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CHAPTER 1 

INTRODUCTION 

This  document c o n s t i t u t e s  a r e p o r t  t o  t h e  U.S. Department of 

T r a n s p o r t a t i o n ,  F e d e r a l  Highway A d m i n i s t r a t i o n  under Cont rac t  Number 

DOT-FH-11-9577. A l l  work was performed 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  i n  t h e  pe r iod  of February through 

May 1983. 

1.1 Statement  of t h e  Problem 

The c u r r e n t  t r e n d  i n  t h e  t r u c k i n g  i n d u s t r y  i s  one which s t r o n g l y  

s u p p o r t s  i n c r e a s e d  t r u c k  s i z e  and weight l i m i t s .  Two r e c e n t  develop- 

ments a r e  i n d i c a t i v e  of t h i s  t r e n d .  F i r s t ,  t h e  S u r f a c e  T r a n s p o r t a t i o n  

A s s i s t a n c e  Act ,  which was s igned by t h e  P r e s i d e n t  on January  6 ,  1983, 

c o n t a i n s  p r o v i s i o n s  t o  pe rmi t  102-inch- (259-cm)-wide v e h i c l e s  on high- 

ways having l a n e  widths  of 12 f e e t  o r  more. Secondly,  t h e  F e d e r a l  

Highway A d m i n i s t r a t i o n ' s  Bureau of Motor C a r r i e r  S a f e t y  (BMCS) , which 

e n f o r c e s  t h e  F e d e r a l  Motor C a r r i e r  S a f e t y  Regula t ions  (FMCSR), was j u s t  

r e c e n t l y  p e t i t i o n e d  by t h e  bakery p roduc t s  i n d u s t r y  t o  expand t h e  exemp- 

t i o n s  provided i n  S e c t i o n  391.62(a) of t h e  FMCSR. The p e t i t i o n e r  has  

r e q u e s t e d  t h a t  t h i s  exemption,  which exempts v e h i c l e s  of 10 ,000  pounds 

(4.5 m t o n s )  o r  l e s s  from s e v e r a l  r e g u l a t o r y  requ i rements  t o  be  expanded 

t o  i n c l u d e  v e h i c l e s  up t o  15,000 pounds ( 6 . 8  m t o n s ) .  

Due t o  t h e  t r e n d  of i n c r e a s e d  v e h i c l e  s i z e s  and weigh t s ,  t h e  

F e d e r a l  Government h a s  recognized t h e  need t o  s c i e n t i f i c a l l y  i n v e s t i g a t e  

t h e  s a f e t y  i m p l i c a t i o n s  of t h e  s h i f t  t o  l a r g e r  v e h i c l e s .  One such 

s a f e t y - r e l a t e d  a s p e c t  t h a t  must be  explored i s  v e h i c l e  r o l l  i n s t a b i l i t y .  

Veh ic le  r o l l  i n s t a b i l i t y  can be p r e c i p i t a t e d  e i t h e r  from s t e e r i n g  

maneuvers on a smooth, l e v e l  roadway, o r  from running o f f  t h e  road .  





CHAPTER 1 

INTRODUCTION 

This  cument c o n s t i t u t e s  a  r e p o r t  t o  t h e  U.S. Department of ? Transpor ta t io t+ F e d e r a l  Highway Admin is t ra t ion  under Cont rac t  Number 

DOT-FH-11-9577 :\ A l l  work was performed 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  Re4earch I n s t i t u t e  i n  t h e  pe r iod  of February through 

May 1983. 
\ 

1.1 Statement  of t h e  Prob lem 
\ 

The c u r r e n t  t r e n d  ih ,  t h e  t r u c k i n g  i n d u s t r y  i s  one which s t r o n g l y  

s u p p o r t s  i n c r e a s e d  t r u c k  s i k e  and weight  l i m i t s .  Two r e c e n t  develop- 

ments a r e  i n d i c a t i v e  of t h i s  brend. F i r s t ,  t h e  1983 Department of 

T r a n s p o r t a t i o n  Appropr ia t ions  Aqt,  which was s igned  by t h e  P r e s i d e n t  

on December 20, 1982, c o n t a i n s  p r g v i s i o n s  t o  permit  102-inch- (259-cm)- 

wide v e h i c l e s  on des igna ted  highwa*. Secondly,  t h e  F e d e r a l  Highway 

~ d m i n i s t r a t i o n ' s  Bureau of Motor C a r r i e r  S a f e t y  (BMCS), which e n f o r c e s  

t h e  F e d e r a l  Motor C a r r i e r  S a f e t y  Regula t ions  (FMCSR), was j u s t  r e c e n t l y  

p e t i t i o n e d  by t h e  bakery p roduc t s  i n d u s t r y  t o  expand t h e  exemptions pro- 

v ided  i n  S e c t i o n  391.62(a) o f  t h e  FMCSR. The p e t i t i o n e r  has  reques ted  

t h a t  t h i s  exemption, which exempts v e h i c l e s  of 10,000 pounds (4.5 m t o n s )  

o r  l e s s  from s e v e r a l  r e g u l a t o r y  requirements  t o  be  expanded t o  i n c l u d e  

v e h i c l e s  up t o  15,000 pounds (6.8 m t o n s )  . 
Due t o  t h e  t r e n d  of inc reased  v e h i c l e  s i z e s  and w e i g h t s ,  t h e  

'\ 

F e d e r a l  Goykrnrnent has  recognized t h e  need t o  s c i e n t $ f i c a l l y  i n v e s t i g a t e  

t h e  s a f e  i m p l i c a t i o n s  of t h e  s h i f t  t o  l a r g e r  vehicle&,. One such 

/' \ 

s a f e t y  r e l a t e d  a s p e c t  t h a t  must be explored i s  v e h i c l e  r'yl i n s t a b i l i t y .  
\ 

Vehicle  r o l l  i n s t a b i l i t y  can be p r e c i p i t a t e d  e i t h e r  

on a  smooth, l e v e l  roadway, o r  from running o f f  t h e  road.  



The i n h e r e n t  s u s c e p t i b i l i t y  of a  g iven v e h i c l e  t o  r o l l o v e r  can be 

d e s c r i b e d ,  i n  e n g i n e e r i n g  t e rms ,  by a  measure c a l l e d  t h e  " r o l l o v e r  

th resho ld"  which is  expressed i n  g ' s  of l a t e r a l  a c c e l e r a t i o n  needed t o  

i n i t i a t e  an  u n s t a b l e  r o l l  motion. A d i s t i n c t  r e l a t i o n s h i p  between t h e  

r o l l o v e r  t h r e s h o l d  of t r a c t o r - s e m i t r a i l e r s  and t h e  number of r o l l o v e r  

a c c i d e n t s  was e s t a b l i s h e d  by Erv in ,  e t  a l .  [ l ]  through a  review of 

1976-78 BMCS a c c i d e n t  d a t a .  I t  has  a l s o  been determined t h a t  some 

v e h i c l e  types  a r e  s i g n i f i c a n t l y  more s u s c e p t i b l e  t o  r o l l o v e r  t h a n  o t h e r s .  

There are many i n s t a n c e s  where t y p i c a l  passenger  c a r s  can s u c c e s s f u l l y  

execu te  c o r n e r i n g  maneuvers t h a t  s e v e r a l  types  of t r u c k s  and t r a c t o r -  

t r a i l e r  combinations cannot .  That i s  due,  i n  p a r t ,  t o  t h e  h igh  l o c a t i o n  

of t h e  c e n t e r  of g r a v i t y  on t y p i c a l  loaded commercial v e h i c l e s .  

Th i s  r e s e a r c h  program was d i r e c t e d  toward p r e d i c t i o n s  of t h e  

r o l l o v e r  t h r e s h o l d  f o r  v a r i o u s  v e h i c l e  t y p e s ,  w i t h  s p e c i a l  emphasis on 

bakery-del ivery  v e h i c l e s  i n  t h e  Gross Vehic le  Weight Rat ing (GVWR) 

range of 10,000 t o  15,000 pounds. This  in fo rmat ion  w i l l  be of v a l u e  

t o  t h e  BMCS i n  i t s  c o n s i d e r a t i o n  o f  t h e  m e r i t s  of t h e  s p e c i f i c  p e t i t i o n  

mentioned above, as well a s  i n  o t h e r  matters. 

Also,  t h e r e  is  concern f o r  t h e  means by which t h e  American t ruck-  

i n g  i n d u s t r y  w i l l  implement t h e  new al lowance f o r  102-inch (259-cm) 

width  v e h i c l e s  on t h e  F e d e r a l  highway system. S i n c e  a primary s a f e t y  

a s p e c t  of t h e  wid th  change e n t a i l s  t h e  q u e s t i o n  of r o l l  s t a b i l i t y ,  t h i s  

s t u d y  a l s o  addressed t h e  r o l l  s t a b i l i t y  of heavy-duty t r u c k s  a s  in f luenced  

by w i d t h  v a r i a t i o n s .  I n  a d d i t i o n ,  t h e  examination of heavy-duty v e h i c l e s ,  

t o g e t h e r  w i t h  l igh t -du ty  v e h i c l e s ,  serves t o  b r a c k e t  t h e  r o l l  s t a b i l i t y  

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

of t h e  bakery d e l i v e r y  v e h i c l e s  can be  s e e n  i n  p e r s p e c t i v e .  

1 .2  P r o j e c t  O b j e c t i v e s  

The o b j e c t i v e s  of t h i s  p r o j e c t  were t o  determine reasonab le  

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

comparing v e h i c l e s  and p r e d i c t i n g  s a f e t y  i m p l i c a t i o n s .  



1 .3  Scope 

The p r o j e c t  scope was l imi t ed  t o  determinat ion of the  r o l l o v e r  

th resholds ,  by means of computer s imula t ion ,  f o r  t h e  following 

veh ic l e s  : 

1)  Passenger Sedan - One subcompact and one f u l l - s i z e  sedan, 
both having a f u l l  load of passengers and luggage. 

2) Passenger Van - Eight passengers wi th  luggage. 

3)  Pickup Truck - Half-ton r a t e d  t ruck  wi th  750 l b s  (341 kg) 
payload centered 24 inches (61 cm) above t h e  bed. 

4) Step Van - Rated a t  10,000 l b s  (4.5 m tons)  GVWR and 
loaded wi th  t y p i c a l  bakery products  t o  10,000 l b s  
(4.5 m tons)  . 

5) Step Van - Rated a t  15,000 l b s  (6.8 m tons)  GVWR and 
loaded wi th  t y p i c a l  bakery products t o  15,000 l b s  
(6.8 m tons)  . 

6) S t r a i g h t  Truck - Rated a t  10,000 l b s  (4.5 m tons)  GVWR 
and loaded t o  10,000 l b s  (4.5 m tons)  wi th  a load 
centered 24 inches (61 cm) above t h e  bed. 

7) Tractor-Semitrai ler  - Three-axle power u n i t  coupled t o  
a two-axle, 45-ft (13.7 m) s e m i t r a i l e ~ i g h t  cases  
having d i f f e r i n g  width dimensions and loading condi t ions .  

8) Double - Two-axle power u n i t  coupled t o  two s ingle-ax le ,  
27-ft (8.2 m) semi t r a i l e r s - th ree  cases  having d i f f e r i n g  
width dimensions. 

For those veh ic l e  types f o r  which r o l l o v e r  th resholds  have been 

determined previous ly ,  t h e  previous d a t a  a r e  repor ted  here.  S p e c i f i c a l l y ,  

t h e  r o l l o v e r  th resholds  f o r  t he  combination veh ic l e s  (vehic les  7 and 

8 above) have been obtained from previous work [ 2 ] .  

1.4 Report Organizat ion 

This r epo r t  documents t h e  work descr ibed above. Chapter 2 

presen t s  a desc r ip t ion  of t h e  r o l l o v e r  process  a s  background f o r  the 

reader .  Chapter 3 descr ibes  the  veh ic l e s  analyzed and p re sen t s  t he  

r o l l o v e r  th resholds  t h a t  were ca l cu la t ed .  Chapter 4 conta ins  t h e  con- 

c lu s ions  and recommendations from t h i s  work. 



CHAPTER 2 

MECHANICS OF ROLLOVER 

The r o l l o v e r  of a motor v e h i c l e  i n v o l v e s  a mechanical  p rocess  

t h a t  can be  modeled w i t h  v a r y i n g  degrees  of s o p h i s t i c a t i o n .  The degree  

of s o p h i s t i c a t i o n  necessa ry  t o  a c c u r a t e l y  r e p r e s e n t  t h e  r o l l o v e r  pro- 

c e s s  w i t h  a s p e c i f i c  v e h i c l e  depends t o  some e x t e n t  on t h e  v e h i c l e  type 

and i t s  p r o p e r t i e s .  

2 . 1  Basics  of Rol lover  

The most fundamental  model f o r  v e h i c l e  r o l l o v e r  i s  t h e  "quasi-  

s t a t i c  r i g i d  body'' model i l l u s t r a t e d  i n  F igure  1. T r e a t i n g  t h e  v e h i c l e  

a s  a r i g i d  body, and summing moments about  t h e  o u t s i d e  wheels ,  t h e  

r o l l o v e r  t h r e s h o l d  can be desc r ibed  by t h e  r a t i o  of t h e  moments a r i s i n g  

from l a t e r a l  and g r a v i t a t i o n a l  f o r c e s .  The g r a v i t a t i o n a l  f o r c e  ( i . e . ,  

t h e  weight of t h e  v e h i c l e )  always a c t s  downward t o  hold  t h e  v e h i c l e  

f i r m l y  a g a i n s t  t h e  ground. The l a t e r a l  f o r c e ,  a r i s i n g  from t h e  l a t e r a l  

a c c e l e r a t i o n  due t o  c o r n e r i n g ,  a c t s  a t  t h e  c e n t e r  of mass above t h e  

ground, r e s u l t i n g  i n  a moment on t h e  v e h i c l e  t h a t  a t t e m p t s  t o  r o l l  i t  

over .  A s  long a s  t h e  r e s u l t a n t  of t h e  two f o r c e s  f a l l s  i n s i d e  of t h e  

o u t e r  wheels,  t h e  v e h i c l e  i s  s t a b l e  i n  r o l l .  However, when t h e  l a t e r a l  

a c c e l e r a t i o n  i s  l a r g e  enough t h a t  t h e  r e s u l t a n t  f o r c e  passes  o u t s i d e  of 

t h e  o u t e r  wheel,  t h e  n e t  f o r c e  on t h e  v e h i c l e  w i l l  cause  i t  t o  beg in  t o  

r o l l .  A s  r o l l  a n g l e  b u i l d s  up, t h e  r e s i s t i n g  moment produced by t h e  

v e h i c l e ' s  weight  d e c r e a s e s  because  o f  t h e  movement of i t s  mass toward 

t h e  o u t e r  wheels.  The v a l u e  of l a t e r a l  a c c e l e r a t i o n  needed t o  hold t h e  

v e h i c l e  a t  a g iven v a l u e  of r o l l  a n g l e  i s  i l l u s t r a t e d  i n  F igure  l b .  

Being a r i g i d  body, no r o l l  occurs  u n t i l  t h e  l a t e r a l  a c c e l e r a t i o n  is  

inc reased  t o  t h e  l e v e l  of " ~ / 2 h , "  a t  which p o i n t  t h e  i n s i d e  wheels l i f t  

o f f  t h e  ground. T h e r e a f t e r ,  w i t h  any i n c r e a s e  of r o l l  a n g l e ,  l e s s  and 
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l e s s  l a t e r a l  acce l e ra t ion  is  necessary t o  hold t h e  veh ic l e  i n  balance, 

up t o  the  angle whose tangent i s  equal t o  " ~ / 2 h . "  A t  t h i s  po in t ,  t he  

cen te r  of mass is exac t ly  over t he  ou t s ide  wheels, and the  "necessary" 

l e v e l  of l a t e r a l  acce l e ra t ion  is zero. Beyond t h i s  po in t ,  r o l love r  i s  

only prevented by a  nega t ive  l a t e r a l  acce l e ra t ion  on the  vehic le .  

2 . 2  Def in i t i on  of t h e  Rollover Threshold 

I n  t h i s  simple explanat ion of the  ro l love r  process ,  the l a t e r a l  

acce l e ra t ion  necessary t o  "balance" the  veh ic l e  i n  var ious  r o l l  posi- 

t i o n s  has been descr ibed.  Thus t h e  p l o t  i n  Figure l b  represents  a  

"quasi-s tat ic"  process.  I n  a c t u a l  maneuvering s i t u a t i o n s ,  ro l love r  of 

t he  r i g i d  veh ic l e  would occur when the  l a t e r a l  acce l e ra t ion  bui lds  up 

t o  t h e  c r i t i c a l  l e v e l ,  T/2h, t h a t  i n i t i a t e s  r o l l i n g ,  beyond which t h e  

veh ic l e  i t s e l f  w i l l  a c c e l e r a t e  i n  r o l l  un less  the  l a t e r a l  acce l e ra t ion  

is decreased concurrent ly.  Normally, t he  r o l l o v e r  threshold is  defined 

by t h e  peak value of l a t e r a l  acce l e ra t ion  t h a t  is needed t o  br ing the  

veh ic l e  t o  t h e  poin t  of i n i t i a t i n g  r o l l  i n s t a b i l i t y ,  on the  assumption 

t h a t  l a t e r a l  acce l e ra t ion  l e v e l s  do not  change r ap id ly  enough t o  pre- 

vent  t he  r o l l  process from proceeding t o  i t s  conclusion. Cer ta in ly ,  

once the  veh ic l e  has r o l l e d  p a s t  t he  c r i t i c a l  angle  (arcTan T/2h) i t  

has passed the  poin t  of no r e t u r n ,  and it i s  v i r t u a l l y  impossible t o  

prevent a  completed ro l love r .  With l a r g e  veh ic l e s  having a  high center  

of g rav i ty ,  t h e  c r i t i c a l  angle  is  r e l a t i v e l y  small ;  t hus ,  the  veh ic l e  

quickly reaches the  poin t  of no r e tu rn .  This ,  i n  combination wi th  the  

f a c t  t h a t  l a r g e  vehic les  cannot be maneuvered quickly,  makes i t  reason- 

ab l e  t o  consider  t h i s  peak l a t e r a l  acce l e ra t ion  value a s  t he  e f f e c t i v e  

threshold l e v e l  beyond which complete ro l love r  w i l l  genera l ly  occur.  

For comparison purposes,  t h e  same c r i t e r i o n  may be appl ied t o  smaller  

veh ic l e s ,  such a s  passenger c a r s ,  although i t  is academically poss ib le  

t o  recover from a r o l l o v e r  condit ion wi th  the  smaller  veh ic l e s  (e .g . ,  

s t u n t  d r i v e r s  rou t ine ly  d r i v e  passenger c a r s  up on two wheels--literally 

a t  t h e  c r i t i c a l  angle) .  



2.3 Suspension Compliance 

A s  t he  next  s t e p  i n  developing a r e a l i s t i c  understanding of t h e  

r o l l o v e r  process ,  i t  i s  necessary t o  consider  the  a d d i t i o n a l  mechanisms 

t h a t  may e x e r t  a s i g n i f i c a n t  in f luence  on t h e  r o l l o v e r  limits of a 

vehic le .  F i r s t  among these  i s  the  inf luence  of t he  v e h i c l e  body r o l l i n g  

on the  suspension system. Figure 2 i l l u s t r a t e s  t h e  r o l l  process  when 

r o l l  compliance i n  t he  v e h i c l e  suspension is considered. Under t h e  

a c t i o n  of a l a t e r a l  a c c e l e r a t i o n ,  t h e  sprung mass r o l l s  about t he  

" r o l l  cen ter"  of t h e  suspension system. Although t h i s  motion i s  

r e s i s t e d  by the  r o l l  s t i f f n e s s  of t h e  suspension sys tem(s) ,  t h e  l a t e r a l  

s h i f t  of t h e  cen te r  of mass p laces  i t  c l o s e r  t o  t he  o u t s i d e  wheel, thus 

reducing the  l e v e r  arm a v a i l a b l e  f o r  t h e  g r a v i t a t i o n a l  f o r c e  r e s i s t i n g  

ro l love r .  The e f f e c t  of suspension r o l l  compliance i s  i l l u s t r a t e d  i n  

t h e  p l o t  of Figure 2b. The p l o t  of l a t e r a l  a c c e l e r a t i o n  versus  r o l l  

angle  is now modified, i n  t h a t  r o l l  angle  of t h e  sprung mass increases  

wi th  l a t e r a l  a c c e l e r a t i o n ,  along a l i n e  determined by the  r o l l  s t i f f -  

ness  of t h e  suspension system(s) .  The r o l l o v e r  th reshold  occurs  where 

t h i s  l i n e  i n t e r s e c t s  t he  r i g i d  body r o l l  l i n e  which, f o r  t h i s  simple 

model, w i l l  be co inc ident  wi th  t h e  poin t  where the  i n s i d e  wheels l i f t  

o f f  t h e  ground. Thus, t h e  r o l l o v e r  th reshold  wi th  suspension compliance 

w i l l  always be l e s s  than t h a t  es t imated f o r  t h e  r i g i d  veh ic l e .  The 

reduct ion  w i l l  normally be i n  t h e  range of 5 percent  t o  20 percent  of 

the  " r ig id"  model va lue ,  depending on the  p r o p e r t i e s  of t h e  veh ic l e .  

It i s  notab le  t h a t  t h e  r ep re sen ta t ion  shown i n  Figure 2b assumes 

l i n e a r  suspension p r o p e r t i e s ,  r ega rd l e s s  of whether t h e  sp r ings  a r e  i n  

compression o r  tens ion .  I n  a c t u a l i t y ,  t he  l i n e a r  assumption i s  o f t e n  

not  accu ra t e  f o r  r o l l o v e r  of c e r t a i n  veh ic l e s .  Espec ia l ly  i n  the  case 

of heavy commercial veh ic l e s ,  it has been noted t h a t  t he  spr ings  o f t e n  

go through a reg ion  of f r e e  motion i n  t h e  t r a n s i t i o n  from compression 

t o  tens ion  ( i . e . ,  t he re  i s  a 1- o r  2-inch ( 2 . 5  t o  5 cm) gap between the  

pads contacted by t h e  sp r ings  i n  t h e  compression and tens ion  d i r e c t i o n s ) .  

The e f f e c t  of t h i s  gap, which has  been termed "suspension l a s h , "  i s  t o  

c r e a t e  an o f f s e t  i n  t h e  r o l l  curve a t  the  po in t  where t h e  spr ings  con- 

v e r t  t o  t h e  tens ion  mode, a s  shown i n  Figure 2b. A t  t h i s  p o i n t ,  t h e  
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Figure  2b.  L a t e r a l  a c c e l e r a t i o n  ve r su s  r o l l  ang l e  f o r  a  
v e h i c l e  w i th  suspension compliance. 



sprung mass goes through a d d i t i o n a l  r o l l  angle  without s i g n i f i c a n t  

change i n  t h e  l a t e r a l  acce l e ra t ion ,  thus  degrading the  ro l love r  

threshold as  evident  i n  t he  Figure.  

2 .4  T i r e  Compliance 

Pneumatic t i r e s  a r e  not  p e r f e c t l y  r i g i d ,  but a c t  a s  spr ings  

allowing r o l l  motion t o  occur j u s t  a s  does the  suspension system. The 

t i r e s ,  i n  e f f e c t ,  a c t  a s  an a d d i t i o n a l  r o l l  compliance i n  s e r i e s  wi th  

t h e  suspension system. Thus, t i r e  compliance f u r t h e r  reduces the  

e f f e c t i v e  s t i f f n e s s  during t h e  i n i t i a l  phase of r o l l i n g .  Taking t i r e  

compliance i n t o  account i s  equiva len t  t o  reducing the  s lope  of t he  r o l l  

l i n e  t h a t  was shown i n  Figure 2b. T i r e  compliance normally y i e l d s  a  

f u r t h e r  reduct ion of ro l love r  threshold by about 5 t o  10 percent .  

Mult iple  Axles 

Thus f a r ,  r o l l o v e r  has  been discussed a s  i f  the  v e h i c l e  could be 

represented a s  a  p lanar  model ( i . e . ,  neglec t ing  t h e  f a c t  t h a t  i t  has 

length ,  with the  load d i s t r i b u t e d  on a  number of a x l e s ) .  The three- 

dimensional r ep re sen ta t ion  of a  veh ic l e ,  however, i s  necessary when a l l  

ax l e s  do not have r o l l  s t i f f n e s s  p rope r t i e s  i n  proport ion t o  the  load 

c a r r i e d  by each. Recognition of t h i s  e f f e c t  is e spec i a l ly  important 

with combination vehic les  where d i sp ropor t iona te  r o l l  s t i f f n e s s  proper- 

t i e s ,  and t o r s i o n a l  compliance of t he  v e h i c l e  c h a s s i s ,  come i n t o  play 

allowing one a x l e  t o  l i f t  i t s  wheels while  o t h e r s  a r e  s t i l l  on the  

ground. Ext rapola t ing  from t h e  understanding of t h e  p lanar  model seen 

i n  Figure 2,  Figure 3 shows the  r o l l  curve f o r  a  three-axle combination 

vehic le .  The dashed l i n e s  represent  t h e  r o l l  s t i f f n e s s  p rope r t i e s  of 

the t h r e e  sepa ra t e  ax l e s  r e s u l t i n g  from the  suspension and t i r e  com- 

p l iances  of each. The t o t a l  curve f o r  t he  veh ic l e  is  t h a t  which is  

indica ted  by t h e  s o l i d  l i n e .  Note t h a t  t he  curve e x h i b i t s  a  p o s i t i v e  

s lope  only while  t h e  t i r e s  on the  t r a c t o r  r e a r  and t r a i l e r  ax les  a r e  

on t h e  ground. Thus, t he  ro l love r  th reshold  i s  reached when the i n s i d e  

t i r e s  on both of these  ax l e s  l i f t  o f f .  Even though the t i r e s  on the 

f r o n t  ax l e  remain on the  ground f o r  some a d d i t i o n a l  r o l l  angle ,  t h e  
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Figure 3. Roll moment versus  angle f o r  a three-axle  t r a c t o r -  
s e m i t r a i l e r .  



r e s i s t i n g  moment a r i s i n g  from t h e  f r o n t  a x l e  i nc reases  more slowly 

than the  r o l l  moment caused by the  l a t e r a l  s h i f t  of the  center  of 

mass. Thus, r o l l o v e r  begins whi le  t he  f r o n t  wheels a r e  y e t  on the  

ground. As before ,  t h e  r o l l o v e r  threshold i s  equiva len t  t o  the peak 

value of l a t e r a l  a c c e l e r a t i o n  observed on the  curve. 

2 . 6  ~ i r e / ~ u s p e n s i o n  L a t e r a l  Compliance 

The l a s t  mechanisms t h a t  can be of some s ign i f i cance  t o  r o l l o v e r  

threshold a r e  t he  l a t e r a l  compliance p r o p e r t i e s  of the  t i r e s  and 

suspension systems. Rollover occurs  only i n  t he  presence of s u b s t a n t i a l  

l a t e r a l  forces  imposed on the  veh ic l e  a t  t h e  t i r e s .  I f  t he  e f f e c t i v e  

contac t  po in t  of t h e  t i r e  d e f l e c t s  sideways (toward the  cen te r  of the  

v e h i c l e ) ,  t h e  e f f e c t  i s  equiva len t  t o  a d d i t i o n a l  l a t e r a l  movement of t h e  

cen te r  of mass. Although l a t e r a l  movement of t h e  t i r e  contac t  po in ts  

might a t  f i r s t  seem n e g l i g i b l e ,  t h a t  i s  no t  always t r u e .  I n  t he  case 

of dua l  wheels, i f  the  inner  t i r e  l i f t s  from the  ground, the  r o t a t i o n  

must occur about t h e  ou te r  t i r e ,  and the  e f f e c t i v e  t r a c k  of t he  veh ic l e  

is changed s i g n i f i c a n t l y .  S imi l a r ly ,  t h e  t i r e s  and suspension systems 

may d e f l e c t  inward, reducing the  e f f e c t i v e  t r a c k  width. L a t e r a l  

d e f l e c t i o n  tends t o  i nc rease  the  downward s lope  of t he  rigid-body l i n e .  

Counteracting t h i s  e f f e c t  i s  the  tendency f o r  t he  cen te r  of t he  t i r e ' s  

v e r t i c a l  f o r c e  r eac t ion  t o  move toward the  ou t s ide  of t he  t i r e  t r ead ,  

with an inc rease  i n  t h e  moment t h a t  r e s i s t s  r o l l o v e r  a s  t he  wheel cambers. 

I f  dua l  wheels a r e  p re sen t ,  the e f f e c t i v e  contac t  po in t  moves outward, 

a s  r o l l i n g  proceeds, u n t i l  only the  outermost t i r e  is involved i n  de te r -  

mining t h i s  po in t .  

2 . 7  Simulation of Rollover 

The c a l c u l a t i o n  of r o l l o v e r  such a s  those  shown i n  the f i g u r e s  

a r e  ted ious  when a l l  t he  app ropr i a t e  e f f e c t s  a r e  taken i n t o  account.  

A s  an a i d  f o r  determining r o l l o v e r  th resholds ,  computer s imulat ion models 

have been prepared t o  a c t u a l l y  perform t h e  c a l c u l a t i o n s .  The s imulat ion 

model used i n  t h i s  p r o j e c t  i s  i d e n t i f i e d  a s  t he  UMTRI " S t a t i c  Rollover 

~ o d e l . "  De ta i l s  of t he  program a r e  descr ibed i n  Reference 131. The 



incorporates  t h e  var ious  mechanisms described above, 

threshold by incrementing the  r o l l  angle on 

a  vehic le  u n t i l  t h p o i n t  of i n s t a b i l i t y  i s  reached. The ca l cu la t ions  
I 1  a r e  quas i - s ta t ic"  t h a t  dynamic phenomena a r e  not 

considered. I n  threshold predic ted  by the simula- 

t i o n ,  and of t h i s  r e p o r t ,  a r e  

r ep re sen ta t ive  of t he  ro l love r  11 ~ t s  t h a t  would be experienced i n  \ 
steady-turning maneuvers ( i n  c o n t r a s i t 0  t r a n s i e n t  maneuvers such a s  

l a n  changes, e t c . ) .  /8" \ 



s i m u l a t i o n  model i n c o r p o r a t e s  t h e  v a r i o u s  mechanisms d e s c r i b e d  above, 

c a l c u l a t i n g  t h e  r o l l o v e r  t h r e s h o l d  by increment ing t h e  r o l l  a n g l e  on 

a  v e h i c l e  u n t i l  t h e  p o i n t  of i n s t a b i l i t y  is  reached.  I t  should be 

recognized t h a t  t h e  c a l c u l a t e d  t h r e s h o l d s  a r e  " q u a s i - s t a t i c "  i n  n a t u r e .  

That i s ,  t h e  a b s o l u t e  l e v e l s  would be r e p r e s e n t a t i v e  of t h e  r o l l o v e r  

limits t h a t  would be exper ienced  i n  s t eady- tu rn ing  maneuvers. This  

measure of v e h i c l e  performance w i t h  r e s p e c t  t o  r o l l o v e r  r e s i s t a n c e  does  

no t  i n c l u d e  dynamic phenomena. N e v e r t h e l e s s ,  i t  appears  t o  be  t h e  

b e s t  fundamental  measure of r o l l o v e r  r e s i s t a n c e  f o r  comparing v e h i c l e s  

and has  been c l o s e l y  c o r r e l a t e d  w i t h  t h e  r o l l o v e r  a c c i d e n t  exper ience  

o f  heavy-duty v e h i c l e s .  





CHAPTER 3 

ANALYSIS AND FINDINGS 

The approach t a k e n  i n  t h i s  r e s e a r c h  was l i m i t e d  t o  examinat ion 

of t h e  r o l l o v e r  t h r e s h o l d s  f o r  step-van u t i l i t y  v e h i c l e s ,  and compari- 

son t o  t h r e s h o l d s  f o r  o t h e r  t y p i c a l  v e h i c l e s .  To accomplish t h i s ,  i t  

was f i r s t  n e c e s s a r y  t o  de te rmine  t h e  r e l e v a n t  p r o p e r t i e s  of each v e h i c l e  

a s  would a f f e c t  t h e  r o l l o v e r  behav ior .  The p r o p e r t i e s  were t h e n  reduced 

t o  l is ts  of i n p u t  d a t a  needed t o  r u n  t h e  UMTRI S t a t i c  Rol lover  Model, 

w i t h  which t h e  r o l l o v e r  t h r e s h o l d s  were c a l c u l a t e d .  This  c h a p t e r  of 

t h e  r e p o r t  d i s c u s s e s  t h e  way i n  which parameter  d a t a  were o b t a i n e d  f o r  

each v e h i c l e ,  and p r e s e n t s  t h e  r e s u l t s  of t h e  c a l c u l a t i o n s  of r o l l o v e r  

t h r e s h o l d .  

3 .1  Vehic le  Parameter  Data 

I n  o r d e r  t o  model t h e  v e h i c l e s  f o r  r o l l o v e r  c a l c u l a t i o n s ,  i t  was 

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

1 )  Mass p r o p e r t i e s  and l o c a t i o n s  - Sprung and unsprung mass 
v a l u e s ,  c. g. h e i g h t s  f o r  each mass, and f o r e / a f  t l o c a t i o n s  
of t h e  sprung masses 

2)  Suspension p r o p e r t i e s  - V e r t i c a l  s p r i n g  r a t e s ,  l a t e r a l  
s p r e a d  between l e a f  s p r i n g s ,  r o l l  c e n t e r  h e i g h t s ,  and 
a u x i l i a r y  r o l l  s t i f f n e s s e s  

3) T i r e  p r o p e r t i e s  - Track wid th ,  t i r e  v e r t i c a l  s t i f f n e s s e s ,  
d u a l  wheel s p a c i n g s ,  and t i r e  r a d i u s .  

The s o u r c e s  f o r  t h e  i n f o r m a t i o n  i n  each c a s e  v a r i e d ,  some coming 

from d a t a  a l r e a d y  a v a i l a b l e  a t  t h e  I n s t i t u t e ,  and o t h e r s  ob ta ined  by 

examinat ion and t e s t i n g  of a c t u a l  v e h i c l e s .  The s o u r c e s  of in fo rmat ion  

on each v e h i c l e  t y p e  a r e  d e s c r i b e d  below, w i t h  t h e  a c t u a l  p a r a m e t r i c  

v a l u e s  l i s t e d  i n  Appendix A. 



3 . 1 . 1  Passenger  Cars. The r o l l o v e r  t h r e s h o l d s  f o r  passenger  

c a r s  p rov ide  a r e f e r e n c e  p o i n t  f o r  comparison of o t h e r  v e h i c l e s .  Data 

f o r  two passenger  sedans  were ob ta ined  i n  t h i s  s tudy .  The v e h i c l e s  were 

a 1970 Lincoln  Cont inen ta l  and a 1979 Honda Civ ic .  The Lincoln  is  

t y p i c a l  o f  t h e  l a r g e r  luxury  c a r s  popular  i n  t h e  U.S. i n  t h e  p a s t .  It 

has  a common c h a s s i s  des ign  u t i l i z i n g  a n  independent f r o n t  suspens ion ,  

and a s o l i d  rear a x l e .  Though r e p r e s e n t i n g  t h e  upper end of t h e  range 

i n  terms of l e n g t h ,  wid th ,  and weight ,  it i s  approximately  e q u i v a l e n t  

t o  a l l  o t h e r  passenger  c a r s  i n  h e i g h t  (and hence v e r t i c a l  c .g .  l o c a t i o n ) .  

Data f o r  t h e  L inco ln  w i t h  a four-passenger load  were ob ta ined  from 

r e f e r e n c e  documents w i t h i n  t h e  I n s t i t u t e .  The Honda Civ ic  is t y p i c a l  of 

t h e  o t h e r  extreme i n  passenger  c a r  s i z e " o e i n g  a subcompact. While such 

v e h i c l e s  g e n e r a l l y  f i t  w i t h i n  t h e  same o v e r a l l  h e i g h t  envelope a s  t h e  

l a r g e r  c a r s ,  they  a r e  normal ly  narrower i n  t h e  body and t r a c k  width .  

The o t h e r  major d i s t i n c t i o n  is t h e  u s e  of four-wheel independent suspen- 

s i o n .  Data f o r  t h e  Honda C i v i c  were ob ta ined  from a parameter measure- 

ment t a s k  a s s o c i a t e d  w i t h  t h e  DoT/FHWA p r o j e c t  i n  Reference [ 4 ] .  The 

d a t a  included t h e  sprung and unsprung mass v a l u e s ,  t h e i r  l o c a t i o n s ,  

suspens ion  v e r t i c a l  r a t e s  and r o l l  s t i f f n e s s e s ,  and geometr ic  p r o p e r t i e s  

such a s  t r a c k  wid th  and payload l o c a t i o n s .  T i r e  v e r t i c a l  s t i f f n e s s  was 

es t imated  from t h e  fo l lowing  e q u a t i o n  [5 ] :  

where 

K t  = t i r e  v e r t i c a l  s t i f f n e s s  ( l b l i n )  

P = i n f l a t i o n  p r e s s u r e  ( p s i )  

SW = t i r e  s e c t i o n  width  ( i n )  

D = t i r e  d iameter  ( i n )  

Data on t h e  s e c t i o n  wid th  and diameter  of t h e  tires were ob ta ined  from 

t h e  T i r e  and R i m  A s s o c i a t i o n  Handbook. 

The parameters  f o r  t h e  Honda Civ ic  were then  a d j u s t e d  f o r  a 750-lb 

(341-kg) l o a d  ( f o u r  passengers  a t  150 l b  (68 kg) each p l u s  150 l b  (68 kg) 

of luggage) .  Pa ramet r i c  d a t a  f o r  t h e  L inco ln  and t h e  Honda Civ ic  a r e  

l i s t e d  i n  Appendix A. 



3.1.2 Passenger  Van. Data f o r  a 1979 Dodge van were o b t a i n e d  

from t h e  measurements made i n  t h e  c i t e d  DOT p r o j e c t .  The Dodge van 

i s  t y p i c a l  i n  h e i g h t ,  w i d t h ,  l e n g t h ,  and weight  of t h o s e  produced by 

a l l  of  t h e  major manufac tu re r s  i n  t h e  U.S. It h a s  a n  independent f r o n t  

suspens ion ,  w i t h  a s o l i d  r e a r  a x l e  s u p p o r t i n g  a l e a f  s p r i n g  r e a r  

suspension.  As  w i t h  t h e  Honda, c e r t a i n  geomet r ic  p r o p e r t i e s  were 

measured d i r e c t l y  and t h e  t i r e  v e r t i c a l  s t i f f n e s s  v a l u e s  were  c a l c u l a t e d  

accord ing  t o  t h e  above e q u a t i o n .  S i n c e  t h e  van was n o t  o u t f i t t e d  a s  a 

passenger  v e h i c l e ,  t h e  parameter  v a l u e s  were a d j u s t e d  t o  r e f l e c t  t h e  

a d d i t i o n  of two bench s e a t s ,  e i g h t  passengers  (1,200 l b  (545 k g ) ) ,  and 

240 l b  (109 kg) of luggage.  Data f o r  t h e  Dodge van a r e  l i s t e d  i n  

Appendix A. 

3.1.3 Pickup Truck. Data f o r  a 1979 Ford F-150 pickup t r u c k  

were o b t a i n e d  from t h e  DOT parameter  measurements. This  v e h i c l e  

i n c o r p o r a t e d  t h e  Ford twin  I-beam suspens ion ,  and a s o l i d  r e a r  a x l e  

w i t h  l e a f  s p r i n g  suspension.  The v e h i c l e  had a c o n v e n t i o n a l  8 - f t  

(2.4-m) pickup bed mounted on t h e  back. Geometric and t i r e  p r o p e r t i e s  

were o b t a i n e d  a s  d e s c r i b e d  above. Parameter  v a l u e s  were a d j u s t e d  t o  

r e p r e s e n t  a 750-lb (341-kg) l o a d  whose c .g .  was l o c a t e d  24 inches  (61 cm) 

above t h e  bed. Parameter  d a t a  f o r  t h i s  v e h i c l e  a r e  l i s t e d  i n  Appendix 

A. 

3.1.4 10,000-lb GVW S t e p  Van. Arrangements were made through 

t h e  American Baker ies  Company i n  t h e  D e t r o i t  a r e a  t o  o b t a i n  a step-van 

u t i l i t y  v e h i c l e  f o r  measurement of t h e  needed p r o p e r t i e s .  The a u t h o r s  

v i s i t e d  one o f  t h e  company's l o c a l  t e r m i n a l s  t o  become f a m i l i a r  w i t h  

t y p i c a l  bakery d e l i v e r y  v e h i c l e s ,  and t h e  l o a d i n g  p r a c t i c e s  used.  A 

u t i l i t y  van b u i l t  on a 1977 Chevrole t  c h a s s i s  was s e l e c t e d  a s  repre -  

s e n t a t i v e  of t h e  10,000-lb (4 .5  m-tons) GVW v e h i c l e s ,  and was loaned t o  

t h e  I n s t i t u t e  f o r  a p e r i o d  of t h r e e  days .  A photograph of t h e  v e h i c l e  

i s  shown i n  F i g u r e  4. The v e h i c l e  h a s  a 157-inch (399-cm) wheelbase 

wi th  a n  independent  f r o n t  suspens ion ,  and t h e  common r i g i d  r e a r  a x l e  w i t h  

l e a f  s p r i n g  suspension.  The r e a r  a x l e  u t i l i z e s  d u a l  wheels ,  a l though  

they  do n o t  ex tend  t o  t h e  f u l l  96-inch (244-cm) w i d t h  which i s  allowed 









f o r  t h e  v e h i c l e .  The v o c a t i o n a l  body i s  96 inches  (244 cm) i n  o v e r a l l  

width ,  70 inches  (178 cm) from f l o o r  t o  c e i l i n g ,  w i t h  a  14-foot (4.3-m) 

l e n g t h  o f  t h e  load  a r e a  and a  c a p a c i t y  of 280 " t r a y s "  of bakery product .  

While a t  t h e  I n s t i t u t e ,  t h e  v e h i c l e  was weighed and i t s  c.g.  p r o p e r t i e s  

were measured on t h e  UMTRI P i t c h  P l a n e  I n e r t i a  Swing ( s e e  F igure  5 ) .  

Concurrent ly ,  d e t a i l e d  measurements of t h e  suspens ion  and s p r i n g  

geometry were made, as a  b a s i s  f o r  c a l c u l a t i n g  t h e  r e q u i r e d  mechanical  

p r o p e r t i e s .  Suspension v e r t i c a l  r a t e s  and a u x i l i a r y  r o l l  s t i f f n e s s e s  

were c a l c u l a t e d  from d e t a i l e d  measurements of t h e  s p r i n g  s i z e s  and t h e i r  

l o c a t i o n s .  The v a l u e s  ob ta ined  were compared a g a i n s t  t y p i c a l  d a t a  

a v a i l a b l e  from t h e  manufacturer  i n  t h e i r  "Body Bui lde rs  Drawings and 

Support ing Data" handbook which is  made a v a i l a b l e  t o  f i n a l  s t a g e  

manufacturers .  The load  added t o  t h e  v e h i c l e  was s e l e c t e d  t o  b r ing  t h e  

v e h i c l e  up t o  i t s  10,000-lb (4.5-m t o n s )  r a t e d  l o a d .  The c e n t e r  of 

g r a v i t y  o f  t h e  s imula ted  payload was placed a t  t h e  h e i g h t  of t h e  mid- 

p o i n t  of t h e  load ing  racks  used f o r  bakery goods. Paramet r ic  d a t a  

d e s c r i b i n g  t h i s  v e h i c l e  a r e  l i s t e d  i n  Appendix A. 

3.1.5 15,000- lb  GVW S t e p  Van. Arrangements were made through t h e  

ITT C o n t i n e n t a l  Baking Company i n  t h e  D e t r o i t  a r e a  f o r  l o a n  of a  step-van 

i n  t h e  15,000-lb (6.8-m t o n s )  GW c l a s s .  A van b u i l t  on a  1976 Ford 

c h a s s i s  was o b t a i n e d ,  a s  shown i n  t h e  photograph of F i g u r e  6. The l i s t e d  

GVW f o r  t h e  v e h i c l e  was 14,200 l b  (6.4 m t o n s ) .  The van body was essen- 

t i a l l y  e q u i v a l e n t  t o  t h a t  of t h e  10,000-lb (4.5-m t o n s )  GW v e h i c l e  i n  

i t s  i n t e r i o r  dimensions,  a l though  i t s  c a p a c i t y  was g iven  a s  338 " t r a y s "  

of bakery p roduc t ,  and t h e  c h a s s i s  was l a r g e r  and h e a v i e r .  This  v e h i c l e  

incorpora ted  a s o l i d  f r o n t  a x l e  w i t h  l e a f  s p r i n g  suspens ion ,  t y p i c a l  of 

l a r g e r  t r u c k s .  Likewise,  t h e  r e a r  a x l e  was s o l i d ,  a l s o  w i t h  a  l e a f  

s p r i n g  suspens ion  and d u a l  wheels.  Parameters  f o r  t h i s  v e h i c l e  were 

ob ta ined  i n  t h e  same manner as desc r ibed  f o r  t h e  10,000-lb (4.5-m ton)  

GW step-van, and a r e  a l s o  l i s t e d  i n  Appendix A. The load  on t h e  15,000- 

l b  (6.8-m ton)  van was chosen t o  b r i n g  t h e  v e h i c l e  t o  i ts  r a t e d  load  of 

14,200 l b  (6.4 m t o n s ) ,  w i t h  t h e  payload c .g .  h e i g h t  cen te red  a t  t h e  

midpoint  of t h e  load ing  r a c k s  f o r  bakery p roduc t s .  















3.1.6 S t r a i g h t  Truck w i t h  10,000-lb (4.5-m ton)  GVWR. A 1975 

Chevrole t  s t r a i g h t  t r u c k  i n  t h e  ~ n s t i t u t e ' s  v e h i c l e  pool  was s e l e c t e d  

f o r  t h i s  example. The t r u c k  h a s  a  10,000-lb (4.5-m t o n )  GVW, and has 

a  c h a s s i s  e s s e n t i a l l y  s i m i l a r  t o  t h a t  of t h e  10,000-lb (4.5-m ton)  

bakery van. The v e h i c l e  was weighed and geometr ic  p r o p e r t i e s  were 

measured. The c.g.  v a l u e s  were es t imated  based on knowledge o f  com- 

p a r a b l e  v e h i c l e s .  A l o a d  was s e l e c t e d  t o  b r i n g  t h e  v e h i c l e  up t o  i t s  

f u l l  r a t i n g  of 10,000 l b  (4.5 m ton)  and t h e  load  was p o s i t i o n e d  w i t h  i t s  

c e n t e r  24 inches  ( 6 1  cm) above t h e  bed. Data f o r  t h i s  v e h i c l e  a r e  

l i s t e d  i n  Appendix A. 

3.1.7 Heavy-Duty Truck Combination. Rol lover  t h r e s h o l d s  f o r  

t r a c t o r - s e m i t r a i l e r s  and doubles  combinations were s p e c i f i e d  a s  p o i n t s  

of comparison f o r  t h e  bakery v e h i c l e s  and a s  s u b j e c t s  f o r  s tudy ing  t h e  

i m p l i c a t i o n s  of t h e  102-inch (259-cm) width  allowance.  The t h r e s h o l d s  

f o r  t h e s e  v e h i c l e s  were determined i n  a n o t h e r  FHWA r e s e a r c h  program 

e n t i t l e d  " I n f l u e n c e  of S i z e  and Weight V a r i a b l e s  on t h e  S t a b i l i t y  and 

Cont ro l  P r o p e r t i e s  of Heavy Trucks'' [ 2 ] .  The t h r e s h o l d  v a l u e s  a r e  

simply quoted i n  t h i s  r e p o r t ,  and t h e  r e a d e r  i s  d i r e c t e d  t o  t h e  c i t e d  

r e f e r e n c e  f o r  more d e t a i l s  on t h e i r  de te rmina t ion .  

3.2 R e s u l t s  - Rollover  Thresholds  

The c a l c u l a t i o n s  from t h e  S t a t i c  R o l l  Model y i e l d  a  g r e a t  d e a l  of 

in fo rmat ion  about t h e  r o l l o v e r  p rocess  w i t h  each v e h i c l e  s imula ted .  

I n  t h i s  c a s e ,  however, t h e  only  r e s u l t  of d i r e c t  i n t e r e s t  i s  t h e  r o l l -  

over  t h r e s h o l d .  The t h r e s h o l d  is expressed i n  terms of l a t e r a l  

a c c e l e r a t i o n  measured i n  u n i t s  o f  g ' s  ( i . e , ,  t h e  f r a c t i o n  of t h e  

g r a v i t a t i o n a l  a c c e l e r a t i o n )  a t  which r o l l o v e r  beg ins .  A s  desc r ibed  i n  

Chapter 2 ,  t h e  r o l l o v e r  t h r e s h o l d  g e n e r a l l y  corresponds t o  t h e  p o i n t  a t  

which most of t h e  load-bearing wheels on one s i d e  of t h e  v e h i c l e  l i f t  

o f f  t h e  ground. The r e s u l t s  of t h e  c a l c u l a t i o n s  of r o l l o v e r  t h r e s h o l d  

a r e  summarized i n  Tables  l a  and l b ,  a long w i t h  o t h e r  summary informa- 

t i o n  d e s c r i b i n g  t h e  v e h i c l e s .  



- - 
u 
N 

5 a 
.I+ a, 

3 :  
P u 
3 s 
24 aJ 
u u 

.I+ 
P4 a 

(d 
6 0 3  
k r l  a, 
0 P 
k P 

rl a, > 
b 0  0 
m i n e  
rib a 





+ 
U 'u 
.d a, 

fj 
CL 4J 
5 C 
Ai aJ 
u u 

-I+ 

~l a  a 
a o a  
L i d  a) 
0 P 
s 
rl a, 

0 > 
- 0  0 
0uls 
rlh cd 

aJ al rl 
M M  U 'u 
a  sear 
O a J  d d P  nrn 0 

m g o a l  
0 rd 
,a 5 C f g  
al 
do, 6 3  



o q f i  
o x m  
a m -  

n 
n 

A Y 

r w 

A a 
3 b 

M 5  

CI 

h 
4 

'=' 

~ ~ - m r n m ~  ~ m + i  > 3 U f i h i  u v a a  Y 
O . Z * * ( C I U  N N N N  N 

d m . . . .  . . . .  Y 

5 9 1 ) O  
h m  m  

L , O U U  
0 . s .  

n 
4J 
-l 
C 

3  

w 

3 9 U d  
h 0 U  

u r " u u  c . . .  



I n  general., t h e  r e s u l t s  i n d i c a t e  t h a t  passenger  c a r s  have t h e  most 

f a v o r a b l e  r o l l o v e r  t h r e s h o l d s ,  i n  t h e  range of 1 . 0  t o  1 .2  g ' s  of l a t e r a l  

a c c e l e r a t i o n  necessa ry  t o  produce r o l l o v e r .  Both t h e  Honda C i v i c  and t h e  

L inco ln  C o n t i n e n t a l  have nominal ly  t h e  same c.g.  h e i g h t ,  b u t  t h e  addi-  

t i o n a l  wid th  of t h e  L inco ln  ( seen  i n  t h e  f r o n t  and r e a r  t r a c k  w i d t h  of 

t h e  wheels)  y i e l d s  a h i g h e r  t h r e s h o l d  v a l u e  f o r  t h a t  v e h i c l e .  S ince  t h e  

f r i c t i o n a l  coupl ing between t h e  t i r e  and t h e  road t y p i c a l l y  l i m i t s  t h e  

a c h i e v a b l e  l a t e r a l  a c c e l e r a t i o n  l e v e l  on smooth pavement t o  0 .8  g  o r  s o ,  

such v e h i c l e s  cannot normal ly  produce r o l l o v e r  on t h e  roadway. Only under 

s p e c i a l  c i rcumstances ,  such a s  " t r i p p i n g "  on a  curb o r  maneuvering on a  

c ross - s lope ,  would r o l l o v e r  be l i k e l y  t o  occur .  

The v e h i c l e  c a t e g o r y  which is  ranked n e x t  i n  r o l l o v e r  t h r e s h o l d  

i n c l u d e s  t h e  l i g h t  t r u c k  and van s e l e c t i o n s ,  w i t h  t h r e s h o l d  l e v e l s  i n  t h e  

range of 0.85 t o  0.9 g ' s .  Although t h e  two s e l e c t e d  v e h i c l e s  were ve ry  

s i m i l a r  i n  nominal s i z e  and w i d t h ,  t h e  lower c .g .  h e i g h t  r e p r e s e n t e d  on 

t h e  pickup g i v e s  i t  a  s l i g h t l y  h igher  v a l u e  of r o l l o v e r  t h r e s h o l d  than  

t h a t  s e e n  on t h e  van. S i n c e ,  i n  t h e s e  c a s e s ,  t h e  l a t e r a l  a c c e l e r a t i o n  

r e q u i r e d  f o r  r o l l o v e r  i s  much c l o s e r  t o  t h a t  which can be achieved w i t h  

t i r e / r o a d  f r i c t i o n a l  coup l ing ,  r o l l o v e r  would b e  expected t o  be more 

e a s i l y  achieved on t h e  highway. 

The 10,000-lb (4.5-m ton)  GVW s t a k e  t r u c k  and t h e  two step-vans 

(bakery v e h i c l e s )  f i t  i n t o  t h e  same g e n e r a l  range of r o l l o v e r  t h r e s h o l d ,  

i . e . ,  i n  t h e  range of 0.6 t o  0 .7  g ' s .  Note t h a t  t h e  two u t i l i t y  vans  

examined a r e  nominal ly  i d e n t i c a l  i n  t h e i r  r o l l o v e r  t h r e s h o l d s .  Although 

t h e  sprung mass on t h e  l a r g e r  15,000-lb (6.8-m ton)  van i s  h igher  ( a t  

52.5 inches  (133 cm)) t h a n  i s  t h a t  of t h e  10,000-lb (4.5-m ton)  van ( a t  

48.75 inches  (124 cm)),  t h e  h e a v i e r  v e h i c l e  i s  b u i l t  on a  c h a s s i s  t h a t  

p rov ides  a  n o t a b l y  wider  t r a c k  a t  bo th  t h e  f r o n t  and r e a r  wheels.  These 

two f a c t o r s  tend t o  compensate f o r  one a n o t h e r ,  t h u s  account ing f o r  t h e  

same r o l l o v e r  t h r e s h o l d  f o r  t h e  two v e h i c l e s .  I n  g e n e r a l ,  t h e  s i z e  and 

t r a c k  of t h e  c h a s s i s  on light-to-medium t r u c k s  i n c r e a s e s  w i t h  t h e  load 

r a t i n g ,  a l though  t h e r e  i s  no guaran tee  t h a t  v e h i c l e s  i n  excess  of 10,000 

l b  (4.5 m ton)  w i l l  n o t  be  b u i l t  on  t h e  narrower c h a s s i s ,  a s  was seen  on 



the  10,000-lb (4.5-m ton)  GVW veh ic l e  i n  t h i s  s tudy.  It may be a n t i -  

c ipa ted  t h a t  i n  such cases  t he  ro l love r  threshold w i l l  be decreased a t  

l e a s t  i n  proport ion t o  t he  reduct ion of t r a c k  width used. For example, 

t h e  ro l love r  threshold of t he  15,000-lb (6.8-m ton) GVW veh ic l e  would 

be expected t o  reduce from 0.62 t o  about 0.55 g i f  i t s  t r a c k  width were 

reduced t o  t h e  values appearing on 10,000-lb (4.5-m ton)  GVW chass i s .  

Moreover, these  r e s u l t s  pe r t a in ing  t o  t h e  s t ake  t ruck  and step-vans 

a r e  of i n t e r e s t  s i n c e  vehic les  having ro l love r  thresholds i n  the range 

of 0.60 t o  0.70 g can c e r t a i n l y  be r o l l e d  over simply due t o  t he  impetus 

of t i r e  t r a c t i o n  forces  on smooth pavement. 

I n  Table l b ,  t he  ro l love r  threshold of s e l ec t ed  heavy-duty veh ic l e  

cases  a r e  l i s t e d .  These cases  a r e  genera l ly  intended t o  i l l u s t r a t e  t h e  

var ious  ro l love r  threshold values which might a t tend  d i f f e r i n g  implementa- 

t i o n s  of a  102-inch (259-cm) width allowance. The t r ac to r - semi t r a i l e r  

cases  include two d i f f e r e n t  loading scenar ios .  Cases 1 through 4 represent  

vehic les  which a r e  f u l l y  loaded wi th  a  medium dens i ty  f r e i g h t  wi th  which 

t h e  vehic le  reaches the  80,000-lb (36-m ton) gross weight l i m i t .  When 

the  s e m i t r a i l e r  i s  considered t o  be 96 inches (244 cm) wide, t he  compo- 

s i t e  sprung mass of t h e  s e m i t r a i l e r ,  including the  van body and the 

payload, is represented a s  having a  c .g .  height  of 80 inches (203 cm). 

This c.g. l oca t ion  i s  thought t o  represent  a  l a rge  por t ion  of the  comrner- 

c i a 1  t rucking  operat ions i n  t h e  U.S. When the  s e m i t r a i l e r  body i s  widened 

t o  102 inches (259 cm), the  same f r e i g h t  assumes the  lower c .g .  height  

value of 78.5 inches (199 cm) 

In  cases  5 through 8, t h e  veh ic l e  i s  assumed t o  be loaded with a  

r e l a t i v e l y  low dens i ty  f r e i g h t  such t h a t  the f u l l  cubic capac i ty  of the  

t r a i l e r  is  u t i l i z e d  ( l e s s  a 6-inch (15-cm) clearance space below the 

c e i l i n g ) .  The dens i ty  of t he  f r e i g h t  i s  such t h a t ,  i n  the  96-inch- 

(244-cm)-wide case,  a  gross weight of 77,000 l b  (35 m tons)  i s  a t t a i n e d .  

When the t r a i l e r  i s  considered t o  be 102 inches (259 cm) wide, f r e i g h t  of 

t h i s  same dens i ty  f i l l s  t he  conta iner  while  y ie ld ing  t h e  maximum allowable 

gross  weight condi t ion  of 80,000 l b  (36 m tons) .  This loading scenario 

is seen a s  y ie ld ing  the  g r e a t e s t  c.g. he ight  values which a r e  a t t a ined  



i n  normal t r u c k i n g  o p e r a t i o n s .  A s  no ted  i n  Tab le  l b ,  t h e  c .g .  h e i g h t  of 

t h e  composite sprung mass on t h e  s e m i t r a i l e r  i n  t h i s  c a s e  is s l i g h t l y  

g r e a t e r  t h a n  98 i n c h e s  (249 cm). Note t h a t  t h i s  composite c . g .  h e i g h t  

is  s l i g h t l y  h i g h e r  i n  t h e  102-inch (259-cm) wid th  c a s e s  due t o  t h e  

g r e a t e r  payload mass which,  be ing  c a r r i e d  a t  t h e  e l e v a t e d  h e i g h t ,  causes  

t h e  c e n t e r  o f  g r a v i t y  of t h e  composite mass t o  r i s e .  

The v a r i o u s  c a s e s  r e p r e s e n t e d  i n  t h e  t a b l e  a l s o  a r e  d i s t i n g u i s h e d  

by t h e  dimensions d e s c r i b i n g  t h e  nominal w i d t h  of t h e  l o a d  bed,  WB, 

s p r i n g  s p a c i n g ,  WS, and t h e  wid th  a c r o s s  t h e  o u t s i d e  of t h e  t i r e s ,  W T .  

Also,  t h e  t r a c t o r  wid th  i s  cons idered  t o  have a  dimension of e i t h e r  96 

o r  102 i n c h e s  (244 o r  259 cm), w i t h  t h e  t r a c t o r  s p r i n g  spac ings  extended 

a c c o r d i n g l y .  Cases i n v o l v i n g  t h e  double  r e p r e s e n t  t h e  medium-density 

f r e i g h t  c o n d i t i o n  on ly  and i l l u s t r a t e  w i d t h  v a r i a t i o n s  on t r a i l e r  (and 

d o l l y )  hardware a s  w e l l  a s  on t h e  t r a c t o r .  

We s e e  from t h e  c a l c u l a t e d  v a l u e s  o f  r o l l o v e r  t h r e s h o l d  t h a t  t h e  

heavy-duty v e h i c l e s  show r o l l o v e r  t h r e s h o l d s  which range from .24 t o  

.44 g ,  f o r  t h e  c a s e s  cons idered  here .  F u r t h e r ,  t h e  e x t e n s i o n s  i n  wid th  

from 96 t o  102 i n c h e s  (244 t o  259 cm) c o n s t i t u t e  means f o r  s u b s t a n t i a l  

improvements i n  r o l l  s t a b i l i t y .  We n o t e  t h a t  t h e  improvement i s  sequen- 

t i a l  i n  t h e  s e n s e  t h a t  widening t h e  t r a i l e r  a x l e s  and s p r i n g s  a f f o r d s  a  

c e r t a i n  i n c r e a s e  i n  s t a b i l i t y  w h i l e  widening t h e  t r a c t o r  a x l e s  a f f o r d s  a n  

a d d i t i o n a l  i n c r e a s e  beyond t h a t .  

I n  t h e  c a s e  of t h e  double ,  we s e e  s i g n i f i c a n t l y  d i f f e r i n g  r o l l o v e r  

t h r e s h o l d s  on t h e  f i r s t  and second u n i t  of t h e  combination ( t h a t  i s ,  on 

t h e  t r a c t o r - s e m i t r a i l e r  and f u l l  t r a i l e r  u n i t s ,  r e s p e c t i v e l y ) .  Note t h a t  

i t  i s  worthwhi le  t o  d i s t i n g u i s h  between t h e  r o l l  s t a b i l i t y  of t h e  two 

u n i t s  s i n c e  t h e  p i n t l e  hook dev ice  which coup les  t h e s e  two u n i t s  t o g e t h e r  

pe rmi t s  t h e  f r o n t  and r e a r  t r a i l e r s  t o  r o l l  independen t ly  of one a n o t h e r .  

A d i f f e r e n c e  i n  t h e  r o l l o v e r  t h r e s h o l d s  of t h e  two u n i t s  i s  p a r t i c u l a r l y  

pronounced i n  t h e  w i d e n e d - t r a i l e r  c a s e ,  No. 2 ,  i n  which b o t h  t h e  d o l l y  

and t r a i l e r  a x l e s  were widened, t h u s  making a  g r e a t e r  improvement i n  t h e  

r o l l  s t a b i l i t y  o f  t h e  f u l l  t r a i l e r  than  i n  t h e  t r a c t o r - s e m i t r a i l e r  u n i t .  

With t h e  widening of t h e  t r a c t o r  i n  Case 3 ,  t h e  r o l l  s t a b i l i t y  of t h e  



t r ac to r - semi t r a i l e r  i s  improved so as  t o  s l i g h t l y  exceed t h a t  of the f u l l  

t r a i l e r .  A s  w i l l  be shown i n  the  next chapter ,  improvement i n  the  r o l l  

s t a b i l i t y  of heavy vehic les  i s  thought t o  have s t rong  impl ica t ions  f o r  

t he  l ike l ihood of ro l love r  acc idents  i n  s e rv i ce .  

In using the  above r e s u l t s ,  t h e  reader  should note  t h a t  the reported 

values of ro l love r  threshold a r e  only es t imates  based on mathematical 

models. I n  general ,  t he se  models have proved capable of p red ic t ing  

thresholds  t o  wi th in  a  few percent  of t h a t  which was measured experi-  

mentally.  However, e r r o r s  of a  l a r g e r  magnitude can r e s u l t  from inaccura- 

c i e s  i n  s p e c i f i c a t i o n  of t h e  input  data .  For the above ca l cu la t ions ,  those 

e r r o r s  a r e  expected t o  be we l l  wi th in  10 percent  of the  reported va lue  f o r  

t h e  ro l love r  threshold.  Thus, a t  worst ,  the  limits f o r  t he  two u t i l i t y  

vans of i n t e r e s t  would not  be g r e a t e r  than .68 g nor l e s s  than 0.56 g ,  

thus s t i l l  placing t h e i r  ro l love r  th resholds  below the  pickup/van category 

and we l l  above t h a t  of t h e  heavy-duty vehic les .  Because of t h e  very 

l imi t ed  sample s i z e  t h a t  was used i n  t h e  s tudy ,  no s tatements  can be made 

a s  t o  the range of performance t h a t  can be expected from the  populat ions 

of each of t he  r e spec t ive  ca t egor i e s  of veh ic l e s .  The values reported 

a r e  bel ieved t o  be r ep re sen ta t ive  of t y p i c a l  veh ic l e s ,  although the re  

could e x i s t  c e r t a i n  vehic les  which have s i g n i f i c a n t l y  d i f f e r e n t  performance 

limits. 



CHAPTER 4 

INTERPRETATIONS AND CONCLUSIONS 

With regard t o  t h e  i s s u e  of d i f f e r i n g - s t y l e  bakery t rucks ,  i t  may 

be s t a t e d  t h a t  

1) t he  expected ro l love r  th reshold  f o r  bakery t rucks  i n  t he  

10,000-lb (4.5-m ton) GVW c l a s s  w i l l  be i n  t h e  nominal range of 0.6 t o  

0.7 g' s of l a t e r a l  acce l e ra t ion  when loaded,  and 

2) t h e  expected ro l love r  threshold of bakery t rucks  i n  the  15,000- 

l b  (6.8-m ton) GVW c l a s s  w i l l  be  i n  t he  same range i f  such veh ic l e s  a r e  

b u i l t  on heavier  chas s i s  incorpora t ing  a  t r a c k  width near  the  96-inch 

(244-cm) al lowable limit. Thus, from a r o l l o v e r  s tandpoin t ,  t h e  two 

c l a s s e s  of bakery veh ic l e s  a r e  seen a s  being equiva len t ,  given the  condi- 

t i o n  on t r a c k  width s t a t e d  above. 

Inasmuch as the  vehic les  a r e  being compared only on the  b a s i s  of 

t h e i r  r o l l o v e r  r e s i s t a n c e ,  t h e  key ques t ion  i s -What  i s  the  s ign i f i cance  

of r o l l o v e r  threshold t o  acc ident  frequency, and hence s a f e t y ?  

For t r a c t o r - t r a i l e r  veh ic l e s ,  t h e  r o l l o v e r  threshold has been found 

t o  r e l a t e  c lo se ly  t o  t h e  frequency of r o l l o v e r  i n  s ing le-vehic le  acc idents ,  

as  shown i n  Figure 7. This curve derived from acc ident  d a t a  reported to  

t h e  Bureau of Motor Ca r r i e r  Safe ty  (BMCS) of t he  U.S. Department of 

Transportat ion over the  years  1976 through 1979. The f i g u r e  shows t h a t  a  

remarkable c o r r e l a t i o n  e x i s t s  between the  percent  of r o l l o v e r s  occurr ing 

among s ingle-vehic le  accidents* (SVA) involving t r a c t o r - s e m i t r a i l e r s  and 

t h e  r o l l o v e r  threshold of each veh ic l e .  This p l o t  r ep re sen t s  some 9,000 

-he acc ident  d a t a  a r e  p l o t t e d  i n  t h i s  percentage fash ion  i n  order  
t o  express an accident  rate- type of measure and a l s o  because r o l l o v e r  
events  a r e  recorded i n  t he  BMCS da ta  f i l e  only i f  they occur i n  s ing le-  
veh ic l e  acc idents .  
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Figure 7. Percent of s ingle-vehicle  acc idents  i n  which ro l love r  occurs  on 
five-axle tractorlvan-semitrailers a s  a func t ion  of the  v e h i c l e ' s  
inherent  ro l love r  th reshold ,  i n  g ' s .  



single-vehicle  acc idents  involving three-axle t r a c t o r s  pu l l ing  two-axle, 

van-type s e m i t r a i l e r s .  Among these  9,000 acc idents ,  more than 2,000 

r o l l o v e r s  were recorded. These da t a  were resolved i n t o  the  i l l u s t r a t e d  

format of Figure 7 wi th  the  a id  of the  computerized procedure f o r  calcu- 

l a t i n g  the  ro l love r  threshold of such veh ic l e  combinations, given the  

va lue  of gross  veh ic l e  weight which is reported t o  BMCS with each acc ident .  

Knowing the  gross  veh ic l e  weight, the  ana lys i s  assumed t h a t  payload was 

placed i n  a  fashion represent ing  medium-density f r e i g h t .  Typical values 

f o r  t i r e ,  spr ing ,  and geometric p rope r t i e s  were then employed to  ca l cu la t e  

ro l love r  thresholds f o r  each increment of gross  weight i n  the  accident  

f i l e .  

From the f igu re ,  we s e e  t h a t  the t y p i c a l  empty t r ac to r - semi t r a i l e r s  

experience ro l love r  i n  approximately f i v e  percent of t h e i r  sVA' s .  When 

such vehic les  a r e  loaded, on the  o the r  hand, t h e  reduct ion i n  r o l l  s t a b i l i t y ,  

due to  the g r e a t e r  weight and higher  c .g .  l oca t ion ,  causes an eight-  to 

ninefold increase  i n  the incidence of ro l love r .  The f i g u r e  c l e a r l y  

e s t ab l i shes  t h a t  the ro l love r  of t r ac to r - semi t r a i l e r s  i s  highly s e n s i t i v e  

to  t he  v e h i c l e ' s  inherent  ro l love r  threshold i n  t he  0.3 t o  0.4 g  range 

per ta in ing  t o  t y p i c a l ,  f u l l y  loaded un i t s .  The s lope  of the s e n s i t i v i t y  

i n  t h i s  range can be nominally evaluated a t  an approximate th ree  percent  

change i n  roll overs/^^^ per 0.01 g change i n  r o l l o v e r  th reshold .  

I f  t hese  da ta  were appl icable  t o  bakery vehic les  ( i n  the 0.6 t o  

0.7 g range) ,  t he  f i gu re  suggests  t h a t  the  r o l l o v e r  frequency would be 

r a t h e r  low and would not  be s t rongly  a f f ec t ed  by minor v a r i a t i o n s  i n  c .g .  

he ight  o r  gross  weight such a s  may p r e v a i l  i n  the use of such vehic les .  

However, t he  a p p l i c a b i l i t y  of t h i s  r e l a t i onsh ip  t o  veh ic l e s  o ther  than 

t r a c t o r - t r a i l e r s  i s  uncertain.  I d e a l l y ,  acc ident  s t a t i s t i c s  r e l a t e d  t o  

r o l l o v e r  experience f o r  vehic les  i n  t h i s  subclass  of 10,000 t o  15,000 l b s  

(4.5 t o  6.8 m tons)  GVV step-vans would be used t o  judge the  l i k e l y  s igni -  

f icance  of ro l love r  i n  acc idents  with these  veh ic l e s ,  but t he re  a r e  no 

such spec i a l i zed  accident  da t a  f i l e s  ava i l ab l e .  

Looking t o  the  ro l love r  accident  experience with passenger c a r s  and 

l i g h t  t rucks  does not  show t h i s  r e l a t i o n s h i p  (as  seen i n  Figure 7 )  to  be 

appl icable  t o  vehic les  o ther  than t r a c t o r - t r a i l e r s .  The National Crash 

Sever i ty  Study (NCSS) [6,7]  da t a  on "tow-away" acc idents  of passenger 





c a r s  and l i g h t  t rucks  shows much d i f f e r e n t  ro l love r  experiences.  For 

passenger c a r s ,  ro l love r  i s  experienced i n  14.4 percent  of t he  SVA'S 

(4.4 percent of a l l  reported acc iden t s ) ,  and f o r  l i g h t  t rucks  i n  31.5 

percent  of t he  SVA' s  (13.3 percent  of a l l  repor ted  acc iden t s ) .  Much lower 

r a t e s  would be expected from the r e l a t i onsh ip  i n  Figure 7 ,  given the  

nominal ro l love r  thresholds f o r  t hese  vehic les .  I n  p a r t ,  the  d i s p a r i t y  may 

der ive  from t h e  d i f f e r ences  i n  the cross-sect ion of t he  acc idents  repre- 

sented i n  t he  two types of acc ident  f i l e s  ("tow-away" acc idents  i n  t he  case 

of t h e  NCSS f i l e s ,  versus a  minimum "report ing threshold" of $2,000 damage 

o r  an i n j u r y  i n  the case of t he  BMCS f i l e ) .  The d i s p a r i t y  may a l s o  r e f l e c t  

a  d i f f e r ence  between the  fundamental dr iv ing  s k i l l s  (and a t t i t u d e s )  of the  

profess iona l  t ruck  d r i v e r  and the  nonprofessional  d r i v e r s  of ca r s  and 

l i g h t  t rucks.  Fur ther ,  vehic les  r epo r t ing  t o  the  BMCS accident  f i l e  a r e  

genera l ly  employed i n  i n t e r s t a t e  t r anspor t a t ion  and a r e  predominantly 

operat ing on multi-lane and divided highways, while  general  passenger c a r s  

and l i g h t  t rucks  incur  the  bulk of t h e i r  mileage on l e s s e r  q u a l i t y  road 

systems. Nevertheless,  the bottom l i n e  i s  t h a t  knowledge does not e x i s t  

whereby one can draw s p e c i f i c  in ferences  about the  ro l love r  acc ident  r a t e  

t o  be expected wi th  the  s tep-side vans t h a t  have been s tudied  here .  

With regard t o  the width v a r i a t i o n s  represented on the  heavy 

t r ac to r - semi t r a i l e r s ,  the  accident  da t a  shown i n  Figure 7 have d i r e c t  

a p p l i c a b i l i t y .  Thus, an i n t e r p r e t a t i o n  of the width-related items i s  

of fered  below, by way of commentary on the  r o l l o v e r  accident  experience 

which may p r e v a i l  i n  the U.S .  a s  t h e  new Federal  provis ions f o r  102-inch 

(259-cm) width become implemented. Figure 8 shows the  improvements i n  

percent  ro l love r s  per  s ingle-vehicle  accident  (SVA) accruing from the 

widening of t r a i l e r  and t r a c t o r  running gear from 96 t o  102 inches (244 

t o  259 cm). 

The f i g u r e  suggests  t h a t  t he  incidence of r o l l o v e r s  with t r ac to r -  

s e m i t r a i l e r s  opera t ing  wi th in  the  "medium-density f r e i g h t "  load scenar io  

could be reduced by some 35 percent  by adopting t r a c t o r s  and s e m i t r a i l e r s  

which a r e  f u l l y  widened t o  u t i l i z e  a  102-inch (259-cm) width allowance. 

(Please note t h a t  t he  "35 percent" f i g u r e  is  obtained by observing t h a t  

the  "rollover/SVA" measure drops from the  base l ine  va lue  of 47 percent  

t o  30 percent ,  thus incur r ing  a  ne t  35 percent  drop from the rollover/SVA 
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~h\n only the  s e m i t r a i l e r  i s  " f u l l y  widened" ( t h a t  i s ,  with wider 

t i r e  plac+ent and sp r ing  spac ing ) ,  t h e  reduct ion  i n  r o l l o v e r  acc ident  

r a t e  f o r  t h  v e h i c l e  category i s  predic ted  t o  be on the  order  of 20 

percent .  ? \ t\ 
\ 

I n  t he  c o k e x t  of t hese  p o t e n t i a l  s a f e t y  improvements, l e t  us  con- 

s i d e r  t h e  implicahions of c e r t a i n  of t h e  "shortcut"  means of u t i l i z i n g  a  

l i b e r a l i z e d  width ailowance. The t abu la t ed  r e s u l t s  showed t h a t  widening 
\ 

the load bed alone,  t4ithout a l s o  widening t h e  t i r e  t r a c k  and spr ing  spread 

dimensions, in t roduces  ,a small and somewhat mixed e f f e c t  upon r o l l  s t a b i l i t y .  

In  genera l ,  t he  a c t i o n  of widening the  bed, a lone,  can be looked upon 

simply a s  a  "missed opportuni ty" t o  dramat ica l ly  upgrade a  v e h i c l e ' s  r o l l  

s t a b i l i t y .  Accordingly, i t  i s  c l e a r  t h a t  t he  approach which most b e n e f i t s  

t r a f f i c  s a f e t y  i s  t o  a s su re  t h a t  t h e  increased width a t  the  load bed be 

accompanied by appropr i a t e ly  widened t i r e  and spr ing  placements. 

Notwithstanding t h e  l a r g e  bqne f i t  which widened t r a c t o r s  con t r ibu te  

t o  the  r o l l  s t a b i l i t y  of t r ac to r - se rp i t r a i l e r  combinations, i t  is recognized 

t h a t  extending t r a c t o r  width involves  a  much more c o s t l y  development 

process than  i s  implied by widening t r a i l e r s  o r  d o l l i e s .  Presumably, wider 

t r a c t o r s  would become a v a i l a b l e  i f  a  market develops fol lowing the  l i be ra -  

ized  width allowance. Those concerned with maximizing s a f e t y  a r e  wel l  

advised t o  promote such development. I n  t h e  meantime, i t  should be noted 

t h a t  t h e r e  a r e  no known de t r imenta l  e f f e c t s  of coupling t r a i l e r s  having one 

width dimension t o  t r a c t o r s  having a  narrower width. 

The s i n g l e  most b e n e f i c i a l  a p p l i c a t i o n  of an increased width allow- 

ance is i n  t he  case  of f u l l  t r a i l e r s .  It was seen i n  the  r e s u l t s  shown 

above t h a t  t he  ro l love r  th reshold  of t h e  f u l l  t r a i l e r  of a  convent ional  

doubles eonf igura t ion  inc reases  by 16.5 percent  when t h e  d o l l y  and t r a i l e r  

ax l e  hdrdware ( t i r e s  and spr ings)  i s  widened from 96 t o  102 inches (244 

t o  289 cm). Since convent ional  doubles experience t h e  majority of t h e i r  

r o  l ove r  i nc iden t s  a s  r ea r - t r a i l e r -on ly  r o l l o v e r s ,  t h e  prospect  f o r  making 
\ 

arge  improvements i n  t h e  r o l l  s t a b i l i t y  of f u l l  t r a i l e r s  s e e y  e spec i a l ly  

important t o  s a f e t y .  When one considers  t h a t  t he  inc lus ion  of he wider ./' 1 
ax le  hardware i n  t he  cons t ruc t ion  of new d o l l i e s  and t r a i l e r s  is  r a t h e r  

s t ra ight forward  ( e s p e c i a l l y  i n  comparison t o  t he  widening of t r a c t o r s ) ,  



v a l u e  o f  t h e  b a s e l i n e  case .  Th is  35 p e r c e n t  r e d u c t i o n  is t h e n  s e e n  a s  

i n d i c a t i n g  t h e  approximate l e v e l  o f  r e d u c t i o n  i n  t h e  t o t a l  r a t e  a t  which 

r o l l o v e r s  a r e  produced p e r  v e h i c l e  mi le .  Note, a l s o ,  t h a t ,  a l though  

t h e s e  r o l l o v e r  d a t a  a r e  d e r i v e d  from s i n g l e - v e h i c l e  a c c i d e n t  c a s e s ,  they  

a r e  u s e f u l  f o r  approximating t o t a l  r o l l o v e r  involvement s i n c e  some 80 

percen t  of t r u c k  r o l l o v e r s  occur  a s  s i n g l e - v e h i c l e  e v e n t s  El] . ) 
When on ly  t h e  s e m i t r a i l e r  is  " f u l l y  widened" ( t h a t  i s ,  w i t h  wider 

t i r e  placement and s p r i n g  s p a c i n g ) ,  t h e  r e d u c t i o n  i n  r o l l o v e r  a c c i d e n t  

r a t e  f o r  t h i s  v e h i c l e  c a t e g o r y  i s  p r e d i c t e d  t o  be on t h e  o r d e r  of 20 

p e r c e n t .  

I n  t h e  c o n t e x t  of t h e s e  p o t e n t i a l  s a f e t y  improvements, l e t  us con- 

s i d e r  t h e  i m p l i c a t i o n s  of c e r t a i n  of t h e  " s h o r t c u t "  means of u t i l i z i n g  a  

l i b e r a l i z e d  wid th  a l lowance.  The t a b u l a t e d  r e s u l t s  showed t h a t  widening 

t h e  l o a d  bed a l o n e ,  wi thou t  a l s o  widening t h e  t i r e  t r a c k  and s p r i n g  spread  

dimensions,  i n t r o d u c e s  a  small and somewhat f i x e d  e f f e c t  upon r o l l  s t a b i l i t y .  

I n  g e n e r a l ,  t h e  a c t i o n  of widening t h e  bed,  a l o n e ,  can be looked upon 

simply a s  a  "missed oppor tun i ty"  t o  d r a m a t i c a l l y  upgrade a  v e h i c l e ' s  r o l l  

s t a b i l i t y .  Accordingly ,  i t  is  c l e a r  t h a t  t h e  approach which most b e n e f i t s  

t r a f f i c  s a f e t y  is  t o  a s s u r e  t h a t  t h e  inc reased  width  a t  t h e  load  bed be 

accompanied by a p p r o p r i a t e l y  widened t i r e  and s p r i n g  placements.  

Notwiths tanding t h e  l a r g e  b e n e f i t  which widened t r a c t o r s  c o n t r i b u t e  

t o  t h e  r o l l  s t a b i l i t y  of t r a c t o r - s e m i t r a i l e r  combinat ions ,  i t  i s  recognized 

t h a t  ex tend ing  t r a c t o r  w i d t h  invo lves  a  much more c o s t l y  development 

p rocess  than  is  impl ied by widening t r a i l e r s  o r  d o l l i e s .  Presumably,  wider 

t r a c t o r s  would become a v a i l a b l e  i f  a  market develops  fo l lowing  t h e  l i b e r a l -  

i z e d  wid th  a l lowance.  Those concerned w i t h  maximizing s a f e t y  a r e  w e l l  

adv i sed  t o  promote such development. I n  t h e  meantime, i t  should be noted 

t h a t  t h e r e  a r e  no known d e t r i m e n t a l  e f f e c t s  of c o u p l i i n g  t r a i l e r s  having one 

width  dimension t o  t r a c t o r s  having a  narrower wid th .  

The s i n g l e  most b e n e f i c i a l  a p p l i c a t i o n  of a n  inc reased  width  allow- 

ance i s  i n  t h e  c a s e  of f u l l  t r a i l e r s .  I t  was s e e n  i n  t h e  r e s u l t s  shown 

above t h a t  t h e  r o l l o v e r  t h r e s h o l d  of t h e  f u l l  t r a i l e r  of a  conven t iona l  

doubles  c o n f i g u r a t i o n  i n c r e a s e s  by 1 6 . 5  p e r c e n t  when t h e  d o l l y  and t r a i l e r  

a x l e  hardware ( t i r e s  and s p r i n g s )  i s  widened from 96 t o  102 inches  (244 





t o  259 cm). S i n c e  conven t iona l  doubles  exper ience  t h e  m a j o r i t y  of t h e i r  

r o l l o v e r  i n c i d e n t s  a s  r e a r - t r a i l e r - o n l y  r o l l o v e r s ,  t h e  p r o s p e c t  f o r  making 

l a r g e  improvements i n  t h e  r o l l  s t a b i l i t y  of f u l l  t r a i l e r s  seems e s p e c i a l l y  

impor tan t  t o  s a f e t y .  When one c o n s i d e r s  t h a t  t h e  i n c l u s i o n  of t h e  wider 

a x l e  hardware i n  t h e  c o n s t r u c t i o n  of new d o l l i e s  and t r a i l e r s  i s  r a t h e r  

s t r a i g h t f o r w a r d  ( e s p e c i a l l y  i n  comparison t o  t h e  widening of t r a c t o r s ) ,  

t h e  s c e n a r i o  by which a  102-inch (259-em) wid th  a l lowance would l e a d  t o  

much-improved r o l l  s t a b i l i t y  f o r  f u l l  t r a i l e r s  seems p a r t i c u l a r l y  

a c h i e v a b l e .  No a c c i d e n t  d a t a  a r e  a v a i l a b l e  which speak d i r e c t l y  t o  t h e  

r e l a t i o n s h i p  between t h e  r o l l o v e r  t h r e s h o l d  of f u l l  t r a i l e r s  and t h e i r  

r o l l o v e r  a c c i d e n t  involvement.  N e v e r t h e l e s s ,  t h e r e  is good reason  t o  

s u s p e c t  t h a t  t h e  r o l l o v e r  involvement of t h e s e  v e h i c l e s  would be s e n s i t i v e  

t o  t h e  r o l l o v e r  t h r e s h o l d  p r o p e r t y  i n  approximately  t h e  same f a s h i o n  a s  

found f o r  t r a c t o r - s e m i t r a i l e r s .  I f  t h i s  were s o ,  we could  expec t  t h a t  t h e  

16.5  p e r c e n t  r e d u c t i o n  i n  t h e  r o l l o v e r  t h r e s h o l d  of conven t iona l  (27-28- 

f o o t ,  8.2-8.5-m) f u l l  t r a i l e r s  would s e r v e  t o  reduce t h e  r o l l o v e r  involve- 

ment of doubles  h a u l i n g  f u l l - w e i g h t ,  medium-density l o a d s  by some 30 

p e r c e n t .  





cm) width allowance would lead  t o  

t r a i l e r s  seems p a r t i c u l a r l y  

l a b l e  which speak d i r e c t l y  t o  t he  

een t h e  ro l love r  th reshold  of f u l l  t r a i l e r s  and t h e i r  

h e l e s s ,  t h e r e  is  good reason t o  

involvement of t hese  veh ic l e s  would be s e n s i t i v e  

e r t y  i n  approximately t h e  same fash ion  a s  

found f o r  t r ac to r - semi t r a i  f  t h i s  were s o ,  we could expect t h a t  the 

16.5 percent  reduct ion i n  t h e  r threshold of conventional (27-28- 

f o o t ,  8.2-8.5-m) f u l l  t r a i l e r s  would aqve t o  reduce t h e  r o l l o v e r  involve- 
\ 

ment of doubles haul ing ful l -weight ,  medihqTdensity loads  by some 30 
' * 

percent .  \ 
\\ 

, ' '1 
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APPENDIX A 

DESCRIPTION OF SIMULATED VEHICLES 
(PASSENGER CARS THROUGH STEP-VANS ) 



Vehicle: 1979 Honda Civic ,  4 passengers plus  150 l b  luggage 

Front  Axle Load: 1 ,3741b 

Rear Axle Load: 1,075 

T o t a l  : 2,449 

Sprung Mass: 2,219 l b  

Front Unsprung: 130 

Rear Unsprung: 100 

Rating: N / A  

Rating: N / A  

GVWR: N / A  

C.G. Height: 22.93 i n  

10.75 

10.75 

Front Track: 52 i n  

T i r e  S ize :  155R12 
V e r t i c a l  S t i f f n e s s :  1,310 l b / i n  

Rear Track: 5 1  i n  

T i r e  Size:  155Rl2 
V e r t i c a l  S t i f f n e s s :  1,310 l b / i n  
Dual Tire:  N /  A 

Front  Suspension Spacing: 52 i n  ( IFS)  

Axle Ro l l  S t i f f n e s s  : 0 

Force: -900 l b  Def lec t ion :  -4.75 i n  

100 -3.75 

622 0 

800 1.25 

1275 2.25 

Rear Suspension Spacing: 51 i n  (IRS) 

Axle Rol l  S t i f f n e s s :  0 

Force: -725 l b  

100 

488 

688 

1588 

Deflect ion:  -4.6 in 

-3.6 

0 

1.6 

3.6 



Vehicle: 1970 Lincoln Continental  p lus  4 passengers 

Front  Axle Load: 3,268 l b  

Rear Axle Load: 2,434 

Tota l :  5,702 

Sprung Mass: 5,152 l b  

Front  Unsprung: 200 

Rear Unsprung : 350 

Rating: N / A  

Rating: N / A  

GVWR: N / A  

c1''G. Height: 22.4 i n  

12.8 

12.8 

Front  Track: 62 i n  

T i r e  S ize :  225R15 
V e r t i c a l  S t i f f n e s s :  1,762 l b / i n  

Rear Track: 62 i n  

T i r e  Size:  225Rl.5 
V e r t i c a l  S t i f f n e s s :  1,762 l b / i n  
D u a l  T i r e :  N / A  

Front  Suspension Spacing: 62 i n  (IFS) 

Axle Ro l l  S t i f f n e s s  : 3,504 in-lb/deg 

Force: -2116 l b  Def lec t ion :  -7 i n  

Rear Suspension Spacing: 45.2 i n  

Axle Rol l  S t i f f n e s s :  0 

Force: -2195 l b  

465 

1130 

1794 

3124 

Def lec t ion :  -7 i n  





1970 Lincoln Continental  p lus  4 passengers 

t Axle Load: 3,268 l b  Rating: N / A  

Rea Axle Load: 2,434 a 
~ h a l :  5,702 

\ 

Rating: N / A  

m: N / A  

Sprung 'has s : 5,152 l b  c;'C. Height: 22.4 i n  
\ 

Front  U4sprung: 200 12.8 

Rear u n s p b n g  : 350 12.8 
\ 

Front  Track: 62 i n  

T i r e  S ize :  225R15 
V e r t i c a l  S t i f h e s s :  1,762 l b / i n  

Rear Track: 62 i n  

T i r e  S ize :  225R15 
V e r t i c a l  S t i f f n e s s :  1,762 l b / i n  
Dual Ti re :  V I A  

Front  Suspension Spacing: 62 i n  ( IFS)  

Axle Ro l l  S t i f f n e s s :  ' 3,504 in-lb/deg 

Force: -2116 I b  Def l ec t ion :  -7  i n  

- 5 

Rear Suspension Spacing: 22.6 i n  

Axle Rol l  S t i f f n e s s :  0 

Force: -2195 l b  

465 

,/ 1130 

,/ 1794 

Def lec t ion :  -7 i n  

-5 

0 



Vehicle: 1979 B-200 Dodge Van, 8 Passengers wi th  240 l b  Luggage 

Front  Axle Load: 2,952 l b  

Rear Axle Load: 2,471 

T o t a l  : 5,423 

Rating: 2,950 l b  

Rating: 3,220 

m: 6,170 

Sprung Mass : 4,729 l b  C O G ,  Height: 36.67 i n  

Front  Unsprung : 294 14 

Rear Unsprung : 4 00 14 

Front Track: 68.5 i n  

T i r e  S ize :  7 . 0 0 ~ 1 5  
V e r t i c a l  S t i f f n e s s :  2,290 l b / i n  

Rear Track: 65 i n  

T i r e  Size:  7 . 0 0 ~ 1 5  
V e r t i c a l  S t i f f n e s s  : 2,290 l b / i n  
Dual Ti re :  N / A  

Front  Suspension Spacing: 68.5 i n  (IFS) 

. Axle Ro l l  S t i f f n e s s :  0 

Force : -500 l b  Def lec t ion :  -5.5 i n  

5 00 -3.5 

1000 -1.5 

1329 0 

1650 1.5 

2800 3.5 

Rear Suspension Spacing: 49 i n  

Axle Rol l  S t i f f n e s s :  0 

Force: -1000 l b  

0 

45 0 

10 35 

1725 

2600 

4000 

Def lec t ion :  -5 i n  



Vehicle: 1979 Ford F-150 Pickup p lus  750 l b  Load @ 24" Above Bed 

Front  Axle Load: 2,297 l b  

Rear Axle Load: 2,315 

Tota l :  4,612 

Sprung Mass: 4,012 l b  

Front Unsprung: 250 

Rating: 3,300 l b  

Rating: 3,750 

CIVWR: 6,150 

cI'G. Height: 33.2 i n  

14 

Rear Unsprung : 350 1 4  

Front Track: 65.5 i n  

T i r e  S ize :  7 . 0 0 ~ 1 5  
V e r t i c a l  S t i f f n e s s  : 1,800 l b / i n  

Rear Track: 64.5 i n  

T i r e  Size:  7 . 0 0 ~ 1 5  
V e r t i c a l  S t i f f n e s s :  1,800 l b / i n  
Dual Tire:  N/A 

Front  Suspension Spacing: 65.5 i n  (Twin I-Beam) 

Axle Rol l  S t i f f n e s s :  0 

Force: -1000 l b  Def lec t ion :  -8.5 i n  

-100 -7.5 

1023 0 

1475 3 

2875 8 

Rezr Suspension Spacing : 44.75 i n  

Xxle Rol l  S t i f f n e s s :  0 

Force: -2500 l b  Def lec t ion :  -7.5 i n  

-5 

0 

4.5 

7 .0  





Vehic e: 1979 Ford F-150 Pickup p lus  750 l b  Load @ 24" Above Bed \ 
F r  t A x l e L o a d :  2,297 l b  + Rating: 3,300 l b  

~ e a r \ A x l e  Load: 2,315 Rating: 3,750 

T+: 4,612 
i 

Sprung &ss : 4,012 l b  

Front ukgprung: 250 

Rear Unsp Rung : 350 

CSG. Height: 3 3 . 2  i n  

14 

Front  Track: 65.5 i n  

T i r e  S ize :  7 . 0 0 ~ 1 5  
V e r t i c a l  ~ t i f f p e s s  : 1,800 l b / i n  

Rear Track: 64.5 i n  

T i r e  Size:  , 7 .00~15  
V e r t i c a l  S t i f fness \ :  1,800 l b / i n  
Dual Tire: N/A 

Front  Suspension Spacipg: 65.5 i n  (Twin I-Beam) 

Axle Rol l  S t i f f n e s s :  0 

Force: -1000 l b  Def lec t ion :  -8.5 i n  

Rear Suspension Spacing: 22.375 i n  

Axle Rol l  S t i f f n e s s :  0 

,Force: -2500 l b  Deflect ion:  -7.5 i n  



Vehicle: 1975 Chevrolet Stake Truck p lus  4120 l b  load @24" Above Bed 

Front  Axle Load: 3,676 l b  

Rear Axle Load: 6,324 

To ta l  : 10,000 

Sprung Mass: 8,500 l b  

Front Unsprung: 500 

Rear Unsprung: 1,000 

Rating: 3,800 l b  

Rating: 7,500 

m: 10,000 

C.G. Height: 48.26 i n  

15 

15 

Front Track: 66 i n  

T i r e  Size:  7 . 5 0 ~ 1 6  (D) 
V e r t i c a l  S t i f f n e s s :  2,900 l b / i n  

Rear Track: 64 i n  

T i r e  Size:  7 .50~16  ( D )  
V e r t i c a l  S t i f f n e s s :  2,500 l b / i n  
Dual Tire:  (Spacing) 10" 

Front  Suspension Spacing: 66 i n  ( IFS)  

Axle Rol l  S t i f f n e s s  : 9,512 in-lb/deg 

Force: -2997 l b  Deflect ion:  -5 i n  

1588 0 

6173 5 

Rear Suspension Spacing: 

Axle Rol l  S t i f f n e s s :  

Force: -1465 l b  

850 

1225 

2662 

4600 

19127 

40 i n  

2,500 in-lb/deg 

Deflect ion:  -7.4 i n  

-2.4 

-1.6 

0 

0.67 

5.67 



Vehicle: 10,000 l b  Bakery Truck (1977 Chev. Chassis) p lus  2,739 l b  Load @ 
28" Above Bed 

Front  Axle Load: 3,676 l b  Rating: 4,000 l b  

Rear Axle Load: 6,324 

To ta l  : 10,000 

Rating: 7,900 

GVWR: 10,000 

Sprung Mass: 8,500 l b  CI'G. Height: 48.74 i n  

Front Unsprung: 5 00 15  

Rear Unsprung : 1,000 15 

Front  Track: 65 in 

T i r e  Size:  7 . 5 0 ~ 1 6  ( D )  
V e r t i c a l  S t i f f n e s s :  2,900 l b / i n  

Rear Track: 63 i n  

T i r e  Size:  7 . 5 0 ~ 1 6  (D) 
V e r t i c a l  S t i f f n e s s :  2,500 l b / i n  
Dual Ti re :  (Spacing) 10" 

Front  Suspension Spacing: 65 i n  (IFS) 

AxleRoll  S t i f f n e s s :  9 ,512in- lb /deg  

Force: -2997 l b  Def lec t ion :  -5  i n  

1588 0 

61 7 3 5 

Rear Suspension Spacing: 40 i n  

Axle Roll  S t i f f n e s s  : 2500 in-lb/deg 

Force: -1465 l b  Def lec t ion :  -7.4 i n  





10,000 l b  Bakery Truck (1977 Chev. Chassis)  p lus  2,739 l b  Load @ 
28" Above Bed 

Axle Load: 3,676 l b  Rating: 4,000 6 
6,324 Rating: 7,900 

1, 

To bgl: 10,000 GVWR: 10,00(3 

Sprung Mass: 8,500 l b  

Front  Unsprung : 5 00 

C1'G. Height: 48.74 i n  

15  

Rear Unsprung : 1,000 15 

Front  Track: 65 i n  

T i r e  S ize :  7 . 5 0 ~ 1 6  (D) 
V e r t i c a l s t i f f n e s s :  2,900 l b / i n  

Rear Track: 63 i n  

T i r e  Size:  7 . 5 0 ~ 1 6  (D) 
V e r t i c a l  S t i f f n e s s :  2,500 l b / i n  
Dual Tire:  (Spacing) 10" 

Front  Suspension Spacing: 32.5 i n  (IFS) 

A x l e R o l l  S t i f f n e s s :  9 ,512 in - lb /deg  

Force: -2997 l b  Def lec t ion :  -5 i n  

Rear Suspension Spacing: 

Axle ~ o l l  S t i f f n e s s :  

,, Force: -1465 l b  Def lec t ion :  -7 .4  i n  

-2.4 

-1.6 

0 

0.67 



Vehicle: 15,000 l b  Bakery Truck (1976 Ford Chassis)  p lus  5,175 l b  Load 
@ 30.75" Above Bed 

F ron t  Axle Load: 5,180 l b  Rating : 5,180 l b  

Rear Axle Load: 9,020 

T o t a l  : 14,200 

Sprung Mass: 12,300 l b  

Front  Unsprung: 700 

Rating: 9,080 

GVWR: 14,200 

C.G. Height:  52.54 i n  

16.5 

Rear Unsprung : 1 ,2  00 16.5 

Front  Track: 76 i n  

T i r e  S ize :  7 . 0 0 ~ 1 8  (D) 
V e r t i c a l  S t i f f n e s s :  3,708 l b / i n  

Rear Track: 67 i n  

T i r e  S ize :  7 . 0 0 ~ 1 8  ( D )  
V e r t i c a l  S t i f f n e s s :  3,259 l b / i n  
Dual Ti re :  

Front  Suspension Spacing: 32 i n  

Axle Ro l l  S t i f f n e s s :  220 in-lb/deg 

Force : -1760 l b  Def lec t ion :  -4 i n  

2280 0 

Rear Suspension Spacing: 40 i n  

Axle Rol l  S t i f f n e s s :  1,675 in- lbldeg 

Force: -5690 l b  Def lec t ion :  -4 i n  

3910 0 

13510 4 

61510 6 


