment of the lugs
on the tread. These factors affect the geametrical positioning of the
lugs, inter-lugs, and fillet radii of the lugs on the tread.
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APPLICATION OF THE MODEL AND RESULTS

Development of the model

The underlying principle in the development of an off-road tyre is the
need to produce a tread of corbelled construction on its supports.

Hence for a tyre of given width, or for a width determined by a particular
application such as ploughing, the beads are placed inside the width.

The position may be calculated. Use of a conventional mould allows dis-
placement 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 Camel Shoe and
dencted by CS.

The first applications of the principle are obtained by remoulding of the
appropriate casings.

Experiments and results

As in the case of conventionally manufactured tyres, the CS versions are
subjected to static tests for deflection, sinkage and torgque transmissjon.
The dynamic response characteristics and performance are analysed on test
tracks ard in work in the field.

Generally the sidewall deflection of a CS is greater than in a conven-
tional 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 smaller than for comventional profile at similar inflatjon
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 oamfort and
better load transfer to the tread without inducing berding moments whicn
are too great at the shoulders.

R T
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The 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/an

Tyre part Conventional tyre | CS tyre

Shoulder 22 000 47 000

Middle of sidewall 54 000 35 500

Bead 24 000 42 500

Camplete sidewall 34 000 41 000
(mean modulus)

On average there are few differences between the 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 shoulder although the camber
of the sidewall is, strictly speaking, greater in the CS.

Traction performances cbtained with different tyres are evaluated by
taking the following factors into consideratiai: fuel consumption,
engine speed, forward speed, slip and work done. The latter concemns
tasks such as ploughing, harrowing and traction, similar mean conditions
which integrate the variations encountered on given terrain under similar
circumstances.

The development of values measured fram areas between consecutive lugs of
the same tread profiles in 2 mamufactured designs - conventional ana CS -
enables appreciation of the effect of inflation pressure for an identical

load.
T Tyre mflaiégn pressure
120-160 | 160-200 [ 120-200
Decrease in contact patch area, %
cs 1-2 6-13 8-13
Conventianal tyre 6 24 n
DRI SRII S o s > < = e e e
r— '




It is cbvious that the CS verifies the greater independence with respect
te inflation pressure, and this applies to all acceptable loads.

Traction performance is related directly to the effective contact area of
the lugs on the tread. FExperimental values are given below:

Operat ion Ploughing 1 Ploughing 2 Harrowing
Tyre cS QON cs QN cs QN
Area worked, ha/h 0.22 0.19 ] 0.22 0.20 ] 0.64 0.61

Volume worked, m3/h 792 513 | e60 450 | 1280 1220

Fuel consumption
unit volume, ml/ 6.2 8.4 71 9.0 1.8 4.1

Ploughing 1 : without differential locking or four-wheel drive
Ploughing 2 : with locking and four-wheel drive
CS : Camel Shoe OOR : conventional tyre

Other tests confirm these values. They may be translated into practical
farming terms by the possibility of using a tractor of less power to do
the same work in the same conditions. It should be noted that the CS
enables more effective work at low inflation pressures and that a first
camparison between different tread profiles has not shown any advantages.
In any case recorded slippage is always less with the CS.

QONCLUSIONS

Static and dynamic experiments an agricultural and forestry tyres enable
quantification of the physical characteristics of manufactured tyres. At
the same time, cbservation of the effects in the gramular mass helps in
the development of explanatory models. Their use in the design of new
cross-sections thus enables reasoned calculation of the construction of
tyres.

After experimental production of tyres fram the calculated data, tests may
be carried out to justify the developed 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 fram this research as a starting point.

SRR ——— - - = T —— -
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DEVELOPMENT OF A SOIL-WHEEL INTERACTION MODEIL

George Y. BRaladi (Member, ISTVS) and Behzad Rohani

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

ABSTRACT

The development of a mathematical model for calculating the motion resis-
tance, sinkaqge, drawbar pull, torque, and side force for a flexible wheel
traversing a yielding (or deformable) surface is described. In order to
make the problem tractable, the deformed boundary of the wneel 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 single wheel tests on both
clay and sand with the corresponding model predictions.

L
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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 sinkage,
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 problen'(Rpference 1). Unfortunately, these
empirical equations are not generfc 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 un the kinematics of the wheel {s
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 {ntroduced 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. The 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 {nteraction and recommended an
empirical relation between the mobility ccne index (CI) and the radial

stress.

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

wheel interaction model that 1is free from excessive empiricism and is
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general enough to treat a wide range of problems. The core of the model
ix 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 sofl (such as cohesion, angle of
internal friction, density, compressibility, etc.). Accordingly, the
mode]l can be 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.

To demonstrate the application of the proposed model, a series of para-
metric calculations {8 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 i8 to
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determine the wotion resistance, drawbar pull, torque, effticiency, and
side force for a flexible wheel traversing a ylelding 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 {n Figure 1 where " denotes the deflection of the tire at point A.
In practice, % {3 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 1is specified by

hl (Figure 1). If the deformed section of the tire {s characterized by a
continuous spring with constant kt , then the vertical differential force

dF applied at point B can be expressed as

dF-kt.‘xlcos'ldu......................... (1)

From Figure 1, L] can be expressed in terms of A , 1 , and the unde-

flected radius of the wheel R

P -R-A‘n-R - -A
" R <o Tonn [coau (1 R)] e e e e e e e e e e e e e e (2)

Substitution of Equation 2 into Equation 1 leads to

dF = Rkl[cosu - (l - %)] da e e e e e e s e e e e e e e e e e 3)

Also, from Figure 1,

x|

cos 3£ =1 -

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

can be expressed as

" ]
Lt L

2

2
4
H-ZJ‘dF-ZRktI(coou-coaz—t)da............. (S)
o

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

UNLOADED SECTION WIDTH (D)
UNLOADED RADIUS (R)

UNLOADED SECTION HEIGHT (h)
DEFLECTION AT GIVEN LOAD = a/h

Q) ¢
: A

SECTION A-A

&L -

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

constant kt

k, = = )(6)

The spring constant kt can also be expressed in terms of 4 by com-

bining Equations 4 and 6:

k = e e e e e e e e e e e N

Equation 7 is portrayed in the top of Figure 1.

Spring Constant for Soil

lLet e be the radial stress necessary to maintain a slow expansion of a
spherical cavity in an elastic-plastic medium from radius Ro to R
(Figure 3a). The radial stress 9. is expressed analytically in terms of
the shear strength parameters and the volume change characteristics of

soi]l (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 ks . From Figure 3a, the spring constant ks can be expressed
as

(- ),
ks'-—‘-R——_—‘r'"(R*RO)OC e e e e s e e s e e e e e e e e (8)

where R - Ro corresponds to spring deflection. Now consider a wheel of
radius R embedded in soil to a depth R - Ro (Figure 3b). The normal
stress at point A resisting the embedment of the wheel {s assumed to be
equal to the radlal stress Te inside the expanding cavity, Similar to
expansion of the spherical cavity (Figure 3a), the resistance of the soil
to the embedment of the wheel can also be simulated by a continuous spring

with constant k‘ given by

. W A e 4 e e, ms o e, s
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a. EXPANSION OF SPHERICAL CAVITY

ANALOGY BETWEEN A WHEEL EMBEDDED IN SOIL AND CAVITY EXPANSION PROBLEM

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

i
M
i
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RD
ks-i—:—Tvc........................... (9)
(&

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

Fquations 8 and 9 we obtain

R+ R )[R -R
( :l( °)-1........................(10)

where, from Figure 3b

R*R-R(l#cos—i)....................... (11)
o 2

R-R-R(l—cos-—s)....................... 12)
o 2

Substituting Equations 11 and 12 fnto Equation 10 and solving for

cos "s/2 and by v e obtain

cos 53 -“l - gi O @ B ) )

B .. ()

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

expression for the spring constant ks

k-"R(l#Jl-Q——)“...................... (1s)
[ R C

It {s clear from Equation 15 that the apparent spring constant of the soil

isn a function of the engineering properties of soil through " and the

geometry of the tire.

Fquivalent Spring Constant for the Soil-Tire System

The mode]l of the sotl-tire system Iin terms of the spring constants k and

k” fs portrayed in Figure 4. The equivalent spring constant ke fer
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a. SPRING CONSTANT FOR FLEXIBLE TIRE (kt)

b. SPRING CONSTANT fOR SOIL (ks)

ke k
c. SPRING CONSTANT FOR SOIL-TIRE SYSTEM ks—’t—
S t

Figure 4. Equivalent spring constant for soil-tire system
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the soil-tire svstem can be determined from static equilibrium and i{s

given as
kl ks
- - TS S S T 6
ke kq + kt (16)

Normal and Shear Stress Distributions at the Soil-Tire Interface

I ARG o g = - . R et

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)

] k Ricosa - cos 2) cos(a + il da
“) dy = 8 2 2

dF = I)RuN ros(1 + 7 N ¢ V)

cosa

Figure 5. Normal stress distribution along the
soil-tire interface

Solving Equation 17 for Gy v ve obtain

ks(rusn ~ s %)
- e R €3

1w -

N D cosa

In view of Equations 9 and 12, Equation 18 becomes
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Eguation 19 describes the distribution of normal stress \ at the sofl-
tite interface.  Sote that at point A (Figure 5) where 1= 0, Equatfon 1%

tndicates that N which is consistent with the assumpti{on made in
the srevious sections,  On the other hand, at the tree surface where

o0 ) tFigure S5) Faguation 19 fodicates that Wt 0 at these pointsy,
tonstder now A tire with turn angle - with respect to the direction ot
motian,  The plan view of the tire i shown in Figure ba. 1T «lip in the
piane of the wheel is detined by the slip ratio S , then slip in the

direction of the motion can by expressed as

S

o Case

DIRECTION OF MOTION

pBp MF

"Wy
+——— SF
PAVAVAV )
™
MR
3. PLAN VIEW b. STRESS DISTRIBUTION ALONG
SECTION AA

Figure 6. Geometry of the tire with turn angle n

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

the wheel ’p and N respectively, can be obtatned from the rheological
40{] model presented in Reference 9. ‘

- S s Vet R AR @ S

.- N
h N - .. -
e Cm ¢
P— ; ,,?” . 0.
IR 4 TRters %
vy . vy
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Combining Equation 20 with the rheological soil model results in the

following expressions for xp and 1

N
c(c +a uno)s
. - N (21)
tp GST - . - . . . 3 . - - . . - - 3 . . . - - .
[—==~] 4+ ¢ + o, tané
|cosn| N

C(c * g (an@)s tann

' O V73]
N |-Ls—[ +C + oy tans

jcosn

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

¢ correspond, respectively, to shear modulus, cohesfon, and angle of

, C, and

internal friction of the material.

Deflcction and Sinkage of a Flexible Tire

If the deflection of a flexible tire on a rigid surface under a given load
W 18 denoted by . (Figure 1), then the corresponding deflection on a
vielding soil 1‘ (Figure 7b) can be determined from the concept of the

vquivalent spring constant

',l'k-—*k—.‘............................(23)

Similarly, 1if Zr is the sinkage of a rigid wheel under a given load W
(Figure 7c¢), then the corresponding sinkage Z of a flexible wheel
(Figure 7b) is

k
. t
,’.'(k——;—k—'>zr..........................(21‘)
s t

The sinkage Zr can be calculated from the balance of forces in the

vertical direction (Figure 8a)

:l
( "1 "1

W o= DR j{’ucoa(‘x+—2——)+xsln(u+-2—-)]du B V33
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b. SINKAGE OF A FLEXIBLE WHEEL

Figure 8. Geometry of the problem

where oo s given by (see Equation 19)

. (cuun - cos 51),c
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The shear stress © in Equation 25 can be obtained from the rheological

soi] model described in Reference 5 and has the following form

Gl ¢ g tanz)s
T e ——— L L . e e .. .oQn
GS, + O+ N tan:

where N is given by Equation 26, [he solution of Equatfon 25 leads to

an expression tor " The actual sinkage Zr can then he calculated

from (Figure 7¢)

Sow RIL - cos e e e e e e e e e e e e e e e e e e e e e . 28
r 1

Relationships Governing Single Wheel Performance

teometry of the problem

Consider the geometry and boundary conditions for a flexible wheel-soil
system shown in Figure 8b. The contact surface between the wheel and the
s0il 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 rigild
wheel is the radius equal to the undeflected radius). The center of this
circle 0' s 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 2 , and the deflection

1

of the tire Ll is

-1 Z "t
| = cos (} “ R i—) e 1)

-1 "o
2 cos (1 - i~) OO (0]

R - O & T8
1
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Using Equations 29 and 30 to eliminate 7 from Equation 31, we obtain the
following relation for R' {n terms of R and the central angles “1

and “2

R"R“‘“"-H—— ...-..............-.....(32)

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

hetween the sofl and the tire.

Tire internal motion resistance

The internal motion resistance (IMR) of the tire Is expressed in terms of
the detlection of the tire on a rigid surface. Data from a number of
experiment s where IMR has been measured are portrayed in Figure 9 (Refer-
ence h), which shows that IMR increases rapidly with deflection. The

dashed curves in Figure 9 are approximate upper and lower bounds to the
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tent data. The solid curve in Figure Y mav be viewed as the average
Posponse and is titted with the tollowing mathemat fval expression for

calvulations of anternal motion resistance:
St ] w
vk o= a0 e ol O 4 K
' [“‘h hJ] {n
Motien resistance, drawbar pull, torque, efficiency and side force

We can now proceed to develop appropriate equations tor motfon resistance
(MR), drawbar pull (NBP), torque (), and efficfency (E). Ffrom Figures 6

and KL

MR = R'D f " sin(- + -—L,—z-)dn + IMR + MF cos . . . . . . . . (34

ST
Y
2 [T
L] 1 2
DBP = R'D rpcos1+ 3 du - MR S & )
i
2
)
2 R sin"
T=R'D : R' - ———————— cosalda T & 1Y
p 2] -t
o tat2) 2
2
DBP

Ee=m =Sy (R-u) oo oo e D)

where g and Ip are given by Equations 19 and 21, respectively, with

sin2
7). stn . Similarly,

replaced by 1 - 2 , and MF = R2<“l -

from Figures b and 8 the stde force (SF) in
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-
where - is given by Equation 22. The above system of equations pro-~

N
vides a complete solution to the performance of a flexible tire traversing

a vielding 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

fa this part, the performance of a flexible wheel on boih clay soil and
sand {s parametrically investigated (for =~ = 0). 1In 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

the flexible wheel used for the central case is 14.1 {n., its width is

8.28 in., and its carcass section height 13 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.

ﬂjnkage

The results of the calculations for assessing the effect of sofl type,

=lip ratio, and tire deflection on sinkage are presented in Figures 10
through 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 §s portrayed in Figures 1] 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 deflection. Beyond 40 percent deflection, the rate of

decrease in sinkage is small.

Motion Resistance

The effects of sot]l type, slip ratfio, and tire deflect{on on motfon resis-

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




51

56 LEGEND
] —~ - V5 PERCEMT DEFLECTION

a« | e 35 PERCENT DEFLECTION

<64

3

g e

LI o

0»0} " 4 " e 3
0 4 60 100
SLIP, PERCENT
Fitgure 10. BRelstionship between sinkage

and slip ratio for clay

o. LEGEND
——— 15 PERCENT DEFLECTION
0.& ------ 3% PERCENT DEFLECTION
o
/

SINKAGE 1/R
=]

0.6 LEGEND
o 5 PERCENT SUIP
...... 20 PERCENT SLIP

w5 0.4F

KAGE
4
7.
g

=42t ‘\‘

Y

[} A A n J

) 20 40 60 80 100
DEFLECTION, PERCENT

Figure 11. Ralationship betvesn sinkage
and tire deflection for clay

LEGEND
——— 5 PERCENT SLIP
...... 20 PERCENT SLIP

|

oc[ s . - A
0 20 40 60

SLIP, PERCENT

Figure 12 Relstionship between sinkage
and slip ratio for ssnd

0 20 40 60 86 100
DEFLECTION, PERCENT

Yigure 1}. Ralationship between sinkage
and tire deflection for sand

203 LEGEND 20.6f LEGEND
 § : —- - — 15 PERCENT DEFLECTION ¥ ‘ e —— % PERCENT SLIP
|
'g‘ 0.2; ------ 35 PERCENT DCfoCH?N go“ ______ 20 PERCENT SLIP )
- i w
& o1t 2 0. -
! ST | mm
g 5
= 0.0l £ 0. . . .
gO% 5 W% & % Yo ¥ 20 40 60
SLIP, PERCENT DEFLECTION, PERCENT
Figure 14 Relstionship betwsen mo\ion Figure 15. Relationship batween motion
resiscance and alip ratio for clay resistance and tire deflection for clay
L e T
- = e
5 b g
— -
A —

-




52

motion resistance initially decreases with increasing slip ratio up to a
slip ratio of approximately & 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 {s 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 {nitially 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 {ncrease 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

Figures 18 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 fincreases
very slowly. This type of behavior also has been observed experimentally.
Relationships bhetween drawbar pull and tire deflection for each type of
soil studfed are presented in Figures 19 and 21. As {ndfcated i{n Figures
19 and 21, the drawbar pull initfally increases with deflection up to a
detlection of approximately 50 percent. Beyond this deflection, the
drawbar pull decreases because of a rapld increase in the {nternal motion

resistance of the tire (see Figure 9).

Effect of Section Width on Tire Performance

Figures 22 through 25 present the effect uf the unloaded section width on
sinkage, motlon resistance, drawbar pull, and torque, respectively, for
clay soil at 15 percent tire deflection. Figure 2. shows that sinkage

decreases rapidly as tire width {ncreases from approximate’. D/R = 0,0 to
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D/R = 0.5, For larger tire widths the decrease In sinkage fs relatively
small. Figure 23 shows that the motion resistance decreases as the width
ot the tire increases. This is expected because as the width of the tire
increases, the sinkage decreases (see Figure 22). It should be pointed
out that tn Figure 23 the internal motjon resistance of the tire was
ass<umed to be independent of the width of the tire, [If the effect of
width on the tnternal motion resistance of the tire were taken into con-

~ideration, the result in Figure 23 would have been different.

Figure 24 indicates that the drawbar pull fncreases as the tire width
increases., Most of the increase in the drawbar pull takes place for the
tire widths less than SO percent of the radtus. For larger tire widths,
the rate of increase in drawbar pull {s relatively small. This hehavior
is also related to sinkage (Figure 22), where it is observed that most of
the decrease in sinkage takes place for tire widths less than 50 percent
of the radtus. The relationship between torque and tire width is shown in

Figure 29. The trend in Figure 25 is similar to Figure 24.

CURRELATION 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
detatled 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, hnwever, can
be accomplished by using test data already documented in the ii{: 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 f{ndices such

as the mobility cone index (CI). These indices must be translated to the
appropriate scil properties required by the proposed model. This i{s not

an easy task and requirss a separate analysis {(divorced from the sofl-
wheel interacrion 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 uncertaintles
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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 CI data. A summary 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.

Mode]l 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 7T 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
model predictions with the test data is very reasonable in spite of two
pssible 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 B
for both cohesive wolls and granular materials. Therefore, it may be

cuncluded that the proposed model {8 capable of simulating the interaction
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between a flexible tire and a soil exhibiting both cohesive and frictfonal

properties.

SUMMARY 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 of the steering performance of such vehicles.

ACKNOWLEDGEMENT

The work reported herein was conducted at the U. S. Army Engineer Waterways
Experiment Station under the sponsorship of the Office, Chief of Engineers,
Department of the Army, as part of Project 4A161102AT22, "Dynamic Soil-

Track Interactions Governing High-Speed Combat Vehicle Performance."

Th. authors are grateful to Mr. Clifford J. Nuttall, Jr., for providing
valuable insight during the course of this study. The efforts of
Mr. Donald E. Barnes in assisting in the numerical calculations and

Ms. Bobbie B. Morrow in typing the paper are appreciated.




59
REFERENCES

1. Turnage, G. W. 1972, "Performance of 5Soils lUnder Tire Loads; Report
8; Appltcation of Test Results to Tire Selection for Off-Road
Vehicles,” Technical Report 3-666, U, S, Army Englicer Waterwa s
Experiment Station, CF, Vicksbhurg, Miss,

.. Wong, 1. and Reeve, A. R, 1967, "Prediction of Rigid Wheel
Performance Based on the Analvsis of Sofl-Wheel Stresses,” Journal of
{vrramechanics, Vol &4, No. 1.

L Hvorslev, Mo 1o 19700 "The Basic Sinkage Fquations and Bearing
capacity Theorfes,” Technical Report M-70-1, U'. S. Armv Engineer
Waterwavs bxperiment Station, CE, Vicksburg, Miss.

4. Futimote, Y. 1977, "Performance of Elastic Wheels on Yielding
Cohesive Soils,' Tournal of Terramechanics, Vol 14, No, 4.

“ Baladi, ¢. Y., Rohani, B., and Barnes, D. E. 1984. "Stecrability
Analvsis of Muylti-Axle Wheeled Vehicles; Report 1; Development of a
Soil-Wheel Interaction Model" Technical Rep rt GL-84-1, U. S. Armv
Engineer Waterwavs Experiment Station, CE, Vickshurg, Miss.

6. lu.nage, . W. 1976, "In-Sofl Tractive Performance of Selected
Radial and Bias-Ply Tires,” Paper 76-1520, The 1976 Annual Meeting of
the American Society of Agricultural Engineers, Chicago, I[11.

7. Kohani, B. and Baladi, 6. Y. 1981. '"Correlation of Mobility Cone
Index with Fundamental Engineering Properties of Soil," Miscellaneous
Paper SlL-81-4, U. S. Army Engineer Waterways Experiment Station, CE,
Vicksburg, Miss.

NOTATION
¢ Cohesion
f] I'nloaded section width of the tire
DBP Drawbar pull applied on the tire
dF Vertical differential force
E Efficiency of the tire
G Shear modulus
h Unloaded secticn height
IMR Internal motion resistance of the tire
kP Equivalent spring constant for soil-tire system
kq Spring constant of the soil
kl Spring constant of the tire
MF Motion resistance in the direction of wotion
MR Motion resistance {n the plane of the tire
R Kadius of the tire
-- e et R 10 R
- b N
?-4 ':- gua—
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Inftial radius of an expanded cavityv

R' 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 motion

T Torque applied on the tire

W Tire load

A Sinkage of a flexible wheel
Zr Sinkage of a rigid wheel

1 Generic angle

o Maximum deflection of the tire on a hard surface
e Maximum deflection of the tire on a yielding soil
L Deflection of the tire at the generic point

n Angle between the direction of motion and the plane of the wheel
. 1y .8
e 2co8 (l - R)
R

" Zcos-l(—£> - ch:)s.1 1 - LA

8 R n
P 3] -l (1 - ———-—-Z : At)

1 cos R

L wif )

> cos <1 R

y Rad{al stress inside a cavity

N Normal stress at the soil-tire interface

Shear stress at the soil-tire {nterface

N Shear 4tress perpendicular to the plane of the wheel

-p Shear stress in the plane of the wheel

: Angle of internal friction
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~ SOIE COMPL TANCE  INFLUENCE ON TYRE  PERT ORMANCE

. BDONSINSUK AND RAYMOND N. YONG

GEOTECHNICAL RESEARCH CENTRE, MeGILL UNIVERSITY, MONTREAL, CANADA

ABSTRACT

It 1s not uncommon 1n off-ruvad mobility for vehicles to operate over
varying types ot terrain. In situations where tnorganic clay soils cons-
titute the primary substrate material, congsiderable differences 1n soil
stability and compliance characteristics can occur because of local
variations in soil type, density and water content.

This stuuy takes into account the abuve conutraints 1n the methodology
developed for evaluation and prediction of o~fficient tyre performance.
This requirement far capability in development of efficient tyre traction
on 501} for mobility purposes 1s critical 1f off-road operations are
performed in remote regions where minmimum fuel expenditure 18 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. ~

.

AD-P004 260

Because of the interdependent relationships formed between the forcing
function (tyre loading; and the response function (soil respanse), varia-
tions in the properties and characteristics of one partner will 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 w3)l]l 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 1n the accounting since this wil} dictate
bearing stability, sinkage and tractive slip.

INTRODUC T ION

in the performance of wheeled-vehicles under off-road circumstances the
spec1fic requirement 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, 1.e. work done, becomes most important. This
requirement 13 especially critical i1n situations where vehicles operate
1N remote and poorly sccessible regions. Under such circumstances,
climatic and local environmental conditions such as operational terrain

characteristics become significant considerations 1n the production of
useful work,

with a given vehicle, the ability to provide adequate mobility will
finally depend upon i1nteractions established between the wheels and the
supporting terrain material. for this particular examination, tyres are
ronsidered as the tractive elements producing the transfer of enerqgy
between the vehicle and the terrain surface. [f consideration of the

- ——- P e
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proper utility ol 1nput energy i1s to be made 1n regard to efficient per-
tormance ot tyres under bearing loads relative to the nature of the
supporting terrain, losses 1n energy arising from energy-dissipating

characteristics of the tyres must be minimized. The efficiency of enerqy
transfer from the tyre to the ground will then be maximized.

The contact patch established hetween the tyre and the ground surface and
the manner in which the sets of forces are distributed and transferred
Aacross the tyre contact patch are the controlling parameters which will
establish the efficiency or productivity of the tyre 1n mobility/tractive
performance. In this study the relevance between 1norganic soi1l support
materials and the tyre 1s studied 1n relation to the development nf
efficient tractive effort. The analytical model developed accounts for
the compliance nf both the tyre and the soil system and the analysis for
prediction of drawbar pull-slip relationships utilizes the interactions
between tyvre and so1l. The load and unload sequence of the supporting
s01l material 1n response to i1nput from the moving tyre 1s an 1mportant
consideration in the analysis,

L ABNRATORY TEST PROGRAM

Because the size of the so1l tow bin was limited, model-sized tyres were
used 1n 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 1n the
laboratory study to provide some form of "scale-appreciation” - i.e. the
s01] 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.

IThree model tyres were i1nvestigated 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 1(a-c). Once the last tyre under-
went all required tests, 1t was buffed, thereby resulting in another model
tyre for testing {called lyre 4.10/3.50-4.00 2 PR (buffed) in fig. 1d]
which was later treaded with the directional tread pattern as shown 1n
f1g. le [called Tyre 4.10/3.50-4.00 2 PR (re-treaded)]. In effect, a
total of five model tyres were studied, each of which was subjected to
similar test requirements. Hence, 1t was possible to investigate the

1nf luences of various tyre characteristics, 1.e. carcass construction,
dimension, surtace condition, etc. with respect to the tyre-soil mobility
performances.

lwo main series of experimentation were performed 1n this study as follows:

l. Static loading of the model tyres onto soils with different
sti1ffness 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 so1l bin, being
slightly wider than the tyre width, i1n 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, 1967).
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Three types of supporting ground were used namely,
1. rigid wooden floor to create "unylelding" surface,
2. kaolinite clay to resemble "soft" ground, and

. clayey sand to simulate "stiff'" ground.

Ihe kaolinite clay was prepared at 95% saturation while the clayey sand
was a mixture of fine si1lica sand passing sieve number 30 and kaolinite
proportioned at 3% of the sand dry weight. ‘lhe clayey sand was compacted
in the so1l bin at a dry density of 1.88 t/m  and a moisture content of
13,

So1l specimens prepared under the same conditions as those used 1n the
preparatior. of s01! for the s0il bin were tested under plane-strain
conditions using the triaxial test. The resultant stress-strain curves

ot both the clayev sand and the kaclinite clay are shown in Fig. 2. It 1s
obvious that the clavey sand 15 much stiffer than the kaolinite clay, 1.e.
the compliance of the clayvey sand 1s lower than that of the clay.

LOAD-DEFORMATION CHARACTERISTICS

By loading each model tyre statically through 1ts rim at various inflation
pressures, the relationships between the static wheel load and tyre car-
rass deformation on a rigad unyielding surface can be established as
1liustrated 1n b1y, 3. All the model tyres exhibited a linear relation-
ship between the applied wheel load and the tyre detormation. Amongst the
tvres tested., fyre 4.10/3.90-4.00 2 PR (oriqunally treaded) (F1q. lc),
with heav, gide-wall stiffening ot the treads, i1s the stiffest. However,
when the tread 1s removed completely (by buffing) resulting 1n a smooth
surtace, the tyre stiffness 1s reduced significantly as demonstrated in
‘1q9. 3. turthermore, the 1nfluence of retreading with the directional
tread pattern {wide-spaced tread bars without sidewall stiffening, 1.e.
'vre 4.10 1.90-4.00 2 PR (re-treaded:, F1g. le] on the tyre stitfness i1s
neyligible, as can be seen in the comparison curves shown in tig. 3d. A
comparison of the curves shown in fi1q. 3¢ tor the butfed tyre with the
results 1n Fi1g. %d i1ndicates no significant difference between the load
deformation characteristics of the two types of tyres.

TYRE CONTACT ARt A CHARACIERISTICS

ihe rontact ates hetween a tyre carrying a given wheel load and the
supporting ground 1s the key factor which controls 1ts mobility perfor-
mance through i1ts characteristic ability to transfer the interfacial
forces developed. The nature (geometry and area) of the contact patch

15 a direct reflection on the relative compliance of both the tyre and
the soi1l support system. 0Of particular interest 1s the case of a moving
tyre as 1t indicates the actual service condition. Because of the actual
physical distortions of the contact patch and particularly because the
micro-compliance of tyre and soi1l are not umiform, 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 ares of a8 tyre under motion can be measured by
taking photoqraphs beneath the tyre when 1t travels over a rigid transg-
parent plate at various slip rates, as 1llustrated schematically 1n fiq. 4,
1t 13 well understood that the patch geometry and area will differ in
respect tu the compliance of the supporting medium. [n addition, the
slip-generated effecty created by the rigid plate need not be similar to

P
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that produced by the actual compliant soi1l interface interaction.
Recognizing the preceding, 1t 18 nevertheless easential that a base value
be established - for later comparisons with predicted patch influence.
Thus 1n the rigid plate tests used for measurement of the contact patch
established, the translational velocity of the test mode! tyre was kept
constant at [5.2 cm/sec while the rotational velocity was varied to
obtain approximately 0-80% slip rates.

The measured contact areas of the five model tyres using the procedures
described are shown 1n figs. 5 and 6. It 18 noticeable that the majority
of the measured contact areas are not sensitive to the changes i1n the slip
rautes. Ilwo 1nteresting points are noted:

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

ro

At higher inflation pressures, the dependence of patch ares
on slip 1s considerably reduced.

In general, 1t 1s noted that the stationary contact areas are slightly
higher than those developed while the tyres are 1n motion. This corres-
ponds to the normal phenomenon that the overall diameter of a moving
tyre 1s i1ncreased from the stationary one due to the centrifugal force
effect on the tyre casing (Turley, 1970-71). It 1is expected that for
larger tyres, the changes in contact areas at various slip rates should
be more detectable.

The influence of side-wall stittening of the tyre carcass in Tyre 4.10/
$.50-4.00 2 PR (originally treaded; 1s clearly observable in fFig. 5c,
indiceting that this 1s the main mechanism controlling patch area and
that this i1s not significantly altered with inflation pressure.

The results shown in t1g9. 6 1ndicate that buffing and subsequent retrea-
ding will provide significant changes 1n the patch area characterization
with inflation pressure. turthermore, the contact area of the buffed
tyre can be less than that of the originally-treaded one as can be
noticed 1o the case af 13.6 kg wheel load and 0.4} kg/rm2 inflation pres-
sure. In other cases, the contact area of the buffed tyre 13 always
highe:, amplying the effect of tyre wear.

while 1t 15 very difficult, 1f not impossible, to measure the exact con-
tact area of a tyre moving through a soft ground, the test results
presented above demonstrate that changes 1n contact area during motion
should be anticipated. As noted previously, the degree of such change
will depend on the relative stiffness of the tyre-soil system, 1.e. the
compliance of the tyre and supporting soil, and the slip-interface
relationships.

'n order to compare the tyre-soil interaction the averaqge computed values
ot interfacisl stresses can be used, 1.e. the computed values of tangen-
t1al stress and normal stress developed at the interface. The tangental
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
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llustrated an Fig. 7. For all model tyres, eitther the peak values or
the asymptotic values of the measured torques were used i1n calculating
the tangential stresses. Ihe so1l-s011 shear stresses measured in a
direct shear soi1l test are also presented tor direct comparison.

The test results indicate that the natures ¢ the tangential stresses
between the tyre-soi1l interfaces are qgoverned by both soi1l compliance and
surface characteristics of the tyre and terrain. Ir the situation where
the bearing so1l 1s less compliant - 1.e. the clayey-sand as shown 1n

Fig. ‘a. the intluence of surface properties of both tyre and terrain can
he seen 1n the different curves produced for the different tyres. However,
tar a more compliant so1l where tyre sinkage apparently becomes more sign-
1ticant, the influence of surface properties of the tyre or terrain
hecomes considerably reduced - to the point of i1ngignificance at higher
narmal stresses.  As andicated in f1g. 7b, the various tyres appear to
produce a common average tangential {shear' stress for the same normal
stress at higher normal stresses - 1n contrast to the results shown 1n
b, Ta.

MOBIT 171y Pt RE GRMANCY

The antluence of sorl compliance on the tyre-sorl interaction problem 1s
demonstrated in terms of alteration of the patch characteristics and
sigmiticance of surface characteristics on development of tangential
stresses - a5 seen an the preceding section.  In constructing an analyti-
csl model to predict mobility performance, 1t 15 noted that this 1tem
plavs an amportant role 1n the structure of the analysis - since the
tarces transmitted from the tyre to the qround must act through the cont-
at patch,  This 1s not unusual since the problem 1s a boundary value
prablem,  The analytical model designed to incorporate the effects of
tyre flexability and sorl compliance 1n reqard ta mohility performance
tae heen previousiy developed. A detarled deseraption nf the analytical
el arg its application can be found an vyong et al. 1978a,b 0, T 1980ah

He tamte plemend methud FEM O sulution technique solves the equilibrium
cquations tor the supportiog sorl with outpat intormatron given an terms
vt ostrairn rate tield, velocity faeld, and stiess field.  [oput and other
necesnary information requirements for solution using the HEM are load
boundar s condition, and load-unltoad stress-stran relations for the sonl.

Poar specatiration of the load boundary cond tion, 1t 18 necessary to
entabhlinh: a Tootprint patch  length, b distribution of normal
ctreas, ¢« distiibution of tangential stress and S d: variation of
distribut bon profales for oormal and tangential stresses. toar simplicity
irossiution, the problem 14 treated as a two-dimensional problem. §iqure
H ochows the finite element mesh scheme used and the contact patch length
aned as o fandamental giz10 unat for determination of mesh size. ANote
that simulation of tyre motion 1s achieved by considering successjive
stationary pusations for the tyre.

lounsidering the tyre as an elastic system and the goll as 8 plecewise
Prnesr elustic matersal, the length of the contact patch footprint can
he determined as: Poritskhy, 199%)
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: ‘i'; e =20 4 0,000 '2)
where Hl : undeformed radius of tyre
RZ = v, si1nce so1l terrain surface 1s considered horizontal
P - applied wheel load
Za z length of contact patch
[l'EZ = elastic modull of tyre and so1l respectively
f],(z = compliance of tyre and so1l = l/fl. l/l2
R Porsson's ratio for tyre and soi1l respectively

= 1.5 for both tyre and so1l as first approximation

tsang the actual compliance values measured for tyres and soil, the
rantact patch lengths for the tyres on the soils used can be calculated
and compared 1n terms of equivalent patch area with the patch area values
actually measured from patch points in the soil 1n stationary tyre-soil
tests, The actual so1l pateh areas are compared to the predicted {(com-
puted  values 1n big. % and 10, tor further comparisons, the test results
tiom the stationary tyre tests on the 1ri1gid transparent plate for the same
tvres at the same inflation pressure are also shown. The differences
hetween the rigid plate measured values, the actual soil patch values and
the computed predicted. values for the patch areas taking i1nto account
the compliance ot the s01l can be noted 1n the figures. Two specafic
peintys can be noted:

o The patch aren developed on the rigrd transparent plate 1s,
i general, less, than that 1n the so1l since tyre sinkage
into the soi1l occurs. This 1s particularly obvious 1n the
case of the kaolimite clay where the tyre sinkage 15 high.
In ettect, the patch area reflects the influence of tyre
sinkage into the soil, tyre detlection 1n the soil, tyre
carcass stitfoess and tyre contiguration., It should be
nuted that the contact area 1n so1l as reported herein 1s
the horizontally-projected area, not the actual curved
surtace area.

t he computed ‘predicted  results closely mateh the actual
pateh footprints measured 1n the tyre-soil load deformation
studies - ndicating that the analytical model used 1s valid.

e gmplicattons arising from the anformation given an bigs., 9 and 10 are
ste obvanus. Hecause of the so1] compliance, moditication ot the patch
ded necurs. Sance the compliance of the so1l will always be higher than
e ragid reterence test base, the actual pateh area will be lesser.  In
anc oft-road satuation, the presence of a4 vatying support tertaln system
1o recogtiazed - leading thereby to the realizat 1on that the pateh area
developed by the contact tyre wall always be a variable area, most often
congiderably nare than that measured on o hard unyirelding support.

4
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[' = anterfacial enerqy obtained by determination of shearing
stresses at anterface and slip rate, and
t = tyre deformation energy obtained as output information

from the FEM analysis [equation (4)].

A typrcal energy balance 15 shown schematically 1n fi1g. 2 1n which all
participating enerqgy components are demonstrated. By assessing the 1nput
energy and all energy losses, the output energy can be predicted leading
to the drawbar pull produced by the tyre-soil system, 1f so0 required.

The 1ntluence of assumptions made concerning the nature of normal pressure
distribution across the patch length an the load-unload sequence as a

tyre moves over the ground can be evaluated. This 1y denorstrated by
considering two cases - a uniform and a parabolic presa. - distributon,
The two cases are considered in the analytical model 'n the evaluation o
the amount of tyre deformation energy and tyre deflection an Fig. 13,

The tyre deformation energy of a model tyre moving through soils of difre-
rent stiffness has been predicted and compared to the situation of the
same tyre moving on a 11grd unyielding surface. It 1s expected that the
correct trend will be attained when the flexability of th. (yre in the
supporting so1l 1s sutfaciently tngh. It 1s noticed that shen the modulus

of elasticity of the soal (i ‘s less than that of the tyre f
’ so1l tyre

t f I, the tyre 15 staffer than the underiying so1l, there-
o1l tyre

ty resalting an oo appreciable flexability.  Thus when ¢

‘t
5011 tyre

than one, a rigid wheel model ' j.e. it = 0 can be used 1n the analysis.

in other words, 1f the ratio ot the so1l compliance r*so

1s less

. to the tyre

compliance 1 greater than umity, a 11931% model analysis could be used.
CONCLUDING REMARKS

Fram the preceding discussion, 1t a4 apparent that the soi1l compi  nee
cantrels the tyre performance, depending on the degree of tyre f1lo. bilaity
e the given so1l and the interface characteristics.  In the general
cvaluation of mobility pertormance, the selection of a suitable vehicle-
tyre- sorl system g primarily dependent on the drawbar pull developed by
the system.  The parameters which affect the output of the vehicle-tyre-
SOl osystem oare conpiled 1o tig. 14 gecording to the observed performance,
at the small mode]l tyres tested herein, It a4 obuious that the tyre-wol
contact area plavs @ very amportant role and some parameters such s the
it laton pressare can o antluence others as well.  In essence, the sotl
tamplrance cannnt be excluded trom the analysis of the off-the-road
vehicular performance,

Dwing to the anter-telationships of these parameters and the complexity of
the vebgcle-tyre-aoi] system, a simple mathematical expression for the
Soetall behavaour cannot be established at this stage.  Hence, the extent
it change 1 any patameter cannot be expressed quantitatively without o
complete analysia, Nevertheless, the relative importance of eaca para-
meter can be compared to others qualitatively as very amportant v, leds
tmpottant L and more study needed @S an Table 1o In addition, sach
patameter 1 recomnended to bhe ncreased (1) or decreased Do, b such o
change 1s teasible, an aorder to increase the drawbar pull.
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Fig. 2
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Deviator stress, ksc

Stress~strain relationships of clayey sand and clay (kaolinite)
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Tt ROLLING RESISTANCE AND SINKAGE OF TOWED
DMUAT WHEFEL COMBINATIONS IN SAND

Pooo HETHERINGTON and 1. LITTLETON

ROYAL MILITARY (0 LFCE 0OF SCIENCE, SHRIVENHAM, SWINDON, WILTS. SN6 BLA

INTRODUC T TON

ihe atalaty te predict the performance of wheeled vehicles across country
s oot paramesnt ampertance in both the design of military vehicles and
assescrny thear efteciiveness within a specified theatre of operation.  In
4 previous paper by the authors (3) a predivtive formula was developed
wiiooetfected the prediction of the ro'ling resistans e and sinkage o f
towed wheels onosand. The advantage of the form ot the equation was that,
Where other woerkers had emploved the cone index gradienl as a measure of
strength tor mebility studies, this prediction used only the soil

cik oot weight and the angle of friction of the soil.  The predictive
nowas shewn to correlate well with experiments on a wide range of
Aol yeemetrios, loeads and granular soils,

PO has boen shoewn, Howland (00 that the tvpical pear pressures heneath an

t
drmeare dy, whe Lot vebilole are generally cere high, and ertainly much
Sawter than thear tracked counterpart. In oyeneral it ois o assumed that high
Pressure eqoiates to peor performance.  This is ertaialv so on tine
yratned soale, where dncreased pressure produces ne benefit in traction,
Tat ancnr s tue penaltyv oot extra sinkage and rolliup resistance.  For this
reascn the Jdrawsbar pull reduces and the mobility suffers.  However, on
Coarse prasned solls, increased pressure both increases traction and
Tesistan e, with “he result that draw-

ar pull can actually Increase with
ioorease s cehiole weaght. o For vehicle Jdesigners attempting to improve
Totilite ot s cmmonly been d tempting solation to censider dualling the
wheels oy partnoslar axnle. The effect of this a-ticon has proved
b ot e aierstand and often disappointing 1n outcome.  Melzer and
Light un Chelt paper on this subject (3) quote examples of fleld tests on
Hoaprionitural oand military vehicles in which the single wheeled
version eat-pertormed the dual wheeled on certain soil conditions,
iests pertormed by Rouch, Liljedabil and Clark (4, 5) vn a cohesive soil
showe 1t that, whiiist olual-wheels consistently oo c~performed single wicels,
the “apnitode o!f the improvement Jdecreased with soil strength. Melzer and
Fraght () nertormed a comprehensive series of tests on driven dual wheel
crbinations and presented their results within the svstem of mobility
narerios covescped by Frertag (6). They found that the draw bar pull
sobilived with a dual wheel system, with zero separation between wheels,
cipcided with that which would be obtained trom a single wheel of the
sarme cverall Jdicensiens. The total draw bar pull trom the pair of wheels
decreasesd with increased separation and they confirmed the findings of
references o oand 5 that the benufit of dual wheels was greatest on weak
sodlse fiee P leuph (7)) has observed that the reduction in rolling
resistance with separation found by Melzer and Knight, «nd confirmed him-
celf experimentaily, contradicted the prediction from mobilitv numeric
analysis.

Whilst the work ot Gee Clough exdarined wheel separation ratios (a/b
Figure 1) an the range of O to V.33, Melzer examined ratios of O and t to
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wte 2t sanrape ot single wheel
<
i 6 i the sinkage of dual wheel system carrving the same load.
!

P these patameters are simplv the percentage improverent -erived from
doubbing up the wheels,
Ky oasilering a Judal combination with zero spacing (a/b 2 oalue s of
w.e b van be obtained from equations (1):

, 1/3 /3

2w ) [ ewe

- I

ibdZyN_| [ 2bd 2N
For ab -0, Fos ——— = ¢ 10U = 20,61
Poawe |
IFIZyN |
©LL 1273 C o 2/3
|_._~ : - dlﬂ_____?
\byN d7] [2byN d
and F_ = —7 « 100 = 372
S o sz 3
d¢2bqud7

t.or small separations, the seoil will be unable to perceive the wheels as
i1screte and therefere the performance of a pair of wheeis, each of width
b, separated bvoan amount 'a',can he represented by 4 single wheel of
Sreadth (2hea) . Thus

2 \'l/‘3 ; 2w ) ]’l/.’
N 47 i(2b*a)¥N _d?j
Foo= - - 1007
K e 173
'TN 7|
q
1/3 ¢ 173
: b ' ( -1/3]
= [P - e ) = - 3
I e AN LR LR (7)1« a/2v) J
Y ‘ - ¥ - :‘_ \‘
R L I I "Jf

20.6% ¢ 13.2 a/bl.
“umilarly Fq S 37T + 21 a/bl.

These expressions predict that, for small values of a/b, the improvement
terived from dualling will increase linearly with wheel separation.

EXPERIMENTAL WORK

A programme of tests was carried out on model scale, rigid wheels in single

and dual configurations. The wheels were towed at a slow, constant speed

3
on a uniform bed of Jdry Calne sand, the details of which are contained in -
retference 7. The wheels used were 0.047 m wide, with diameters of 0.25 m ;a
ared U.dm, and 0.07¢ m wide with a diameter of 0.3 m. For each wheel com-

bination, both axle load and wheel spacing were varied, and the rolling
resistan. e and sinkage ol the combination recorded. The results of the
experimental tests are presented in Figures 2 and 3.
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. Thus the findings and anomalies
could be attributable to the different
e ranges examined., Clearly there is a
complex interaction between traction and
rolling resistance in the case of driven

wheels as investipated bv Melzer and
3 Knight. The aim of this work is to
isolate the parameters of sinkage and

l rolling resistance by studying the towed
! case. Bv taking experimental results

i L for a range of ratios between O and 5,
: i i :dictions
b a b and comparing these with the pred :
“‘*' 4‘4‘ - —oj from the formula of reference !, this
paper seeks to quantify and explain the
Figure 1 reductions in sinkage and rolling

resistance which accrue from dualling
towed wheels.

THEORY

Reterence (1) gives the following expressions for the rolling resistance
and sinkage of a towed rigid wheel in sand:

U oaw

|
‘bd2yN
q

\
!
;
h (1)
|
|
J

where R is rolling resistance
W is vertical axle load on wheel
b 1s wheel breadth
d 1s wheel diameter
v is scil bulk unit weight
N 1s a Terzaghi bearing capacity factor

Utiese expressions were shown to predict, within tolerable limits of
au.uracy, performance parameters for a wide range of wheels on several
sands of widely differing properties. The advantages of these equations
sver other systems lies in their ease of use, and in their dependence only
cnosell bulk unit weight and angle of friction in defining soil properties.
A anformative method of describing the performance of dual wheel systems
1s to examine the benefit which accrues from replacing a single wheel with
4 doutle wheel unit. In this paper this benefit will be characterised by
2 "resistance improvement factor" (FR) and a sinkage improvement factor
(FS) defined as follows:

9 d

« 1002

where RQ is the resistance of single wheel

and RJ is the resistance of dual wheel system carrying the same load
[
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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. The 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 subject to errors of up to * 10T,

Since both single and dual wheel measurements are subject to errors, therr
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} Toont will be subiect to errors of up to ' 20%. The experimental
e Lts andi. ate the tollowing characteristics of behaviour:

) Repiacing a sinple wheel with a dual wheel combination will reduce
oth o siakage and relling resistance.

| . The amprovement derived from dualling wheels increases with wheel
| spacang, nntil the wheels act as separate entities.

.t thumb, the percentage improvement derived varies from
e te LT ter redistance and about 507 for sinkage.

e dotted lines added to the figures represent the theoretical pre-

“tiens.  In tne case of rolling resistance, the predicted benefit is
«onsiderably more than that actually observed, although the variation with
cepataticn 1s comparable. In the case of sinkage, both the levels of
Benetit ot oed and their dependence on a/b show some correlation.

SUoas ontiresting to observe that the presentation of Figures 2 and 3
iprarestiv o remeves the distinction between different families of tests.
tterennos inoaxnle load, wheel breadth and wheel diameter do not manifest
Cemse e g fata greuping when the results are analysed in this way.
bt the sinkawe and the rolling resistance improvement factors

piear t b andependent of mobility numeric.  This is consistent with the

T Pnt e aw woerkers who observed that the magnitude of the benefit
! . RS with incredased numeric value since, for towed wheels, ‘
N T resistance also diminish with increased numeric value.

Fitaliv, 1t os woert! making an observation on the case of driven dual

S In both sands and clavs reductions will be observed in
relling resistance through dualling wheels. The increased
4 will 1mprove traction significantly in cohesive soils but not

nal so1ls, it 1s probable therefore that there will be more to

sained trem amalling wheels for applications on clavs than there will
e onosand. There is clearly a need for more information on the per-
Srrancoe ot Griven lual wheel combinations on clav soils,

CONCLUSTONS

b A propramme of tests on towed, rigid wheels on sand has shown that
replacing o single wheel with a dual wheel unit will reduce both sinkage

and rolling resistance.

o fhe improvement derived from dualling wheels increases with spacing,
antil the wheels act as separate entities.

iy As w rule of thumb, a 0% reduction in sinkage and between 10 and
SO7 reau tien dn roelling resistance derives from Jualiing wheels.

) By modelling the Jual wheel unit with a4 single wheel of the same
exteraal dimensions, some trends of behaviour can be predicted.
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FLRFUREALCE PREDICTION OF IFNRUMATIC TYRES ON SAND

Tio FAUL
V.R.U.ko ANMEINAGAR, INLIA

ABSTRACT

"

In this paper the applicability of laboratory test
results on the scaled models 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 fleld test programme. The tests conducted at two test
sites 150 km apart show that the mobility equations derived
by laboratory tests could to a failr degree of accuracy
predict the trafficabllity over samd in actual field con-
ditions of varying soil strength.

For the purpose of vehicular mokility, solls are
Lrcvadly classified as flne 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 svils. Thrust is provided in case of the
fine yrained soils basically by cohesion between soil
roerticles amd weight of the vehicle contributes little to
it. un the contrary in the case of frictional soils the
thrust generated is a function of vechicle weight.

Off the road vehicular nobility is of paramount
importance to military operations, medhantsed farming,
successful forest and other emgineeriny operations of
public utility. Efforts 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 runminy gears of an off the road vehicle.
Yost of the research has been confined to the areas of
fine grained soils due to strategic and economic importance
of such areas in the past, like North West kurope, South
Last Asia, Korea. Not much attention was paid to frictional
Svils and the arcas where such soils exist have recently
attained yreat military and econonde imjortance e.g. West
Asia, Western Rajasthan.
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With a view to obtain more uscful correlation
between vehicle parameters and soil parameters in the
frictional soils the jresent study of jerformance
rrediction of kbneumatic Tyres on 3Sund was taken up.

SOIL — VEHICLLEL INTERACTION AFFROACHLS

Primary ot ject of a soil = vehicle interaction
aprruach is to determane the 1ol ling resistance, “earing
ceéjacity and traction in terms ¢t the vehicle an . w04l
peranwters. Froum these relatio nships, traffice 1.ty
ot a vehicle i.e. whether it would be able to ¢, "5 a
particular terrain or nut could be predicted. A numb.:
of relaticnships correlating these, some thceour.tical anu
some enpirical has bcen drawn up, over the jears .«
these relationships predict results to a falr Cegree L.
accuracy (Appox + 2U%) in the case of fine¢ rained
scils., Similar relotiovnships tor frictional scils cer .ved
at the US Army kngineers Watervuys bxperimentul 3tati rnh?
are

Dine

For wheeled vehicle for operat.on oun freely
drained dry sand (Ns)

Ns =G, b)¥: x & (1)
L] h
Where G = Soil penettatign resistance
gradient MN/m
b a Tyre width m
a = Outer diameter of u pneumatic
tyre m
W = Welght of wheel MN
§ fatd . ,
- = o of tyre deflection to section

height, dependent upon tyre stiff-
ness, inflution pressure und ground
condition.

Most conmonly used value - 15 to 17




B4

v . orf . b wtexs

Specific R

Rolling v = 0,025 + 0 £5 Ng + U,y (2)
recistance Ns - 2.58

Specific -

drawbar Beo - 0,521 Mg - 2,80 (3)
pull Nsg + 19.4

where R = Towed Rolling resistance

of a wheel

D20

n

Drawbar jull at 20» wheel slip

SUIL ENETRATLU RESISTANCE GRADIENT (i)

This is an important soil parameter of frictional
suils and is the average slope of the curve, cone
penctration resistance Vs depth of penetration in sand.
Mothematicelly

3

G = 2 ~CI MN/m (4)
L/2

Lo & = Average Cone Index, O=Z depth-Mm

Clo = Cone Index at surface

Z =

Depth of penetration of the cone base

mhenh a 3u deyrece right circular cone of 3,23 cnnabasc area
15 furced through the soil normal to the soil surface at
4 rate of 3 ocny's, soil penetration resistunce is recorded
43 Cone Index {fource/unit area)

FIELD TEST FRUGRAMME

The mobility numeric described arove has lbeen
derived fror lakoratory tests on scaled model of wheels
under controlled conditions of environments and on soil
test teds of uniform soil peraneters. It i{s, therefore,
necessary to oscertain the applicakility of these relation-
shipS to octual ground conditions and on full size tyres.

“he r1leld test progratme was taken i up as

ta) Tratticabkility test on a car size pheumatic tyre
at Test Site I near the city of BARMER in South
ni st Rajusthan.

|
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(L) Trafficability test uon a heavy truck size
newratic tyre at Test Site Il near the city
of JAISLLMER in Western Rajasthan. (Separatcd
from Test Site 1 by over 150 Kins distance).

The two test sites separated over 150 km apart and
the two tyre slizes of wide range were selected for the
tests to assess the universal applicability of the scil
wheel intcraction relationships at equations (1) to (3
in the desert conditions.

TRAFFICABILITY TLSTS AT SITE 1

An all wheel drive light vehicle with 9,0u x 13 tyres
was selected as test vehicle as the load distribution on its
four wheels was found to be fairly equal., Weight on each
tyre wos determined as 5.4 kN, The soil parameter 'G' was
comp.uted from the field meagsurement of Cone Index Values
taken with Fenetrometer Soil Hand Operated, commonly in usc
in UK, The field tests were carried out on 31 May lJtl and
Cldne 19&l on sandy areas both oun plain sandy petches and
on sandy cdunes. Sufficlent soll parameter ineasurements <o
forecast the soil strcngth* were taken and are given at
Table 1. Drawkar pull was calculated using equations (i)
and@ (3) and from this the trafficability of the vehicle
was predicted. The test vehlcle was then moved over this
site to ascertain its trafficability., The results are
shown at thie Table 1.

It can be seen fron the values at the takle that

the model equations can bte applied to field conditions and
predict results to a reasonable accuracy.

TRAFFICABILITY TRSTS nT $iTh Il

Socil parameter measurements on a sandy area termed
a8 Test Site II about 150 km north of the first test site
were taken on 23 and 24 June 1vgl,

The soll value measurements and computation ot soil
}arameter are glven at Table 2.

A six wheel drive heavy vehicle with each vheel
sharing a welght of 21,6 KN, with tyres of 12.00 x 20
influted to the required pressure was now taken up as
test vehicle. Its performance on the test site was
predicted using the mobility equations (1) and (3).
Mokility test on the vehicle was carried out tou confirm
the jredicted performunce. The results of the test are
shuwn at ‘iable 3,
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LI1sCU3Siuby ON Thie 1651 RESULTS

The predicted pneumatic tyre performance in the
cCtuasr wround conditions appears to differ slightly than
thuse o teined under laboratory conditions. The drawbar
;ull jrecicted by the equation (3), is less conpared to
what actually achieved on the ground. fHowever, it is
rere thoet one would coume acress o purely cohesive soll or
o purely frictioral soil under actual round conditions.
Alse heejing in ripd that the soll jpuarameters vary from
P-Ce Lo phaace and from time to time L.c. weather cependent,
and the o laxity of the jrocess by which the soll
,unherctes tirust by dnteraction with wheels, which is
dpendent on vahilcle speed, spacing of tyres etc., 1t can
be conciuded that the laboratory test results on models
i.e. vhuations (1) to (4) can be opplied to actual ground
cniditions and for interuction with full scale wheels on
crict.ionals solls with a reasunakle accuracy.
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PREELTS OF SULIP ON ENERGY DISTRIBUTION BETWEEN TYRE AND SOTL

1. MURONATL
INSTITOT FUR MUCHANIJATION, NOVI SAD, YUGOSLAVIA

Introduc ton

Ay valculation of the drawbar pull of a agricultural tractor moving over
agricultural lend requires a detailed study of power losses thereby oc-
caring, which may, in principle, be defined as fellows:

-- losses depending on pneumatic tyres and
- Tosses 1t connection with the <soil, including interface pheno-
menans ocearing between tyres and soil, i.e.
b
e ’ ) -
o “PS¢ U : S B

—

wierein P omeans the totei power luss, P puwer luss caused by compaction

t tne seal, the bulldering and dragqina effects, P power losses caused
maitl, b, hysteresis of pneumatic tyre o the hard surfaces.

tquatier ' makes 1t pussible to conclude, that locomotion in a field
flas te 1nclade, besides of the power losses caused by deformation of the
so1l. the tgtal power losses as occuring on hard surfaces, similar to whern
woing ueer Lunirete cement runway, at an unchanged regime of movement.
Terg equation would simply mean that movement over a field has to overco-
LoweT Lusses as uccuring when tyres move over a solid surfaces at an
serarced renioe uf movement. This assumption, however, is only approx-
i tive oy v1ant for 1t 1s known that the deformation of the tyres moving
ver S0 gqround 1s not the same as in soft soil /17, under the same re-
e b tkvement which circumstance inflyences the total power loss va-
Caroal the sutt sl surfaces.

Aot the pricnomenar f o slip, which ossurs wnen there is a drawbar pull,
arel compiex sharacteristics of the soil, including the soil thrust -ha-

racteristics, make this assum, e.q. the value of above formula doubtful.
it 15 only ,~ssible to notice, because of certain absolute amount of po-
wer luss which 1s unquestionable generated, that slip and other pheno-

menuns which exsisted under such conditions, effect power loss distribu-

tior between tyre and so1) .

tquatict 1 wil be taken as a base for discussion and the power losses
wnerated by tyres muving over a concrete cement surface, on one side,
a1 the st bin, on the other, will be analysed separately as a first
ard reiative iy a5 @ second for varied values of slip and tyres dynamic
Cad .

et ocurntions

Forotne parpose ot this analysis tests with four different tyres, i.e.
-h BPR T AR- 4 6PR, T 8-47 10PR and 16.4R-42 10 PR are performed,
vty were rade on two types of ground surfaces:
- concrete cement surface and

- -~ 4 S e




- sandy ‘cam soil surface of the following characteristics qiven
on table [.

Table 1: Some sharacteristics of sandy loam soil

PARTICLE SIZt DISTRIBUTION j ORGANIC | LOWER | LOWER | PLASTICITY | SPECIFIC
‘ STTT TCAY MATER | LIQU. | PLAST: 1 NDE X GRAVITY
. 4 ] b LIMIT | LIMIT gr/cm3

W o~ .
71,6 17,4 1.0 0 20.5 | 17,6 i V9 2,65

The tests were made at NTML,Auburn,ALabama with si-gle wheel agricul tural
tester /2/. During tests the following motion parameters were contiaually
registered: dynamic load, torque, transverzal velosity, tyre revolution

PsorPsy . S
ki PNEUMATIC: 13,4R-42
pi=110 kPa
1 s=151
0 s-sandy loam
8 Cl=1080 kPa on 5 cm
e
S et Psi-input power
P.o-output power
o .
"1 T 1| sfe-power toss [T ]
| 1
20 30 DL kN 40
PP
Co” T 1 {
w | L 3
{PneumaTiC: 18,8R-a2} = <]
py:110 kPa o
A S ORI P o 1
c-concrete
Bl . i f IR
5 -
al . Pei-1nput power - A
Pco-output power
Rr AP -power loss
R |
n ] | 1
0 30 DL kN 40

Figure 1. Relatior between input and output power on concrete cement and
sandy loam surfaces for the given tyre and motion conditions
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1tetlation pressure and net traction. The following values were calculdsted
from tests data: slip, nput power, output power, pull ratio and tracti-
ve efficiency.

The inflation pressure during the tests was constant at 110 kPa for all
at tested tyres, while the slhip varied within 0 and 30 and dynamic ioad
amounted continually from 0 to approximately 50 kN,

Serl motsture content was 1n average about 9: and soil bulk density after
preliminary compaction 1,79 qrycm’ in average. The average value of pene-
trometer reading on 4% om depth was approximately 2315 kPa.

. H ' 4 ¢
.‘ 4 A L ' H L ]
kN PNCIMATIC: 18.4-82 { f ! ! '
py 110 kPa 1 t + "
{ 0. | f
1 c-concrete { ]
s-sandy loam i
]
4]
g 10 20 30 DL kN 40

rP I : '
kW | . o * 4 1
C(-concrete “
s-sandy loam ‘
— |
8 -
.
N SR O TR
PNEUMATIC: 18.4-42 i
D,”O kPa I
Is 15
1 Al
|
| [ |
| L

30 DL kW 40

Figure 2. Total power loss as a function of dynamic load for given tests
onditions

~~;
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from these data 1t results that the soil in the soil bin was relatively
dry and the preliminary compac tion quite effective.

The testing 1tself was performed so that for a constant slip and tyre in-
‘lation pressure the dynamic load was continually increased within the
Timits stated above.

Resul ts

The total losss of power occuring when pneumatic wheels run over the con-
(rete cement runway as well as over the selected soil surface were calcu-

lated from the difference of the input power exerted on the tyre (Pgi,Pci)
respectively, and the output efficient power (Pgo.Pco), as it was shown

i figure 1.

From diagrams shown in figure 1. can be seen that power losses for both
tested surfaces (aP; and aP. ) 1ncrease 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 +blL L. (2)
whereby the iowest coefficient of regresion (r) amounted to 0.929.

Similarly 1t 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 suft soil surface with increased slip and constant dynamic load
values. So, for instance, with a Joad of 20 kN and 110 kPa inflation pres-
sure,an increase of slip from 0 to 15% the absolute level of of losses

o cuncrete cement  surface increased approximately 5.46 fold, whlist when
mwving 1n the soil bin the loss of power increased 2.15 fold only.

This crrcumstance indicates the extraordinary influence of slip on power
iusses 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.

brom the diagrym in figure 3. and from other data established unti) 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
1n soft soil conditions. for example, the slope of power loss lines for
concret 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
siope of power luss lines for the saiuy lvam soil surface i1n the bin is
approxtmately 2.4 fold, as it evident from fig.3.

That means that at a certain amount of slip power losses un hard surtace .
cuuld esceed the loss occuring in case of soft sorl surface, at otherwise ¥
equal conditions.lt could be possible to see some dissagreement of this

statement and statement which was gqiven as an explanation of equation ()
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—— ag T T
;g Y f I i %
kW > N t + + <L i
PNEIMATTL od-q) ' )
. py VU0 kba . ; . i )
S-5andy odm |
(] 0ok kbPa on b om 7 ?229/
‘b Vo7 wgm ¢ b ’ 982 ¢
w o ! r ?
4 .'APS a+bfp ' ' }

LL

PNEIMATIC: 18.4-47 ‘ t ‘ 1
STAS LY ' 5
by Ti0 kPa ’ : j
(- rete DY . |
AP asbE a=-.035/
— b-.0141 |
1
J
|
]
1}

00

b- 9479 y
ro 4571 .
’ 1, o0 WOl KN 40

Pigere +. Paraliel data of puwer losses with tyre moving over soil bin
atd Lver cuncrete cement runway, for two slip values
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for @S 1t wan secn Yo megsared data, the total  oamourt St ngwer § o o
the sutt <ot urtdie hags ot ot eercoame tatal power o a0 the har ol
surtace for the same tyre o Iynami load, slip tevel ang tyre nfigty

aressure |

a) t)

o eton

Figure 4. Shematic pisture of 1dealised and real tyre deformations

Shematic prcture of idealized statement in accordance with equation (1)
15 given in pictures 4a and 4b. Picture 4a shown the reason of power 10ss
when moving over hard surface. In this case the tyre 15 subject to defor-
mations by alternate pressure 1n frunt of (zone '. and i1n the zone of di-
rect contact with the ground (zone 2) and stretching behind of the zone
of direct countact (zone 3). According to data contained 1n )iterature '3/,
and aiso to equation (1;, the pneumatic wheel moving in the field first
meets resistance of the souil and some energy 1s consumed 1n compac ting
the soil and when it has come to a quasi- eqiulibrium between active for-
tes and the resistance of the sui1l, the tyre now gets deformed on the same

RO - T T
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wiay as when aeving unosolvg ground | opicture fhyo The total energy cungu-
ed an the case 0t the picture da would be higher for the amount of ener-
wospent tor sond Jdeformation an the case db.

Sotusl . towewer othe pnegratls tyres behave otherwise. Frrat o of g7 the
Crtevoct o e e formations an case of movement under the oft oo
atior s e sorewhal tinor 1 because there s ne o enonugh time for o com-

Lt cooartation ot the ool otur such dynamic process as movinttyre a5,

et Pme tor quast equilibr ium state between active and reactive

Corees e the soti L Besides, the deformation of tyre rabis te 0 gt ca-

e at a miramum, for the tyre ribs are gencrally mucn stifter fnan the

vorooan the faeld, as shown 1n picture 4.

e arrespective of this circumstances the total luss of power shouid be
tgher an suft sorl and, actudlly 1t 1s so until the siip reaches a cer-
tair qeve. critical slip value s yj. A 1s shown by fiqure 1. the diffe-
rence belween amount ot energy consumed by the defurmation of tne tyre

«1. harg surface and the total power cotisuption by deformation uf the tyre
and the suil on soft surface diminishes qradually, which trend is in fa-
wr ot the facl that with increased ship deformations of pneumatic wheel
Stowaneret cement runway are more cvident, which leads to a permanent
imrease of power josses, whilst with tne some conditions of movement,
but this time 1n sandy ivam scii bin, this increase of tota)l power Josses
15 essentiaily less,

tserved behavior of power lousses makes the difference between hard-soft

cusses 1ess ang less with increased siip su, in one moment lines for po-

wer usSs of concrete cement surface and natural soil surface should have

roint ot antersection, as 1t was shown in pist e 3, Slip 1evn] relative
to pornt of equal losses couid be calied "critical stip value” for given

c.rditions,

S
W}t . N .
v | Y
i
{ -—T ‘ c et
»l , 2
‘!40 5 -=" 7
3 P . . ’_-7 ‘/
sandy laam
s py V10 vPa . p

.40 N

PP 4
18 4- 4
o M. 4-4;
/ Y8 4R- 34
< 18 .4R-47 ]
", ,
i1 .
10 20 v dm® 0

{

Figare S, Velumetrio relation between compressed and sheared particles of
the 501l un d0cm of track lenght with variocus tyre and slip
va lues

S tmtal 1
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ince there 1© a4 detormation of the soil occuring an every case the ex-
slanatior for diminishing loss ot power mm sorl syrtace han to be accep-

te ' as a consequence ot dimintshaing detormation of tyres. The reqsonsg tor
Nmarenng of tyre Jdetormationag cou'd be connes ted te

- aecreasing of dynamic load or,

- decreasing of ol oresistancs:
tice the dynarte leag of preamattos duy g the test s canstant for cer-
tair paralell observatior chard-sott qurtaces; ard the level of slipping

rigeq . theretore the aeneral level ot power 'nogeq dues not himinise

tnere war not be the question that possitle explanation ouid be ‘ound by
vomplete anaiysts of tyre-sod! sistem. The sole possible explanation 1
the oo urence of ar artersiye redistribgiaon of power [osae, hetween nne-
dmatr whee' and the soal. ln gk ase ur the phenomenan of returring
ot certain amount of ecnerqy to the system, 1.e. of that part of energy
that has been aciumulated by the deformed tyres.

This would mean that with the movement of tyres over the soft surface un-
der the growing <lip condition, the intensity of deformation of pneumatic
tyres qradually decreases in zone 1 and 3 (fiqure 4), whilst the inten-
sity of the soil deformation g-adually increases.

The moment when a ceratin siip level is reached, which is mainly function
of the dynamic load and mechanical characteristics of the so, and of the
observed pneumatic tyre and 1t comes to the maximum possible reduction

of deformation of the tyre on the circumterence and to maximum deforma-
tion of the soil. The hypothesis prevails that in that moment the level
of active forces is equal to the value of the supporting capacity of the
so1) ‘o1l thrust value), ar, that it comes to the destruction of soil
structure under the contact zone between the tyre and the soil.

A nossibie explanation may be obtained by the application of Coulomb’s
~riterion of sovl failure, or

H  Ac +Dltge oo (3)
whergin 15 .11 thrust value, A loaded contact area, ¢ soii cohesion,
Uo dymamr. jvad and ¢ angle of internal friction of the soil.

Irocase of movement under the zeru slip onditions upper layer of the soil
15 destroyed and the tyre penetrates to a certain depth 2 as could be de-
terminated by equation

p-w 2" ()

wherein k and 0 are parameters (mechanicei) of the soil and p the active
pre<ssure on the soil.

In suh event the horizontal load on the 501l 1s at the minimum, as there
1s no pull and, exept compacting, there 1s no deformaticns of the soil.
With increasing slip, and the apperiance and increase of pull 1t comes to
4 horiyzontal loading of the soi1l. Knowing the characteristics 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
paint to poynt and that is presumed that local overload occurs. [t fol-
lows that in the overloaded zones of the contact focal destruction of the
5011 occurs and, in connection with a reduction of the total cohesion in
ttie soil that increases its deformation, in the same time forming a space

3
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for restoring pneuma ti1¢ wheel of deformation.

With aditional increase of slip and the force of pul)l a further increase
'n horizontal stresses of the soil occurs until the total destruction of
Cohesive ties between soil particles. The certain volume of the soil sli-
des 1n that moment 1n known epicycloid surfaces and a further increase

Ab
kW

v
'

T

i

i

g

I

-y

!
| 40,

4 4
'

cr e e

PNEUMATIC: 18.4-42
py- 110 kPa

m— éps

—-——— AP,
- - - [;P p
(-concrete
& s-sandy loam
C1-1080 kPa on & m
! pb'1.§7‘kg/mj
w7 .83 1%

F 2Py X aPc KM

KN K " X m

10 | o362 [o.0a91 | 0.1347 | 0,139
| 20 | o.7001 [0.0510 | 0.2828 | 0.1132 ]
[ % [ 1.0262 [0.0516 | 0.4268 | 0.1039
" a0 | 13470 J0.0520 | 0.5685 | 0.0990 ]

Figure 6. Relation between power loss as a function of slip with variable
valves 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 | 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

pren

Cm AR L SRRy A e W T -

-
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dccumulated on deformed ‘yre would be taken beck to the system at that
moment , making process of excesive 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 lTook at the picture 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
critical ship values for all of investigated tyres. This statement could
be used as a prove for given hypothesis,

<
| ’ Py P
. . 1
-’--—'4—'_—._'.
w8} . - -1 { 4
v |
7 ‘
+ X . 1
(~(oncrete '
6t | s-sandy loam N : . ol ]
C1-1080 kPa on 5 ¢m e e
- [ ep1.67 kg/m! - _f—"’ -
[ w83 ;':__., .
1} - - ! _
—m—— 18 442 F}_ _ L
} o —— = 18.4R-42 n
—-—as 18 4R-34 I
12 ———— 18.4-34
s A At IR
10
0 10 15 20 25 30 35 DL kN

Fiqure 7. Lines of critical slip as a function of dynamic load for all
of tested tyres

Lurves of power loss as a function of slip with constant dynamic load and
inflation pressure, with high correlativity be represented by an exponen-
t1al function, 1.e,

aP - k ™ ...(5)
wherein k and m are analitical factors.

By utilizing formula (5) the extrapolation of curves was done ant 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-
cal with losses occuring with movement on a soft surface, assuming an un-
changed regime of movement, in conformance with hypothesis given, points
when the coheston characteristics of the soil are coming to be destroyed.
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Hothe et ot eaperments nquestioniably prove *hat the

s vt ey o detormatiyn o of pneunia b tyre with movement o ot
S Vo surface e praecrnle are dower that lasses socurtng o in mevement of
ty7es ver a hard Surtdace, at equal conditions ot movement |

Witn an Tncrease of Sivp the lusses get reduced on account of 1ncredsed
Tusses or the destruction of <ol structure and compac tior, su tha' when
the (ritica: bhearing _dapactty ot the sorl 15 reached with the cratical
olip ever partial isburttenirg of the tyre structure happens, and defor-
L RO IVEENE ST B RIR RN

"he value ¢f the tritical ship laying between 17 and 19. tor all ot tes-
ted tyree ang vdriable conditirons of movement, represent in principle,
vptimum <1y values, when the optimum degree of pull utilization weurs.
This neans a pussibiitty of useful application of presented methodology
10 this domain,
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THA "TION FOKCES OF DLHIVE TYie N THE COMPACTED SOIL

J. SWIECH
IRkiK, WARSAW, POLAND

INTRODUCTION

¥ird of soil and its condition exerts ar important
influence on the size of traction forces achieved by
iriving systems. The kind of soil determined by its
mechanical composeition may be assumed as unaltered even

for a long period of time, The condition of 80il determined
bty its physical and mechanical propertiee 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, Teste dealt with in this report
were mAde under humidity of eoil and operation parameters
of the tyre (vertical load and inflation pressure) kept
fixed while changing the compaction of soil,

TEST PROCEDURE

keasurements were made under laboratory conditions in a
801l bin filled with natural soil of the following
mechanical composition:

- sand (1-0,1 mm) - 42 per cent
- 811t (0,1-0.C2 mm) - 36 per cent
- clay ( €0,02 mm) - 22 per cent.

The humidity of soil during the testing was m = 11 ¢ 0.5
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

The measurements were made for 4 different conditions of
8oil

' - tilled and levelled soil
2 - 80il rolled 2 times
3 - #01l rolled 4 times
4 - poil rolled 6 times,

Traction parameters of soil were established by way of
compaction test [1] as represented in Table 1, Measurements

l
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of drawbar pull force - P,., torque - T and depth of tyre
rut zy were made for a tyre 14.9/13-28 8 PR AN-10 (1lug
angle ~ = 0.4 rad)., Pig.! by using a device Trak [2] .
During the measurements & vertical load W = 8,0 kN
inflation pressure p, = 90.0 kPa, Trace of tyre left in the
801l prepared for testing each of the conditions is shown
1“ ’18. 2'5-

RESULTS AND DISCUSSION

Results of measurements are displayed in Fig. 6-9 as
diagrams of mean values Pp o T and zx in the function of
slip - s, Curves of mean values were plotted through the
middle of dispersion field for measurement valuss on
diagrams recorded with X-Y recorder. Pig. 6-9 show also
curves of tractive efficiency nt computed by way of the

formula
P
My =y rp (1 - 8)

where r. - rolling radius.

Under given test conditions the maximum positive slip of
the tyre 8 = 50 per cent was achieved regardless of the
s0il 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 P, = 5,93 kN, 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., Purther compacting of the soil (up to 4 and 6
times) brings sbout 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 tyre 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 Pp = O have shown that value of the force on the
not conpacteg 8oil was maximum Pr = 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 cent lower than on the soil not compacted, With
increasing compaction of soil there grows tractive
efficiency to reach, at the slip s = 15 per cent, the
maximum value regardless of the level of soil compaction.
After 6 times of rolling the 80il t pay = 67.7 per cent
and is by about 15 per cent higher than on the soil not
compac ted.

In order to compare actual values of drawbar pull forces,
tractive efficiency and depth of tyre 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.

A e m p & TS sy e g = e s




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
801l not compacted and that rolled 6 times amounts to about
18 per cent, The depth of tyre rut decreases with growing
compaction of soil. In the soil rolled 6 times it 1s about
S€ per cent lower than in the soil not compacted,

CONCLUSION

The research on the influence of soil compaction on the
value of traction forces was made in an average silt soil
having the humidity of 11 - ).,5 per cent, Measurements were
made in a tilled and levelled s0il as well as one compacted
with a roll 2, 4 and 6 times. There was measured value of
traction forces achieved by a tyre 14,9/13-26 8 PR AN-10
Stomil under vertical loading W = 2.0 kN and inflation
pressure ps = 30,0 kPa, The tests have shown that under
given s8o0il conditions and growing compaction ot soil:

- drawbar pull force is increasing and under slip corres-
ponding to maximum tractive efficlency in the soil rolled
6t times, it is about 18 per cent higher than on the soil
rot compacted,

- rolling resistance force for Fp = O 1s decreasing to fall
in tke s0il 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 18 about 56 per cent (zy = 0.047 m) emaller than
in the 801l not compacted.

KEY TO SYMBOLS

")

d, - dimension of roller m
2) Fp - drawbalr pull kN
3) Pr - rolling resistance kN
4) G, - weight of roller kg
5) ky - modulus of unitary deformatiorn 2
of moil kG/cm
6) m - humidity %
7) n - exponent of soil deformation -
a) by - inflation pressure kPa
9) r. - rolling radius m
10) T - torque kNm
1) W - vertical load kN
e x - s8cale - forces exponent -
'3} z, - deep of tyre rut m
e = . -t me W gt SRR . A Trhatrs oA R e -
gra—
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14) ol - 1lug angle rad
5) "M, - tractive efficiency %
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Table 1.
TRACTION PARAMETERS OF SOIL

km x n
Soil conditions )
kG/cm - -
Tilled and levelled 0.73 3129 1.226
2 times rolled 2,671 2.526 2.817
4 times rolled 3.591 2.081 0.598
6 times rolled 3.796 2.193 0.61
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Jde.i. Tyre trace - soil rolled ¢ timers
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“ig.‘. Tyre trace = soil rollei 6 times
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14.9,/13-28 8PR AN-10 STOMIL
4 W= 80 kN
8 P.= 900 kPa

TILLED AND LEVELLED

F
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004 -

20 X 40 S0 .

Fig.6 Drawbar pull - F,, torque - T,

Tire rut-z,and tractive etficiency vs.
slip-s {(m¢an values)
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149/13-28 BPR AN-10 STOMIL

W - 80 kN
o T p,~900 kPa
k) KkNm)

80 1 O~ 2 TIMES ROLLED
60 - .
P
Q0 T
20 -
5'0%

006 1

Qo8 A

2 } 7
k t

(m) (%)

Fig.7 Drawbar pull - torque - T,
tire rut- 2z, and rroctive efficiency vs
slip-s (mcon values.)
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149/13-28 8PR AN-10 STOMIL

| W = 80 kN
{}_ p,~ 900 kPa
FP [ T 6 TIMES ROLLED
(kN) |{kNm)
60 A F'
T
020 A
0401 ?t
060 A
2 "
(m) (%)

Fig.9 Orawbar pull - Fp, torque - T,

Tire rut -2z, and tractive efficiency vs.

slip-s (mean values.)
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11..9/13-28 8PR AN-10 STOMIL

1 W= 80 kN
p.= 900 kPa
'y T — )
(kN)| (kNm) Ot TIMES ROLLED
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40 4
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002
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Fig.8 Drawbar pull -FP, torque - T
Tire rut- 2, and tractive efficiency vs
slip-s (mean values)
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FOINCOAND TIRE AN WHEELEFD VEHICLE DRAWBAF PEFFORMANCE

LU O A A St Memd er, 10T

iy Wt rwyy bxperiment Station, Vicksburg, Miacissipp
Y b ’ 18

ABUTRACT
In ar yppendix o f the

Page v, ®A Ovropsan of
LR

1STVS tth International Conference
Tire Desian and Operational Consi lerations Aimed
Imcreasing In-ve1l Tire Drawbar Performance,® the author developed a
provedire for defining G, effective sand penetration resistance
iradiene 1 was devised to approximate the value of G that predomi-
toaiven tare pass, normalized to one type of frictional

<ol ceelected ae Yuma sand) . G subsequent ly served as the soil
ctrensti terrs g ard-tare numerio Ng,, which ammed at previding a

Sl demorartaen ¢ ovare drawbar performance in different types of
e, Becaise the ranae of sand types 1ncluded an the development of
oo and No, was necersarlly quite limited, the author suggested in the
Savreps1s® paper that other investlaators test tne universality of
relaticns anvoiving Nee and tire drawbar performance by using tire
tect yesglts cbtained 1n a varliety of sands,

“ated aoring

AD-P004 265

Inn thear ISTVE “th Internatinal Conference

japer, "An Assess~
mert 8 e

Valie of the Cone Penetrometer in Mobility Prediction,™ A. R.
U. Peva applied the Nge methodology for a quite different
sarat and obtained Nge Versus tire drawbar performance results that were
no*t described well by those In the "Synopstis" paper. This prompted a
reexamination by the anthor of information in the "Synopsis” paper, an
araivsic o f lata rresented in Reece and Peca's "Assessment” paper, and a
reanalveie o f o arsearle hody of U, S. Army Encineer Waterways Experiment
Starin WES' fleld lata on wheeled vehicle performance tests {n a variety
wf osanas lall sypplemented by new laboratory sand test data). The primary
resuit f tnis werk 1s o definttion of a new Ngey methodology that ac-
urately predicts tire and wheeled vehicle drawbar performance in a very

troad range f sand types wnd conditions, includang those of the “"Assess-
rert” paper.

Reece anit 7

it - — v -
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INTRODUCTION

To obtain best wheeled vehicle performance in sandy sofls
requires fmplementation of a rational methodology for selecting the most
appropriate tires and then using those tires to best advantage. In turn,
such a methodologv requires an ability to predict accuratelv in-sand tire
and wheeled vehicle performance. Using laboratory and fileld test results,
this paper describes a useful methodology for predicting the drawbar
pertormance of tires and wheeled vehicles operating in a broad range of
sand tvpes and conditions.

BACKGROUND

Drawbar pull and drawbar efficiency were selected to describe
fn-sana tire performance herein because (a) the amount of pull a powered
wheel can develop is often ot major concern in vehicle in-sand operations,
and (b) the efficiency with which a given amount of pull {s developed
determines the Input energy required, a major concern in todav's energy-
conscious world.

I't 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 () = DP/W (1)

where

DP = drawbar pull, the "force avajlable for external work in a
direction parallel to the horizontal surface over which the
(tire) {s moving"l#

W = welght (load) on the tire

and

-
2
-

Drawbar efficiency (1) = ~---

where
DP = drawbar pull

v = forward velocity of the wheel axie

T = torque input to the wheel

= rotation velocity of the torque input shaft ¢

number at the end of the text.

s

e
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The <nd-tire numer i N iv detined as:
bd) Y
R ATS
N - .
“ W h th

whete

T nand penetratien resistance pradient tdescribed [n the next
parayraph)

h o= unloaded tire section width
= aloaded tire outside diameter
h o= unloaded tire section hefght

= otirte Jeflection (the difference between unloaded tire section
heipht  hooand loaded tire sectfon hefght, with ecach height
measured as the tire rests on a flat, level, unvielding surface)

iw the average slope of the curve of sofl penetration restat-
ance v versus cone penetration depth, with ¢ and cone depth measured
within g pecitied soil laver (ordinarily the 0- to 15-em laver). O i«
the force per unit cone hase area required to penetrate a sofl normal to
ite ~urtace at 3.0 em/sec with a right cirenlar W-deg-apex-anpgle cone of
1,0 4—wq~om hase area.  (The equivalent ot € {n Enplish units {4 cone
index, 7.y Vigure 1 shows sample recordings of € (ersus cone penetra-
tion derth tor a lahoratorv-prepared sand test bed.  Note that zero cone
penetration depth o defined as occourring when the base of the 302 3-4q-
emocene ds !t lush with the Inftfal sand sartace.

For simplitfication, drawbar pertormance {s analvzed herein only
at 0o percent slip--i.e., onlvy -0 and 20 data are considered.  Use
ot this nominal slip value is meaningful because, as {llustrated fn Figure
> rtaken from Reference 2), 20 percent slip provides a reasonable balance
¢ owood dn-sand tire . and ¢ performance (with somewhat greater welpht

viven to 0 tor a broad range ot values ot N
N

BY N AND N
s

Larly Development o N

N, was first detined by Freftag almost 20 vears .mni by medans ot
dimensicnal analvsis ot the results of laboratory dvnamometer tests of
single tires in afr-dry Yuma sand (a desert sand taken from active dunes
near Yura, Arizonal. Vsing data trom Reterence 4 tor 10 tires tested

in this sand, Fipure 3 fllustrates that No o ettectively consolfdates

Son test data to ene well-detfined relation (Fipure jar and "0 data to
another (Flgure b)) tor very hroad rampes ot values ot ¢ . h o d | W,
and ‘b L Thue, Hiyare § strongyly suppoerts the conclusion that N

describes tn-sand tare 0 and S pertormance quite well--at least

for air-dry Yuma sanid.

In Keferenoe o) the relatlon of drawhar pull data to Nooowas
Also evarined tor tests Tconducted on coarse-prained sofls fn ovarfous parts
Dt the wordd with g varfety ot mititary vehtioles.”  In these tield tests,
sand Musually wae metlet o or even wet; drawbar-pull tests usually were not
run At a4 o centrolle !t wlip hat were made at oseveral Jevels of pull with only
the data relewant 0 e maxarar pall recorded for o each test; and no

p—
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pectal previer s werte made tao control ditterential wheel <lip, dvnami
welpht tranater, or <teering torces,”  Fipure 4 [llustrates, as would he
expected, ot that the L versus Kgoorelation detffned by these tield
test Jata <hows much smaller values of Lo at corresponding values of

Neoo othan does the simple-tire laboratorv relation ot Figure da, and (h)
that the ticld relatfion exhibits substantially more data scatter than does
the laboratory relatfon.*  (Data trom tests at sand mofsture contents

cnly oap to about 7 opercent are shown in Filgure 4.) The ficld relation in
Fiyure o was considered sutticiently well def ined, however, to "otfer the
basic tor a tentative performance predfction system . . . for vehicles

perating in drv-to-mofst sands.’

For a number ot vears this "tentative performance prediction
svaten'” was accepted as workable, although it was recognized that the sys-
tem had potential for turther refinement. Such refinements were made
plecemeal and in an evolutionary manner, primarily because of the lack of
data for defining in detail a range of phvsical properties of the sands
tor which tire and wheeled vehicle drawbar performance data were avail-
able.  Fvents of the past few years have caused a renewed interest, how-
ever, in refining and improving the drawbar performance versus sand-tire
numeric methodelogy for wheeled vehicles.  The remainder of this paper
lesoribes development of such a methodology, first taking into account
some insights gafned in earlier studies of the fnfluence of sand type on
single-tire drawbar performance.

Virst Cemsiderations of Twe Sand Types

In addition to sinple-tire tests in air-dry Yuma sand, WES also
conduc ted a smaller, but significant, number of laboratory tests in air-
drv mortar sand (a coarser-grained riverbed sand). Figure 5a uses data
from tests of five tires {n mortar sand, together with the h2Q Vversus
Ny curve from Figure 3a for Yuma sand, to demonstrate that these tires
developed consistently smaller values of 1.3 in mortar than in Yuma
sand at corresponding values of N,

c,

In 1972, Reterence 5 attempted to account for this difference
hv using the relations of G to relative density (D) for the two
sands, defined from Reterence 6. For air-drv mortar sand:

Dy = 75,0 log G + 39,3 (4)
and tor air-drv Yuma sand:
Dr = 71.1 log G + 51.6 (5)
wheer e
Coax ~
D = S « 100, percent (6)
r © - e
max min

* bor simplicity, all drawbar coefticient data considered herein are
designated Lo data, although . in the wheeled vehicle field tests
was sampled at the near-maximum-pull level, not necessarily 20 percent
sltp. Also, ftor brevity, tire drawbar performance {n several subsequent
fiypures is detined onlv in terms of L)y . Performance {8 described

fu terms of hoth a0 and 20 in appropriate concluding figures.

e
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Ymax A o are void ratios for the loosest and densest sand states,
respectively, and ¢ {s vold ratio for the before-tire-pass sand condi-
tion. A piven value of mortar sand ¢ (Gy in Figure 5) was converted
te Yuma sand (. tiy) by first determining the mortar sand D value in
Fquation 4 and then using that same D, value to solve for Yuma sand ¢
in Equation . This use of D, as the Iintermediate soil parameter in
tranelating ¢ values between different sands appeared to produce the

Jesired result, as evidenced {n Figure 5b by the shift of the mortar sand
tire test data to locations clustered about the uj5 versus Ng curve
for Yuma sand. Reference 5 recognized, however, that use of D, as
described above must be considered tentative, and recommended “that tests
be conducted in several additfonal sands so that the relative density
approach . . . can be further verified."

In 1976, Reference 7 reported drawbar performance results from
4 later series of tesis in alr-dry mortar sand, these conducted with four
9.00R20 radial plv tires (each different {n terms of tread design and
other construction features), plus two 4.00-20 bias-plv tires (une with
nondirectional cross-countrv tread, the other with tread buffed smooth).
Tests for each tire were conducted over a range of wheel loads and tire
deflections, and at two levels of ¢ , approximately 2.2 and 5.5 MPa/m.
For tire deflections of 15 and 35 percent, Figure 6a shows that the rela-
tion of .,; to Ng separated as a tunction of « . Further, Figure 6b
shows that the relation of ujq to (Ng) for these test data also
separated bv Gy (where Gy values in %Ns)y wvere obtained by Fquations
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
© 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 li{es between the 0- and l-pass values'--i.e., between the before-
and after-first-pass values. Examination of mortar sand tire test data
showed “that ¢ changes with tire traffic in a funnel-shaped pattern"”
like that shown in Flgure 6c, and "indicated that the best ( wvalue tor
describing first-pass, 20-percent-slip tire performance is G at "pass

number’” 0.75 (hereafter termed Gg.75). That is, G should be weighted
i:1 toward its after-first-pass value." Figure 6d shows the well-defined
Gy 150 /%
L] 1] __‘__________ . 2
relation obtained for Ly Versus NB , where N8 0 e

While the .73 versus Ng relation collapsed the mortar sand test data
for the six 9.00x20 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 analvsis 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-
fng sand so{l strength that changes significantly with tire traffic."

A First-Cut, More General Ns Methodology

In 1978, Reference 8 attempted to define a methodology to satis-
fvy the two needs demonstrated in Figures 5 and 6--1.e., to define a means
(a) for translating ( values between different sand types, and (b) for
describing the effective (predominant) during-tire-pass value of G
This methodology was applied by means of the nomogram shown in Figure 7.

The aim of the nowogram was to define G, , "effective sand pene-

tration gradient, the value of G that predominated during a given tire
pass, normalized to one type of frictional soll (selected as Yuma sand) .
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Use of the nomogram required known before-tire-pass values of G and of
D, (G, and D; , respectively), and involved the following steps (iden-
tified by circled numbers in Figure 7):

Step 1: For the sand of interest (taken as mortar sand in Figure 7a),
determine for Gb the corresponding value of Drb .

Steps 2 and 3: For the tire b/d value of concern (0.29 in Figure 7b,
for example), translate the D, value of step 1 from Figure 7a to 7b
(shown as a dot in the exampleg. In Figure 7b, use the family of curves
that relate D, to D, (effective relative density) as a function of
tire b/d to estimate Sre

Steps 4 and 5: Translate D, of step 3 for the sand of interest to D,
for Yuma sand (step 4), and then to G, for Yuma sand (step 5).

Ce from step 5 was then used as the s0il strength term in

c by

N - -5 — « =, and N was related to tire drawbar performance
se W h se

terms L. tan 935 and npp tan é;5 . The rationale for using tam ¢;g
(tangent of sand ?nternal friction angle from a direct shear test at

70 percent relative density) as a multiplier of uj;5 and nyg was that
ta) Dy tends toward a D,, value of about 70 percent for common tire
shapes ?b/d values from about 0.2 to 0.3), particularly with repeated
transformations of D, to D_, to correspond to multiple tire passes,
and (b) the products uzg tan ¢34 and njq tan ¢7g appeared, in com-
function with Ngo , to provide a normalized description of tire drawbar
performance for the three frictional soils considered in Reference 8
tYuma 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 uy9 to N and (b) of
~20 tan #79 to Nge 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
Uy and G for the two LSS test conditions.) For the test data con-
sidered, the relation of wuyp tan ¢;5 to Ny, in Figure 8b 1s consider-
ablv better defined than is that of ujg to Ng in Figure 8a. While
the Figure Bb 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 u,y tan
;) and njg tan ¢;5 versus Ng, relations using tire test results
ohtained in a varifety of frictional sotls."”

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 combinatfon, Figure 9 shows that the 20 tan ¢79 versus Ny
relation obtained was very different from that obtained in Figure gb.
Clearly, the Uz tan 079 and N0 tan é;5 versus N met hodologry
was shown not to successfully 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 analysi{s follows.
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e\ Methodology tor g Broad
YRR
e ot vand Types and Conditions
“he Test Sands. Two major Hmitations In the WES analvses
worhed e thiis point are that (a) onlv two ordinary test sands were

Sdvted tYuma oand mortar sand--the exoti{c 1SS Is hereafter not con-
shderad ) angd (b these sands were cach used only afr-dry in single-tire
testime.  Ihe new analvsis considers 10 sands--the Yuma, mortar, and
Cresswe !l wapds, plus seven other sands for which vehicle field drawbar
te-t data were available (six sands from References 4 and 12, one {rom
; dence T A separate value of sand moisture content was reported in
Fetetences Soand 13 for each wheeled vehicle test; tests at molstures
rtor b te T percent are considered herein.

Vnecessary tirst step in the analvsis was to obtafin samples of
apprextmatele oo Ky cach tor the 10 test sands. o this regard, par-
tivular thanks are extended to Dr. AL R, Reece for supplving the needed
samp e ot Uresswell sand (the sand used in References 10 and 11), ani to

Vool Mo L rosiean, Etablissement Technique d'Angers, for supplving
wand sarples srom beaches at ba Turballe and at Suscinio, France (two of
the test sites in Keterences 4 and 12). Samples ot the Yuma and mortar
sands were obtained trom large stockpiles at WES, and samples ot the
remaining tive sands were obtained in re-visits to wheeled vehicle test
sites o the I'mited States,

A mator concern in the new analvsis was how closely the 10 sand
samples matched the sands actually used in the tests of single tires or
wheeled vehicles reported In References 4, 10, 11, 12, and 13. One
~eans of evaluating this was to compare the original grain-size distribu-
tion curves shown in these references with the corresponding curves shown
in Fipure 10 tor the sand samples that were used {n [983 WES sofls
taberatory testing. Results of this comparison are shown fn Table 1 for
srafn-size diameters at the 10, 30, 50, 70, and 90 percent finer bv welght
levels, Ao expected, the original and the 1983 curves matched verv closely
tor the Yuma and mortar sands (WES laboratorv test sands). For Paw Paw
Teland samd, the original and 19813 curves are one and the same. For
Cresswell sand, there s a noticeable difference between the original and
JUR Y (urves,

T reraning six sands were tested In the fleld during 1958-

PUhl, as reported in Reterence 12 (19613), Tt was anticipated that the

ssape o some 20-79 vears time, plus fnabfility to locate precisely some
vt o iginal test sites, could cause substantial di{fferences between
the otapinal and 195343 distribution curves, at least for some of the six
Feterence 1) osands. AS {t turned out, the orfginal and the 1981 curves
shewed almest pertect apreement for the Padre Island site, verv close
wreement for the Mississipp! River Bridge site, somewhat less agrcement

r o the ia ITurhalle and the two National Scashore Headquarters sites,
v deast agreerent (hy g considerable margin) tor the Suscinio site.
rplfcations of Comparisons between the original and the 1983 sand grain
Fiameters as described fn Table 1 are discussed later in the analysis.

Kelatinons Amony Dr , dand Siand Mofsture Content, In

o

Yeooavpeared not to he suitable for use as an {ntermedfate soil parameter
1o translating hetween sand tvpes,  (Recall from Figures 6a and 6b that
eraration oot o data for the Yuma and mortar sands was not alleviated
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Pyothe e ot D dn a translation relesr However, Dpo did anpear
vromicing ter vse dnoa standardized deseription ot the change in «and
strength that occurs duting a given tire pass, tNote that Fipure /h
unes Dpin this role to describe the same proce comewhat more crudels
Jeswortbed in Figure 6c.)  Further, I)r has the advantageous characteris
tiow (a)Y ot increasing in value as 6 increases, decreasiuyg as
decreases, and (b)) of taking values within the came range (0 to 100
percent ) tor all sands,

To develop the desired standardized desoription, the relation
between 0 and D was determined for each of the 11 sand samples at
sand moisture condlitions at least from afr~dry to 7 percent molsture.,
Additionally, measurements of 6 and D were ohtafined tor the Yuma
and fresswell sands at o tully saturated conditfon and tor Credswell wand
4t 0,1 pervent moisture content.,

Figure 11 shows relations among €, D, and sand molsture
content representative of those obtalned tor the 10 sand samples.  For
Yuma sand, this figure {llustrates that the ¢«  versus I relation s
described by f

[)r - a] log G + .12 (7
where a1y fs a constant tor a given sand, and ay changes value as a
tunc tion of sand meoisture content. Note in Figure 11 that a, decreases
as sand moisture content increases from air-dry to about 7/ pc;(vnt (this
~ame pattern was obtained for all the test sands), but aj; Increases
markedlyv as moisture increases from about 7 percent to the fully saturated
condition (this pattern was also obtained for Cresswell sand).

Figure 12 {llustrates the relatfons (a) of a; to sand moisture
rontent, and (b) of G (at D = 70 percent) to sand moisture content that
were obtained for the Yuma and Cresswell sands. For each of the 10 sand
samples, the pattern of change in ap; with change in mofsture from afr-
drv to 7 percent was similar to that shown by the dashed curves in Fig-
are 1l--f.e., tor each sand, aj decreased semilogarithmically as moisture
increased from atr-dry to about 2 percent, and then continued to decrease,
but at a fast-diminishing rate until a minfmum a; value was obtalned at
about / percent moisture. For the Yuma and Cresswell sands, @) {n-
treased rapldly as sand mofsture increased beyond about 7 percent.

The {ntfluence on ¢ caused by this pattern of change In  aj

with sand moisture content is seen by rearranging Equation 7 to
l)r - .'12
¢ = antilog ~-—--- (8)
1

Neas, tor each of the 10 sand samples (constant al) and anv constant
Tevel of by o attained 8 maximm value at min{mum ay--f.e., at about
" percent mofsture content.  Further, based on data for two of the test
cands (Yuma and Cresswell), it appears that, for a glven sand and constant
T! . G dedreases rapldly as sand moisture content Increases bevend
aheut 7 opervent.

Table 2 summarizes in columns 1-9 for each of the 10 sand
~amples the relation of Dy to G obtained in 1983 WES lahoratory
testing at sand moisture contents from air-dry to 7 percent. (Values (n
cther columns of Table 2 will be discusged subsequentlv.) Note in column

S othat each listed value ot air-dry sand moisture content was obtained

Nt s ;
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tn the WES soils laboratorv after a given sand sample remained undisturbed
for at least seven davs. These at-WES afr-dry molsture contents do not
necessarily correspond to air-dry molsture contents at other sites.

Prediction of During-Tire-Pass ﬁe . Te predict Gp for the
10 test sands vr-e'q_u‘i_r}-'d' ~1Hp_l;H£n.t_a.{ ton of both (a) the relations among ¢ ,
9, . and sand mofsture content {(summari{zed In columns 1-9 of Table ),
and (b) the relat{ons among Gy , tire shape factor h/d , and ¢, shown
fn Figure 13. A three-step process is involved:

{1} Use Equation 8 to estimate D (from known values of
Gy v ap . and az).

(2) Obtain D from Figure 13 (usfng Dy from step . and

re
known b/d).
“r - ﬂ2
(1) Compute Ce = antilog —}};~—~* (using the same values of
1

a and a as in step 1).

1 2

Before applving the above process, it 18 useful to examine the
relation in Figure 13. The shape of each curve in Figure 13a is the same
as in Figure 7 for b/d values of about 0.2 and larger. For smaller b/d
values, the curves in Figure 1la reflect recent analvsias of single-tire
Jdrawbar 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
Feference B.%

'n agreement with Reference 7 and with Figure 6c¢ herein, Dre

tn Figure 13a reflects the condition obtained at tire pass number 0.75--
i.e., first-pass Dre is conasidered weighted 3:1 toward the after-first-
rass condition. For two powered-wheel tire passes, the appropriate D
value 18 for tire pass 1.75; for three tire passes, 2.75; and for four
tire passes, 3.79. The relation in Figure 13a was successively applied to
obtain D . values for tire pass multiples of 0.75; D, values for tire
passes 2, 3}, and 4 were then obtained by interpolation as needed.

re

Detatled application of the Dy, b/d, “re relation for a
given all-axles-powered wheeled vehicle would require that a separate
value of G be determined for each axle, and that these G values

thelw, be avergged to determine Gg for the overall vehicle. Figures 13b,
13¢, and 13d avoid this cumbersome process by reflecting averaged values
of Dpe for tire passes 1 and 2, passes 1 through 3, and passes 1 through
4, rewpectivelv. For a given 4x4, 6x6, or Bx8 vehicle, then, use of the

* In Reference B, .yg (and npQ) values for all the tires considered
reflected a mechanical/el ctrical correction to negate dynamometer
carriagv acceleration forces developed in the single-tire, programmed-
increasing-slip tests. No such correction had been in use during
tests of the 1.75-26 bilcycle and 4.00-20, 2-PR tires reported fn Ref-
erence 4. However, for a number of single tires tested over a broad
range of N, values, acceleration-corrected 70 from Reference 4 has
been determined to be smaller than uncorrected 0 by a8 near-constant
0.045. For both the 1.75-26 and the 4.00-20 tires, the acceleration-
corrected .y values used herein were obtained by subtracting 0.045
from .., values previously uncorrected for carriage accelcration.

- . - - v
- U e
~ Rl S
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single appropriate relation in Figure 13, 13c¢, or 13d produces a single
Dye value and a subsequent value of Ge very close to that obtained by
treating each axle singly.

Use of (‘-e in Nse . The intended application of Ce , as

defined bv the three-step process described earlier, was to serve as the

3/2
Ce(bd)

soi]l strength term in sand-tire numeric Nse T TV T TR such that

Nge 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 G, in this role {s {llustrated, first, in Figures
l4a and 14b which show for 10 single tires and for three 4x4 vehicles, all
tested in air-drv Yuma sand, that all the test data cluster closely about

the same central Vyp Versus N relation.

se

Noe Wwas also determined to be more effective than Ng; {n
consolidating L20 data for each of the nine other test sands, in each
case producing (as expected) a separate ugp versus Nge relation.

Figure 15 shows representative results, using data (a) from 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
e ey

predict G, , it remained to develop a means for normalizing G, to one
sand type, selected as Yuma sand. Analyses were made {nvolving 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 (dSO)' Compactibility is defined as

e
D' - —i‘-’ei——"—“ *x 100, percent (9)
min

and dgg (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 Yuma sand. For a given sand x, known values of D;/D; and

(dgg) x/ (ds5q) are used {n Figure 16 to determine corresponding values of

(Gex/cey)b' and (Gex/cey)d5 , respectively. A given value of Ce for
sand x (Ggy) 18 then normalized to the corresponding value for Yuma sand
(Gev) by the relation

cey - cex t (cex/cey) (10)

where

= (c__/C ) x (Cexlce

Cexjcey ex’ “ey’ ., y)d (11)

50

T e o,
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For use in normalizing Ggyx to G, . the curves in Figure 16
exhibit expected trends. A given sand of high compactibility requires
less force for {ts displacement than does one of low compactibility at
the same relative densitv. Thus, for D./D} > 1 (all other conditions
constant), Gey Mmust be increased for normalization to Coy - This s
accomplished by taking the appropriate value of (Ggo,/Coy)pr < 1 from
Figure 16, applving this value {n Equatfon 11, and then using Fquatfon 10.
(For Dy/Dy < 1, (ch/npv)n' > 1 and €, 1{s decreased In normalfza-
tion to Ggy .) '

Note, also, that the penetration resistance of a sand with
large-diameter grains i{s greater than that of one with smaller grains
(all other conditions constant). Thus, for (dSO)x/(dSO)y ~ 1,

(Cox/toy)dgg > 1 and Cex 18 decreased {n normalization to “ev . (For
oY oY <1, 6 {s increased In normalization to G V)
SO x 50y ex ey
Use of € in N . Having determined the value of ¢
—— 8y By vy
tor a particular sand x, the next satep s to use G in N -
3/2 ev sev
cvv(hd\ ' z
- RE— . ﬁ to predict in-sand “20 and qZO tire and wheeled vehicle

rerformance. The success of Ce' fn this role {8 {llustrated in the fol-
lowing comparisons. ¥

In Figure 17a, data for all of the single-tire tests considered
herein fcr the Yuma, mortar, and Cresswell sands cluster about the same
Lo versus Ngay curve obtained earlier for Yuma sand In Figures lé4a and
14b.  (Note that’ Ngoy = Ngo for Yuma sand only.) 1In Figure 17b, single-
tire test data for these three sands all cluster about the same n20
versus N, relation. Note further that, based on results from the same
laboratory single-tire tests, data collapse about the two relations involv-
ing N e in Figure 17 is considerably better than that about corre-

sponding relationa in Figure 18 involving Nq

In Figure 19, the wheeled-vehicle test data for six sandy field
test sites show much less data scatter about the central lag versus
Ngey 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 jg
versus Nq L *

Based on Figures 17 and 19, Ngoy 18 demonstrated to be very
eftective in consolidating single-tire and wheeled-vehicle 1,5 data to
one relation, 170 data to another. Remarks modifying this general con-
clusfon need to be made, however, relative primarily to one of the labora-
torv test sands in Figure 17 (Cresswell sand) and to the one field test
sand not shown in Figure 19 (Suscinio sand).

Some Strengths and Lim{tations of the qulngethodology. Firste,

regarding the Cresswell sand, determination of its Cey values {n
Figure 17 was made using as input data one get of G values gleaned
from References 10 and 11, plus values of ap , a8, D' , and dsg
from the 1983 WES laboratory tests of the Cresswell sand sample (using

* No njp versus Ng.. relation i{s shown in Figure 19 because measure-
ments of ry5 were not obtained in any of the wheeled vehicle tests
considered herein.
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a; at the WES atr-dry condition). There was interest in determining
how these predicted values of G,y (and of Ny, ) compared with those
obtained by using the same set of G values, together with input values
of a; , a8 , D' , and dSO , obtained from References 10, 11, and 14.
Table 3 summarizes this comparison.

For the 11 air-dry Cresswell sand test conditions considered,
the major conclusion from Table 3 i{s that, although two quite different
sets of {nput values of a; , a; , D', and dg9 were used (see the two
footnotes of Table 3), nearly i{dentical values of G and of N were
predicted (compare results in columns 9 and 10 with txose in coluung 14
and 15). This close agreement reflects that the overall process for trans-
lating values of G to G (summarized in the first footnote of Table
3) 1s reasonably robust. Tﬁat 1s, 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 {ts 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 ay, a, D', and d by 1983 WES laboratory testing were like
the sands used in actual 1928 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 ;5 ver-
sus Nge, 1in Figure 19 versus the ujq versus Ng relation in Figure 4
18 rather remarkable, even with one significant caveat: the u versus
Ngey relation obtained for Suscinio sand (not shown in Figure fg) is con-
siderably different from that shown i{n Figure 19 for the si{x other field
test sands (it is displaced far to the left).

There are two principal poss.»ilities for explaining what at
first seems to be the atypical uz;5 versus Ng,, behavior of the Sus-
cinifo data. First, it is possible that one or more sand parameters needed
in the process for translating G to Gg,, have been omitted. The proc-
ess described herein is the one that was Hetermined to make the G-to-G,
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 C, = dgg/d)g ., angle of internal friction, etc.). Sttll,
modifications might substantially {mprove the G-to-Ggy translation
process, and such modifications are welcomed.

The second, and much more likely, reason for the ujg versus

sey behavior of the Suscinio 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 {ts corresponding original dis-

tribution, by a large margin--see Table 1. Thus, {t was not surprising,
when the D, = 141.0 log G + a2 laboratory relation for Suscinio sand was

applied to Suscinio field values of G, that values of D, considerably

larger than 100 percent were obtained in some cases. (This did not occur
with the nine other sands.) Note, also, from Table 1 that the Suscinio

field sand was considerably less coarse than the 1983 Suscinio sample sand

(vhich included almost as much gravel as sand--see Figure 10). In fact,

from Table 1, the Suscinio field sand's overall distribution of d values 1
{s approximated just as well by the 198) La Turballe laboratory sample ‘
(from the low side) as {t is by the Suscinio laboratory sample (from the
high side). (Prediction of Suscinio Cey values by using for input
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Suscinio tield ¢ values and La Turballe 1.‘|bur.'|(nr\ ap . oay o, D', and
dyn  values produced a Suscinlo 1) versus relat{fon very closelyv
approximated by the relation in Filgure 17.) Finl¥l\. note that the good
fit ot the Suscin{o data in the gy versus NS relation of VFigure 4
further indicates that characteristics of the suscinfo sand, a4 encoun-
tered on-site and measured at least by €, were not forefgn to those of
the QiK-ﬂlhOY sands In Figure 4.

The above ohservations suggest that, for the Suscinfo beach
site, the discontf{nuity between 1983 sample sand and 1959 ffeld mand was
simplv too large to overcome in using a1 , a» , D', and dgg values
from the sample sand to describe drawbar performance in the field sand.
These observationa also lead to the caveat that {t remains to be deter-
mined how (oarse a sand must be for the Nsev relations not to apply.
{Sands at least as ccarse as the La Turballe sand are successfully
treated by No .. .) A second caveat is that a substantlal amount of
laboratorv testlng is necessarv to define the input values of ay ., ap .,

', and dg; required bv the process for translating ¢ to Coy for use

in quv (particularlv to define a and ap for the range of values of
iy and sand molsture content of possible concern). If the user {s not
restricted bv these two caveats, the Ng,. relations of Fligures 17 and 19

are useful now in predicting drawbar performance with better accuracy than
do the Ny relations of Figures 18 and 4. If the above caveats negate use
of the Ngg. relations, the . versus Ng relation of Figure 4 {s
st111 judged sufficiently well detined to offer the basis for a useful
wheeled vehicle drawbar performance svstem.

SUMMARY AND_CONCLUSTONS
To summarize, a five-step process was developed for predicting

tire and wheeled vehicle .29 and nyq performance for a given sand and
sand moi{sture content, described as follows:

(1) Use Equation 7 to estimate nrb (from known values of Cb y
a, , and a,).
1 2
(2) Obtatn D from Figure 1.
re
Drc T4
(3) Compute G = antilog --———— . For sand x , this is
ps e a)
ex

(4) Convert Gg, to Gey by use of Figure 16 and Equations
11 and 10.

(5) LUse Cey in Nsey and the relations in Figure 17 to
predfct upy and nyqg

Relations of 175 and nyp to Ngey now offer better predic-
tion accuracy than do those of L;5 and nj;g "to Ny for a broad range
of sand types and strengths, and for sand mofsture contents up to about
7 percent. Implementation of the Ng relations is limited, however,
bv two caveats: (a) the exact range o¥ sand types for which the Ngey
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-
sldered herein are succesafully treated by N ), and (b) substantial

se
laboratory testing is necessary to define values of a; , a2, D' , and
dgy . which are required as {nput by the process for defining G, for
use in N . Further work is needed to minimize or eliminate t e in-

sey
fluence of these two caveats. For now, with proper account taken of their
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limications, either the Ng, or the N; methodology can be employed to
predict in-sand tire and wheeled vehicle drawbar performance with useful
accuracy.

10.

REFERENCES

Meyer, M. P. et al., "International Society for Terrain-Vehicle
Systems Standards,” Journal of Terramechanics, Vol 14, No. 3, 1977,
pp 153-182.

Melzer, 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.

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.

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.

Patin, T. R., "Performance of Soils Under Tire Loads; Extension of
Mohility Prediction Procedures to Rectangular Cross-Section Tires
in Coarse-Grained Soil," Technical Report No. 3~866, Report 7,
April 1972, U. S. Army Engineer Waterways Experiment Station, CE,
Vicksburg, Miss.

Melzer, K.-J., '"Measuring Soil Properties in Vehicle Mobility
Research; Relat{ve Density and Cone Penetration Resistance," Tech-
nical Report 3-652, Report 4, July 1971, U. S. Army Engineer Water-
wavs Experiment Station, CE, Vicksburg, Miss.

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.

Turnage, G. 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.

Melzer, K.-J., "Performance of the Boeing LRV Wheels in a Lunar
Soil Simulant; Effects of Speed, Wheel Load, and Soil," Technical
Report M-71-10, Report 2, December 1971, U. S. Army Engineer Water-
ways Experiment Station, CE, Vickaburg, Miss.

Peca, J. 0. and Reece, A. R., "Tyre Performance on Submerged Sand,"
Proceedings, 7th International Conference, International Soclety for
Terrain-Vehicle Systems, Vol II, pp 755-796.

2
Reece, A. R. and Peca, J. 0., "An Assessment of the Value of the %
Cone Penetrometer in Mobilfity Prediction,”" Proceedings, 7th Interna- '
tionsl Conference, International Socfiety for Terrain-Vehicle Systems, i

Vol 111, pp Al-A33.

_ — - — & A —t




135

1. Rush, E. S., "Trafflcability of Soils; Tests on Coarge-Grained Sofls
with Self-Propelled and Towed Vehicles 1958-1961," Technical Memo-
randum No. 3-240, Seventeenth Supplement, May 1963, U. S. Army
Engineer Waterwavs Experiment Statfon, CE, Vicksburg, Misgs.

13. Schreiner, B. G., Moore, D. W., and Grimes, K., "Mobility Asgess-
ment of the Heavy Expanded Mob{lity Tactical Truck - Inftial
Production Vehicles,” Technical Report (in preparation), U. S. Armvy
Engineer Waterways Experiment Station.

l4. Peca, J. 0., "Traction on Sand,"” unpublished Ph.D. Thesis, August
1983, Department of Agricultural Engineering, University of Newcastle
upon Tvne.

NOTATION
a,, a Constant and varf{able, respectively, in the equa-
1 2 .

tion D, = a; log G + a; for a given sand over
a range of sand moisture contents

b Unloaded tire section width

C Soil penetration resistance

Cu Coefficient of uniformity

Cl Cone {ndex

d Unloaded tire outside diameter

dSO’ (dSO)x‘ (dSO)y Median diameter of sand grains, dgg of sand x,
d of Yuma sand

50

D', D;, D; Compactibility, compactibility of sand x, com-
pactibility of Yuma sand

Dr' Drb' Dr Relative density, before-tire-pass relative den-

€ sity, effective (predominant during-tire-pass)

relative density

DP, DPZO Drawbar pull, drawbar pull at 20 percent slip

e, ena R em1 Before-tire-pass sand void ratio, maximum sand

x n void ratio, minimm sand void ratio
G, G ¢,GC ,G Sand penetration resistance gradient, before-

A
bT e’ Tex’ ey tire-pass G , effective (predominant during-

tire-pass) G , G, for sand x, Ge for Yuma
sand
h Unloaded tire section height
{ Slip
3/2
N,N ,N Sand-tire numerics N = Gebd) "~ L& , N -
s se sey 8 W h se
R IR ¢, )
seese--- o o and N - & .2
W h sey w h

e s A
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Torque input to wheel

Forward velocity of wheel axle
lLoad on a single tire

Tire deflection (under load)

Drawbar coefficient, drawbar coefficient at 20
percent slip

Drawbar efficiency, drawbar efficfency at 20 per-
cent slip

Rotation velocity of the torque {nput shaft
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H INTRODUCTION

YSooVer whice e

5 e qener i ly nave dastancot advantasg
poes cntry terraln, praimarily because the track results oan

Cowerogr et pres are, deating to redneed sinkage and a bhetter
Cradoation o f tractave ot ot Aainst this the steering system, which
. CliLy oantearated Wath o the transmission, is more complex.
Moot road wheejed vehiioles have andependently mounted wheels and
S ' % the dynamic behaviour of such a vehicle travelliny over a
ef terralln 1s relatively strajght forward., However, when the road

Leoare connected by a track, their motion is not independent, and

v toogether with the motion of the track 1tself, makes prediction much

Lffioait. Hearing in mind the complexity and high cost of such

Ve e, tnas hiffacslty 1s a serious handicap for the designer. This s
trt . Llarly trae of mliitary tracked venicles which alditionally us

Coptarticate ] suspension systems.

PO Gt BRI ;

Theoaam Lt the work described in thas paper was:

1. foodeveliop a computer model that would simulate the behaviour

toa tracw aying vehicle,

validare this model against field measurements on real

Ve ctevelopment and proving ot such g computer model would result in oan

cxtretn .y ssetal cdesigroatd and allow competing Jdesigns to be compared
re the expensive proucess of prototype production begins. A computer

would also allow the vehlcle parameters to be changed very easily
interest

e te ]
1.3 e design aptaimased for given criteria. The mawn areas ot
oy ot omodel o an paestion are vehicle ride, loading and motion of the

e nho ompeonents, and the track tension which not only has an

rtant Leeariteg ofn track wear, 1t alse has oa consitderabile anfluence on

Loat i pega hine 10 gencral .,
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Previous work on tracks is mostly confined to the classic kinematic

analysis of a roller chain passing around fixed sprockets (1), and
more recently to the cunsequences of this "polygonal action” in terms
of such problems as noise and vibration (2). More recently still

{}) 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
15 very Jdifferent and much more coumplex because:

a. Torque is applied through a sprocket which move: with the
vehicle.

L. The load 1s distributed in an indeterminate manner along a
finite length of essentially stationary trac‘Y in contact with the
ground.

C. The track inertia 18 a significant fraction of the system

1nertia, and its motion is very non-linear.

3. There 1s significant coulomb friction bcetween adjacent track
links,.

It 1s clear, then, that whilst the previous work has produced useful
results, the analysis has not yet reached the stage where it is directly
applicable tu a tracked vehicle computer model. The model described in
Section 2 therefore makes some simplifying assumptions, and a parallel
projramme of more detailed work is in progress to investigate real track

dynamics (3).

2, COMPUTER SIMULATION

The (omputer simulation comprises a main program which solves the
differenti1al equations of motion describing the vehicle response, a data
file describing the vehicle, a terrain file which describes the ground
wer which the vehicle is to be run, and a number of sub-programs which
can be selected according to the output required.

<.1 _Main Program for the Model.

The vehicle is modelled in side elevation only, giving 3 degrees of
treedom 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) , hump and rebound stops, and road wheel tyre stiffness
Friction 1s included at all wheel stations, and damping is included at
those wheel stations where damper units are fitted (commonly front and
rear only).

As noted i1n Section t the vehicle track 18 an area of uncertainty and
difficulty. For the model described the track is considered as a light 4
string with an exponential elastic characteristic (measured from an H
initial fitted tension) due to catenary effects. A portion of the actual ’
track mass is added to the model sprung mass. During operation the track




15%

tercoom g assoamed too e coonstant from the toght side of the Jdrive
Yooket whicto may e at the front cr orear of the vehacle) to a point

Gendiately an tront of tne pear road wheel which a8 an o contact with the

S P e, tenen s e aes el v de rea

s epaal steps, one for

ottt e e el b the tension o at the sl

Gt e okt o e wei e moded may be Tdriven” witnoa canstant
31 R A S S T LA fependent rodling resistance, or at a
T JS crtostant speend Worw 1a oin o hani to enabile :s;-rr)vku-t torgue or
joecd o to twe Lned o drive the model,

Veliioae traverses cresg country terrain such that the pitch
oxc1ted, 1t gs not uncommon to find that the front lower

o boe f the ool o wtrakes the gqround.  This occurrence 18 monitored
Pnothe jroejram for o maededoand may be displayed as part of the output,
Datosanee the Nt e assamed to te rigqad, grounding forces cannot be

AL cated and awenee ate not ancluded 1n the sguations of motion.

$1oearam soaves the ifferential equations of motion simultanecusly

sant oa fourth-order Runge-Fiatta techarque.  Because of the "stiff"

St he equations anstahilities can arise with the higher

Cves retatine; o the staller masses. If displacement only is of

impartant since the double inteqration

yocratafioant filtering offect . However, for acceloerations, and

. A desser extent for velocities, the instability may lead to

genoeptarle errors. Decreasing the integration step length ultimately
itvens the problem ot can lead to very long computer run times, and so

4 ocarlat le step Tength has been introduced into the Runge-Kutta routine.

Unas penerally takes coarse steps where the rates of change of the higher

Brivatives are slow and finer steps where the rates of change are high,

thas Jiv.ng jo0d accuracy with reascnable computer run times. Experience

tan also taught s those areas of the system which are sensitive to

*hero crrors oand what local error formulation 15 best suited to the

Trol e,

. pntere ot otloe o anstatiilaty

Che prodram 1o written an modular form thus allowing easy modification
to sult partacalar real cases. The results discussed in Section 4
ire Jderived trom a number of variants of the basic program,

. Velitele Data File,

A cunuaideravle amount of detalled data is needed to describe the vehicle

sood for the medel. This data comprises:

. Jpraug and unsprung masses, and a factor to allow for
retating masses Jdependent on the gear 1n use.,

. Moments of inertaia.,

. Complete venacle dimensions, geometry and initial conditions.
1. Suspenslon compliances, friction and damping characteristics.,
[ Foiling resistance characteristic.

R

1 irack s haractepistic,
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bepending on the nature of the vehicle the dat,y may be constants, or
algebraic or tabulated functions which are srvaluated or interpolated as
necessary. A sub-program allows easy dispiay and modifications of the
current Jdata file.

+:3 _Terrain Data File.

The terrain 1s recorded as a series of vertical co-ordinates at uniform
horizontal i1ntervals. The program joins these points by straight line

segments.  Experience has shown that there is little tou bwe gained by
using a horizontal interval of less than one third road wheel radius.
The effect of the finite wheel size - ground profile geometry 1s ' -on

fully 1nto account, bhut the ground 1s assumed to be rigii.

A library of terrain profiles 1s available including flat ground used to
heck equilibrium and stead: state positions, saimple obstacles such

as ramps and steps which are easy to make and use for real vehicle
testing and which form useful standards for comparative purposes,
synthetic random courses, and representations of real "random” course

whi1ch have been surveyed.

2.4 Output Sub-Programs.

The program 1s capable of giving as output any of the calculated forces
o1 moments, any of the displacements (or first or second derivatives)

2f any motion corresponding to each of the degrees of freed.m, 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.

3. EXPERIMENTAI, MEASUREMENTS

It 1s 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 1.

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
3.5. Some of the results of the trials are shown and discussed in
Section 4.
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cme fortrer valdation ot the mode] has Leen possable from work done
Ty RMuD tor Herstman Defence Systems ot Bath oon thear rotary damper

rate . Some resalte from o this work are alse shown an Section 4,
o suspension Research veniole Trials.
Tis ovehlo le was made avallable specitically for this work, and has been
fitted with a range of transducers.  These incloade:
a. SGproc ke hmboanits to qive sprocket speed and torgque.
t. Hu.l and suspension accelerometers.
Torsion bar strain gaijes.,
R GARIE e Pressure Jauqes,

susdderat le amount f data has been cullected for this vehicle,

3

C e haettain Triass.,

s vehr le owas not nder the authors' control and hence only

setramentation o wnich could e fitted easily and removed without
solxtioatyon 0 the velole was possible. This was primarily
1odlermeters fitted to the tront and rear of the hull. The weighted
Sunoand ditference of these tignals then gave mass centre bounce and
tono o vlerations respectively., Cine film taken at bhd frames/second
te tound to te o xtremely usefa] for jualitative analysis and for
Jjiestang reas s for otherwlse unexplained features on the
rovicrometer recordings., The film included a calibrated clock, but
trempts to measare Jisplacements by examination of consecutive frames
wr ooty partially successfa]l.  Runs were completed at three.different
coto gnd oat twe ditferent values of anitial track tension (5).

M re recently a spare track link has been reduced in section and strain
Da.ied o so that track tension could be measured daround the track circuit

¢ . Thne connhections to the strailn gauges are by flying leads and hence
1 late, only slow speed, straight line, flat ground runs have been
iessibile.  The results oltained show that measurement of track tension by
tras aethod 10 perfectly feasible, and the work 1s continuing. A
telemetry system o as belng develuoped and will be i1ncorporated in the body

¢ e track link, and will transmit to an aerial attached to the hull.

Lhe bagnen oaie Moded

seeoaase of the pvious ifficulty in handling and modifying any full
scale tracked vehicle, a model was designed, bullt and tested (7). [t
P Lot represent any particular full scale venicle, but can be

iy to o represent o wide range of possible vehicles.  The
voeomudel s dravern by an antegral electric motor having an umbilical
cophiasticated control system allowing either speed or torque
ntrol. AL yet gt has no steering mechanism,

?
’,




Ao elerometers are faitted to the hull, and potentiometers are fitted 1.
tlie wheel arm axles. A selected link has been modified to allow

measurement of track tension. Appropriate pirok up points in the ™.t
ontrol unit allow  si1gnais to be recordedd which can be calitnat
against sprocket speed and torque. At present only preliminary res '«
are available, but the system shows every indication of being an
extremely useful validating tool. In particular 1t will allow the
omputer model to be validated for operating conditions beyond those
cuarrent ly experienced by the full s ale vehicles,

4._ TYPICAL RESULTS

This section shows some typical results from work done over a period of
several years. During this period the computer model underwent
cuntinuous Jevelopment to sult the various requirements.

section 4.1 compares some computer mode! and field trials results t
illustrate the degree tu which the model agrees with the real vehicle
it represents.

section 4.7 shows some results from computer models 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 Model Validation

The carliest work in this connection used the Suspension Research Vehicle,
Fig 1 (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 angle relative to the hull, and the hull pitch angle
respectively. The computed and measured results show generally good
agreement, although .t 1s noted that the real vehicle appears to have a
lower pitch frequency than the computer model vehicle. It 1s 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 i1f the track characteristics are correctly assessed, and
this 1s sti1l] being investigated. A further difficulty is that the
vehicle pitch moment of 1inertia and mass centre position are seldom known
accurately.

F19 4 shows SRV traversing part of a random course. The real vehicle
speed of 2.4 m/s was the fastest that could be sustained over what 1s

a very severe course. Again the agreement in terms of hull pitch angle 1is
seen to be good in respect of both amplitude and frequency.

F1y L shows some results for a Chieftain Main Battle Tank, Fig 1 (b).
This vehicle has six road wheels, interconnected in pairs with wheels
mounted alternatively on leading and trailing arms. A nest ot coil
springs is fitted between wheel pairs. The computed and measured
acceleration levels for vertical motion of the mass centre agree well.
F1g £ shows the displacement of all six wheels together with the mass
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vntre vertical displacement and pitch anjgle. The wheel displacement
‘taces arse show where the rebound stop was active. Photographic
recording of the flreld trial gave extremely good jqualitative agreement,
espes 1aily where the road wheels are clear of the ground and are

e rted either by the rebound stop or by the track.

Viss Toand ¢ show some preliminary resuits from the scale model vehicle,
Fij; 1 o, This vehicle has six road wheels mounted on tratling arms,
with o1l osprings between the wheel arms and the hull. The measured
ooeLeTratien si1anals shown tn Firg 7 have been filtered at approximately

He (o remeve structural vibration responses. The model speed of

L0omos soaies tooa fall sice vehicle speed of approximately € m/s,
4 othe tepeated rampys scale to 0.4 m, thus representing a very severe
caditien.  The gqeneral shapes of the measured and computed accelerations
1 i owheel arm aniles are in good agreement, although the results from
e front wheceo station sugiest that the computer model includes too

At dampan: or fractioen. Furtber studies with the scale model are in

Tooiress,

e Computer Predictions

A wide rane of predictions nave been made. Fig 4 shows one such example
ertesy of Vickers Defence systems; for a light tracked vehicle, which
my ates two different suspension systems.  The vehicle 1s traversing
£ oo sinewaves at o loomos, and hull acceleration and front
disy lavement are used as the comparison criterion.  The improvement
Stfered by the partacular Hydrogas system over the torsion bar system is
tearly evadent, teit 1t snould be noted that the systems represent two
y Jd1fferent buill wtandards; 1n particular the wheel travel and
fot the waiee for each system.  The comparison 1s not intended
trat Hyirojas suspensions 1n jeneral are better than torsion bar
It 1x not possible to state how accurate the predicted
t .t the previeus validation of the computer model allows the
v e ranked with confidence.

A Serles o

whes |

Ac wtated eari.er the track plays an amportant role in determining the

welaole responce to terrain dasturbance.  This 1s particularly true in
Ceavy ang. Figolu shows the effect of front and rear drive sprocket on

P+t Loresinne.  Whern the drive 1s at the rear, the vehicle assumes a
Steady resi<nse on tlat ground of about [/ degrees, nose up, and

t j1tul, response to the disturbance is increased. When the drive
frnt ttas effect 1s negligible.

b sy

PRI A AR ]
HN Fotary Lamper Performance

Tuoarleve trne regquired level of damping on tracked vehicles results in
C3b danger joads and o high rate of heat generation. The concept of a
r tary dampaer declted to the hull at the wheel arm pivot is an attractive

compact s luten, Fig 11 shows some predictions for wheel arm angle,
wheeel arno antiiaoar velocity and damper torgque for a rotary damper fitted
TooaoLiint tracxed vehicle, (courtesy Hortsman Defence Systems). At the
Lower oLpeed ot L d m s the action of the "blow-off" valves in the

twoo directioons to limit the damper torques is clearly evident,

At trne ragter speed of B0l ms the wheel arm angular velocity, and hence
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the damper fluid flow rate, arce such that the damper 1o operating on the
tlow-off valve characteristic and very larje torques can now be generated.,
toshould be noted, however, thao the obstacle s rather abrupt and that
fgh angular velocitles are to be expected. Ekven 5o the predicted
velocities are somewhat higher than those reported by Hortsman Defence
Systems, and this Jdifference 1s being investigated. Measured pressures on
the real damper show lays at the blow-off pressure and 1n the tran. ‘iun
from positive to negative velocaty; this opens up the possibility, !
treqaency dependent damping. These lags are not shown in this parti Llar
prediction,

. CONCLUSIONS

The validation work described and the results obtained show ¢leariy that
ceomputer modelling of tracked vehicles can be quite accurate, and an
cxtremely useful design tool for investigating competing designs and

the effects of design modifications.

e particular model developed is flexible and easy tu us . The modular
structure of the program allows easy modifications to ac~vpt different
venlvle configurations, and to output a wide range of predicted recponses.

The model also allows further development and adaption to new problems,
in particular investigation of the vehicle response to firing its guns
thH, ),

The model described in this report and a transmission simulation : odel
t1.) are being combined to give a more realistic vehicle model whi.h can
respond to engine throttle and gear change demands as well as to ground
profiles.
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Fiqg.l

a.

Chieftain Main Ba tle Tank.

c. Model Tracked vehicle.

VEHICLES USED FOR EXPERIMENTAL WORK.
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DESTGNING OFF-ROAD VEHICLES WITH GOOD RIDE BEHAVIOUR

D.N.L.. HORTON, D.A. CROULLA

Department of Mechanical Engineering, University of Leeds, Leeds, U.K.

ABSTRACT
The results from simple ride vibration models of off-road vehicles are
exarnined 11 terms of natural frequencies, mode shapes, frequency response
and response to realistic ground inputs.

Uespite the limitations of such models inherent in the assumptions, it {s
concluded tnat they provide designers with useful information about the
Jominart features of vehicle ride response.

1. INTRODUCTION

The backgreund te the off-road vehicle ride problem is well documented
and understood. Reviews of relevant work on the topic appear at
intervals and re-emphasise the effects of poor ride behaviour, e.g.
perater discomfort, spinal injuries, limiting of operating speed, pre-
mat sre fatigue faillures, etc. Agricultural tractors often lead the
list . f vehicles which transmit high acceleration levels to the operator
~or - ther carqgo!i, but there are plenty of other examples in the earth-
moviney, forestry and military industries,

irn sweneal, there are only three methods of isolating the operator: by
suspeniding has seat, the cabin or the whole vehicle. Again, the merits
and fitaidvantages of each of these systems has been thoroughly discussed.
In jractice, the major factor 1in selecting one of these systems is cost,
s thrat ajricultural tractors are universally equipped with a seat sus-
ipension, wherecas military vehicles have axle suspensions, often of a
cophanticated lesign.

A deuygner cught te know something about the ride behaviour of his vehicle
at tne design stage, Consequently, much effort has been invested in
feveloping mathematical models to predict ride behaviour, However, there
3 pears to be a gap between the sometimes very sophisticated models that
tave been developed and their transformation into useful design infor-
mation. Certainly, such models have limitations, 1n particular, because
the precise nature of the tyre/ground interaction and the resulring
vilbrational respunse 1s not understood. But despite this, even simple
vetacle models do indicate the primary features of the ride response.

The obyect of this paper 1s to try and cxploit the results obtained from
simple vehicle models and examine whether they lead to desiygn guidelines,
Three vehicles arc studied:

1, a %t aqgricultural tractor
wsa Yt off-road transport vehicle, unladen
4 a tt off-road transport vehicle with a 5t payload.
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The model restricts motion to the symmetr; plane of the vehicle aiving
three Jdegrres of freedom, namely vertical (z), pitch (8), and :mgitudinal
X) (see Fig, 2V, This restriction simplifies the equations of mition
and the 1nputs are reduced from four wheels to two, front and rear, but

1t has the disadvantage of neglecting lateral and roll motion. These
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
¢ matrix of damping terms (n x n)
£ frequency, Hz
G ground roughness coefficient
Hiw! frequency response function
k stiffness coefficient kN/m
X matrix of stiffness terms (n x nj
1 vehicle wheelbase, m
™ number of inputs
M matrix of masses and inertias (n x n)
n number of degrees of freedom
SX{DW displacement spectral density of variable x, m’/(cycle/m)
Sx'f) displacement spectral density of variable x, m' /Hz
Spif) acceleration spectral density of variable x, (m/sec?)’/Hz
Py 1nput vector, Jimension m
vy,ul matrices relating input displacement and rate of change of
displacement to vehicle motion (n x m)
v vehicle speed, m/sec
x state vector, dimension u
X forward distance from vehicle centre of mass
z Jownward direction
2 downward distance from vehicle centre of mass
8 pitch coordinate
< root mean square
w frequency, rad/sec
Q wave number, cycles/m

Sfuffices: F front axle
R rear axle
S seat (when applied to X, 2)
suspension (when applied to k,C)
x 1nput variable
Yy 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 knowledge appears

in [1]). The particular problems relating to this field are:
(a) diversity of off-road tyres
(b) non-linear tyre characteristics
tc) the need to consider longitudinal as well as vertical
tyre/ground forces
(d) the deformable nature of off-road surfaces,
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Of the many tyte models which have been proposed the simplest as the point
contact model (Frg. ta) which has been used extensively 1n on-road vehicle
Jynamics. Its use, however, needs careful consideration since 1t over-
emphasices the effect of any high frequency components in the surface

over which 1t travels. For off-road surfaces containing sharp irrequ-
larities the peint contact model 1s 1nadequate but may be modified to
filter wat higher frequencies; examples are the fixed footprint and
rigid treadband models (Figs. 1b, ¢). Output from these moddels is
cjuivalent to that from a point contact model traversing an appropriately
cmoothed surface. off-road surfaces also give rise to significant long-
1tudinal forces at the tyre, for which the above models are inadequate.
The radial spring model (Fig. 1d), of which there are various forms, goes
some way towards predicting these forces, and if tangential components

are included 't has the potential to model interaction between a tyre and
a leformable surface.

in the fregquency domain i1dealised surfaces decrease in displacement ampli-
tude and increase 1n acceleration amplitude as frequency increases. The
fi1ltering effect of tyres on high frequencies can be formulated in a tyre
enveloping function (Fig. le) applied to the ground input spectrum, al-
though the exact form of such a function is open to question, However,
the frequency responsce of the vehicle 1tself, which decreases rapidly
with 1ncreasing frequency, acts as an effective filter when considering
vehicle acceleration levels, and for this reason the point contact model
may not be as 1nadequate as 1s commonly imagined.

4. THEORETICAJ. BACKGROUND

4.1 lanearisation of Models

when predicting vehicle natural frequencies and modes of vibration the
yres are treated as linear damped springs in both the vertical and long~
ttudinal directions, However, longitudinal components of ground input
w2ll be neaglected. These have only a secondary effect and difficulties
still exist an describing thei{r relationship with the vertical components.

For muetion restricted to small excursions from steady state values, and
for tyies and suspensions treated as linear spring/damper combinations,
the eguations of motion of the vehicle assume a linear form

Mx ¢ Cx +# Kx = Ul u+ U2 0 (n
where x 1s the state vector of dimension equal to the number of degrees of
freedom, *; and u 1s the input vector of dimension equal to the number of
injuts, m, M, C and K denote respectively the mass, damping and stiff-

ness matrices; Ul and U2 are matrices relating input displacement and
rate of change of displacement to the vehicle motion,

Fruation (1) may be transformed into a first order system of
dimension 2n in the form

Ay « By - Cy v DY ()

4. Natural Frequencles and Modes of Vibration

The n natural frequcncl?s ot the vehicle may be obtained from the eigen-
values of the matrix A B, with A and B defined in equation (/Z). The
courresponding e1genvalues define n modes of vibration, each associated
with a natural frequency. Each molde may be visualised as oscillation
about a point in the x-z plane, Such o point situated ih or very near
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tne velhlo e dencten predominant ly (stoch motion;  a point forward or

beband the velbicle denctes vertical motion;  and a point above or below
fenotes lonaitaninal motion, For centres of oscillation well away from
the vehi le the actual histance is umimportant; the direction from the
eV le then andicates the amcunt of coupling between vertical and long-
1tutinagl modes,

i Fregaency Response

Hesponse of the velicle to a unit displacement input over a range of
trequencies may be obtained by Laplace transforming equation (1) to give

st; ¢ s ¢ EIXus) -{ut + U2s) Us) (3)
arcdl then substaitut.ing s 07 exwt to give

X ot e Cro e 00 ¢ 210U Gw) (4)

1 X Hi.) Ui (5)

The froguency response function H{w) may then be calculated over a range
§ freqquencies, w.

4.4 Response to Ground Inputs in the Frequency Domain

The statistical propesties of many surface irregularities may be for-
mulated 1n a Jisplacement spectral density function >f the form,i2],
s oo at (6)
x
where o - wave number, cycles/m
5§y = Jdisplacement spectral density, m'/(cycle/m)
[ ground roughness coefficient

Agr:cultural surfaces have been measured and found to be representable
in thas form with G 1n the region 10-9% to 10-5 {3}, and the exponent, p,
*yiically arcund <.

In terms of frequency, f, the displacement and acceleration spectral
densities become

-
4

S «f) - V GE (7}
x

S, - (2me)" S UfY = low4 v sz (8)
X x

where Vo= vehicle speed, m/sec
and £ = Vi, Hz

Output spectral Jdensities 5 are related to S_ through the frequency
response H and 1ts complex Conjugate H*, i1n the form

S (w) = Hiw, 5_(w) H*(w) (9}

Y x
where w ° 2nf ¥
and 5 (f) = 29 S (w) (10 3

Y Y ¥
Rout mean suare displacement, o , of an output vartable y is given by f
{ Mmax b
o = $ (w) dw (11)
Y 40 Y

with “max chusen so that higher frequencies have neqligible effect.

A similar expression hold for U;'; in terms of ‘.sy .
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The spectral density function is also used to measure amplitude ot wvi-
lration associated with qiven frequencies. Within a specifaed bandwi ith
e1ther si1de of the frequency of interest the area under the spectral
iensity curve gives mean square Jdisplacement (or acceleration) over this
bandwidth,

when using a vehicle model 1n which rear wheel 1nput 1s equal to front
wheel 1nput delayed by 1/V seconds, where 1 is the wheelbas«, then the
resulting output spectral dersity curves exhibit a rippled effect, A
component in the ground spectium of wavelength 1/n metres (n -~ 1, 2, ...)
will result in the front and rear wheels bouncing in phase with frequency
nV 1 Hz, with mo contraibution in pitch. Components with wavelength
1.'tn - §) metres have the opposite effect, enhancing pitch at frequencies
no- §1V/1 H2. The effect on the output spectrum 1s seen as 3 super-
impeesed periodic component of wavelength V/1 Hz.

4.7 Response to ¢round Input in the Time Domain

The equations of motion (1) 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-
tuories 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
.ontent 18 obtained by transforming the time history to the frequency
domain using Fourier analysis, to give spectral denslties, One advantage
of this method 1s that non-linear vehicle equations may be used to gencrate
the time history, whereas the methods of the previous section require
iinear equations.

5. ANALYSIS OF THE UNSPRUNG VEHICLES

The three vehicles closen for analysis are: -

11} A typical large (%t, 90 kW) four wheel drive agraicultural tractor.
<&1 A pussible configuration for an off-road transport vehicle of
Le o urnla dern weaqght, with a front-mounted cab,
Verticle .0 with a "t payload which alters the position of its
centre .f mass.

The «oor finate system and parameter necessary to describe the vehicle
nodel are shiow:. an Fig, 2, with values for the three vehicles given 1in
Table ], nialen weights and tyre characteristics are deliberately set
equal t. fa.ilitate later comparison of axle suspensions.

Natural frequencies are given in Table 2 and indicate a dependence more

un o welght than on confiqgquration, Corresponding centres of oscillation
are shown in Fiqg. 1. In each case, the three modes are only weakly
coupled; each can be 1dentified as a predominantly vertical, pitch or
longitudinal mode, The mode shapes for all three vehicles are noticeably
similar despite the apparent geometrical differences.

Since ride information 1s required at the operator's seat position, fre-
quency response and spectral density are referred to ttas point, The
vertical ar?! lungitulinal seat motions 2 and X are related to the
vehicle coordinates 2, 6, x  (see Flg, o by .

F4 s - X 0
S 4

ke e = >




Fii. . Velaole coerdinate system and parameters

Table 1o Velacle parameter values (see Fig. ¢ for symbols)

Vet e 1 Py 3
P e - ———— —— e b
Body mons (K . 400U . 4000 2000
Reely  iosrcia (kgoms 5000 BOOO . 18000
Fron® axle mass tky! L2500 500 500
Reyr axle mass (kg 50 AV , 500
Trtal mass kgl . 5000 L5000, 10000
Wheellase m Coiad 3.6 3.6
X} om 1.0 1.6 1.9
!H . S -1.4 o =2.0 o =1.7
X. 'mi . -U.b 1.4 , 1.7
2o 00 . 0.9 1.5
AT , =Glh -0.5 0.1
k; wh,mo per axle . 900 200 200
¥ wN.omi per axle . oc o0 900
¢ irNseco/m; per axle AR NY) 5.0 DL
_ «kNsec/m) per axle 5.0 5.0 ‘ 5.0
) A A J“g J

Froquency response of vertical seat motion resulting from a unit vertical
input at tre front wheel 1s shown for the three vehicles 1n Fig. 4. Again
there 1< ar. Lverall sumilarity between the three vehicles, In ¢ach case
the foanant responses artse from the two lower frequencies associated
wit! vertioal an?d leongitudizal motiun, with relatively little contribution

fron o che patoh mode, The Jdifference 1n amplitude of the 4 to % Hz peak
betweor the *ractor 1) and unladen transport vehicle (2) reflects the
i*s1t n f the associated pitch centre with respect to the geat, since

T certre o5 further horizontally from the s-cat in vehicle 0, the con-
trof it te o seat vertical motion, for a given pitch amplitude, will be
dreater, The effect Sf lcading the transport vehicle 1s to lower the
fia® wral fregquencies and alyo to sharpen the peaks of the frequency re-
cpense, tndioatang a reduction 1n effective damping arising from the

S rerdlel TaARh,
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Fig. 3 Centres of rotation with natural frequencies for the three
vehicles, lines i1ndicate change in position of the centres
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veht -le 1

Velilole

PR3

Yohicle 3

- T TN —————

Fir.ov FregLeny rorponne sf overtical seat motaion for ogounat
vertical anput oat the front wheel, Vehicles §, 0 oand 2,

et e 1 2 ' 3
t penesn <. 3.u b PUPCT S B 1.9 o 3.7
LI Dpenslons
. I g | I B 2.1 2.4 4.2 1.2 1.6 3.5 .
. N B Pod Lo 4l 1.0 1. 4G 1.0 1.2 3.4 !
. T 1 R S P | 1 1.1 1.0 . 0.6 0.7 3.3 I

e T S

ko o NatLral fregquenciles (He) for the three degrees of freedom of the
vehiole body. Values of suspension staffness, k , are 1n
kN.m. axle; values of suspension damping, CS, are 1in kN sec/m/axice.

Fregquency response analysis provides a useful tuol for estimating the
eftects of changing vehilcle parameters. New parameter values are in- .
serted i equaticon (1) and fast, efficlent computer routines exist to
Jenerate natural frequencies, mode shapes and frequency response curves,
This enabies the vehicle designer to quickly butld up a simple picture
wt the vehiole vitrational characteristics,

Froquency response o sihqgle anputs, however, cannot predict the relative J
amp litudes of vibration associated with each mode under practical opera- "
ting conditions, A fuller description of these requires a ground input i
with a prescribed ampliiude distribution against frequency, applied to
both front and rear wheels, Figure 5 shows the seat vertical accele-
ratien speectral densities resulting from equation (3) aprlied to an input

. acieleration profile o f the form of equation (#4), with speed Ve 0 misec

o=

ant roughness 5 0 . The corresponiing root mean square and seat
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Fig. % Vertical seat acceleration spectral densities for an input of
roughness ¢ = 1677 at speed V = 7 m/sec, Vehicles 1, U and 3.
- -
I Vertical l Longitudinal
— + |
. vehicle | 1 2 3 T 1 . 3
+ 4
1 i
Suspension:
Nohe .42 203 5 2.8 200 1Ly
Front 2.0 1.7 1.3 1.0 1.4 0.8
Rear cl.h o 2.402.03 ) 1.2 1.4 1L i
Full 1.0 1.2 0.8 ; 0.8 0.8 0.4
— i J

Table v Unweirghted root mean square vertical and longitudinal seat
accelerations (m/sec? ) for vehlcles with suspension parameters
K P00 kN/m, ¢ - 20U kN sec/m travelling at speed V © 2 m/sec
ot a surface of roughness ¢ - 1075,

The figure indicates the distribution of this acceleration over trequency
such a way that the area under the curve 1n a given bandwidth repre-
©tn the mean square seat vertical acceleration over that bandwaidth,

St tractor exhibits high acceleration levels arcund J.1 Hz, corresponding

Tootne mode of that frequency; and at 3 to 3.9 Hz, which results from a
At at fon st the 400 B2 mode and a component trom the wheelbase effect
e e tann 4,4) at 3.4 He, It 15 this effect alsu which gives rise to
shtermediate peak at about J.° Hz, and the smaller peaks above 4 He,
pfoxamaty of the 4.6 Hz pitch centre to the seat results in a

it Mmrtrabuthion tv seat acceleration from this mode.
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For the unladen transport vehicle the spread of acceleration over fre-
dency 15 more noticeable, with a significant contribution between 4 and
' H:, since the pitch centre 1s now well behind the seat, The offoct of
lcading 1s to reduce rms acceleration and concenti1ate the accelerations
into the three natural frequencies, especially the vertical mode at 2,1
Hz, which 1s enhanced at this speed by a peak at 2.2 Hz due to the wheel-
base effect,

I[f speed 1s varied from . m/sec the peaks produced by the wheelbase effect
meve along the fregquency axis relative to the stationary peaks due to
natural frequencies. This will lead to differing patterns of acceleration
as these peaks interfere with cach other.

G, SUSPENSION DESIGN

To investigate the effects of axle suspension 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:
(1 k= 900 kN/m/axle, cg * 30 kN scc/m/axle
(if) ks = 400 kN/m/axle, ¢, " 20 kN sec/m/axle

(111) kS = 100 kN/m/axle, ¢, - 10 kN sec/m/axle

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.l 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
vice versa.

The vehicles behave differently, however, when fully suspended. For
vehicles 1 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 vehicle 2 the vertical and long-
itudinal modes each move tu a point near the front and rear wheels,
respectively.

As a general rule, movement of a mode centre towards the seat will reduce
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 directjons. Here again, the response to real
ground inputs provides further insight for the designer.

Ty g B 5

The effect on rms values is shown in Table 3 for the middle value of sus-
pension sti‘fness 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-
pensior on the tractor or a rear suspension on the transport vehicle have L
little effect, In contrast, a suspension on either axle will signifi- t
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cantly reduce longitudinal seat acoeleration. These results are high-
lighted 1n Flg. 6 which compare: the four suspension options for the un-
laden transport vehicle. A rear suspension reduces higher frequency com
ponents while retaining the 2,5 and 3 H7 bounce peak, A front suspensior
reduces this also and i1s seen to be almost as good as a full suspension
from the operator's point of view.

10 -

O
10,

N
jﬁ“/;/ﬁ\ No suspension
e 31~— K

~r” ”j ) X‘/: -l -

i /A Rear suspension
s

0! \(\M

Vertical N

seat

acceleration

spectral } Front suspension
density 0l e et

!m/sec')‘/Hle

Full suspension

OL — -

0 2 4 6 8

Frequency, Hz

F1g, 6 Vertical seat acceleration spectral density for Vehicle 2,
with input as 1in Fig. 5, for each suspension option. Suspension
parameters are ks = 400 kN/m/axle, cg = 20 kN sec/m/axle.

The disadvantages of a soft suspension is the increased static deflection
which i1t causes. The largest suspension stiffness is set equal to that
of the tyres and gives a static deflection of about 25 mm for vehicles

! and 2, and about 50 mm for vehicle 3. The softest value gives res-
pectively 250 and 500 mm. These may be prohibitively large, especially
for the laden transport vehicle, but the value is included here for
1llustrative purposes. By simulating vehicle behaviour for different
values of stiffness and damping, the designer will cobtain 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
spred 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
sooothed 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 {7 to 10 mm and acceleration is reduced from 5.6

to 2.1 m/Bec?, Corresponding values for the unsprung vehicle with an
unmodified furrow profile are 74 mm and 19 m/sec', which are clearly
unrealistic, as one would expect. This confsiims that it is necessary for
any ground inputswith significant high freguency components, to either

.
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N S S N sttt mede ), or modify tre etfee vtive anput by,
NV e, ryord treadboarad g proxamation
Froont whiend .
wear wheel
et bW
meets furrow
| "
A
i /
' !
: \ /\ P ' '
LN \‘l & S0 o ‘\ ; - "
e A e B R SR S o Sig e Sl ottt A-f o o A
. e ' : : | ) ; g o
oL eTens, ; . VS \\ : . ) ;’ f Bkec
I‘ '
S -
\/—,
-7 ST ’
' ) Square cut Furrow
furrow profile
JoC mm x 400 om mndified
by rigd
t readband
. Vime tastory of vertical seat displacement for Vehicole
LS a0 X A4ctl mm o furrow, modirfied by a rigid treadband
Sinset ,oat a speed of O m/sec. The solid line s for no
saspeasion;  the dashed line 18 for full suspension with
3 A0 RN m, axle, © 20 kN sec/m/axle.
s
“. CONCLUSIONS
Altr L3l tie sample verncle models descrabed contain many limiting
10w t.euny, they are nevertheless useful in provaiding designers
alt e Yfeelt for ride vabration behaviour,
Anctoer custifliation for keeping the vehicle models simple 1s that
Teore aCCurate representation is limited by the tyre model. Untal a
more ace arate descpaption of off-road tyre vibration 1s available,

Loeptantioarted vehiicle models are inappropriate,

nopredictang the Jominant aspects of ride behaviscur, sample models
coatde  tf-roal vehacle designers tu understand the effect of, for
exami 1o, Cea' position and vehicle geometry on the operator accele-
ration devels, Farthermore, fast interactive computing methods

mean that

n tmjustry,
urrently ansuspended vehicles 1s a subject of great
present, that full axle suspension
tran 4 single axle suspension,  If a single axie only
perede ] hen the one nedarest the driver’s seat offers the greatest
vertical acceleration level, However, the axle
ffers some reduction in pitch, and hence longirtudinal

the addition of axle suspension ty
interest at
ts syqrificantly

*hee agricultural

The model shows

et t gy Ly wtin-

tejac bt onon

from b seat

arcelerat ions,

sXtensive parameter gptaimisation studies can be Jdone quickly.

furthest
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Theoretische Untersuchung einer Aktiv-Federung fir Rad-

1
|
Schlepper i
{

H. Junker; A. Seewald

Inst. f. Kraftfahrwesen, TH Aachen, BR Deutschland

EINFUHRUNG

Durch die Einsatzbedingungen auf unebenen Feldwegen und im
unbefestigten Geldnde werden Rad-Schlepper in der Regel zu
starken vertikalen Schwingungen angeregt. Da auBerdem auf-
grund von Zielkonflikten mit der praxisgerechten Erfiillung
wichtiger Arbeitsaufgaben bewuBt auf eine separate Federung
des Schlepperrumpfes verzichtet wird, ist der Fahrzeugfihrer
hohen Schwingungsbelastungen ausgesetzt, die im Extremfall zu
vermindertem Leistungsvermdgen und sogar zu Gesundheitsschid-
den fUhren k&nnen.

In der Vergangenheit konnten durch eine verbesserte Abstimmung
und Auslegung der Sitzfederung und -ddmpfung deutliche Verbes-
serungen des Schwingungskomforts bei Rad-Schleppern erzielt
werden. Dennoch sind in vielen Einsatzffllen mit hohen Bela-
stungen die heute verwendeten konventionellen, passiven Sitz-
federurgen als einziges System zur Schwingungsisolierung liber-
fordert /10, 12/. Den vielen Vorteilen der einfachen passiven
Federungssysteme stehen als Nachteile ihre bekannten physika-
lischen Grenzen gegeniiber /7, 13/.

Daher wurden im Rahmen einer von der Deutschen Forschungsge-
meinschaft gefdrderten Arbeit /8/ die Verbesserungsmdglichkei-
ten auf diesem Gebiet durch den Einsatz einer Aktiv-Federung
fir den Fahrersitz von Rad-Schleppern untersucht. Dabei wurden
die Erfahrungen vorangegangener Arbeiten /4, 11, 15/ aufge-
griffen und durch die Beschrdnkung auf die Abstiitzung des Fah-
rersitzes wurden die bekannten Probleme aktiver Isolationssy-
steme beli hochfrequentem Anregungsinhalt und gro8en Nutzlasten
bewuBt ausgeklammert.

Bei den durchgef(ihrten thecretischen Untersuchungen wurde die
analoge Simulationstechnik angewendet. Ausgehend von den ma-
thematischen Modellformulierungen fiir die Teilsysteme "Fahr-
zeug” und "Aktiv-Federung", die jeweils auf den Daten realer
Bauteile basieren, wurde mit einem analogen Gesamtmodell eine
Synthegse der beiden Teilsysteme geschaffen, und schlieBlich
die dynamischen Eigenschaften im Hinblick auf minimale Schwin-
gungsbelastungen flr den Fahrzeugfithrer optimiert.

RADSCHLEPPER MIT KONVENTIONELLER SITZFEDERUNG

Im ersten Untersuchungsschritt wurden die Schwingungseigen-
schaften eines serienmifiigen Rad-Schleppers mit konventionel-
ler Sitzfederung analysiert, um Ausgangsdaten flir die anschlie-
Sende Integration der Aktiv-Federung zu schaffen.
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Als Basisfahrzeug fir die Untersuchungen diente ein Schlepper
der 137 kW-Klasse, dessen relevante technischen Daten in Bild 1
aufgelistet sind. Die Angaben fir Federsteifigkeit und D¥mp-
fung der Schlepperreifen wurden /16/ entnommen.

Avibaumeses -‘-““ (T
SRsmanes mge 120 ug

- [ LY

- [ 074 m
Abstong: Sehworpunal - Bits g 08m
o - o caase et

.
. 90 -'0. 1
» o o, 88 w'l}

. 14100
g 1a0t

vorders Retteadimptuny s, sore 3
Nnters Rertendtmetune ', raz10 B
Bomptung dor Susteser 1 so0 M

Bild 1: Techn. Daten eines 37 kW-Rad-Schleppers

Fahrzeugmodell

Aufgrund der Anordnung des Schleppersitzes in der Fahrzeug-
symmetrieebene konnte auf die Nachbildung eines rdumlichen
Modells verzichtet und das in Bild 2 gezeigte Einspur-Modell
zur Simulation des dynamischen Schwingungsverhaltens des Rad-

Schleppers verwendet werden.

SITZ «FAHRER

zll 2¢ L]
VORDERACHSE HINTERACHSE

Bild 2: Einspur-Schwingungsmo-
dell des Radschleppers

g

Die Abfederung des Aufbaus er-
folgt ausschlieBlich (ber die
vordere und hintere Reifenfe-
derung. Der Schlepperrumpf
wird zusammen mit allen Neben-
aggregaten als starrer, masse-
behafteter Balken betrachtet,
auf dem der Sitz im Bereich
Uber der Hinterachae angelenkt
ist.

Die zur Beschreibung des Bewe-
gungsverhaltens des Rad-Schlep-
pers erforderlichen Differen-
tialgleichungen wurden mit den
im Modell angegebenen Parame-
tern formuliert.
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Schwingungseigenschaften

Zur Ermittlung der vertikalen Schwingungseigenschaften wurde
das Fahrzeugsimulationsmodell neben der Anregung mit harmoni-
schen Signalen zur Bestimmung der Frequenzginge mit den Langs-
unebenheitsverl8ufen verschiedcner Fahrbahntypen angeiegt. Als
reprdsentativ fiir den Schleppereinsatz wurden die Unebenheits-
ver liufe einer befestigten LandstraBe sowie eines unbefestig-
ten Feldweges verwendet. Wihrend die LandstraBenunebenheiten
mit einem eigens entwickelten Me8gerdt zur dynamischen Uneben-
heitsbestimmung ermittelt wurden, wurde der Feldwegverlauf
synthetisch erzeugt. Nach /16/ betrigt die Differenz im Lei-
stungsdichtespektrum der Unebenheiten typischer LandstraBen
und Feldwege etwa eine Dekade. Da die spektrale Leistungsdich-

te aus dem Quadrat
der Anregungsampli-
tude gewonnen wird,

N T T ergibt sich ein Am-

L L L plitudenverhdltnis
;Q\\Q\ ' LandstraBe:Feldweq =
10’\\ N ' 0. Diesen Zusam-

g 10! Y ; menhang spiegeln auch
cm? . J ' die im Bild 3 darge-
§\§\ i \\“‘CELONEGL stellten und mit Hil-

5‘10: l N~ T fe eines FFT-Analysa-
] + N T tors ermittelten Lei-
- ' <\\x \\L ! stungsdichtespektren
T 0 ’ ‘ i der verwendeten Land-
§S‘O° T AN }L‘Q straaeg— und Feld-
- f N wegunebenheiten.
E 0° iLANDSIRASSEfLW\\: A\ Die bei harmonischer
x . M T A4 Anregung an den Rei-
§S40 +— %J\\ ‘\J\w(’ fenaufstandsflldchen
- : . N des Schleppermodells
Z 9 R et ermittelten Fre-
w07 : ! % S— quenzgdnge flir ver-
2 . ‘ ‘ N schiedene MeBpunkte
@ 3 i zeigt Bild 4.
'; 10 t+
%510 + ‘ Im Amplitudenfre-
v : ; lno J quenzgang sind die
104L‘ 1_‘ LJ - e, Vergr¥Berungsfunktio-
54 10 $107 W S0 10 em! S nen des Aufbauschwer-
i WEGKREISFREQUENZ @ | punktes, des Sitzan-

lenkpunktes sowie der
Sitzoberfldche darge~
stellt. Der Funktioms-
verlauf fir den Auf-

10* §10° 10° 5107 107 510' cm
UNEBENHEITSWELLENLANGE L

Bild 3: Leistungsdichtespektren der bauschwerpunkt ist
Unebenheiten einer befestig- gekennzeichnet durch
ten LandstraBe und eines un- zwei Maxima, die durch
befestigten Feldweges die Hubeigenfrequen:z

(3 Hz) und die Nick-
eigenfrequenz (3,75 Hz) bestimmt sind. Dagegen zeigt der
Sitzanlenkpunkt im Bereich {lber der Hinterachse lediglich
ein Maximum mit einem Vergr®Berungsfaktor 5 im Bereich der
Hubeigenfrequenz. Dieses Phiénomen wird verursach: durch die

‘.
g R . -~
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\.}"’. : .

e - *
e
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Wwe - o " ' Lage des Momentanzentrums
‘ . der Nickschwingungen des
Schlepperrumpfes nahe der

reicht bei der Eigenfre-
quenz der Sitzfederung von
‘ 1,8 Hz ein Amplitudenver-
R h¥ltnis von 2,7, das bis
' J}_',, - zur Aufbaueigenfrequenz
XS A auf 3,5 ansteigt und dann
7\f~frwf - mit wachsender Frequenz
| i

|
3
} verlauf des Sitzes er-
i
|

AMPLITUDENVERHALTNIS

— KFBISITZ)
- — SCHLEPPER-

SCHWERPUNKT
Q01— . STZANLENKPUNKT

steil abfidllc.

By . Bei stochastischer Anre-

o gung des Simulationsmo-

(y%t T R S S dells durch die Uneben-
M B . .

. + ' i

se und Feldweg wurden als
1 Bewertungskriterien der
e Schwingungseigenschaften

. die in der VDI-~Richtline

. 2057 definierte Wahrneh-
PO mungsstdrke K, sowie die
i Effektivwerte der vertika-
len Beschleuniqung verwen-~
det.

PHASENWINKEL

FREQUENZ Bild 5 gibt die bei Fahr-
geschwindigkeiten von 12,5
km/h und 25 km/h ermittel-
ten Werte am Rumpfschwer-
punkt, am Sitzanlenkpunkt
und am Sitz wieder. Sowohl
die Effektivbeschleunigun-
gden als auch die Wahrnehmungsstdrken weisen fiir den MeBpunkt
am Sitz die geringsten Schwingungsbelastungen auf, wodurch
eine gewisse Isolationswirkung des konventionell gefederten
Sitzes nachgewiesen wird.

Dennoch werden bei Feldweqfahrt Wahrnehmungsstdrken K> 110
erreicht, korrespondierend mit Beschleunigungswerten» 0,7 g,
Belastungen, die bei lingerer Einwirkung zu einer Beeintrich-
tiqung der Gesundheit fithren.

Im folgenden werden daher Mdglichkeiten untersucht, diese ho-
hen Schwingungsbelastungen flir den Fahrzeugfilhrer durch den
Einsatz einer Aktiv-Federung wirksam zu reduzieren.

Bild 4: Frequenzgang des Einspur-
schwingungsmodell des Rad-
schleppers mit konventio-
nell gefedertem Sitz

AKTIV-FEDERUNG

Jie Funktion bekannter Aktiv-Feder-Systeme /2, 3, 4, 11, 15/
basiert auf dem Efnsatz geregelter, ldngenverinderlicher Bau-
tefle zur Abfederung der zu isolierenden Massen. Gelingt der
Regelung die Einhaltung eines exakten Phasenversatzes von
180° zwischen Aktiv-Feder-Bewegung und Anregung, erfihrt eine
derart abgefederte Masse im Idealfall keine dynamischen Krifte
und ihre Absolutbeschleunigungen werden zu Null. In Vorunter-
suchungen /8/ wurde die Eignung verschiedener Aktiv-Feder-

Hinterachse. Der Funktions-

P heitsprofile von Landstras-

Mah b -t
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Bild 5: Wahrnehmungsstirke K und

Effektivbeschleunigung am
Rad-Schlepper mit konven-

tioneller Sitzfederung (KFB)
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Bild 6:

Passive und aktive Fe-
derungssystene

Konzepte zur Sitzfede-
rung bei Rad-Schleppern
gekldrt. Dabei zeigten
elektrohydraulische Sy-
steme die gr¥Bten Vorzl-
ge. Im Vergleich zu pneu-
matischen und mechani-
schen Ausf{lhrunjen lie-
fert die Hochdruck-Hy-
draulik in Verbindung
mit elektronischen
Steuerelementen hohe und
pridzise Antwortgeschwin-
digkeiten bei gleichzei-
tig hoher Leistung und
Zuverldssigkeit. Es wur-
de daher ein Aktiv-Fe-
der-system bestehend aus
einem Hydraulikzylinder,
Servoventil, Regelein-
heit und Energiequelle
ausgewdhlt, als analoges
Simulationsmodell abge-
bildet und dessen dyna-
mische Eigenschaften un-
tersucht und optimiert.

Bild 6 zeigt den prin-
zipiellen Aufbau des
Aktiv-Feder-Systems im
Vergleich zur konventio-
nellen, passiven Anord-
nung. Die MeBstellen M1
und M2 dienen zur Er-
mittlung der Schwingungs-
anregung und zur Erfas-
sung von Soll/Ist-Wert-
Differenzen.

Die zur technischen Dar-
stellung der untersuch-
ten Aktiv-Feder-Anord-
nung erforderlichen Bau-
teile zeigt der in Bild
7 dargestellte Hydraulik-
kreislauf,

Servo-Ventil

Ale Bindeglied zwischen
Elektronik und Hydraulik
und zur Steuerung des
Hydraulikzylinders kommt
dem Servoventil eine we-
sentliche Bedeutung zu.
Nach einer Untersuchung
verschiedener Ventilbau-
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arten und Ventiltypen
und nach Abschitzung des
erforderlichen Volumen-
stroms wurde ein zwei-
stufiges Serienventil
mit einem NenndurchfluB
pape VoD 19 1/min bei einem
Betriebsdruck von 210 bar
und gutem Frequenzver-
halten ausgewXhlt. Da die
L_ mathematische Erfassung
- des dynamischen Ventil-
*“  verhaltens unter bestimm-
SERVC- ORUCK- moToR ten Randbedingungen
ZYLINOER BEGRENZUNGS - durch ein lineares Ver-
VENTIL z8gerungsglied 2. Ord-
nung méglich ist, 1ist
eine Ventilbeschreibung
durch die folgende Dif-

Bild 7: Hydraulikkreislauf der

Aktiv-Federung ferentialgleichung 2.
Ordnung statthaft.
. y 2 . . = .
TLZ q ¢ Ty ar*a Vv t

mit Tvl 2 " Zeitkonstanten
’
q - gesteuerter Volumenstrom
i - Steuerstrom

vy - Verstirkungsfaktor

Die fiir das ausgewdhlte Ventil gliltigen technischen Daten be-
tragen:

persteller | £, [H3 D T,, 3 T,, 3
TYp

MOOG 210 1,1 1,67 0,76

(76-2132)

Durch eine Analogrechenschaltunqg zur Simulation der o.q. Dif-
ferentialgleichung konnten die Ventileigenschaften hinreichend
genau nachgebildct werden. Die in BRild 8 gezeigten Amplituden-
und Phasenfrequenzglinge zeigen lediglich im hgherfrequenten
Bereich vernachlissigbar geringe Abweichungen zwischen dem re-
alen Servoventil und dem Simulationsmodell.

Servo-Zylinder und Servoantrieb

Der Servozylinder, als hydraulischer Linearmotor wirkend,
transformiert die vom Servoventil gesteuerte Leistung in me-
chanische Leistung. F{ir den Aktiv-Feder~Einsatz wurde ein dop-
pelt wirkender Gleichgangzylinder gewdhlt, der durch folgende
technische Daten charakterisiert wird:

ersteller s po VAQ.LEZ'G A): 9@"3 m!%_ ﬂ“ﬂ

MEBO 100 64
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Wr o= - s T T Die Zylinderbauart
( e zeichnet sich durch ei-
[ nen hohen mechanischen
' o . wirkungsgrad aus. Durch
{ X eine besondere Lagerge-
l T . .““‘\\\N staltung unter Verwen-
e L T R I dung spezieller Dichte-
[ i elemente wird stick-
oo [ B v slip-freies Verhalten
: ‘ erJ K erzielt.

-t

AMPLUITUDENVERHAL TNIS

t

!
e v

i — SIMULATIONSMODELL - Fur das dynamische Ver-
— — REALES SERVOVENTIL halten eines Servozy-
N S S S S ] linders kann ebenfalls

i
t

Y03 | U S G S S S eine mathematische For-
o mulierung in Form einer

'Wf“ﬁ”“—f“”"“*”””“f”‘*'"" - Differentialgleichung

Grad}— ¢ - &+ 7 crmoemt b 2. Ordnung gewdhlt wer-

0| " {\'\ den.
- ‘ . 3 . - e .

+ T tz_+z_ =
zz z1 z z

) - Tz2
- e - ] : .- %‘ fq dt

: . - . s .

70t . - . . - ..

ﬂ; R T mit T ,,Tz, - Zeitkon-
- " L SR stanten
lﬂ&Tﬁ 10 ' 0 s 100 z, - Weg der
FREQUENZ Kolben-

stange
Bild 8: Frequenzgang des Servoventils A, - wirksame

(Realteil und Simulationsmo- k Kolbenfl4-
dell) che

q - gesteuer.er
Volumen-
strom

+ -4 -

%
180

PHASENWINKEL

-
.

- -
.

Die Abbildung der Differentialgleichung am Analogrechner
fihrt zu einem Simulationsmodell zur Ermittlung der dynami-
achen Eigenschaften des Servozylinders.

Die Reihenschaltung von Servoventil und Servozylinder bildet
den Servoantrieb, der im geschlossenen Regelkreis der Aktiv-
Federung die Regelstrecke darstellt. Bild 9 zeigt den Fre-
quenzgang des Servoantriebs. Da das Amplitudenverh&ltnis des
Servoventils in einem weiten Frequenzbereich nahezu Eins {ist
und der Phasenabfall des Servozylinders deutlich friiher ein-
set2t, wird das Gesamtiibertragungsverhalten des Servoantriebs
wesentlich durch den Servozylinder bestimmt.

Regelkreis

Zur Verbesserung der Ubertragungseigenschaften der Aktiv-Fe-
derung wurde im ndchsten _ntersuchungsschritt durch Hinzufilgen
eines Reglers ein geschlossener Regelkreis hergestellt. Die
Reglereigenschaften sollten so gewshlt werden, daB sie die Ab-
weichungen des dynamischen Verhaltens des Servoantriebs vom
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Sollzustand, charakterisierbar durch ein Amplitudenverhdlt-
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B1ld 9: Frequenzqgang des Servo-
antriechbs (Regelstrecke)

nis = 1 und einen Pha-
senwinkel = 0°, weltge-
hend kompensieren. Da
kein bekanntes Regelele-
ment die gestellten For-
derungen nach Absenken
der Amplitudenverhdltnis-
se im Bereich der Servo-
antriebeigenfrequenz bet
gleichzeitiger positiver
Anhebung des Phasenwin-~
kels erfilllt, wurde auf-
grund der zu realisieren-
den Folgeregelung einer
Kompensation der negati-
ven Phasenwinkel Prioritit
eingerdumt. Die dazu er-
forderlichen differenzie-
renden Eigenschaften wur-
den durch die Auswahl e1-
nes PD-Reglers berlick-
sichtigt, der durch die
folgende Differntialglei-~
chung darstellbar ist:

y = K (x + 'I‘v + X)
mit Tv - Zeitkonstante

x,y - Eingangs-, Aus-
gangsgrd&8e

K - Reglerkonstante

Den prinzapicellen Aufbau des Regelkreises zeigt Bild 10. Der

STORGROSSE
¢
!
|
L.4 ANPASS-
REGLER

PD~Regler formu-
liert aufqgrund der
Abweichung von Re-

REGELSTRECKE gelgrbBe und Soll-
eceL- Wert eine auf die
. R Regelstrecke wir-
StRVO oand SERVO u&ﬂéﬁf kende Stellgrdsie,
VENTIL IYLINDER die das Ubertra-
qungsverhalten des
Servoantriebs po-~
REGELKREIS sitiv beeinfluft.
SOiL- 2ur Ermittlung op-
PO - WERT timaler Regelkenn-
‘ daten wurde nach
STELL - REGLER | REGEL- -
ABWEICHUNG der Differentijial

GROSSE

Bild 10: Regelkreis mit Stdrgrdfenauf-

schaltung

gleichung des PD-
Reglers ein analo-
ges Simulationsmo-
dell gebildet und
mit den Modellen

von Servoventil und Servozylinder kombiniert. Die Abstimmung
des PD~Reglers und die resultierende Wirkung auf das Ubertra-
gungsverhalten geht aus der Gegentberstellung der Frequenz=~

S——
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qiange des gesteuerten Servoantriebs und des geschlosscenen Re-
gqelkreises tn Bild 11 hervor. Die Eigenfrequenz des Aktiv-Fe-
der~Systems wird durch
das SchlieBen des Regel-
kreises mit Hilfe des
PD-Reglers von 45 Hz auf
! 90 Hz angehoben. Gleich-

/\ zeitig steiagqt aufgrund

h der entddmpfenden Eigen-
schaften des differen-
zierenden Regelanteils
das Amplitudenverhdltnis
und der Phasennachlauf
wird kleiner. Eine im
AnschluBl durchgefilhrte
Untersuchung zur weiteren
Verbesserunqg der Regel-
gite fihrte zu der in
Bild 10 dargestellten
Stéryrofenaufschaltung,
die bei optimal abge-
stimmtem Anpafiregler das
Ubertragungsverhalten
qunstiq beeinfluBt. Der
mit StdrgrdBenaufschal-
tung ermittelte Fre-
quenzgang zeigt in Bild
11 im Verqgleich zum ge-
steucrten Servoantrieb
bzw. zum einfachen Re-
gelkreis mit PD-Regler
eine Eigenfrequenz des
Aktiv-Feder-Systems von
150 Hz. Im Frequenzbe-
reich bis ca. 50 Hz wird
ein nahezu konstantes
Amplitudenverhdltnis bei
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Bild 11: Frequenzgang des Servoan-

triebs und des geschlos-
senen Regelkreises mit
und ohne StérgréBenauf-
schaltung

gleichzeitiqg verringertem
Phasennachlauf erreicht.
Die Resonanzstellenver-
schiebung zu h&heren

Frequenzen ist jedoch
mit dem Nachteil eines steigenden Amplitudenverhdltnisses im
Eigenfrequenzbereich verbunden. Unter Berdcksichtigung des re-
lativ niederfrequenten Anrequngsspektrums ist jedoch dem Am-
plitudenanstieg bei h8heren Frequenzen nur eine geringere Be-
deutung zuzumessen. Vor der Anpassung des geschlossenen Aktiv-
Feder-Regelkreises an das Schwingungsmodell des Rad=-Schleppers
wurde die Stabilitdét des Regelkreises mit Hilfe des NYQUIST-
Kriteriums iberprift. Bei diesem Kriterium bildet der Fre-
quenzgang des aufgeschnittenen Regelkreises die Bewertungs-
grundlage.

Die Anwendung des NYQUIST-Kriteriums beim optimierten Regel-
kreis mit PD-Regler zeigt Bild 12. Der aus der geometrischen
Addition der Frequenzglinge von Servoantrieb und PD-Regler re-
sultierende Ferquenzgang des aufgeschnittenen Regelkreises

Ay,
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liefert eine Amplitu-

W - - = denreserve von A_=3,0
AN und eine Phasenreserve
v ! L von & _=30°, und erf)lt
z O G SO : damit die Stabilit¥ts-
3 -, kriterien Ap= 1 und
+— ©
é 10 o> 0°.
; e SYNTHESE VON AKTIV-FE-
& DERUNG UND RAD-SCHLEP-
S . R
2 R PER
= 01 N i ] i —
% ' — SERVOANTRID
< v e PO BEGAER Zur Anpassung der Ak-
S MEGESTHMTTENME tiv-Federung an das
. .“%""P Schwingungsmodell des
L : ‘ Rad-Schleppers wurde
001 [N VWS W O

der Schwingkreis der

o0 ———— T konventionellen Sitz-
b federung durch den ge-
schlossenen Regelkreis
des aktiven Systems er-
setzt. Als Stdrqgr8Ben-
signal wurde die verti-
kale Bewegung des
Schlepperrumpfes am An-
lenkpunkt der Sitzfede-

PHASENWINKEL
-3

-t - . . rung verwendet.
. . . | .. I
0 R ST Sw-‘r— ‘_T Schwingungseigenschaften
01 s
FREQUENZ Die bei integrierter

Aktiv-Federung ermit-

telten Amplitudenfre-
Bi1ld 12: Stabilitdtsuntersuchunyg quenzgdnge des Fahrer-

nach dem NYQUIST-Kriterium sitzes sowie die auf

die Erregungsamplitude
bezogenen Beschleunigungen am Sitz sind in Bild 13 den ent-
sprechenden Kurven der konventionellen Sitzfederung gegeniber-
gestelllt. Die mit StdrgrdBenaufschaltung arbeitende Aktiv-Fe-
der-Version zeigt im Vergleich zur Version mit einfachem Re-
Jelkreis glinstigere Amplituden- und Beschleunligungswerte.
Gegeniiber der konventionellen Sitzfederung bieten befde Aktiv-
Feder-versionen im Frequenzbereich bis ca. 15 Hz ein deutlich
abgesenktes Beschleunigungsniveau. Im hbherfrequenten Bereich
resultiert aus der TiefpaBcharakteristik der konventionellen
Federung ein steiler Amplitudenabfall, dem die Aktiv-Feder-
Systeme aufgrund der auftretenden negativen Phasenwinkel nicht
in der Lage sind zu folgen. Darauf sind auch die hdheren Werte
der bezogenen Beschleunigungen der Aktiv-Federung im Frequenz-
bereich>» 15 Hz zurickzufihren. Die im Eigenfrequenzbereich der
Aktiv-Feder-Systeme auftretenden hohen Beschleunigungswerte
sind aufgrund des subjektiven Bewertungsempfindens des Men-
schen fUr die Gesamtschwingungsbelastung von geringerer Be-
deutung. Die beli stochastischer Anregung des Schlepper-Simula-
tionsmodells mit Fahrbahnunebenheiten ermittelten Werte der
Wahrnehmungsstirke KZ und der Effektivbeschleunigung des kon-
ventionell und des aktiv gefederten Sitzes gehen aus Bild 14
hervor.
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Bi1ld 13: Ampljitudenfrequenzgang und bezogene Beschleunigung
bei konventionell (KFB) und aktiv (AFB) gefedertem
Schleppersitz
— ~ Die Darstellung zeigt
¥ - \ ein durch den Einsatz
x 1004 R ‘ ' der Aktiv-Federung im
v * i , gesamten Fahrgeschwin-
< 60~ - } digkeitsbereich deut-
z : -— [ lich abgesenktes Ni-
§ 42. ‘ | veau der Beschleuni-
F A * i gungen und der objek-
g ] =TT ‘? | tiven Schwingungsbe-
s 3 \a . ! lastungen. Liegen beim
; o— M i konventionell gefeder-
Ap——rt A py ﬁ ten Sitz die Wahrneh-
. - ‘ mungsstirken bei Land-
mis’ - - ‘ straBenfahrt zwischen
e ‘ ' KZ=30-35 und bei Feld-
) 6 - - ; wegbetrieb zwischen
S - oo KFB SIT7) ! KZ=90-120, wird durch
3 00 AHS 1$:T7) MIT PO-REGLIR | den optimal abgestimm-
§ . - N R Ossen - b ten Aktiv-Feder-Regel-
¥ . FeLOwEG I kreis mit StdrgrdBen-
v —  JANDSTRASSE ‘ | aufschaltung ein Pkw-
B /,/4 ! Komfortniveau erreicht.
z - . ‘ ! Diese lediglich im Hin-
= e 9 blick auf Minimierung
e o === 1 der Schwingungsbela-
« 0 +Amr o . — ) stung ausgelegte Ak-
0 3 . 5 smis 7 8 tiv-Feder-Abstimmung
125 km/h 25 fihrt jedoch auch zu
' relativ groBen Rela-
Bild 1'4: wWahrnehmungsstidrke und Effek- tivbewequngen zwischen

tivbeschleunigung des konven-

Sitz und Schlepper-
tionell (KFB) und des aktiv

rumpf. Beim Feldweg-

(AFB) gefederten Schleppersitzes betrieb wurden mehr-
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mals die Grenzen des Zylinderhubs {berschritten, was durch
eine zusdtzliche Regelkreisschaltung und eine Zylinderendla-
gerdidmpfunc vermieden werden sollte. Da grofie Relativwege je-
doch generell eine sichere Fahrzeugfilhrung erschweren, sollte
in zukiinftigen Untersuchungsschritten der Einsatz einer Aktiv-
Federung auf die gesamte Fahrerkabine mit integrierten Bedien-
elementen ausgedehnt werden.

Leistungsbedarf der Aktiv-Federung

Einen Zugang zur rechnerischen Abschdtzung des erforderlichen
hydraulischen lLeistungsbedarf der Aktiv-Federung gestattet die
Gleichung

Pp ) ﬁ; TR AK ' erf[
mit Pumpenwirkungsgrad np = 0,85
Betriebsdldruck p = 210 bar
Kolbenflidche AK = 4,9 cm?

Mit den bei Fahrgeschwindigkeiten von 25 km/h ermittelten Kol-
bengeschwindigkeiten am Aktiv-Feder-Zylinder von 0,22 m/s bei
LandstraBenfahrt bzw. 0,67 m/s beli Feldwegbetrieb errechnet
sich ein Leistungsbedarf von 2,7 - 8,1 kW je nach Einsatzart.
Aufgrund dieses hohen Leistungsbedarfs, insbesondere bei Feld-
wegbetrieb, erscheint der Einsatz einer Aktiv-Federung nur in
den Schlepperkategorien mit hohem Leistungsangebot sinnvoll.

ZUSAMMENFASSUNG

Mit Hilfe eines analogen Rechenmodells zur Simulation der
Schwingungseigenschaften eines Rad- Schleppers und eines ein-
fachen Aktiv-Feder-Systems wurden die theoretischen Mdglich-
keiten einer aktiven Sitzfederung untersucht.

Das Aktiv-Feder-System, bestehend aus einem Servo-Hydraulik-
zylinder, Servoventil und Energiequelle wurde in einem ge-
schlossenen Regelkreis mit PD-Regler und Stdrgr¥Benaufschal-
tung betrieben. Nach Ermittlung der Frequenzgdnge der einzel-
nen Bauteile wurde das Aktiv-Feder-System in das Fahrzeugmo-
dell integriert und eine optimale Abstimmung der Reglerkenn-
daten unter Beachtung der Stabilit¥dtskriterienvorgenommen. Bei
Schwingungsanregung des Gesamtmodells mit harmonischen Signa-
len, sowie mit den Fahrbahnunebenheiten von LandstraBen und
Feldwegen bewirkt die aktive Sitzfederunqg eine deutliche Ver-
ringerung der Schwingungsbelastung flilr den Fahrzeugfihrer.
Eine Abschitzung der erforderlichen Bedarfsleistung des Aktiv-
Feder-Systems 148t einen Einsatz nur f{r Schlepper der gehobe-
nen Leistungsklassen sinnvoll erscheinen.
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A THEORFTICAL INVESTIGATION OF AN ACTIVE SUSPENSION SYSTEM FOR WHEELED
TRACTORS

H. JUNKER; A. SEEWALD
Inst. f. Kraftfahrwesen, TH Aaachen, BR Deutschland
(Translated by K.G. Hammaxi, NIAE, Silsoe, England)

INTRODUCTION

wheeled 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 correct 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 improvements to the vibration comfort of wheeled trac-
tors could be cbtained 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 well-known physical limits of simple passive suspension
systems stand in contrast to their many advantages(7,13)

For this reason the possibility of improvements in this area through the
use of an active suspension system for the seat of a wheeled tractor was
investigated within the framework of a pmject(a) b{ the Deutsche
Forschungsgemeinachaft. Experience gained in previous workl4,11,15) vas
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 simulation technique was applied to the theoretical investiga-
tions carried out. Mathematical models of the subsystems "vehicle" and
“active suspension” based on pertinent data from existing camponents
formed a starting point for a synthesis of the two subsystems by means of
an analogue gross model. Finally, the dvnandc characteristics were
optimised with regard to minimal vibration loads for the driver.

WHEELED TRACTORS WITH CONVENTIONAL SEAT SUSPENSION

In the initial research stage the vibration characteristics of a standard
wheeled tractor with conventional seat suspension were analysed to provide
original data for the subsequent intedratian 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 damping of the tractor were taken fram!16),
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Structural mass

Seat mass

Spacing : centre of gravity - front axle
Spacing : centre of gravity - rear axle

Spacing : centre of gravity - seat

Structural mament of inertia about the lateral axis
Spring stiffness of front tyre

Spring stiffness of rear tyre

Spring stiffness of seat

Front tyre damping

Rear tyre damping

Seat spring damping

Fig. 1

Vehicle model
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2640 kg
120 kg
1.25m
0.7 m
0.6 m
2203 Nms?
so . 10
104
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3029 ™
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4210 -3
Ns
908 n

Technical data for a 37-iW wheeled tractor

Because of the disposition of the tractor seat in the vehicle plane of
symmetry a three—dimensional model could be dispensed with and the two-
dimensional model shown in Fig. 2 used to simulate the dynamic vibration

behaviour of a wheeled tractor.

Seat + Driver

Tractor bodv | & Ky 2,
o m 8% ‘¢
z' l' —J-—'. zh
C, k, 38 ky
Lis
zlr -“Tl(.
Front axle Rear axle

Fig. 2 Two-dimensional vibration model of a wheeled tractor
R . T




The springing of the structure .s implemented exclusively through the
front and rear tvre suspension. The tractor lody is regarded, together
with all its ancillary assemblies, as a riaid mass, to which the seat is
iinkad 1n the area above the rwar ax..:.

The lLifferential eyuatiurs necessary for describing the motion character-
istics of 4 wheelwd tract g were formulated in terms of the parameters
1tven in the madel.

Vibration ~haracteristics

norder tome st the are ol viliration characteristics the vehdcle
sam.lator mode: -as excite? with the songitislinal roughness properties
of differe~t mad tyres aF w1l as with hanmonic signals to define the
trequency resperses. The 1 oxclhmess properties of a paved higlway and of
an wmpaved rieid track were used as representative of tractor operation.
wrile hiihwey rrudiness was ineasurea with a puapose-bullt measuring
apparatis for namic rouytaeess detexnunation, the field track properties
were generaed Lynthoticarl..  Acconiing tol'F) the ratic of the power
wnoiey spectror of the raxt wes of t pice U shways to that < f field
tracks 18 approximateiy ot the order of ten. if the spectral power den-
s1ty 1s actained fram the syuare of the excitatiun amplitude, a highway :
field *rack ratio of amglitude of 1 : 10 is ohtained. This relationship
18 aisn reflected in the power density spectra of highway and field track
roughness toal, which are presented in Fig. 3 and were measured with the
aid of 3 Ft1 analyser. 'The mmasured frequency responses fc. harmonic
excitat .on ot the Lyte artact surfaces are shown in Fig. 4 for different
measurino ncirts., _I
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The amplification functions of the body's centre of gravity, the seat
linkage point and the seat surface are represented in the amplitude
frequency response. The function curve for the centre of gravity of the
body is characterised by two maxima, which are defined by the natural
frequency of vertical vibration (3Hz) and the pitch natural frequency
{3.75 Hz). Conversely, the seat linkage point in the area over the rear
axle only shows a maximm with an amplification factor of S in the range
of the vertical natural frequency. This phenamenon is caused by
position of the instantaneous centre of the tractor body pitch vibrati
near the rear axle. The function curve of the seat reaches a ratio
amplitude of 2.7 at a natural frequency for the seat suspension of 1
contimiing to rise towards a body natural frequency of 3.5 and then
falling steeply as frequency increases.

o
.8 Hz,

w ~
Lotk
4
-y ‘
g 1 3
-
Fig. 4 Freguency response & 3
of the two-dimensional - 3
vibration model of a wheeled o "N
tractor with conventionally 9 m + - 3
sprung seat 5 1 \ ‘-.\\

— KF8  (Seat) \ N\
- = Tgactor centre

Phage angle
L
-}
r—T
- F/
arfty
T
]

Perception strength K, defined in VDI Standard 2057, and the effective
valuss for vertical acceleration were applied as criteria for evaluating
vibration characteristics during stochastic excitation of the simulation
model by means of the roughness profile of highway and field track.

Fig. 5 reproduces the measured values at the body's centre of gravity, at
e the seat linkage and at the seat for forward speeds of 12.5 lm/h and

- 25 km/h. Both the effective acceleration and the perception strength
valuss show the mmallest vibration loads for the measuring point at the
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seat, thus demonstrating that the conventionally sprung seat produces a
certain deqree of isolation.

However, perception strengths of K>100 are reached over field tracks,
corresponding 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 system.

ACTIVE SUSPENSION

The operation of existing active suspension systam(2'3'4'11'15) is based
on the use of controlled, longitudinally variable camponents for the sus~
pension of the masses to be isolated. 1If the control system is success-~
ful in maintaining an exact phase shift of 1800 between the movement of
the active suspension system and the excitation, a mass suspended in this
way will ideally experience no dynamic forcves 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
examined, electro~hydraulic systeme showing the greatest advantages. By

oamparison with pneumatic and mechanical solutions, high~pressure hydraulic

systems cambined with electronic control elements offered high, precise
respanse speeds simultaneously with high performance and dependability.
An active suspension system consisting of a hydraulic cylinder, a servo-
valve, a control unit and a power source was therefore selected, regro-
duced as an analogue simulation model and its dynamic properties investi-

gated and optimised. 0 o-0 12 afp _(Seat

poing . -7 -

[
-]
"

Fig. 5 Perceptiaon strength
K and effective acceleration
for a wheeled tractor with
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i
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F13. 6 shows the basic design of the active suspension system campared
with the conventional, passive arrangement. The measuring points M1 and
M) are used to measure vibration excitation and register the theoretical
and actual value difference.

PASSIVE ACTIVE

MASS | MASS

Fig. 6 Passive and active Seat + Seat +
suspension systems DRriy

2
p——
R 3
1

| | 1

l Tractor movarmt‘

The necessary ocamponents for a technical description of the active suspen-
sion layout under investigation are shown in the hydraulic circuit
presented in Fig. 7.

s Reservoir
agit +| Servo-
Verj valve
Check
Fig. 7 Active suspension Filter valve Pump
nydraulic circuit e
(-} —d s
Servo- Pressure Motor
cylinder restrictiaon
valve

Servo-valve

The servo-valve forms an essential connecting link between electronics and
hydraulics and a vital means of controlling the hydraulic cylinder.

After investigation of different valve designs and types and assessment of
the required flow volume, a two-stage production valve with a naminal
flowrate of 19 1/m at an operating pressure of 210 bar and good frequency
response was chosen. Since dynamic valve response under defined boundary
oconditions may be described by means of a second-order linear deceleration
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term, it is legitimate to describe the valve by means of the following
seconi-order differential exuation

1.q4\1=\!,;.1
v

where T 4 2 = time constants
Vi

g - cntrolled flow volume
- control current
Ve - amplification factor

The technical data rolatihq to the valve sclected are:

Manufacturer | ¢ [Hz) D T ¢ Irs) T o imsﬁ
- e v \
_
MOCG 210 1.1 1.67 0.76
(76-232)

‘ Valve characteristics were reproduced accurately by means ©f an analogue
| camputing circuit for simulating the above differential equation. The
amplitude- and phase-frequency responses shown in Fig. 8 display diver-
gences between the physical servo~valve and the simulation model in the
Ligher-frequency range only; these are amall enough to be disregarded.

Servo—cylinder and Servo—drive

The servo—cylinder, which functions as an hydraulic linear motor, trans-
forms tne power controlled by the servo-valve into mechanical power. For
use in an active suspension system a double-acting constant flow cylinder
was chosen, which had the following technical characteristics:

Manuf acturer

s {mm]

\"
ge

; law)

A lar]

m quﬂ

MEBO

100

64

4.9

1

15 o

efficiency.

The cylinder design is distinguished by a high deqree of mechanizal
Stick-slip-frec operation is achieved by means of a particu-
lar bearing configuration with the application of special seals.
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A mathematical formula in the form of a second-order differential equation
may sunilarly be chosen to describe the dynamic response of a sewvo-
cylnder,

‘.‘,g"z 2! - %2 .z:‘l—th

3§

where T,1e 722 - time oonstants

z, - piston rod stroke
A}, - effective piston arca
q - oontrolled flow volume

koproducina the differential equation on an analoque oomputer creates a
simulation model for measuring the dynmamic characteristics of the servo-
cylinder.

The serial oonnection of servo-valve and servo-cylinder forms the servo~
drive, which represents the controlled rance in the closed-loop control of
the active suspension system. Fig. 9 shows the frequency response of the
servo~drive. Since the ratio of amplitude of the servo-valve in a wide
frequency spectrum is almost ane and the phasc drop clearly begins earlier,
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the total transmission characteristics of the servo—~drive are essentially
determined through the servo~cylinder.

The Control Loop

In the next research stage a closed-loop control was created by the addi-
tion of a cantrol unit in order to improve the transmission characteristics
of the active suspension system. The characteristics of the control unit
shauld be selected in order substantially to campensate for the divergences
of the servo~drive's dynamic response frum the theoretical state, charac-
terised as a ratio of amplitude = 1| and a phase angle = 0°. Since no
known contrnl element fulfils the requirement set of lowering the ratios
of amplitude in the range of the servo—drive's natural frequency while
simultaneously raising the phase anqle, priority was given to oompensating
for the negative phase angle on the basis of the servo-mechanism to be
implanented. The differentiating characteristics required for this were
provided for by the choice of a PD-control unit which may be described by
the fellowing differential equation:

y=K(x~Tv.X)
where'rv - time oconstant

x,v - input and output quantities
K - control constant
10

°
-

2

Ratio of amplitude
)

Fig. 9 Frequency response ~— Servo-dr
of the servo—drive (controlled ive

cance) o LT
*90
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The basic design of the control loop is shown in Fig. 10. The PD-control
wnit formulates a requlating variable acting upon the controlled range in
terms of the divergence of controlled variable and theoretical value;

this requlating variable positively affects the transmission characteris-
tics of the servo-drive. An analogue simulation model was generated to
measure optimal control characteristics in accordance with the differen-
tial equation of the PD-control unit and was cambined with models of the
servo-valve and the servo—cylinder. Synchronisation of the PD-control
unit and the resultant effect on the tranamission characteristics arises
fram the contrast between the frequency responses 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 ocontrol loop with the aid of a PD~control unit.

Controlled range

Control
Noise Servo- Servo- mtmxgleled
' valve = cylinder —_—
tching
trolles retical
PO - lue

Regulating] control | Actual
variable Rk siomal

Fig. 10 Control loop with noise elimination

Simultanecusly, the ratio of amplitude rises on the basis of the damped
characteristics of the differentiating cantrol fraction and the phase lag
becomes smaller. Associated research to further improve quality of con-
trol led to the development of the noise elimiration shown in Fig. 10
which favourably affects the transmission characteristics in conjunction
with an optimally synchronised matching controller. Frequency response
measured with noise elimination shows a natural frequency for the active
suspension system of 150 Hz in Fig. 11 by comparison with the controlled
servo—drive or with a simple control loop with a PD-control unit, In a
frequency range up to ca. 50 Hz a nearly constant ratio of amplitude with
a simultanecusly reduced phase lag is achieved. The response shift
towards higher frequencies is, however, associated with the disadvantage
of a rising ratio of amplitude in the natural frequency range. In view
of the relatively low-frequency excitation spectrum, however, only small
importance should 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 response of the
open control loop forms the basis of this criterion.

The application of the Nyquist criterion to an optimised control loop with
a PD-oontrol unit is shown in Fig. 12. The frequency response of the
apan control loop resulting fram the gecmetrical addition of the f
responses of the servo~drive and the PD~ocontrol unit provides an amplitude
reserve of = 3.0 and a phase reserve of oazlo’t.herwyfulfillmqthe
stability ia AR =1 and ap® 0°.




209

53
2 -
T ~T= T T T oz EXC)
nLn\ Fr Y .m m .m WM ‘
K _ g " .
5 mm
m 3 33 mm
dot m e .m.m.m M )
m_w T B3 5
LW | »_",. m m.m Wn
Ll I W L I ; m@ ,m
i &x.MZ.\»ﬁ Ju otaey ' Foue Iseyq Hm
“3




210

N s hoe $opred —d . .
h P ﬁl \ Hu \ w
v L \H | s
M. b | 47 8 -
NI\ vl -
—n.
T -
3 -
W." . 2
. p——
[
[ ]
s 5 5g-o @ ¥
apraTTdm Jo oTIwy atbue sewid |

*PO-control unit

**Openn control loop

Stability investigation according to the
Nyquist criterion

Pig. 12

¢
.




2 q

SYNTHESIS OF ACTIVE SUSPENSION AND THE WHEELED TRACTOR

In order to match the active suspension system to the wheeled tractor
vibration model, the oscillator of the cnventional 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 properties

The anmplitude frequency responses of the seat msasured for integrated
active suspension and the acceleration at the seat related to the excita-
tion amplitude are campared in Fig. 13 with the corresponding curves for
conventional seat suspension. The active suspension version, functioning
with noise elimination, shows more favourable amplitude and acceleration
values as campared to the versioh with a simple control loop. In con-
trast to the conventional seat suspension, both active suspension versions
offer a clearly depressed acceleration level in the frequency range up to
ca. 15 Hz. In the higher frequency range a steep decrease in amplitude
results fram the low pass characteristic of the conventional suspension
which, because of the negative phase angle that occurs, the active suspen-
sion systams 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
frequency range of the active suspension system are of lesser importance to
the total vibration load because of subjective evaluative perception by the
driver. The measured values for the perception strength KZ and the effec-
tive acceleration of the conventionally and actively suspended seats during
stochastic excitation of the tractor simulation model with road surface
roughness are shown in Fig. 14
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Fig. 13 amplitude frequency response and related acceleration
for canventicnally (KFB) and actively (AFB) suspendsd tractor seats
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A clearly depressed level of acceleration and of cbjective vibration loads
through the use of active suspension is shown in the total forward speed
range. While the perception strength for a conventionally sprung seat
during highway driving and field track operation lies between KX = 30-35
and KZ = 90-120, respectively, a passenger-car camfort level is achieved
ﬂma\eunofmopu-nymdumindacumxmmtml
loop with noise elimination. However, such synchronisation of the active
suspension system, where the only aim is to minimise vibration loading,
also leads to comparatively large relative movements between seat and
tractor body. During field track operation the limits of the cylinder
stroke were oftan excesded, which should be avoided by means of a supple-
mentary control loop circuit and a cylinder end-bearing damping. Since,
however, a large relative degree of travel generally renders the stable
conduct of the vehicle more difficult, the use of active suspension should
be extended in future research to an entire cab with integrated controls.

Povar requirements for active suspension
A approach to calculating the necessary hydraulic power requiremsnt of an
active suspsnsion system is permitted by the equation:

« L
Pp P .p.AK.V

vhere pump efficiency p = 0.85
operating oil preasure p = 210
piston ares A‘ = 4.9
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For 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 requirement 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.

SUMMARY

The theoretical possibilities of an active seat suspension were investiga-
ted with the aid of an analogue camputer model designed to simulate the
vibration characteristics of a wheeled tractor and of a simple active
suspension system.

The active suspension system, oonsisting 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 camponents, the active suspension
system was integrated with the vehicle model and synchranisation of the
control unit characteristics was optimised in terms of stability. During
vibration excitation of the total model with harmonic signals and with the
road surface roughness of highways 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 power require-
ment for an active suspension system that the application of such a system
was useful only for tractors belonging to higher power classes.
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LEISTUNGSSTEIGERUNG UND VERBESSERUNG DES FAHRKOMFORTS BEI SELBSTFAHRENDEN
BAUMASCHINEN DURCH REDUZIERUNG EINSATZBEDINGTER NICK- UND HUBSCHWINGUNGEN

PROF. DR.-ING. WOLFGANG POPPY / DR.-ING. ALFRED ULRICH
KONSTRUKTION VON BAUMASCHINEN - TECHNISCHE UNIVERSITAT BERLIN

Selbstfahrende ungefederte Baumaschinen - wie Radlader und Autokrane -
neigen auf unebener Fahrbahn schon bei niedrigen Fahrgeschwindigkeiten zu
erheblichen Nickbewegungen. Durch die dabei auftretenden dynamischen Bean-
spruchungen werden der Fahrer, die Maschine und die Fahrbahn hoch belastet
und in unginstigen Fiallen erheblich gefdhrdet.

Eine wirkungsvolle und kostengiinstige Schwingungsreduzierung 138t sich
durch die Verwendung der Arbeitsausristung der Maschine als Absorbermasse
erreichen, indem in ihre starre Abstiitzung ein Feder-Dimpfer-Element ein-
gefugt wird. Die Auswirkungen dieses Schwingungsabsorbers auf die Fahr-
sicherheit, die Bauteilbeanspruchung und den Fahrkomfort wurden am Fach-
gebiet “Konstruktion von Baumaschinen" der Technischen Universitat Berlin
analytisch und experimentell untersucht. Fahrversuche mit Geridten unter-
schiedlicher GriBe haben gute Obereinstimmung mit den Ergebnissen der
Rechnersimulation erbracht. Die Verbesserung der Fahrsicherheit und des
Fahrkomforts liegen bei 50 % gegeniiber den konventionellen Maschinen,

1. EINLEITUNG

Selbstfahrende Erdbaumaschinen legen beim Einsatz auf der Baustelle nicht
selten auch lingere Fahrstrecken zuriick und nehmen beim Transport zu den
verschiedenen Einsatzorten "auf eigener Achse" am offentlichen StraBen-
verkehr teil. Aus wirtschaftlichen Griinden wird angestrebt, die Fahrzeiten
2u minimieren. Der Fahrzeugfiihrer wadhlt deshalb nach subjektiven Kriterien
die jeweils hochstmogliche Fahrgeschwindigkeit. Diese wird jedoch wesent-
Vich durch das Schwingungsverhalten des Fahrzeugs und die sich daraus er-
gebenden Beeintrichtigungen der Fahrsicherheit und des Fahrkomforts be-
grenzt.

Besonders ungefederte Baumaschinen neigen schon bei niedrigen Fahrgeschwin-
digkeiten zu erheblichen Nickbewegungen, die zu einer hohen dynamischen
Beanspruchung des Fahrers, der Maschine und der Fahrbahn und in ungiinsti-
gen Fi¥llen zy einer erheblichen Gefihrdung filhren. Eine Erhbhung des Fahr-
komforts, der Fahrsicherheit und der Wirtschaftlichkeit 138t sich durch
Redu:ierung der Fahrzeugschwingungen, insbesondere der Nickschwingungen,
erreichen,

2. MOGLICHKEITEN FOR DIE SCHWINGUNGSREDUZIERUNG AN ERDBAUMASCHINEN

2.1 Feder- und Dimpferwirkung der Fahrzeugreifen

Bei der Mehrzahl der Erdbaumsschinen ist der Reifen das alleinige Feder-
D¥mpfer-Element, das in der Lage ist, Fahrzeugschwingungen zu reduzieren
(B11d 1). Durch Senken der Federsteifigkeit (Bild 2) und ErhGhen der Rei-
fendimpfung (Optimum D = 0,25; Bild 3) ist es mdglich, das Schwingungsver-
halten einer Maschine positiv zu beeinflussen. Der heutige Stand der Tech-
nik bei der Reifenentwicklung zeigt jedoch, daB ein weicher Reifen mit
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optimalen Dimpfungseigenschaften zu Problemen hinsichtlich der Lebensdauver
des Reifens, zu erhohtem Rollwiderstand und zur Minderung der Lenkflihig-
keit des Fahrzeugs fiihrt.

Bild 1. Reifen als Feder- und Dimpfer-Element beim Radlader
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B11d 3. Achsbeschleunigung in Abhangigkeit von der
Reifendampfung

2.2 Achsfederungen

Der Einbau von Feder- und Dampfer-Elementen zwischen Fahrzeugachsen und
Aufbau ist die am haufigsten verwendete und wirkungsvollste Methode, Fahr-
zeugschwingungen zu reduzieren. Bei mobilen Baumaschinen ist eine Achsfe-
derung beim Arbeitseinsatz jedoch haufig unerwinscht.

Durch einstellbare und sperrbare hydropneumatische Feder- und Dampfer-Ele-
mente kann die Federung im Fahrbetrieb ein- und beim Arbeitseinsatz ausge-
schaltet werden. In Bild 4 und 5 ist die Anordnung und Steuerung einer hy-

dropneumatischen Achsfederung dargestellt.

B11d 4. Radlader mit Feder- und Dampfer-Elementen zwischen
Achsen und Aufbau

. .« -
. E"“’“" . -

LN + e

- -
*;W.'.‘

Ve « -
a9
e A

v .
-

K ki,




218

, ,
O : :
rg 5 :

e - 5
1

t-- -t

i :
Ana | :
i Bl
Ly - 077 | 5
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.1 Srmwrngungsabsorber
Eire wirkungsvolle und kostengunstige Schwingungsreduzierung 1aBt sich
durch die Verwendung der Arbeitsausrustung der Maschine als Absorbermasse
erreichen (Bild 6). Als Feder-Dampfer-tlement wird ein Membran-Druckspei-
cher in Ve ‘bindung mit einem Drosselventil geschaltet (Bild 7). Die Feder-
konstente und das DampfungsmaB des Feder-Dampfer-Clementes werden so aus-
jeleqt, da* s r Bezug auf die Schwingungen der Frdbaumaschine als Breit-
hei 1t lger wirkt,

Bild 6. Verwendung der Ladeeinrichtung als Absorbermasse
zur Schwingungsreduzierung
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1 4/4-Wegeventil
2 Hubzylinder

3 2/2-wWegeventil
4 Drossel

5 Speicher

Bild 7. Anordnung eines Speichers im Kreislauf der
Hubzylinder eines Radladers

3. SCHWINGUNGSVERHALTEN EINES RADLADERS

3.1 Rechnersimulation

Fur die analytischen Untersuchungen wurde ein Radlader gewdhlt. Das ungefe-
derte Iweiachsfahrzeug hat iiber vier Rader Kontakt zur Fahrbahn, deren Un-
ebenheiten als Schwingungen iiber die Reifen und Achsen auf den Fahrzeug-
rahmen ibertragen werden,

Das vertikale Schwingungsverhalten des Radladers 1iBt sich wegen der Fahr-
zeuglangssymmetrie an Hand eines ebenen Schwingungsersatzmodells betrach-
ten, wie es in Bild 8 fir einen Radlader mit elastisch abgestiitzter Ar-
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Bild 8. Schwingungsersatzsystem eines Radladers mit
elastisch abgestiitzter Arbeitsausriistung
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beitsausrustung dargestellt ist. Fur die Berechnungen muB dabei die Halfte
der Fahrzeugmasse bzw. des Fahrzeugtragheitsmomentes herangezogen werden,

Ausgehend von diesem Ersatzmodell werden die Bewegungsgleichungen fir die
Zuck-, Hub- und Nickschwingungen des Radladers und seiner Arbeitsausri-
stung aufgestellt und mit einem Analogrechner gelost.

Zur Nachbildung der Fahrbahnunebenheiten bei der analogen Simulation dient

ein Rauschgenerator, der eine regellose Ausgangsspannung U(t) liefert. Mit
diesem Fahrbahnsignal wird die Vorderachse des Radladers direkt angeregt,

wahrend die €rregung an der Hinterachse uber ein Laufzeitglied eingeleitet
wird, das aus Radstand und Fahrgeschwindigkeit berechnet wird,

Als BeuyrteilungsgrioBe fiir die Fahrsicherheit dient die dynamische Radlast
an Vorder- und Hinterachse, zur Beurteilung des Fahrkomforts die vertikale
und horizontale Sitzanregungsbeschleunigung.

Bei der analogen Simulation ist die Verwendbarkeit der Rechenergebnisse
eng mit der Eingabe realistischer Fahrzeugdaten verkniipft. Fiir gelande-
gangige Fahrzeuge, speziell fur mobile Erdbaumaschinen, stehen die grund-
legenden schwingungstechnischen KenngroBen (Gewichte, Abmessungen, Schwer-
punktlagen, Massentragheitsmomente) nur in Einzelfallen oder unvollstandig
2ur Verfugung. Die notwendigen Werte wurden deshalb aus firmenangaben 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 tatsdchlich auftretenden dynami-
schen Verhalten so weit ab, daf sie fur die Simulation nicht geeignet sind.
Die damit erzielten Rechenergebnisse konnen nur Tendenzen angeben. Die
dynamische Reifeneinfederung wurde deshalb am rollenden Rad bei wirklichen
Fahrvorgangen ermittelt. Sie liegt gegeniiber der statischen Federkonstanten
fur die untersuchten Fahrzeugreifen (12.5-20, 10 PR und 17.5-25, 12 PR) im
Mittel um 20 % niedriger.

Zur Ermittlung der fur die Simulation benutzten Reifendampfung wurden Er-
gebnisse von Mitschke {1) verwendet. Damit 1ieBen sich in Abhingigkeit von
der jeweiligen Achsresonanzfrequenz, dem Reifeninnendruck und dem Fahrzeug-
gewicht die Dampfungskonstanten der benutzten Fahrzeugreifen bestimmen.
Wegen des schmalen Frequenzspektrums, das eine ungefederte mobile Bauma-
schine aufweist, ist dies eine brauchbare Annaherung an die wirkliche Rei-
fendampfung, wenn die Unterschiede zwischen statischer und dynamischer
Rerfendampfung nur gering sind.

3.2 Ergebnisse der Rechnersimulation

Die Beziehung zwischen Fahrzeugmasse, Massentragheitsmoment (Y-Achse) und
Schwerpunktlage bewirkt bei mobilen Baumaschinen eine starke Kopplung 2wi-
schen der Vorder- und der Hinterachse. Dies wird durch die Koppelmasse aus-
gedruckt. Sind Teile der Fahrzeugmasse - wie beim Radlader - auBerhalb des
Radstandes angeordnet, so ist die Koppelmasse negativ., Derartige Fahrzeuge
neigen schon bei niedrigen Fahrgeschwindigkeiten zu starken Nickbewegungen,
was die Fahrsicherheit durch hohe dynamische Radlasten und den Fahrkomfort
durch starke Sitzanregungsbeschleunigungen in vertikaler und horizontaler
Richtung erheblich verschlechtert.
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Ein weiteres charakteristisches Merkmal ist das Auftreten von zwei Reso-
nanzstellen bei der Obertragungsfunktion der dynamischen Radlasten (Bild 9
und 10). Die erste Resonanzstelle wird durch Nick-, die zweite hoherfre-
quente Resonanzstelle durch Hubbewegungen erzeugt, d.h., die grdBten dyna-
mischen Radlasten werden durch Nickbeschleunigungen verursacht.

Fur die Koppelmasse m = 0 ist das Obertragungsverhalten an den Fahrzeug-
achsen unabhdngig von der Fahrgeschwindigkeit. Bei negativer Koppelmasse
zeigt sich hingegen eine systematische Abhangigkeit (Bild 9 und 10). Dieses
Verhalten st kennzeichnend fur massengekoppelte Iweimassenschwinger und
macht es erforderlich, die gewdhlten Beurteilungsqrifen stet, im Zusammen-
hang mit der Fahrgeschwindigkeit zu betrachten.

vergroflerungstunkt F,'ny Ew0)

Br1d 9. VergroBerungsfunktion der dynamischen Vorderachslasten fir
einen Radlader mit starr abgestiitzter Arbeitsausristung

veryoferyngstorkt Fuine Ew0)

Bild 10. VergroBerungsfunktion der dynamischen Hinterachslasten fur
einen Radlader mit starr abgestutzter Arbeitsausriistung
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Die Schwingungsbeanspruchung des Menschen ist bei der Bedienung selbstfah-
render Baumaschinen durch die geringe Reifendampfung allgemein recht hoch.
Die Lage des Sitzbefestigungspunktes ist dabei eine konstruktive GroBe,
die die Fahrersitzbeschleunigung negativ beeinflussen kann, Im Schwer-
punkt des Fahrzeugs ist die vertikale Beschleunigung am geringsten (Bild
11) und dies damit der giinstigste Sitzbefestigungspunkt. Diese Anordnung
1aBt sich aus konstruktiven Griinden nicht bei allen Maschinen verwirkli-
chen, Bei Autokranen kommen zum Beispiel Sitzanordnungen von der Vorder-
achse bis hin zum Schwerpunkt vor.

B
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] ohne Absorber
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Sitzposition L,
Bilg 1. Vertikalbeschleunigung zwischen den Fahrzeugachsen

bei einem Radlader
4. SCHWINGUNGSREDUZIERUNG DURCH_ABSORPTION
4.1 Prinzip eines dynamischen Schwingungsabsorbers
Die wirkungsweise ines dynamischen Schwingungsabsorbers lagt sich prinzi-

prell an einem Einmassenschwinger erklaren, der mit einer zweiten elastisch
angekoppeliten Masse ausgerustet ist (Bild 12).

¥ N

B11d 12. Dynamischer Schwingungsabsorber




223

Der Absorber ist im Prinzip ein Resonanzsystem, das auf der schwingenden
Struktur angebracht wird und den zu reduzierenden Schwingungen entgegen-
wirkt.

Ist der Absorber so auf das Hauptsystem abgestimmt, daf das Verhaltnis der
Resonanzfrequenzen v = 1 ergibt und der Dampfungsgrad k = 0 ist, wird die
Resonanzstelle des Hauptsystems vollstandig absorbiert (Bild 13). Diesem
gewunschten Verhalten steht als Nachteil entgegen, daB zwei zusatzliche
Resonanzstellen auftreten, Bei einer unendlichen Absorberdampfung k = @
ist die Absorbermasse mit der Hauptmasse So verbunden, daB sie sich nicht
gegeneinander bewegen. Das Absorbersystem ist dabei vollig funktionsios,
so daB die eigentlich zu absorbierende Resonanzstelle wieder auftritt,

Iwischen den extremen Dampfungswerten k = 0 und k = «r- gibt es eine Damp-
fung, bey der das Hauptsystem die kleinsten Schwingungen ausfiihrt,
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Bild 13. Obertragungsfunktion eines dynamischen Absorbers
bei unterschiedlicher Dampferabstimmung

4.2 Absorberabstimmung im Hinblick auf Fahrkomfort und Fahrsicherheit

Bei der Wahl der gunstigsten Absorberabstimmung zeigen sich fir die dyna-
mischen Radlasten und die Fahrersitzanrequngsbeschleunigung unterschied-

Jiche Abstimmungsfrequenzen, jedoch annahernd gleiche Dampfungsgrade von

D % (0,3, Diese Dampfung ist, wie Untersuchungen bei der Massentrigheits-

momentenbest immung von Absorbermassen beim Radlader zeigen, praktisch nicht :
realisierbar. Vielmehr muf mit einer eigenen Dampfung von D a= 1 gerechnet
werden,

Die in Bild 14 bis 25 dargestellten Rechenergebnisse zeigen das Verhalten
bei dieser hohen Dampfung und einer Absorberfrequenz von 1,4 Hz, die einen
Kompromifl zwischen Fahrkomfort und Fahrsicherheit bilden.
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Die Linearspektren der dynamischen Radlasten (Bild 16 bis 19) und der Sitz-
anrequngsbeschleunigungen (Bild 22 bis 25) machen deutlich, daB die maBgeb-
liche Reduzierung der Fahrzeugschwingungen bei der ersten Resonanziiberhghung

(Nicken) erreicht wird,
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Fahrgeschwindigkeit v

Bild 4. Radlastfaktor an der Vorderachse in Abhlngigkeit von der
Fahrgeschwindigkeit bei unterschiedlicher Absorberabstimmung
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Bild 15, Radlastfaktor an der Hinterachse in Abhingigkeit von der
Fahrgeschwindigkeit bei unterschiedlicher Absorberabstimmung
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Bild 16. Linear-Spektrum der dynamischen Vorderachslasten eines
Radladers mit starr abgestiitzter Arbeitsausristung in
Abhangigkeit von der Fahrgeschwindigkeit
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Bild 17. Linear-Spektrum der dynamischen Vorderachslasten eines
Radladers mit elastisch abgestiitzter Arbeitsausristung
in Abh3ngigkeit von der Fahrgeschwindigkeit
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Bild 18. Linear-Spektrumder dynamischen Hinterachsiasten eines
Radladers mit starr abgestiitzter Arbeitsausristung in
Abhingigkeit von der Fahrgeschwindigkeit
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Bi1d 19. Linear-Spektrum der dynamischen Hinterachslasten eines
Radladers mit elastisch abgestitzter Arbeitsausristung
in Abhlngigkeit von der Fahrgeschwindigkeit
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Bild 20. Vertikale Fahrersitzanregungsbeschleunigung in
Abhdngigkeit von der Fahrgeschwindigkeit bei
unterschiedlicher Absorberabstimmung
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Bild 21. Horizontale Fahrersitzanrequngsbeschleunigung

in Abhangickeit von der Fahrgeschwindigkeit bei
unterschiedlicher Absorberabstimming
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Bild 22. Linear-Spektrum der vertikalen Fahrersitzanregungs-
beschleunigung eines Radladers mit starr abgestiitzter
Arbeitsausristung in Abhdngigkeit von der Fahrge-
schwindigkeit
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Bild 23. Linear-Spektrum der vertikalen Fahrersitzanregungs- !
beschleunigung eines Radladers mit elastisch abge- '
stiitzter Arbeitsausriistung in Abhingigkeit von der g
Fahrgeschwindigkeit
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Bild 24. Linear-Spektrum der horizontalen Fahrersitzanregungs-

beschleunigung eines Radladers mit starr abgestiitzter
Arpeitsausrustung in Abhangigkeit von der Fahrge-
schwindigkeit
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Bild 25. Linear-Spektrum der horizontalen fahrersitzanregungs-
beschleunigung eines Radladers mit elastisch abgestiitzter
Arbeitsausriistung in Abhdngigkeit von der Fahrgeschwin-
digkeit
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4.3 Mbsorberbewegung

Bei der praktischen Realisierung einer Absorption von Fahrzeugschwingungen
durch Verwendung der Arbeitsausriistung als Absorbermasse ist die dabei
auftretende Absorberbewequng im Hinblick auf die beim Befahren offentli-
cher StraBen geltenden Sicherheitsvorschriften von besonderer Bedeutung.
Die Relativbewegung zwischen Fahrzeug und Arbeitsausriistung soll moglichst
gering sein,

Die in Bild 26 dargestellte relative Amplitudenverteilung zeigt, daB die
bengtigte Absorberbewegung selbst bei optimaler Absorberabstimmung nicht
groBer als ¢ 30 mm wird. Bei Verwendung einer realistischen Absorberdamp-
fung von D = 1,0 reduziert sich der maximal benotigte Absorberweq auf

t 15 mm. Derartig kleine Relativbewegungen der Arbeitsausriistung lassen
sich ohne Schwierigkeiten konstruktiv verwirklichen.

[[h =1,0Hz
§ @ » = 175Hz
Q DA =03
§ %
E o
[~ _fa =14 Hz
¥ Da =10
20
1 v = 60km/h
|
-75 mm -S0 -25 0 25 SO mm 75

Absorberbewegung Za

Bild 26. Relative Amplitudenverteilung der Bewegung der Arbeits-
ausristung bei unterschiedlicher Absorberabstimmung

5. FAHRVERSUCHE

Zur Oberprifung der durch die Rechnersimulation gewonnenen Ergebnisse wur-
den Fahrversuche mit einem der Simulation zugrunde gelegten Radlader
durchgefiihrt, Diese ergaben eine gute Obereinstimmung mit der Rechnung,
1nsbes?ndere hinsichtlich der erzielbaren Schwingungsreduzierung (Bild 27
bis 29

Bemerkenswert sind Verhalten und KuBerungen des Fahrers, der den Versuchen
zunachst mit groBter Skepsis gegeniiberstand, nach den Fahrten mit dem
Schwingungsabsorber auf diesen aber nicht mehr verzichten wollte. Gerade
die Yertrautheit mit dem ublichen Schwingungsverhalten der selbstfahrenden
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Baumaschinen hat z. der allgemein anzutreffenden Vorstellung gefiihrt, daB
dies nomal und nicht anderungsbediirftig ist. Dem stehen die iiberzeugenden
Ergebnisse und Erfahrungen mit der Schwingungsabsorption durch elastisches
Abstutzen der Arbeitsausriistung entgegen.
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Bild 27. Schwingungsreduzierung an der Vorderachse eines Radladers
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Bild 28. Schwingungsreduzierung an der Hinterachse eines Radladers
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B11d 29. Schwingungsreduzierung am Fahrersitz eines Radladers
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6. ZUSAMMENFASSUNG

In analytischen und experimentellen Untersuchungen werden der Fahrkomfort
und die Fahrsicherheit ungefederter selbstfahrender Baumaschinen mit star-
rer und elastischer Abstutzung der Arbeitsausriistungen betrachtet. Fahr-
zeuge, bei denen ein wesentlicher Teil der Fahrzeugmasse auBerhalb des
Radstandes angeordnet ist - wie dies bei Radladern stets der Fall ist -,
neigen schon bei niedrigen Fahrgeschwindigkeiten zu starken Nickbewegun-
gen, die die Fahrsicherheit und den Fahrkomfort erheblich beeintrichtigen
konnen,

Als BeurteilungsgroBen fiir die Fahrsicherheit dienen die dynamischen Rad-
lasten und fir den Fahrkomfort die vertikale und die horizontale Fahrer-
sitzanregungsbeschleunigung, Die Abhidngigkeit der dynamischen Radlasten
und der Sitzanregungsbeschieunigung von der Fahrgeschwindigkeit ist bei
diesen Fahrzeugen sehr unterschiedlich, so daB die SchwingungsgroBen stets
fur den gesamten Geschwindigkeitsbereich betrachtet werden miissen,

Die Lage des Sitzbefestigungspunktes zum Gesamtschwerpunkt des Fahrzeugs
ist entscheidend fur die Auswirkungen der Nickbeschleunigungen auf die Be-
anspruchung des Fahrers. Durch elastisches Abstiitzen der Arbeitsausriistung
und ihre Verwendung als Absorbermasse kann das Schwingungsverhalten der
Maschinen wesentlich verbessert werden.

Bei der Abstimmung des Absorbers in Bezug auf die grioBtmdgliche Reduzierung
der dynamischen Radlasten und der Sitzanregungsbeschleunigung muB ein Kom-
promiB 2wischen Fahrsicherheit und Fahrkomfort getroffen werden, wie er

bei der Auslegung von Achsfederungen Ublich ist,

S s

»
>

Die beim elastischen Abstiitzen der Arbeitsausriistung auftretenden Relativ-
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bewegunger. “wischen Arbeitsausrustung und fahrzeugrahmen betragen bei ei-
ner in der Praxis realistischen Absorberdampfung von O s 1 etwa & 15 mm,

Derartig kleine Relativbewegungen der Arbeitsausrustung lassen sich ohne

Sthwierigkeiten konstruktiv verwirklichen.

Insqesamt zeigen die vorliegenden Ergebnisse, daB mit dem Prinzip der
Schwingungsahsorption eine betrachtliche Erhohung des Fahrkomforts und der
Yahrsicherhei1t ungefederter selbstfahrender Baumaschinen erzielt werden
~ann, Fahrversuche mit einem Radlader bestatigen die Ergebnisse der Rech-
nersimylation,

7. SCHRIFTTUM
Mitschke, M.: Dynamik der Kraftfahrzeuge. Springer-Verlag, Berlin, Heidel-
berg, New York, 1972

Mitschihe, M.: Fahrsicherheit und StraBenschonung von ungefederten Fahrzeu~
gen. Deutsche Kraftfahrtforschung und StraBenverkehrstechnik, 1971

Helms, H.: Grenzen der Verbesserungsfahigkeit von Schwingungskomfort und
Fahrsicherheit an Kraftfahrzeugen. Dissertation, TU Braunschweig 1974

Willumeit, H.-P.; Richter, B.: Ober den EinfluB von frequenzabhangigen
Dampfern und Schwingungstilgern in der Radaufhangung eines StraBen-
fahrzeugs. Automobil-Industrie 16(1971) Heft 2, S. 67-72

Sharon, [.: Untersuchungen uber die Schwingungseigenschaften groBvolumiger
Niederdruckreifen, Dissertation, TUBerlin, 1975

Ulraich, A.. Untersuchungen zur Fahrdynamik von Traktoren mit und ohne An-
baugerate. Dissertation, TU Berlin, 1983

TR A,




LN

235

INCREASE IN PERFORMANCE. AND IMPROVEMENT OF RIDE COMFORT OF SELF-PROPELIED

QONSTRUCTION MACHINERY BY REDUCING PITCH AND VERTICAL VIBRATION

PROF. DR.-ING. W. POPPY and DR.-ING. A, ULRICH
KONSTRUKTION VON BAIMASCHINEN, TECHNISCHE UNIVERSITAT, BERLIN
(Translated by Miss G. Bateman, NIAE, Silsoe, England)

Self-propelled unsprung construction machines ~ such as tractor-loaders
and mobile cranes - are prone to pronounced pitching motion on uneven
driving surfaces even at low forward gpeeds. Because of the dynamic
loads which thus occur, the driver, machine and the driving surface are

highly stregsed and in unfavourable conditions are considerably endangered. +

An effective and cheap method of reducing vibration is the use of the
working attachment of the machine as an atksorbing mass, with a spring and
damping element set in its rigid support. The effect of this vibration
absorber on safety, construction element stresses and ride camfort was
analytically and experimentally investigated in the "Konstruktion von
Baumaschinen®” (Construction machinery design department) at the Technische

Universitat, Berlin Driving tests carried out with equipment of various

sizes correlated well with camputer simulatjon results. Ride safety and
oanfort are improved by approximately 50% in comparison with conventional
machines.

1. Introduction

when used on a construction site self-propelled earth moving machines
frequently have to travel lang distances; they are also used on the
public roads for transport to various locations. For econamic reasons it
is desirable to reduce driving time to a minimam and, moreover, acting on
subjective criteria, the driver of the vehicle selects the highest speed
possible for the conditions. Speed is, however, essentially limited by
the vibration behaviour of the vehicle and considerations of ride safety
and cuanfort which result from this.

Unsprung construction machinery in particular is prone to considerable
pitching motion even at low forward 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 camfort and

i
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safety and econamic efficiency can be increased by reducing the vehicle
vibration, in particular the pitching motion.

2. Altematives for vibration reduction on earth moving machinery

2.1 Spring and damping effect of vehicle tyres

Tyres are the only suspension elements on the majority of oconstruction
machines (Fig. 1). By reducing the spring stiffness of the tyres (Fig. 2)
and increasing the damping ratio (Optimum D = 0.25; Fig. 1) it is poesible
to improve the vibration behaviour of a machine. The present state of
technical development of tyres, however, shows that a soft tyre with opti-
mum danmping characteristics gives rise to problems with reqgard to the use-
ful life of tyres, increased rolling resistance ard a reduction in vehicle
steerability.

Fig. 1 Tyres as spring and damping eleaments on a tractor-loader
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2.2 MAxle suspensions

The most frequently used and most effective method of reducing vehicle
vibration is the insertion of suspension elements between the axles and
the body of the vehicle. An axle suspension is, however, frequently
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undesirable on mobile construction machines when they are in operation.

The suspension of some machines can be switched an during driving and swit-
ched of f during working operations by means of adjustable and closable
hydro-pneusatic spring and damping elsments. The arrangement and control
of a hydro-pneumatic axle suspension are shown in Pigs. 4 and 5.

Fig. 4 nmmﬁmmwmmmmm

i
- mem e e enman

5 Fig. 5 Circuit diagram of a hydro~pneumatic axle suspension /
3 (Zettelmeyer) f
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2.3 Vibration absorber

An effective and cheap method of reducing vibration is the use of tle work-
ing attachment of the machine as the absorbing mass (Fig. 6). A hydraulic
accumilator comnected to a pressure requlating valve is used as the spring
and damping element (Fig. 7). The spring rate and the damping 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

{/_\l s 1 4/4 movement valve

/
N ¢ liftinc cvlinder

i s 3  2/2 movenent valve

' 4 pressure requlating valve
=F |

]' 5  accumilator
- |

Fig. 7 Arrancement of an accumilator in the circuit of
the lifting cylinder of a tractor~loader

.
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3. vibration behaviour of a tractor-locader

3.1 Camputer simulation

A tractor-loader was selected for the analytical investigations. The
unsprung two-axle vehicle has contact with the driving surface over four
wheels; the unevenness of the surface is transmitted via the tyres and the
axles to the vehicle frame in the fomm of vibrations.

Because of the lateral symmetry of the vehicle the vertical vibration
behaviour of the tractor-loader can be observed usinc a "bicycle” vibration
simulation model, as is shown in Fig. 8 for a tractor-loader with an elas-
tically supported working attachment. Half of the vehicle mass and the
moment of inertia must be used for the calculation.

e 1
‘ A
X Lg
“F . f
i
t
v
<!
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o O L
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— Ly — Ll -
- - (& - - -

Fig. 8 Vibration simulation system of a tractor-loader with
elastically supported working attachment

On the basis of this simulation model the equations of motion for the longi-
tudinal, vertical and pitching motion of the tractor-loader and its work
attachment have been established and solved using an analogue computer.

' In order to simulate the surface unevenness in the analogue simulation a
sional generator is used, which delivers a randam 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 relay line, which is cal-
culated from the wheel base and forward speed.
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The dynamic wheel load on the front and rear axle is used to evaluate
safety and the vertical and horizantal acceleration of the seat to evaluate
ride ocamfort.

The usefulness of results cbtained by camputer simulatian is highly depen-
dent on the input of realistic vehicle data. Only in a few cases are the
basic vibration characteristics (weioht, dimensians, position of centre of
gravity, mass moent of inertia) available for cross country vehicles,
particularly for mobile construction machinery, or it may be that these
characteristics are incamplete. The necessary values were therefore
determined from data supplied by the manufacturer or by ane's own experi-
mental investigations.

Precise knowledge of the spring and damping characteristics of tyres is
also important for exact calculation of the vibration behaviour of unsprung
mobile construction machinery. Avajlable statically determined tyre char-
acteristics of non-rolling tyres deviate fram the dynamic behaviour whicl
actually occurs to such an extent that they are not suitable for simula-
tion. The simulation results cbtained using these characteristics can
only indicate general trends. Dynamic tyre stiffness was therefore deter-

mined using a rolling driving wheel. It is on average approximately 20%
lower when campared with the static stiffness for the vehicle tyres inves-
tigated (12.5~20, 10 PR and 17.5-25, 12 PR).

Result.sd:tamedbymmhke(" were used to determine the tyre damping

used for the simulation. These results enable the damping coefficients
of the vehicle tyres used to be determined in relation to the respective
axle resonance frequency, tyre pressure and vehicle weight. Because of
the narrow frequency spectrum of an unsprung mobile oconstruction machine,
this is a usable approximation of the actual tyre damping, if there is
anly a slight difference between static and dynamic tyre damping.

3.2 Results of the camputer simulation

The relationship between vehicle mass, mass moment of inertia (Y-axis) and
position of the centre of gravity gives a strong coupling between the front
and rear axles on mobile machines. This is expressed by the coupling

mass., If parts of the vehicle mass - as is the case with tractor-loaders
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- are outside the wheel base, then the coupling mass is negative. Such
vehicles are prone to pronounced pitching motion even at low forward speeds,
which considerably affects safety because of high dynamic wheel loads and
influences ride oamfort by strong excitation accelerations of the seat in
the vertical and horizontal direction.

A further characteristic is the cocurrence of two resonances in the trans-
fer function of the dynamic wheel loads (Figs. 9 and 10). The first res-
onance point is caused by pitchi-y, the second higher frequency point by
vertical movements, i.e. the greatest dynamic wheel loads are caused by
pitching acoceleratian.

The tranmaission bshaviour on the vehicle axles is indepsndent of forward
qnadfordnoapungmnk-o. However, for negative coupling masses
there is a systematic dependency (Figs. 9 and 10). This behaviour is
characteristic for mass coupled two mags vibrating systems and means that
the selected evaluatian variables must be constantly cbeerved in relation
to forward speed.
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Fig. 9 Mmplification function of the dynamic front-axle loads
for a tractor-loader with rigidly supported working attachment
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~

mplification
function

Fig. 10 Amplification function of the dynamic rear-axle loads for
a tractor-loader with rigidly supported working attachment

The vibration stress experienced by operators is generally very high during
the operation of self-propelled construction machines because of the
limited tyre damping. The position of the seat attachment point is thus a
design factor which can decrease acceleration of the driver's seat. Ver-
tical acceleration is least at the centre of gravity of the vehicle (Fig.
11) and this is then the optimum seat attachment point. This arrangement
is not possible on all machines because of design considerations. On
mobile cranes, for example, the seat can be placed fram the rear-axle up to
the centre of gravity.
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Fig. 11 Vertical accelrration between vehicle axles on a tractor-loader
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4. Vibration reduction by absorption

4.t Principle of a dynamic vibration absorber

The method of operation of a dynamic vibration absorber can be explained
using a single oscillating mass, which is equipped with a second elasti-
cally coupled mass (Fig. 12).

m | Apsorber-
L4 System
v

&~ | achine

"\

Fig. 12 Dynamic vibration absorber

The absorber is basically a resonance system, which is attached to the
vibrating structure and counteracts the vibration which is to be reduced.

1f the absorber is adjusted on the main system &0 that the relationghip of
the resonance frequency is v = 1 and the damping coefficient k = 0, the

resonance point of the main system is completely abeorbed (Fig. 13). A

disadvantage of this desirable behaviour is the fact that two additional

resonance points oocur.  With infinite abeorber damping X * @ the absord~
ing mass is linked to the main body, s0 that they do not move against one
anothey. The abeorbing system is then completely redundant, so that the
resonance point actually to be absorbed occurs again.

Between the extreme damping coefficient k = 0 and k = ® there is a damping
level, at which the main system gives the smallest vibrations.

é
4
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Fig. 13 Transfer function of a dynamic absorber at
various damping adjustments

4.2 Absorber adjustment in relation to ride canfort and safety

There are various criteria for which the stiffness of the absorber suspen-
sian can be optimised. These include dynamic wheel loads and acceleration
of the driver's seat. The optimum damping value is found to be constant
with an approximate valuc of D = 0,3, As illustrated by tests to deter-
mwne the moment of inertia of absorber masses on tractor-loaders, this damp—
ing 1s practically unobtainable. For practical purposes then a damping
ratio of U = 1 is used.

The simulation results given in Figs. 14 to 25 show the behaviour with this

high damping at an absorbing frequency of 1.4 Hz; this is a compromise
between ride canfort 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 onsiderably reduced especially in the pitching mode.
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Fig. 17 Linear spectrum of dynamic front axle loads of a
tractor-loader with elastically supported working
attachment ir. relation to forward speed
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Fig. 18 Linear spectrum of dynamic rear axle loads of a
tractor-loader with rigidly supported working
attachment in relation to forward speed

Fig. 19 Linear spectrun of dynamic rear axle loads of a f
tractor-loader with elastically supported working i

attachment in relation to forward speed
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Fig. 22 Linear spectrum of vertical excitation acceleration of the
driver's seat of a tractor-loader with rigidly supported
working attachment in relation to forward speed
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frecquency

Linear spectrnum of horizontal excitation acceleration of
the driver's seat of a tractor-loader with rigidly
supported work attachment in relation to forward speed

Linear spectrum of horizontal excitation acceleration of
the driver's seat of a tractor-loader with elastically
supported work attachment in relation to forward speed
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4.3 Absorber movement

In practice the abeorber movement which occurs

ts of particular importance

with regard to the safety requlations in force when travelling on public

roads.

The relative movement between vehicle

and work attachment should

be as small as possible.
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ahgorber movement Za
Fig. 26 Relative amplitude distribution of movement of working

attachment with various absorber adjustments

The relative amplitude distribution given in Fig. 26 shows that the
required absorber motion 1smt.greatezthan3 30 rm even at optimum abeor-

ber adjustments.
wmmmmmtxsrmwi 15 mm.

1f a realistic absorber damping of D = 1.0 is used, the
Such small rel-

ative movements of the working attachment can easily be accommodated.

5. Driv

tests

To test the results obtained with the camputer simulation driving tests
were carried out with the tractor-loader which formed the basis of the
sirulation. These correlated well with the calculation, particularly
with regard to the vibration reduction which can be obtained (Fig. 27 to

29).
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The behaviour and opinions of the driver are significant as he regarded
the tests very sceptically, however 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 experiences with the vibration abeorp-
tion by the elastic support of the working attachment.
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Fig. 27 Vibration reduction on the front axle of a tractor-loader
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6. Sumary

Ride canfort and safety of unsprung self-propelled construction machines
with a rigid and elastic support of the working attachment are evaluated
by means of analytical and experimental investigations. Vehicles which
have a considerable part of the vehicle mass outside the wheel base - as
is always the case with tractor-loaders ~ are prone to pronounced pitching
motion, even at low forward speeds, which can considerably influence ride
safety and camfort.

Dynamic wheel loads are used to evaluate safety and the vertical and hori-
zantal excitation acceleration of the driver's seat to evaluate ride com-
fart. The dependency of the dynamic wheel loads and the excitation accel-
eration of the seat on farward speed is very variable for these vehicles,
with the result that the vibration characteristics must be constantly
cbeerved for the total forward speed range.

The position of the seat attachment point in relation to the centre of

gravity of the vehicle is decisive in the effect of the pitching accelera-

tion on the stress to the driver. By elastic support of the working

attachment and its use as an absorbing mass, the vibration of the machine

can be considerably reduced. 4

By adjustment of the absorber to cbtain the greatest possible reduction

of the dynamic wheel loads and the excitation acceleration of the seat, a ;
campranise must be achieved between ride safety and comfort; this is i
usual in the design of axle suspensions. :

Relative movements between the working attachment and vehicle frame, which
occur with elastic support of the attachment, are approximately 215 m
with an absorber damping of D = 1; it is possible to achieve this in
practice. Such small relative movements of the working attachment can
easily be incorporated in the design.

g
g
¥

In caclusion the above results show that, using the principle of vibra-
tion absorption, ride camfort and safety on unsprung self-propelled ocon-
struction machines can be considerably increased. Driving tests with a
tractor-loader verify the results of the computer simulation.
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4

STRESSES IN SITU GENERATING BY BULLDOZERS

H.FUJI1 T.SAWADA T.WATANABE
OKAYAMA UNIVERSITY KYOTO UNIVERSITY OKAYAMA UNTVERSITY  JAPAN

. SYNOPSIS

1

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
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 3 bulldo can drive without whole crawler tracks in contact
with the ground, the conXact pressure occurs three different type patterns
according to the configulation fo the ground surface. The particularity
of t-:7 curve of a bulldozek is due to the disaccordance of the length of
shoe and the distance of track rollers. And also, it is due to the
ndirect load transferred through track shoes. Since it comes from the
structural characteristics of ghe bulldozers, "the Structural Stress
Variation Model” is considered for “"the three ground models".

AD-P004 270

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)(5)(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 3

Full-scale field compaction tests were carried out on the site of two
rockfi11 dams and one highway construction. Measurements were made of

v the stresses in situ, the acceleration, the velocity, the settlements of
. the surface, the deformation in the layer compacted, the penetration
ﬁL 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. [n 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,




Although measurements were made at only a single point the results
obtained by shifting the equipment in the X-directfon after each pass are
assumed to be the same as {f measurements were made at a number of
locations. Soi) used for the tests were three kinds of cohesive soils
for impervious zones, rather small rockfill material for transition zones
and sofl 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.1. Before going
into the main arguments, several assumptions need to be discussed. The
first is that the ground is considered a semi-infinite, {sotropic and
homogeneous elastic body. When a load is placed on the boundary, normal
and shearing stresses are generated in sity. 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 1  INDEX PROPERTIES OF SOIL FOR TESTS

CLASSIFICATION COMESIVE SOIL ROCK M.

NOTATION Ch-a Ch-d Ch-¢ Ch-d Rk

LABORATORY TESTS

Unified Sotl Classification SC SC-SM CL SM oW

Specific Gravity 2.75 2.72 2.74 2.66 2.19

Maximm Dry Density W- 15.3 16.5 17.3 18.8 -
a’) (1.56) (1.68) (1.76)  (1.92)

Optimm Vater cmm 25.3 21.6 18.6 1.5

Liquid Limit l §2-55 52-56 0 -

Plasiticity Index 15-20 15-20 13 -

FIELD YESTS

Dry Density Before ct 11.8-13.7 12.8-15.7 14.7-15,7 16.3 19.6-21.6
W.%-.mi {1.2-1. 4; u .3-1.6) (1.5-1.6) (1.7) (2. 0-2.2;

On
After on 13.7-16 7-18.6 16.7-18.6 16.2-17.6 20.6-23,
w-sm {1.4-1.9) (1.8-1.9) (1.7-1.9) (V.7-) s) (2.1-2.4)
Mater Content 21-36 27-33 10-20 19-24 -
Gravel Content over #4 ( s ) 16-25 27-49 22-28 25 100

TABLE 2 CHARACTERISTICS OF BULLDOZER USING COMPACTION

NOTA- GROSS CONTACT TO GROUND CONTACT USED SOIL |
TION WEIGHT LENGTH WIDTH ﬂ PRESSURE Ch Rk s
wm(t) ™ o kPa{kg/cwd) a b c d )
-1 1l08(11.0 224 46 9800 §5(0.56 ..
BL-2 154(15.7 243 5 12400 0.63 .
uL-3 8.7 316 56 35400 107(1.09 .
-4 113(11.§ 220 L] 17600 64(0.64 .
BUL-5 94( 9.6 222 76 33744 27(0.28 o
. » = -
- —




assumption is that oz(P), which is the normal stress in the I-direction
caused by vertical load, is mainly related to the compaction. Although
the stresses in three directions were measured, o, Was used for the
analysis because of this assumption. Two exampleés of the results in
measurements are shown as Fig.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 o, 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
the 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.

23 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.

2 2
1y, = 2%-[ mn 14m’+n + sin”! —————!L—-——-] ----- (1)
/THmZen® (14n?)(m?+n?) /T2 /T¥nz

where m = a/b, n =z2/b 1in 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 Frohlich's theory. Taking this into account, a 15-25 %
increase of the stress calculated by Boussinesq's theory is produced even
for rockfill materials.

Crawler Track - Ground System 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 bulidozer 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
-ontact 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.
{(ii) The conformation of ground does not change while the track shoe is
Just in contact on the ground.
(tii) The critical point of change slope is nominated as point C, and the
grade of both sides are I, and I, however, 1] < n/2

(W) The track shoe on the point C does not move while the track rollers
are moving, a track shoe 1s plane and its contact pressure of any
portion is uniform.

(v) The load from track roller is transmitted statically to the track
shoe jJust under it and never transmitted to other track shoes.

fvi) 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 I, and I, A=l -1,20
<

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 1 (4=0), 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 SYSTEM" MODEL (cf. F1G.3)

MODEL LOCATION OF ROLLERS NO. CONTACT TO GROUND RS
BACK POINT C FRONT OF ROLLER

Im 1 2 3 4 5 & 7 7
1 2 3 4 5 6 7 6

T 2 3 4 5 6 m 5

T 2 3 4 5) (6) (1) 4

() 52; 3) (4 5 6 7 3

M (2) (3 4 5 6 7 4

1) {2 3 4 5 6 7 5

1) 2 3 & 5 6 7 6

1. 2 3 4 5 6 7 7

1" 1 2 3 4 5 6 7 7
12 () (4) (5) (6) 1 2-3
LU L 5e

1 22; M w () ¢ 7 2-4

1 2 3 4 § 6 7 7

NOTICE : Ist roller,that is sprocket

: 2nd-6th roller,that is track roller

: 7th roller,that isfront idler

: roller No. rising, that is rollers not contact through track
shoes

-— ~
— O -
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shoes under moving rollers as usual (Case 2). If the ground is very
plane and very rigiy, only the najls of the track shoes contact the ground
and take the whole load (Case 8,9).

(i) Model I 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-1 is located between the second track roller and the third
one. So, the loading condition is the same as Case 1 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.

(i) Model M Concave Case ; A > O Fig.3c; Tab3)
Thea loading cindition is the same as Model 1 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-1 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 SITY

Theoretical consideration - Structural Stress Variation Mode)

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-1 DUE TO
GROUND CONDITION

LOAD 8EING CONTACT CONTACT MIGNT
SITUATION  CONTACT LENGTH PRESSURE OCCURRED ‘
70 GROUND kPs , GROUND MODEL
BY (em) (kg/em®) 1 11 111 ;
CALUCWATED Y
CASE 1 DISTRIBUTED ALL CRAWLER 214 88(n.59) ¢ » ¢
2 RECTANGULAR 7 TRACK 19.5x7 86(0.89) * *+ *
3 6  SHOES x6 100 I.OZE LA
4 5 x5 120(1.23) ¢ & o
5 4 x4 150(1.53 LI
6 3 x3 200(2.04 LI
7 2 %2 300{3.06) .
8 LINE 7 GROCERS 2x7 BI6(8.54) *
9 1 2x5 1170(12.0) *
MEASURED 461-716 Rk
{4.7-7.3)
392-490 Ch
(4-5)




particular shapes as shown in Fig.10, 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-).

This is tike a triangular load and is completely different from Fig.10 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 7 axis is vertical
direction. Definitions of symbols are given below:

o{x,y,2): the arbitrary point to calculate stress, C(x,y,z}): the p01nt of
ground just upon o, 2ax2b: the area of track shoe By, ¢ (x,.y1 the
Center of track shoe B,, (Xi,Yy,0): the location of movlng rolier Ri»Pk:
the load transmitted by Ry, q(i,t): contact pressure of By meanuh!le Rk on
it, v: the speed of bulldozer

Y =vt  eeees (2)
q(i,t) = g(x{,yi.Xk, Yy ts2)

pi/(dab) o t (1,k) < t < ty (1,k)

0 : tNL(i,k) <t< tL(i4l,k) ----- (3)

={

where t| (i,k): the time which roller Ry just moved to track shoe Bj, ty (i
,k): the time which roller Ry is just apart from By. So

tye(ik) = it ) eeees (4)
Coefficient of influence in Boussinesq's equation due to track shoe B is
shown,

k(i) = f(xqy,yj.8,0,2,8)  -e-a- (5)
The stress at o caused by n track shoe is shown as

n
o(z,t) = ‘.x‘ gli,t)-k(i)  aeee (6)
alz,¥y) = is 9(*i-ys Yy o8) fixq,yj.a.b,z,8) 0 e-ee- (7

Results of calculation

Let's i)lustrate with a simple example where the ground is completely

plane. As in the previous section, here we will consider the BUL-) for :
an example: at first, the backward edge of B, and R, located just on the 1
origin as shown in Fig.6a. As before, for this case, the load transfers H
from only five track rollers Ri;~Rs to five of seven track shoes B, B, of

BUL-1 (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 tn Fig.6. As R, moves Y, cm on the crawler shoe B,, the other

rollers R moves on By as shown in Fig.6aFig.6f, Fig.6a coincides with

Fing.6e, a though therg is a8 difference of track shoes length (19.5 cm).

The stress distributions in this Voad condition are shown in Fig, 7avFig.7e

respectively at 2220 cm. So the stress distribution changes suddeniy at

the time that any track roller Ri on any track shoe Bj moves to another
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one Bi. The results of this calculation, that is, theoretical stress
variation at a point is shown in Fig.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-1 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 2z=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 o(z,Yk)(kg/cm?) respectively. Fig.9a is the

calculated result of Model 1. Let's compare with Fig.4 and Fig.%9a. Fiq.

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.9 is
the case of Model . The case of Model I convex-type ground, is
calculated in the condition that the center of track shoe B keeps off its
one half, ie. a cm, from the point ? Fig.9c is Model Il 1n the case
where 4 track shoes under moving rolfers R,.R,,R,,R, 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 O , 7 peaks seem triangular. For Model II
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,10 by BUL-1. Abscissa is time and
ordinate is stress. Stress variations in Fig.10 are roughly classified
into four types as follows by connecting small peaks of stress variations.
Type(l) Trapezoid type (Fig.10a)
Type(l) One triangular type (Fig.10b)
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. FI1G.12)

NUMBERS OF DATA IN FIG.12

TOTAL (1) (11) (111) (1v)
b ]

[} [4 b
COHESIVE NO TRACTION n 3 0 0 1 7 0 0
SOIL TRACITON TA. 138 43 28 3 4 27 3 10
ROCKFILL NO TRACTION 25 1 2 0 0 18 4 0
MATERIAL  TRACTION TA. 18 4 0 0 0 1 9 4
3 25 53 6

TOTAL 192 51 87 69 14

. »,{_‘
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a: former part
b: later part
c: central part
Type(l) Two triangular type (Fig.10c,10d)
This is also classified into two types by the location of the largest
value appearing;
a: former triangular
b: later triangular
Type(N) Random type (Fig.10e,10¢)
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 cbtained from
the field compation test, there are quite a few cases where the bulldozer
pulls a tamping roller.
Type (V) 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.10a are similar as well as Fig.9 and Fig.10b,Fig.9c and Fig.
10c. 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 measyred 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 inFig.13c,13d. Different concave type stress
variations occur for different bulldozers. On the other hand, most of
the actual ground conformations are like Fig.12, 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 II.
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, Fig.14e shows the calculated stress variation
of BUL-3, that is Stress Variation Structural Model Type I, measured on
actual ground as shown in Fig.12. The geometrical shape maximum value
and the location for both figures are fairly similar. Fig.14an14d is the
measured stress variation where BUL-3 travels at Ist, 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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FIG. 8 THEORETICAL STRESS VARIATION CALUCULATED BY “STRUCTURAL
STRESS VARIATION MODEL" OF BUL-1 ON COMPLETELY PLANE

GROUND
] (kg/c.
{ o
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1=22.2 m
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C. MODEL II1
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FiG. 9 THEORETICAL STRESS VARIATION CAUSED BY BUL-1
AT 7=22.2 om DUE TO CGS MODEL
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F1G6. 11 SKETCHES OF SIX MEASURED STRESS VARIATION
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3
[+°4
[V
ad
<
€ 1.6
W’-\
g2 POSITION OF
%g EARTH PRESSURE CELL
wZ1.6 |
Qé I I} 2 )l N
0 1.0 2.0 3.0 2.0 5.0
DISTANCE FROM CONTROING POINT (m)
{
|
FIG. 12 A GROUND CONFORMATION OF Ch-d AFTER 15TH |
PASSES BY BUL-4 |
{
}
}

e —— = A —— >




275

G-NA ANV 5-10A A8 03ISNVD INO TVOT1IYO3IHL ONV NOLVIUVA SS3ULS GUNGY3N 40 SITdWYX]
v £ 2 (

r 0

1°0
2’01°02
© 2°61s7 A~su\m~v (edx)
P-4J ~P
60£0LL°ON °q

(w)

v

€

4

LA

L

EENE Ll —
I — . ~ -

€L 914

P-4)
20604, “ON
‘e

/%)) (edy)

R




276

O

1
(kPa)| (kg/
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FINITE ELEMENT ANALYSIS OF GROUND DEFORMATION BENEATH MOVING TRACK LOADS

Leslie L. Karaffath
R&D Center, Grumman Aerospace Corporation, Bethpage, NY 11714, USA

INTRODUCTION

¢

The major pertion 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.aﬁL___ p

The requirement of the military for increased cross-country mobility of
combat and support vehicles lead to the development of flexible tvracks
supported by sprung 3ad wheels. MWhile 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.
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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 increasin? the speed of travel. This
report presents a methodology which supplants intuition with an analytical
too) suitable for the quantitative evaluation of the effect of both
pressure distribution and travel velocity on motion resistance.

MODEL ING 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 sofl traversed. The solution of the R

problem requires that there be compliance between the interface geometry i

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 empiricism or analogies
have been preferred over analytical solutions by many who considered
analytical formulations unsolvable. 1In 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-sofl 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-sinkage 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
s0il are modeled by the material constants which occur in the theory used
for evaluating soil behavior in the interaction probiem. 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

(] Stress-Strain Properties. Early attempts to mode! the behavior of
sail 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-0sgood 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 materfal assumed in the
analyses,

The Ramberg-0sgood representation of nonlinear stress-strain properties
is:
« 9, ' (2 )"

L 7t % 7 (1)
where the three parameters defining the nonlinear relationship are:

£ - initial tangent modulus

%.7 " stress at which the stress~strain curve has a secant

: modulus of 0.7¢
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, o, (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.

T g
%0
25 I 22

® og = YIELD STRESS

© o= SLOPE OF NONLINEAR CURVE IN PLASTIC RANGE
o of = PLASTIC STRAW

& O’ = CENTER OF SHIFTED YIELD SURFACE

Fig. 1 Ramberg-Osgood Reprasentation of Nonlinesr
Strain Hardening Suen-Strain Relstionship

For the purposes of the analysis presented herein, the properties of the
clay material were assumed to be represented by the following parameters:

1 . 800 psi n = 6.0
og.r "~ 438t % © 5.00ps

A clay material of medium plasticity and high degree of saturation
exhibi“ing the properties defined by the above parameters would have a
cone n'ax in the range of 35 to 45.

tay, we b
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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 triangie.
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 apptied loading can be input in DYCAST {n separable form,
P(x,t) = 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
Toading 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. Combinatfon of
this option with the specification of loading time history under the key
:ord "PTME" allows the simulation of traveling track loads, as shown in
19. 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

s M g,




281

. |
"

TIME RATE OF LOADING

SPATIAL DISTRIBUTION OF LOADNG
t, © TMAR LAG SPECIFIED FOR BACH NODS

Fig. 2 Time Delayed Loading Option
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Fig. 3 Finit-Element Math Ouveloped for Anatyses of Ground Deformations

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 locatfons. 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

5
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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 fnitial 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 dfstributed 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 ratfo on
ground deformations.

——y4 N\

INANANANAR:

Fig. 4 Pettarms of Pressure Distribution Assumed in the Analysss
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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 simulatfon of traveling
vehicle loads. The following two alternatives were considered for the
simulation.

[} The vehicle is assumed to travel at steady speed

. 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 adoptfon 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 total time significantly. The assumption of steady
state speed, on the other hand, involves approximations in regard to the
Toads 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. 5.

o SO THRUBT = 4.8 KIFSAN0DE
¢ VEATICAL LOAD = L7 KIFSAKDDE

Fig 6 Mash &t t = 0.533 e Timee, Dofurmed Under Uniform Pressure Moving st 30 ft/ese
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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 fs 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
tnput variations on ground deformation has been investigated:

° Soil thrust (tractive force)
° 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.

Fh/Fv
SPEED BRAKING DRIVING
FT/SEC -.5 -.3 .1 0 .1 .3 .5 .67
10 (]
15 H,U,L
20 L
30 U v v v ] H,U,L v
60 H,U,L ]

-
[ ]

h Horjzontal force (soil thrust)
Vertical force

-
<
"

Uniform pressure distribution
Pressure distribution with "Low peaks”
= Pressyre 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 sofl
mass. For brevity, only those results are reported herein which have
direct bearing on track performance.

The full Tine in Fig. 6 shows the variation of soil thrust with slip due
to ground deformation for the case of uniform pressure distribution. Soil
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H/NODE.
xirg

+
10 2

SLIP DUE TO GROUND DEFORM., %

® TRAVEL VELOCITY = 30 FT/8&C
® VERTICAL LOAD = 2.7 KiPE/NOOE
® D = DRAWBAR PULL

Fig. 6 Soil Thrust (H)-Slip Relationship for Uniform Pressure Distribution

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 20%.

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 indfvidual 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 sofl
thrust is the most important feature of track-soil interaction.
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Fig. 7 Eftect of Soil Thrust & Pressure Distribution Pattern on
Sinkage & Coefficient of Motion Resistance

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 is 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 trave! velocity from 10 to 60 ft/sec
reduces the sinkage to about half of 1ts maximm value exhibited at 10

S0IL. THRUST = G.81 KIPE/NOODE

il

b 1d
SINKAGE,
.

100

UNIFORM
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[ "° » » ® [ ] [

TRAVEL VELOCITY, FYTEC

Fig. 8 Effact of Travel Velocity & Pressure Distribution Pattern on
Sinkage & Coetficient of Motion Resistance ’
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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 s1ip with the pressure distribution
pattern and trave! 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 fmportant than the results shown in
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the figure for this sofl s that the nethodolo?y to obtain such
information has been developed and can be applied to other cases.

Displacements, velocities and accelerations of each node are computed for
every time increment by the integration of the differential equations of
motion, Of these, the displacements and velocities of the locaded nodes at
the surface are of particular interest, since the vertical displacements
of the surface nodes may 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 histortes of x and y velocities of the same node, shown in Fig.
12, reveal that the slip s not uniform over the length of the contact
area. The velocity varfations reflect the changes in the pressure
distribution. From the travel velocity and average slip, the track
velocity computes 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 1s too high. To eliminate
this inconsistency, the development of an interface element, simulating

MAX 0.0640
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Fig. 19 Time Histories of X and ¥ Displesements of Nade 33, Pressure Distribution
with Low Pesis
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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 1nterest1n? 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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CONCLUSTONS.

A methodology, using finfite 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 quantitstive 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 RIG FOR TESTING THE SOFT SOIL PERFORMANCE OF TRACK SYSTMEMS

E B MACLAURIN
MVEE CHERTCEY SURREY ENGLAND

INTRODUCTION

Yor a given level of performance the track and suspension systea of a
military tracked vehicle must be as light and compact as possidle to
maximise weight and volume svailable for crew and payload (armour
protection, veapon and communication systems, smmunition, fuel, etc).
Although track systems have been used on military vehicles for some seventy
years methods for predicting their performance in soft soil - and actual
perforsance measurements - are limited and, even with its shortcosings,

the nominal ground pressure term*‘remains the performance comparator most
commonly used by vehicle designers. This is partly because of the
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 exhidbit mobility problems. 7L ]
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 wodel was available overall
sutomotive systes performance models could also be improved and designers
would be able to make more rational choices between often conflicting
requirements ~ for example:-~

AD-P004 272

- 1increasing 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 {mprove soft soil performance but
increase sponson height, weight and cost.

- dncressing track width should {mprove soft soil performance and reduce
bush loading but will reduce space savailable inside the vehicle.

- 1increasing track pitch is likely to improve soft soil perfromance and
reduce track weight but increase the level of vibration due to chordal
actfon and reduce the life of track bushings.

- 1increasing track contact length {s 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 trscked
vehicle are generally:-

- Limiting go/no go soil strength - this defines the areas of terrain
generally accessible to s vehicle under particular soil and weather
conditions.

* NCP = vehicle weight/track width x track contsct length x number of
tracks.
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Tractive rolling resistance - the lower this is the greater the
potential speed and range of s vehicle. Rolling resistance is usually
considered divided between internal and external components - the
{nternal being the proportion due to sprocket engagement, pin, besring
and seal friction, rubber hysteresis losses (road wheels, idlers,
bushes, pads, return rollers), horn rubbing etc., and the external
couponent due to work done {n soil deformation.

Net traction 1is required to ensble a vehicle to climb gradients,
accelerate and, for a skid steered vehicle, to steer although the
straight line traction considered here will only give a comparstive
indication of traction requited to steer a vehicle. The development of
external traction (or drawbar pull) is imsportant for towing dead
vehicles, bdulldozing, mine clearing, etc.

The development of high tractive efficiency under traction conditions
is important {n that it affecte wvehicle ascceleration and speed on
gradients but is not as important for overall fuel efficiency as on,
for example, an agricultural tractor used for ploughing.

SOIL/TRACK SYSTEM PERFORMANCE MODELS

A number of theoreticsl, semi-empirical or totally empirical sodels of
soil/tracked vehicle performance exist although details of validation
tests vith most of these models are generally sparse. They include:-

1.

The WES VCI method (Ref [) which fs & totally empirical method based
on in-soil weasurements of vehicle performance. Cone Index (CI), or
Rating Cone Index (RCI), is used for describing soil strength. The
sethod applies to cohesive fine grained soils and the first stage

i{n using {t {s to compute & Mobility Index (MI) from vehicle
parameters. In essence MI takes the forw

Ml = 50 kW L
9] 10 nbp

vehicle weight (1bf)

track width (1nse)

length of track on ground (ins)
totsl number of road wheels
track pitch (ins)

depends on vehicle weight

-4

where

v
b
L
n
4
k

Various other correcting factors for ground clearance, power/weight
ratio, transmission type etc., are aleo included 1in MI but have a
relsatively small influence on ites value. The second tera looks
promising in that it has units of pressure and appears to make
allowance for the peaks of pressure which occur under road wheels.

The first term however has the rather inappropriate units (for a
cohesive s0il/vehicle model) of specific weight and appears to give
undue bdenefit to wide tracks. 1f figures for a typical heavy arwoured
vehicle are inserted into the relatiouship we get

MI = 100 +7
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f.e. the first term with its rather unsatisfactory form is by far the
dominant one. The limiting go/no go sofil strength VCI (Vehicle Cone
Index) can then be estimated from an empirical relattionship and is
approximately proportional to MI. Drawbar pull and rolling
resistance in soil of a particular strength can be estimated from
simple relationships based on 'excess' RCI (actual RCI -~ VCI).

The Bekker method (2) uses the well known two part Bevameter
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 i{s computed sas 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 vwheels but is unlikely to be so for the ususl type of military
vehicle sprung track system. Although some impressive looking
predictive equations have been published, detaile of validation
studies of the method sre limited.

The msethod is now being considerably extended by Wong ()) who still
uses the basic bevameter inetrument for measuring soi{l 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 dismeters of
roadwheels, sprocket, idler and support rollers are specified. Using
the measured soil characteristice a system of equations are set up
for the equilibrium of forces and moments scting on the track system
and for conservation of track length. The deflected shape of the
track and track/soil contact stresses are computed. Only a limited
amount of dats on validation studies have so far been published but
the eystem shovs promise especially 1if computer isplementation is
relatively simple and a range of 'standardised’' soi{l values can be
made available for use be designers. The lack of track link pitch as
a vehicle psrsmeter can be questioned since this has been shown to bde
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.

Turnage has performed some laboratory tests with a modular track rig
(5) in dry sands and nesr satursted 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
vheels could be altered. Most of the test work was with the sands
but & preliminary disensionless prediction term for clays was also
suggested in the form

;
¢

crbt (w )0.5 ) = Total losd on track
['] (Wmax) Waax = Load to cause bogies to
bottom out on suspension




fe C1_ (w )0.%
WGP  (Wmax)

(v )0.5

(Wmax) 1s appareatly a term to allow for the effects of load
concentrations under the wheels but {ta derivation is not easy to
follow.

S. In 1972 Rowland evolved the mesan maximum pressure (MMP) tera (4)

MMP = 1.26W 4 = diameter of road wheels
nbe (pd)0-3 @ = ratio, actual ares of
track link/nominal area,
pbo

wvhich correlated well with measured in goil pressure peaks uander
road wheels. Rowland postulated that MMP would be expected to
give a guide to the soft soil behaviour of tracked vehicles and
shoved that it was linearly related to limiting go/no go soil
strength (CI or RCI) in clay and organic soils. He also produced
s relationship for external rolling resistance in clay soils (6)

)1-95

[ =
ag ~ 0.28 (C1) vhere CF = coefficient of
external rolling resistance

cI
and further hypothesised that MMP could be used as a describding
mobility oumber for track systems and ia the fors
N = 2.8 (CI)79:72 could be comparable to the VES
C (eer)
poeumatic tyre mobility numbers and their predictive performance
relationshipe (7).

THE MVEE MOBILE TRSTER

A prime requirement of this investigation was some means of obtaining
accurste in soil performance messurements for a variety of track system
configurations. It was decided that a wobile tester of the type used
by NIAL and others was the most adaptasble and cost effective way of
obtaining this information. Laboratory scale msodel testing can give
useful information but would still need to be correlated with full
scale testing. PFull scale lsborstory testing in soil pits presents
formidable problems of soil processing especially with clay soils and
has now been absndoned at MVER. There are various experimental
difficulties with using s vehicle to measure in soil performance -
controlling slip for example -~ and extensive modifications would be
required to fit different track systes configurations to the vehicle.

The MVEE mobile tester (Fig 1) is based on a crawler chaseis to ensble
it operate effectively in wesker sofils and {s capsble of testing wheels
(8) as well as the modular track rig described here. The track rig is
carried in an srch freme sand connected to the tester by parasllelogram
links which can aleo 11ft the rig clear of the ground when

sanoeuvring. Hydroetatic drive motors are accommodated within the
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track rig and are connected to the track sprockets via roller chains. The
track rig is 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

ad justed to model different c.g. positions and ‘traction centre’ heights.

The track rig {s 3.2 m from idler to sprocket centre with a nominal
dimension of 2.0 = between front and rear wheels. The maximum road wheel
size s 0.61 m d1a and 2, 3 or 4 of these can be fitted. Up to eight
0.25 = dia wheels can be used, 0.36 m and 0.47 a dia wheels can also be
fitted in various 2, 3, 4, 5 and 6 wheel configuratfons. A varfety of
link tracks up to & maximum width of 0.6! m» can be used. A simple band
track i{s also availabdle.

The wheels are carried on pivoted balance beams to accommodate 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 accommodate 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 dbalance beams 1s a reasonable compromise - compared

to a sprung suspension weight transfer {s rescted between a forward set of
equally loaded wheels and & 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 slter 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
losd 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 hor{zontal
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
neasured 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
verv small under most conditions.

EXPERIMENTAL PROCEDURE

Yor the trials reported here the rig was used {n 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 s verticsl load of

55 kN although some tests were run at half this load. The following track
systes configurations were used:
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No of wheels | Dia of wheels | Track (see Fig 2
Type | width, b | pitch, p | Ares ratio, e
8 0.25 A 0.38) 0.117 0.831
& 0.610 A
B 0.343 0.117 0.831
c 0.343 0.230 0.831
D 0.425 0.116 0.672
4 0.288 0.116 0.814
0.432 A
B
0.254 A
2 0.610 A

* Treck A less rubdber pads.

All tracks rubber bushed except track C which is dry pianed.

Tests were performed by the progressive slip method. The track speed vas
held nominally constant and the parent vehicle speed varied to give a
range of slips from approx -20% to +100% with slow transition through the
taportant -5 to +30% slip region. Measurements of net thrust, sprocket
input torque, sprocket speed and forward speed were recorded on sagnetic
tape.

Rune were made at two, (eometimes three) track tensions, with at least 12
runs per track coanfigurstion,

Soil strength messurements were made by cone penstromster -~ at least 6
measurements per run - with a concentration of measurements {n to
0 to 20T slip region. In rut messurements were slso made.

Analysis

The magnetic tape recordings were played vias filters and A/D converters
into a computer for snalysis and graph plotting. The tractive effort
recordings were corrected for tester longitudinal acceleration. Gross
traction P;, net thrust or tractiom Py, tractive rolling resistance Ry,
tractive efficiency n, and slip s were computed as follows:

. e
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p « I vhere T = sprocket torque
G r r = effective sprocket radius
Ry = Pg - Pr
na Prv when v = forward speed

Tw w = sprocket angular speed

l-w—r_:._v
wr

P;s Pr and Ry were divided by track weight to give the coefficients of
gross traction Cg, net traction Cyp and tractive rolling resistance Cgq, O,
Ct, Cp and n were plotted against slip.

RESULTS

Results from two test sites are reported here - both sugar beet fields
after harvesting. Soil moisture content on both sites was unseasonably low
giving comparatively high soil strengthe.

Site A

The soil was a very silty medium/fine sand with over 30% silt or clay (USCS
Classification SM/SC). Moisture content was sround 20% givf g average cone
index values of around 450 ~ 500 kPa in the 0-150 am layer. Laboratory
triaxial tests on a sample of the surface soil shows it to be mainly
cohesive with some frictional properties (§ = 9°),

Site B
The soil {n this site was a clayey silt (USCS classification ML/ML-CL) with
at least 507 silt or clay. Moisture content was around 29%. Average cone

index values for the 0-150 mm layer were typically around 300 kPa.

Traction Curves

Typical traction curves from both sites are shown in Pige 3 and &. High
values of gross traction coefficient were obtained at Site A - in some
cases exceeding 1.2. Traction coefficients were appreciable lower for Site
B because of the weaker soil. A noticeable feature of the curves for

Site A is the considerable increase in rolling resistance which occurs as
traction develops. In some cases the coefficient of rolling resistance at
202 slip 1s over ) times its value at the self propelled point. This
considerable increase was somevhat unexpected and unlikely to be due
increased internal resistance which would be comparatively small for rubber
bushed tracks. PFor comparison, dats for the rolling resistance/slip
relationship of wheels was investigated. Rowland (9) reviewed available
data and suggested empirical relationshipe:




For pneumatic tyres
CR'(I".)

f.e. Cy proportionsl to slip and doubling between O and 1002 elip and,
for rigid cylindrical wheels

Cy = (1 - 0.7%)

1.e. rolling resistance actually reducing with slip. No such simple
relationships are apparent for track systems, the rolling resistance bdeing
a function of traction and the track system configuration.

In s two track skid steered vehicle traction causes weight transfer from
front to rear depending on the position of the 'traction centre', the vheel
and track arrangement and wvheelbase. A moving unsprung track system
generally takes up s 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
sudbject to greater shear deformations due to slip. This will incresse the
1ikelihood 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 frsme 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 suspeneion will generally be
considerably more compliant than the soil this component will also unload
the soil under the rear wheel and thus incresse loading still further on
the sdjacent wheels. The effect can be countered on front drive vehicles
by means of so-called compenssting idlers (rig Sa). With a resr drive
sprocket various arrangements are possible which interconnect a link
between the final drive reduction gear and the rear vheel (Pig 5b). The
extrs cost snd complication of these arrangements usually preclude their
use although froat mounted compensating idlers are quite widely used to
counter vehicle nose dive when braking. Conversely soil offloading

under end vheels may be beneficlal when steering in reducing moments
required to slew the track. An asctive suspension could be used to
control soil normal forces under wheels.

In Fig 6 values of Cy are shown plotted against Cr as well as slip for
2, 4 and 8 wheel arrangsments. It is noticesble that the incresse in
rolling reesistance is such less marked with the two vheel arrangement
vhere weight transfer is proportionately less than in the other
srrangements and where track force does not off-lcad the resr wheel
because it {s rigidly attached to the track frame. The {ncrease in
rolling resistance thus sppears 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 srrangements were tested at a ‘normal’ tension (nominally 20X
of weight on track system) and a 'tight' tension (nominally 30X of
weight). High tension is sometimes thought to improve performance,
especislly in the go/no go region, presumably because of better
‘bridging’ effect detween wheels although with sprung systems {t also
increases the tendency to offloead the end wheels and hence increase
loading on the remsinder.




Averaging all the results from both eites gives the following values for

Cr20 and Cpgp

Site A Site B
Normal Tight Normal Tight
Cr20 0.5) 0.53 0.29 0.29
Crsp 0.11 0.11 0.15 0.16

{.e. no significant difference between the pre-tensfons.

Similarly one of the tracks 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 decresase on the
other. All the values of coefficient of traction at 20X slip Cypiq,
coefficient of rolling resistance at zero traction (the self propelled
point) Cpep, and the coefficient of rolling resistance at 20X slip Cpyq
were therefore averaged for each track systes configuration neglecting
track tension and the absence of track pads. These average values were
then plotted against the dimensionless terme CI/pep and Cl/y to see if
either can be used to adequately describe the measured data by means of
empirical curves and form the basis of a simple tractive performance
prediction system.

CI = average cone index in the 0-150 mm layer

M = L]
nbe (“)0.5

The results are shown plotted in Pigs 7 and 8.

The C1/y;p against Cpyg plot (Fig 7a) shows an approximately linear
relationship although with an appreciable amount of scatter in the low
Cl/pqzp region and with no real tndicstion of & limiting go/no-go value
of Cl/ygp. The B wheel configuration is seen to perform well as does
the long pitch track (C) at low Cl/pncp. The effect of wheel dismeter
i» not readily apparent.

The plot of CI/pcp sgainst Cpgp (Fig 7b) shows low resistance for the

8 wheel configuration at lov CI/yrp and high resistance from the 2 wheel
arrsngement. The effects of wheel diameter and track pitch are not very
spparent.

The C1/y against Cpyn plot (Fig 8a) shows generally improved collapse of
the data points and there is now an indication of a limiting go/no-go
value of CI/H although no messurements 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 ‘underperfora’ with the weighting given to
it {n 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 1t difficult to compare performance directly with the
standard pitch track. The two wheel configuration {s seen to perform
comparatively well but this is probably because weight transfer effects
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sre comparstively swmall 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 ascridbe any function
to {t.

The CI/y against Cpgp plot (Fig 8b) shows improved merging of the data
points compsred to Cl/pcp. Cq includes both external and internal
components even though Cl/y 1s attempting to describe only the external
resistance. It i{s difftcult to see how the two components can be essily
separated. The usual sssumption {s that measurements of internsl rolling
resistance from hard road trials also apply to the off-load condition
although recent tests st MVEE have shown that terrain roughness can
markedly {ncrease internal rolling resistance apart from the effects of
s0il 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 sengitive to pretension and gross traction
forces. Measurements on a vehicle have shown the low speed hard road
resistance of the double pftch dry pinned track to be spprox 0.015 greater
than the standard rubber bushed one (both at norsal tensions). The
sessured Cpgp data points have therefore been reduced by this smount.

It is planned to use the tester to measure the hard road resistance of all
the configurations to see L{f there are sny marked differences between
them,

Fig 9 shows Cl/y plotted against Cyyg. No particular relationship is
apparent and in nearly all configurations the rolling resistance
coefficient actually incresses at higher values of CI/y due to higher
traction and the effects of weight transfer.

¥ig 10 shovs Cl/y plotted against peak tractive effictency Npe Generally
quite good merging of the data points 1{s indicated with np not exceeding
75-80T7 even st high values of Cl/y.

CONCLUSIONS

The aobile tester with modular track rig has proved a satisfactory way of
gathering in fleld trective performsnce data for track systems of different
configurations.

The cohesive soil/track mobility number Cl/y shows promise for forming the
basis of s simple tracked vehicle performance prediction system but more
datas is required particularly in the {mportant go/no go region where
performance can be expected to be more sensitive to differences in track
system configuration. At high traction cons{deration would also need to
be given to weight trasasfer as affected by traction centre position,
wvheelbase and the departure angle of the track.
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APPENDIX

The effect of traction forces on ground reaction loads.

“ 1 RaN
¢
Fr=WT(1-C 8

Fo = W(Ca+TY1 - o3 89)

Congider the & wvheel equalising beam arrangement as used on the mobile
tester track rig.

T = static track pretension, expressed as a ratio of verticsl losd on
track system, and for s rear drive sprocket asssumed to be maintained
under traction conditions.

g1 RG2s Rgy. Rgq = vertical ground reaction forces under wheels.

Since the wheels are free-rolling, rolling reaistance will effectively
act through the wheel centres.

Taking msoments about A for forces acting on 'body'

WCyh + W(C; + T)b 4 Wit = Ryp 28 + WTs

Rpgp = WCrh + (Co + T)b + 2 - Ta)
28

Resolving verticslly for forces acting on wheel &

Rca + ¥ (Cg + T) oinby = Rpp

P USRI T T e —
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Ry = R Crh+(Cc+T)b+ 2t -Ta) _y(¢c +7T) stn 0
4t G R

Similarly for wheel 3

Rgy = W(Cth + (Cc + T)b + t — Ta)
4t

Inserting the average values of Site A, 0.61m dia wheels, track A/B

Cr20 = 0.56 Le 0.6bm
cCZﬂ = 0,81 9R = 30°
h = (.30m T= 0.2
a = 0.47m b= 1.10m

Rgy = 0.7WvW
RGA - 0,21V

{.e. Rgy is almost 3 times its nominal value and R;, is slightly less
with very little load on vheels | and 2.

The inclusion of a compensating mechanism will fntroduce s vertical
force between wheel & and the body which can be made some desired
retio of W (C; + T) and will increase Rg, and reduce Rgj.

The introduction of suspension springs makes the analysis wore
complicated in that applied forces will cause appreciadble deflections
and some fore of computer based solution will be required.
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MVEE Mobile Tester with

Fig 2 Track Links

Track Rig
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NDie AbhAngigkeit der BodentragfRhigkeit und der Zugkraft von
ier AbstandgrBsse der Bodenplatten

A Mierzwicki

Warsaw Technical University, Poland

1. Einf@hrung

Bisher, in der theoretischen undi experimentalen Arbeiten,
1ie AbstandgrBsse zwischen den Bodenplatten hat man nach dem
Kriterium der maximalen Scherkrffte /der maximalen Haft-
kr8fte/ bestimmt. Auf diese Weise wurde die Geometrie der
LAckengliederkette tescimmt (1, 3]. Die AbstandgrBsse, die
2 ¢ 3 Breiten der einzelnen Bodenplatte betrfigt, versichert
Zr8ssere summarische Scherkraft P, im Vergleich mit der
traditionellen Raupenkette /ohne ﬁbst!nde . Der Zuwachs der
Kraft P,, ist @iber den maximalen Bodenplattendruck beschrinkt,
1er den Wert von C,04 MPs nicht @berschritten sollte [2].

Aus der eigenen Forschung des Austors (2] ergibt sich, dass
der Senkunganzeiger /VerhBltnis der Vertikalsenkung zum
horizontalen Schub in der selber Zeit/ f8r die LBckenglieder-
kette im Vergleich mit der traditionellen Raupenkette 2 - 3
mal im Bereich der Drucke von 0,02 - 0,05 MPa gr8sser ist.

Es verursacht den Zuwachs des Rollwiderstandes P,, der 8iber
den entsprechenden Zuwachs des Haftkraftes nicht ausgegleicht
ist. Als Ergebnis kriegt man die Minderung des Zugkraftes,
die die Differenz zwischen der Heftkraft und dem Rollwider-
stand ist.

Andere Weise der Bestimmung des Abstandes zwischen der Boden-
platten kann das Kriterium der maximalen Bodentragflhigkeit
werden,

2. Die AbhAngigkeit der BodentragfBhigkeit von der Abstand-
gr8sse der Bodenplatten

Einfluss der AbstandgrBsse zwischen den Bodenplatten der
Raupenkette auf die Bodentragf8higkeit wurde experimental in
1en Modelluntersuchungen bestimmt.Pr8her wurde die Analyse des
Senkungprozesses des Bodenplattenpaares als das kleinste
Fragment der Raupenkette durchgafghrt. Die Analyse wurde auf
Jer Basis der Aufnahmen, die das Senkungprozess in den
Grobsand gezeigt haben, getan. Der Fotoapparat, der f@r die
Realisjerung der Aufnahmen diente, war an dem Spannwerkzeug
befestigt, an das selben Spannwerkzeug waren auch die Modelle
der Bodenplatten eingespannt /Bild 1/. Es erlaubte auf den
Erhalt des Bildes des Bodenkeiles /oder zwei Bodenkeile/ der
sich unter dem senkenden Bodenpaar bildet /Bild 2/. Die
Aufnahmen wurden f@r die Platten mit dem Sporn, denen Breite i

1 = 30 mm und H8he h = 15 mm waren, gesacht, Die Abstand S
Zwischen den Platten hat folgende werte angenommen: 0,6, 10,
15, 22 mm, was dem Verhlltnis s/1 = 0, 0,2, 0,33, 0,5, 0,73
entspricht.

’
M
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Bild 1. Der Pr@fstand fiir iie Fotoaufnahmen der Senkung des
Bodenplattenpaares.
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Bild 2., Die Bildung des Bodenkeiles unter dem senkendem
Plattenpsar fr: a/ S « O, b/ S« 0,21, ¢/ S « 0,331,
'1/ S 0.5 1. e/ Se 0.73 1.
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Aus der Analyse treten folgende Folgcrungen auf:

1/ FAr die Abstandgr8sse S « O - 0,2 1 unter dem Plattenpaar
entsteht ein gemeiner Bodenkeil, Anderung der Abstand-
grisse in diesem Bereich soll auf die BodentragfBhigkeit
unter der Raupenkette nich beeinfltissen.

2/ Bei dem Abstand S = 0,33 1 der Bodenkeil beginnt sich zu
teilen. Man kan merken den Bodenauaflussstrahl aus dem
Bereich zwischen den Bodenplatten.

3/ Bei dem Abstand S = 0,5 1 der gemeine Bodenkeil besteht
nur in vergehender Form., Es ergidt sich aus der Differenz
zwischen der Ausfluastrahlgeschwindigkeit des Bodens aus
dem Bereich twischen den Bodenplatten und der Plattenum-
stromunggeschwindigkeit des Bodens von der Busserliche
Seite.

4/ FOr den Abstand S « 0,73 1 bilden sich 2wei separate
Bodenkeile unter goder Bodenplatte was bedeutet, dass
Einwirkung jeder Platte auf den Boden unabhlingig ist.

Die Messungen der Bodentragfhigkeit unter der Modellen der

Raupenketten wurden auf dem Prifstand, der auf dem Bild 3

gezeigt ist, getan.

Bild 3. Der Prifstand fr die BodentragfBhigkeitmessung
unter der Raupenkette.

Die Bodentragflhigkeit war in der Funktion der Senkung
asufgezeichnet.
Die Linge der getesteten Raupenkettenmodelle /Bild 4/ hat
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man, beginnend vom Plattenpa-r, #iber die Zugabe der Boden-
platten vergrlissert.

D L T

Bild 4, Das Schema der Raupenkettenmodelle: a/ die
traditionelle Raupenkette /S « 0/, b/ die Raupenkette
mit dem Abstand S,

Die Gr8sse der Bodenplatten /Breite 1 und HBhe h/ und die
Abstlinde S wurden wie in der Analyse der Senkung angenommen.
Die Forschungsergebnisse zeigt das Diagramm auf dem Bild 5.
Auf der Basis der ergebenen Resultate kann man feststellen:

1/ Die maximale Tragflhigkeit tritt f8r die traditionelle
Raupenkette /S = O/ und die Raupenkette mit dem Abstand
S = 0,21 guf, Es folgt aus dem Fehlen des Bodenausfluss-
strahles zwischen dem Plattenpaar bei dem Abstand S«£0,2 1.
Die Einwirkung dieser Ketten kann man als gleichbedeutend
der Platte BxL behandeln.

2/ Der Abstandzuwachs fiber 8 « 0,2 1 verursacht die Minderung
1es BodentragfAhigkeit - wobei kann man zwei Bereiche
unterscheiden:

- ftr 0,2 1< S« 0,5 1 /wenn der Bodenkeil in vergehender
Form besteht/ die Minderung der TragfBhigkeit betrigt
~ 3% fOr die Kette mit dem Anstand S = 0,33 1 und ~ 4%
f@r 1ie Kette mit dem Abstand S = 0,5 1.

- f8r S<0,5 1 die Bodentragflhigkeit nimmt ~30% ab.
Es ist verursacht durch die unabhingige Einwirkung Jjeder
Bodenplatte,

Der Rollwiderstand, der @ber die Gleichung[3]beschrieben ist,

h8ngt von 4des Senkung ab,

P, _[ 1 k ] Zn*?
n+1

wo !

Breite der Bodenplatte,
Faktor der vertikalen Bodenverformbarkeit,
Exponent, der die Eingenschaften und Struktur des
Bodens bezeichnet,

2 - Senkung.
Ergebene Resultate der Bodentragfihigkeit zeigen, dass der
Abstandzuwachs fiber S = 0,2 1 /je mehr fiber 3 =« 0,5 1/ bet
der Konstanten vertikalen Belastung grBssere Senkung ebenso

3 X

[ }
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Bild 5. Die Bodentragfihigkeit unter der Raupenkettenmodelle
bei der Senkung z = 0,25 1: a/ die traditionelle
Raupenkette mit S =« 0, b/ die Raupenkette mit dem
Abstand S« 0,21, ¢/ 8= 0,331, d/ S = 0,5 1,

e/ S = 0,73 1.

gr8sser Rollwiderstand verursachen soll.

3. Die AbhBingigkeit des Zugkraftes von der AbstandgrBsse der
Bodenplatten

Die Abhfingigkeit des Zugkraftes von der AbstandgrBsse der
Bodenplatten wurde auch in den Modelluntersuchungen bestimmt.
Die Untersuchungen hat man f8r 3 Raupenketten mit dem Abstand
Se0, 0,461, 1,12 1 durchgef8hrt. Die Spalten wurden so
angepasst, dass die den 3 unterschiedlichen Bereichen der
BodentragfBhigkeit /sehe Kapitel 2/ entsprochen haben,
Angenommene Abstlnde zwischen den Platten der Raupenkette
haben keinen wesentlichen Einfluss auf die Haftkraft. Es
ergibt sich darsus, dass bei diesen Spalten antstehen noch
keine Bedingungen f8r die Entstehung der Bodenkeile vor Jjeder
Bodenplatte. Die Scherfliiche des Bodens ist tangential 2u den
Spitzen der Spornen - 8nlich wie bei der traditionelle
Raupenkette [3].Im Resultat, fiber die Zugkraftgrisse,
entscheideit der Rollwiderstand. 1/

Die Zugkraftmessungen wurden auf dem Prifstand '/, der auf dem

17 Cenaue Beschreidbung des Prfstandes befindet sich im Arti-
kel "Traction Investigation of a Track Vehicle® verdffen-
tlicht in Proceedings of the 7 th Intermational Conference
ISTVS in Calgary 1981,
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Bild 6 gezeigt ist, durchgeffihrt,

Bild 6. Der Prifstand f@r die Zugkraft messung.

In 1en Forschungen hat man die konstante Last des Schlepper-
modells angenommen, Es verursachte, dass bei der selben
GrB8sse der Bodenplatten und bei der konstanten aktiven L#nge
jer Raupenketten die spezifische Dricke mit dem Abstand-
vBrgr8sserung zu genommen haben. Fir geprfifte Raupenketten
1er spezifische Druck p hatte folgende Werte:

- traditionelle Raupenkette /S = O/ - p = 0,033 MPa,

- Raupenkette mit dem Abstand S =« O,4 1 - p = 0,042 MPa,

- Raupenkette mit dem Abstand S = 1,12, 1 - p = 0,07 MPa,
Die Untersuchungergebnisse wurden auf dem Diagram /Bild 7/
vorgestellt.

Ergebene Resultate zeigen, dass der Zuwachs des Abstandes
2wischen der Bodenplatten der Raupenkette verursacht die Min-
ierung der Zugkraft. Es ergibt sich aus der Vergr8sserung
d1es Rollwiderstandes, der fiber die grBssere Senkung verur-
sacht ist. Der Zuwachs des Abstandes @iber S = 0,5 1, wenn

die Einwirkung der Bodenplatten unabhBngig ist, verursacht
realativ grbssere Zugkraftminderung als be{ der Spalte

S< 0,5 1.

s gt
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Bild 7, Die Abh#ingigkeit des Zugkraftes vom Abstand zwischen
den Bodenplatten in der Raupenkette: a/ traditionelle
Raupenkette /S « O/, b/ Raupenkette mit dem Abstand
S = 0,4 1, ¢/ Raupenkette mit dem Abstand S = 1,12 1.

4. Schlussfolgerungen

Ergebene Resultate betreffen die Modellbedingungen
bez@iglich der Versuchmethode so wie des Bodens /Grobsand:
Kohesion k = O, Innenreibungwinkel ¢ = 28° , Feuchtigkeit
w = 2%/. Doch, die Analyse der Senkung der Raupenkette/der
Bodenplatten/ in Abhfingigkeit von dem Abstand zeigt deutlich,
1ass der Zuwachs der Spalte die Vergrdsserung des Rollwider-
standes und nfchst die Zugraftminderung verursacht,
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THE DEPENDENCE OF SOIL BEARING CAPACITY AND DRAWBAR PULL ON THE SPACING
BETWEEN TRACK PLATES

A. MIERZWICKI
WARSAW TEXHNICAL UNIVERSITY, FOLAND
(Translated by K.G. Hammond, NIAE, Silsoe, England)

Starting point for this investigation were the results of the drawbar
pull tests which were published in Proceedings of the ISTVS Conference
in Vienna - 1978 and in Calgary - 1981, Up to now in definition of the
spacing between track elements the criterion of maximmm shearing forces
was applied.

In this work was applied the criterion of maximum scil bearing capacity
under the track independence an the spacing between track elements.

In the paper the results of the model investigation were presented.

1. Introduct ian

The spacing between track plates has hitherto been defined in theoretical
and experimental work in terms of the criterion of maximum shearing
stresses (maximum t). The geametry of the spaced link track was
defined in this way{7/3}. Spacing equivalent to 2-3 of a single
track plate ensures a larger overall shearing stress by caomparison .
with the traditional track (without spacing). The increase in stress by
is limited by the maximm track plate . which should not exceed
0.04 MPa’2} |y The author's own research!2) hag shown 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 traditional 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 thrust. As a result, a reduction in drawbar pull
equivalent to the diffegence between thrust and rolling resistance occurs.

/
Ancther method of determmining the spacing between the track plates is in
terms of the criterion of maximumm soil bearing capacity

2. The dependence of s0il bearing capacity on the spacing of the track
plates

The effect of the spacing between the plates of a track an soil bearing
capacity was determmined experimentally in model-~based research. The
process of sinkage of a pair of track plates as the mmallest section of
the track had already been analysed. This was carried out on the basis
of photographs showing the sinkage process in coarse sand. The camera
used was mounted on a clamp, to which models of the track ~ es were
also fastened (Fig. 1). This enabled pictures to be abtained of the
wedge-shaped groove (or two grooves) in the soil formed beneath the pair
of track plates as they sank into the soil (Fig. 2). The photographs
were taken for track plates, with a grouser, having a width 1 = 30 mm
and a height h = 15 mm. The spacing S betwean the plates had the
following values: 0, 6, 10, 15 and 22 mm, corresponding to S/1 ratios of
0, 0.2, 0.33, 0.5 and 0.73.
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Test rig for photographs of sinkace of track plates
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Fig. 2 Formation of wedge-shaped groove beneath the sinking pair
S

of track plates for: (a) S = 0, (b) =0.21,
(c) S -0.331, (d) S =0.51, (e) S=0.731,
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'y S
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An analysis produced the following conclusions:

(1) A comon wedge-ghaped groove is formsd beneath the pair of track
plates at a spacing S = 0.02 1. Alteration of the spacing within
this range should not affect the soil bearing capacity beneath the
track.

(2) The wedge-shaped groove beging to divide at a spacing 5 = 0.33 1.
The outward flow of the woil fram the area betwssn the track plates
can be detectsd.

£3) The common wedge-shaped groove exists only in vestigial form at a
spacing S = 0.5 1. This arises from the difference betwsen the out-
ward flow speed of the soil betwean the track plates and the track
plate by-pass speed of the soil fram the extarnal side.

(4) Tvo separate vadge-shapad grooves bensath each track plate at a
spacing S = 0.73 1, indicating that the action of each plate on the
ground i3 indepsndent.

Meaguremments of soil bearing capacity under models of tracks were carried
out an the test rig shown in Fig. 3.

Fig. 3 Test rig for measuring soil bearing capacity under the track
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Soil bearing capacity was plotted as a function of sinkage.

The length of the track model tested (Fig. 4) was increased by the addi-
tion of further track plates after the pair under oconsideration.

O T "!"'T"'.'"T"T]Y}/

LS.

T -7~ T
5 L,E-ﬂ 1 L ' -;[

Fig. 4 Diagram of the track model: (a) traditional track (5 = 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 same as for the analysis of sinkage. Research results
are shown in the graph in Fig. 5. From these it can be established that:

(1} Maximum bearing capacity is experienced with the traditiommal track
(S = 0) and with a track at a spacing S = 0.2 1. This follows fram
the abeence of s0il outward flow between the track plates at a spac-
ing S ¢ 0.2 1. The action of these tracks can be treated as equiva-
lent to the element B x L.

{2) A spacing increase over S = 0.2 1 reduces soil bearing capacity.
Two ranges can be distinguished:
- for 0.21 <S ¢ 0.5 1 (vhen 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 § > 0.5 1 the 801l bearing capacity is reduced by ~30%8. This
is caused by the independent action of each track element.

Rolling resistance, which is described by the equation (3), depends an

sinkage.
P.=] 1k n+1
R [;-—’—1-] 2
vhere 1 ~ width of track element
k ~ factor of vertical soil plasticity
n ~ exponent denoting the characteristics and structure of the soil
z ~ sinkage
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Tre results obtained for soil bearing capacity show that a spacing increase
above S = 0.2 1 (especially above S = 0.5 1} should cause greater sinkage
as well as greater rolling resistance at a constant vertical loading.

1200

% o % & 2 W 2w W

Fig. 5 Soil bearing capacity under track models for sinkage
2 =0.251: a) traditional track, 8 = 0, b) track
at gspacing § = 0.2 1, ¢) §$ =0.331, 4 S =0.51,
e) s =0.731

1.  The dependence of drawbar pull on the spacing of the track plates

The dependence of drawbar pull on the spacing of the track plates was also
determined in model-based research. Investigations were carried out for
three tracks at spacings 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). The spacings adopted between the elements of the track have
no essential effect on thrust, It follows that, given this spacing, con-
ditions are not produced for the formation of wedge-shaped grooves before
each track element. The plane of shear of the soil is tangential to the
peaks of the grousers, mxh as is the case with the traditional track (3).
As a result, dravbar pull is decided by rolling resistance. Measurements
of dravbar pull were carried out on the test rig* shown in Fig. 6

*A precdse description of the testing is given in “Traction Investigation
of a Track Vehicle", Proceedings of the 7th ISTVS Conference, Calgary, 1981,
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Fig. 6 Test rig for measuring drawbar pull

The weight of the model tractor was assumed constant in the research.
Consequently, specific pressure rose with increased spacing for track
plates of the same size and at constant effective length of track. The
specific pressure p had the following values for the tracks tested:

traditional track (S =z 0) : p= 0,033 MPa
- track at spacing S = 0.41 : p = 0,042 MPa
~ track at spacing S = 1,121 : p = 0.07 MPa

The results cbtained show that the increased spacing between track plates
causes a reduction in drawbar pull. This results from the increased roll-
ing resistance caused by greater sinkage. Increased spacing over

S = 0.5 1, when the action of the track plates is independent, causes rela-
tively greater drasbar pull reduction than for the spacing S ¢ 0.5 1.
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Fig. 7 The dependence of drambar pull on spacing between track
plates: a) traditianal track (S = 0), b) track at a
spacing S = 0.4 1, ¢) track at a spacing S = 1.12 1.

4. Conclusions

The results obtained agree well with the model conditions relating both to
the research method and the soil (coarse sand: ochesion k = 0, internal
angle of friction o = 28°, moisture content w = 28). Analysis of the
sinkage of the track (the track plates) dependent an spacing shows clearly
that increased spacing causes an increase in rolling resistance and, con-
sequently, a reduction in drawbar pull,
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The Dynamic Interaction Between Track And Soil

P.Parringer

Industrieanlagen-Betriebsgesellschaft m.b.H., 8012 Ottobrunn/Germany

Abstract

F
The knowledge of the dynamic interaction between track and soil is
important to analyse high speed vehicles with flexible track.

This paper describes a possible method for the measurement of this
interaction. 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, L

Furthermore sgil parameters are defined and the dynamic behaviour

of the soil is calculated and expressed in terms of these soil 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. A\thou?h the proposed method is purely a rheological
approach, we feel that it may be a powerful tool to enhance our

understandina of soil dynamics.
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1._ Indroduction

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 [1,10,11].

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 speaking -
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 {5,6,7) and shown in this
report.

2. Measuring equipment

The measuring 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
damane at high speed (test speed without damace was 30 km/h for the
tlip 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
s1ip 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
vad and is able to withstand forces up to 100 kN in the three
m™asuring directions (normal, longitudinal and transversal). Like the
telemetry-transmitter and the displacement sensors the two load cells

. ‘v one track block are waterprotected.
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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 Fiqyres 7-10. The measured ground pressure and sinkeage
distribution in Figure } shows that the pressure distribytion 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 1in 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 ¥s 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 néwly for every
road wheel. :

This is important to show that in this case the traction-slip
relationship 1is 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 grassiand 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

rear of the vehicle, but it is obvious that at the last road wheel there :
zan't be measured a normal load because of the pull in the track. i
The opposite effect is watched at the immer track (Figure 9). Mere the {
first roadwheel shows no norma) load.

Lateral load: A part of the sum of lateral 1oad 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).
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0f 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 10ad cell is fixed in one
track block which is one of many track-blocks in a line coupled

by very stiff rubber bearings).

4. Evalyuation of dynamic soil-parameters

The method for the calculation of so-called dynamic soil parameters
(spring rate C, and damping Op of Figure 1) is shown in Figure 11. For
the used test axawle the mm? load F, was calculated by an inverse
function for C, = 0.5 kN/mm, D, = 0,03°kNs/mm and the curve of sinkeage
7 (Figure 11), Bike the resuits 8f measurements the test values are in the
kind of about 300 digital values along the contact lengh of track-soi)
interface. With a simple linear equation with three unknowns (equation 1 in
Figure 11) the first results CQ' 0, and ('BZP will be calculated

as a function of longftudinal d spl?cennt.

As a function of these results the elastic and plastic soil deformation
will be calculated with formslas 2 and 3 of Figure 11, If as usual the
plastic soil deformation Z, 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 neglectibn of a constant coulombian friction RB

in the practial calculation: First it impossible 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 - norma) 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 (norma) 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 sl18pe
of this curves shows the elastic sofl 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 Ca ist practical constant) of soft sofl (Figures 13 and 14),

But in the harder soi) 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 mich 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 simylate 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 (9] 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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FZ: Normal load
Lp: Plastic deformation
T T . ZE: Elastic deformation

' CB: Spring rate
(elastic part)
RB: friction
(elastic part)
08: Damping
(elastic part)
p: Force in plastic

part

Road whee! Rubber tire

Zp ¢+ Zg (sinkeage)

Ry 7 Track
ic,
Soil-model
Rgp
\\\\% m
Assumed plastic soil behaviour: = f(RBP)
A//// (D). first loading
2): relaxation
o ©
(3): reloading
®: loading above last maximum
(5): new relaxstion
——
Rep = Fz

Figure 1: Track-soil-interaction '
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Figure 5: Calibration (field tests)
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Figure 7: Measured normal load and sinkeage and calibration of
sinkeage (there is a need of calibration because of the
roughness of the terrain)
'1 Normal load at load cell o _ N i i -'771
s )/ \
. r-»Lr«-ﬁw ‘r"jfv/\"" \-VW
. x’ > i b a4 ) S [NV Gt NI WU QIS G I
" Traction at load ce))
: AW
! - -
!
I 1
, )
< S —tm———~ /MV, - ‘
A 5 : R Y 6. 4.5 5. 55 6
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Traction is impossible without normal load; the built up of traction
takes place separatly at every road wheel.
The delay “w 1is 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 9: Left turn in first gear
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Figure 11: Test example and related calculation
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ATALYSIS COF GR(UND PRESSURE TISTRIBUTICN BENEATH TRACKED
NODEL 717Y RESPECT TO EXTERITAL LOADITG

I’AREK M, PCNCYTIUSZ
I.:2.R.C., TECIOTICAL UNIVERSITY, WARSAW, POLAND

INTRODUCTION

This paper is a continuation of the investigation,results
of which were presented at the last Conference ISTVS in
Calgary in 1981 /Traction Investigation of a Tracked
Venicle Model/.

The results obtained then permitted to draw certain
conclusions, however the necessity of rearrangement
concerned with the test model and the frame of conducted
investigation appeared simul taneocusly. /f/

Wew research aimed at settling the effect of changes of the
centre of ;ravity /C.G./ on tractive efforts and on
distribution of ground pressure beneath the track /i.e.
IL.P, NGF/. 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.

THE TESTeSTALD

The model of the tracked self-propelled venicle running in
the mobil s5o0il bin wes the mechanical part of the test

a paratus. The model and the s0il bin were being described
in tie paper which was presented at tie lust Conference[t].
The syster: of registration of tuhe dr:iwb:r pull underwent a
cunuiges. The vehicle nodel was connected with the immovable
socle through an octrgonal dynnroreter cdesigned according
to [2]. The .easuring system of drowbar pull had better
ge..civity ond lisenrity than previous onc /Fig. 1/

The rigid stcel plate enabling frout lordings of the rodel l
/with the aid of bob/ wus mounted riht over the front whenl .
/Pig. 2/.
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PREPARATION OF THE G5OIL

e —tm—

The 50il prepared for measurements hnd gpecified rechanical
conctitution due to uniform mixing aid humidification so
that it possessed homogeneous structure,humidity and density
in the whole bin.

Hluiidity of the soil was checked every day before beginning
and nfter completion of the experiments,

Jefore each test the soil was mixed,levellized and conpacted
by means of mechanical compactor.

All the tests were carried out on the cleoyey sand.

The physical soil properties and the grain size distribution
are shown in Table 1 and PFig. 3 reaspectively.

Table 1. Physical properties of the soil

wet density /KN/m°/ 26,1
avernse water content /73/ 9,0
cohesion /kPa/ 10,0
argle of internal friction 29,0
bulk density /kN/nl/ 16,0
i’an
"
x
i -
I =
.‘ a A A
0004  aof o 7]
Grain size,mm

el L

Pig. 3. Crain size distridbution
of tested soil.
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TRACTIVE MEASUREMENTS

The disposable drawbar pull and the machine loading coming
froa the soil /when the track was rolling/ were registered
during the teats. The teats were carried out for the value
of slippage s=20% and s=100% /what means loosening the
nachine adherence with seil/.

In comparison with previous investigation there were
increase of slippage value from s=8,4% to s=20%. It was so,
because the tendency to the lateral tilt occured when the
slippage value was a=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. wae varied in each serie of
measurements.

The simulated extermal loading of the model was obtained by
means of additional masses faatened down to the model at
different places,

The following drafts of loading were separated:

a/ an additional mass 228 X /8,8% mass of the model/ -Pig. 4
b/ . 319 N /12,% " / -Pig. 5
c/ " 547 N /21,0% " / -Pig. 6
a/ . 696 N /26,9% ” / -Pig. 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 aystem 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 waoy a constant track tension /i.e. horizontal loading

e
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the track rprociet 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 ANALYSIS

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 distributiocn
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./ The weight of the model varied,
8o some operations had to be introduced. When the model was
loaded with an additional mass, the obtained values of D.P.
were equated,so:

My
D'P‘a.n- M‘T /1/
wheres

D.P.'m - an analysed value of D.P,
DP_ - a measured value of D,P.
- a basic mass of the model /265 kg/
m, - amass 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 pointa8 location
/centre of the bearing reactions of the ground/.

The point’s S location /xg/ was computed by /2/ /fig.8/

OPB

/fg - Fo/ 0,25 L + /PPG - PFp/ 0,5L
pAB + Fc + FD + FE + P

Is-

12/
PG
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wheres

FAB"" FFG
L - track ground contact length

- reactions ng ashown in fipg, 8

The equation /2/ resulted from the equiliiurium of romeutls
of a bveuring reactions F in rela‘ion to the point 3.
Such a way of computing of Xg has been admitted as @ correct
one,becauge of intentionally high value of a ratio T ’
Ly Ty

—q = 4,25
wi.ere:

Ly = track link pitch

LR - pitch of supporting rollers.
It cnused the decay of vertical loading of a track betwecen
two rollers [4] . It seemed that in this croe the vertical
londings were concentrated around the rollers and equation
/2/ wzs not saddled with a gignificant error.

A dependence Letween location of C.G, an: Xg was ghiown in
fig. 9 /point D = miidle of the contuct area of a trucx/.
During tre investigations C.G. was shifted or a limited
scale of 0,146 m /24% of the track ground contact lei;th L/.
The centre of bearing reactions S changes on 2 scale of
0,120 m /20% 1L/. D.T. value depends on the loction of C.G.
/xCG/ ng well as xg - value.

All dependencies are non-linearj in accordaiice with thne
rerescion analysis /by means of the microcomputer with the
plotter/ both are second-desree polynonial.

Fipure 10 ghlows depenlerice DD = r/-;99+, where Xon is a
iinplacement of C.G. mensured from tiie locntion of C.G. for
the meilel without additionnl massn. x.

In fi. 11 the course of function DD = f/—=/ clenrly shown
tit displrcer.ent of point S towards t..e fro.t of tie model
cnung cn inereese of Do, to a certain -le ree; further
ilaplace ent townrds tie centre of sy:..etry of tie model

/point B/ decenn’t vield venefits, Dels - value dinipiches.,
2i. co.rse of boti functious /DD = f/ri—/, DP = r/—%g//
nay e explniced ng follows:

-~

PELT .

B dicws ot
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1. dhen Cube i oaifted townrds the rear of the nodel, the
centre of the renctionge ic digplaced in the sume direction
/P = 0, ¥ 0/ & front of the model in unlorded, so the

/P,
AL C
‘rac..  round contact arca diminis:es,.

~he tractive ef-ort can be computed in accordonce with:

L -J
Io= b_é /c + p/x/-tgh/-/1 - exp—p~/dx /3/

b - width of track
¢ - cohesion
p/x/- normel pressure under truck

¢ - angle of internal friction

j - displace.ent of soil beneath e track

K - coefficient of a compresgion of soil
When the track ground contact length /L/ is smaller,then a
velue of "j" diminishes as well as a value of force P.
The drawbar pull /OP = P - R,where R - rolling resistance/
decreases accordingly to the dimishing force P.
Then the displacement of C.G., towards front of the model
cauges the decremnse of Xg and increase of D.P,
2. In accordance with[S]in the cyclically pressed ground
beneath the track shearirg parameters /c,g/ 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 can have an effect on increasing of D.P.
¥hen xS/L;(),12 the value of D.P. begins to decremse, For
xg = 0 dependence LP = f/§§/ reaches 71 per cent of
Dr, /1245 /. _
Th;“?unction DP=!/fggzr-:§/ is shown in fig. 12.
A pnrabolic dependence D.P. versus displacement /xCG - xs/
can e shown for the investignted model and given soil
conditions.The above function has a high coefficient of
correlation /R = 0,998/, therefore some conclusion can be
drawn,
Tor uniform ground pressure Jdistribution /xS = Xoq = o/
DP-value ic not maximal /1049 !/; minimum of the function
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Xcc =~ X5
= = 0,055 practically when both points are

in line. The larger distance between points, the higlier

occurs for
value of D.F,
CLO3ING RE.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 difrerence cauges a necessity of the investigation
of C.G. location’s effect on the drawbar pull.

2. All t.e obtained depencencies like D.I'. versus factors of
the model ‘s state of loading are non-linear.

3. The gauges fixed in tie 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 ground pressure distributions obtained during
investigations permit to establish a loading spectrum of
nodels frame and to carry out its fatigue linmit analysis.

5. The curried 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 trian_ular,

Purther resexnrch on propagation of stresses in ground beneath
the track /related to the concentrated force F loading a
roller/ is going on,
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A COMPARISON BETWEEN A CONVENTIONAL METHOD AND AN IMPROVLD

METHOD FOR PREDICTING TRACKED VEHICLE PERFORMANCE

J.Y. WONG and J. PRESTON THOMAS, TRANSPORT TECHNOLOGY
RESEARCH LABORATORY, CARLETON UNIVERSITY, OTTAWA, CANADA

INTRODUCTION

-t

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
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 located
in front or behind the midpoint of the contact length or if load transfer
due to drawbar pull takes place, a sinkage distribution of traperoidal
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. 7

Experimental evidence has shown that while the conventior .. 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 quantiative 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,

sinkage 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. |, then the sinkage z of the track can be predicted by
equating the reaction dus to normal pressure p with the vehicie weight
(1) (2). The functional relationship between sinkage z and pressure p
for a given terrain can generally be expressed by

= f (p) (n

It should be mentioned that the pressure-sinkage relationship may vary
with terrain type and conditions. Various methods have been p

for characterizing the pressure-sinkage relations of different kinds of
terrain as described in references (1), (2), (3), (8) and (95).

Based on the predicted track sinkage z,, the motion resistance R due to
terrain compaction can be predicted as follows:

= b {“ pdz (2)
where b is the width of the track.

in addition to resistance due to compaction, the track may encounter
resistance due to bulldozing effects (1). This should be taken into account
in determining the total motion resistance.

If the shear strui - displacement relationship of the terrain under an
appropriste normal pressure p is known, such as that shown in Fig.l,
the tractive effort of a track F can be predicted as follows:

F=b ;: sdx (3

where t is the length of the track and s is the shear stress under the
track which varies along the contact length (1), (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)

= (Ac +wang) [1-F (1-e 7))

L)

where A and W are the contact area and normal load of the track,
respectively; ¢ and ¢ are cohesion and angle of internal shearing resist-
ance of the terrain, respectively; K is the shear deformation moduius of
the terrain.

it should be pointed out that the shesr stress-displacement relationship
may vary 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) zad (6).

Based on the predicted motion resistance and tractive effort, the drawbar
puli-siip relationship of a tracked vehicle can then be estimated. The
drawbar pull-siip relstionship forms a basis for the comparison and
eveluation of the tractive performance of off-road vehicles.
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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 under the
roadwheels. However, the track segments between the roadwheels aiso
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 8 muskeg to repetitive
loading (8). 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
beit and that the roadwheels are rigidly connected to the vehicie 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 roadwheets 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-dispiacement

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 aiso 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-unioading-reloading cycie 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. & 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 e
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. S 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

A% IOICR
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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. 5. 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 9885T microcomputer. The required inputs include
both the vehicle and terrain parameters. The computer outputs include
normsl pressure and shear stress distributions, sinkage, motion resistance,
tractive effort and drawbar pull at a given siip (8) (9).

A _COMPARISON BETWEEN THE CONVENTIONAL
~ MEYHOD AND THE TMPROVED METHOD

The normal pressure distribution, the sinkage of the track and the drawbar
puli-slip relationship of a tracked vehicle, with basic parameters shown in
Table |, operating over a variety of terrains were predicted using the
conventional and the improved methods. The parameters used to character-
ize the pressure-sinkage relationships and the response to repetive normal
load 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), (8). (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 8 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 83.7kPa,
about %0\ 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 sccount. As mentioned previously, after the terrain has been
compacted by the first roadwheel, it becomes much "stiffer” than in its
virgin state. This promotes the concentration of normal pressure under
the rosdwheels. The behaviour of the terrain during the unioading-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. 8 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 genera!
the conventional method underestimates the sinkage. This is becauss the
normsl pressure estimated using the conventional method is considerably
lower than the actual maximum pressure. On the other hand, it can be

seen thst fair to good agreement exists between the measured sinkages and
those predicted using the improved method.




> 1

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 |}, 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 differr ce in the drawbar
performance between a crawler used in construction 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 il.

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) S
Radius of roadwheels, m 0.31
Distance between roadwheels, 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 8.7
Number of supporting rollers 1]
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
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Table 2
Values of the Pressure-Sinkage and Repetitive Loading

Parameters for a Sandy Terrain (LETE Sand)

k k n k A

C ¢ o u
KN /m™*! KkN/m™*2 KN /m3 KN/m "
102 5301 0.793 0 503, 000

Note: ko and Au are parameters used to characterize the response
to repetitive normal loading.

Table 3
Values of the Pressure-Sinkage and Repetitive Loading

Parameters for Two Types of Muskeg

Muskeg Type Petawawa Muskeg A Petawawa Muskeg B
k_, kN/m3 290 762
m
M_, kN/m3 51 97
m
ke kN/m3 123 187
M
A, KN/ m 23540 29700

Note : ko and Au are parameters used to characterize the response to

normal loading.

‘ e e oo
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Table &
Shear Strength Parameters of Various Types of Terrain 1
Terrain Type of Cohesion Angle of K
Type Shearing {Adhesion) Shearing
Resistance

kPa degrees cm
LETE Internal 1.27 na 1.1 .
Sand ‘
LETE Rubber -
Sand Sand 0.66 27.5 1
Petawawa Peat
Muskeg {Internal) 2.83 39.4 3.1
A
Petawawa Peat 2.55 39.2 3.1
Muskeg (internal)
B8

&
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Fig. 1. The conventional method for predicting tracked

vehicle performance.
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hadd-

Fig. 5. Development of shear stress under a track over
frictional terrain predicted by a) the conventional :
method and b) the improved method.
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AR O MR P TTTONS 0N THE PEREORMANGE OF TRALK GROBSE R SYSTine

FONLOYENG, HO EEMAMEDUK, and AL Sk TADAYS
LEOTEEENTE AL BESEARCH CENTRE . MeGTEU UNTVERS TTY, MONTRE AL, PANADA

INTRODUCT [N

A nomher of previouns research studies have been performed sath the ob jec.
tice ot developing a model to predict the pertormance and etticiency of

tracke onoground btergar,

For proper modelling, several approaches documented an the Diteratore
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| Ctrap foutang adeslization of the track contart area cath
clontic stresa didrhation an the o1l

. Eoergy dinarpat ton vathen the fayled ol manag

! toeetge cotmervation connydetat tone for the track grogser -

cotl o avsten. o

Aoctange oo the moment eguirhibroum of G track groueer syatem e b boennsade - i
Tl attect ate ettictency, Since the preasoare aod sinkage distorhat tong
teaeath the track will he altered. By and targe most reaearchers report
atc the weight eccentmicity ettect s oaath ittt le aention of the eftect ot
the drawbar pall hitebh position ono track perfoarmance.

in traa stadv, o predictnve track model 19 developed based on energy
prancaples to account far hpteh posation demonstrated an teems of Lhe
dtambar pall herghts The experimentsl program conducted 1o the stady
ditected towards provasion of tesults tor comparison aith the predictace
sededs 1t s reasoned that changes an the hiteh position ool induce
drfterential cankage cansing vaniations o etfect e granser penetratiion
dt the trant and along the length of the track, Consequent [y, anless
theae arte acoounted for go motion resistance calcalations, energy Tasaes

coannot he tully adentifaed.

Coothe eapeninental progtam conduoted to o vertty the theoret soalis predic -
ted peeagdte, tractoan, dravbar pull and sinkage vwers measuted ob gt expet -
certal track ander ditterent test conditions, o that the efticienoy ot
the trak conld he compgted and compated tn the predicted calues,
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TABLE 1 EXPERIMENTAL PROGRAM

VARIABLE 5

So1l Kagolin clay, S = 95-98%

Type of Grousers and Standard, Passive and Aqgressive
Multiple Grouser (Yong et al., 1978,

Slip Rate 0 - 60%

Belt lension 1.0 kN

Grouser Spacing 12.5 cm

\ertical weight 680 N

weight tccentricaty 0.0 cm

OBJECTIVES AND MEASUREMENTS

I. Traction - slip relationships for ditferent hitch positions.

Drawbar pull - slip relationships for different hitch positions.

[

3. Rear sinkage.

4. Track 1nclination.

ANALYSTS OF TEST RESUTS

The results of the drawbar pull tests conducted on each of the various
grouser types can be expressed as force-slip 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 (F1qg. 2,. The
higher the mot.on resistance 1s the higher the energy losses will be and
the lesser will be the useful drawbar pull. Consequently, the efficiency
of the track will be reduced. Ffiqures 3, 4, and % show the relationship
between drawbar pull, traction, sinkage, slip rate and position developed
by the track section mounted by an aqqressive grouser-track system.
Similar results were obtained for two other grouser-track types. [fraction,
dr wbar pull and rear sinkage were found to i1ncrease steadily with
1ucreasing slip roate.

During the whole series of testing, 1t was clearly observed that the
drawbar pull was the highest for ‘'position’ | at all slip rates, while the
lowest values were recorded for 'position' 4. lhe measured traction
forces were found to follow the same trends as indicated for the drawbar
pull for all of the four ‘positions’'. While the rear sinkage showed an
increase with increasing slip rate, 1t was found to be minimum for
‘position’ 1 and maximum for ‘position' 4.

‘Position’ from thereafter will mean drawbar pull hitch position,
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PREDICTIVE MODEL

The energy balance equation for s track/grouser-soi1l system such as that
shown 1n fig. 1 can be written as:

Mw:=P Ve * D+C+S (1)
where M = 1nput torque applied at the sprocket
w = angular velocity of the sprocket
P = useful drawbar pull
v_ = carrisge (vehicle) velocity
D = distortion enerqy ratio
( = compaction energy rate

S - shear slip energy rate

The analytical framework which 1s cast in terms of energetics is shown
schematically 1n Fi1g. 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 csn be assumed, 1.e. eccentricity e = 0.
from the measured pressure-sinkage relationships the corresponding grouser
sinkage can be obtained. 'he excavated sinkage due to track slippage

[1) can be added to obtain the total sinkage distribution beneath the
track. Utilizing the sinkage-traction relationships, the mobilized trac-
ti1on force developed by each individusl grouser can be obtained according
to i1ts displacement in the clay so1l. Accordingly, the applied specifac
input energy (per unit travel) at the sprocket is calculated at any degree
of slip using the follow. g expression:

Specific Input Energy = VT/(1-1) (2)
where | - total mobilized traction beneath the track
1 = 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 (2] can be used to predict the total energy
lnosses (distortion, compaction, shear slip) beneath the track. This can
be achieved by summing together the participation of each grouser beneath
the track according to 1ts sinkasge and horizontal displacement J = ix
where x 18 the distence from the track contact point at the front to the
position of the grouser under considerstion.
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direction of motion

f19. 7 ftquilibrium Analysis of the Section Track

M - applied torque to the sprocket which 18 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 ) + Mz P.e (a)
x y

where e : eccentricity of the upward reaction Q from the centreline
of the track loaded area

fquation (4} can be written as

P M
= - - )
eze + ¢ = (5

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 q, and q, are compression and the

pressure distribution can be linearized ta form a trapezoidal
distribution as shown 1n the upper diagram of fig. B. l'he front

and rear pressure Q¢+ Q. can be calculated using the following
expressions:

Q9 = q, (1 - 6e/t)

G = q, (1 + 6e/L)

-y
n

e dansy —
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actual B Q 1) e<lL/8

distribution o)

e 2)e=L/6

% 3)e>L/8

Le
—

8 Linearized Pressure Distributions Beneath the Irack

where q, ° wW/bl

2) e s L/é6: Trianguler pressure distribution which results from

Qe = 0; the pressure at the rear point is given by
9 =29,

3, e 1/6: In this case, part of the contact area beneath the
track 18 unloaded and hence no pressure 1s trensmitted to the
supparting soil at the front portion of the track. The effec-
tive length of the bearing areas i3 denoted aa le' The lower
diagram of Fi1g. 8 1llustrates this case where the effective
length le can be calculated as follows:

le =3 (1/2 - e)
and the pressure at the rear 18 given by
q =2 q, L/l
r e (7
z 2 q, t/3 (L/2-e)
- A ——
’
-
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In addition to the enerqgy consumed i1n deforming the so1l due to slip
(horizontal grouser displacement) some compaction enerqgy loss 1s also
incurred in track motion because of track sinkage. The procedure for
computation of compaction energy due to track sinkage was developed
previously (2] where this compaction energy can be calculated from the
following equation:

Specific compaction enerqgy _ (Ir - 1) [ (3
due to track sinkage T t- 1) b

where Ir.I track sinkage at rear and front, respectively

f =
t

length of loaded area beneath the track

w

track weight
b - track width

Applying the equation of energy conservation, the total losses can be
deducted from the input energy to yield the useful drawbar pull enerqy.
This predicted drawbar pull satisfies only the force equilibrium condi-
tion of the track, but does not necessarily satisfy 1ts moment equilibrium
(since the assumed pressure distribution at the beginning 18 not neces-
sarily the true one.. Hence, equilibrium analysis of the track section

a@s 8 free body 18 to be performed (F1g. 7) 1n order to obtain a new
pressure distribution consistent with the predicted drawbar pull. A traial
and error technigue 1s then used where the new calculated pressure distri-
bution 13 utilized in the next trial and the seme procedure 18 repeated
until the input and output pressure distributions are equal. At this
staqge, both the force and moment equilibriums of the track section are
satisfied as shown in fig. 7 and the drawbar pull 18 the exact value to

be developed by the track under any given conditions as specified in the
1nput data.

tquilibrium Analysis of the Section Track

To evaluate the pressure distribution beneath the track, 1ts equilibrium
under different straining actions should be considered as shown in fig. B
where a free body diagram of the section track is 1llustrated together
with different possibilities of the generated pressure distribution.
Straining actions of the section track can be i1dentified 1n terms of the
following forces and moments:

w» - the track wmeight which acts vertically at the centroid at
distance e from the centreline of the track loaded area
‘positive towards the rear)

T - mobilized traction force at the leve]l of contact area
benesth the track and the supporting soil

R - motion resistance, assumed to act at the same contact level
b P - useful drewber pull, assumed to act horizontally (the effect
. of track tilting 1s neglected) at height ey above the contact

level

Q - totsl normal contact pressure benesth the track which i1s
assumed to be linearly distributed
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tffect of Drawbar Pull Position

ihe effect of the drawbar pull position on the predicted drawbar pull
coefficient far the agqressive track system 1s shown 1n f1q. 9 for
different slip rates. The results presented in this figure are the pre-
dicted values corresponding to the special case of zero weight eccentri-
city e = 0.0'. It 1s shown that there 1s an optimum pull eccentricity

ratio '9) I which produces the maximum pull coefficient for any specific

slip. Plotted on the same figqure 13 the line of maximums which connects
the peaks of different curves. The optimum pull eccentricity ratio lies
between i5% to 2% percent for this particular case of sero weight eccentri-
city.  Increasing the pull eccentricaty ratio beyond these specified
Limits considerably reduces the track performance due to the very signi-
ficant taildown altitude of the track associated with the increase of the
moment produced by the drawbar pull. The resulting tilting position of
the track reduces the effective penetration height of the grousers at the
track front while the track sinkage at the rear 1s increased. Thiy situa-
tion causes motion resistance and energy losses to be of appreciashble

value and consequently reduces the efficiency of the track. A reduction
of up to 100% 1n the drawbar pull coefficient will occur 1f the drawbar
pull eccentricity rati1o 1s increased from 20 to 60 percent.

faigures l0{a to 10{(d. examine the compound effect of both the pull
eccentricity ratio \ey/l; and the weight eccentricity ratio /e‘/{, on

the predicted pull coefficient for different values of weight eccentri-
tity ratio between -12 and +12%. from these figures 1t 1s concluded that
the weight eccentricity can also play a qreat role 1n determining the
track efficiency. Increasing the weight eccentricity towards the track
front (-12% wi1ll counteract the effect of the drawbar pull moment and
lead to 8 more uniform pressure distribution 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 1n producing large pressure concentration towards the track
rear, and consequently rapid reduction 1n the pull coefficient s
obtained.

COMPARISON OF £ XPERIMENTAL AND PREDICTED
RESUL 15

tigures 11, 12 and 13 show the predicted values of drawbar pull at
different 'positions’, for the standard, passive and aqggressive track
wections, respectively, used 1n the test series. The predicted results
are expressed as a relationship between drawbar pull coefficient
{dramwbar pull/weight of track, P/W] and drawbar pull eccentricity ratio
[height of drawbar pull above track level/length of track, ey/l n %),

[ addition, the experimentally measured values are plotted on the same
figures with the predicted values, for reasons of comparison.

These figures clearly 1llustrate that the experimental and predicted
results are 1n good agreement. HBoth the experimental and predicted values
for the drawbar pull coefficients show an optimum pull eccentricity ratio
which produces the maxamum pull coefficient for any specific degree of
slip. TIhis eccentricaity ratio 138 1n the order of 20% for most cases.
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CONCLLS LONS

'he experimental program demonstrates the actual effects of the drawbar
pull hiteh position oan the performance of tracks over soft soils.

tar different track-grouser gyatems, 1t was tound that both traction and
drawbar pull deteriorate as the pull height 138 1ncreased above the track
contact level. In addition, track sinkage at the rear 1s considerably
increased tor higher hitch positions. Consequently, higher motion resis-
tance and lower track efficiency can be experienced due to an increase

ot the drawbat pull height above a certain level.,

hood correlation has been obtained between the experimentally measured
track performance and the predicted values using the energetics predictinve
nodel.  The 1mportance of the hitch pasition can he further demonstrated
trom the predictive madel 1n terms of the line of maxamums shown in figa.
Yoand J0. T'his line occuples a very narrow zone for the case of positive
werght eccentricity Fag. 100d:: where the moment produced by the weight
and the drawbar pull are of the same sign, while this line extends to
cover a wider range tor the case of a negative weight eccentricity (Fag.
10 a due to the opposite effect of weight and drawbar pull on the over-
all track moment equilibrium.

The results can be used to construct the optimization curve shown 1n

big. le tor dafferent degrees of slhip. From this figure, 1t 1s possible
to locate the best combination of the pull and weight eccentricity ratios
1n cider to produce the maximum drawbar pulls and the highest track effi-
crencies.  In other words, for any specified weight eccentricity 1t 1s
possible to specify the associated drawbar pull eccentricity {or visa
versa which produces the maximum track performance at any desired degree
at slip.
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GROUSER EFPECT STUDIES

Zhang Ke-jian
NORTH VEHICLE RESEARCH INSTITUTE, BEIJING, CHINA

ABSTRACT

After having finished the nonlinear finite element
analysis of the sands under the tracked vehicle by a
nonlinear finite element analysis program called KFAP,
A modified Duncan model based on soil triaxial testing
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
paramaters of a tractive deviece 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 sobility analysis of tracked vehicle /1/. 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
/2/. As to the s0il, he selected the segmented linear elas-
tic strain-hardening model assuming that u« remains unchanged
and E changes with the loading segments only. The computa-
tion results are close to that given by the WEB research
report based on the elasticity theory, but differ form the
experimental results. The static and amic analysis were
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 smsade a comparison with the
results congutod by Pe ral. Besides, Yong, from 1972
began studyling the poalibglity of applying the finite oio-
ment method in the field of terramechanics and calculated
the soil deformation energy loss under the loading condi-
tions of both the rigid wheels /4/ and the flexible wheels




/5/ with the same consideration about the soil nonlinearity
as Perumpral's.

In the early study of terramechanics, Bekker et sl believed
that the wvehicle traction on sands depends on the vehicle
wveight while the grouser effect is very little according to
the classical Coulomd theory. This authoritative understan-
ding has been so deeply convinced by msny people up to now
that few people are willing to make deeper study about the
track-soil systesm.

MINARY ATT ON ITATIVE ANALYSIS

The track-soil interaction involves the tresck links in con-
tact with the ground and the soil under its action. In the
finite element analysis, the idealisation of track-soil sys-
tem and selection of the elastoplastic model and the analy-
sis method will be of utaost isportance, They involve compu-
tation accuracy and cost. The author /6,7/ made a finite
element analysis of grouser effect by using the Drucker-
Prager model in NPAP /8/.

1. Idealirstion of Track-Soil Systes

Theoretically speaking, it is better to analyze the grouser
effect in a three-dimensional space. This is because the
grouser shape changes in the direction of the track link
width and the ratio of track link width to track link length
is not large enough. Nevertheless, thousands of elements are
required, even the three-dimensional displacement field and
stress field of the soil under the track are to be roughly
described. Even if the computer program could have the abi-
1ity to carry out the computation, the computational work is
too large to be accepted, and this requires lilzlificltion.
At present, the midcross section of the track link in the
width direction has been ghosen for saking a plane strain
snalysis because the grouser profile at this cross section
can mostly rogro-ont the grouser profile of the whole link
(account for 0.5 approxisately) and is also the main part to
offer the thrust. As a satter of fact, up to now, the wheel
vidth has been sssumed to be infinitely grest in the finite
element analysis of wheel (tyre) and soil interactions so as
to carry out plane strain amnalysis.

In this study, the two links are 314 mm long and soil sample
to be amalysed is 970 mm long and 405 ma high. The soil sam-
ple is subdivided, which includes 52 linear and A0 nonlinear
slesents with the total number of nodes being 128. To make
the bandwidth of the stiffness matrix minimum, the nodes are
basically ausbered in a radisnt manner. The constraints for
the boundary displacement are close to the wheel-soil systea
sanslysis as made by Peruspal, Chung and Yong et al. In this
study, ss the soil considered is loose sand, it is reeso-
nable to assume that the soil in contact wvith the track link
is exerted s vertical uniforsly distridbuted forces. The ho-
risontal loeding shall be converted froa the vehicle field
test data. In brief, the loading conditions are completely
in conformity with the maximum traction conventional tests
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of the tracked vehicles.

2. Selection of Elastoplastic Model and Anslysis Method

The soil involved in this atudy is the dry loose sand, its
volume density being 1.57 g/cm’, water content 0.6% and is
categorized as rough sand according to the particle grade.
Through the sample triaxial tesat, the four nec :essary soil
contants are obtained as follows:

E = 200 kg/co' M = 0,22

C = 0.04 kg/cs! g = 35.8°
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

fea1, +33 sxeo0 )

where o and k are positive constants. In the NPAP,

“ - sinf (2)
r}_ /% + am'(f

k.3 Ccosy (3)
]5 * ain‘?

The yield surface difined by the von Mises yleld criterion
in the principal stress space is a column, its expression is

t-d-17,-0 )

wvhere Ta is the test-determined yield stress in pure shear.
Although the von Mises criterion was derived in accordance
with nonfriction saterials 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-Prager model is applied, the
relative error used to measure the convergence of the equi-
librium iterations is tsken as 0.02,

3. gg-gétatigg Regults snd 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. ‘

g -

Pig.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 lower one indicating the forward loading. It can be
seen from Fig.1 that the node displacement caused by forward
loading is usually greater than by reversal loading. The
displacesent mean value of the 17 points in the neighborhood
of the track links under forward and reversal loading condi-'
tions is taken. The displacement generated by P, = 1.0 kg/ca
under the forward loading condition is equal to that genera-
ted by P, = 1,16 kg/can' under the reversal loading condition.
Pig.2 illustrates the plastic area calculated by using the
Model 7, the top disgram indicating the reversal loading and
the lower one indicating the forward loading. It can be seen
froa this figure that the plastic ares generated when P, =
0.8 kg/cm’ under the forward loading condition is esnalogous
to that when P, = 1.0 kg/ce’ under the reversal loading con-
dition; and the plastic area generated when P, = 1.0 kg/cm’
under the forward loading condition is analogous to that
when P, « 1.2 kg/ca’ under the reversal loading condition.
In other words, under the seame applied loading conditiom, 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 PFigs.3 and
4. The top diagrams indicate the reversal loading and the
jower one indicate the forward loading. Both figures are
given in the form of contour. It is obvious from Pigs.3 and
4 that vhen P, is equal to 1.0 kg/cs', the effective stress
end strain generated in the soil under the reversal loading
:gndition are ssaller than under the forward loading condi-
on.
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Pig.4 Strain Comntours

For quantitatively describi the stress state of soil under
the track, the ¢ - 6, figure is useful. Fig.5 is ob-
tained from conpﬂ!‘tion MNsults by Model 7. It can be seen
from Pig.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 Pig.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.
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EXPANSION POR NFAP

In the field of terramechasnics, the constitutive models used
in the finite element analysis are ususally taken from geo-
technical engineering. However, the properties of surface
80118 invoived in terramechanics are obviously distinguished
from the properties of soil in the foundations concermed in
geotechnical engineering. Thus in using the constitutive
models indiscrisinstely, the error would be introduced. In
order to improve the confidence of computstion, the author
/10/ suggest a modified Duncan model based on scil triaxial
testing.

1. Modification of Duncan Model

In terra-mechanical problems, while the vehicle travels on
the ,ground, the lateral earth pressure J; increases in some
ratio with the axial pressure G, . Under the proportionslly
loading conditions, s0il mass has additional strengh due to
the increasing of G; , thus the soil's stress-strain rela-
tions exhibit inclined asymptotes rather than level asgymp-
totes. Pig.6 shows the triaxial testing results of the sand
and sandy loam.

G, -G, (kg/cn')

1.2} sand

sandy loam
1.0 7

0.8
0'6

0.4

0.2

Pig.6 Triaxial Testing Results on Sand and
Sandly lLoam ( 40; /a0y = 2 )

The tangent elastic modulus E, is expressed in two different
approaches according to the c&nditiona of soils.

a) For the soils which have large density and higher conso-
lidation pressure, when O, is a constant, the hyperbolic
regression equation of Duncan is acceptable for practical
purposes. Ita tangent elastic modulus E! is shown in Pig.7.
§or Et approaches

While «0. /460, 1is a constant, the valu
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L])
Pig.7 Relationship between E and 0;

some fixed value E' and can be expressed as
E, = El + E (5)
For sardy loam

E' = 30 (G; + 0.25) tan( —p—2Ty— ) (6)

Por sand ( C < 0,05 kg/ca )

E' =« 30 (5 G; + 0.25) tan( m}%—a’ ) )

In Eqs.(6) and (7), K is bulk modulus (kg/cm’), end o; is an
initial consolidat{on pressure (kg/cm').

b) Por the loose soil rclationlhig between stress and
strain does not oxhib{t 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 s fixed stress level. In order to reflect
this behavior of loose soil accuretely, the expression of Eé

is modified as follows

. K+ 63 (0~ G g, -6
gt.;_a.!.JLJ__L%#%(ﬁ;_d.Ei (8)

In view of the above analysis for E_, the author suggests
that the tangent Poisson's ratio S could be obtained direc-
tly from the following equation:

Ay = (1= B /3K)/2 (9

Such a treatment will be simple and possibly more accurate,
because &, is modified accordingly.
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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 anslyzed
apd the results are given below.

The three links are 450 mm long and the soil sample to be
analyzed is 2350 ma 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 am under the forward
loading condition and it is 0,153 mm 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

Secand Layer

Third Layer
(B e 0.35 0.28

It can be seen that the failure ratio under the forward loa-
ding condition is more than 20% in each layer.

EXPERIMENT 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 s0il surface is applied by a specially designed fle-
xible track links. Pour teatings 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:
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Ry = 8.775 Z + 0.555 2’ (10)

wvhere 2 is the sinkage of track link.

The tesating results show that the adhesive traction under
the reversal loading condition is spproximately 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.

'™ .')_4..-.—-' -

a0 .. il

'go 600 //’/

§ 500
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g )—--—-‘

e %400 A e .

(¥ —
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5 00 Link F.L.

@ Link R.L.

@ 200 Link F.L.

'3 Link R.L.
100

o 70 30 30 40 850 &0 70 B0 G0 100
Horizontal Displacement, cm

Pig.9 Relationship between Adhesive Traction
and Horizontal Displacement

CONCLUSIONS

The results of computation and experiment show that the
modified Duncan model and the expanded NPFPAP provide a meann
for quantitative analysis of terra-mechanical problems. The
geometry of grouser has important effect for traction deve-
loped by track links on sanda.
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PRACTICAL ASPECTS OF RIDE DYNAMICS
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RIDE COMFORY OF OFF -ROAD VEHICLES

GUENTER H. HOML

ALISTRIAN FEDERAL ARMY, VIENNA

1. INTRODUC TION 1

Recause of the roughness of the terrain they encounter, cross 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 neqotiate and to retain adequate control of the vehicle. In addition
ta other factors, the comfort of the operstor, which contributes to his general
safety, also depends on the physical characteristics of the seat, which is the
link between the driver and the vehicle.

AD-P004 279

In the last years great attempts have been made to improve the driver seat.
Such developments however should not be 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) end to observe obstacles in front of the vehicle. Soldiers
sitting in the rear of a truck or in the crew compartment of a8 tracked vehicle
are affected not only by vibretions but also by exhaust gas and, last, but not
least, by psychological effects.

Hence a8 new definition of the term "Speed” should be made

Rolling resistance
Slope

S technical .
Power weight ratio Fig. 1
Speed definition

Incressing terrain
i rouehness
Sio1 (1)

©

8 —— S

n P tol (2)

'T'stol(n) :
Inproves sest nassm" S . 2
sutpension tactical 3?
S fire
Stabilisation
L
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§techmral is defined as the highest speed which is possible from the technical
o point of view, excluding consideratiot human factors. For certain

terrain situations this speed is nearly proportional to the power/weight
ratio and it decreases with the increase of roiling resistance
and slope. As in recent years the power/weight ratio of cross 1
country vehicles has heen improved, the technical speed is relatively
high, even under poor environmental conditions.
In many cases however this high speed, although technically
possible, can not be tolerated by the human body. The driver
will reduce the speed to the

§mh-r:able 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
18 further subdefined by the several crew members(Crew member
1,2 ...n) For military purpose the

§1£ must also be considered. The "fire-speed” is defined as the speed
in which the weapons are fired, achieving specific results in
accurecy. S,. _ will increase by using stabilisation devices.
In military w:ratiom 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

§tactical the "tactical speed” must be considered. The tactical speed
should not be higher than the lowest Stol'

With these factors in view it is the intent of this paper:
a' to present a general 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 "W -Wert" (K-value) according to VDIl-recommendations.

c) to report an tests, conducted by the author, with wheeled army vehicles
of varying tire pressures, speed, tire-size, and terrsin, and to present
the results on a comparsion test between wheeled and tracked armoured
vehicles of the seme size.
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2. MEDICAL CONSIDERATIONS

The human body itself has no special sense organ to reqgister mechanical vibrations,
nor does it have any specific defense mechanism to counter those vibrations.

The influence of mechanical vibrstions on human subjects may be tested either

by collecting statistical data or by experimental resesrch. Both methods of
investigation result in the conclusion that a human being exposed to mechanical
vibrations cen be affected by reduced comfort, fatique 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 £ ffects
- 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 regsrded as a rigid mass. Theoretical models of varying
degree of complexity have been developed by several researchers to represent
the human body as a mechenical system of masses, springs and dampers.

a M D ~umT
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Fig. 2

Mechanical substitute system for the human body. (Dieckmann and Coermann
modified by Dupuis)

A 1mams-1springl damper-system D Muitiple masees-springs-dampers
B 2masses-2springs-2dsmpers-system system (Briel & Kjear)

C Tmasses-7springs-Sdampers-system

...«
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Dieckmann reqards the accuracy of model A to be sufficient up to a frequency

af 10 Hz, which includes 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 human body as 8 multiple masses-springs-dempers

system has been published by Brie!l & Kjser (6) a compeny which produces instrument
for measuring snd analysing 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 sre influenced and interconnected in a very complex way snd

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 consuming
and in extreme cases unethical. Experiments with animals do not provide accurate
comparison to human reactions in every case.

2.2 Pnhysiological and Psychological E ffects

Apart from the mechsnical 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 renge 1 - 3 Hz shortness of breath is detectablie.
The frequency of respiration is dif ferent from the vibration frequency of the
lungs. 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 musculsr
exertion. A very striking effect of mechsnical vibrations above 20 Hz is the
partial suppression of muscular reflexes and is reqarded as » disorder of the
nerve centre.

Many studies on physiological effects, such es perception, discomfort, and
pain, have been carried out on drivers of vehicles (tractors) or esrth moving
machines, and on sircraft pilots by varying the environmental conditions.

This research has determined that mechanical vibrations can result in physiologics!
damaqe.

Tabfe 1. Physiological symptoms dominate in the range of frequencies

1 to 20 H2

Symptoms F (Hz
Ceneral feeling of discomfort 4 - 9
Difficulty of bresthing 2 - 4
Head symploms 13 .- 20
Abdomine! peins 45 - 10
Speech disorder 13 - 20
Urqe to urinate 10 - 18
"Lump in the throst" 12 - 16
Chest paine 5 - 7
Increased muscie contraction 4 - 9
Lower yaw symptoms 6 - 8
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Vibrations with frequencies below ) Hz can also result in general feelings of
discomfort, These vibrations can rause kinetosis, or motion sickness, and the
characteristics of these symptoms are quite different from those described
above. Human reactions to vibrations below | Hz depend on a large number

of external factors (e.q. age, sex, vision, activity and odours) which have nothing
to do with the motion.

In addition the psychalogical effect of croas country travel should not be overiooked.
In particular the crews of military vehicles, sych as trucks and armoured tracked
vehicles, are exposed to a high jevel of psychological stress. The crew members

who cannot observe the obstacles and the rough terrain feel a8 general discomfort
resulting from mechanical vibrations to an even greater extent than the driver.

In an APC, for example, the crew is not onty hothered by the vibrations but

afso by the exhaust, used air, the noise of the vehicle, and the bhattle.

3. FREQUENCY ANAL YSIS

The set nf 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

18 that the vibrations which occur in cross country rides sre 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 digita) techniques can not be explained solely by

the constant falling price of digitai components. The advantages of digital
techniques over analog techniques are mainly in the ares of large dynamic

range, very qood stability and linearity and linear averaqging. The digital technique
is suitable for the storage of spectra for later comparison and for the transfer

of dats to external machines like computers.

Two groups of digital parallel analysers are in use:

- Digital Filters
- Fast Fourier Transform (FFT)

Diqital Filters

Digital 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,

VDI, ONORM) demand a frequency analysis not exeeding !/3 octave band. Therefore
8 digital filter analyzer is practicsble for analyzing random vibrations with

regatd to the effect on the human body. The fact that digital 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.

[TV TN
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1.2 Fast Fourier Transform (FFT)

The siqnal coming from the acceleration senser via amplifier and recorder

13 a random curve and a function of time. There is 8 need to determine the
frequency components, which usually can be performed by Fourier techniques.
It will be useful to show the various forms of Fourier Transform.

1.

=~

Inteqral Transform

is the ideal form but only applicable with continous signals. A continous
time signal q(t) extending over all time, -e® <t < +#0can be transfered
into a continous frequency spectrum extending also over all frequencies
-00 < f <+ 0®hy the following furmuls

~2wr m
mf)sf g(t)e ™" dr
-0

Then it can be shown that the inverse function is

. . (2)
g(t)=f G(fre ™™ af

~@®

This method is not usable for the irreqular curves we have in vehicle vibrations.

Fourier series

This a8 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

Glt )= o f AT z e ()
K'°T _’{ g(t) ¥dr ; s;(t)-":.:_m G(f))e (4)

In this case a periodic and continous signal is transformed into a sampled
‘discrete) frequency spectrum.

Sampled function

18 the opposite of case 2. The sampled signals of time are transformed
into 8 continous form

/2 G(f)e'“"" df EZ;

s

@® - 2nren
G()=2 g(r )€™ ;g(r ) }—f
J.

Ne e

Miscrete Fourier Transfer

The most FF T-analysers work on the principle of the so called "Discrete
Fourier Tramsform" DF 7. This means that both time and frequency domain
are indiscrete -sampled. Strictly speaking the FF T is not really a classic
Fourier transform is rather a calculating schema.
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The Mscrete Fourier Transform can be shown 1n the form of the FFT-
aln@rithm

o
- M- (8)

. 1N L0k . 128 nk
(-(fk)’ N'}':og(tn)e N ,g(t)-‘z.o (l(fk)("‘—v—

The number ‘N of the samples is the same 10 the frequency and time domain.
DF T applies to discrete and periodic time siqnals, therefare the frequency
spectrum 18 also periodic and discrete. Owing to this perindicity only a

finite number are needed for the ralculation.

In contrast to the traditional analysis where the signals are continously
processed the DF T stores the data of the time sampies 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 1n /5/.

4. STANDARDS AND RECOMMENDATIONS

4.1 Fqual sensation curves

The first attempts to investigate the influence of mechanical vibrations were
carried out hy A, Mallock about 1900 when residents near Hyde Park complained
about underqround shocks. He discovered 8 relationship hetween frequency

and acceleration and determined that vibrations of low frequencies of about

15 Hz are maore unpleasant than those bhigher frequency ranges.

Since 1900 many investigators have attempted to measure the subjective
reaction to objective measurable vibrations. Though the results vary in some

cases they coincide in the fact that the subjective sensivity is a function of
frequency. One problem is that the human reaction to whole body vibrations
differs from person to person and that human beings cannot remember the
intensity of vibrations

very well.

Afthouqgh research done in the field of equal sensation curves is based on different
methods, four principle experimental procedures can be seen.

Verhal description:

The test subject is asked to indicate when he feels that a constantly increasing
stnsusoidal vibration of a certain frequency has reached a level which is described
for example as “perceptable” "comfortable"” “tolerable” or “"very uncomfortable”
"uncomfartable” "mildly uncomfartable” "noticeable, but not uncomfortable”

... [for example Parks and Snyder 1961, Chaney 1964/65, Fotherqill and Griffin
1977,
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"“omparison_method

A "standard” sinusomidal vibration stimulus of a certain frequency and acceleration
18 presented to the subject. After a short pause the frequency is changed and

the subject s required to indicate when the vibration appears equal in sensation
to the standard “for example Ashley 1970, Shoenberq and Harris 1971, Dupuis
1960, "weckmann's researches conducted in this manner was the hasis for the
first VDl .recommandations in 1963,

Rating methad

The rating method merqges the two methods described abave. In this case the
test subject has tn present his subjective perception in a 10 ¢cm long rating
Lire. The scale is marked on hoth ends: one end with "0" representing "smooth”
and the other with "10" representing "rough”. The subjects were exposed to

a number of sinusoidal stimuli of 8 certain frequency and acceleration. They
were asked to evaluate each stimulus independently without comparing the
stimull with each other ‘Ohorne and Clarke 1974),

Epoture it 0. Eapeswre Nl Vary wicamfertabls
30min Oupue Ouborne & Clerke

Fig. 7
15 C e Equal sensation
- e < A x%:_J curve comparison
N g between the

standard and
different research

1 s’ 0 0 0 "
Fotugue- Decressed Olstinct percsption Very comiurtsble
Preficioncy Boundary Oupuis Osborne & Clarke
v 2087
s T
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Relative intensity estimation method

The test persons are subjected to a pair of sinusoidal vibration stimuli of the
same frequency. The second stimulus is the more intensive than the first. The
subjects are required to evaluate the relative intensities of the two stimuli
{Jones and Saunders 1974),

Althouqgh the resuits of different researchers do not coincide exactly, the principel
shape of the curves nf equal sensation is nevertheless similar. It was determined
that in the range of low frequencies (lower than B or 10 Hz) the intensity of
sensation is greater than in the range af high frequencies.

The equal comfort curves presented in the ISO and VDI- standards are useful
for calculation but they do not accurately refleact human impressions nf sinusnidal
vibrations.

Studies by H. Dupuis, Osborne & Clarke (shown in Fig. 7) and Jones A Saunders
for example reached conclusions which differ from the I1SO/VDI-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 pertaining to sitting 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 quide line in the field of vibration assessment was published
by the German "Verein Deutscher Ingenieure” VDI (Society of Clerman Engineers)
in 1963, This VDI 2057 recommendation is based on Nieckmann's research carried
out at the Max-Planck-Institute in Dortmund. Investigations of the late sixties

and seventies came to the conclusion that biochemical and physinlogical reactions
as well as the effects of vibration on proficiency boundary and health must

also be considered.

150-Standarda

Pesults of this research enabled the 150 (International Organisation for
Standardisation), the World Wide f ederation of National Standards Institutes,
to develop the 150-2631 standards.

The definitions and numerical values given in the IS0 2631 are only valid in
the frequency range ! to B0 Hz, For the assessment of mechanical vibration
transmitted from solid surface to the human body four physical factors should
be considered

- Intensity {acceleration rims)
- Frequency (1 - BO Hz)

- Direction

- Duration {exposure time)

The fact that the human body has an increased sensitivity to vertical
vibrations 1n the range 4 - B Mz is reflected in the tolerance curves which
are represented as three straight lines in the logarithmic scales.
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For the evaluation of human exposure to whole-body vibration three criteria
can be distinquished:

- preservation of comfort "reduced comfort houndary”
- preservation of working efficieny "fatique-decreased proficiency boundary"
- preservation of health or safety "expasure limit".

I xreeding the exposure specified by the curves pictured in Fiq. B will in most
situatinns cause noticeable fatique and decreased job proficiency in most tasks.
The deqree of task interference depends on the subject and the compiexity

of the task. In the case of driving & vehicle in an off-road-situation 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 sverage working dsy. For "reduced comfort
houndary®, the sccelerstion vslues are divided by 3,15 (10 dB lower) and for
“"exposure limits” the values are to be multiplied by 2 (6 db higher).
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VDI-Recomimendation

The tolerance curves presented in I1SO 2631 provided the impetus to revise
VOI 2057, The latest version (1979) adopted the principle shape (three
straight lines) from 150 2631 but kept up the K-value for the assessment
of the degree nf sensation perceived by human beings.
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11q. 5 VDI-2057 Equal sensation curves in vertical direction for a sitting person

In accordance with I1SO 2631 a time dependent assessment and a classification
into three main criteria "comfort”, "fatique® and "health", were introduced.

Exposure time

Fig. 6 VDI-2057 Permissable "K -value" in dependance from exposure time
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As the K-curves are three straight lines in the logarithmic scale, three formula
in the corresponding frequency ranges must be given,

K27 (K-value in Z-direction):

1<154 Hz KZ = )D.av1 (9)
48 Hz KZ = 20.8
8<¢<8BD Hz KZ = 160.a/t

In the following tabulation the correlation between measured K-value (object
deqree of sensation) and subjective perception is given.

Table 3 Correlation between "K-value" and subjective perception

K-value Subjective perception

<0,1 not perceptible

—— 0,1 ——34—_ perceptive boundary —

little perception

normal perception

! greater perception

maximum perception

For random or distributed vibrations a method to calculate the K-value
1s given. The K-values of every range of a narrowband or a third-octave
analysis can he calculated.

The total K-velue (Ktot) is the root of the sum of the squared partial
¥ .values fK')

(10)

The two standards VDI 2057 and 1SO 2631 are based on different philosophies
but reach the same conclusion. For studies which compare vehicles
in differing environmental conditions the VD[ 2057 is m( ~e practicable.

For investigation im . protection of the human body aqainst occupational
disease the [SO 2631 should be used.
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5. EXPERIMENTAL METHODOLOGY

5.1 The test vehicles

Field test were carried out at asarmy treining area, about 20 km southeast

of Vienna. Two 5 ton 4x4& military trucks and two atmoured vehicles, one wheeled
and the other tracked, were available. For the determination of the influence

of speed, terrain and the sitting position, all 4 vehicles were used. The comparison
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 .

For the comparsion of the suspension systems of tracked and wheeled vehicles
model C and D were used.

Table 3 Specification of the vehicles

Mode ] A ] c ]
Engine power ko [ 1) 130 236 208
Top speed km/h 80 110 10% 6}
Overall height  ma 910 | 2e3 L3301 A0ds,
overall length n 6370 6610 '::33, ‘::;g,
ull)
Overall width - 2400 2436 2500 2500
Net weight ton 7,6 6,8 16 13
Wheel base/ ] 3700 3800 3:23/ 3192
Track contact lenght
Tread width - eyl 1 1980 2070 2120
Number of tire 6 4 6 -
Tite size 3 oorI0 [re.oma0 |13 R 30 .
Suspension System llemq.:::: m:‘m g,?:dv hb::m

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 variabies influencing ride comfort are tire size, wheel number

* (the rear axle of Vehicie A has twin wheels) and spring characteristics.

Though both vehicles are supplied with leave springs, the spring characteristic
lines and the construction features are quite different.
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Vehicles A has the classic leave spring construction with closely packed spring
leaves, 11 on the front axle and 14 on the rear axle. Hence a considerable internal
friction with damping function occurs. The static spring constant for the front

axle spring is Cg, = 133 N/mm and for the rear axle spring it is Cg, = 228 N/mm,

Vehicle B has the so-called "Parabols 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

spring constant for front axle spring is gSt = 129 N/mm and ES! = 180 N/mm
for the rear axle spring. = -

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 ieave spring, iﬂncreasgxflo 20 on the conventional

spring typ.

5.2 Equipment and experimental procedure

The accelerations were measured at 4 points by Piezoquarth eccelerometers
Briel & 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 srmoured 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 Briel & Kjaser
amplifier Typ 2635 and stared 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 snalyser Bruel & Kjaer 2033. This FFT analyser sampled the
input signals snd converted esch signal info digital form. The sampl were collected
in date blocks, and each dats block was converted into the frequency domain

by Fourier transformations.

The analyser was used in the range 1 - 10 Hz. The result of the FF T-analysis

was 8 transfer function shown on & monitor screen. The frequency scale was

displayed linesrly, while the acceleration was shown alternstively on a lineer
or logarithmic scale. The 2033 FF T-analyser operated by sampling the input-
signal and converting each sample into digitsl form.

The sampies were then collected into data blocks. These data blocks were

transformed by FFT irto the frequency domain. A 400 line spectrum covers

the chasen frequency O - 100 Hz, hence, the line spacing
f = 100 Hz/400 = 0,25 Hz.
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At the outset computer program (BASIC) of the Micro computer system MINC -

11 recorded the RMS acceleration values of the 0,25 Hz steps coming directly
from FF T-analyser. The FF T-analysis was also seen on the monitor screen

of the computer terminal. For each acceleration value in the three frequency
ranges 0 to 4 Hz, 4,25 Hz - 8 Hz, 8,25 Hz - 80 Hz according to formula (9)

the i 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 calculatinon was compieted the K-value appeared on
the ascreen, The output was:

- Acceleration/F requency-plot shown in Fiq. u

- one page summaty of acceleration values of the 0,25 Hz intervals
plus K-Value

- summary of K.values of a test serie

O SN
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5.2 Test results
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All tests were carried out in the following three surface situstions

I .... Concrete road way

1l ... paved street with road holes and an irreqularly distributed surface.

The paving stones had a size of 80 mm x 80 mm
I .. plain lawn covered gras

Infiluence of sitting position

It is found thet the distribution of the K-values to the several sitting positions
was specificfor every vehicle even under varying environmental conditions.
In the following table the ride comfort for the several sitting positions

of the four vehicles is presented.

Position 1: rear seat

Position 2: front seat of the Joeding space/commander seat
Position 3: seat mount of the driver seat

Position 4: driver seat

:
‘l
)
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Fable 4 - ‘tde comfart depending on sitting positinn

Vehicle | oee—— 0creasing K-value

A 3 2 4 1
fi 4 2 1 3
( 4 3 bé 1
N 4 2 1 3

f wept for vehicle A the driver is in the best situation. The reason

18 that vehicle A has an old seat construction. An example of a modern
vibration damping seat suspension can be seen in vehicle B, where

the inadequate seat mounting is compensisted by the seat,

In all four vetucles it is clear that individuals sitting in the rear are

always suhject to greater shock and stress and the Stact should be
lower than Sml for that seat.

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

be seen in the fiqure below where the "V .value"/speed dependence
for the several sitting positions in the three surface situations for
vehicle A is plotted

K I _
S _/ yalnnl
" ///f /e v
) A ¥ V

'd j¢
 REP
w3 e ¥ At

Fig 9 K-value - speed - dependence

. ——-
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Influence of terrain

va SO0kmih

03388823888 =

Fiq 10 Vehicle A variing speed and terrain

The principle result that the K.-values increase with increasing terrain
roughness is in accordance with theoretical considerations. It is of interest
to note that resuits pertaining to difference between roadway and paved
street is higher that between paved road and off road terrain. Hence with
reqard 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 8 are described in

S.1. 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 ranges, 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 1041 M - -

DRSS o= -

- .. A
Yoo !“;"‘: \ - ~ are
.",?’.,' g—

3 -
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Influence of tire pressure, tire type and tire size

The vehirle itself can also be seen as a system nf masses, sprinns, and
dampers. The tire is one of the springs of the system and a variation in
inflation pressure or the use of diagonal 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 distinquishsble tendencies and were in the range of
inaccuracy of measurement.

Comparison between 8 wheeled and a tracked vehicle

- T I

ve 50 kmlh

40

30 Fig. 1]

K-values of the
driver seat with
constant speed
and varying

20

10

The fiqure above 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 (11} the tracked vehicle had the lower K-values. The
reason may be that the suspension system of a wheeled version has the

hetter damping characteristics when the wave length of the surface roughness
18 short. In cases of longer waves the tracked system has better accomodation
facilities.

Toncluding remarks

The main factor which can be influenced by the user of a vehicle system

13 the speed. Other factors are spring system and seat construction which
can be altered by the designer. These components should also be considered
in vehicle tests. For the transportation of casualties in vehicles the best
location for the patients can be found by determining with the methond
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 country vehicles

in order to measure and assess the vibrations in the three axes of the coordinate
system. It i« hoped that a relationship between defined terrain roughness

and ¥ -value will be found.

;
2
H
5
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FURTHER DEVELOPMENT IN RIDE QUALITY ASSESSMENT

NEWELL R. MURPHY, JR.

LS. ARMY ENGINFFR WATERWAYS EXPERIMENT STATION, VICKSBURG, MISSISSIPPI

INTRODUCTION

internationallv, a growing concern has developed and widespread disagree-
ment has occurred over the present methods for quantitatively describing
and assessing the effects of vehicle vibratfons on humars, and over the
short- and the long-term effects of vibratfons on dri .8 and occupants of
heavy trucks, agricultural and earthmoving equipment, and military ve-
hiclea. None of the present methods {8 completely satisfactory; {n fact,
most criteria were developed for low-level "boulevard” rides and are
highly suspect when applied to the severe vibrational levels encountered
in carthmoving and militarv-tvpe operations. -

Todav two predominant methods are used bv the military to describe the
vtfects of vehicle vibrations and human response: the ahsorbed power
method (used largelv i{n the United States) and the International Standards
reanization (ISO) method (used extensively throughout Buropean countries
1s well as {n the U'nfited States). The two methods are similar {n that
hoth use frequency-welighted accelerations corresponding to human sensi-
tivity to arrive at a single number which describes the vibration inten-
~itv. Portable ride meters have been developed to provide expedient fileld
measurements of hoth absorbed power and the IS0 accelerations.

in 1978, a NATO working group on mobiltity (NATU AC/225 (Panel Il Working
‘roup 1)) composed of representatives from the lUnited States, Canada,
trance, the Federal Republic of Germany, the Netherlands, and the United
Kingdom adopted the Army Mobility Model (AMM) 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
vehicle mobility performance. The AMM {3 aldo called the NATO Reference
Mob{lity Model (NKMM). The use of absorbed power over the [SO method to
describe effects of vehicle vibrations has caused resistance and concern,
yarticularly among the Furopean participants. The United States military
and fts NATO partners need agreed-upon, accepted standards to describe the
varfous aspects of ride quality {n meaningful terms for defining the
vibrational effects on human health, safety, and performance of military
tasks.,

WHY ABSORRED POWER?

In 1968, personnel in the Mobility Systems Division at the Waterways Ex-

periment Station (WES), in conjunction with the formulation and develop
ment of the components of the AMM, embarked on a comprehens{ve ride
dvnamica research and development program. The principal objective of the
ride dvnamics program was to develop a means for predicting ride-limiting

speeds of vehicles as a function of terrain roughness. This objective

tequired a quantitative measure of vehicle vibration that related to human

acceptance of the vibration and response to vibratfon. WES decided to
adopt a promising measure called absorbed power. This absorbed power
quantity, purported to be a measure of the rate at which vibrational
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energy is absorbed by a tvpical human, had been developed only recently at

the U'. 5. Army Tank-Automotive Command as a result of a comprehensive,
Closely controlled laboratory program (Pradko, Lee, and Kaluza 1966). An
attract{ve feature of absorbed power §s that {t {s conceptually a scalar

quant ity and the resultant response of vertical and horfzontal vibrations
«an be determined by directly summing the absorbed power {n each component.

Since 1968, the WES has conducted numerous fileld tests with virtually
everv tvpe of wheeled and tracked vehicle in terrafns 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 beyvond 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 {8 recognized that the 6-watt absorbed power level is not an
absolute human tolerance limit to vehicle vibration and that crew members
will, {f 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
6-watt absorbed power levels usually occur when the vehicle‘'s suspensfon
begins "bottoming out” and producing discrete shock loads. Slight in-
creases Iin apeed 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 limfts based on higher absorbed
power levels will {acrease 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 {n the same area will rarely be changed.

THE 1SO METHOD

In 1974, after a decade of serious committee deliberations, the 1S5S0 pub-
lished a atandard for describing human response to whole~body vibrations
that was approved by 19 countries including the United States (ISO 1978).
The 5 standard defines numerical limits for exposure to vibrations in
terms ! weighted root-mean-square (rms) accelerations in the frequency
range of 1 to 80 Hz according to three criteria of {ncreasing intensity--
preserving comfort, working efficiency, and safety or health. These threc
limits are referred to, respectively, as the "reduced comfort boundary,”
“fatigue-decreased proficiency boundsry," and the "exposure limit bound-
arv.” 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 recommended level at each frequency. This procedure
ansumen that in regard to human tolerance there are no sfgnificant inter-
actions between frequencies. An alternate method, which appears to be a
more accurate representation for complex vibrations, sums the weighted
arcrlerations 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 {n the United States in
1978 by Endevco fer the Society of Automotive Engineers (SAE) Ad Hoc Ride
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Meter Task Force In accordance with specifications cited in 150 2631 and
SAF J1013, For vibrations occurring in more than one axis simultancouslv,
rach axis is evaluated separatelv and vectorfallv summed. There has been
much disagreement over the use of this method and a number of deficiencies
have been highlighted by {ts eritica. The most notable deficlencles cited
are the lack of empirical support in a number of lmportant areas, in
parti{cular the time-dependency relations on human response (Obsorne 1983).

Because of these disagreements and concerns and other unanswered ques-
tions, a {oint Unfted States-Federal Republic of Cermany effort was re-
cently inftiated to resolve thede major i{ssues. As a part of the Future
Armored Vehicle Research (FAVR) program, a joint United States-Federal
Republic of Germanv ride test and evaluation program f{s scheduled to begin
at Trier Proving Ground in May 1984, with similar follow-on tests in the
I'nited States. The main emphasis will be to jointly study and compare the
results of the two methods.

Over the past 15 vears of testing, WES has developed a large, unique data
base containing detailed vertical, horizontal, and rotational acceleration
measurements, along with the corresponding human subjective comments and
ratings, terrain measurements, and vehicle characteriastica. These data
are stored on analog FM magnetic tape. As a starting point for this
studv, selected vibration data representing a wide varfety of vehicles and
terrain conditions are currently being reprocessed to analyze and compare
relations produced by other proposed quantities, particularly the 1580
standard.

This paper describes hriefly some of the initial resulcs 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 150
criteria. Discussions include similarities between the two methods, the
relations (or lack of relations) between subjective ratings and the ab-
sorbed power and 150 quant{ties, 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
criterfon of acceptability {s presented along with plans for future work.

COMPARISON OF ABSORBED POWER AND I1SO 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 precisfon, they all present basically the same characteristic
trough shapes. For example, the keenest sensitivity of a seated subfect
exposed to vertical (buttocks-to-head) vibrations fs in the range from 4
to 8 Hz. This range of maximum sensitivity is attributed to physical
resonances of body parts and internal organs. Precise experiments and
measurements i{ndfcate the most sensitive frequency of a seated subject to
rertical vibration occurs at about 4.5 Hz, which is the resonance of the
viscera, This critical resonance will vary somewhat among humans due to
differences in body structure. Most likely, the less precise curves are
hetter overall general representations of human sensitivity.

Ary method that purports to evaluate vibrations {n terms of human sens{i-
tivity must account for this frequency dependency. The frequency-weighting
van be accomplished numerically bv appropriately welighting the Fourler
apectra of the vibratfons. The frequency-weighting is more readtly
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accomplished {n the analog domain through the use ot band-pass filters.
As mentioned previouslv, portable ride meters have been developed that
filter input accelerations and produce on-the-spot measures of absorbed
power and 150 ride values. Figure 1 shows a comparison of the absorbed
power and the SAE/ISO ride meter filters for vertical vibrations. The
standard 180 frequency-weighting factors specified in IS0 2631 are shown
as dlacrete points. It is seen that the absorbed power and the SO
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 filcer of the Endevco
ride meter corresponds very closely to the discrete points representing
the atandard IS0 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 1SO methods
this past summer (1983) as part of a comprehensive analyais 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 conditiona. 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
tlie 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 M151 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 frum representative tests with the dune
buggy, one reference vehicle (an 8x8, l4~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 IS0
ride meter results from tests with the two vehicles on two test courses.
More detailed data are presented in Table 1. Figure 2 shows how vertical
absorbed power and 1SO 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 (S51) units as follows:

__Multiply By ~To Obtain

inches 2,54 centimetres

miles 1.609347 kilometres

pounda {(force) 4,448222 nevtons

tons (force) 8896.444 newtons
qum
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exposure-limit time dependency boundaries representing the 180 accelera-
“ion timits for the most sensitive frequency region (4 to 8 Hz) of five
selected exposure times are shown on the plots. The drivers' subjective
ratings, based on a scale of increasing severity from | to 10, are also
shown adjacent to the respective data points. The subjective rating
scale used at WES to express the drivers' perception of ride quality {s
given below:

Subjective Index __Perception

1-2 Barely noticeable

-4 Strongly noticeable

9-6 Uncomfortable

7-8 Extremely uncomfortable

9-10 Recommended 1limits (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 gsafe speea,
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 criter{a of acceptability.

For both vehicles increases in speed produce corresponding increases in
absorbed power and ISO acceleration. However, absorbed power and 1SO do
not increase at the same rate. Also, for any selected speed the absorbed
power and IS0 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 consfistently lower for the dune buggv at corresponding levels
of absorbed power and 1S0C acceleration. According to the recommended IS0
exposure limits, the results in Figure 2 indicate the 8x8 vehicle can be
driven over test course 4 or a course of simflar 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 1SO limits indicate the dune buggv can
be driven at a speed of 20 mph over such a course for only about 16 or 18
minutes, and at speeds bevond 40 mph the permissible IS0 exposure time is
less than one minute.

Figure 3 shows results similar to those of Figure 2 except the surtace
rcughness of the test course is much more severe. The severity ot the
test course is reflected by the rapid increase in both absorbed power and
IS0 acceleration with increases in vehicle speed. Agzin, at any selected
speed both the absorbed power and the IS0 accelerations tor the dune buggy
are about twice the corresponding magnitudes recorded tor the 8x8 vehicle.
Also, the drivers' subjective ride severity ratings are lower tor the dune
buggv at corresponding levels of absorbed power and 180 acceleration.
Noteworthy are the overall high subjective ratings. This particuiar
driver, 1ike the other two WES test drivers, is considered to be fit,
tough, and competitive. As mentioned before, based upon their discretion-
arv driving habits, subjective ratings greater than about 6 or / reflect
levels bevond their self-imposed acceptablility criterfa. Figure 3 shows
that the driver’'s subjective ratings for both vehicles are largely in the
range fraom 7 to 10, {ndicating that the ride quality of the majority of
the tests on this course exceeded the driver's criteria of acceptability.
Subjective ratings of 8 to 10 mean the rides were exceptiona.ly tough.

I'he data in Table ]| reveal that these tests ranged from a maximum Jduration
of ahout one minute to a minimum of 6 seconds. Based on combined con-
sideration of the 150 recommended exposure limits and the high subjective
ratings, it appears that neither of the two test vehi{cles could be driven
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at speeds hevond about 10 mph on terraina with such Jevels of surface
roughness tor periods longer than about half an hour,

SIMILARITIES BETWEEN ABSORBED POWER AND IS0 RESULTS

Figures 2 and 3 clearly show certatin sim{larit{es {n the manner that
ahsorhed power and IS0 acceleration increase with increases in apeed as
well as similar correlations with driver subjective ratings. Filgure &
11lustrates further correspondence between the two ride quality measures.
The two plots in Figure 4 reflect relations between ride-limiting speeds
and terrain surface roughness for the dune buggy at three arbitrarfly
selected levels of absorbed power and IS0 acceleration, respectively.
This limiting speed versus surface roughness relation is exactly the tvype
of format required as input to the AMM/NRMM to deplict vehicle ride per-
formance relations. The ride performance relationships are very similar
tor both the abasorbed power and the ISO acceleration measures. In fact,
the relation for the 20-watt absorbed power level is almost fdentical to
that for the 25-minute 1SO level (the ZS-,inute exposure limit corresponds
to an 1SO acceleration level of 3.6 m/sec”). Consequently, 1f so desired,
the ride-1{miting speeds based on the 6-watt absorbed power level custom-
arily used in the AMM/NRMM to desacribe 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 AMM/NRMM requires a limiting speed-surface roughness relation
to describe ride performance regardless of the criteris used to determine
the li{miting speeds.

PSYCHOLOGICAL IMPLICATIONS

Human reaction to vibration is a complicated dependency upon both physio~
logical (physical) and psychological (mental) di{sturbances. Neither ab-
sorbed power nor [SO acceleration nor any other measure of purely physical
mot {ons 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 definit{on, the psychological implications cannot be isolated or
removed from the subjective ratings. This psychological influence of
vehicle controllsbility 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 medium-intensity
accelerations made up of recurring impulses and shock loads. This is &
condition of high crest factors; {.e., ratio of maximm peak to rms accel-
erations where the ISO limits are admittedly questionable. It is the
occuyrrence of harsh shock loads that often catapult driver and vehicle
into the air and along with inducing momentary pain and possible injury
seriounly hiinders the driver's capability to control the vehicle. This
psvchological distinction between unifors motions and motions composed of
recurring i{mpulses {s the principal cause of the discrepancies in the
subjrctive ratings recorded for the dune buggy.

Tahlr 2 lists the respective speeds and driver subjective responses record-
ed from arbitrarily selected levels of abaorbed power and 1SO acceleration
tor the two test vehicles and three test courses with three levels of
surface roughness.
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Subtle vet {mportant effects of psvchological Influence on the measures of
performance can be seen in the table. Both absorbed power and IS0 accel-
eration reflect the same effects. For example, for any given level of
cither absorbed power or 1SO acceleration, the speeds of the 8x8 vehicle
are about twice as high as the corresponding sapeeds for the duns buggy.
According to current procedures for evaluating ride performance, the B8x8
vehicle would bhe cons{dered far superior to the dune buggy. However, for
any given level of efther absorbed power or 1S0 acceleration, the subjec-
tive ratings are consistentlv higher for the 8x8. This difference in
ratings savs that a 6~watt ride in the 8x8 feels rougher or more severe
than a 6-watt ride {n the dune buggy.

Compartson of representative acceleration-time histories of the two ve-
hicles reveals that, {n tact, the dune buggy accelerations generally were
rather un{form throughout and did not exhibit significant {mpulses or
shock loads. This uniformitv 18 attributed to the extremely stiff rear
suspensions combined with the vehicle's "tafl-heavy"” weight distribution
that prevented suspension "hottoming” and thus the assoclated shock loads.
This conditien {s in contrast to the soft suspensions and high wheel
travel on the 8x8 which produced gentle, low-frequenc+, high-displacement
motions. These soft suspensiona on the 8x8 resulted ‘' low-intensity
acceleratfon-time histories with dispersed harsh shock loads occurring
when the suspensions "bottomed out.” The intensity and frequency of these
shiock loads were moderate on relatively smooth courses but rapidly in-
vreased with increases in both speed and surface roughness.

The relations {llustrated tn Figure 5 provide an even broader understand-
ing of this phenomenon between the dune buggy and the 8x8. Figure 5 is a
standard IS0 graph depicting the rms acceleration magnitudes for each of
the standard 1/3-octave band center frequencies ruvcorded from ride tests
with the two vehicles. The results of the dune buggy ride reflect con-
siderablv higher absorbed power and 150 (summed) accelerations, yet lower
subjective ratings than the 8x8. These two rides, which were both less
than 15 seconds' duration, were very near the limita that the driver could
tolerate.

The predominant acceleration for the dune buggy occurs in the 3~ to S5-Hz
range where both absorbed power and ISO acceleration are most sensitive.
The dune buggy acceleration at the most sensit{ve absorbed power frequency
(4.5 Hz) is nearly three times that of the 8xB. This explains the higher
absorbed power level for the dune buggy. On the other hand, the pre-
dominant acceleration for the 8x8 iam concentrated between 1 and 2 Hz where
vertical absorbed power and 1SO accelerations are much less sensitive.
This low-frequency (1- to 2-Hz) acceleration predominance is character-
fst{c of most conventional vehicles. Suspensions are customarily tuned to
produce a8 sprung-mass resonance in the frequency range of 1 to 2 Hz and
thereby {solate 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 1- to 2-Hz range.

This subjective willingness (as well as health Iimplications) may well be
reversed for long duration travels, such as occur during operations of
agricultural and earthmoving equipment. This possible contrast between
the ¢ffecta of short- and long- duration vibrations provides a high
potential for application of adaptive (adjustable) suapens{ons. It {s=
{nteresting that the single-valued 1SO accelerations obtained for the

ey
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dune buggy by summing over the frequency spectrum i{s 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 [SO acceleration, the ratings increase with increasses in surface
roughness. That is, & 6-watt ride feels rougher on a rough course than it
does on a smooth course.

HOW GOOD 1S 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, Lee,
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 as a
sound, consistent measure of practical operational limits. It is not -
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 8 good measure of a driver's self-imposed
criteria of acceptability.

Figure 6 shows the relative and cumulative frequency distributions of the
vertical sbsorbed 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 2] percent on the other course). Similar results have been
obtatned 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
cons{derably higher absorbed power levels. In anv instance, for rather
long durations the 6-watt level appears to be a driver-preferred limit.

PLANS FOR FUTURE WORK

An mentioned previously, plans are being formulated under the FAVR program
for a joint United States-Federal Republic of Cermany program to begin in
May 1984 to study the relative merits of the absorbed power and 1SO 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.

Detsiled analysis of crest factor levels and their effects on ride
criteria.

Influence of rotational motion.

Effects of multi-axis vibrations on ride criteris.

L2




-

441

Fffects of duration of exposure.
Et c¢ts of vibrattons on recumbent subjects,
CONCLUS TONS

Based on the results of this preliminary analysis, {t is concluded that
tor short distance travel and limits based on safety and health:

Absorbed power and 150 weighted accelerations produce similar ride
performance relations.

Human response to vibration is heavilyv influenced by paychological
effecty,

- At equal levels of Intensity, rides with high cresat tactors
feel more severe than rides with uniform acceleration.

- At equal levels of {ntensitv, rides feel rougher on rough
courses than on smooth courses.

Nei{ther absorbed power nor 150 weighted accelerations account for
rsvchologicai 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-
bility and are more objectionable than rides composed of more uniform
motions.

For short-duration travel, drivers are more willing to accept rather
high uniform accelerations {n the sensitive frequencv range (4 to 8
Hz) rather than endure recurring harsh jolts that occur from the
softer conventional suspensions which tune major resonances to the 1-
to 2-Hz range.
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Absorbed power ride meter peak = 4.5 Hz
SAE/1SO ride meter peak = 5.8 Hz
Standard ISO peak = 4-8 Hz
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- Endevco SAE/ISO filter
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Absorbed power filter

—
~—
S
\\.~‘s
NOTE: The di{screte points denote - =
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Figure 1. Comparison of normalized filters for vertical @

vibration, Endevco SAE/1SO filter, absorbed power
filter, and standard 1SO filter
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Test
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[V

W

in. (rme} ) 6—\4541( lZ-vatt i _20- ,"_,‘1‘}, i
2x4 Dune Buggy
1.1 10.0 (1) 14.5 () 17.5 (&)
1.6 7.0 (1) 16.5 (V) 16.0 (4)
2.8 .0 (2 9.0 (%) 11.5 ()
H.x.!‘,.
1.1 22.0 (3) 31.0 (&) 52.0 (V)
1.6 19.0 () 22.5% (%) 30.5 (7)
2,8 10.0 (8) 10.5 (B) 13.0 (10)
150 levels
e e Limi(lq&_JL5
Surface B YD) )
Roughness 2 2 2
in. (rms) 1.06 m/sec 2.36 m/sec’ 3.60 m/sec
2x4_Dune Buggy
1.1 6.0 (1) 11.0 (1) 17.0 (&)
1.6 4.0 1) 9.5 (3) 15.0 (4)
2.8 3.0 (2) 7.5 (&) 11.0 (6)
#x8
1.1 14.0 (2) 20.5 (&) 50.0+ (3)
1.6 11.0 (D 17.0 (&) 26.0 (&)
2.8 8.0 (D) 10.5 (8) 12.5 (8)
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Table 2

Comparison of Limiting Speeds versus Surface Roughness

for Selected Absorbed Power and 150

“Vertical Vibration l.evels

Surface i
Roughness

Absorbed Power levels

Limit L ing Speeds, mph

T

ho-ware

27.9 (&)
25.0 (&)
19.0 (10)

(T-min)
5:60 n/sec’

40.0 (6)
3IB.0 (6)
18.0 (9)

Numbers in parentheses denote driver's subjective ratlng index (1 to

10). Dashes {n columns denote levels could not
vehicle control problems.

be achieved due to
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Y
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
BATTELLE-INSTITUT E.V., FRANKFURT AM MAIN, FRG

INTRODUCTION

Off-road vehicles, whewl!sd 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
important 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-
L 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.{Ihe Intermational.
Standards Organization (1SO) has proposed fatigue-decreased
proficiency limits as a function of exposure time and exci-
tation frequency, which are applicable to off-road vehicles '
/1/. Wwhen designing a new vehicle, the manufacturer has to
make sure that the 1SO criteria are satisfied, depending on
the purpose of the vehicle and the expected time of exposure
to shock and vibration.

AD-P004 281

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,
Prankfurt 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, 1
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 (SMPT),
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which were measured while the vehicle was running on the ISO
5007 standard "emooth-~track” profile, first a comparison of
measured and simulated data is presented, using two different
wvays (time integration and eigenvalue/-vector analysis) of
analysing the dynamic behaviour of the vehicle by msans 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 150-weighted dynamic response
is described and briefly discussed.

Analysis 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 (tront?rcat axle) of 1.8 m, with a 13.6 - 28 A8 front
tyre (dja. = 1300 mm) and an 18.4 - R 38 rear tyre

(dia. = 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
sean 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 mesasured by the Insitut fiir Landtechnik, Prof.
Gdhiich, Technical University of Berlin, FRG. 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 kxm/h over the IS0 standard "smooth-
track” profile, only this component of the various simula-
tions is presented in this paper.

In the first part of this paper, a comparison between differ-
ent types Oof 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
sizes of front and rear tyres: for this part of simulation,
the travel speed is set at a value of 12.5 xm/h according to
the 180 standards.
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In Fig. 1 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 (PFast-Pourier Transformation)
algorithm was used to obtain the relationship between the
effective acceleration values and the frequency (see

Fig. 2). Thia figure shows the typical behaviour of the SMPT
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/s2 and 1.1 m/82 in a frequency range from
2.6 Hz to 2.7 Hz), while the eigenvalue/-vector analysis
reaches only 0.84 m/s? 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 syatem), 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 stiffneas of the real system
changes according to the different diaplacements (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_1I 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 IS0 gtandard “"smooth-track"profile
of v = 12.5 km/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 PRONT).

-
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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 xm/h the time integration analysis shows
nearly twice the acceleration data computed by means of the
eigenvalue/-vector 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
{(see also /5/).

Part III of the Results
Finally, the influence of travel speed on the ride analysis
{1S0-weighted ride comfort) was simulated for the vehicle
system;: also the influence of two tyre~inflation pressures
(TIP 1 = 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 180 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 pogitive effect on 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.

Fi1gs. 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 = 12,5 xm/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, vhere a low
TIP anyhow is not necessary (to increase traction) or
possible (increase of tyre wear).
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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
~as 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
by the engineers at least for general off-road vehicles, but
't remains to be investigated whether the market will accept
‘he additional cost; a detailed cost/effectiveness analysis
would help the user to make the decision.
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Fig. 5: Simulated (eigenvalue/-vector analysis) vertical
acceleration data for the SMPT in the time
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Pig. 14: Simulated (eigenvalue/-vector analysis) vertical
acceleration data for the SMPT in the frequency
domain at a travel speed of 25 km/h
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Pig. 15: Simulated (time-integration analysis) vertical

acceleration data for the centre of the front
axle in frequency dJdomain at a travel speed of
25 xm/n
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Pig. 16: Simulated (eigenvalue/-vector analysis) vertical

acceleration data for the centre of the front
axle in the frequency domain at a travel speed
of 2% km/h
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FPig. 17: Simulated (time-integration analysis) vertical
acceleration data for the SMPT in the frequency
domain at a travel speed of 40 km/h
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Pig. 18: Simulated (eigenvalue/-vector analysis) vertical

acceleration data for the SMPT in the frequency
domain at a travel speed of 40 km/h
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Pig. 19: Simulated (time-integration analysis) vertical
acceleration data for the centre of the front
axle in frequency domain at a travel speed of
40 xm/h
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Pig. 201 Simulated (eigenvalue/-vector analysis) vertical
acceleration data for the centre of the front

axle in the frequency domain at a travel speed
of 40 km/h
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Pig. 22: 180-weighted RMS acceleration for the driver's
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Pig. 25: 180-weighted RMS acceleration for the SMPT
(v = 25 xm/h;: Pl)
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Pig. 26: 180-weighted RMS8 acceleration for the driver's
seat (v = 25 km/h; P1)
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Fig. 29: 180-weighted RMS acceleration for the SMPT

(v = 40 xm/h; Pl1)

Fig. 30: 180-weighted RMS acceleration for the driver's

seat (v = 40 xm/nh; Pl1)
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CHARACTERISTICS OF FARM FIELD PROFILES AS SOURCES OF TRACTOR VIBRATION

K. OHMIYA, K. MATSUI1
FACULTY OF AGRICULTURE, HOKKAIDO UNIVERSITY, SAPPORO, JAPAN

ABSTRACT

To evaluate farm field profiles as sources of tractor vibration,
profiles 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
wis 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(0.1-3.5¢/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 1SO(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.
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INTRODUCTION
Vibration of agricultural tractors and implements are mainly excited
by the irreprularities 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 them )'2).

])'b). road surfacesS) and rough tcrrains6'7) A

The irregularities of runways
have also been investigated. "Generalized Terrain-Dynamic Inputs to
Vehicle” was discussed by ISO/TC108 and the profiles of artificial tracks
for the meagsurement of seat vibration of tractors and implements were
standardized bv BSs) and 1509).

Thus, many reports described the irregularities of various surfaces,
however, the profile of a terrain was investigated 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
svstem. Then, it should be noted that the profiles of terrain are recog-
nized as tw parallel tracks which a tractor runs over and it is necessatry
to 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 computer in Hokkaido University(FACOM 230-75, HITAC M200).

AP

MEASUR ING METHOD

1. Measuring Method of Profiles of Terrain

The conventiona! methnd for the measurement of profiles is surveying

by a level and a stoff, but it is very tedious and it requires much skill.
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Tt is also possible to measure profiles by a string and a scale, however,

t i~ difficult to measure them for long period because of the slack of

the string. Therefore many measuring apparatuses for terrain profile have
10) L ") .

been developed . Servo-seismic method and surface following wheel and
. 12) .

linear potentiometer plus accelerometer method are available for the

measurement of road profiles, but it does not seem that they are suitable

to measure profiles of a rough terrain such as seen in an agricultural

field. Then it was found that the apparatus used for the slope integration

thH . . . .
me t hod ) ., which was developed by the University of Michigan and the Land

Locomot ion Reseach Laboratory, was suitable for measuring of agricultural

tields. The principle of this measuring method may be described as follows:

the two quantities to bhe considered, namely the elevation y and the
horizontal component x of a distance along the groud travel, may be relat-

ed bv equations:

1
v -y -S sin 8 ds )
0
0
and
1
x 1[ cos 8 ds (2)
0
where v is the elevation of the ground at the biginning of the run and 8

0

is the slope angle of the ground under the vehicle distance | from the
origin. To solve the problem two quantities must be measured continuously:
the distance traveld by the vehicle,and the slope angle of the ground,h).
The wheelbase of the apparatus affects the accuracy of the elevation
severely, so the numerical calculations were done to determine the wheel-
base of the apparatuslS). In order to measure and analyze the roughness of
agricultural fields, the measured maximum spatial frequency may be equal
or below 3-4 c¢/m, because the csgsential frequencies of tractor vibhration

. 16) .
are below approximately 8Hz and the spatial frequency of 4c/m mav be

equivialent to the frequency of 8Hz of vibration as a tractor runs at a

speed of Jm/wec.. 150mm of the wheelbase was selected and a self erecting
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Rvroscope(Tab., 1) was used to measure the slope angle of the terrain,

Fig. 1 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 150mm. An electric magnetic proximity

sensor produces a voltage pulse at 39.5mm increments of travel.

Table 1. Vertical gyroscope

Mode ] VG23(Tokyo Aircraft Instrument CO.,LTD)
Sources ot Electricity DU 1422V 0.6A
Range Pitch Angle £55°

Roll  Angle 2 70°

Accuracy of Self Frection under 0.4°

Foward
A——

| Vertical Gyroscope

Flectric magnetic
proximity sensor
to measure distance

Metal piece to
measurc distance

Figure 1. General! view of the slope measuring apparatus

The slope angle at every S0mm increment of travel were calculated and

profiles were calculated by Eq. (3) and (4).
n

1
Y( - =
n) Y(0) 21 tan Oi_,ihx
l-
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BX = co8 Oi_‘\bl (4)

-

where Y(n): the elevation at x= cos Oi_jlhl
1=1
Y(0): the elevation at the beginning of the run

al: a unit travel (50mm)

). The Accuracy of the Profile Measuring System

In order to inspect the accuracv of the profile measuring system using
the slope integration method, artificial undulations were made in a soil
bin and the slope angle measuring apparatus ran over the surfaces of the
artificail terrain, Fig. 2 shows the elevation of the artificial terrain
and the elevation measured by the apparatus.
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Figure 2. The elevation of the terrain and measured

1t scems that the clevation measured by the apparatus is nearly equal
to the elevation of the artificial terrain. The power spe«tral densities
were calculated and shown in Fig. 3. Power spectral densitics of measured
profile are almost in agreement below 3-3.5 ¢/m.

From the results mentioned above, it is possible to measure the undu-
lation of the terrain under approximately 0.3m of the wave length by the
profile measuring system using the slope angle integration method. If the
whedo Thase of the apparatus is shorter, the spatial frequency of the terrain

which the appardatus can measure would be also higher, however, the appara-
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tus with shorter wheelbase may not run over the terrain. Therefore, it is
recognized that the profile measuring system using the slope integration
method and the slope angle measuring apparatus are suitable for measuring

profiles of agricultural fields.

* TERRAIN
I © MEASURED

FREQUENCY c/m

Figure 3. Power spectral densities of measured and original

RESULTS AND DI1SCUSSION

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 meadows 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.

Mcadow A-! and A-~2 are in the same place and profiles of A-1 were

measured from east to west and A-? were measured from south to north.
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Road F is a rough farm road and G is a concrete track of the tractor

pull test.
Table 2. The outline of meadow and road
Name Length Numbers of measured Space of
tracks each track

Meadow A-1 45m 19 2.5m
Meadow A-2 | 4m 19 2.5m
Meadow B 25m T 0.5m
Meadow C 50m 2 1.5mn
Meadow D 50m 11 f.5m
Meadow E 50m 5 1.5m
Road F 50m 4 1.5m
Road G 35m 2 1.5m

2. The Roughness of Agricultural Fields

Fig. 4 shows profiles of meadow A-1 and Fig. 5 shows profiles of
meadow A-2. It does not seem that periodic undulations are not found in
both profiles.

It does not seem that there are any correlations between the two pro-
files that are side by side in Fig. 4 and 5. The measured data of the
profiles were transformed into the power spectral densities (P.S.D.) of
terrain roughness and calculated P.S.D. curves of the profiles of meadows

and roads are illustrated in Fig. 6-13,
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OtSTANCE ™

Figure 4, Profiles of meadow A-1
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Figure 6. P.S.D. curves of roughness of meadow A-1
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Figure 7. P.S.D. curves of roughness of meadow A-2
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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 straight line. 1SO/TC108 investigated the recommended classification
of road roughness for the mobile road, and the roughness is classified by
the P.S5.D, and P.S.D. curve is approximated by two straight lines on a

log-log paper (Eq. 5,6).

f W

P(f) = P(fo)(?(;) 1 (foo) (5)
f .-W
P(f) = P(f )=—) "2 (faf. ) (6)
0", 0
where P(f): P.S.D. of profile mzlc/m
f : spatial frequency c/m
ty: /2N = 0.16¢/m
[X] . -?
.‘,wz. constant H‘ 2
HZ-"S
.- -
1Y - - '
qume
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The roughness is classified into five grades,very poor,poor,average,
good and very good by 1S0. The roughness of meadow A-1, 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 FE 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 shown in Tab. 3.

. P(E) = A ()" M

where A,W: constants

Table 3. The slope of P.S.D. curve

Terrain w
Meadow A-1 2.
Meadow A-2
Meadow B
Meadow C
Meadow D
Meadow E

F
G

Road
Road

* W is calculated in the spatial
frequency from 0.1 to 3.5 ¢/m
The slope recommended by 1S0 is 2(equal or below 1/2W ¢/m) and 1.5
(equal or over 1/2N ¢/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 1SO, as in the case that Fujimoto investigated
the roughness of haul roads for ecarth moving machinvry‘7). Therefore the
characteristics of the irregularities of agricultural fields such as

meadows may be somewhat different from the automobile roads, in other




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-1, 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 a4 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 clagsification of roughness which is
recommended by ISO. Consequently it is suggested that the classificatio’
of roughness by IS0 may be useful in the selecting of the roughness o’
test track for the vibration measurement of tractors or for the durab .at
test for tractors and implements.

}. Correlation between Two Parallel Tracks

A farm tractor has mostly two axles and four wheels, thus it runs over
two parallel tracks. Tractors can be vibrated not only in the vertical
mode ,the longitudinal mode and and the transverse mode but also in the
pitch mode, the roll mode and the yaw mode, if the characteristics of two
parallel tracks are naot the same and each tractor wheel is excited by the
displacement of the terrain., Therefore the correlation between the two
paralliel tracks which a tractor runs over was investigated.

In this paper 1t s assumed that the tread width of tractor is 1.5m
wide. Fig. 14 shows one of the example of P.S.D. curves of two parallel
tracks which were !'.9m 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. I[f
there is a correlation between the two parallel tracks, the tracter does

not vibrate in the transeverse and the roll mode and does not vibrate in

e
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Figure 15. Coherence function of two
parallel tracks (meadow B)
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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 nonlinearity of the 1
system‘s). 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.

CONCLUSIONS
(1) An apparatus, which has a self erecting vertical gyroscope, has been
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.

t)' 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 fielda with furrows, are random and
non—periodic.

(3) Power spectral densities (spatial frequency:0.1-3.5 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 1S0/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 1SO is useful to select the profile of test
track for vibration tests or durability tests of tractors and imple-
ments. 1

{4) The roughness of two parallel tracks on which the tractor runs over is

almost the same., In order to investigate the correlation between two
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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 vaw mode.
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