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1. INTRODUCTION 

This  document c o n s t i t u t e s  t h e  f i n a l  r e p o r t  on a  s tudy  e n t i t l e d  

"Safe ty  Analysis  of Tr iden t  M i s s i l e  T r a n s p o r t a t i o n  Equipment,'' which 

was conducted by The U n i v e r s i t y  of Michigan T r a n s p o r t a t i o n  Research 

I n s t i t u t e  (UMTRI). The p r o j e c t  was sponsored by t h e  S t r a t e g i c  Systems 

P r o j e c t  O f f i c e  of t h e  Department of t h e  Navy. The s tudy  c o n s i s t e d  of 

computerized a n a l y s i s  of t h e  t u r n i n g  behavior  of e x i s t i n g  t r a c t o r -  

s e m i t r a i l e r s  used t o  t r a n s p o r t  t h e  C-4 T r i d e n t  m i s s i l e  and a l s o  involved 

review of dynamic performance i s s u e s  p e r t a i n i n g  t o  a  des ign  concept f o r  

t r a n s p o r t i n g  t h e  advanced, D-5, m i s s i l e .  

Two v e r s i o n s  of t h e  e x i s t i n g  t r a c t o r - s e m i t r a i l e r  systems were 

eva lua ted .  One of t h e s e  v e h i c l e s  involved a  Mack t r a c t o r  having f o u r  

a x l e s ,  of which t h e  f i r s t  a x l e  a f t  of t h e  f r o n t  a x l e  incorpora ted  a  

s e l f - s t e e r i n g  o r  c a s t e r i n g  func t ion .  The second v e h i c l e  involved a  

Kenworth t r a c t o r  having four  conven t iona l  a x l e s  on a longer-wheelbase 

l a y o u t .  Analysis  of t h e  t u r n i n g  behavior  of t h e s e  v e h i c l e s  was accom- 

p l i s h e d  us ing a  s i m p l i f i e d ,  zero-speed, computer model of t h e  v e h i c l e  

and employing t i r e  d a t a  from prev ious  UMTRI measurements. The d a t a  

d e s c r i b i n g  t h e  mechanical  p r o p e r t i e s  of t h e  s e l f - s t e e r i n g  a x l e  employed 

on t h e  Mack t r a c t o r  were made a v a i l a b l e  from UMTRI measurements ob ta ined  

i n  a  c o i n c i d e n t  s t u d y  sponsored by t h e  Na t iona l  Research Council of 

Canada. 

The r e p o r t  d e s c r i b e s ,  f i r s t ,  t h e  b a s i c  n a t u r e  of t h e  low-speed 

t u r n i n g  problem which i s  e x h i b i t e d  by t h e  four-axle  t r a c t o r s  c i t e d  above. 

Next, i n  Sec t ion  3, t h e  r e s u l t s  of t h e  computerized a n a l y s i s  addressed 

t o  t h i s  problem a r e  p resen ted .  I n  Sec t ion  4 ,  conc lus ions  and recommen- 

d a t i o n s  regard ing  t h e  c u r r e n t  v e h i c l e s  used t o  t r a n s p o r t  t h e  C-4 T r i d e n t  

m i s s i l e  a r e  p resen ted .  F i n a l l y ,  i n  S e c t i o n  5 ,  t h e  dynamic performance 

i s s u e s  p e r t a i n i n g  t o  t h e  advanced D-5 t r a n s p o r t a t i o n  system a r e  d i scussed .  



2 .  THE BASIC LOW-SPEED TURNING PROBLEM 

I n  t h i s  s e c t i o n ,  t h e  b a s i c  n a t u r e  of t h e  low-speed t u r n i n g  problem 

encountered w i t h  t h e  four -ax le  t r a c t o r  w i l l  be  d i s c u s s e d .  While t h i s  

"problem" e x i s t s  a l s o  i n  any v e h i c l e  having more than  one non-s teer ing 

a x l e  (such a s  a  conven t iona l  highway t r a c t o r  having a  two-axle tandem 

r e a r  s u s p e n s i o n ) ,  t h e  phenomenon of i n t e r e s t  i s  more exaggerated w i t h  

t h e  v e h i c l e s  being s t u d i e d  here .  I n  o r d e r  t o  p r o p e r l y  e x p l a i n  t h e  

mechanics of low-speed t u r n i n g  behav ior ,  we w i l l  f i r s t  r e f e r  t o  t h e  

b a s i c  n a t u r e  of t h e  pneumatic t i r e ' s  r esponse  t o  l a t e r a l  s l i p .  

Shown i n  F igure  1 i s  a  p l o t  of t h e  l a t e r a l  f o r c e  produced by a  

t r u c k  t i r e  i n  response t o  t h e  l a t e r a l  s l i p  c o n d i t i o n  which is i l l u s t r a t e d  

a t  t h e  bottom of t h e  f i g u r e .  We d e f i n e  a  s l i p  a n g l e ,  a ,  a s  t h e  a n g l e  

subtended between t h e  wheel p lane  and t h e  d i r e c t i o n  of t r a v e l .  (At 

speed,  we would d e f i n e  t h i s  " d i r e c t i o n  of t r a v e l "  arrow a s  t h e  r e s u l t a n t  

v e l o c i t y  v e c t o r . )  A s  shown, t h e  s l i p  a n g l e  c o n d i t i o n  develops  whenever 

t h e  wheel c e n t e r  i s  caused t o  t r a v e l  a long a  p a t h  which i s  no t  l i n e d  up 

w i t h  t h e  wheel p lane  o r i e n t a t i o n .  We w i l l  show s h o r t l y  t h a t  t h i s  con- 

d i t i o n  occurs  on t h e  four -ax le  t r a c t o r  even dur ing  c o r n e r i n g  f o r  which 

t h e  l a t e r a l ,  o r  c e n t r i p e t a l ,  a c c e l e r a t i o n  of t h e  t u r n  is  n e g l i g i b l e .  

The p l o t  shows t h a t  t h e  l a t e r a l  f o r c e  produced by t h e  t i r e  i n i t i a l l y  

r i s e s  s t e e p l y  wi th  s l i p  a n g l e  and then " s a t u r a t e s "  a t  h igher  v a l u e s  of 

s l i p  ang le .  The i n i t i a l l y  s t e e p  l a t e r a l  f o r c e  response i s  known t o  

d e r i v e  from t h e  e s s e n t i a l l y  e l a s t i c  behavior  of t h e  t i r e  i n  which t h e  

c a r c a s s  and t r e a d  rubber  a r e  deformed a s  they come i n t o  ground c o n t a c t  

but  i n  which no s l i d i n g  of t r e a d  rubber  w i t h  r e s p e c t  t o  t h e  ground is  

occur r ing .  I n  t h i s  regime, t h e  l a t e r a l  f o r c e s  a r e  produced e n t i r e l y  a s  

a  f u n c t i o n  of ( a )  t h e  t i r e ' s  c o n s t r u c t i o n  and (b) t h e  v e r t i c a l  load  

imposed upon t h e  t i r e .  

A s  t h e  s l i p  ang le  i n c r e a s e s ,  an i n c r e a s i n g  f r a c t i o n  of t h e  t r e a d  

rubber e lements  i n  t h e  "con tac t  patch" begin  t o  s l i d e  wi th  r e s p e c t  t o  

t h e  pavement. S ince  t h e  s l i d i n g  phenomenon i s  determined by i n t e r f a c i a l  



Figure 1. Typical Lateral Force vs. Slip Angle Diagrams for a 
Given Vertical Load. 



f r i c t i o n ,  t h e  l a t e r a l  f o r c e  behavior  of t h e  t i r e  a t  h igh s l i p  is  con- 

t r o l l e d  by t h e  f r i c t i o n a l  i n t e r a c t i o n  between t h e  t r e a d  rubber  and t h e  

s u r f a c e  of t h e  pavement. Accordingly,  t h e  f i g u r e  i l l u s t r a t e s  t h e  s o l i d  

and dashed l i n e s  d e p i c t i n g  t i r e  behavior  on high and low f r i c t i o n  sur-  

f a c e s ,  r e s p e c t i v e l y ,  We s e e  t h a t  t h e  curves  a r e  c o i n c i d e n t  on both  

s u r f a c e s  when t h e  s l i p  v a l u e s  a r e  low, but  t h a t  t h e  s a t u r a t i o n  l e v e l  

l a t e r a l  f o r c e s  a r e  d i r e c t l y  l i m i t e d  by t h e  f r i c t i o n  l e v e l .  ( I t  should 

be noted t h a t  l a t e r a l  f o r c e  d a t a  a r e  cus tomar i ly  p resen ted  i n  a  form 

which normal izes  f o r  v e r t i c a l  load--F /F -thus i n c o r p o r a t i n g  t h e  f i r s t -  
Y = 

order  i n f l u e n c e  of load  d i r e c t l y  i n t o  t h e  r e s u l t s . )  

F igure  1 a l s o  i l l u s t r a t e s  a  t y p i c a l  d i s t i n c t i o n  i n  t h e  l a t e r a l  

f o r c e  behavior  of r a d i a l  and b ias -p ly  t i r e s .  The r a d i a l  t i r e  i s  h igher  

i n  i t s  apparen t  "corner ing  s t i f f n e s s "  c h a r a c t e r i s t i c  such t h a t  i t  pro- 

duces h igher  v a l u e s  of l a t e r a l  f o r c e  a t  s l i p  v a l u e s  s h o r t  of t h e  s a t u r a -  

t i o n  c o n d i t i o n .  When s a t u r a t i o n  is achieved,  however, t h e r e  i s  l i t t l e  

d i s t i n c t i o n  between t i r e s  of r a d i a l  and bias-ply  c o n s t r u c t i o n .  (Note 

t h a t  t h e  h igher  corner ing  s t i f f n e s s  of t h e  r a d i a l  t i r e  may go coun te r  

t o  t h e  i n t u i t i o n  of t h e  layman i f  he  has  observed t h e  g r e a t e r  " f l ex ing"  

of t h e  r a d i a l ' s  s i d e w a l l  and i f  he has noted t h a t  t h e  v e r t i c a l  s t i f f n e s s  

of such t i r e s  i s  t y p i c a l l y  lower than w i t h  b ias -p ly  t i r e s .  The f a c t  i s  

t h a t  t h e  r a d i a l - p l y  t r u c k  t i r e  i s  cons t ruc ted  w i t h  a  ve ry  s t i f f - - - o f t e n  

steel-plyed-belt s e c t i o n  which i s  f l e x i b l e  i n  t h e  r a d i a l  d i r e c t i o n  bu t  

which is  e x t r a o r d i n a r i l y  s t i f f  i n  response  t o  t h e  s l i p  a n g l e  c o n d i t i o n . )  

Having i l l u s t r a t e d  t h e  b a s i c  n a t u r e  of t h e  t i r e ' s  l a t e r a l  f o r c e  

response t o  s l i p  a n g l e ,  i t  is i n s t r u c t i v e  t o  observe t h e  s l i p  a n g l e  

c o n d i t i o n s  imposed on t h e  four-axle  t r a c t o r  when n e g o t i a t i n g  a  small-  

r a d i u s  curve a t  low speed.  Shown i n  F igure  2 i s  a  schemat ic  of t h e  

four-axle  v e h i c l e ,  c o l l a p s e d  i n t o  s i n g l e - t i r e d  a x l e s ,  and t r a v e l i n g  

around a  s t e a d y  curve.  The s t e a d y - s t a t e  requirement  of a  s i n g l e  t u r n  

c e n t e r  imposes t h e  s l i p  a n g l e  c o n d i t i o n  on t h e  t h r e e  a f t - l o c a t e d  t i r e s ,  

a s  a  f u n c t i o n  of t h e  l o n g i t u d i n a l  spac ing  of t h e s e  a x l e s .  F u r t h e r ,  we 

s e e  t h a t  t h e  t i r e s  on t h e  No. 2 and No. 4 a x l e s  exper ience s l i p  a n g l e s  

having o p p o s i t e  s i g n s .  Thus, t i r e  No. 2 exper iences  a  s i d e  f o r c e  t o  t h e  

l e f t  and t i r e  No. 4 exper iences  a  s i d e  f o r c e  t o  t h e  r i g h t .  The n e t  e f f e c t  



F i g u r e  2.  T i r e  S i d e  Forces  and S l i p  Angles Developed on Four-Axle 
T r a c t o r  i n  Tight-Radius Turn a t  Zero Speed. 



of t h e  s l i p  a n g l e s  appear ing a t  a x l e s  2 through 4 is t h a t  a  moment i s  

produced r e s i s t i n g  t h e  c u r v i l i n e a r  motion of t h e  o v e r a l l  v e h i c l e .  Thus, 

t h e  curved p a t h  i s  on ly  achieved because t h e  f r o n t ,  o r  s t e e r i n g ,  t i r e s  

a r e  themselves o p e r a t i n g  a t  a  s l i p  ang le  such t h a t  a  s i d e  f o r c e  is  pro- 

duced a s  shown i n  t h e  f i g u r e .  It i s  t h i s  demand f o r  a  s u b s t a n t i a l  s i d e  

f o r c e  on t h e  s t e e r i n g  a x l e  t i r e s  t h a t  i s  t h e  c rux  of t h e  s p e c i a l  problem 

imposed dur ing  t i g h t - r a d i u s  corner ing  of t h e  four -ax le  t r a c t o r .  

This "problem" can be summarized i n  t h e  fo l lowing  o b s e r v a t i o n s :  

-The spread th ree -ax le  s e t  on t h e  r e a r  of t h e  t r a c t o r  pro- 

duces a  l a r g e  t u r n - r e s i s t i n g  moment when t h e  v e h i c l e  

o p e r a t e s  through a t i g h t - r a d i u s  t u r n .  

-The v a l u e  of t h e  r a d i u s  e s t a b l i s h e s  t h e  s i z e  of t h e  

t i r e  s l i p  a n g l e s  on t h e s e  t h r e e  a f t  a x l e s .  

-The t i r e  f o r c e s  i n  response t o  t h e s e  s l i p  a n g l e s  depend 

p r i m a r i l y  upon t i r e  l o a d  and c a r c a s s  c o n s t r u c t i o n .  

-The n e t  moment must be balanced through development of a  

l a r g e  s i d e  f o r c e  on t h e  s t e e r i n g  ( f r o n t )  a x l e  t i r e s .  

-Because f r o n t - a x l e  load  is  smal l  r e l a t i v e  t o  r e a r  l o a d s ,  

t h e  f r o n t  t i r e s  must run a t  l a r g e  s l i p  a n g l e s  t o  g e n e r a t e  

t h e  needed l e v e l  of l a t e r a l  f o r c e .  

-The l a r g e  l e v e l s  of f r o n t  t i r e  s l i p  a n g l e  cause  t h e s e  t i r e s  

t o  o p e r a t e  n e a r  t h e  s a t u r a t i o n  end of t h e  s l i p  regime, thus  

render ing  t h e  v e h i c l e ' s  t u r n i n g  c a p a b i l i t y  dependent upon 

t h e  p r e v a i l i n g  t i r e - r o a d  f r i c t i o n  c o n d i t i o n  (whi le  t h e  r e a r  

t i r e s  a r e  a l l  o p e r a t i n g  i n  t h e  more-or-less e l a s t i c  range of 

t h e  t i r e ,  w i t h  r e l a t i v e l y  low v a l u e s  of s l i p  a n g l e ) .  

-The v e h i c l e  w i l l  be unable  t o  t i g h t e n  i t s  t u r n  r a d i u s  below 

a  f i x e d  v a l u e  whenever: 

a )  t h e  f r o n t  t i r e s  reach s a t u r a t i o n ,  o r ,  

b )  t h e  f r o n t  wheels have been s t e e r e d  t o  t h e  f u l l - l o c k  

p o s i t i o n .  



- I f  f r o n t  t i r e  s a t u r a t i o n  i s  encountered a t  a  s t e e r  l e v e l  

which is  l e s s  than t h e  f u l l - l o c k  s t e e r i n g  p o s i t i o n ,  f u r t h e r  

s t e e r i n g  i n p u t  w i l l  a c t u a l l y  i n c r e a s e  t h e  t u r n  r a d i u s  s i n c e  

t h e  component of f r o n t  t i r e  s i d e  f o r c e  which i s  normal t o  t h e  

v e h i c l e ' s  c e n t e r l i n e  w i l l  be  decreas ing .  (Note t h a t  t h i s  

"normal" component, Fyn , i s  d e f i n e d  by t h e  r e l a t i o n ,  

= F cos 6 where 6 i s  t h e  f r o n t  wheel s t e e r  a n g l e . )  
F ~ n  y 

-Given t h a t  t h e  "problem" o c c u r s ,  then ,  when t h e  v e h i c l e  

becomes tu rn- rad ius - l imi ted  p r i o r  t o  reach ing  i t s  mechanical  

s t e e r i n g  s t o p ,  t h e  fo l lowing  c a t e g o r i e s  of countermeasures 

can be i d e n t i f i e d :  

a )  The t u r n - r e s i s t i n g  moment can be reduced by: 

- i n c o r p o r a t i n g  a  c a s t e r i n g  a x l e  a t  t h e  No. 

2 p o s i t i o n ,  thereby reducing 3 and F  
y2 

- p u t t i n g  b i a s  t i r e s  on a x l e s  No. 2 ,  3 ,  and 

4 ,  thus  reducing t h e  l e v e l s  of r e a r  t i r e  

s i d e  f o r c e  produced a t  t h e  given v a l u e s  of 

s l i p  ang le  

- reducing t h e  magnitudes of t h e  l o a d s  c a r r i e d  

on t h e  t r a c t o r ' s  r e a r  a x l e s ,  e s p e c i a l l y  on 

t h e  e x t r e m i t y  a x l e s ,  No. 2 and 4 .  

b)  The v e h i c l e ' s  wheelbase can be l eng thened ,  the reby  

i n c r e a s i n g  t h e  l e v e r  arm a t  which t h e  f r o n t  t i r e  

s i d e  f o r c e s  a c t .  

c)  The load  can be r e d i s t r i b u t e d  toward t h e  f r o n t  such 

t h a t  f r o n t  t i r e  s i d e  f o r c e  c a p a c i t y  i n c r e a s e s .  

I n  t h e  nex t  s e c t i o n ,  a  q u a n t i t a t i v e  a n a l y s i s  of t h e  t u r n i n g  problem 

w i l l  be p r e s e n t e d ,  and t h e  improvements i n  performance a f f o r d e d  by t h e  

v a r i o u s  countermeasures c i t e d ,  concep tua l ly ,  above w i l l  be i l l u s t r a t e d .  



3. PRESENTATION OF SIMULATION RESULTS 

Two k inds  of s i m u l a t i o n  were conducted f o r  e v a l u a t i o n  of t h e  tu rn-  

i n g  behavior  of t h e  C-4 t r a n s p o r t a t i o n  equipment. One type ,  used most 

e x t e n s i v e l y ,  involved a  s i m p l i f i e d  zero-speed model of t h e  v e h i c l e ,  wi th  

t h e  r i g h t -  and l e f t - s i d e  t i r e s  c o l l a p s e d  i n t o  a  s i n g l e  wheel p l a n e ,  and 

w i t h  t h e  t ire l a t e r a l  f o r c e  response  represen ted  a s  a  non l inear  f u n c t i o n  

of s l i p  ang le .  The c a l c u l a t i o n  method was based upon a  genera l i zed  

a n a l y s i s  p resen ted  i n  Reference [ I ] .  This  model was exerc i sed  by s o l v i n g  

f o r  t h e  a c h i e v a b l e  pa th  r a d i u s  a t  each v a l u e  of s teer ing-wheel  a n g l e ,  

from 0 t o  800 degrees .  The model pe rmi t t ed  e v a l u a t i o n  of t h e  problem 

which was of g r e a t e s t  i n t e r e s t ,  namely, t h e  t u r n i n g  c a p a b i l i t y  of t h e  

v e h i c l e  around t i g h t  r a d i u s  corners .  The second a n a l y s i s  method involved 

a  comprehensive s i m u l a t i o n  of t h e  yaw and r o l l  dynamics of t h e  v e h i c l e .  

This  multi-purpose model was employed t o  examine t h e  i m p l i c a t i o n  of 

v e h i c l e  m o d i f i c a t i o n s  on t h e  yaw s t a b i l i t y  of t h e  u n i t .  Th i s  model is 

documented i n  Reference [ 2 ] .  

Shown i n  F igure  3 a r e  l a y o u t  drawings f o r  both  of t h e  v e h i c l e  

c o n f i g u r a t i o n s  which were considered.  A t  t h e  top i s  a  long wheelbase 

t r a c t o r  employing t h r e e  conven t iona l  (non-s teer ing)  a x l e s  a t  t h e  rear-- 

a l though  t h e  No. 2  a x l e  happens t o  be o u t f i t t e d  w i t h  an  a i r -supported 

"pusher" suspension.  A t  t h e  bottom of t h e  f i g u r e  i s  a  s h o r t e r  wheelbase 

t r a c t o r  whose No. 2  a x l e  p o s i t i o n  i s  considered t o  be equipped w i t h  

e i t h e r  a  non-s teer ing pusher a s  above o r  w i t h  a  s e l f - s t e e r i n g ,  o r  

c a s t e r i n g  a x l e  des ign.  The No. 2  a x l e  i n  t h e  bottom c a s e  i s  a l s o  

considered t o  be a i r -spr ing-supported such t h a t  v a r i a t i o n s  i n  a i r  p r e s s u r e  

can be  in t roduced  t o  e f f e c t  a  r e d i s t r i b u t i o n  of load ing .  

Shown i n  F igure  4 is a  p l o t  of t h e  t u r n  r a d i u s  achieved a s  a  

f u n c t i o n  of s teer ing-wheel  i n p u t  a n g l e  f o r  two c o n f i g u r a t i o n s  of t h e  

s h o r t  wheelbase t r a c t o r .  Table 1 l i s t s  parameters  f o r  each v e h i c l e  

c o n f i g u r a t i o n  and c i t e s  t h e  " c o n f i g u r a t i o n  number" such a s  i s  a l s o  shown 

nex t  t o  each curve i n  F igure  4 .  The f i g u r e  shows t h a t  i n c r e a s i n g  s t e e r  
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Table 1. Parameters Oescriblng Vehiclee Which Were Evaluated Using n 
Zero-Speed Turning Analyeie. 

Tire/Road 
Friction Limit 

Self-steer 
Axle Friction 

1 be 
Conf igurnt ion Nominal Vehicle 
Number Confi~urntion 

Baseline Short WB SS1 (Hack) Short WB. Self- 
Tractor. Variable Steer on Axle No. 
Pavement Frlc tion e 

Tiresf 

Front Reor - - -  

Axle Loada 

I1 I2 I3 --- Front - Rear 

Radlal/Bias Hlx 

Rndlnl/Bins Mix with 
1.ou Friction Axle No. 

Forward Weight Bias SSlO 
( 5 0  pei Air Susp.) 

Short WB wlth No. 2 
A x l e  Rigld 

RS1 (Hnck) Short WB. Rigld 

I Axle No. 2 
, RS2 
1 RS 3 . 
RL1 (Kenworth) Long Wheelbane 

RLZ I 

I RL3 

RL4 

Long WA with Variable 
Pavement Fr l c  t lon 

L o n ~  WB. Front 
Tiree on Snnd 

D-5  Trnctor AIW I 

*R - Rndlnl Ply 
A - A l n n  P l y  



input r e s u l t s  i n  a  decreasing turn  radius u n t i l  some minimum turn  i s  

achieved. The upper curve represents  the behavior of the  sho r t  wheelbase 

t r a c t o r  with i t s  No. 2 ax l e  " r ig id" ;  i . e . ,  employing the  conventional 

pusher ax l e  arrangement. The lower curve represents  t he  same t r a c t o r  

with the "se l f - s teer"  o r  ca s t e r ing  ax le  a t  the No. 2 pos i t ion .  A sample 

of the se l f - s t ee r ing  ax le  i n  quest ion was t e s t ed  a t  the  UMTRI labora tory  

and was found t o  exh ib i t  a l a r g e  l e v e l  of coulomb f r i c t i o n  i n  the s e l f -  

s t e e r  funct ion.  Accordingly, i n  Table 1 a  value of 6700 l b s  is  indica ted  

a s  the " s e l f - s t e e r  ax l e  f r i c t i o n "  f o r  the case of a  21,500-lb load on 

ax le  No. 2. Also note  t h a t  a  r e l a t i v e l y  low value of t i r e / r o a d  f r i c t i o n  

(p = 0.45) i s  represented i n  the ca l cu la t ions  fo r  Figure 4. 

A t  the ind ica ted  value of t i r e / r o a d  f r i c t i o n ,  which r ep re sen t s ,  

perhaps, a  polished pavement i n  a  rain-covered condit ion,  the  "short  WB 

r i g i d f '  t r a c t o r  i s  seen t o  achieve a  minimum radius  of only 100 f e e t  while 

t he  t r a c t o r  equipped with the s e l f - s t e e r  ax l e  achieves a  minimum radius  of 

approximately 40 f e e t .  I n  both cases ,  the  veh ic l e  exh ib i t s  a  minimum 

radius  behavior p r i o r  t o  reaching the  mechanical s t ee r ing  s tops .  (The 

mechanical s tops  t y p i c a l l y  l i m i t  f r o n t  wheel angle  to  approximately 40 

degrees,  o r ,  i n  t h i s  case ,  approximately 1000 degrees of s t ee r ing  wheel 

angle f o r  the  assumed va lue  of 25 f o r  the  s t e e r i n g  system r a t i o . )  

This p lo t  i l l u s t r a t e s  the  bas ic  na ture  of the turning l i m i t a t i o n  

which i s  imposed by the four-axle t r a c t o r  arrangement. I f  a  d r ive r  were 

at tempting t o  opera te  these  two vehic le  conf igura t ions  around t y p i c a l  

r ight-angle i n t e r s e c t i o n  turns  on the  ind ica ted  ra iny  su r f ace ,  the " r ig id"  

vehic le  would be incapable of making such turns  while  t he  se l f - s t ee r  

adapta t ion  would render the  vehic le  marginally capable of the  needed 

maneuvers. Note from Table 1 t h a t  the  cases  shown i n  t h i s  f i gu re  involve 

the  reference d i s t r i b u t i o n  of ax l e  loads which provide f o r  heavy loading 

of the  three  r e a r  ax les  and a  r e l a t i v e l y  l i g h t  loading of the  f r o n t  ax le .  

Referr ing back t o  the  general ized d iscuss ion  of Section 2 ,  i t  i s  

i n t e r e s t i n g  t o  observe t h a t  the da t a  of Figure 4  confirm t h a t  t he  turn  

radius r i s e s  again a f t e r  a  minimum radius  has been reached a s  a  conse- 

quence of the  "cosine loss"  i n  the o r i e n t a t i o n  of the  f r o n t  t i r e  s i d e  

force  vec tor .  



Shown i n  F igure  5  i s  a  p l o t  of t h e  behavior  of t h e  same " s e l f - s t e e r , "  

s h o r t  wheelbase t r a c t o r  on pavements spanning t h e  t i r e / r o a d  f r i c t i o n  

range of p = 0.3 t o  0.8.  The 0.3 c o n d i t i o n  r e p r e s e n t s ,  pe rhaps ,  a  

s l i p p e r y  road c o n d i t i o n  p r e v a i l i n g  a s  t h e  r e s u l t  of a  l i g h t  d u s t i n g  of 

snow. The 0.8 c o n d i t i o n  r e p r e s e n t s  a  t y p i c a l  d ry  road.  The f i g u r e  shows 

t h a t ,  on a  dry  road ,  t h e  v e h i c l e  is  a b l e  t o  ach ieve  a  r a d i u s  of approxi-  

mately 30 f e e t  w i t h i n  t h e  800-degree s t e e r  ang le .  The v e h i c l e  i s  seen 

t o  begin s u f f e r i n g  a  minimum r a d i u s  problem when p = 0 .45  and t o  then  

become d r a m a t i c a l l y  reduced i n  performance a s  f r i c t i o n  l e v e l  d e c r e a s e s  

f u r t h e r .  When t h e  f r i c t i o n  l e v e l  i s  equa l  t o  0 .3 ,  t h e  v e h i c l e  i s  in- 

capab le  of making t u r n s  having a  r a d i u s  l e s s  than approximately 150 f e e t .  

( I t  should be noted t h a t  t h e  smal l  "saddle"  appear ing i n  t h e  response 

curve  a t  p = 0.3 and a t  a  s t e e r  i n p u t  of approximately  200 t o  250 degrees  

i s  an anomaly of t h e  computation method-the a c t u a l  v e h i c l e  would e x h i b i t  

a  response more l i k e  t h e  dashed l i n e  drawn a c r o s s  t h e  top  of t h e  s a d d l e . )  

I n  F igure  6 ,  t h e  dry-road t u r n i n g  c a p a b i l i t y  of the  s h o r t  wheelbase,  

s e l f - s t e e r ,  t r a c t o r  i s  compared w i t h  t h a t  of t h e  long wheelbase t r a c t o r .  

We s e e  t h a t  bo th  v e h i c l e s  a r e  r a t h e r  s i m i l a r  i n  behavior  except  t h a t :  

a )  t h e  s h o r t  wheelbase t r a c t o r  can achieve a  somewhat 

t i g h t e r  r a d i u s  t u r n  a t  t h e  h i g h e s t  s t e e r  i n p u t s ,  and 

b) t h e  s h o r t  wheelbase t r a c t o r  r e q u i r e s  cons iderab ly  l e s s  

s t e e r i n g  i n p u t  f o r  t h e  same t u r n ,  e s p e c i a l l y  i n  s h o r t  

r a d i u s  curves .  (For example, 28% g r e a t e r  s t e e r i n g  i n p u t  

i s  r e q u i r e d  f o r  t h e  long wheelbase t r a c t o r  t o  n e g o t i a t e  

a  50-f oo t  r a d i u s  curve.  ) 

Since  t r u c k  d r i v e r s  a r e  o f t e n  s e n s i t i v e  t o  t h e  amount of s t e e r i n g  r e q u i r e d ,  

i t  i s  l i k e l y  t h a t  t h e  s h o r t  wheelbase, s e l f - s t e e r  t r a c t o r  would be found 

p r e f e r a b l e  f o r  maneuvering on a  d r y  roadway. When a  low f r i c t i o n  road 

c o n d i t i o n  i s  r e p r e s e n t e d ,  however, t h e  r e l a t i v e  a t t r a c t i v e n e s s  of t h e  two 

v e h i c l e s  r e v e r s e s ,  a s  shown i n  F igure  7 .  Here we s e e  t h a t  t h e  s e l f - s t e e r  

t r a c t o r  i s  l i m i t e d  t o  a  minimum r a d i u s  t u r n  of 150 f e e t ,  w h i l e  t h e  long 

wheelbase v e h i c l e  e x h i b i t s  v i r t u a l l y  t h e  same behavior  a s  was seen  on 

t h e  d r y  road c o n d i t i o n .  Examination of t h e  d e t a i l e d  s i m u l a t i o n  r e s u l t s  
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has  revea led  t h a t  whi le  t h e  s h o r t  wheelbase,  s e l f - s t e e r  t r a c t o r  s u f f e r s  

s i d e  f o r c e  s a t u r a t i o n  a t  t h e  t i r e s  on t h e  f r o n t  a x l e ,  making t i g h t e r  

t u r n i n g  imposs ib le ,  t h e  long wheelbase v e h i c l e  exper iences  s a t u r a t i o n  

i n  the  t i r e s  on t h e  No. 2 a x l e ,  thus  l i m i t i n g  t h e  t u r n - r e s i s t i n g  moment 

so  t h a t  t i g h t  r a d i u s  curves  can be n e g o t i a t e d .  Accordingly,  i t  would 

appear  t h a t  f o r  t h e s e  r e f e r e n c e  c a s e s  of v e h i c l e  s e t u p ,  t h e  long wheelbase 

u n i t  would be more a t t r a c t i v e  f o r  o p e r a t i o n  on low f r i c t i o n  s u r f a c e s .  

An a d d i t i o n a l  c a s e  t h a t  was examined involved an unusual  s u r f a c e  

f r i c t i o n  c o n d i t i o n  such a s  may a r i s e  i n  a r e a s  where t h e  roadway had been 

p rev ious ly  sanded dur ing  a  snowfa l l .  A f t e r  t h e  snow has  mel ted,  t h e  

r e s i d u a l  sand remains on t h e  s u r a c e  and is  e f f e c t i v e l y  brushed by t h e  

v e h i c u l a r  t r a f f i c  i n t o  two " r idges"  a s  shown i n  F i g u r e  8. When a  v e h i c l e  

w i t h  s u f f i c i e n t l y  long wheelbase t r a v e r s e s  roadway curves  having such a  

d i s t r i b u t i o n  of sand,  i t  is supposed t h a t  t h e  f o r e  and a f t  t i r e  s e t s  tend 

t o  t r a c k  i n  such a way t h a t  t h e  f r o n t  t ires run  on a  sand-covered pavement 

whi le  t h e  m a j o r i t y  of t h e  r e a r  t i r e s  run on a  more-or-less c l e a r  pavement. 

By such a  s c e n a r i o ,  t h e  f r o n t  t i r e s  exper ience  a  lower f r i c t i o n a l  l i m i t  

t han  do t h e  r e a r  t i r e s  such t h a t  a  d e f i c i e n c y  i n  f r o n t  t i r e  l a t e r a l  f o r c e  

c a p a b i l i t y  develops .  F igure  9 i l l u s t r a t e s  t h e  t u r n i n g  performance of t h e  

long wheelbase t r a c t o r  f o r  cases  invo lv ing  d i f f e r i n g  f r i c t i o n a l  repre-  

s e n t a t i o n s  of t h i s  c o n d i t i o n .  I t  is  seen t h a t  t h e  " f r o n t  t i r e s  on sand" 

c o n d i t i o n  i s  capab le  of producing t h e  same g e n e r i c  behavior  of t h e  long 

wheelbase u n i t  as was shown p r e v i o u s l y  f o r  t h e  s h o r t  wheelbase,  s e l f - s t e e r  

t r a c t o r .  That i s ,  l a t e r a l  f o r c e s  a t  t h e  f r o n t  t i r e s  a r e  caused t o  

s a t u r a t e  whi le  t h e  r e a r  t i r e s  a r e  s t i l l  r e s i s t i n g  t h e  n e g o t i a t i o n  of a  

curved pa th .  

I n  a d d i t i o n  t o  ana lyz ing  t h e  behavior  of t h e  e x i s t i n g  v e h i c l e s  

under d i f f e r i n g  pavement c o n d i t i o n s ,  a n a l y s e s  were a l s o  performed t o  

e v a l u a t e  v a r i o u s  countermeasures which might be implemented t o  cause  t h e  

s h o r t  wheelbase,  s e l f - s t e e r  t r a c t o r  t o  e x h i b i t  a c c e p t a b l e  t u r n i n g  per fo r -  

mance on a  low f r i c t i o n  s u r f a c e .  Shown i n  F i g u r e  1 0  a r e  a  s e t  of c a l c u l a t e d  

r e s u l t s  f o r  t h e  s h o r t  wheelbase v e h i c l e  on a  s l i p p e r y  s u r f a c e ,  wi th  p = 0.3.  

A t  t h e  t o p ,  t h e  performance of t h e  b a s e l i n e  v e h i c l e  i s  shown a g a i n ,  

e s t a b l i s h i n g  a  150-foot minimum t u r n i n g  r a d i u s .  



Figure 8. Sketch Illustrating the Anomalous Matching of Front and 
Rear Tire Paths with "Sanded" and "Clean" Pavement. 







J u s t  below t h e  b a s e l i n e  curve is  t h e  r e s u l t  ob ta ined  when t h e  base- 

l i n e  r a d i a l  t i r e s  a r e  r e p l a c e d ,  on t h e  t h r e e  r e a r  a x l e s ,  by t y p i c a l  b ias-  

p l y  t i r e s .  The minimum t u r n i n g  r a d i u s  i s  seen t o  reduce t o  approximately 

120 f e e t  a s  a  r e s u l t  of t h e  s m a l l e r  t u r n - r e s i s t i v e  moment produced a t  

t h e  r e a r  a x l e  s e t .  That i s ,  s i n c e  t h e  b i a s  t i r e  has  a  lower e f f e c t i v e  

"corner ing  s t i f f n e s s , "  f o r  t h e  same v e r t i c a l  load  c o n d i t i o n ,  t h a n  t h e  

r e f e r e n c e  r a d i a l  t i r e ,  t h e  r e a r  t i r e  s l i p  ang les  (which were shown e a r l i e r  

t o  d e r i v e  simply from t h e  curved-path c o n d i t i o n )  produce p r o p o r t i o n a t e l y  

lower l a t e r a l  f o r c e s  and,  t h u s ,  a  p r o p o r t i o n a t e l y  lower moment r e s i s t i n g  

t h e  t u r n i n g  motion. A s  a  consequence, t h e  f r o n t  t i r e s  a r e  c a l l e d  upon t o  

produce a  lower l e v e l  of l a t e r a l  f o r c e  i n  n e g o t i a t i n g  a  g iven t u r n  such 

t h a t  a  t i g h t e r  "minimum" r a d i u s  can be achieved b e f o r e  s a t u r a t i o n  of t h e  

f r o n t  t i r e s  occurs .  

Looking now a t  t h e  curve l a b e l e d  "50 p s i  on a i r  ax le"  i n  F i g u r e  1 0 ,  

we s e e  t h e  e f f e c t  of a  s u b s t a n t i a l  r e d i s t r i b u t i o n  of load  among t h e  

t r a c t o r  a x l e s  (wi th  t h e  o r i g i n a l  a l l - r a d i a l  t i r e  i n s t a l l a t i o n ) .  L i s t e d  

below a r e  t h e  b a s e l i n e  and r e d i s t r i b u t e d  l o a d s  which p e r t a i n  t o  t h e  c a s e s  

of d i f f e r i n g  i n f l a t i o n  of t h e  a i r  s p r i n g s  on a x l e  No. 2 .  

Condi t ion 

Base l ine  

Modified 

A i r  Spr ing 
Axle Loads, l b s  

P r e s s u r e  1 2  3 4 

65 p s i  13,650 21,500 21,385 21,385 

50 p s i  15,285 18,300 22,166 22,166 

Note t h a t  t h e  load  on a x l e  No. 2  has  reduced by 3,200 l b s ,  i n  t h e  

"50 p s i "  c a s e ,  and t h a t  t h e  load  on t h e  f r o n t  a x l e  has inc reased  by some 

1 ,600  l b s .  F igure  1 0  r e v e a l s  t h a t  t h i s  load  d i s t r i b u t i o n  p rov ides  a  l a r g e  

improvement i n  t h e  minimum r a d i u s  t u r n i n g  c a p a b i l i t y  of t h e  v e h i c l e .  It 

should be apparen t  t h a t  t h e  improvement d e r i v e s  from t h e  combined reduc- 

t i o n  i n  t h e  t u r n - r e s i s t i v e  moment imposed by t h e  r e a r  t i r e s  and t h e  

improved l a t e r a l  f o r c e  c a p a b i l i t y  of t h e  f r o n t  t i r e s .  

I n  t h e  nex t  curve on F igure  10 (second from t h e  bo t tom) ,  t h e  

combined e f f e c t  of t h e  b i a s  t i r e  i n s t a l l a t i o n  on t h e  r e a r  a x l e s  p l u s  t h e  

50 p s i  a i r  s p r i n g  i n f l a t i o n  on a x l e  No. 2 y i e l d s  an  even b e t t e r  performance. 



We s e e  t h a t  t h e  l i m i t - t u r n i n g  c a p a b i l i t y  approaches a  minimum r a d i u s  of 

50 f e e t .  

The b e s t  performance i n  F igure  1 0  i s  achieved by t h e  v e h i c l e  i n  t h e  base- 

l i n e  load ing  and b i a s - r e a r  t i r e  c o n d i t i o n s ,  bu t  w i t h  a  s e l f - s t e e r i n g  No. 2 

a x l e  which has  been modified t o  y i e l d  a  much lower l e v e l  of coulomb 

f r i c t i o n  i n  i t s  s e l f - s t e e r  f u n c t i o n .  To e l a b o r a t e ,  t h e  s e l f - s t e e r i n g  

a x l e  employs a  p a i r  of wheel s p i n d l e s  which a r e  c a s t e r e d  about  v e r t i c a l  

k ingp ins .  The f r i c t i o n a l  r e s i s t a n c e  of t h e s e  s p i n d l e s  t o  r o t a t i o n  about 

t h e  kingpins  has  been reduced, i n  t h e  s u b j e c t  c a s e ,  from an e q u i v a l e n t  

6,700 l b s  of l a t e r a l  t i r e  f o r c e  t o  1 ,500 l b s  of l a t e r a l  f o r c e .  That i s ,  

t h e  modified c a s e  r e q u i r e s  on ly  a  t o t a l  of 1 ,500  l b s  of s i d e  f o r c e  on t h e  

t i r e s  of a x l e  No. 2 b e f o r e  t h e  c a s t e r i n g  a c t i o n  proceeds t o  l i m i t  t h e  

s l i p  a n g l e  p r e v a i l i n g  on those  t i r e s .  I n  t h e  f i g u r e ,  we s e e  t h a t  t h e  

"low-kingpin-frict ion' '  c a s e  y i e l d s  a  minimum t u r n i n g  r a d i u s  performance 

on t h e  0.3-p s u r f a c e  which i s  e s s e n t i a l l y  i d e n t i c a l  t o  t h a t  achieved by 

t h e  b a s e l i n e  v e h i c l e  on d ry  pavement. 

Moreover, t h e  examined s e t  of p o t e n t i a l  countermeasures i l l u s t r a t e  

t h a t  v a r i o u s  means a r e  a v a i l a b l e  f o r  improving t h e  minimum r a d i u s  pe r fo r -  

mance of t h e  v e h i c l e .  I n  p r a c t i c e ,  i t  may be t h a t  some of t h e s e  schemes 

of v e h i c l e  modi f i ca t ion  a r e  more r e a d i l y  implemented than  o t h e r s  such 

t h a t  performance g a i n s  may have t o  be tempered by o t h e r  c o n s i d e r a t i o n s .  

To conclude t h e  examination of t i g h t  r a d i u s  corner ing  behav ior ,  

F igure  11 p r e s e n t s  a  comparison of t h e  performances of t h e  two previously-  

desc r ibed  v e h i c l e s  wi th  t h a t  of t h e  D-5 concept t r a c t o r  which w i l l  be 

desc r ibed  i n  S e c t i o n  5. This  four -ax le  t r a c t o r  i s  comparable i n  l a y o u t  

to  the  long wheelbase v e r s i o n  considered above, but  is loaded more 

f a v o r a b l y ,  w i t h  l i g h t e r  r e a r  l o a d s  and h i g h e r  f r o n t  a x l e  load ing  than i n  

t h e  r e f e r e n c e  case .  The f i g u r e  shows t h a t  on t h e  low f r i c t i o n  s u r f a c e ,  

t h e  two long wheelbase t r a c t o r s  behave v i r t u a l l y  i d e n t i c a l l y ,  w i t h  

r e s p e c t  t o  low-speed t u r n i n g  performance. 





High-Speed Turning Performance 

The p e c u l i a r  t u r n i n g  problem which was i d e n t i f i e d  above was seen t o  

d e r i v e  from t h e  r e s i s t a n c e  of t h e  mul t ip le - rea r -ax le  t r a c t o r  t o  t r a v e l i n g  

around t i g h t  r a d i u s  curves .  It  was s e e n  t h a t  non-zero s l i p  a n g l e s  pre- 

v a i l e d  even when t h e  v e h i c l e  speed was v i r t u a l l y  zero  simply a s  a r e s u l t  

of t h e  kinemat ics  of v e h i c l e  motion around a  f i x e d  t u r n  c e n t e r .  When a  

t i g h t  r a d i u s  t u r n  i s  n e g o t i a t e d  a t  a  h igher  v a l u e  of speed,  however, a  

non-zero c e n t r i p e t a l  a c c e l e r a t i o n  c o n d i t i o n  p r e v a i l s ,  such t h a t  new l e v e l s  

of t i r e  s i d e  f o r c e ,  and t h u s  s l i p  a n g l e s ,  a r e  needed t o  e s t a b l i s h  s t a t i c  

equ i l ib r ium.  The r e s u l t  of i n c r e a s i n g  speed was examined by means of a  

s i n g l e  check of v e h i c l e  t u r n i n g  response a t  10 mph, us ing  a  comprehensive 

s i m u l a t i o n  of t h e  v e h i c l e .  The r e s u l t s  showed t h a t  t h e  s h o r t  wheelbase,  

s e l f - s t e e r  t r a c t o r  requ i red  a  minimum u v a l u e  of 0.65 i n  o r d e r  t o  ach ieve  

a  50-foot r a d i u s  t u r n  a t  10 mph, i n  comparison wi th  a  minimum u of 0.42 

needed t o  n e g o t i a t e  t h e  50-foot t u r n  a t  ze ro  speed.  C l e a r l y ,  t h e  0.13 g  

l e v e l  of c e n t r i p e t a l  a c c e l e r a t i o n  accompanying t h e  10-mph t u r n  r e s u l t s  

i n  a  cons iderab ly  l a r g e r  demand on f r o n t  t i r e  s i d e  f o r c e  l e v e l  such t h a t  

a  h igher  f r i c t i o n  l e v e l  i s  needed. 

A s i m i l a r  c a l c u l a t i o n  conducted f o r  a  150-foot r a d i u s  curve,  

however, showed no s i g n i f i c a n t  i n f l u e n c e  of t h e  10-mph speed on t h e  

v e h i c l e ' s  t u r n i n g  c a p a b i l i t y .  This  r e s u l t ,  of c o u r s e ,  i s  unders tandab le  

s i n c e  a t  t h e  l a r g e r  r a d i u s ,  t h e  t u r n - r e s i s t i v e  moment developed a t  t h e  

r e a r  a x l e s  i s  much s m a l l e r ,  a s  i s  t h e  c e n t r i p e t a l  a c c e l e r a t i o n  implied by 

t h e  s e l e c t e d  speed cond i t ion .  Indeed,  i t  is  q u i t e  apparen t  t h a t  no 

l i m i t a t i o n s  i n  t u r n i n g  c a p a c i t y  (such a s  desc r ibed  i n  t h e  preceding 

a n a l y s e s )  w i l l  a r i s e  dur ing normal t r a v e l  of t h e  four-axle  t r a c t o r  a t  

highway speeds ,  g iven t h e  l a r g e  pa th  r a d i i  which a r e  involved.  (Of course ,  

t h i s  i s  n o t  t o  say  t h a t  t h e  v e h i c l e  can s a f e l y  n e g o t i a t e  any conceivable  

t u r n i n g  maneuver s i n c e  every  heavy t r u c k  e x h i b i t s  r o l l  and yaw s t a b i l i t y  

limits which w i l l  s e r v e  t o  r a t h e r  s e v e r e l y  c o n s t r a i n  t h e  o u t e r  boundary 

of maneuver s e v e r i t y . )  

I n  o r d e r  t o  exp lore  t h e  p o s s i b l y  n e g a t i v e  i n f l u e n c e  of one of t h e  

countermeasures t o  t h e  low-speed t u r n i n g  problem on t h e  high-speed 

s t a b i l i t y  behavior ,  a s e p a r a t e  s e t  of s i m u l a t i o n s  was conducted a t  55 mph. 



I n  t h e s e  c a l c u l a t i o n s ,  t h e  s h o r t  wheelbase,  s e l f - s t e e r  t r a c t o r  and semi- 

t r a i l e r  combination was examined i n  both  t h e  b a s e l i n e  and i n  t h e  "low- 

k i n g p i n - f r i c t i o n "  c o n f i g u r a t i o n s .  The purpose of t h e  c a l c u l a t i o n s  was 

t o  determine whether t h e  " low-kingpin-fr ic t ion"  c a s e ,  which e s s e n t i a l l y  

a s s u r e s  t h a t  ve ry  low l e v e l s  of t i r e  s i d e  f o r c e  w i l l  be developed a t  a x l e  

No. 2 ,  would cause  a  r e d u c t i o n  i n  t h e  yaw s t a b i l i t y  of t h e  t r a c t o r .  I n  

t h i s  c o n t e x t ,  yaw s t a b i l i t y  invo lves  t h e  r e s i s t a n c e  of t h e  t r a c t o r  t o  

d i v e r g e n t  r o t a t i o n  around i t s  v e r t i c a l  a x i s ,  such a s  may promote a  l o s s  

of c o n t r o l  s i t u a t i o n  i n  h i g h e r  s e v e r i t y  t u r n s  a t  highway speeds .  

The s i m u l a t i o n  runs  were made us ing a  l i n e a r l y  i n c r e a s i n g  s t e e r  

i n p u t ,  t o  p rov ide  a  sweep i n  t u r n  s e v e r i t y ,  a t  55 mph. Shown i n  F igure  

12 a r e  p l o t s  of t h e  t ime response  of both  v e h i c l e  c o n f i g u r a t i o n s ,  i n  

terms of t h e  yaw r a t e ,  l a t e r a l  a c c e l e r a t i o n ,  and t r a c t o r  body s i d e s l i p  

ang le  v a r i a b l e s .  Looking a t  t h e  l a t e r a l  a c c e l e r a t i o n  s i g n a l s ,  we s e e  

t h a t  t h e  desc r ibed  s t e e r i n g  i n p u t  r e s u l t s  i n  a n  i n c r e a s i n g  l a t e r a l  

a c c e l e r a t i o n  response which appears  t o  be d iverg ing  l a t e  i n  t h e  s imula t ion  

run.  Thus we can s a y  t h a t  t h e  s i m u l a t i o n  shows yaw i n s t a b i l i t y  t o  be 

p o s s i b l e  f o r  bo th  v e h i c l e  c o n f i g u r a t i o n s ,  b u t  i t  appears  a s  a  prominent 

a s p e c t  of t h e  response only  f o r  l a t e r a l  a c c e l e r a t i o n  l e v e l s  above 0 .4  g ,  

o r  SO.  

O f  immediate importance t o  t h e  e v a l u a t i o n  of countermeasures,  

however, we s e e  t h a t  t h e  v e h i c l e  does no t  e x h i b i t  any g r e a t e r  degree  of 

yaw i n s t a b i l i t y ,  a t  a  g iven l e v e l  of l a t e r a l  a c c e l e r a t i o n ,  i n  t h e  "low- 

k i n g p i n - f r i c t i o n "  c a s e  than  i n  t h e  b a s e l i n e  case .  This  conc lus ion  i s  

reached by examining t h e  l e v e l s  of yaw r a t e  and body s i d e s l i p  ang les  

a t t a i n e d  i n  bo th  v e h i c l e  c a s e s  a t ,  s a y ,  t h e  0.4 g  l e v e l  of l a t e r a l  a c c e l e r a -  

t i o n .  We n o t e  t h a t  v i r t u a l l y  no change i n  yaw r a t e  and s i d e s l i p  response 

have occurred (a l though we n o t e ,  of c o u r s e ,  t h a t  t h e  low-kingpin-£ r i c t i o n  

case  has  lengthened t h e  e f f e c t i v e  wheelbase of t h e  v e h i c l e ,  thereby 

render ing  a  lower g a i n  i n  i t s  l a t e r a l  a c c e l e r a t i o n  response  t o  t h e  s t e a d i l y  

inc reased  s t e e r i n g  i n p u t ) .  Moreover, i t  appears  t h a t  t h e  r e d u c t i o n  i n  

t h e  f r i c t i o n  of t h e  k ingp ins  on t h e  s e l f - s t e e r i n g  a x l e  does no t  i n t r o d u c e  

any n o t i c e a b l e  r e d u c t i o n  i n  t h e  yaw s t a b i l i t y  of t h e  v e h i c l e  combination 

a t  highway speeds.  
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It may a lso  be of in te res t  that  the r o l l  s t a b i l i t y  l i m i t  of the 

vehicle was calculated to  be a t  a l a t e r a l  accelerat ion l eve l  of 0.56 g.  

Given the overall  levels  of r o l l  and yaw s t a b i l i t y  assessed here, i t  

appears that  t h i s  vehicle very substant ia l ly  exceeds the s t a b i l i t y  

performance of tractor-semitrai lers  i n  general commercial service.  



4 ,  CONCLUDING REMARKS REGARDING THE C-4 TRANSPORTATION EQUIPMENT 

The s h o r t  wheelbase,  four -ax le  t r a c t o r  i s  c l e a r l y  a  v e h i c l e  which 

needs s p e c i a l  t r ea tment  t o  s o l v e  i t s  t i g h t  r a d i u s  t u r n i n g  problem. The 

use  of t h e  s e l f - s t e e r i n g  a x l e ,  i n  i t s  "off t h e  s h e l f "  v e r s i o n ,  appears  

t o  p rov ide  a  p a r t i a l  s o l u t i o n ,  a l though  i t  r e n d e r s  only  a  marginal ly-  

a c c e p t a b l e  performance when t h e  pavement f r i c t i o n  l e v e l  beg ins  t o  decrease .  

Addi t iona l  improvement i s  a t t a i n e d  when t h e  a x l e  loads  a r e  r e d i s t r i b u t e d  

by means of reducing t h e  a i r  s p r i n g  i n f l a t i o n  p r e s s u r e  on a x l e  No. 2 .  

A f u r t h e r  b e n e f i t  acc rues  from t h e  i n s t a l l a t i o n  of b ias-ply  t i r e s  on t h e  

v e h i c l e .  I f  t h i s  l a t t e r  change i s  employed, it i s  a d v i s a b l e  t o  i n s t a l l  

b i a s  t i r e s  on the  f r o n t  a s  w e l l  a s  r e a r  a x l e s  t o  a s s u r e  t h e  r e t e n t i o n  

of a  reasonab le  u n d e r s t e e r  l e v e l  i n  t h e  v e h i c l e .  

The s i n g l e  most b e n e f i c i a l  s t e p  appears  t o  d e r i v e  from a  modifica- 

t i o n  of t h e  s e l f - s t e e r  a x l e  hardware t o  ach ieve  a  wholesale  r e d u c t i o n  

i n  t h e  l e v e l  of t h e  coulomb f r i c t i o n  which r e s i s t s  t h e  s t e e r i n g  motion 

of t h e  c a s t e r e d  wheels .  ( I t  should be recognized t h a t  r e d u c t i o n  of 

t h i s  coulomb f r i c t i o n  c h a r a c t e r i s t i c  t o  a  near-zero l e v e l  may then 

n e c e s s i t a t e  t h e  use  of a  s t e e r i n g  damper dev ice  t o  p reven t  shimmy 

o s c i l l a t i o n s . )  Notwithstanding t h e  s p e c i a l  e f f e c t i v e n e s s  of t h e  modi- 

f i c a t i o n  t o  t h e  s e l f - s t e e r  a x l e  hardware, i t  appears  t h a t  a  n e a r l y  

comparable l e v e l  of improvement is  achieved,  f o r  n e a r l y  a l l  o p e r a t i n g  

c o n d i t i o n s ,  by t h e  combination of t h e  c i t e d  r e d i s t r i b u t i o n  of load  and 

t h e  i n s t a l l a t i o n  of b ias-ply  t i r e s .  

The long wheelbase t r a c t o r  is c l e a r l y  s u p e r i o r  t o  t h e  s h o r t ,  

se l f - s t ee r -equ ipped  t r a c t o r  i n  i t s  a b i l i t y  t o  ach ieve  t i g h t  r a d i u s  curves  

on low f r i c t i o n  s u r f a c e s .  With adop t ion  of t h e  countermeasures c i t e d  

above, however, t h e  t i g h t - r a d i u s  t u r n i n g  c a p a b i l i t y  of t h e  s h o r t  wheelbase 

t r a c t o r  can be made comparable t o  t h a t  of t h e  long  wheelbase u n i t .  I n  

f a c t ,  d r i v e r s  may t h e n  p r e f e r  t h e  s h o r t e r  t r a c t o r  s i n c e  cons iderab ly  l e s s  

s t e e r i n g  a c t i v i t y  w i l l  be needed i n  n e g o t i a t i n g  t h e  v e h i c l e  through 

i n t e r s e c t i o n s ,  e t c .  



Although i t  was shown t h a t  t h e  longer  wheelbase t r a c t o r  could 

n e g o t i a t e  t u r n s  having l e s s  than  50-foot r a d i i  even on s u r f a c e s  having 

v e r y  low f r i c t i o n  l e v e l s ,  a  p e c u l i a r  c o n d i t i o n  was def ined  i n  which t h i s  

v e h i c l e  d i d  e x h i b i t  a  marked l o s s  i n  t u r n i n g  c a p a b i l i t y .  This  c o n d i t i o n  

involved t u r n i n g  a t  low speed on a  pavement having a r e a s  o f  sand con- 

c e n t r a t e d  a t  t h e  shou lder  edge of t h e  l a n e  and i n  t h e  c e n t e r  of t h e  l a n e .  

Under such a  c o n d i t i o n ,  which t ends  t o  p r e v a i l  fo l lowing  t h e  use  of sand 

t o  enhance t r a c t i o n  when t h e  pavement was snow-covered, t h e  t r a c t o r  i s  

unable  t o  ach ieve  s u f f i c i e n t l y  high l e v e l s  of f r o n t  t i r e  s i d e  f o r c e  and 

thus  becomes l i m i t e d  i n  t h e  minimum a c h i e v a b l e  t u r n  r a d i u s .  

Regarding t h e  importance of speed on t h e  t i g h t - r a d i u s  corner ing  

problem, it was shown t h a t  a  l0-mph speed would s e r i o u s l y  compromise 

t h e  a b i l i t y  of t h e  s h o r t  wheelbase t r a c t o r  t o  n e g o t i a t e  a  50-foot r a d i u s  

t u r n  on a  medium-f r ic t ion  s u r f a c e .  When t h e  t u r n  r a d i u s  was 150 f e e t ,  

however, t h e  10-mph c o n d i t i o n  was of n e g l i g i b l e  i n f l u e n c e .  Thus, we 

observe  t h a t  t i g h t - r a d i u s  c o r n e r i n g ,  under l o w - f r i c t i o n  c o n d i t i o n s ,  should 

be done a t  ve ry  low speeds (say,  l e s s  than  5  mph f o r  t u r n  r a d i i  of 50 

f e e t  o r  s o ) .  A l t e r n a t i v e l y ,  t h e r e  i s  no apparen t  reason f o r  concern over  

t h e  v e h i c l e ' s  a b i l i t y  t o  ach ieve  t h e  l a r g e  t u r n  r a d i i  which a r e  encountered,  

a t  normal posted speeds ,  on t h e  highway. 

F i n a l l y ,  t h e r e  appear  t o  be no unusual problems i n  t h e  a r e a  of 

v e h i c l e  yaw s t a b i l i t y ,  e i t h e r  i n  t h e  b a s e l i n e  v e h i c l e  c a s e s ,  o r  i n  c a s e s  

invo lv ing  any of t h e  examined countermeasures.  



5. ISSUES CONCERNING THE DYNAMIC RESPONSE OF THE CONCEPT D-5 
TRANSPORTATION EQUIPMENT 

The fo l lowing  s e c t i o n s  p r e s e n t  a  l i s t  of i s s u e s  concerning t h e  

dynamic performance of t h e  t r a c t o r - s e m i t r a i l e r  in tended f o r  t r a n s p o r t i n g  

t h e  D-5 m i s s i l e .  These i s s u e s  have been i d e n t i f i e d  from a  b r i e f  review 

of an e i g h t - a x l e  t r a i l e r  concept ,  shown i n  F i g u r e s  1 3  and 14.  The 

v e h i c l e  concept i s  e s p e c i a l l y  n o t a b l e  f o r  t h e  high g r o s s  we igh t ,  t h e  

m u l t i p l e  and independent ly-s teered t r a i l e r  a x l e s ,  and by t h e  p e c u l i a r  

i n t e r a c t i o n s  between t r a i l e r  a x l e  l o a d s  due t o  a n  a c t i v e  suspension 

system. The i s s u e s ,  t o  be d i scussed  below, a r e  n o t  p resen ted  i n  o r d e r  

of p r i o r i t y ,  bu t  a r e  each seen a s  demanding some degree  of eng ineer ing  

a n a l y s i s .  I t  appears  t h a t  t h e  types  of a n a l y s i s  needed t o  s t u d y  each 

i s s u e  a r e  amenable t o  computerized s i m u l a t i o n ,  g iven t h e  c u r r e n t  s t a t e  

of v e h i c l e  mechanics technology. F u r t h e r ,  t h e s e  a n a l y s e s  should be 

looked upon a s  p a r t  of t h e  des ign  development p rocess  s i n c e  i t  appears  

t h a t  v a r i o u s  parameters  of t h e  b a s i c  system w i l l  need adjus tment  t o  

ach ieve  s u i t a b l e  o v e r a l l  performance. 

Under/Oversteer Grad ien t  

The s teady-path  c u r v a t u r e  response of t h e  t r a c t o r - s e m i t r a i l e r  

combination t o  s t e e r  i n p u t s  by t h e  d r i v e r  can be expressed i n  an  under/  

o v e r s t e e r  g r a d i e n t .  This  c h a r a c t e r i s t i c  i s  of i n t e r e s t  s i n c e  i t  i s  

g e n e r a l l y  he ld  t h a t  t h e  e a s e  of s t e e r i n g  c o n t r o l  i s  r e l a t e d  t o  t h e  

achievement of a  reasonab le  l e v e l  of u n d e r s t e e r .  It i s  apparen t  t h a t  

a  number of des ign  f e a t u r e s  on t h e  s u b j e c t  v e h i c l e  may p l a y  a  r o l e  i n  

determining t h e  u n d e r s t e e r  q u a l i t y  of t h e  v e h i c l e .  Among t h e s e  "deter-  

minants" i s  t h e  f i f t h  wheel placement,  s e l e c t i o n  of t r a c t o r  t i r e s ,  and 

perhaps most impor tan t ly  h e r e ,  t h e  behavior  of t h e  t r a i l e r  a x l e  s t e e r i n g  

system i n s o f a r  a s  t h e  t r a i l e r  may impose an anomalous f o r c e  r e a c t i o n  a t  

t h e  t r a c t o r ' s  f i f t h  wheel d u r i n g  s t e a d y  t u r n i n g .  The c o l l e c t i o n  of t h e  

v e h i c l e  des ign  f e a t u r e s  i n f l u e n c i n g  u n d e r s t e e r  should be eva lua ted  t o  

a s s u r e  t h a t  t h e  v e h i c l e  e x h i b i t s  a c c e p t a b l e  s teady-corner ing behavior .  







High-Speed O f f t r a c k i n g  

When t h e  v e h i c l e  goes through a  freeway e x i t  ramp o r  some o t h e r  

s h o r t - r a d i u s  curve ,  t h e  scheme by which t r a i l e r  a x l e s  a r e  s t e e r e d  (a 

scheme intended t o  enhance low-speed t u r n i n g ) , w i l l  a c t  t o  exaggerate  

t h e  high-speed o f f t r a c k i n g  behavior .  The r e s u l t  w i l l  be t h a t  t h e  t r a i l e r  

w i l l  "hang out" i n  t h e  t u r n ,  thus  subtending a  g r e a t e r  pa th  r a d i u s .  The 

q u e s t i o n  w i l l  b e ,  "How much does it hang o u t  a t  r easonab le  t u r n  r a d i i  

and l e v e l s  of l a t e r a l  a c c e l e r a t i o n ? "  The p e r m i s s i b l e  e x t e n t  of t h i s  

outboard type  of o f f t r a c k i n g  i s  e s t a b l i s h e d  by highway geometric 

c o n s t r a i n t s  involving l a n e  widths  and t h e  near  proximity  of g u a r d r a i l s .  

I n  o r d e r  t o  i n v e s t i g a t e  t h i s  phenomenon, t h e  v e h i c l e  must be 

modeled f a i r l y  thoroughly i n  regard  t o  "yaw plane" c h a r a c t e r i s t i c s .  I f  

a x l e  r o l l - s t e e r  i n t e r a c t i o n s  a r e  s i g n i f i c a n t ,  t h e  ro l l - induced  s t e e r  

e f f e c t s  can probably be handled q u a s i - s t a t i c a l l y .  

A r t i c u l a t i o n  S t a b i l i t y  of t h e  Overa l l  System 

A r t i c u l a t i o n  s t a b i l i t y  embraces t h e  broad s e t  of c h a r a c t e r i s t i c s  

which determine whether ( a )  t r a i l e r  swing o s c i l l a t i o n s  w i l l  be s u s t a i n e d ,  

(b )  p e r t u r b a t i o n s  i n  t r a i l e r  a r t i c u l a t i o n s  w i l l  be followed by unaccep tab le  

d i s t u r b a n c e s  t o  t h e  t r a c t o r ,  o r  ( c )  excess ive  t r a i l e r  a r t i c u l a t i o n  l e v e l s  

w i l l  begin  t o  acc rue  whi le  corner ing  on lower f r i c t i o n  road s u r f a c e s .  I t  

i s  apparen t  t h a t  des ign  a n a l y s i s  i s  needed i n  o r d e r  t o  i d e n t i f y  t h e  means 

f o r  a t t a i n i n g  a c c e p t a b l e  performance i n  each of these  a r e a s ,  a s  o u t l i n e d  

below. 

a )  T r a i l e r  Swing O s c i l l a t i o n s  - With t h e  automat ic  s t e e r i n g  of 

t r a i l e r  a x l e s ,  t h e  e igh t -ax le  v e h i c l e  f o i l s  t h e  a p p l i c a t i o n  of even t h e  

most rudimentary r u l e s  of thumb f o r  p r e d i c t i n g  t r a i l e r  swing behavior .  

For example, one can reduce any convent ional  s e m i t r a i l e r  t o  an equ iva len t  

s ing le -ax le  t r a i l e r  and then determine p r o p e r t i e s  of t h e  nominal swing 

behavior  by comparing l o c a t i o n  of t h i s  t r a i l e r  a x l e  w i t h  t h e  l o n g i t u d i n a l  

p o s i t i o n  of t h e  t r a i l e r  mass c e n t e r .  If t h e  a x l e  i s  a t  o r  ahead of t h e  

mass c e n t e r ,  l i g h t l y  damped o r  u n s t a b l e  swing o s c i l l a t i o n s  can be 

expected.  For t h e  c a s e  of t h e  e igh t -ax le  v e h i c l e ,  however, t h e  automat ic  



s t e e r i n g  a c t i o n  of t h e  t r a i l e r  a x l e s  i s  expected t o  so  dominate t h e  

mechanics of s i d e  f o r c e  g e n e r a t i o n  a t  t h e  t r a i l e r  t i r e s  t h a t  no such 

s i m p l i f i c a t i o n  i s  u s e f u l ,  and thus  a complete systems response a n a l y s i s  

must be performed. 

One t h i n g  which seems q u i t e  c l e a r  i s  t h a t  t h e  des ign  of t h e  

automat ic  a x l e  s t e e r i n g  f u n c t i o n s  w i l l  have every th ing  t o  do wi th  t h e  

c h a r a c t e r  of swing o s c i l l a t i o n s .  The s e l e c t i o n  of which t r a i l e r  a x l e  

i s  t o  be non-s teer ing,  f o r  example, i s  expected t o  have a  d i s t i n c t  

i n f l u e n c e  upon t h e  dynamic behavior  of t h e  t r a i l e r .  

The a n a l y s i s  of such m a t t e r s  r e q u i r e s  complete t reatment  of t h e  

yaw p lane  dynamics of t h e  system, a l though  a  l i n e a r  a n a l y s i s  should 

s u f f i c e  s i n c e  a r t i c u l a t i o n  ang les  and t i r e  s l i p  ang les  a r e  small. Some 

c o n s i d e r a t i o n  should a l s o  be given t o  combined y a w / r o l l  i n t e r a c t i o n s  

i f  i t  appears  t h a t  t h e  r o l l - s p r i n g i n g  i s  r e l a t i v e l y  s o f t  and i f  t h e  

suspension r o l l - s t e e r  p r o p e r t i e s  a r e  r e l a t i v e l y  s t r o n g .  

b) T r a i l e r  P e r t u r b a t i o n s  Inducing T r a c t o r  Dis turbances  - This 

s u b j e c t  invo lves  t h e  genera l  mat te r  of t h e  degree  of dynamic coupl ing 

which p r e v a i l s  between yaw motions of t h e  t r a c t o r  and t r a i l e r .  The 

most important  i s s u e  seems t o  be whether p e r t u r b a t i o n s  t o  t h e  t r a i l e r ,  

such a s  d e r i v e  from road i r r e g u l a r i t i e s ,  wind g u s t s ,  e t c . ,  w i l l  induce 

motions which i n o r d i n a t e l y  d i s t u r b  t h e  t r a c t o r .  Accordingly,  t h e  

n a t u r a l  modes of yaw response must be eva lua ted  and t h e  degree  of coupl ing 

assessed .  

Given t h a t  t h e  t r a i l e r  weights some 270,000 l b s ,  wi th  only  46,000 

l b s  of t i r e  load  p r e s e n t  on t h e  t r a c t o r  tandem a x l e  s e t ,  t h e  t r a i l e r  can 

be looked upon a s  a b l e  t o  "make t h e  t r a c t o r  go wherever i t  wants." Thus, 

i f  t h e  t r a i l e r  i s  no t  caused t o  a r t i c u l a t e ,  dynamically,  about t h e  f i f t h  

wheel c e n t e r ,  thereby render ing  a  dynamic decoupl ing,  dynamic yaw motions 

of t h e  t r a i l e r  may i n t r o d u c e  powerful l a t e r a l  motions a t  t h e  r e a r  of t h e  

t r a c t o r ,  perhaps making s t e e r i n g  c o n t r o l  d i f f i c u l t .  

Such phenomena can be s t u d i e d  us ing t h e  same l i n e a r  dynamics 

model suggested i n  Item ( a ) ,  above. 



c )  Yaw S t a b i l i t y  Problems on Low-Friction Sur faces  - A s  a  d e r i v a t i v e  

of t h e  high-speed o f f t r a c k i n g  phenomenon c i t e d  e a r l i e r ,  t h e  

r e d u c e d - f r i c t i o n  case  deserves  a t t e n t i o n  because of t h e  p e c u l i a r i t i e s  of 

t h e  t r a i l e r  a x l e  l ayou t  arrangement.  The fol lowing observa t ions  a r e  

p e r t i n e n t  : 

Contrary t o  t h e  d e s i g n  of convent ional  s e m i t r a i l e r s  

i n  which t h e  t o t a l  t r a i l e r  load  is  concentra ted upon 

t i r e s  which a r e  s i t u a t e d  a t  t h e  f o r e  and a f t  extremi- 

ties of t h e  v e h i c l e ,  t h e  e igh t -ax le  t r a i l e r  d i s t r i b u t e s  

i t s  load  a t  a x l e  l o c a t i o n s  a l l  a long i t s  l e n g t h .  Since  

a x l e  load e s t a b l i s h e s  t h e  l e v e l  of t i r e  s i d e  f o r c e s  

which can be genera ted ,  i t  i s  noteworthy t h a t  t h e  t i r e s  

occupying t h e  important  "ou te r  extremity"  p o s i t i o n s  bear 

only  a  smal l  p o r t i o n  of t h e  t o t a l  load .  

2 )  For t h e  automat ic  s t e e r i n g  arrangement i l l u s t r a t e d  i n  

F igure  1 4 ,  t h e  l a r g e s t  s l i p  a n g l e s  achieved dur ing  

s teady  t u r n i n g  a t  some speed w i l l  occur on t h e  aft-most 

t r a i l e r  a x l e s .  Thus, a s  we cons ider  s u r f a c e  f r i c t i o n  

l e v e l  going down, such a s  due t o  r a i n f a l l  o r  o t h e r  

s u r f a c e  contaminat ion,  t h e  rearmost t r a i l e r  t i r e s  w i l l  

be t h e  f i r s t  t o  s a t u r a t e  i n  shear  f o r c e .  

With s a t u r a t i o n  i n  t h e  s i d e  f o r c e  ou tpu t  of t h e  v i t a l  

rearmost t i r e s ,  t h e  development of a  yaw moment on t h e  

t r a i l e r  a s  a  whole i s  s t r o n g l y  d e t e r i o r a t e d .  The 

remaining,  non-satura ted,  a x l e s  a r e  placed a t  l e s s  

e f f e c t i v e  moment arms w i t h  r e s p e c t  t o  t h e  c .g .  such 

t h a t  cons iderab ly  l a r g e r  t i r e  s l i p  a n g l e s  a r e  needed t o  

e s t a b l i s h  yaw moment equ i l ib r ium.  The n e t  outcome i s  

t h a t  i n c r e a s i n g l y  l a r g e  l e v e l s  of outboard o f f t r a c k i n g  

would acc rue  a s  f r i c t i o n  l e v e l  is  reduced. 

This phenomenon can be examined s u i t a b l y  us ing  a  s t a t i c  yaw (-and 

p o s s i b l y  r o l l )  model which employs an  a u t h e n t i c  t rea tment  of t h e  s t e e r i n g  

mechanisms a s  w e l l  a s  n o n l i n e a r  t i r e  c h a r a c t e r i s t i c s .  



Bas ic  R o l l  S t a b i l i t y  

The b a s i c  s t a t i c  r o l l  s t a b i l i t y  of t h e  v e h i c l e  should be a s s e s s e d ,  

given t h e  r o l l - r e a c t i o n  c h a r a c t e r i s t i c s  of t h e  suspensions .  Although 

t h e  o v e r a l l  v e h i c l e  width is  very  l a r g e  (124 i n c h e s ) ,  t h e  spread between 

each of t h e  two a d j a c e n t  suspension s t r u t s  on each t r a i l e r  a x l e  appears  

r a t h e r  narrow. Depending upon t h e  r o l l  moment e x h i b i t e d  a c r o s s  a  four-  

wheel s e t  (on each s t r u t ) ,  t h e  t o t a l  r o l l  s t a b i l i t y  of t h e  v e h i c l e  

could e i t h e r  be q u i t e  h igh o r  r e l a t i v e l y  low. The r o l l  s t a b i l i t y  i s s u e  

can be f r u i t f u l l y  s t u d i e d  wi th  t h e  a i d  of a  s t a t i c  model, g iven an 

adequate c h a r a c t e r i z a t i o n  of t h e  suspension parameters  involved.  

T r a c t o r  T r a c t i v e  C a p a b i l i t i e s  

The t r a c t o r  tandem is  loaded t o  an  unusua l ly  smal l  f r a c t i o n  of 

t h e  g r o s s  v e h i c l e  weight.  I f  on ly  two of t h e  t r a c t o r  tandem a x l e s  a r e  

d r i v e n ,  f o r  example, a  maximum t r a c t i v e  e f f o r t  of about ( 0 . 8 1 ~  x 30,800 

l b s  = 24,640 l b s )  i s  a v a i l a b l e  on a  d r y  pavement. With a  g r o s s  weight 

of 300,000 l b s ,  and cons ider ing  an  " i d e a l "  t r a c t o r  suspension,  t h e  

maximum grade ach ievab le  wi thout  s l i d i n g  t h e  t r a c t o r  d r i v e  wheels on a  

d ry  pavement would be about 8%. For t y p i c a l  commercial t r a c t o r  suspen- 

s i o n s ,  however, having a  s u b s t a n t i a l  degree  of i n t e r - a x l e  load  t r a n s f e r  

i n  response t o  d r i v i n g  f o r c e s ,  t h e  maximum ach ievab le  grade would be more 

l i k e  6%. (Here i t  was assumed t h a t  t h e  load t r a n s f e r r e d  between t h e  

tandem a x l e s  was equa l  t o  0.18 t imes t h e  sum of t h e  d r i v e  f o r c e s . )  I f  

t h e  v e h i c l e  were n e g o t i a t i n g  a  t i g h t - r a d i u s  curve whi le  ascending a  g rade ,  

a  somewhat lower grade v a l u e  would c o n s t i t u t e  t h e  l i m i t  cond i t ion .  Hore- 

o v e r ,  t h i s  v e h i c l e  w i l l  p l a c e  g r e a t  demands on t r a c t o r  t r a c t i v e  c a p a b i l i t y  

such t h a t  s p e c i a l  des ign  a t t e n t i o n  t o  t r a c t i v e  performance i s  warranted.  

Design D e t a i l s  Involving t h e  T r a i l e r  Axle S t e e r i n g  C o n t r o l l e r  

Considering a  pure ly  p a s s i v e  mechanical l i n k a g e  arrangement f o r  

ach iev ing  t h e  s t e e r  a c t u a t i o n  of t h e  t r a i l e r  a x l e s ,  i t  i s  conceivable  

t h a t  t h e  a c t u a t i o n  element which d i r e c t l y  "p icks  up" t h e  t r a c t o r - t o -  

s e m i t r a i l e r  a r t i c u l a t i o n  angle  might impose an excess ive  r e a c t i o n  moment 

about t h e  f i f t h  wheel coupl ing.  Thus, t h e  a n a l y s i s  of v e h i c l e  yaw 



response a s  suggested above, should a l s o  s e r v e  t o  determine t h e  maximum 

t o l e r a b l e  moment about t h e  f i f t h  wheel. It seems q u i t e  p o s s i b l e  t h a t  

such a  de te rmina t ion  would i n d i r e c t l y  r u l e  o u t  mechanical s o l u t i o n s  t o  

t h e  s t e e r - a c t u a t i o n  system, thus  l e a v i n g  on ly  a c t i v e  (powered) systems 

a s  t h e  f e a s i b l e  a l t e r n a t i v e s .  

On the  o t h e r  hand, i f  such an  a n a l y s i s  i n d i c a t e s  t h a t  an  a c t i v e ,  

say h y d r a u l i c ,  s t e e r  a c t u a t i o n  system i s  needed, t h e  dynamic p r o p e r t i e s  

of t h i s  s y s t e n  must be considered.  A t  t h e  ve ry  l e a s t ,  f o r  example, a  

slew r a t e  s p e c i f i c a t i o n  should be developed t o  a s s u r e  t h a t  t h e  t r a i l e r  can 

"keep up w i t h  t h e  t r a c t o r "  even i n  an emergency evas ive  type of maneuver. 

Without such a  p r o v i s i o n ,  i t  i s  conce ivab le  t h a t  a  s u f f i c i e n t l y  r a p i d  

s t e e r i n g  maneuver could r e s u l t  i n  an i r r a t i o n a l  s e t  of t r a i l e r  a x l e  s t e e r  

a n g l e s ,  and thus  some anomalous l o s s  of c o n t r o l  even t .  

T r a i l e r  Motions Following J a c k k n i f e  of t h e  T r a c t o r  

I n  t h e  j ackkni f ing  of convent ional  t r a c t o r - s e m i t r a i l e r s ,  t h e  

t r a i l e r  goes v i r t u a l l y  s t r a i g h t  ahead whi le  t h e  t r a c t o r  r o t a t e s  r a p i d l y  

around t h e  f i f t h  wheel-finally s t r i k i n g  t h e  cab a g a i n s t  t h e  s i d e  of 

t h e  t r a i l e r .  I n  t h e  case  of t h e  envis ioned e igh t -ax le  t r a i l e r ,  t r a c t o r  

j a c k k n i f e  would tend t o  a c t u a t e  t h e  t r a i l e r  a x l e - s t e e r i n g  system ( a s  

i f  t h e  v e h i c l e  were i n  a  curved p a t h ) ,  inducing t h e  f u l l y - s t e e r e d  a x l e  

motions.  While i t  i s  no t  c l e a r ,  a t  t h i s  j u n c t u r e ,  j u s t  how t h e  combina- 

t i o n  v e h i c l e  would respond t o  t h i s  s e t  of c o n d i t i o n s ,  a  ve ry  dramat ic  

form of monotonic i n s t a b i l i t y  can be envis ioned.  By t h i s  s c e n a r i o ,  t h e  

sharp ly -s tee red  t r a i l e r  would t ake  o f f  on a  ve ry  t igh t ly -curved  p a t h  and 

would probably  r o l l  over.  Thus, t r a c t o r  j ackkni fe  wi th  an  a r t i c u l a t i o n -  

s t e e r e d  a r r a y  of t r a i l e r  a x l e s  might r e s u l t ,  n o t  simply i n  a  j a c k k n i f e ,  

b u t  i n  a  d i s a s t e r .  Accordingly,  t h e  v e h i c l e  des ign  should r e f l e c t  a  

r igorous  l e v e l  of a t t e n t i o n  t o  t h e  t r a c t o r  j a c k k n i f e  cont ingency,  

endeavoring t o  prevent  it  e n t i r e l y .  



P i t c h  Response of S e m i t r a i l e r  

Depending upon t h e  manifolding of t h e  suspension s t r u t s  on t h e  

t r a i l e r  a x l e s ,  t h e  t r a i l e r  w i l l  achieve some e f f e c t i v e  l e v e l  of " p i t c h  

s t i f f n e s s "  which, t o g e t h e r  w i t h  i n e r t i a l  p r o p e r t i e s ,  w i l l  e s t a b l i s h  t h e  

p i t c h  v i b r a t i o n a l  modes. One concern regard ing  p i t c h  mode behavior 

invo lves  t h e  hard-braking c a s e ,  i n  which t h e  t r a c t o r  might exper ience  

a  g ross  over load i f  t h e  p i t c h  s t i f f n e s s  i s  v e r y  low. The o t h e r  i s s u e  

simply invo lves  t h e  n a t u r a l  p i t c h  o s c i l l a t i o n s  which may p r e v a i l  dur ing  

on-highway t r a v e l .  Again, g iven t h e  tremendous r a t i o  of t r a i l e r  weight 

t o  t r a c t o r  weight ,  t h e  motion behavior of t h e  t r a i l e r  i s  of primary 

s i g n i f i c a n c e  s i n c e  t h e  t r a i l e r  has p l e n t y  of "power" t o  push t h e  t r a c t o r  

around and thus  d i s t r e s s  t h e  d r i v e r .  
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