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ABSTRACT 

I n  the assessment o f  t r a f f i c a b i l i t y  of a p a r t i c u l a r  s o i l  the 

need t o  d i s t i n g u i s h  between t h e  a b l l  i t y  o f  t h e  m a t e r i a l  to p r o v i d e  

f l o t a t  Ion o r  t r a c t  ion t h r u s t  c a p a b i l  i t y  i s  apparen t .  S i n c e  f l o t a t i o n  

c a p a b i l  i t y  r e f e r s  p r i m a r i l y  to  the  a b i l i t y  of the m a t e r i a l  to  s u p p o r t  

t h e  app l  i e d  v e h i c l e  load.  t h r u s t  development wh lch  depends on i n t e r -  

a c t i o n s  a t  t h e  s u r f a c e  I s  n o t  e a s l l  y assessed. Hence, i t  becomes 

impor tan t  to p r o v i d e  a means f o r  o b t a i n i n g  i n f o r m a t  Ion o f  t h e  s o i l  or 

sncw m t e r  i a l  which c o u l d  l e a d  to a n a l y s i s  for shear and t h r u s t  i n t e r -  

a c t i o n  a t  the veh ic le -g round  i n t e r f a c e  

Th i s  s t u d y  p r o v l d e s  measurements o b t a l n e d  w i t h  a vane-cone d e v i c e  

on s o i  l where ana lyses  l e a d  t o  t h e  procurement of b o t h  deformat  ion and 

s h e a r - s l i p e n e r g y e n p e n d i t u r e s .  I n c o m p a r i n g  the p r e d i c t i v e c a p a b i l i t y  

u s i n g  the  a s s o c i a t e d  a n a l y s l s  from vane-cone measurements and o t h e r  

a v a i l a b l e  techn iques.  the  r e s u l t s  show t h a t  the u t i l i s a t i o n  OF d a t a  i n  

terms of r u x g e t i c d  p r o v i d e s  for a method of a n a l y s i s  and p r e d i c t i o n  w h i c h  

responds more c l o s e l y  to  the prob lem a t  hand. 

I W i l l  i a  Scott P r o f e s s o r  of C i v i l  Engineering and R p p l i e d  Nechanics, and 
D i r e c t o r ,  Geo techn ica l  Research Centre, H c L i l l  University, M o n t r e a l ,  Canada. 

R e w a r c h  A s m c i a t e ,  Geo techn ica l  Research Cent re ,  McGi l l U n i v e r s i t y ,  
W n t r e a l ,  Canada. 



I n t e r a c t i o n  between v e h l c l e  and t e r r a i n  i s  ach ieved th rough  the 

r u n n i n g  gear system wh ich  i s  e i t h e r  a  wheel system or a t r a c k / d e v i c e ,  o r  

some o t h e r  e q u i v a l e n t  sys tun .  T k  mechanics o f  i n t e r a c t i o n  between wheel -  

so i  1 and t r a c k - s o i  1  have been deve loped p r e v i o u s 1  y  i n  many p r b l  i shed r e p o r t s  

by Yong. T h e  e s s e n t i a l  i tems for t h e  i n t e r a c t i o n  between these r u n n i n q  

gears and t h e  t e r r a l n  a r e  summarized in  F i g s .  1 and  2 .  

Mote t h a t  for optimum m o b i l i t y  purposes, i t  is  d e s i r a b l e  t h a t  

the v e h i c l e  be able t o  move f r o m  one po in t  t o  ano ther  s p e c i f i e d  p o s i t i o n  

w i t h  t h e  l e a s t  amount o f  wasted mot ion.  To ach ieve  t h i s ,  t h e  v e h i c l e  

m u s t  n o t  o n l y  be suppor ted by t h e  t e r r a i n ,  i n  a d d i t i o n ,  t h e  t e r r a i n  must 

p r o v i d e  surf  i c i e n t  r e s i s t a n c e  Ccapab i l  l t y 2  where in  t h r u s t  can be developed 

between t h e  runn ing  gear  and t h e  t e r r a i n  i t s e l f  w i t h  m in ima l  s l i p  l o s s .  

l m b i l i z a t i o n  t h e r e f o r e  can a r l s e  as  a r e s u l t  of l a c k  of ground suppor t  

or l a c k  o f  s t r e n g t h  in t h e  t e r r a i n  to p r o v i d e  t h e  wherew i tha l  for 

development o f  t h r u s t .  These a r e  demonstrated as s inkage i m n o b i l i z a t i o n ,  

o r  s l i p  i m b i l i z a t t o n .  There a r e  o b v i o u s l y  c m b i n a t l o n s  between t h e  two 

wh ich  may p r o v i d e  For i m o b i  1 i r a r i o n  t h r o u g h  i n t e r a c t  i on  between these ttm 

p r  lmary mechanlzat  ions. 

In t h e  assessment of t r a f f i c a b i l i t y  o f  a  p a r t i c u l a r  m i l  t h e  

need t o  d i s t i n g u i s h  between t h e  a b i l i t y  of t h e  m a t e r i a l  to  p r o v i d e  

F l o t a t i o n  o r  t r a c t i o n  t h r u s t  c a p a b i l i t y  i s  a p p a r e n t .  S i n c e  f l o t a t i o n  

c a p a b i l  i t y  r e f e r s  p r i m a r i l y  t o  t h e  a b i l  i t y  o f  t h e  m a t e r i a l  t o  suppor t  t h e  

a p p l i e d  v e h l c l e  load,  t h r u s t  development which depends on I n t e r a c t i o n s  

a t  t h e  s u r f a c e  i s  n o t  e a s l l y  assessed. Hence, i t  becanes i m p o r t a n t  t o  

p r o v i d e  a means for o b t a l n i n g  l n f o r m a t  Ion of t h e  soi l or snow m a t e r i a l  



which  c o u l d  lead t o  analysis f o r  shear and t h r u s t  i n t e r a c t i o n  a t  t h e  

v e h i c l e - g r o u n d  i n t e r f a c e .  

In o r d e r  t h a t  one m i g h t  p r e d i c t  t h e  behav iou r  of a system, i t  

i s  essent i a l  t h a t  a proper  knowledge o f  t h e  k i n d s  o f  mechanisms i n v o l v e d  

b c u n d e r s t o o d .  I f  a p r e d i c t i o n  i s  t o b e m a d e ,  based upon a sampl ing o f  

t h e  i n d i v i d u a l  components or o f  t h e  i n t e r a c t i v e  components, i t  i s  necessary  

for the k i n d s  o f  mechanisms deve loped and sensed by the s m p l  i n g  procedures 

to be s i m i l a r  in essence t o  those i d e n t i f i e d  as r e s p o n s i b l e  f o r  t h e  a c t u a l  

system behav iou r  needed to  be p r e d i c t e d .  

I f  t h e  sampl ing or p r e d i c t  ivc t echn iques  do  not m i r r o r  o r  

genera te  mechan lms  s i m i l a r  t o  t h a t  provoked by the  a c t u a l  or r e a l  system 

to be p r e d i c t e d ,  I t  becomes Immedlately obv ious  t h a t  the a b i  l l t y  t o  

p r e d i c t  t h r  a c t u a l  o r  r e a l  system becomes s e v e r e l y  hampered. The f u r t h e r  

one d e p a r t s  f rom t h e  bimdm n~rchun- ihm requ i rement ,  the l e s s  i s  o n e ' s  

a b i l i t y  to  s u c c e s s f u l l y  p r e d i c t  the behav iou r  of t h e  r e a l  system. 

I F  one were t o  depar t  f r o m  t h e  i d e a l  p r e d i c t  ion p rob lem r e q u i r i n g  

m o d e l l i n g  of the  a c t u a l  f i e l d  situaf i on  t o  smal l  t e s t  tools, the k i n d s  o f  

f i e l d  t e s t i n g  tmls such as those s h n  i n  F ig .  3 need to be p r o p e r l y  

assessed w i t h  regard  to t h e i r  a p p r e c i a t i o n  of t h e  a c t u a l  mechanics o f  

t h e  r e a l  system i t s e l f .  

To reduce t h e  prob lem t o  I t s  most s i m p l e  form, and t o  a l l o w  for 

the g r e a t e s t  ease in  development o f  s i m i l a r i t y  m o d e l l i n g ,  t h e  concept of 

energy  c o n s e r v a t i o n  and i t s  a p p l i c a t i o n  p r o v i d e s  f o r  t h e  most a t t r a c t i v e  

f f l rm  of comparison performance. The energy expend i t u r e  d e t a i  l s q i v e n  i n  

F i g s .  1 and 2 p o r t r a y  t h e  k i n d s  o f  energy f i e l d s  o r  quant i t i e s  demanded 

uy t h e  wheel and t r a c k - t e r r a i n  i n t e r a c t i o n  problem, t o g e t h e r  w i t h  the 
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Fig. 2 Response Substrate Behaviour and 
Energy Transfer beneath a Moving Track. 



e s s e n t i a l  i tems produced by  t h e  sens ing  dev lces .  Note t h a t  because O F  

t h e  f a c t  t h a t  energy  i s  a 5 c a l a r  q u a n t i t y .  t h e r e  i s  no p a r t i c u l a r  r e q u i r e -  

ment f o r  a d u p l i c a t i o n  o f  the s t r a i n  or s t r a i n  r a t e  f l e l d s ,  t h e  s t r e s s  

or t h e  de fo rmat ion  f i e l d s  a s s o c i a t e d  between t h e  r e a l  system and the t e s t  

dev l ces. 

AS can be n o t e d  From F l g .  3 ,  a1  l the t o o l s  produce d e f o r m a t i o n  

f i e l d s ,  for which t h e  energy a s s o c i a t e d  w i t h  t h e  de fo rmat  ion  of t h e  s o i l  

can  be o b t a i n e d .  Hoa these r e l a t e  a s  d l r e c t  q u a n t i t i e s  to t h e  whee l -  

t e r r a l n  or t r a c k - t e r r a i n  p rob lem i s  one w h i c h  r e q u i r e s  a n a l y s i s  o f  the 

t e s t  r e s u l t s  u s i n g  a model l lng  procedure which r e f l e c t s  t h e  a c t u a l  

mectmnics o f  the r u n n i n g  g e a r - t e r r a l n  i n t e r a c t  ion,  i . e ,  t h e r e  must be 

a suppor t  Tve a n a l y t i c a l  theory  which u t  i l  i re5  cnerge t  i c s  I n  the f u r m u l a t  Ion 

of  t h e  m b i l  i t y  e q u a t i o n .  

No te  t h a t  t h e  energy t e n s  p e r  se do n o t  p r o v i d e  one w i t h  an 

a c t u a l  d i r e c t  p r e d i c t i o n  of m b i l  i t y .  The terms p r o v i d e  an a p p r e c i a t i o n  

o f  t h e  m o u n t  o f  energy  expended i n  shear d i s t o r t i o n  and in  d e f o r m a t i o n  

o f  the s o i l .  W i t h  r e f e r e n c e  t o  t h e  sens ing  t o o l s ,  s u b s t r a t e  d e f o r m a t i o n  

energy e v a l u a t i o n  i s  o b t a i n e d  e i t h e r  t h r o u g h  t h e  penetration of  t h e  cone 

o r  vane-cone dev Ices ,  or d 

equate t h e  subso i l  d e f o r m  

s t a t i c  l oad lng  s i t u a t  Ion. 

Recogniz ing t h a t  

? e c t  b e a r i n g  of l o a d i n g  p l a t e s .  One m i g h t  

i on  aspects  o f  t h e  phenomenon m a t e r i a l  For a  

t h e  runn ing  g e a r - s o i  l i n t e r a c t  ion p rob lem 

r e q u i r e s  b o t h  d e f o r m a t i o n  and s l i p  f o r  a complete  a p p r e c i a t i o n  of t h e  

mechanics o f  the v e h i c l e - t e r r a  i n  i n t e r a c t  i o n  problem, we observe  t h a t  

the sl i p  requ i rement  i s  not g e n e r a l l y  d i r e c t t y  met by any O F  t h e  t o o l s .  





However, the generative mechanisms needed to provide for  computational 

success in  determination o f  s l  i p  energy can be obtalned from a knowledge 

o f  the shear strength o f  t h e  mater ia l .  The use of mawred shear stresses 

For computation o f  s l i p  energy bOI8 requIre9 the c s t a b l l r h n t  O F  a proper 

ana ly t i ca l  franework. 

THE VAHE-CONE DEVICE 

The vane-cone devlce shown in  Figs.  4 o r  5 was developed w i t h  

the knoaledge that the tw prime parar i  t i c  energy components are com- 

pression and lnterfaclal  energy loss. as lnd luted in  Figs. I and 2. In 

addi t ion,  the reqlrement for s h p l l c l t y  Ih utillzatlon Md equipnent 

p o r t a b i l i t y  d l c t a t d  that  the f n s t r u ~ n t  be sufflcltnLly slmple. 

Figure b s b s  the kind9 of nechanllms devcldped wi th  appl icat ion 

of the vane-cone dev Ice .  A5 in  t h e  cone aspect of the device,  the klnds 

o f  mechanisms develqed due to  penetration of the cone are not unl Ike 

those previously presented by Yong er a l .  (1972). Thus on ly  the 

deformation energy component i s  sensed. As shown previously by Yong e t  

a l .  (19721, the cone, I n  essence, does not develop a s i g n i f i c a n t  shear 

stress a t  the interface i f  the surface of t h e  cone i s  smooth and I f  the 



F i g .  4 P h o t o ~ r a p h  O F  Vane-Cone Dev ice f o r  F i e l d  T e s t  
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F i g .  5 Vane-Cone Device for F i e l d  Test 





s o i  I i s  T r i c t i o n l e s s .  Thus one i s  l e f t  w i t h  d e v i s i n g  a techn ique  which 

wou ld  p r o v i d e  fo r  5 l  i p  energy l o s s  c h a r a c t e r i z a t i o n .  I n i t i a l  t e s t  

r e s u l t s  u s i n g  the vane-cone d e v i c e  for as5essment o f  cone p e n e t r a t l o n  

and shear a s  separate  o r  combined t e s t s  have been p r e v i o u s l y  r e p o r t e d  by 

Yong e t  a l .  (1375) .  These p r e l i m i n a r y  t e s t s  have l e n t  suppor t  t o  t h i s  

p r e s e n t  s t u d y  f o r  a p p l i c a t i o n  to  m o b i l i t y  p r e d i c t i o n  u s i n g  a s e t  o f  

s t a n d a r d  a n a l y t i c a l  procedures.  

The vane p o r t i o n  o f  the vane-cone d e v i c e  w i l l  p r o v i d e  a shear 

s t r e n g t h  e v a l u a t i o n  o f  t h e  s o i l  i f  t h e  vane-cone 1s r o t a t e d .  The 

techn ique  r e q u i r e s  t h a t  the cone be p e n e t r a t e d  t o  t h e  r e q u i r e d  d e p t h  

and m a i n t a i n e d  a t  t h a t  dep th  for r o t a t i o n  of t h e  vane. Note t h a t  the 

vane p o r t i o n  o f  the  vane-cone d e v i c e  i s  i n  a c t u a l  f a c t  n o t  d i s s i m i l a r  

t o  the commerc ia l l y  a v a i l a b l e  vane shsar d e v i c e s  used in t h e  g e o t e c h n i c a l  

e n g i n e e r i n g  p r a c t i c e .  I t  i s  c o m n  p r a c t i c e  i n  g e o t e c h n i c a l  e n g i n e e r i n g  

t o  use vane shear va lues  f o r  e v a l u a t i o n  o f  s o i l  p r o p e r t i e s  and s t r e n g t h .  

The res  i s t a n c e  va lues o r  shear s t r e n g t h  measurements o b t a i n e d  thereby 

can be conver ted  i n t o  s l  Tp energy  105s r e l a t i o n s h i p s .  

The p r ~ c e d u r e  f o r  a p p l i c a t i o n  o f  the vane-cone d e v i c e  r e q u i r e s  

t h a t  the cone be p e n e t r a t e d  i n t o  t h e  s o i l  a t  a r a t e  less than 72 i n . / m i n .  

Note t h a t  t h e  p e n e t r a t i n g  f o r c e  for the vane-cone I s  a lmost  i d e n t i c a l  t o  

t h a t  o f  the cone [by i t s e l f ] .  and to  a l l  i n t e n t s  and purposes. one w u l d  

cons ide r  t h e  p e n e t r a t i o n  of t h e  vane-cone equal  to t h e  cone. A t  the 

r e q u i r e d  s p e c i f i e d  dep th  o f  p e n e t r a t i o n ,  the cone i s  m a i n t a i n e d  a t  t h a t  

dep th  O F  p e n e t r a t i o n  whi l s t  b e i n g  r o t a t e d  t o  produce t h e  vane  hear 

sens ing  aspect  of t h e v a n e - c o n e d e v i c e .  Note t h e  impor tance for t h e  r e q u i r e -  

ment for t h e  vane-cone to  be m a i n t a i n e d  a t  t h a t  posl t lon w i t h  no f u r t h e r  



v e n e t r a t  i o n  whi 1s t  t h e  vane-conc i s  b f i n q  r o t a t e d .  s i n c e  the ana lyses  

per formed must r c l a t e  $o i  I s t r e n g t h  t o  the d e p t h  O F  s o i l  s t r a t u m  sampled. 

The r a t e  o f  r o t a t i o n  o f  the  vane-cone I s  c o n d i t i o n e d  by t h e  shear 

res  i s tance  o f  t h e  m i  I. I f  d e s i r e d ,  t h e  vane-cone may be f u r t h e r  

pene t ra ted  i n t o  t h e  s o l 1  and t h e  p rocedure  for  vane shear repeated a t  a 

I c u e r  dep th  whi  1 s t  m a l n t a i n i n g  t h e  cone a t  t h y  n w  p e n e t r a t e d  d e p t h .  

The vane-cone mechanics can be developed by d i v i d i n g  t h e  

d e v l c e  i n t o  two components as s h n  I n  F Iq .  7 .  By d e f i n i n g  the  f o r c e s  

a c t i n g  on each of these components and u s i n g  the p r i n c i p l e  o f  super- 

p o s i t i o n .  the t o t a l  combined loads,  and hence t h e  total energy t r a n s f e r ,  

can  be p r e d i c t e d .  

I n  the p r e s e n t  case, and f o r  t h e  purpose o f  s lmp l  i f y l n g  t h e  

analyses, i t  i s  assumed t h a t  t h e  penet rometer  rema ins in a p p r o x i m a t e l y  

t h e  sane v e r t i c a l  p o s i t i o n  d u r i n g  r o t a t i o n .  Th i s  may not be s t r i c t l y  

t ruc and may n o t  be f u l l y  c o n t r o l l e d  i n  t h e  f i e l d  because o f  the  i n e v i t a b l e  

s o i l  r e l a x a t i o n  e f f e c t .  I t  has been shown from l a b o r a t o r y  exper iments  

t h a t  t h e  r e l a x a t T o n  e f f e c t  i s  v e r y  mall f o r  t h e  s i t u a t i o n  where t h e  

penetrometer i s  f u l l y  embedded i n  t h e  5 0 1 1 .  

The measured va lues o f  b o t h  cone and cone c m w n e n t  o f  the 

vane-cone [F ig .  71 w l t h  t h e  same d imens ion have been p r e v i o u s l y  shown t o  

be equal  by Yong and Youssef, (1977) .  The s o i l  behav iou r  around t h e  vane 

component i s  cons lde red  t o  be the  same as t h a t  around t h e  vane-shear 

devTce, w i t h  t h e  proper  a c c o u n t i n g  f o r  t h e  e f f e c t  o f  t h e  v e r t i c a l  load 

imposed by t h e  cone component d u r i n g  r o t a t  i o n .  

Based on the above d i s c u s s i o n  and on t h e  s t a t l c  systems 



- Total torstonal resist~ncc - Penetrat ion r e s j s t a n c e  due to cone component 
= P e n e t r a t i o n  resistance due to vane blades - Radial s t ress  due t o  cone comoonent - Shear r e s i s t a n c e  due t o  cone penetration force 

T ' ,  T* - Shear stresses due t o  t o r s i o n a l  resistance - Adhesion between s o i l  and blade 

F - P '  + P" 

F i g  . 7 Vane-Cone Device Components 
1 



i l l u s t r a t e d  i n  F ig .  7, t h e  p e n e t r a t i o n  and r o t a t l o n  r e s i s t a n c e s  can be 

w r i t t e n  In the f o l l o w i n g  form: 

v e r t i c a l  components o f  r a d i a l  and t a n g e n t i a l  
F = [ [  s t r e s s  ( P  t T ) i n t e g r a t e d  o v e r  cone o r  cone t 

Y component s u r  ? aces [ ~ i ~ .  7-b]. 1 

where 

Fy, F x ,  T = v e r t i c a l ,  h o r i z o n t a l  and t o r s i o n  r e s i s t a n c e s ,  r e s p e c t i v e l y ,  

P = r a d i a l  p r e s s u r e  around cone or cone c m p o n e n t  s u r f a c e ,  

T - t a n g e n t i a l  s t r e s s  a r w n d  cone or t o n e  c m p o n e n t  su r face ,  
S 

T = maximum t a n g e n t i a l  r e s i s t a n c e  a t  the o u t e r  vane-sur face,  
t 

1 F i g .  8, 

7 = maximum t a n g e n t i a l  r e s i s t a n c e  a t  the h o r i z o n t a l  s u r f a c e  
' 2  beneath the  vanes, Fig .  8, 

f (  ) = f u n c t i o n  o f  ..... , 

C = adhes ion between s o i l  and vane b lades ,  F ig .  7, assuming a 
t h e  5011 i s  p u r e  cohes ive  m a t e r i a l ,  

H - cone or vane h e i g h t ,  

d = cone or vane r a d i u s ,  

y - cone or vane he igh t  measured f rom the t i p ,  

r = cone r a d i u s  a t  the h e i g h t  y ,  

A = s u r f a c e  area o f  one slde of  vane b l a d e ,  and 
S 

n - number of b lade  s u r f a c e .  



Fig .  8 Shear Stress D i s t r i b u t i o n  
a r w n d  and beneath Vane-Cone Device 



For  t h e  purpose of p r e d i c t i n g  t h e  r a d i a l  and t a n g e n t i a l  s t r e s s  

d i s t r i b u t i o n  r e q u i r e d  for t h e  above ana lyses  around t h e  cone and around 

the vane-cone dev ice  respect  i v e l  y, a p roper  t h e o r e t i c a l  a n a l  y5 i s i s  used 

T h i s  t h e o r e t i c a l  a n a l y s l s  i s  developed based on t h e  p l a s t i c i t y  a n a l y s i s  

and i s s i m l l a r  to t h a t  used by Yong a n d t h e n ,  (1976).  T h e d e t a i l e d  

a n a l y s i s  i s  g i v e n  by Youssef. (1977).  

Fo r  a cohes ive  m a t e r i a l  wh ich  obeys Tresca y l e l d  c r i t e r i o n .  

t h e  e q u i l i b r i u m  p l a s t i c  e q u a t i o n  can be w r i t t e n  in c y l i n d r i c a l  

c a o r d i n a t e s  as :  

a$ ax 
cos 211, -- + au - s i n  q~ cos 

ay X - s l n  29 F- 
X Y 

where 

x and y = a x i a l  and r a d i a l  c m r d i n a t e s ,  

W - a n g l e  between the m a j o r  p r i n c i p a l  I ; t r e s s  and n-ax i s ,  

0 U 2 = m a j o r  a n d m i n o r  p r i n c i p a l  s t r e s s e s ,  
I '  

C - cohesion,  and 

y - s o i l  d e n s i t y .  

A numerical s o t u t i o n  o f  Eq. ( 2 )  i s  sought i n  terms O F  t h e  

method of c h a r a c t e r i 5 t l c s .  Once t h e  va lues  o f  t h e  v a r i a b l e s  $ 

and x a r e  o b t a i n e d  a l o n q  t h e  penet rometer  c o n t a c t  s u r f a c e .  and w i t h  

t h e  h e l p  o f  E q s .  ( I ) ,  i t  become5 p d s s i b l c  t o  p r e d i c t :  



( I )  t h e  r a d l a l  and t a n g e n t i a l  s t r e s s  d i s t r i b u t i o n  around 

the penet rometer ,  

( 2 )  t h e  f o r c e  p e n e t r a t i o n  r e l a t i o n ,  and 

( 3 )  t h e  d i s s i p a t e d  energy beneath and around tk p e n e t r a n e t e r  a t  

d i F f e r e n t  p e n e t r a t i o n  depths.  

From E q .  ( I )  and t h e  s t r e s s  d i s t r i b u t T o n  o b t a i n e d  f rom E q . ( 2 )  

[ l ousse f ,  ( 1977) 1, t h e  to rque  re$ i stance r e l a t i o n  can  be w r i t  ten as: 

d e d a 3 2 T = F t a n  9 {- c o t  - + -) + C (- d + 2n d H) 
2 2 2 2 

where 

F = v e r t  icd) force,  

8 = penet rometer  apex angle.  

I n  the above analysis, t h e  e f f e c t  o f  the volume change 1s 

assumed t o  be s m a l l .  T h i s  i s  t r u e w h e n  t h e  penet rometer  remained 

a p p r o x i m a t e l y  i n  i t s  v e r t i c a l  p o s i t i o n  d u r i n g  r o t a t  ion. 

Equa t ion  ( 3 )  i s  a r e l a t l o n  between r o t a t i o n  r e s i s t a n c e  T, 

and shear s t r e n g t h  p a r m e t e r s  C and $ i n  t h e  e x i s t e n c e  of a v e r t i c a l  

fo rce ,  F. T h i s  e q u a t i o n  g i v e s  a s t r a i g h t  l i n e  r e l a t i o n  between 

r o t a t i o n  r e s i s t a n c e  T and p e n e t r a t i o n  r e s i s t a n c e  F. T h i s  s t r a i g h t  

I l n e  w i l l  i n t e r s e c t  the f o r c e  a x l s  F a t  a d l s t a n c e  equal t o  

2 ~ ( 5  d 3  + Zn d H)  Frm t h e  o r i g i n ,  and i t s  s lope  w i t h  respec t  to the 

d  e d 
to rque a x i s  i s  t a n  @ (- c o t  - +  -1. Thus, by imposing ano ther  v e r t i c a l  2  2 2 

l o ~ d  and measur l n g  the cor respond lng t o r s i o n  r e s  l stance, t h e  shear 

s t r e n g t h  parameters  can be ob ta ined .  

I n  F i g .  9, the v e r t i c a l  r e s i s t a n c e  and t h e  co r respond ing  to rque  

r e s r s t a n c e  a t  d i f f e r e n t  p e n e t r a t i o n  l e v e l s  i s  shown; they va ry  w i t h  the 



TORQUE, i n .  l b .  

0 0 

0 - m 



v a r i a t i o n  o f  s o i l  or o t h e r  s u b s t r a t e  m a t e r i a l  r e s i s t a n c e  a t  d i f f e r e n t  

d e p t h s o f  p e n e t r a t i o n .  B a s e d o n  these r e s u l t s ,  Eq. (3) was p l o t t e d  

i n  F i g .  10 .  In the case o f  s o i l  ma te . - ia l ,  the shear s t r e n g t h  parameters  

C and $ can thus b e o b t a i n e d .  These va lues appear t o  cor respond w e l l  

w i t h  t r i a x i a l  t e s t  r e s u l t s .  

VANE-CONE FRED I CT ION METHOD 

I t  i s  recognized t h a t  t h e  a c t u a l  wheel or t r a c k  performance, i n  

regard t o  s u b m i l  de fo rmat ion ,  i s  i n f l u e n c e d  by many f a c t o r s  such as  

wheel or t r a c k  dimensions,  loads,  c o n t a c t  s u r f a c e  c h a r a c t e r i s t i c s  and 

a n g u l a r  and translaf ional v z l o c i  t i t s .  T h i s  per formance may be d i $cussed 

i n  terms o f  energy t r a n s f e r  mechanTsms a t  t h e  wheel or t r a c k  i n t e r f a c e  

as d iscussed  i n  t h e  i n i t i a l  p o r t i o n s  of t h i s  paper .  

The energy  t r a n s f e r  component a s s o c i a t e d  w i t h  t h e  s u b s o i l  

d e f o r m a t i o n  must o b v i o u s l y  depend on t h e  mechanics o f  t r a n s r e r  a t ,  and 

beneath, t h e  i n t e r f a c e  and i s  t h u s  r e l a t e d  d i r e c t l y  t o  t h e  i n t e r f a c e  

inpu t  energy  cmponen t .  The procedure r t q u l  re5 an analysis o f  t h e  

o v e r a l  l prob lem in  terms o f  t h e  r a t l o o a l e  for p a r t l t l o n l n g  t h e  components 

o f  paras i t  ic  energy.  

I t  i s  d e s i r a b l e  to separate  t h e  vane-cone method of p r e d i c t i o n  

into tm, approaches: 

(a) Rigorous approach wh lch  c o n s i d e r s  most of t h e  v a r i a b l e s  and 

affecting the r e a l  problem. 

T h i s  m i g h t  r e q u i r e  a more d e t a i l e d  examina t lon  of e x p e r i m e n t a l  

measurementscoupled w i t h  t h e o r e t i c a l  ana lyses .  T h i s  





approach i s  not deve loped i n  t h i s  paper. T h e d e t a i l e d  

procedures,  requ i r e n ~ e n t s  e t c .  of t h i s  r i g o r o u s  approach a r e  

d iscussed  s e p a r a t e l y  i n  another  r e p o r t .  

(b) " 5  imple" approach us ing  appron ima te  s imp l  i f y  ing e q u a t i o n s  

developed as a r e s u l t  of bath t h e o r e t i c a l  and exper imen ta l  

ana lyses.  The f i r s t  o r d e r  simp1 i f  i c a t  i on  of the work ing  

e q u a t i o n  i s  shown here  f o r  u h e e l s  r o v i n g  ove r   oft s o i l .  

Note  t h a t  these can be used d i r e c t l y  with t h e  s i m p l e  vane- 

cone dev ice .  t b t e  a l s o  t h a t  continued development and 

genera l  i z a t  i o n  O F  such type O F  e q u a t i o n s  for a l l  v e h i c l e s  

and a l l  types o f  s o i ) s  i s  c o n t i n u i n g .  

The s i m p l e  approach for vane-cone p r e d i c t i o n  f o r  wheel 

performance moving over s o f t  s o i l *  can be ach ieved us ing t h e  f o l l o w i n g  

equa t ions :  

S l ippage  ( o r  I n t e r f a c i a l )  Energy P r e d i c t i o n .  S . E .  

Deformat ion  Energy P r e d i c t  ion, D .  E .  

D . E .  - b . V c . [ ~ l o Y  (See Fig.  1 1 )  (6)  

1'; 
Note t h a t  co r respond ing  r e l a t i o n s h i p s  f o r  m o b i l i t y  per formance on 

snow i n s o f a r  a$ vane-cone app l  i c a t  ion i s  11 i 1 l under deve lopnent .  



where 

Pu l l  Energy Pred ic t ion ,  P . E .  

P . E .  = 1 . E .  - S . E .  - D . E .  

a b- Y 4 Penetrat ion depth 

F i g .  1 1  Pressure-Penetrat ion Diagram for 
. . Vane-Lone Penetrometer. 

where 

U - wheel load,  

p = pressure beneath the p e n e r r m e t e r ,  

b ,  d - wheel w id th  and d iameter ,  

h ,  r = penetrometer he lght  and rad ius ,  

6 = t read  h e i g h t ,  

S * s l  ip I  

V c  = t r a n s l a t i o n a l  ve loc i ty ,  

w - angular v e l o c i t y ,  

r - tangent ia l  shear s t ress  obta ined  a t  the o u t e r  
edge of the vane component, 

rn = f a c t o r  takes the e f f e c t  of backward contact  
area equal to 1.31, 

t4 - bear ing s t a b i l i t y  factor which i s  dimen5ionles.s 
C 

end equal t o  0.225 for Q - 0 ,  

* 
Note t h a t  the i t e m s  l i s t e d  a r e  r e a d i l y  obta ined i n  measurements. 



K, a, 'd = d imens iona l  f a c t o r s  o b t a i n e d  f r m  v i s i o p l a s t i c i t y  ana lyses  
(semi - a n a I y t  i c a l  ana lyses )  for the purpose of deformat  ion 
energy pred i c t  ion.  For  c o h e s i v e  rnater i a l ,  @ - 0 and 
in  t h e  case of l b  i n .  u n i t s .  K = 1.21, m = 0.97 and 
B = 0 .230 .  

COHPAR l SON OF ORAUBAR PULL PRED l CT 1 ON RESULTS 
USING THE THREE SEN51NG DEVICES 

Three t ypes  o f  wheels w e r e  used i n  t h e  tcn* b i n  t e s t s  on a s o f t  
.,. 

c l a y  s o i l ,  These were: 

(a) a  p o l i s h e d  aluminum wheel, 

(b )  a  r i g i d  wheel w i t h  i t s  c u n t a c t  s u r f a c e  coated 

w i t h  a 1/8 i n c h  t h i c k  rubber ,  and 

( c )  t h e  same rubber  wheel c o a t e d  w i t h  a t r e a d  s u r f a c e .  

( t r e a d  h e i g h t  = t i n c h ) .  

Three l o a d s  w e r e  used f o r  a l l  the t e s t s  w i t h  these t h r e e  t ypes  o f  wheels 

i n  t h e  t o w  b i n ,  u s i n g  techn iques  and measurement procedures p r e v i o u s 1  y 

r e p o r t e d  by Yong and Wind isch  (1970) .  The loads were 34 l b ,  r e p r e s e n t -  

i n g  the weight o f  t h e w h e e l  i t s e l f ,  54  l b ,  and 74 l b .  The sire of t h e  

wheel was 13 .5  inches i n  d larneter ,  and 3 .75  inches wide.  

F igu res  12, 13 and 14 show c o m p a r l x l n s  between the l a b o r a t o r y  

measured and p r e d i c t e d  va lues u s l n g  t h e  vane-cone dev i ce ,  t h e  vane-cone 

p e n e t r m t e r  [ w i t h  t h e  w w e r  nunber approach for a n a l y s i s ,  Hel zer  (l97Z), 

Yong and Youssef (1977):). and t h e  techn ique u s i n g  p l a t e  and shear r i n g  d e v i c e .  

',> 
Note t h a t  because of s i z e  l i m i t a t i o n s ,  n o  snow mobility t e s t s  c o u l d  be 

conducted i n  the l a b o r a t o r y .  F i e l d  snow t e s t s  a r e  p r e s e n t l y  [February  1978:l 
be ing conducted and w i l l  be r e p o r t e d  on a t  a l a t e r  t i m e .  



Predict Ion with p l a t e  coupled 
----k-r----- with ring shear 

Experimental Result (tread wheel) 

" (a~umlnurnwhtel) 

I - t I  " (rubber wheel) 

FIG. 12 Heasured and predicted pul l  energy usIng 
Bevaaneter, W.E.S.  Power Number, and 
rpprox h a t e  Vane-Cone equations. - 

( for  34 I b  wheel load) 



Y 
v .- Vane-Cone 
S wi th  

I U.E.5. (Pwcr  Number) 

v e n t - h n e  w i t h  no tread 

I, (rubber " ) 

FIG.  13 Measured and predicted p u l l  energy us ing  
Bevamcter, W . E . S .  P h e r  Number, and 
approximate Vane-Cone equations. 

(for 54 I b wheel 1-6) 



Experlmenta I { t r e a d  wheel )  

Vane-Cone w i t h  no t read  

s l i p  ra te  % 

imental  (rubber whee 

P r e d i c t i o n  w i t h  p l a t e  coupled 
w i t h  r i n g  shear 

FIG. 14 Measured and predicted p u l l  energy using Bevamerer, 
V .E .S .  Pwer  Number, and approximate Vane-Cone 
equations. 

{ f o r  76 l b  wheel load) 



CONCLUD l NG REMARKS 

As can be seen from the F igures  show, t h e  a b i  l l t y  t o  p r e d l c t  

the  weasured drawbar  p u l l  i n  t h e  Low b l n  t e s t s  u s t n g  s o f t  s o i l  as the 

t e r r a i n  m a t e r i a l .  w i t h  the k i n d s  o f  neasurements made w i t h  t h e  vane- 

cone d e v i c e  a r e  indeed more favourab le  i n  comparison t o  s o w  o t h e r s .  

The a s s o c i a t e d  a n a l y t i c a l  f r a m e w r k  f o r  u t  i l i s a t  i on  o f  the  vane-cone 

r e s u l t s  - i . e ,  u t i l i s a t i o n  of the data Tn terms of  e n e r g e t i c s  p r o v i d e s  

for a method o f  a n a l y s i s  and p r e d i c t i o n  w h i c h  responds more c l o s e l y  to  

the ac tua l  p r o b l m  a t  hand - e ~ p e c i a l l y  i f  t h e  h i g h e r  l eve l  o f  s o p h i s t  i -  

c a t l o n  o f  a n a l y s i s  Is used. Thus i t  i s  not s u r p r l s i n g  t h a t  t h e  data 

o b t a i n e d  a i t h  t h e  vane-cone dev ice ,  t o g e t h e r  w i t h  t k  u t i  l i s a t l o n  o f  

e n e r g e t i c s  a s  a  method o f  a n a l y s i s  can indeed p r o v i d e  f o r  a  c l o s e r  

p r e d i c t i v e  c o r r e l a t i o n  w i t h  the r e s u l t s  o b t a i n e d  In a c t u a l  tow b l n  

t e s t s  using s o f t  s o i l .  

The r e s u l t s  of t h e  s t u d y  i n d l c a t e  t h a t  i t  i s  most i m p o r t a n t  

t o  o b t a i n  p roper  s t m l a t l o n  f r o m  these t e s t  devices of the mechanics 

of v e h i c l e - t e r r a i n  i n t e r a c t i o n  i f  a F e a s i b l e  p r e d i c t  i on  for mobi 1 i t y  

i s  to be made. We n o t e  t h a t  w h l l s t  measurements can be o b t a i n e d  from 

these ins t ruments  w h i c h  may or may not be p e r t i n e n t  to the  a c t u a l  

mechan i c 5  o f  veh i c  l e - t e r r a i n  i n t c r a c t  i o n ,  t h e  o t h e r  i m p o r t a n t  c o n s i d e r -  

a t t o n  for m o b i l i t y  p r e d i c t i o n  i s  t h e  a c t u a l  a n a l y t i c a l  framework w i t h i n  

w h i c h  these measurements must p a r t i c i p a t e .  Thus, i t  i s  n o t  o n l y  the 

i ns t ruments  t h a t  a r e  used t h a t  a r t  Important for prediction of mobi 1  i t y .  

b u t  a l s o  t h e  method o f  a p p l i c a t i o n  of the measurements o b t a i n e d  frm 

these t o o l s  f o r a n a l y s i s a n d  p r e d i c t i o n o f  m o b i l i t y .  Where t h e  



proper apprec ia t ion  of the a c t u a l  s y s t m  problem i s  o b t a i n e d ,  both from 

a measurement and an a n a l y t i c a l  p o i n t  o f  view. a v i a b l e  p r e d i c t  Ion for 

mobil i t y  can be reasonably obtained. 

T h i s  s t u d y  was conducted under c o n t r a c t  arrangement w i t h  the 

Department of  Supply and Services - w i t h  project  a h i n i s t r a t i o n  from the 

Hcb i l  i ty  Sect ion O F  Defence Research Establishment Ottawa ( D R E O ) .  The 

a5sistance and input given by the  Pro jec t  O f f i c e r ,  M r .  I .  S .  L indsay,  

E a r t h  Sciences D i v i s i o n ,  are acknowledged. 
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ABSTRACT 

The deve l  opmcnt o f  a n a l y t i c a l  techn iques  For e v a l u a t i o n  and 

a n a l y s i s  o f  performance of t y r e s  on s o f t  ground, r e q u i r e s  t h e  p r o p e r t i e s  

of t h e  t y r e s  f o r  a c c u r a t e  prediction O F  t y re -g round  i n t e r a c t i o n .  T h i s  

s t u d y  addresses the prob lem o f  p r e d i c t  i on  o f  t y r e - s o l 1  performance by  

c o n s i d e r i n g  t h e  i n t e r a c t  Ton between t y r e  and so i l  i n  terms o f  e n e r g e t i c s  - 
i .e.  t h e  mechanics of energy  t r a n s f e r .  

I f  a proper  a n a l y s i s  o f  p a r t i c i p a t i n g  components i n  a t y r e - s o l 1  

i n t e r a c t i n g  prob lem i s  t o  be made - on the bas i s  of the mechanics of 

energy t r a n s f e r .  i . e ,  c o n s e r v a t i o n  o f  energy - i t  then becomes necessary 

t o  p r o v l d e  a means For e v a l u a t i o n  O F  l o a d - d e f o r m t  ion and e l a s t i c  p r o p e r t  i e 5  

o f  the t y r e s .  I n  t h i s  study, t h r e e  model t y r e s  have been t e s t e d  to  d e t e r -  

mine p r o p e r t i e s  r e l a t i n g  to ca rcass  s t i f f n e s s  and c o n t a c t  a r e a  development 

on r i g i d  pavement, and s t l f f  and s o f t  s o l l s .  T h e c o n t a c t  a r e a s d e v e l o p e d  

For t h e  t y r e s  examined a r e  e v a l u a t e d  wi th  respec t  to  t h e  ca rcass  s t i f f n e s s e s  

o f  t h e  t y r e s .  
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The c o n t a c t  a r e a s  o f  t h e  t y r e s  t e s t e d ,  on r i g i d  pavement, and on 

s t i f f  and soit  s o i l s ,  a r e  examined i n  r e l a t i o n  t o  t y r e  l o a d - d e f o r m a t i o n  

c h a r a c t e r i s t i c s .  The c o n t a c t  pressures o b t a i n e d  i n  t y r e  r e a c t i o n s w i t h  

the v a r i o u s  bear ing  s u r f a c e s  a r e  d e s c r i b e d  a c c o r d i n g l y  and used as i n p u t  

t o  t h e  e v a l u a t i o n  of t v r e - s o i l  i n t e r a c t i o n .  

l MTRODUCT l ON 

I n  t h e  development of a n a l y t i c a l  techn iques for e v a l u a t i o n  and 

a n a l y s i s  of performance of t y r e s  on soft ground. one of t h e  necessary  

requ i rements  Cor a c c u r a t e  p r e d i c t  i on  of ty re-ground i n t e r a c t i o n  i s  t h e  

p r o p e r t i e s o f  t h e  t y r e s .  F o l l o w i n g o n  the r e c e n t  d e v e l o p w n t s  i n v o l v i n g  

ana lyses  of wheel -so i  l i n t e r a c t  ion u s i n g  e w r g e t  i c s  i.Yong and Webb, ( l36911,  

m d  t h e  f i n i t e  e l m e n t  method (FEn) of a n a l y s i s  fo r  a p p l i c a t i o n  t o  t h e  

p r e d i c t  i o n  o f  whcel performance. [ : ~ o n g  and F a t t a h ,  (197611, i t  i s  scen 

t h a t  the p r ime  t y r e  p r o p e r t i e s  need proper c h a r a c t e r i z a t i o n  and s p e c i f i -  

c a t  i on  Tor knowledge o i  energy e x p e n d i t u r e ,  and a s  i n p u t  t o  t h e  FEH 

a n a l y s i s .  

I t  i s  n o t e d  t h a t  i f  a r a t i o n a l  method o f  a n a l y s i s  i s  t o  bc 

developed f o r  p r e d i c t  i on  of rwbi l i t y  performance c h a r a c t e r i s t i c s  of 

f l e x i b l e  wheels,  i t  i s  e v i d e n t  t h a t  a s r o p e r  a c c o u n t i n g  of t y r e  c o n t r i -  

bur ion  i s  indeed necessary.  In  t h e  app l  i c a t  Ion of t h e  FEM techn ique,  

a method f o r  a p p l i c a t i o n  o f  t h e  mechanics of energy t r a n s f e r  becomes 

a v a i l a b l e  [see Yong e t  a l . ,  (1978)1. In t h e  a p p l  i c a t i o n  of the p r i n c i p l e  

i n v o l v i n g  e n e r g e t i c s ,  t h e r e  I s  a  requlrement for knowledge o f  the energy 

d i s s l p a t  I o n  and t r a n s f e r  c h a r a c t e r i s t  i c 5  O F  t y r e s .  These energy d l s s i -  

pat ion and t r a n s f e r  c h a r a c t e r i s t i c s  o f  t y r e s  a re  seen to  be c o n d i t i o n e d  



by the  p r o p e r t i e s  o f  t h e  t e r r a i n  :or r e a c t l n q  material] and by t h e  5 t i f f n e s s  

p r o p e r t i e s  of t h e  t v r e s ,  t h e  i n f l a t i o n  p r e s s u r e s  used and t h e  t y p e  o r  

p r o p e r t i e s  of t h e  su r faces  o f  the t y r e s .  

In t h i s  s tudy,  t h r e e  c a n d i d a t e  model t y r e s  have been t e s t e d  t o  

de te rm ine  p r o p e r t i e s  r e l a t i n q  to ca rcass  s t i f f n e s s  and c o n t a c t  area 

development wl r i g i d  pavement, and s o f t  s o i l s ,  The i n f o r m a t i o n o b t a i n e d  

d l l w s  for I n t e r p r e t a t i o n  i n  terms of enerqy a b s o r b i n q  mechanisms. The 

c o n t a c t  areas deve loped for t h e  t y r e s  e x m i n e d  a r e  e v a l u a t e d  w i t h  r e s p e c t  

to t h e  c a r c a s s  s t i f f n e s s e s  of the t y r e s .  The r e s u l t a n t  c o n t a c t  p r e s s u r e s  

o b t a i n e d  a r e  d e s c r i b e d  a c c o r d i n q l y  t o  a l l r m  for t h e i r  p r e s c r i p t i o n  as  

i n p u t  to  the  p r e d i c t i o n  model - w i t h  s o l u t i m  sought t h r o u g h  a p p l  i c a t i w l  

of t h e  FEN o f  a n a l y s i s  deve loped for loaded t y r e s  and r e p o r t e d  s e p a r a t e l y  

by Yong e t  a l .  (1978).  

TYAE CHARACTERISTICS RND EXPERIMENTAL PROGRAH 

Three model r y r e s  were used in  t h l s  s t u d y ,  namely T y r e  3.00-4.00 

4 P R  I b u f f e d ] ,  T y r e  3.00-8.00 2 P R  :buffed] and T y r e  4.10/3.50-4.00 2PR 

[ t r e a d e d l .  The d imens iwrs  o f  t h e  undeformed sect  ions For these t y r t s  

a r e  shown i n  F i g .  1 t o q e t h e r  w i t h  t h e i r  co r respond inq  f o o t  p r i n t  p a t t e r n s  

as de te rm ined  frm l o a d i n g  on t o  an u n y i e l d i n g  s u r f a c e .  I t  i s  observed 

t h a t  t h e  qeometry o f  t h e  c o n t a c t  a reas  o f  t h e  b u f f e d  t y r e s  a r e  e l l i p t i c a l  

w h i l e  t h a t  of t h e  t readed  t y r e  i s  a p p r o x i m a t e l y  r e c t a n g u l a r  w i t h  two 

p a r a l l e l  and t ~ o s l i g h t l y c u r v e d ~ l d e s .  Becauseof t h e s i z e  l i m i t a t i o n s  

of t h e  tow b i n ,  i t  was necessary  to per fo rm t h e  t y r e  s tudy  on model t y r e s  

i n s t e a d  o f  on a c t u a l  l a r g e r  p r o t o t y p e  t y r e s  such as those used o n  t h e  

l a r g e r  5 l zed a u t m o b l  les and fa rm v e h i c l e s .  These c a n d l d a t e  model t y  r e s  



Tyro  3.00- 8.00 ZPR Tyre 3.00- 4.00 4 PR l y r e  4. 10/3.50- 4 . 0 0  2PR 

( b u f f e d )  ( b u f f e d )  I I r t a d e d )  

Foot print pat tarn  

F l g .  I Undcforncd Tyrr Sect  ions and Foot Pr in1 Patter-ns 



were se lected  t o  s tudy  t h e  i n f l u e n c e s  of ca rcass  s t  i f  Fness, ca rcass  shape, 

wheel d iamete r  and i n F l a t l o n  p ressure .  

The l a b o r a t o r y  exper iments  per formed Mere des igned  to  produce 

t h e  f o l l o w i n g  i n f o r m a t  ion:  

I .  t y r e  load-deformation-Inflation pressure  r e l a t i o n s h i p s ,  

2 .  s t a t i o n a r y  t y r e - r i g i d  f loor c o n t a c t  a reas ,  

3 t y r e - r i g i d  f l o o r  c o n t a c t  a reas  under  d i f f e r e n t  s l l p  r a t e s ,  

4 .  s t a t i o n a r y  t y r e - s o i l  c o n t a c t  a r e a s ,  and 

5 mobility perFormancesoF t y r e s  i n  t h e s o i l  b i n .  

The d e t a i l s  o f  t e s t  techn iques and r e s u l t s  o b t a i n e d  w i l l  be d i s -  

cu5sed i n  t h e  s u c c e e d l n g s e c t i o n s .  The f i n i t e e l e m e n t  r n e t h c d o f  a n a l y r i s  

which was developed t o  p r e d i c t  the t y r e  performances as a f u n c t i o n  o f  t y r e  

p r o p e r t i e s  and l o a d i n g  c o n d i t i o n s  i 5 be ing  p r e s e n t e d  s e p a r a t e l y  [yong e t  

a l . ,  (1978) 1. 

LOAD-DCFORMTIOH CHARACTER I ST I C S  

I n  s t u d y i n g  the laad deformation c h a r a c t e r i s t i c s  o f  t h e  t y r e s .  

t h e  procedure o f  l o a d i n g  t h e  s t a t i o n a r y  t y r e  t h r o q h  i t s  r i m  v t h i l s t  

r e s t i n g  on an u n y i e l d i n g  suppor t  was used. The response o b t a i n e d  i s  

i n  terms of an inc rease  In  b o t h  deFormat ion and c o n t a c t  area o f  t h e  loaded 

t y r e .  To measure t h e  c o n t a c t  a rea ,  the  t e s t  t y r e  can be p a i n t e d  p r i o r  to  

l o a d i n g ,  f o l l o w i n g  w h i c h  t h e  i m p r i n t e d  f o o t  p r i n t  o b t a i n e d  a f t e r  t y r e  

l o a d i n g  can  be measured. f l l t e r n a t i v e l y ,  t h e  t e s t  t y r e  can be p l a c e d  on a 

t h i c k  p l e x i - g l a s s  and a photograph of the c o n t a c t  a r e a  o b t a i n e d  i n  t h e  

course  o f  t y r e  l o a d i n g .  The l a t t e r  techn ique  p r o v i d e s  one w i t h  the  

advantages o f  con t inuous  measurements d u r i n g  inc reas  ing  t y r e  loads and i n  



a d d i t i o n ,  .I h i g h e r  degrct: nf accuracy can bc a c h i c v r r l .  F i g u r e  2 + l w w +  .I 

s c h e r w t i c  v i e u  of t h e  l u a d i n g  system and t c s t  ineasurclwrit  t e c h n i q u c .  

The l u a d i n g  t e s t  r e s u l t s  Fnr t h e  t h r e e  mndel t y r e s  on a  r i g i d  

u n y i e l d i n g  s u r f a c e  of d i F f e r e n t  i n f l a t i o n  pressures shnwn i n  F i g .  3 

demonst ra te  t h a t  t y r e  d e f o r m a t i o n s  inc rease  l i n e a r l y  w i t h  a x i a l  loads.  

I n  a d d i t i o n ,  t h e  r e s u l t s  s h w  t h a t  h i g h e r  i n f l a t i o n  p ressures  c l e a r l y  

improve t y r e  s t i f f n e s s  - as would be l n t u l t i v e l y  deduced. I n  p r a c t i c e .  

the i n F l a t l o n  p r e s s u r e  i s  a d j u s t e d  t o  match the a p p l i e d  wheel load 5n 

t ha t  t y r e  d e f l e c t  i o w  i s  kept w i t h i n  workab le  l i m l t s .  Comparing 

Tyre 3.00-8.00 2PR [buf fed]  and Tyre  3.W-4.00 4PR CbuFFed], i t  i s  

observed t h a t  t h e  Former w i t h  2 - p l y  r a t i n g s  e x h i b i t s  l e s s  s t i f f n e s s  

than t h e  l a t t e r  w i t h  a 4 -p ly  r a t i n g s  i n  t h c  lnw i n f l a t i m  p r e s s u r e  ranges 

C0.07 and 0.21 k s c l .  However, when t h e  i n f l a t i o n  p r e s s u r e  I s  i nc reased ,  

e . g .  0.41 ksc and 0.82 ksc, the r e s u l t  i s  reversed .  i . e .  t h e  2-p ly  t y r e  

appears to be more s t i f f .  The i n f l a t i o n  p r e s s u r e  i s  t h u s  seen to  

i n f l u e n c e  the load-resistance behav iou r  i n  add i t  i on  t o  t h e  t y r e  ca rcass  

s t r u c t u r e  and l n i t l a l  s t i f f n e s s .  The h i g h e s t  l o a d - r e s i s t a n c e  c a p a b i T i t y  

e x h i b i t e d  by T y r e  4.10/3.50-4.00 2PR [ t readed ]  i s  due mainly to  t h e  ca rcass  

c o n s t r u c t i o n  wh ich  s t i f f e n e d  t h e  carcass s i d e  w a l l s  w i t h  i t s  t r e a d s .  

CARCASS ST1 FFNESS 

By assuming a u n i f o r m  g r w n d  c o n t a c t  p r e s s u r e  d i s t r i b u t i o n  th rough-  

o u t  the t y r e - r i g i d  s u r f a c e  c o n t a c t  area, the  r e s u l t a n t  g r w n d  p r e s s u r e  can 

be determined for t h e  co r respond ing  a x i a l  load and i n f l a t i o n  p r e s s u r e  as 

shown in F i g .  4. For t h e  b u f f e d  t y r e s ,  the t y r e  c a s i n g s  a c t u a l l y  c o n t a c t  

t h e  ground i n  the loaded r e g i o n .  Thus t h e  ground p r e s s u r e  w i l  l be equal  t o  
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the i n i l a t  ion p r e s s u r e  used, w i t h  sonre e x t r a  p r e s s u r e  exer ted  by the t y r e  

c z c a s s  a t  the t r a n s l t l o n  zone b e t w e n  the  c a s i n g  s i d e  w a l l s  and t h e  c o n t a c t  

a r e a  [ C l a r k ,  ( 1 9 7 1 ) l .  In  the  case of t readed t y r e s ,  i t  i s  e v i d e n t  t h a t  

such a t y r e  w l l l  t r a n s m l t  t h e  a p p l i e d  load f r o m  t h e  hub t o  t h e  ground th rough  

t h e  a c t u a l  c o n t a c t  between t y r e  t r e a d  and ground, t h u s  c r e a t i n g  tk r i t u a t  i o n  

where t h e  c o n t a c t  p r e s s u r e  i s  l o c a l l y  h l g h e r  than t h e  i n f l a t i o n  p ressure .  

The twa b u f f e d  t y r e s  c l e a r l y  show tk g r m d  pressures t o  be a lways h i g h e r  

than t h e  i n F l a t i o n  p ressures ,  c rh i le  tht t readed t y r e  s m e t l r n e s  shows t h e  

g r m n d  p ressures  to be l e s s  than the  t n t l a t i o n  pressures.  T h i s  phenomenon 

can be a t t r i b u t e d  p a r t l y  t o  t h e  h i g h  carcass s t i f f n e s s  and p a r t l y  t o  t h e  

g r o s s  c o n t a c t  a reas  used i n  t h e  e v a l u a t l m .  

D e f i n l n g  t h e  ground p ressure  p [Bekker and Semmin. (1975) ]  
9 

t o  be t h e  sum o f  the i n f l a t i o n  p ressure  p , ,  and the  c u n c r ~ d  d.ti(,dnuh 

pressure  
Pc  

as : 

Pg - Pi + PC (1)  

i t  i s  observed i n  F i g .  4 t h a t  I f  the I n f l a t i o n  p r e s s u r e  i s  k e p t  c o n s t a n t ,  

t h e  carcass s t l f f n e 5 5  p r e s s u r e  pc Tncreases as t h e  a p p l i e d  h e e l  l o a d  

Increases.  B o t h  the b u f f e d  t y r e s  e n h i b i t  t h e  same c h a r a c t e r i s t i c ,  i .e. 

t h e  ca rcass  s t i f f n e s s  pressures 
t 

a r e  c o n s t a n t  a t  t h e  same wheel loads 

except i n  t h e  low I n f l a t i o n  p ressures  for Tyre 3.00-8.00 2PR [ b u f f e d ]  

where t h e  carcass s t i f f n e s s  p ressures  
pt a r e  s l i g h t l y  h i g h e r  than those 

i n  t h e  h i g h  i n f l a t i w l  p r e s s u r e  ranges. U n l i k e  t h e  o t h e r  t y r e s ,  T y r e  4.10/ 

3.50-4 .00 2PR [ t r a d e d ]  shows t h e  carcass s t  1 f f n e s s  p r e s s u r e  t o  decrease 

as t h e  i n f l a t i o n  p r e s s u r e  inc reases .  Canpar lng a l l  t h e w  mode1 t y r e s  

under t h e  s e m  conditions, the d e g r t e  of carca5s s t i f f n e s s  c a n  be c l a s s i f i e d  



f rom t h e  h i g h e s t  s t i f F n e 5 s  t o  the lowest as f o l l o w s  : 

Ty re  4.10/3.50-4.00 Z P R  I t r e a d e d ] ,  

Ty re  3.00-4.00 4PR i b u f f e d ] ,  

Ty r e  3.00-8.00 2PR [buf fed] .  

TYRE-RIGID SURFACE COWTACT GREAS AND S t l P  PATES 

I n  implement ing t h e  f i n i t e  element method to ana lyze  w h e e l - s o i l  

perFormance. such as t h a t  g i v e n  by Yong e t  a l . , ( 1 9 7 8 ) ,  t h e  contact area 

a t  t h e  t y r e - s o l 1  i n t e r f a c e  i s  an e s s e n t i a l  i n p u t  to d e f i n e  t h e  loaded 

boundary a t  t h e  s o i l  sur face.  W h i l s t  i t  i s  d i f F l c u l t  t o  measure t h e  

a c t u a l  t y r e - s o i l  c o n t a c t  areas a t  v a r i c u s  s l i p  r a t e s .  i t  i s  p o s s i b l e  t o  

s tudy  t h e  51 i p  r a t e  i n f l u e n c e  MI the c o n t a c t  areas of the model t y r e s  on 

an u n y i e l d i n g  r i g i d  s u r f a c e .  The t e s t  f a c i l i t i e s  employed h e r e i n  have 

been p resen ted  e a r l  i e r  kyong and U ind isch ,  (1970)]. 

For t h i s  aspect of t h e  s t u d y ,  t h e  model t y r e s  were c o n t r o l l e d  t o  

move a t  a  c o n s t a n t  t r a n s l a t i o n a l  v e l o c i t y  o f  15.2 cm/5ec on a r i g i d  f lmr  

made of plywood and p a r t l y  of a t h i c k  30 crn long p l e x i - g l a s s .  A 3 5 m m  

SLR camera w a s  p l a c e d  underneath the  p l e x i - g l a s s  a t  a s u i t a b l e  d l s t a n c e  

and photographs o f  t h e  r e s u l t a n t  t y r e  c o n t a c t  areas moving over t h e  p l e x i -  

g l a s s  were taken.  The illumination system was a d j u s t e d  to  g i v e  c l e a r  

c w r t r a s t  between the loaded and unloaded regiorrs.  The model t y r e s  were 

sub jec ted  t o  two wheel loads C13.6 and 22.7 kg]  and t h r e e  i n f l a t i o n  p ressures  

1.0.07, 0.21 and 0.41 ksc], each of which war t e s t e d  f r o m  towed c o n d i t i o n  

[approx imate ly  O X s l i p ]  t o 8 0 : s l l p .  From these t e s t 5 , a p p l i e d  to rques  

and developed drawbar p u l  I s  were a l s o  recorded.  



The contact areas measured i n  t h i  s manner shown In Fig. 5 reveal 

that the contact areas between the tyres and the r i g i d  surface are 

approximately constant a t  various s l  i p  rates. The  contact areas measured 

s ta t i ca l  l y  are, i n  general, s l i g h t l y  higher than those measured under 

k i n m a t i c c m d i t i o n s .  B o t h t h e b u f f e d  tyres show t h e i r c o n t a c t a r e a s  t o  

increase when wheel loads and i n f l a t i o n  pressures are increased. For 

the treaded tyre, although the contact areas increase w i th  wheel toads, 

they do not  change s i g n i f i c a n t l y  w i t h  i n f l a t i o n  pressures. The behaviour 

i s  consistent w i t h  the resu l ts  from stat ionary tests  [Fig.  4 1 .  

ELASTIC HODULUS OF TYRE 

The main factors which are seen t o  control  the behaviour o f  a 

moving ty re  are carcass s t i f fness,  wheel load, i n f l a t i o n  pressure, t y r e  

casing dimensions and react lng t e r ra in  features. Leaving aside the 

ter ra in  features, the theoret ical  approach that  needs to  be developed I n  

order t o  pred ic t  ty re-so i  1 contact area taking i n t o  account the governing 

factors,  might begln w i t h  the Hertz theory o f  contact between two e l a s t i c  

bodies [Hertz, (1881)l. Following from th is ,  the solut ions f o r  two 

cy l  indr ica l  bodies i n  contact formulated by Por l tsky (1950), might be 

obtained as : 

where 

R1, R2 - radius o f  the cyl inder,  

P - applied v e r t i c a l  load, 

a - ha l f  length o f  the contact area, 
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, 'j2 = P o i s s o n ' s  r a t i o ,  and 

E l '  
E2 - n o d u l u s  of elasticity of t h e  c y l i n d e r .  

To adopt t h e  H e r t z  c o n t a c t  theory  f o r  t y r e - s o i l  p r o b l e r m ,  t h e  

t y r e  may be i d e a l i z e d  t o  be a c y l i n d e r  of r a d i u s  R [ F i g .  61  and t h e  s o i l  1 

t o  be c y l i n d e r  o f  i n f i n i t e  r a d i u s  [R2 = T h i s  i d e a l  i z a t  Ion i s  con- 

s i s t e n t  w i t h  t h e  two-d i~nens iona l  requ i rements  for inpu t  and a p p l i c a t [ o n  

t o  t h e  f i n i t e  element method o f  a n a l y s i s  used by Yong e f  a l ,  (1978) .  The 

c o n t a c t  area of t h e  t y r e - s o i l  i n t e r f a c e  Is thus approximated t o  be 

r e c t a n g u l a r  O F  l e n g t h  Za. 

W i t h  a knowledge o f  t y r e  c m t a c t  a reas  on r i g i d  floor under  

s t a t i o n a r y  s t a t e s ,  i f  i s  p o s s i b l e  to  evaluate t h e  modulus of e l a s t i c i t y  

o f  t h e  t y r e  E l  which  can be used t o  p r e d i c t  t h e  t y r e - s o i  l c o n t a c t  a r e a s .  

At s ~ n a l l  t y r e  de fo rmat ion ,  t h e  volume change o f  t h e  t y r e  s u b j e c t e d  t o  

e x t e r n a l  l o a d i n g  i s  r e l a t i v e l y  sma l l  ro t h a t  the  Po isson 's  r a t i o  v 
I 

lnay be t a k e n a s  0.5 T h e m ~ u l u s o f  e l a s t i c i t y  of t h e  r i g i d  f loor  can k 

assumed t o  be i n f i n l t e  f rom which the l a s t  t e r m  of E q .  ( 2 )  becomes zero .  

I t  shou ld  be n o t e d  a t  t h i s  s t a g e  t h a t  t h e  e l a s t i c  modulus of the  t y r e  E 
I 

r e f e r s  n o t  o n l y  t o  t h e  t y r e  i t s e l f  b u t  a l s o  r e f l e c t s  t h e  c h a r a c t e r i s t i c  

of t h e  whole t y r e  system, i .e .  t y r e  carcass s t i f f n e s s ,  i n f l a t i o n  p r e s s u r e  

and hub. 

The r e s u l t s  o b t a i n e d  [ F i g .  7 1  show t h a t  the e l a s t i c  modulus o f  

t h e  t y r e  El I nc reases  l i n e a r l y  w i t h  the i n f l a t i m  p r e s s u r e .  E a c h o f  

t h e  b u f f e d  t y r e s  tends to  f o l l o w  a s i n g l e  l i n e a r  r e l a t i o n s h i p  between t h e  

e l a s t i c  modulus and t h e  i n f l a t i o n  p ressure ,  w h i l e  t h e  e l a 5 t i c  modulus of 

Ty re  4.10/3.50-4.00 2PR [ t r e a d e d j  increases a s  b o t h  wheel toad and i n f  l ac  i o n  

p ressure  increases.  



Flg .  6 ldeallzatlon of Tyre and Soil in  Contact 
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PREO l C 

I n  o r d e r  to  va 

c o n t a c t  areas,  t h e  model 

TlON OF TYRE-SOIL CONTACT AREAS 

l i d a t e  t h e  c a p a b i l i t y  for p r e d i c t i n g  tyre-soi l 

t y r e s  were t e s t e d  wr t w o  d i f f e r e n t  s o i l s ,  i .e .  

k a o l T n l t e  c l a y  and s i l t y  s o i l .  The techn ique  used for measur ing t y r e -  

s o i l  c o n t a c t  areas i s  shown schematically i n  F i g ,  8 .  T h i s  procedure was 

adopted t o  p r o v i d e  a  means t o  d i s t i n g u i s h ,  a s  c l e a r l y  as p o s b i b l e ,  t h e  

a c t u a l  c o n t a c t  areas.  P r i o r  to  p l a c i n g  the t y r e  on t h e  s o i l ,  t h e  t y r e  

was covered w i t h  a p l e c e  of p l a s t i c  sheet so  t h a t  the s o i l  would n o t  

stick t o  t h e  t y r e .  F o l l o w i n g  sp ray  p a i n t i n g ,  the t y r e  w i t h  the p l a s t i c  

sheet was c a r e f u l l y  removed, l e a v i n g  the c l e a r  ccmtact  area on t h e  s o i l  

su r face .  A p i e c e d  p l e x i - g l a s s w i t h g r i d  l i n e s w a s  t h m  p l a c e d m  t o p  

OF t h e  5oi l b i n  and a photograph was taken. 

The s t r e s s - s t r a l n  re ta t l onsh lps  o f  b o t h  s o i l s  shown i n  F i g s .  9 

and 10 were t e s t e d  i n  p lane  s t r a i n  c o n d i t i o n s  to d u p l i c a t e  t h e  s i t u a t i o n  

i n  t h e  so i l  b i n .  The k a o l i n i t e  c l a y  was canpacted w i t h  t h e  m o i s t u r e  

c m t r n t  of 42 to  44% produc ing  thereby a  degree of s a t u r a t i o n  of 95%. 

Thc \ i  l t y  3oi l was a  m i x t u r e  of f i n e  sand [pass ing  s i e v e  Mo.301 and 

kaol  i n i t e  a t  30% of  sand d r y  we igh t .  The d r y  compacted d e n s i t y  w a s  

3 1.88 ton\/m a t  13% m o i s t u r e  con ten t  th roughou t  t h e  t e s t  program. 

The p rocedure  for p r e d i c t  ion of t y r e - s o l  l c o n t a c t  a reas  can be 

ach ieved  by u s l n g  E q . ( Z )  and t h e  modulus of e l a s t i c i t y  of t h e  c a n d i d a t e  

t y r e s ,  E ,  [ ~ i ~ .  71, To a p p l y  t h i s  procedure.  t h e  modulu5 of e f a s t i c l t y  

o f  the s i l t y  s o i l  
E2 

was taken f rom the i n i t i a l  tangent modulus C 3 2  ksc] 

ab the low c o n f i n i n g  p r e s s u r e  s ince the wheel loads tes ted were r e l a t  l v e l y  

smal l  w i t h  respec t  t o  t h e  s o i l  s t i f f n e s s .  In the case of t h e  s o f t  

k a o l i n l t e  c l a y ,  E 1 0 . 7 5  ksc]  was s e l e c t e d  t o  be t h e  secant modulus a t  2 



( a )  Load the tyre on the so11 

Looded lyre aecl~on 

Plashc sheet Sprayer 

Polnted area -A 

/- 
Plex ig las~  with grid l ines 

c 

n 

-5011 bm 

Soi I  

( b )  Remove the tyre ond toke (1 photograph 

J 
I 1 

F i g .  8 P r o c e d u r e o f  Keasuring Tyre-Soi l  Contact Area 

Soil bin - --- 
Soil 

I - p a i n t e d  area  

Unpainted orea 



1 4.0, 

oc = 0.70 k s c  

'. 
/ 

i 
3.0- 

i 

7 . 5 -  
U 

- 
PO'- 

" - 
L, 

,- , 
0 

L 1  " = 0.3"" 

u, = 0.07 ksc  

O-.-m-.d--*-- 

u = con f i n i ng  p r o s s u r s  
C 

I. I I L A  . .  
U 2 4 6 8 10 I2  

A x i a l  slraln, % 

F i g .  9 S t r e s s - S t r a i n  R e l a t i o n s h i p  u i  S i l t y  S o i l  under 

Plane-St r a i n  T r i a x i a l  Tes t  





2 0 $  s t r a i n .  T h i s  i s  j u s t i f i e d  s i n c e  t h e  wheel loads used were h i g h  

compared t o  t k  s t r e n q t h o f  t h e c l a y .  The P o i s s o n ' s  r a t i o o f  t h e  

s o i l s  was taken as 0.5 s i n c e  they were almost f u l l y  s a t u r a t e d .  

To implement t h e  p r e d i c t  i o n  procedure,  i t  i s  necessary t o  

beg in  w i t h  t h e  d e t e r m i n a t i o n  of the w i d t h  o f  t h e  c o n t a c t  area.  The 

f l o w  c h a r t  qiven i n  F i g .  1 1  d t m n s t  r a t e s  t h e  procedure t o  be f o l l o w e d .  

Since t h e  change i n  t h e  w i d t h  of t h e  c o n t a c t  area i s  n o t  as r a p i d  as 

t h e  change i n  t h e  l e n g t h ,  t h e  w i d t h  may be assumed t o  be equa l  t o  t h a t  

o f  t h e  t y r e - r i g i d  s u r f a c e  c o n t a c t  area.  W i t h  the knowledge of  t h e  

ground p r e s s u r e - i n f l a t i o n  p r e s s u r e  r e l a t i o n s h i p  [F ig .  4 t h e  t y r e -  

r i g i d  s u r f a c e  c o n t a c t  a r e a  can  be eva lua ted .  A t r i a l  and e r r o r  

procedure needs to bc implemented to match t h e  w i d t h  and ilrt: l e n g t h  

of t h e  c o n t a c t  a r e a  p r e d i c t e d  by u s i n g  Eq. ( 2 ) .  In g e n e r a l ,  t h e  

con tac t  w i d t h  o b t a i n e d  w i l l  be s l i g h t l y  l e s s  than t h e  measured one. 

Once the w i d t h  o f  the c o n t a c t  area i s  known, t h e  l e n g t h  can be p r e -  

d i c t e d  w i t h  t h e  a i d  of Eq.  ( 2 )  and t h e  t y r e - s o i l  p r o p e r t i e s .  In t h e  

case O F  T y r e  4 .  10/3.50-4.00 2PR [ t readed ] ,  t h e  w i d t h  o f  t h e  c o n t a c t  

a r e a  wa5 kept  c o n s t a n t .  

The r e s u l t s  o f  t h e  t y r e - s o i l  c o n t a c t  a reas  p r e d i c t e d  by t h i s  

p r m e d u r e r ~ i ~ s .  I 2 a n d  1 3 ] s h o w g 0 0 d a g r e e m e n t  i n  b o t h s o i l s .  I t  i s  

observed t h a t  t h e  c o n t a c t  a r e a  increases 1 i n e a r l y  as the wheel l o a d  

appl ied i 5 i nc reased  and a l s o  Increases as t h e  i o f  l a t  Ion p r e s s u r e  used 

i s  decreased. T h e c a p a b i l i t y o F  the proposed approach to p r e d i c t  the 

t y r e - s o i l  c o n t a c t  a r e a s  w i t h  respect  t o  t h e  changes i n  wheel load,  

i n F l a t  ion p ressure  and s o i l  t y p e  i s  c l e a r l y  demonstrated.  
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COHLLUDIUG REHARKS - 
PERFORMANCE OF THE HODEL TYRES ON UNYIELDING RIGID FLOOR 

I n  a p p l y i n g  t h e  energy approach proposed by Yonq and Webb (1969) 

to e v a l u a t e  the  r i g i d  w h e e l - s o i l  performance a t  any degree o f  s l i p ,  i t  i s  

necessary t o  c o n s i d e r  t h e  energy expended In de fo rm ing  t h e  f l e x i b l e  pneumat i c  

t y r e .  The i n t e r a c t i o n  between moving t y r e  and s o i l  can  be w r i t t e n  i n  

terms of participating e n e r g i e s  as : 

where 

I E = i n p u t  energy. 

0' - s o i l  de fo rmat ion  energy. 

P = u s e f u l  o u t p u t  energy,  
0 

E = i n t e r f a c i a l  energy. and 
f 

E t  = t y re -de fo rm ing  energy. 

A1 1 t h e  energy components are  e v a l u a t e d  as the amount of 

energy deve loped for one un l t w i d t h  of t h e  c o n t a c t  a r e a  and one u n i t  o f  

t r a v e l  d i s t a n c e ,  i - e .  kg-cm/m/sec.  I n  o r d e r  to  Formulate  an a p p r o p r i a t e  

approach t o  p r e d i c t  the energy spent i n  de fo rm ing  the t y r e ,  i t  i 5  necessary 

t o  i n v e s t i g a t e  the c h a r a c L e r i s t l c  of t h i s  p a r t i c u l a r  energy component i n  

d e t a i l .  By moving t h e  model t y r e s  on a r i g i d  f loor and measur ing t h e  

app l  i e d  to rques  and drawbar p u l l 5  a t  v a r i o u s  s l  l p  r a t e s ,  t h e  t y r e - d e f o r m i n g  

energy can  then be s t u d i e d .  S ince  the s o i l  deformat  ion  energy D '  of 

t h e  r i g i d  s u r f a c e  i s  e s s e n t i a l l y  zero ,  Eq. ( 3 )  can be r e w r i t t e n  a s  : 



and w i t h  t h e  measured t o r q u e  T and drawbar pu)  l P, the f o l l o w i n g  

e x ~ r e s s i o n s  can be c a l c u l a t e d  : 

where 

w - r o t a t i o n a l  v e l o c i t y  rad/sec,  

V = t r a n s l a t i o n a l  v e l o c i t y  cm/sec. 

r - r o l l  i ng  r a d i u s  of t h e  t y r e ,  cm. 

The t y r e - d e f o r m i n g  energies o b t a i n e d  by t h i s  p rocedure  a t  

d i f f e r e n t  wheel l o a d s ,  i n f l a t i o n  p ressures  and s l i p  r a t e s  a r e  

p resen ted  i n  F i g .  1 4 .  A l l  the model t y r e s  t e s t e d  show t h a t  t h e  

energ ies  spent i n  de fo rm ing  t h e  t y r e s  a r e  i n s i g n i f i c a n t l y  a f f e c t e d  

b y  t h e  degrees o f  s l i p .  T h i s  i s  a t t r i b u t e d  t o  the f a c t  t h a t  t h e  

ca rcass  s t i f f n e s s e s  o f  the t y r e r  were l a r g e .  I t  i s  expected t h a t  

w i t h  l e s s  s t l f f  t y r e s  the i n f l u e n c e  o f  s l i p  would be n o t  iced.  I t  

i s  obv ious  t h a t  for t h i s  s e r l e s  o f  t e s t s  Lon s t i f f  t y r e s ]  t h e  wheel 

load and t h e  i n f l a t i o n  p ressure  used a r e  t h e  m a j o r  f a c t o r s  c o n t r o l l i n g  

t h e  t y re -de fo rm ing  energy L F i g .  151. Uhen the  s t i f f n e s s  of the t y r e s  

i s  reduced, i t  i s  expected t h a t  a g r e a t e r  energy e x p e n d i t u r e  i n  t y r e  

d e f o r m a t i o n  can be o b t a i n e d .  

A l t e r n a t i v e l y .  one may choose t o  use a p r e d i c t i v e  model s o l e l y  

for de te rm ina t  ion o f  t h e  t y r e  deforrnat  Ton energy E . In such a case, 
t 

t h e  t y r e  deformat  i o n  c r e a t e d  by the normal p ressure  i s  c a l c u l a t e d  f r o m  

t h e  d i f f e r e n c e  between t h e  r e s u l t a n t  s o i l  J isplacement a t  t h e  t y r e - s o i  l 

c o n t a c t  area o b t a i n e d  i n  the f i n i t e  element method such a s  t h a t  used by 



Tyro 3.00 - 4.00 4 PR (buffed)  
0,4 

F i g .  14 R e l a t t o n s h i p o f  Heasurcd Tyrc-Deformation 
Encrgy and S l i p  R a t e  



Tyre  3.00-4.00 4PR (buffed) 

! 0 ~ 1  W = Wheel l w d  

Tyre 3.00 - 8.00 2PR i buffed 1 

0'6 t Tyre  4.lO/3.50 - 4.00 2PR ( t readed 

Infloiion pressure, ksc 

Fig. 1 5  Relat Ionship of Tyre-Deformat ion Energy and 
lnf  lat ion Pressure 



Yong and Fa t  tah ( 1976) and Yong e t  a l ( 1978 1 ,  and t h e  or i g i na l undeformed 

r y r e  c o n f i g u r a t i o n  [Fig. 161. The f i r s t  and l a s t  nodes inodes  1 and 5:l 

o f  t h e  c m t a c t  a r e a  a r e  used a5 t h e  r e f e r e n c e  datum for the  f i c t i t i o u s  

u n d e f o m d  s u r f a c e  of the t y r e  so t h a t  t h e  t y r e  de fo rmat ion  4 a t  the 

loaded nodes can be e v a l u a t e d  i . e , l h 2 ,  
&3 

and A h ] .  The t y r e  d i s t o r t -  

ion due to t a n g e n t i a l  s t r e s s e s  i s  n e g l e c t e d  s i n c e  t h e  t y r e  i s  moving a t  

l ow speed. The t o t a l  t y r e  deformar ion  energy EL C d n  now be expressed 

as:  

where 

B - t y r e  w i d t h ,  cm, 

'i 
- noda l  f o r c e  a t  node i , kg, 

A .  = t y r e  d e f o r m a t i o n  a t  node i. cm, 
I 

1 1  = a n g l e  sus ta ined  by t h e  c m t a c t  area [F ig.  161, rad.  

R = r o l l i n g  r a d i u s .  cm, 

V - t r a n s l a t i o n a l  v e l o c i t y .  un/sec. 

The s u b s o i l  d e f o r m a t i m  energy per u n i t  w i d t h  can be c a l c u l a t e d  a s :  

where 

r: - s t r e s s  a c t i n g  on t h e  f i n i t e  element,  

€ = incremental s t r a i n  r a t e ,  

dx dy - dimension of t h e  element. 

The o t h e r  energy components of E q .  ( 3 1 ,  i . e ,  t h e  input  energy E ' .  

t h e  u s e f u l  w t p u t  energy Po and t h e  i n t e r f a c i a l  energy E f ,  a r e  de te rm ined  



Direclion of wheel $rave l  - 

- FEM Loading nods 

F i g .  16 Determination of Tyre Deformation Resistance 



by using E s .  ( 5 )  

Yong, Fattah and Brxlnsinsuk (1978) have appl ied the FEU technique 

t o  the  study or the perlormances o f  the model ty res  on the s i l t y  s o i l .  The 

measured torques were used as input data so that  the Input energy E '  and 

the in ter fac  la1 energy 
E f  

were k n o ~  and the FEH ms then car r ied  out to  

evaluate the Lyre deformat ion energy E t  and the 5 o i l  deformation energy 0' 

The useful  output energy Po was obtained by using E q .  (3) and compared 

w l th  themeasured value. The resu l ts  oF f y r e j . 0 0 - 4 . 0 0 4 P R [ b u F f e d ]  

moving on the s i l t y  soil wi th  the wheel load of 31.8 kg and t h e  i n f l a t i o n  

pressure of 0.82 ksc were analysed according t o  the above procedure and 

good agreement between the predlcted and measured wtplt energies I s  shown 

i n  F i g .  17. 

This study was conducted under contract  arrangement w i t h  the 

Department of Supply and Services - w i th  p ro jec t  admlnlstrat ion f r m  the 

Hobi 1 i t y  Sect ion of Defence Research Establ ishnent O t tawa  ( D R E O )  . The 

assistance and input given by the Project  O f f  lcer ,  M r .  I. S. Lindsay. 

Earth Sclences Division, are acknowledged. 



- Wheel  lomd = 31.0 ka 

- Inf lat ion prs**ute = 0.82 k s c  

F ig .  17 Energy Balanceof  Tyre 3.00-4.004PA (Buf fed)  
Movlng on S i l t y  Sol1 
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