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f n  right o f  r i s i n g  concern o f  t h e  number o f  acc iden ts  o f  f u e l - c a r r y i n g  

"doub le-bot tom"  tanke rs ,  t h e  Governor o f  t h e  S t a t e  o f  Mich igan requested,  
and t h e  O f f i c e  o f  Highway S a f e t y  P lann ing ,  S t a t e  o f  Mich igan,  suppor ted t h i s  
s tudy .  A research  s tudy  i s  d e s c r i b e d  examin ing t h e  s t a b i l i t y  o f  Mich igan 
doub le  tanke rs  re1 a t i  ve t o  o t h e r  f u e l - h a u l  i n g  v e h i c l e s .  A means f o r  modi- 
f y i n g  double t a n k e r s  so as t o  improve dynamic s t a b i l i t y  i s  developed and 
demonstrated i n  f u l l - s c a l  e t e s t s .  The s tudy  concludes t h a t  t he  Mich igan 
doub le  bo t tom i s  a u n i q u e l y  hazardous v e h i c l e  w i t h  a p r o p e n s i t y  f o r  r o l l o v e r  
o f  t h e  second t r a i  l e r ,  p a r t i c u l a r l y  i n  acc iden t -evas ion  maneuvers. The 
m o d i f i e d  doub le  i s  seen t o  y i e l d  a f a c t o r  o f  two improvement i n  s t a b i l i t y  
over  the  b a s e l i n e  double.  

I t  i s  recommended t h a t  use o f  t he  p r e s e n t  M ich igan  double t a n k e r  be d i s -  
con t inued .  I n  the  near  term, use o f  t h e  m o d i f i e d  v e r s i o n  o f  t h e  v e h i c l e  i s  
advocated-  I t i s  sugclested t h a t  sa fer  v e h i c l e s  for t h e  f u t u r e  can be d e s i q n e j  

u s l n a  e x i s t i n g  techno logy .  I n m a k i n  yecomendqt ions ,  c o n s i d e r a t i o n  dl i s  g i ven  t o  b o t h  t h e  s t a b i l i t y  o f  i n  v i d u a l  v e h i c l e s  and t o  a c c i d e n t  expo- 
s u r e  i ssues  i n v o l v i n g  t h e  o v e r a l l  makeup o f  the  t a n k e r  f l e e t .  
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1 .0  INTRODUCTION 

T h i s  document c o n s t i t u t e s  the  f i n a l  r e p o r t  on a research  

s tudy  e n t i t l e d  "Ad Hoc Study o f  C e r t a i n  Sa fe ty -Re la ted  Aspects o f  

Double-Bottom Tankers," sponsored by t h e  O f f i c e  o f  Hi  ghway S a f e t y  

P lann ing,  S t a t e  o f  Mich igan.  

The p r o j e c t  was reques ted  by t h e  Governor o f  Mich igan,  

W i  11 iam G. M i l  1 i ken, t o  p r o v i d e  i n f o r m a t i o n  concern ing s p e c i a l  

s a f e t y  problems wh ich  have a r i s e n  i n  t h e  use o f  heavy tanke rs  h a u l i n g  

f lammable f u e l s .  Tanker s a f e t y  i n  M ich igan  became an emergency l e v e l  

i s s u e  i n  l a t e  1977 as a r e s u l t  o f  a r a s h  o f  a c c i d e n t s ,  p r i m a r i l y  i n  

t h e  D e t r o i t  area, i n v o l v i n g  tanke rs  o f  t h e  s o - c a l l e d  "double-bot tom" 

c o n f i g u r a t i o n .  F o l l o w i n g  a number o f  r o l l o v e r  a c c i d e n t s  wh ich  

i n c l u d e d  l a r g e  g a s o l i n e  f i r e s ,  a c e r t a i n  hypo thes i s  began t o  deve lop 

t h a t  M i c h i g a n ' s  1 a rge  doub le  tanke rs  possessed pecul  i a r l y  1 ow l e v e l s  

o f  r o l l o v e r  s t a b i l i t y .  The s u b j e c t  s tudy  was designed p r i m a r i l y  

around t h i  s  hypo thes i s  . 
T h i s  p r o j e c t  was "ad hoc" i n  c h a r a c t e r  i n s o f a r  as i t  has 

addressed, i n  a l i m i t e d  term, o n l y  t h e  immediate problem o f  r o l l -  

o v e r  s t a b i  1 i t y  o f  a s p e c i f i c  v e h i c l e  c o n f i g u r a t i o n .  F u r t h e r ,  among 

many v e h i c l e  designs wh ich  can be g e n e r i c a l l y  c lassed  as double-  

bot tom t a n k e r s ,  t h i s  s tudy  has focused on the  l a r g e s t  of  such v e h i c l e s ,  

t h e  e leven-ax le ,  17,000-gal l o n  doub le  w i t h  55 f e e t  nominal l e n g t h ,  

h e r e a f t e r  r e f e r r e d  t o  as t h e  " b a s e l i n e  doub le-bot tom t a n k e r . "  The 

term "doub le-bot tom t a n k e r "  p e r t a i n s  t o  a tank - t ype  v e h i c l e  com- 

p r i  sed o f  two t r a i l  e r s  wh ich  a r e  towed by an independent power u n i t ,  

o r  t r a c t o r .  The " -bot tom"  d e s i g n a t i o n  i s  s imp ly  a p o p u l a r  j a r g o n  

te rm h e l d  o v e r  f rom an e a r l i e r  e r a  o f  t h e  t r u c k i n g  i n d u s t r y  and, 

perhaps, o r i g i n a t i n g  i n  n a u t i c a l  t e rm ino logy ,  r e f e r r i n g  t o  a cargo- 

c a r r y i n g  space i n  a vessel  ( o r  v e h i c l e ) .  

I n  Mich igan,  double-bot tom tanke rs  and o t h e r  heavy t r a n s p o r t  

v e h i c l e s  a r e  b u i l t  t o  f i t  w i t h i n  a road-use fo rmu la  wh ich  c o n s t r a i n s  



t h e  number o f  a x l e s ,  t h e  l o a d i n g  and spac ing  o f  those a x l e s ,  and 

a l s o  t h e  o u t s i d e  v e h i c l e  d imensions,  b u t  wh ich  p e r m i t s  u n u s u a l l y  

l a r g e  gross  v e h i c l e  we igh ts .  The v e h i c l e  o f  f o c a l  i n t e r e s t  here  i s  

t y p i c a l l y  l oaded  t o  152,000 pounds gross  w e i g h t  and t h e  l o a d  i s  

c a r r i e d  a t  a  h i g h  c e n t e r  o f  g r a v i t y .  T h i s  v e h i c l e  was chosen as t h e  

base1 i n e  because i t  appears t o  be t h e  most numerous i n  t h e  f l e e t  

o f  doub le  tanke rs  h a u l i n g  flammable f u e l s ,  and because c e r t a i n  

f e a t u r e s  o f  t h e  v e h i c l e  suggest  a  r o l  l o v e r  s t a b i  1  i ty  l e v e l  w h i c h  

w i l l  be t h e  l o w e s t  among double tanke rs .  

The p r o j e c t  has sought  t o  e v a l u a t e  t h e  r o l l o v e r  s t a b i l i t y  

l e v e l  o f  t h e  b a s e l i n e  v e h i c l e  th rough b o t h  a n a l y t i c a l  and experimen- 

t a l  e f f o r t s .  Upon de te rm in ing  t h a t  t h e  base1 i n e  doub le  was excep t i on -  

a l l y  l o w  i n  r o l l o v e r  s t a b i l  i t y ,  e f f o r t s  were then devoted t o  

d e t e r m i n i n g  a  means o f  mod i f y i ng  e x i s t i n g  v e h i c l e s  so as t o  improve 

s a f e t y  performance. A f i e l d  survey  t a s k  was a l s o  conducted t o  

e v a l u a t e  t h e  p a t t e r n s  o f  t a n k e r  usage i n  normal f u e l  t r a n s p o r t  

s e r v i c e .  

The s tudy  i s  p r i m a r i l y  an e x e r c i s e  i n  v e h i c l e  dynamics 

research,  dwel l i n g  h e a v i l y  upon mathemat ical  a n a l y s i s  f o r  i n v e s t i -  

g a t i n g  v e h i c l e  s  t a b i  1  i t y  m a t t e r s  and then a p p l y i n g  techn iques o f  

e x p e r i m e n t a t i o n  t o  o b t a i n  t h e  h a r d  numbers needed i n  making s a f e t y  

p o l  i c y  d e c i s i o n s .  Recogniz ing t h a t  t h e  p r o j e c t  i s  o f  immediate 

p u b l i c  and l e g i s l a t i v e  i n t e r e s t  b u t  has been h e a v i l y  t e c h n i c a l  i n  

n a t u r e ,  we have chosen t o  ar range the  r e p o r t  i n  a  way t h a t  meets 

t h e  needs o f  d i f f e r e n t  types  o f  readers  : 

1  ) Persons w i t h o u t  i n t e r e s t  i n  t e c h n i c a l  d e t a i l s  can 

g e t  an overv iew o f  t h e  r e s u l t s  by r e a d i n g  t h e  d i s -  

cuss ion  i n  S e c t i o n  2.0, as w e l l  as by c o n s u l t i n g  t h e  

conc lus ions  and recommendations, Sec t i ons  4.0 and 

5.0, r e s p e c t i v e l y .  



2 )  Any reade r  d e s i r i n g  t o  assess t h e  manner and depth  

o f  t h e  approach .used here can o b t a i n  a summary v iew 

o f  these i n  S e c t i o n  3.0, "Tasks o f  t he  Study."  

3 )  The techn i  c a l  community, p a r t i c u l a r l y  those concern ing  

themsel ves w i t h  e n g i n e e r i  ng a n a l y s i s ,  would be adv i sed  

t o  c o n s u l t  Appendices A, B, and C f o r  a s a t i s f a c t o r y  

l e v e l  o f  e x p l a n a t i o n  of methods. 

Other  appendices p r e s e n t  t h e  f o l l o w i n g  m a t e r i a l  : 

Appendix D - D e t a i l e d  r e s u l t s  o f  t h e  f i e l d  survey  o f  t a n k e r  

ope ra t i ons ,  i n c l  ud i  ng raw and processed da ta  

o b t a i n e d  f rom t h e  o n - s i t e  survey o f  1 4  f u e l  

t e r m i n a l  s i n M i  c h i  gan. 

Appendix E - Maneuverabi 1 i t y  o f  t a n k e r s - p r e s e n t i n g  

measurements o f  the d i f f e r e n t  amounts o f  

space needed t o  maneuver d i f f e r e n t  t anke rs  

i n  and around s e r v i c e  s t a t i o n s .  

Appendix F - E s t i m a t i o n  o f  t h e  re1 a t i o n s h i p  between t a n k  

volume, r o l l o v e r  s t a b i l i t y ,  and r o l l o v e r  

a c c i d e n t  i nvo l  vement. T h i s  appendix d i s -  

cusses t h e  exposure o f  Mich igan t r a f f i c  t o  

t a n k e r  r o l l o v e r  acc iden ts ,  as i t  d e r i v e s  f rom 

t h e  combined e f f e c t s  o f  numbers o f  t anke rs  i n  

s e r v i c e  and r e l a t i v e  r o l l o v e r  s t a b i l i t y  o f  t h e  

v a r i o u s  types  o f  v e h i c l e s  making up t h e  f l e e t .  

Appendix G - Maximum s t r u c t u r a l  l o a d i n g  t o  be expected on 

m o d i f i e d  double-bot tom tanke rs .  A s e t  o f  

l o a d i n g  c o n d i t i o n s  a r e  d e f i n e d  wh ich  c o n s t i t u t e  

a des ign  a i d  f o r  those seek ing  t o  analyze 

s t r u c t u r a l  s t r e s s e s  on m o d i f i e d  doubles.  

Regarding conc lus ions  and recomnendations, we must  emphasi ze 

t h a t  o n l y  a 1 i m i t e d  e f f o r t  has been appl i e d  here  t o  a prob lem hav ing  

many c o m p l e x i t i e s .  The s tudy  has been des igned t o  o b t a i n  accu ra te  



measurements o f  o n l y  a few f a c t o r s ,  genera l  e s t i m a t e s  o f  many more 

f a c t o r s ,  and o n l y  a s imp le  b a s i s  f o r  unders tand ing o f  o the rs .  Never- 

t h e l e s s ,  c e r t a i n  c o n c l u s i v e  s ta tements  and recomnendations a r e  

judged t o  be war ranted,  even though they  ex tend  beyond the  s e t  o f  

f a c t o r s  wh ich  were a c c u r a t e l y  measured. Such judgments can o n l y  be 

defended i n  t h e  1 i g h t  o f  t h e  s t a t e - o f - t h e - a r t  o f  v e h i c l e  dynamics 

resea rch ,  p a r t i c u l a r l y  as i t  has advanced i n  t h e  l a s t  e i g h t  t o  t e n  

yea rs  i n  heavy v e h i c l e  areas .  



2.0 DISCUSSION OF RESULTS 

The study has p r o v i d e d  two b a s i c  c a t e g o r i e s  o f  resul ts- those 

t h a t  p e r t a i n  t o  the  base1 i n e  double-bot tom tanker ,  and those t h a t  

p e r t a i n  t o  t h e  same v e h i c l e  when mod i f i ed  by c e r t a i n  hardware changes. 

I n  t h i s  s e c t i o n ,  t h e  f i n d i n g s  p e r t a i n i n g  t o  t h e  s t a b i l i t y  o f  bo th  

v e h i c l e  c o n f i g u r a t i o n s  w i l l  be discussed, a long  w i t h  o t h e r  cons idera-  

t i o n s  p e r t i n e n t  t o  tanke r  sa fe ty .  

2.1 Base l i ne  Double-Bottom Tanker 

As w i l l  be d e t a i l e d  l a t e r ,  we f i n d  the  b a s e l i n e  double-bot tom 

tanke r  t o  be e x c e p t i o n a l l y  l ow  i n  dynamic s t a b i l i t y .  The b a s i c  

mechanisms u n d e r l y i n g  t h i s  low l e v e l  o f  s t a b i l i t y  i n v o l v e  t h e  i n t e r -  

a c t i v e  mot ions o f  t h e  f o u r  elements o f  t h i s  veh ic le - t rac to r ,  semi- 

t r a i l e r ,  d o l l y ,  and pup t r a i l e r ,  as shown i n  F igu re  2.1. Ana lys i s  

DOLLY 

F i g u r e  2.1. Base l i ne  double-bot tom tanke r .  

and t e s t s  show t h a t  t h e  dominant yawing* mot ions a r i s e  as an i n t e r -  

a c t i o n  o f  t he  d o l l y  and the pup t r a i l e r .  T h i s  i n t e r a c t i v e  mode o f  

mo t ion  i s  the  one which has been most e a s i l y  observab le  by m o t o r i s t s  

*Jargon terms whi ch a r e  o f t e n  appl  i ed t o  d e s c r i  be t h i s  phenomenon 
a r e  "swaying, snak ing,  whipping,  whipsawing," and t h e  l i k e .  The 
term "yawing" i s  p roper  t o  t h e  s tudy o f  v e h i c l e  dynamics, a p p l y i n g  
t o  r o t a t i o n s  o f  a  v e h i c l e  i n  t h e  yaw degree o f  freedom; i .e. , 
around a  v e r t i c a l  a x i s  o f  r o t a t i o n .  



t r a v e l  i n g  beh ind conven t i ona l  double-bot tom tankers .  As components 

o f  t he  h i t c h i n g  mechanism become worn, t h i s  i n t e r a c t i  ve do1 l y -pup  

mo t ion  can be s e l f - s u s t a i n i n g  a t  h i g h e r  speeds. A l so ,  even w i t h  

new h i t c h  hardware, a n a l y s i s  shows t h a t  t h i s  mo t ion  w i l l  s e l f - s u s t a i n  

a t  highway speeds i f  t h e  pup t r a i l e r  i s  ope ra ted  w i t h  o n l y  i t s  a f t  

f l u i d  compartment loaded.  

The p r i m a r y  s a f e t y  i ssue ,  however, i s  n o t  s i m p l y  determined by 

t h e  v e h i c l e ' s  a b i l i t y  t o  s u s t a i n  steady o s c i l l a t i o n s ,  b u t  r a t h e r  by 

i t s  tendency t o  produce exaggera ted mot ions  o f  t h e  pup t r a i l e r  d u r i n g  

acc ident -avo idance maneuvers. Th is  c h a r a c t e r i s t i c ,  by which t h e  pup 

t r a i l e r  exper iences an ampl i f i e d  yawing mo t ion  i n  response t o  a  f a s t  

l a n e  change i n i t i a t e d  a t  the t r a c t o r ,  r e s u l t s  i n  premature r o l l o v e r  

o f  t h e  pup t r a i l e r .  I t  i s  suggested t h a t  t h i s  anomaly accounts f o r  

t h e  preponderance o f  acc iden ts  i n  wh ich  the  pup t r a i l e r  r o l l s  o v e r  

by i t s e l f ,  l e a v i n g  the  t r a c t o r  and semi t r a i l e r  s t i  1'1 s tand ing .  

I n  t e c h n i c a l  terms, i t  was found t h a t  the  pup t r a i l e r  o f  t h e  

b a s e l i n e  doub le  reaches a  r o l l o v e r  t h r e s h o l d  a t  a  t r a c t o r  " l ane  

change l e v e l "  o f  0.17 g, l a t e r a l  a c c e l e r a t i o n .  Th i s  measure, pe r -  

t a i  n i  ng t o  t h e  r e f e r e n c e  1  ane change desc r i bed  i n  Appendix A, 

e s t a b l i s h e s  a  l i m i t  c o n d i t i o n  a g a i n s t  which o t h e r  v e h i c l e s  can be 

measured. The re fe rence  l a n e  change i s  c h a r a c t e r i z e d  by a  fo rm o f  

s t e e r i n g  wheel r o t a t i o n  wh ich  s t a r t s  on cen te r ,  goes l e f t ,  then 

r i g h t  and then back t o  cen te r - -ove r  a  two-second t ime  p e r i o d .  T h i s  

fo rm has been used i n  numerous resea rch  s t u d i e s  i n v e s t i g a t i n g  the  

dynamic p r o p e r t i e s  o f  cars ,  t r u c k s ,  and t r a c t o r - t r a i l e r s  [e.g.,  1,  

2 ,  31. 

When t h i s  emergency 1  ane-change maneuver i s  conducted w i t h  

t h e  base1 i n e  double a t  a  speed o f  45 mph, we f i n d  t h a t  t h e  pup 

t r a i l e r  ampl i f i e s  t h e  t r a c t o r  mot ions  by a  f a c t o r  between 2 and 3. 

Observ ing t h a t  the  h e i g h t  o f  t h e  pup t r a i l e r ' s  c e n t e r  o f  g r a v i t y  i s  

o n l y  about  1 . 2  t imes t h a t  o f  o t h e r  conven t i ona l  f u e l  t a n k e r  veh i c les ,  

we c l e a r l y  see t h a t  t h e  dominant problem r e g a r d i n g  t h e  double-bot tom 

t a n k e r  i n v o l v e s  t h e  exaggera ted yawing mot ions  and n o t  mere l y  t h e  

h i g h e r  c e n t e r  o f  g r a v i t y .  F u r t h e r ,  s i n c e  t h e  des ign  o f  t h e  base1 i n e  



double a f f o r d s  no  r o l l o v e r  r e s t r a i n t  i n  t h e  c o u p l i n g  between t h e  

semi and t h e  pup t r a i l e r ,  t h e  f r e e  r o l l o v e r  o f  the  pup t r a i l e r  i s  

a  ready c o n c l u s i o n  t o  t h e  a m p l i f i e d  yawing.  

An a d d i t i o n a l  des ign  f e a t u r e  wh ich  f u r t h e r  reduces t h e  r o l l  

s t a b i l  i t y  o f  t h e  doub le  tanker ,  b u t  wh ich  i s  known t o  be common t o  

most o t h e r  commercial v e h i c l e s ,  i s  t h e  f r e e  c learance which e x i s t s  

i n  t h e  v e r t i c a l  t r a v e l  o f  t h e  suspension s p r i n g s .  T h i s  f r e e  t r a v e l  

p e r m i t s  t h e  tank  body t o  r o t a t e  th rough p a r t  o f  i t s  r o l l  mo t i on  w i t h -  

o u t  any s p r i n g  r e s t r a i n i n g  mechanism a t  work.  Acco rd ing l y ,  a  10-15% 

r e d u c t i o n  i n  dynamic r o l l  s t a b i l i t y  was seen t o  d e r i v e  s imp ly  f rom 

t h i s  suspension d e t a i l .  Whi le  t h i s  f e a t u r e  i s  n o t  un ique t o  t h e  

doub le-bot tom tanke r ,  i t  was c l e a r  t h a t  e l  i m i n a t i o n  of these excess i ve  

c learances would he1 p  t o  i nc rease  t h e  doub le ' s  depressed s t a b i l  i ty  

1  eve1 . 
Regarding o t h e r  c o n d i t i o n s  i n  wh ich  l o s s  o f  c o n t r o l  can en- 

danger t h e  double-bot tom tanker ,  t h r e e  a d d i t i o n a l  types  o f  i n c i d e n t s  

shou ld  be ment ioned.  Blowout  o f  a  t i r e  on the  s t e e r i n g  a x l e  o f  t h e  

t r a c t o r  i s  a  hazard  which has a p p a r e n t l y  accounted f o r  c e r t a i n  o f  

t he  r e c e n t l y  l ogged  a c c i d e n t s  w i t h  doub les .  Two obse rva t i ons  a r e  

i n  o r d e r  here .  F i r s t ,  t h e  b lowout  o f  a  t i r e  on a  double t a n k e r  

v e h i c l e  shou ld  be no more l i k e l y  than b lowou t  i n c i d e n t s  on o t h e r  

comparably 1 oaded v e h i c l e s .  A1 though heavy double tanke rs  ope ra te  

w i t h  h i g h  l e v e l s  o f  f r o n t  a x l e  load,  i t  appears t h a t  t he  p r o p e r l y  

up -s i zed  t i r e s  are  a lways be ing  employed. When a  t i r e  does b low o u t  

on t h e  s t e e r i n g  a x l e ,  however, a  common occur rence i s  l o s s  o f  c o n t r o l  

such t h a t  t h e  v e h i c l e  may a b r u p t l y  d e p a r t  f rom t h e  roadway. I n  such 

s i t u a t i o n s ,  t h e  base1 i ne double t a n k e r  cou l  d  expe r ience  t h e  same 

yawing t ype  o f  response such as causes r o l l o v e r  i n  an emergency l ane  

change. Thus t h e  t i r e  b lowout  hazard which i s  p e c u l i a r  t o  t h e  base- 

l i n e  double t a n k e r  can be viewed, n o t  as something i n t r i n s i c  t o  

b lowout  even ts ,  b u t  r a t h e r  as ano the r  case o f  the  hazard i n v o l v e d  

i n exaggera ted yawi  ng mot ions .  

Another i n c i d e n t  wh ich  has p r e c i p i t a t e d  c e r t a i n  o f  t he  

reco rded  acc iden ts  i s  j a c k k n i f e  o f  t he  t r a c t o r .  Th i s  phenomenon 



i n v o l v e s  a  1  arge u n c o n t r o l l e d  r o t a t  i o n  o f  t h e  t r a c t o r ,  u s u a l l y  con- 

c l u d i n g  w i t h  t h e  t r a c t o r ' s  cab s t r i k i n g  t h e  s e m i t r a i l e r .  T o t a l  

l o s s  o f  c o n t r o l  o f  t h e  v e h i c l e  ensues and a  v a r i e t y  o f  f i n a l  a c c i d e n t  

s c e n a r i o s  can r e s u l  t, i n c l u d i n g  depar tu re  f rom t h e  roadway, r o l  l o v e r ,  

and impac t  w i t h  o t h e r  o b j e c t s .  We see no aspects  o f  t h e  j a c k k n i f e  

hazard, however, wh ich  a re  p e c u l i a r  t o  t h e  doub le-bot tom t a n k e r .  

Rather ,  j a c k k n i f e  i s  recogn ized  as a  hazard which i m p e r i l s  a l l  

t r a c t o r - s e m i  t r a i l e r s ,  r e s u l t i n g  i n  4-5% o f  a1 1  s e r i o u s  t r a c t o r -  

t r a i l e r  a c c i d e n t s  n a t i o n a l l y . *  Indeed, we suggest  t h a t  t h e  g r e a t e r  

m a n e u v e r a b i l i t y  o f  d o u b l e - t r a i l e r  v e h i c l e s  a c t u a l l y  renders  j a c k k n i f e  

l e s s  l i k e l y  than i s  t h e  case f o r  l a r g e ,  s i n g l e  semi t r a i l e r s  such as 

i n c o r p o r a t e ,  f o r  example, 6, 7, and 8 a x l e s .  

Regarding l o s s  o f  c o n t r o l  d u r i n g  heavy b r a k i n g ,  i t  wou ld  

appear t h a t  t h e  mu1 t i p l e  p i v o t  p o i n t s  o f  t h e  b a s e l i n e  double y i e l d  

a  somewhat g r e a t e r  hazard.  The hazard  c o n s i s t s  i n  t h e  1  i k e l i  hood 

t h a t  t h e  d o l l y  o r  pup t r a i l e r  e lements c o u l d  p i v o t  r a p i d l y  under 

c e r t a i n  c o n d i t i o n s  o f  b rake imbalance,  d i s t u r b i n g  t h e  v e h i c l e  t o  t h e  

p o i n t  o f  r o l l o v e r .  Whi le  t h i s  c o n d i t i o n  i s  n o t  seen as t h e  p r i m a r y  

prob lem w i t h  t h e  double,  any v e h i c l e  modi f i c a t i o n s  wh ich  c o n s t r a i n  

o r  e l i m i n a t e  p i v o t  mot ions  on t h e  v e h i c l e  wou ld  be seen as d e s i r a b l e  

f o r  r e d u c i n g  hazards a s s o c i a t e d  w i t h  heavy b r a k i n g .  

2.2 Modi f i c a t i o n  o f  t h e  Double-Bottom Tanker 

S ince t h e  p r i m a r y  s t a b i l i t y  problem w i t h  t h e  doub le  t a n k e r  

c o n s i s t s  n o t  i n  an e s s e n t i a l  p r o p e r t y  l i k e  c .g .  h e i g h t ,  b u t  r a t h e r  

i n  t h e  a m p l i f i e d  yawing mo t ions  wh ich  l e a d  t o  r o l l o v e r ,  a  p r a c t i c a l  

s e t  o f  hardware m o d i f i c a t i o n s  s e r v i n g  t o  upgrade t h e  s a f e t y  o f  t h e  

doub le  i s  f e a s i b l e .  The p r imary  f u n c t i o n s  o f  such m o d i f i c a t i o n s  a r e  

t o :  

1 )  tame t h e  o s c i l l a t o r y  b e h a v i o r  o f  t h e  pup t r a i l e r ,  

2 )  r i g i d l y  coup le  t h e  pup t r a i l e r  t o  t h e  s e m i t r a i l e r  

so as t o  a r r e s t  t h e  f r e e  r o l l  m o t i o n  o f  t he  pup, and 

*Based upon a n a l y s i s  o f  t h e  a c c i d e n t  f i l e s  ga the red  by t h e  Bureau 
o f  Mo to r  C a r r i e r  S a f e t y ,  U . S .  Dept .  o f  T r a n s p o r t a t i o n .  



3 )  p r o v i d e  t h a t  t h e  s p r i n g s  r e s t r a i n  t h e  r o l l i n g  o f  t h e  

tank  body th roughou t  the  f u l l  range o f  mot ion .  

I n  t h i s  s tudy  a  s e t  o f  m o d i f i c a t i o n s  were analyzed,  designed, 

and cons t ruc ted .  The r o d i f i c a t i o n s  a r e  viewed as a  package o f  

r e t r o f i t s  wh ich  may be a p p l i e d  t o  t h e  e x i s t i n g  f l e e t  o f  double 

tankers--not  as an approach toward  c o n s t r u c t i n g  new v e h i c l e s .  

The modi f i e d  doub le  i n c o r p o r a t e s  an a1 t e r e d  drawbar h i t c h  

connec t ing  the  two t r a i l e r s  and a  number o f  b o l t s  wh ich  a r e  added t o  

t h e  t r a i l e r  suspensions t o  take  up t h e  excess i ve  c learances i n  t h e  

s p r i n g  t r a v e l .  The h i t c h  mechanism i s  t h e  p r imary  m o d i f i c a t i o n  

improv ing  the  s t a b i l i t y  o f  t he  double,  s e r v i n g  t o  g r e a t l y  reduce 

yawing mot ions  w h i l e  a l s o  c o u p l i n g  t o g e t h e r  t h e  r o l l  a c t i o n  o f  b o t h  

t r a i l e r s .  Yaw mot ions  a r e  reduced because t h e  m o d i f i e d  h i t c h  

e l i m i n a t e s  one p i v o t  i n  t h e  v e h i c l e  t r a i n ,  caus ing the  d o l l y  t o  

t r a c k  d i r e c t l y  beh ind the  s e m i t r a i l e r .  

Analyses and t e s t s  o f  t he  m o d i f i e d  doub le  t a n k e r  show t h a t  a t  

l e a s t  a  f a c t o r  o f  two improvement i n  dynamic s t a b i l i t y  i s  ga ined 

o v e r  the  performance l e v e l  o f  t he  b a s e l i n e  double.  Measured i n  

t h e  emergency 1  ane-change t e s t ,  t h e  modi f i e d  doub le  i s  s t a b l e  i n  

t r a c t o r  maneuvers up t o  t h e  .33 t o  - 3 7  g  l e v e l  . I n  F i g u r e  2.2, t h e  

base1 i n e  and m o d i f i e d  doubles a r e  most  d i r e c t l y  compared by  way o f  

t h e  l a t e r a l  a c c e l e r a t i o n  waveforms p r e v a i l i n g  a t  t he  t r a c t o r  a t  t h e  

1  i m i  t maneuver l e v e l  . We see t h a t  t h e  mod i f i ed  double reaches i t s  

s t a b i l i t y  l i m i t  w i t h  a  much l a r g e r  wave than  t h e  b a s e l i n e  double- 

r e f l e c t i n g  t h e  f a c t  t h a t  a  much more severe  maneuver can be handled 

i n  a  s t a b l e  fashion.  F igu re  2.2 a l s o  shows t h a t  t h e  m o d i f i e d  doub le  

e x h i  b i t s  a  l i m i t  performance which  i s  v i r t u a l l y  t h e  same as t h a t  o f  

t h e  " s h o r t  s ing1  e" t r a c t o r - s e m i  t r a i  l e r  ( i .  e. , t h e  t r a c t o r - s e m i t r a i l  e r  

wh ich  remains when t h e  pup t r a i l e r  i s  removed f rom t h e  double 

t a n k e r ) .  

The b a s e l i n e  double,  m o d i f i e d  double, and s h o r t  s i n g l e  a r e  

t h e  t h r e e  v e h i c l e  c o n f i g u r a t i o n s  wh ich  were p h y s i c a l  l y  t e s t e d .  To 
a s s i s t  i n  i n t e r p r e t a t i o n  o f  these data,  F i g u r e  2.3 shows t h e  measured 

s t a b i l i t y  l i m i t s  o f  t he  t h r e e  t e s t  v e h i c l e s ,  t o g e t h e r  w i t h  t h e  
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F igu re  2 .3 .  R o l l o v e r  s t a b i l i t y  t h r e s h o l d s  o f  va r ious  highway 
v e n i c l  es,  



p r e d i c t e d  l i m i t s  o f  o t h e r  commercial v e h i c l e s  which were ana lyzed 

(see Appendix B ) ,  as w e l l  as t h e  nominal s t a b i l i t y  l i m i t  o f  a  

t y p i c a l  passenger c a r  and a  loaded p i ckup  t r u c k .  Th is  c h a r t  i s  

u s e f u l  f o r  p l a c i n g  i n t o  p e r s p e c t i v e  t h e  r e l a t i v e  hazards l i n k e d  

w i t h  r o l l o v e r  i n s t a b i l i t i e s .  Whi le  h i g h e r  s t a b i l i t y  l e v e l s  a r e  

d e s i r a b l e ,  no road v e h i c l e  i s  immune t o  r o l l o v e r .  The m o d i f i e d  

doub le  e x h i b i t s  a  s t a b i l i t y  l i m i t  wh ich  i s  comparable n o t  o n l y  t o  

t h a t  o f  t h e  s h o r t  s i n g l e  tanke r ,  b u t  i s  a l s o  comparable t o  o t h e r  

l a r g e  s i  ng le-bot tom tankers  and t o  f u l  l y - l o a d e d  van-type s e m i t r a i l e r s  

which haul  d r y  f r e i g h t .  

I n  sugges t ing  m o d i f i c a t i o n  o f  t he  double-bot tom tanke r ,  t h r e e  

p r a c t i c a l  aspects deserve c o n s i d e r a t i o n .  We need t o  cons ide r  t h e  

v e h i c l e ' s  b a s i c  t r a n s p o r t  m iss ion ,  i t s  s t r u c t u r a l  i n t e g r i t y  and 

m a i n t a i n a b i l  i t y  i n  s e r v i n g  t h a t  m i s s i o n ,  and t h e  c o s t s  a s s o c i a t e d  

w i t h  r e t r o f i t t i n g .  

I n s o f a r  as the  t y p i c a l  usage o f  t he  doub le-bot tom t a n k e r  

i n v o l v e s  de l  i v e r y  o f  f u e l  f rom t e r m i n a l  f a c i l i t i e s  t o  d i s p e n s i n g  

f a c i l  i t i e s ,  t h e  maneuverabi l  i t y  o f  t h e  v e h i c l e  i n  areas o f  c o n f i n e d  

access pose a  spec ia l  problem. S ince t h e  m o d i f i e d  h i t c h  does se rve  

t o  r e s t r a i n  a r t i c u l a t i o n  o f  t he  do1 ly ,  t h e  r e s u l  t i n g  rnaneuverabi li ty  

o f  t he  m o d i f i e d  doub le  was a  concern and was addressed i n  t h i s  s tudy  

th rough d i r e c t  measurements and through a  mock f u e l  de l  i very  e x e r c i s e  

i n  and o u t  o f  s e l e c t e d  s e r v i c e  s t a t i o n s  (see Appendix E ) .  I t  was 

determined t h a t  t he  m o d i f i e d  double e x h i b i t s  n e a r l y  a l l  o f  t h e  

maneuverabi l  i t y  o f  t h e  b a s e l i n e  v e h i c l e .  Shown s imp ly  i n  F i g u r e  2.4 

i s  the  e x t r a  space r e q u i r e d  f o r  a  b a s e l i n e  double, a  m o d i f i e d  double, 

and a  conven t iona l  9,000-gal l o n  s i n g l e  t a n k e r  t o  n e g o t i a t e  a  5 0 - f o o t  

r a d i u s  t u r n .  We see t h a t  t h e  m o d i f i e d  doub le  needs 26% more space 

than t h e  b a s e l i n e  doub le  and a  conven t iona l  f i v e - a x l e  s i n g l e  r e q u i r e s  

160% more space. 

Regarding m a i n t a i n a b i l i  t y ,  m ino r  p luses  and minuses a r e  seen 

f o r  t h e  m o d i f i e d  double as c o n t r a s t e d  w i t h  t h e  b a s e l i n e  double.  The 

mount ing o f  a l l  f o u r  connect ions  o f  t he  m o d i f i e d  drawbar e lement i n  
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Figure 2.4. Ex t ra  1  a t e r a l  c learance needed, ou t s i de  o f  the nominal 
8- foot  w id th  o f  t he  veh ic le ,  f o r  maneuvering t h ree  
d i f f e r e n t  tankers around a  50-foot r ad ius  tu rn .  (Th is  
dimension i s  a l so  ca l  l e d  " o f f - t r a c k i n g .  " )  

+ 
i 10,. 
0 
In 

PI 
B 
p 8 , , - - - - - -  _ . _ _ _ _ _  _ _  _ ...-___ ._- -- .__. __ . . - -- 

is  
W w  
Z k  

Y 6 ,s  M D I F  IED DOUBLE 
W 
o 6,. 
Z 
u 
0: 

! 
4-, 

a 
a 
W 
t- a 
J 2-1 

---- - -- - -- 

5.2  BASELINE DOUBLE 



r u b b e r  bushings would appear t o  min imize  h i t c h  maintenance compared 

t o  t h e  case o f  t h e  o r i g i n a l  p i n t l e  h i t c h  mechanism. On t h e  o t h e r  

hand, t i r e  sc rubb ing  a s s o c i a t e d  w i t h  t h e  l o c k e d  d o l l y  s t e e r  mo t ion  

w i l l  i nc rease  t h e  r a t e  o f  t i r e  t readwear,  b u t  presumably n o t  t o  t h e  

l e v e l  exper ienced now on s i n g l e - b o t t o m  tanke rs  w i t h  seven and e i g h t  

a x l e s  i n  a  row ( r e c o g n i z i n g  t h a t  t i g h t  maneuvering o f  these v e h i c l e s  

i s  done w i t h  c e r t a i n  a x l e s  1  i f t e d ,  l e a v i n g  t y p i c a l l y  f i v e  a x l e s  

c a r r y i n g  t h e  t o t a l  l o a d ) .  A l so ,  a1 though t h e  two t r a i l e r s  o f  a  

doub le  t a n k e r  a r e  r a r e l y  d isconnected i n  normal s e r v i c e ,  t h e  m o d i f i e d  

h i t c h  does r e n d e r  t he  d i s c o n n e c t i o n  procedure more t ime-consuming 

and, indeed,  p rec ludes  any conven ien t  s e p a r a t i o n  o f  t h e  t r a i l e r s  i n  

t h e  f i e l d .  

Regarding s t r u c t u r a l  i ssues ,  t h e  m o d i f i e d  h i t c h  imposes new 

and g r e a t e r  s t r u c t u r a l  l oads  on t h e  s e m i t r a i l e r  f rame and t h e  d o l l y .  

C e r t a i n  o f  t hese  l oads  can be very  l a r g e ,  r e q u i r i n g  t h a t  t h e  s t r e n g t h  

o f  t h e  h i t c h  mechanism i t s e l f ,  as we1 1  as t h e  t r a i l e r  and d o l l y  

s t r u c t u r e s ,  be c a r e f u l  l y  eva lua ted .  The Fruehauf  C o r p o r a t i o n  con- 

duc ted t h e  necessary  s t r e n g t h  ana lyses  on t h e  l a r g e  doubles o f  i t s  

manufac ture  d u r i n g  t h e  t i m e  p e r i o d  o f  t h i s  s tudy,  d e t e r m i n i n g  t h a t  

no  prob lem e x i s t s .  Such e v a l u a t i o n  o f  o t h e r  doub le  t r a i l e r s ,  however, 

seems t o  be needed b e f o r e  t h e i r  m o d i f i c a t i o n  wou ld  be c a r r i e d  o u t .  

F i n a l l y ,  r e g a r d i n g  r e t r o f i t t i n g  cos ts ,  t h e  Fruehauf C o r p o r a t i o n  

has e s t i m a t e d  t h a t  t h e  m o d i f i c a t i o n  o f  doub le-bot tom tanke rs  o f  i t s  

manufac ture  w i  11 c o s t  app rox ima te l y  $3,000 (May, 1978). 

2 .3  Other  S a f e t y  Cons ide ra t i ons  

The b a s i c  f i n d i n g s  r e g a r d i n g  re1 a t i v e  s t a b i l i t y  l i m i t s  o f  

v e h i c l e s  were d e r i v e d  f o r  t h e  case o f  a  f u l  l y - l o a d e d  v e h i c l e  i n  an 

emergency l a n e  change-a  case wh ich  was hypo thes i zed  t o  be t h e  

u n i q u e l y  hazardous prob lem w i t h  t he  double.  The t a n k e r  use survey  

t a s k  o f  t h i s  s tudy  has conf i rmed,  however, t h a t  p a r t i a l  l o a d i n g  

( t h a t  i s ,  h a u l i n g  w i t h  l e s s  than f u l l  c a p a c i t y )  o f  doubles and s i n g l e s  

i s  r a t h e r  commow-though p redominan t l y  f o r  t h e  t r a n s p o r t  o f  t h e  denser 



f l  u ids ,  d i e s e l  f u e l  and h e a t i n g  o i l .  A1 though t h e r e  appears t o  be 

no c l e a r  ev idence t h a t  p a r t i a l  l o a d i n g  has been a  causal  f a c t o r  i n  

doubl  e-bot tom t a n k e r  a c c i d e n t s ,  i t  must  be a s s e r t e d  t h a t  c e r t a i n  

p a r t i a l  l o a d i n g  p r a c t i c e s  are  p a t e n t l y  hazardous. P a r t i a l  l o a d i n g  

occu rs  i n  one o f  two ways. E i t h e r  s e l e c t e d  compartments w i t h i n  t h e  

tank  a r e  ope ra ted  f u l l  w h i l e  o t h e r s  a r e  empty, t he reby  a1 t e r i n g  t h e  

f o r e l a f t  l o c a t i o n  o f  t h e  c e n t e r  o f  g r a v i t y ,  o r  i n d i v i d u a l  compartments 

a r e  p a r t i a l l y  f u l l ,  p e r m i t t i n g  t h e  f r e e  f l u i d  s l o s h i n g  mot ions  wh ich  

can promote uns tab l  e  v e h i c l e  responses.  

T h i s  s tudy  has shown t h a t  o p e r a t i o n  w i t h  some compartments f u l l  

and o t h e r s  empty i s  n o t  general  l y  o f  g r e a t  hazard, excep t  t h a t  r e a r -  

b i a s e d  l o a d i n g  o f  pup t r a i l e r s  on double tanke rs  can cause d e f i n i t e l y  

hazardous o s c i  1  l a t i o n s  a t  highway speeds (see Appendix A) .  The 

dynamic problems a s s o c i a t e d  w i t h  s l o s h i n g  f l u i d  i n  n o n - f i l  l e d  com- 

par tments  were n o t  d i r e c t l y  i n v e s t i g a t e d  here .  Neve r the less ,  pub- 

l i s h e d  resea rch  on t h e  s u b j e c t  shows t h a t  t h e  p r a c t i c e  i s  fundamenta l ly  

d e s t a b i l  i z i n g .  E s p e c i a l l y  f o r  the  25% t o  80% range o f  compartment 

f i l l i n g  and f o r  tanks  wh ich  have no b a f f l e s  r u n n i n g  f o r e  and a f t  

(such as i s  t h e  case f o r  t y p i c a l  f u e l - t r a n s p o r t  v e h i c l e s ) ,  f l u i d  

s l o s h  can cause a  l a r g e  r e d u c t i o n  i n  t h e  b a s i c  s t a b i l i t y  l e v e l  o f  

t he  v e h i c l e  (see Appendix €3) .  

A1 though these c o n s i d e r a t i o n s  revea l  t h a t  s l o s h i n g  f l u i d s  can 

be hazardous, i t  must be n o t e d  t h a t  r i g o r o u s  t rea tmen t  o f  t he  i s s u e  

was beyond t h e  scope o f  t he  s tudy .  Thus t h e  c a r e f u l  examinat ion  o f  

whether,  f o r  example, s e m i t r a i l e r s  w i t h  e l  l i p t i c a l  p r o f i l e  tanks  a r e  

more o r  l e s s  s e n s i t i v e  t o  s l o s h i n g  problems than  m o d i f i e d  double- 

bo t tom tanke rs  w i t h  r e c t a n g u l a r  p r o f i l e  tanks  i s  an i t e m  o f  p o t e n t i a l  

r e levance  which i s  n o t  addressed here .  Never the less ,  based on t h e  

a v a i l a b l e  knowledge, recommended p r a c t i c e s  f o r  p a r t i  a1 l o a d i n g  a re  

g i v e n  i n  S e c t i o n  3.3 o f  t h i s  r e p o r t .  

Look ing  a t  t h e  b road  p i c t u r e  o f  t h e  s a f e t y  o f  highway tanke rs  

i n  Mich igan,  g i v e n  t h e  c o n t e x t  o f  pend ing l e g i s l a t i o n  wh ich  may change 

t h e  makeup o f  t h e  t a n k e r  f l e e t ,  c e r t a i n  a d d i t i o n a l  c o n s i d e r a t i o n s  

must  be c i t e d .  These c o n s i d e r a t i o n s ,  developed more i n  Appendix F ,  



r e l a t e  t o  t he  a c c i d e n t  "exposure"  i s s u e s  a s s o c i a t e d  w i t h  f l e e t s  o f  

d i f f e r i n g  cand ida te  v e h i c l e s .  

To de te rm ine  a  sound b a s i s  f o r  examin ing  exposure,  we f i r s t  

need t o  i d e n t i f y  t h e  p r i m a r y  haza rd  t o  wh ich  t h e  t r a f f i c  system i s  

b e i n g  exposed. I t  seems c l e a r  t h a t  t h e  p r i m a r y  p e r c e i v e d  hazard  

a s s o c i a t e d  w i t h  f u e l  t a n k e r s  i s  f i r e . *  I n  an a n a l y s i s  o f  t r u c k  

a c c i d e n t s  by t h e  M ich igan  Department o f  S t a t e  Highways and Transpor-  

t a t i o n  [4],  h a l f  o f  t h e  dangerous cargo a c c i d e n t s  r e s u l t i n g  i n  e i t h e r  

f i r e  o r  s p i l l  i n v o l v e d  r o l l o v e r .  Thus, r o l l o v e r  i s  t he  p r i m a r y  i n c i -  

den t  p r o d u c i n g  a  f i r e  hazard, a l t h o u g h  a l l  o t h e r  i n c i d e n t s  may, 

t o g e t h e r ,  c o n t r i b u t e  a  comparable hazard .  I n  t h i s  d i s c u s s i o n ,  we 

w i l l  c o n s i d e r  o n l y  r o l l o v e r  as t h e  f i r e  hazard  l i n k i n g  v e h i c l e  con- 

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

Most  l e g i s l a t i v e  a1 t e r n a t i v e s  can be d i s t i n g u i s h e d  by d i f f e r -  

ences i n  b o t h  t h e  tank  volumes o f  t h e  v e h i c l e s  wh ich  wou ld  be p e r -  

mi t t e d  i n  o p e r a t i o n  and i n  t h e  c e n t e r  o f  g r a v i t y  ( c . g . )  h e i g h t s  o f  

t hose  v e h i c l e s .  A1 t e r n a t i  ve p o l i c i e s  may c o n s i d e r ,  f o r  example, 

t a n k e r  f l e e t s  c o n s i s t i n g  e x c l u s i v e l y  o f  f i v e - a x l e  s i n g l e  t a n k e r s  

c a r r y i n g  a p p r o x i m a t e l y  9,000 g a l l o n s  a t  a  r e l a t i v e l y  l o w  c . g .  h e i g h t .  

Other  a l t e r n a t i v e s  may i n c l u d e  mixed f l e e t s  compr ised o f  v a r i o u s  h i g h  

c a p a c i t y ,  h i g h  c.g.  u n i t s  ( such  as m o d i f i e d  doubles and l a r g e  s i n g l e s ) ,  

as w e l l  as l o w  c a p a c i t y ,  l o w  c . g .  u n i t s  l i k e  t h e  f i v e - a x l e  s i n g l e  

t a n k e r .  To e v a l u a t e  t h e  s a f e t y  s i g n i f i c a n c e  o f  these a l t e r n a t i v e s  

r e q u i r e s  t h a t  a c c i d e n t  "exposure,"  wh ich  i s  r e l a t e d  t o  t h e  t o t a l  

number o f  f u e l - h a u l  i ng u n i t s ,  be t r a d e d  o f f  a g a i n s t  t h e  1  i k e l  i hood 

t h a t  h i g h  c.g.  v e h i c l e s  w i l l  have a  h i g h e r  r o l l o v e r  percentage i n  

t h e i r  a c c i d e n t s .  

I t  can be g e n e r a l l y  s a i d  t h a t  i f  we i n c r e a s e ,  by a  f a c t o r  n, 

t h e  number o f  a  c e r t a i n  t ype  o f  v e h i c l e  i n  t h e  t r a f f i c  system, we 

*Whether f i r e s  a r e  t r u l y  t h e  g r e a t e s t  hazard  wh ich  t a n k e r  v e h i c l e s  
pose t o  l i f e ,  l i m b ,  and p r o p e r t y  o r  whether  o u r  p r i m a r y  concern  
w i t h  f i r e  i s  p s y c h o l o g i c a l ,  i s  b o t h  unknown and p r o b a b l y  moot. 



s h o u l d  expec t  an n - f o l d  i nc rease  i n  t h e  number o f  acc iden ts  i n v o l v i n g  

such v e h i c l e s .  On t h e  o t h e r  hand, n o t  a l l  v e h i c l e s  e x h i b i t  t h e  same 

p r o p e n s i t y  f o r  r o l l o v e r ,  i n  t h e  e v e n t  o f  an acc iden t .  Thus, f o r  

example, i f  v e h i c l e s  A  and B a re  a l i k e  i n  a l l  t h e i r  b a s i c  dynamic 

p r o p e r t i e s  e x c e p t  t h a t  A i s  10% l o w e r  i n  r o l l o v e r  s t a b i l i t y  l e v e l ,  

we w i l l  expec t  t h a t ,  w h i l e  b o t h  w i l l  expe r ience  r o u g h l y  comparable 

a c c i d e n t  r a t e s ,  a  h i g h e r  f r a c t i o n  o f  a c c i d e n t s  w i l l  i n v o l v e  r o l l o v e r  

f o r  t h a t  v e h i c l e  wh ich  has t h e  l o w e r  r o l l o v e r  s t a b i l i t y .  The t o t a l  

r o l l o v e r  i nvo l vemen t  o f  a  g i ven  tanke r  f l e e t ,  then,  w i l l  depend upon 

t h e  o v e r a l l  a c c i d e n t  r a t e ,  g i v e n  the number o f  v e h i c l e s  needed t o  

meet t h e  fue l  d e l i v e r y  demand, and t h e  percentage o f  r o l l o v e r s  p e r  

a c c i d e n t  g i ven  t h e  r o l l o v e r  p r o p e n s i t y  o f  t h e  v e h i c l e s  making up t h e  

f l e e t .  

An approx ima t ion  o f  these r e l a t i o n s h i p s  i s  developed i n  

Appendix F, sugges t ing  t h a t :  

1 )  A f l e e t  o f  f i v e - a x l e ,  9,000-gal lon s i n g l e s  may 

exper ience a  t o t a l  number o f  r o l l o v e r s  wh ich  a r e  

r o u g h l y  comparable t o  t h e  t o t a l  produced by a  f l e e t  

o f  m o d i f i e d  17,000-gal l o n  double tanke rs  meet ing t h e  

same f u e l  d e l i v e r y  demand. S ince n o n - r o l l o v e r  a c c i -  

dents w i l l  be g r e a t e r  w i t h  t h e  9 ,000-ga l lon  v e h i c l e ,  

wh ich  must e x i s t  i n  g r e a t e r  numbers, however, t h e  

o v e r a l l  f i r e  i n c i d e n c e  r a t e  w i t h  t h i s  v e h i c l e  would 

seem c l e a r l y  h i  gher. 

2 )  The 9,300-gal lon " s h o r t  M ich igan  s i n g l e "  i s  a  con- 

s p i c u o u s l y  poo r  c h o i c e  from a  s a f e t y  p o i n t  o f  view 

as a  f u e l  d e l i v e r y  v e h i c l e .  The tank  volume and 

h i g h  c.g. o f  t h i s  v e h i c l e  makes i t  b o t h  a h i g h  expo- 

sure  e lement i n  t h e  f l e e t  and a v e h i c l e  w i t h  h i g h e r  

p r o b a b i l i t y  of r o l l o v e r s  p e r  a c c i d e n t .  

Moreover, o u r  judgment concern ing  t h e  1  i k e l y  s a f e t y  repe r -  

cuss ions t o  a l t e r a t i o n  o f  t he  t a n k e r  f l e e t  i s  t h a t  changes i n  a c c i d e n t  

exposure r e s u l t i n g  f rom changes i n  t h e  t y p i c a l  t a n k  volume a r e  h i g h l y  

i m p o r t a n t  and have equa l  l y  s e r i o u s  fi r e  hazard  imp1 i c a t i o n s  as changes 

i n  p e r c e n t  r o l l o v e r  i n v o l  vement r e s u l  t i n g  f rom changes i n  t h e  t y p i c a l  

c .g.  h e i g h t .  



O f  course,  g i ven  t h e  f i n d i n g s  c i t e d  e a r l i e r  concern ing t h e  

s t a b i  1  i t y  o f  t h e  base1 i n e  double-bot tom tanke r ,  we see t h a t  t h i s  

v e h i c l e  does n o t  be long  as a  cand ida te  i n  t h e  above d i scuss ion .  The 

b a s e l i n e  doub le  was seen t o  be e s p e c i a l  l y  capab le  of  ove r invo lvemen t  

i n  f i r e s  due t o  t h e  " s e l  f - i nduced"  t y p e  o f  r o l l o v e r  acc iden ts .  

F u r t h e r ,  t h e  d o u b l e ' s  low s t a b i l i t y  l e v e l  has d e r i v e d  n o t  s i m p l y  as 

a  consequence o f  the  h i g h  c e n t e r  o f  g r a v i t y  assoc ia ted  w i t h  l a r g e  

capac i  ty tanks .  Rather,  t h e  base1 i n e  doubl e  has "overexposed" t h e  

t r a f f i c  system t o  a  s p e c i a l  hazard due t o  i t s  p a r t i c u l a r l y  l ow  r o l l -  

ove r  s t a b i l  i ty. 

As a  f i n a l  n o t e  t o  t h i s  d i s c u s s i o n ,  t h e  q u e s t i o n  can a r i s e  as  

t o  whether a l a r g e  tanke r  t h r e a t e n s  a  g r e a t e r  hazard i n  t h e  even t  o f  

a  f i r e  than  a  s m a l l e r  t a n k e r .  For example, "would a  f i r e  i n v o l v i n g  

17,000 g a l l o n s  o f  g a s o l i n e  be s i g n i f i c a n t l y  more o f  a  t h r e a t  t o  l i f e  

and p r o p e r t y  than  a  f i r e  i n v o l v i n g  9,000 g a l l o n s  o f  g a s o l i n e ? "  Whi le  

c e r t a i n  c i  rcums tances may exaggerate t h e  impor tance o f  t h e  vo l  ume o f  

f u e l  i n v o l v e d ,  i t  appears t h a t  gas01 i n e  f i r e s  even i n  t h e  one thousand 

g a l l o n  range pose a v e r y  l a r g e  emergency. Acco rd ing l y ,  i t  i s  o u r  

unders tand ing  t h a t  t h e  p e r i l s  imposed by a  t a n k e r  f i r e  cannot  be 

viewed as p r o p o r t i o n a l  t o  f l u i d  volume i n v o l  ved i n  t h e  f i r e .  F u r t h e r ,  

o u r  r e v i e w  o f  a  sample o f  t a n k e r  f i r e  r e p o r t s  f r o m  t h e  S t a t e  F i r e  

Marshal 1  ' s  O f f i c e  r e v e a l s  t h a t  consumpt ion o f  a  t a n k e r ' s  f u l l  l o a d  

i n  a  f i r e  i s  r a r e .  T y p i c a l l y ,  however, more than  h a l f  o f  t h e  f l u i d  

l o a d  may be burned. 



3.0 TASKS OF THE STUDY 

I n  t h i s  s e c t i o n ,  each o f  t h e  s t u d y ' s  t a s k s  w i l l  be e x p l a i n e d  

i n  a  summary f a s h i o n .  The i n t e n t  o f  t h i s  p r e s e n t a t i o n  i s  t o  g i v e  

a  genera l  unders tand ing  o f  t h e  means which  were used t o  o b t a i n  t h e  

f i n d i n g s  o f  t h e  s tudy .  Three c a t e g o r i e s  o f  e f f o r t  were pursued: 

1  ) Eng ineer ing  a n a l y s i s ,  1  ead ing t o  f i n d i n g s  rega rd -  

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

and p o i n t i n g  t h e  way toward e f f e c t i v e  v e h i c l e  

m o d i f i c a t i o n s .  

2 )  F u l l - s c a l e  t e s t s  which showed t h e  range o f  v a l i d i t y  

o f  t h e  anal-yses and which e s t a b l i s h e d  t h e  s t a b i l  i t y  

1  i m i  t s  o f  v a r i o u s  basel  i n e  and m o d i f i e d  v e h i c l e  

c o n f i g u r a t i o n s .  

3 )  F i e l d  survey o f  t anke r  o p e r a t i o n s ,  examining t h e  

manner i n  wh ich  tanke r  v e h i c l e s  a r e  employed t o  

t r a n s p o r t  f u e l s  i n  Mich igan.  

I n  t h e  f i r s t  ca tegory ,  two a n a l y s i s  t a s k s  were conducted. A 

yaw s t a b i l i t y  a n a l y s i s  was done t o  examine t h e  b a s i c  c h a r a c t e r  o f  

t h e  "swaying" mot ions  which occur  d u r i n g  s t e e r i n g  maneuvers. The yaw 

s t a b i l i t y  a n a l y s i s  a l s o  p rov ided  measures o f  those p a r t i c u l a r  aspects  

o f  t h e  "swaying" m o t i o n  wh ich  promote r o l l o v e r .  These measures were 

t h e n  used i n  another  a n a l y s i s  t o  i n v e s t i g a t e  t h e  r o l  l o v e r  phenomenon, 

i t s e l  f .  Candidate m o d i f i c a t i o n s  t o  t h e  dou b l  e -bot tom t a n k e r  were 

exami ned by  changing t h e  mathematics d e s c r i b i n g  t h e  way v e h i c l e  

e lements i n t e r a c t  i n  each o f  t h e  two ana lyses .  The double-bot tom 

t a n k e r  was then  re -ana lyzed  t o  assess t h e  r e l a t i v e  m e r i t s  o f  t h e  

v a r i o u s  m o d i f i c a t i o n s .  

Be fo re  e i t h e r  a n a l y s i s  c o u l d  be conducted, i t  was necessary 

t o  o b t a i n  numbers a c t u a l l y  d e s c r i b i n g  t h e  des ign o f  t h e  v e h i c l e s  

o f  i n t e r e s t .  Thus, t h e  f i r s t  t ask  o f  a l l ,  under taken t o  suppor t  

a n a l y t i c a l  work, was the  e f f o r t  t o  measure, c a l c u l a t e ,  and o t h e r w i s e  

e s t i m a t e  values f o r  t h e  v e h i c l e  des ign  parameters.  



The a n a l y s i s  t a s k s  served n o t  o n l y  t o  e v a l u a t e  t h e  s t a b i l i t y  

o f  doubles as compared t o  o t h e r  t ypes  o f  a r t i c u l a t e d  v e h i c l e s ,  b u t  

a l s o  t o  gu ide  t h e  f u l l  - s c a l e  t e s t i n g  o f  doubles.  The t e s t  maneuver 

c o n d i t i o n s  were based on an hypo thes i s  t h a t  an emergency swerv ing 

( lane-change)  maneuver wi  t h  a  f u l  l y - l o a d e d  double-bot tom t a n k e r  was 

bo th :  ( 1 )  a  s c e n a r i o  of  major  concern t o  t r a f f i c  s a f e t y *  and ( 2 )  a  

dynamic c o n d i t i o n  i n  which t h e  doub le  would be p e c u l i a r l y  u n s t a b l e .  

F u r t h e r ,  i t  was hypo thes i zed  t h a t  t h e  improvement o f  v e h i c l e  s t a b i l i t y  

i n  t h i s  t y p e  o f  maneuver would cor respond t o  improvement i n  o t h e r  

d r i v i n g  s i t u a t i o n s  wh ich  a1 so tend  t o  make s p e c i a l  demands on the  

doub le .  

Acco rd ing l y ,  t h e  f u l l - s c a l e  t e s t  program focused upon v e h i c l e  

response i n  an emergenc,y lane-change maneuver as i t s  p r i m a r y  measure 

o f  s t a b i l i t y .  F i n d i n g s  concern ing  S t a b i l  i t y  o f  t h e  base1 i n e  and 

m o d i f i e d  v e h i c l e s  a r e  based upon r e s u l t s  o f  t hese  t e s t s .  

The f i n a l  t ask ,  i n v o l v i n g  a  f i e l d  survey o f  t anke r  o p e r a t i o n s  

f rom l o a d i n g  t e r m i  nal  s  t o  d e l i v e r y  p o i n t s ,  p rov ides  i n s i g h t  i n t o  

t h e  t y p i c a l  a p p l i c a t i o n  o f  t h e  v e h i c l e s  i n  q u e s t i o n .  T h i s  e f f o r t ,  

conducted i n  para1 l e l  w i  t h  t h e  s t a b i l  i t y  i n v e s t i g a t i o n s ,  r e s u l  t e d  i n  

a  da ta  s e t  c h a r a c t e r i z i n g  t a n k e r  t r i p s  by v e h i c l e ,  r o a d  type,  speeds, 

tank  f i  11 s t a t u s ,  and o t h e r  f a c t o r s  d e s c r i b i n g  M i c h i g a n ' s  f u e l  

t r a n s p o r t  system. 

3.1 Parameter De t e r m i  n a t i o n  

The a n a l y t i c a l  methods which  have been employed i n  t h i s  s tudy,  

and wh ich  w i l l  be d e s c r i b e d  i n  t h e  f o l l o w i n g  two s e c t i o n s  o f  t h i s  

r e p o r t ,  a r e  mathemat ica l  i n  na tu re ,  and thus  r e q u i r e  a  p r e c i s e  mathe- 

m a t i c a l  d e s c r i p t i o n  o f  any s u b j e c t  v e h i c l e  t o  wh ich  they  a r e  t o  be 

a p p l i e d .  Such a  d e s c r i p t i o n  i s  composed o f  a  s e t  o f  numbers, each 

*A l though t h i s  s t u d y  has n o t  p r o v i d e d  f o r  d e t a i l e d  a n a l y s i s  o f  a c c i -  
den t  data ,  t he  ske tchy  r e p o r t s  which were a v a i l a b l e  made i t  apparent  
t h a t  t h e  common i n c i d e n t  o f  doub le-bot tom r o l l o v e r  i n v o l  ves ( a )  
f u l  l y - l o a d e d  compartments (no f l u i d  s l o s h i n g )  and ( b )  a l o s s  o f  con- 
t r o l  w h i l e  a t t e m p t i n g  t o  a v o i d  an a b s t a c l e ,  most commonly r e s u l t i n g  
i n  r o l l o v e r  o f  t h e  pup t r a i l e r  a l o n e .  



one r e p r e s e n t i n g  t h e  numerical  va lue  o f  one v e h i c l e  parameter.  

S imple  examples o f  v e h i c l e  parameters i n c l  ude the  v e h i c l e  we ight ,  

wheelbase ( d i s t a n c e  f rom f r o n t  t o  r e a r  a x l e ) ,  and t r a c k  w i d t h s  ( t h e  

r i g h t - t o - l e f t  spread between t i r e s  on a  g i v e n  a x l e ) .  

The parameters used t o  d e s c r i b e  t h e  v e h i c l e  i n  t h i s  s tudy  can 

be c o n v e n i e n t l y  grouped as f o l l o w s  : 

1  ) Geometric Parameters.  The spac ing ( l o n g i t u d i n a l  , 
1  a t e r a l  , and v e r t i c a l  ) between v a r i o u s  s i g n i f i c a n t  

elements about  t h e  v e h i c l e .  

2 )  Mass and I n e r t i a l  Parameters.  The we igh ts  and moments 

o f  i n e r t i a  o f  t h e  sprung mass (chass i s ,  body, and l o a d )  

and unsprung masses (ax1 es and whee ls )  as we1 1  as t h e  

l o c a t i o n  o f  t h e  c e n t e r  o f  g r a v i t y  o f  these elements. 

3 )  Suspension Parameters.  D e f l e c t i o n ,  1  ash, and f r i c -  

t i o n a l  p r o p e r t i e s  o f  the  suspension s p r i n g s .  

4 )  T i r e  Parameters.  T i r e  s p r i n g  r a t e s ,  r o l l i n g  r a d i u s ,  

and t r a c t i o n  p r o p e r t i e s .  

Geometric p r o p e r t i e s  were e a s i l y  o b t a i n e d  by  d i r e c t  measure- 

ment o f  t h e  t e s t  v e h i c l e  o r  f rom e n g i n e e r i n g  drawings p r o v i d e d  by 

t h e  manufac turer .  

Mass and i n e r t i a  p r o p e r t i e s  can be determined by l a b o r a t o r y  

measurement methods, o r  t h e y  can be e s t i m a t e d  th rough  c a l c u l a t i o n s  

based on data  taken f rom e n g i n e e r i n g  drawings.  Bo th  methods were 

used i n  t h i s  p r o j e c t .  

Empty v e h i c l  e  we ights  were o b t a i n e d  by d i  r e c t  measurements 

u s i n g  v e h i c l e  sca les .  Loaded v e h i c l e  we ights  were found by add ing 

t o  these  f i g u r e s  t h e  we igh t  o f  the  known volumes o f  f l u i d  used as 

l o a d .  

S ince  t h e  v e h i c l e ' s  c e n t e r  o f  g r a v i t y  p o s i t i o n  i s  v e r y  impor-  

t a n t  t o  de te rm in ing  r o l l o v e r  l i m i t s ,  i t  was f e l t  t h a t  t h i s  parameter 

shoul  d  be measured r a t  her  than es t ima ted .  Exper iments were conducted 



i n  wh ich  b o t h  t h e  s e m i t r a i l e r  and pup t r a i l e r  f rom a doub le  t a n k e r  

combinat ion  were suspended from a crane.  (See F i g u r e  3.1. ) I n  

these exper iments,  each t r a i l e r  was 1  i f t e d  t w i c e  so t h a t  i t  hung a t  

two s u b s t a n t i a l l y  d i f f e r e n t  ang les .  Photographs were made o f  b o t h  

"hangs" u s i n g  a  p r e c i s e l y  l o c a t e d  camera. The c e n t e r  o f  g r a v i t y  o f  

t h e  suspended mass was then found u s i n g  t h e  photographs.  The 

process i s  demonstrated i n  F i g u r e  3.2. By t h i s  method, u s i n g  t h e  

g r a p h i c a l  p rocess shown i n  F i g u r e  3.2, t h e  c.g.  p o s i t i o n  o f  t he  empty 

doubles t r a i l e r s  were found. S ince  t h e  f u l l  l i q u i d  l o a d  i s  e a s i l y  

d e s c r i b e d  mathemat ica l  l y ,  i t s  a d d i t i o n a l  e f f e c t  was then  c a l c u l a t e d .  

Other  i n e r t i  a1 parameters,  p a r t i c u l a r l y  moments o f  i n e r t i a ,  

were c a l c u l a t e d  u s i n g  eng i  n e e r i  ng drawings.  I n e r t i a l  p r o p e r t i e s  o f  

t h e  t r a c t o r  were e s t i m a t e d  based on p r e v i o u s  measurements made a t  

t he  I n s t i t u t e .  

Another  1  abo ra to ry  measurement process was used t o  determine 

s i g n i f i c a n t  p r o p e r t i e s  o f  t h e  doub le  t a n k e r ' s  suspension.  S ince  t h e  

t r a i l e r  manufac turer  uses t h e  same b a s i c  suspension assembly a t  each 

o f  t h e  seve ra l  a x l e  p o s i t i o n s  on t h e  two t r a i l e r s ,  r e p r e s e n t a t i v e  

measurements needed t o  be made on o n l y  one a x l e .  W i t h  t h e  a x l e  

l oaded  near  t h e  f u l l  l o a d  c o n d i t i o n ,  t h e  t r a i l e r  body was e x e r c i s e d  

i n  r o l l  w h i l e  d e f l e c t i o n  and f r i c t i o n a l  c h a r a c t e r i s t i c s  o f  t h e  

suspension re1 a t e d  t o  r o l l  mo t ion  were be ing  measured. 

T i r e  parameters a r e  among t h e  most i m p o r t a n t  v e h i c l e  proper -  

t i e s  necessary  f o r  p r e d l  c t i  ng and unders t a n d i  ng v e h i c l e  performance.  

T i r e  parameters a r e  d i f f i c u l t  t o  determine i n  t h a t  h i g h l y  s p e c i a l i z e d  

equipment i s  r e q u i r e d  t o  p e r f o r m  t h e  necessary measurements. I n  

t h i s  study,  HSRI i d e n t i f i e d  an a p p r o p r i a t e  s e t  o f  t i r e  parameters 

u s i n g  data  o b t a i n e d  from p rev ious  exper iments  per formed w i t h  o u r  

t r u c k  t i  r e  t e s t  appara tus .  

For purposes o f  comparison, v e h i c l e s  o t h e r  than  t h e  M ich igan  

doub le  tanke r  were a l s o  examined i n  t h i s  s tudy .  Parameters f o r  

these v e h i c l e s  were ga the red  e i t h e r  f rom p r e v i o u s  measurements made 

a t  t h e  I n s t i t u t e  o r  t h rough  c a l c u l a t i o n s  based on e n g i n e e r i n g  

drawings.  







3.2 Yaw S t a b i l i t y  andResponse A n a l y s i s  

I n t r o d u c t i o n  

Mathemat ica l  models* o f  a r t i c u l  a t e d  ( j o i n t e d )  v e h i c l e s  have 

been used i n  t h i s  s t u d y  t o  a i d  i n  unders tand ing t h e  mot ions wh ich  

take  p l a c e  d u r i n g  maneuvering on t h e  highway. I n  o r d e r  t o  s i m p l i f y  

t h e  i n v e s t i g a t i o n ,  two s e t s  o f  models have been developed f o r  s tudy -  

i n g  d i f f e r e n t  types o f  v e h i c l e  mot ions .  One s e t  o f  models, t r e a t i n g  

r o l l i n g  mot ions,  i s  used t o  e s t i m a t e  t h e  l e v e l  o f  t u r n i n g  maneuver 

wh ich  w i l l  cause t h e  v e h i c l e  o r  one o f  i t s  t r a i l e r s  t o  r o l l o v e r .  

Another  s e t  o f  models, add ress ing  those mot ions  wh ich  a r e  p a r a l l e l  

t o  t h e  ground, i s  used t o  e v a l u a t e  the  d i r e c t i o n a l ,  o r  yaw behav io r  

o f  a r t i c u l a t e d  v e h i c l e s  ( i n c l  ud ing  t r a i l e r  "sway ing" ) .  The " r o l l -  

ove r "  models a r e  d iscussed i n  S e c t i o n  3.3,  w h i l e  f e a t u r e s  o f  t h e  

"yaw" model s  and t h e  f i n d i n g s  (unders tand ing  ) developed us ing  t h e  

yaw models a r e  summarized i n  t h i s  s e c t i o n .  

Purposes 

The purposes o f  i n v e s t i g a t i n g  yaw s t a b i l  i t y  and t h e  d i r e c t i o n a l  

response t o  s t e e r i n g  a r e  t o :  ( 1 )  unders tand i n  a fundamental manner 

t h e  r o t a t i o n a l  and t r a n s l a t i o n a l  mot ions  p a r a l l e l  t o  the  ground o f  

t h e  s tandard  5 5 - f o o t  Mich igan double-bot tom tanke r  d u r i n g  s t e e r i n g  

maneuvers a t  h i  ghway speeds, ( 2 )  compare t h e  d i  r e c t i o n a l  behav io r  

o f  o t h e r  commercial v e h i c l e s  wh ich  a r e  i n  use w i t h  t h e  behav io r  o f  

t he  M ich igan  double-bot tom tanke r ,  and ( 3 )  examine p r a c t i c a b l e  

d e s i g n  changes which  c o u l d  improve t h e  d i r e c t i o n a l  behav io r  and thus  

i n c r e a s e  t h e  r o l l  over  th resh01 d  o f  t h e  base1 i n e  ( s t a n d a r d )  55- foot  

doub le  t a n k e r  wh ich  i s  c u r r e n t l y  be ing  used i n  t h e  S t a t e  o f  Mich igan.  

*These "mathemat ical  models" a r e  s i m p l y  t e c h n i c a l  d e s c r i p t i o n s  
o b t a i n e d  by w r i t i n g  equa t ions  d e s c r i b i n g  v a r i o u s  types o f  
v e h i c l e  mo t ions ,  



Features  o f  t h e  Models 

The mathemat ical  models wh ich  have been developed f o r  

add ress ing  t h e  purposes o f  t h i s  s tudy  c o n s i s t  o f  (1  ) equat ions  

d e s c r i b i n g  t h e  t i m e  r a t e  o f  change o f  b a s i c  mot ion  v a r i a b l e s  (e .g . ,  

t he  l a t e r a l  v e l o c i t y  o f  t h e  t r a c t o r ,  t h e  r o t a t i o n a l  (yaw) r a t e s  o f  

t h e  t r a i l e r s ,  t h e  a r t i c u l a t i o n  ang le  between t h e  t r a c t o r  and f i r s t  

s e m i t r a i l e r ,  e t c . )  and ( 2 )  numer i ca l  va lues (parameters)  wh ich  

q u a n t i f y  s p e c i f i c  p r o p e r t i e s  o f  a  s e l e c t e d  v e h i c l e  (e .g . ,  w e i g h t  

o f  t h e  t r a c t o r ,  l o c a t i o n s  of t he  ax les ,  l o c a t i o n s  o f  t h e  h i t c h e s ,  

t i r e  p r o p e r t i e s ,  e t c ,  ) .  

The mathemat ica l  models used t o  s tudy  l a t e r a l  and yaw mot ions  

c o n t a i n  t h e  f o l l o w i n g  d i s t i n c t i v e  f e a t u r e s :  ( 1 )  t h e  v e h i c l e  i s  

s u b d i v i d e d  i n t o  i n d i v i d u a l  u n i t s  separa ted by a r t i c u l a t i o n  j o i n t s  

( p i v o t  p o i n t s ) ,  f o r  example, t h e  doub le- tanker  model c o n s i s t s  o f  a  

t r a c t o r ,  a  f i r s t  s e m i t r a i l e r ,  a  d o l l y ,  and a  pup s e m i t r a i l e r  

connected by ( a )  a  f i f t h  wheel between t h e  t r a c t o r  and t h e  semi- 

t r a i l e r ,  ( b )  a  p i n t l e  hook between the semi t r a i l e r  and t h e  d o l l y ,  

and ( c )  a  t u r n t a b l e  between t h e  d o l l y  and t h e  pup s e m i t r a i l e r  (see 

F i g u r e  3.3) ;  ( 2 )  t h e  1  aws o f  p h y s i c s  (Newton's l aws)  a r e  used t o  

o b t a i n  equa t ions  o f  mot ion  whose s o l u t i o n s  desc r ibe  t h e  t u r n i n g  and 

maneuvering b e h a v i o r  o f  each o f  t h e  u n i t s  o f  t h e  e n t i r e  v e h i c l e  as 

i t  proceeds a t  n e a r l y  c o n s t a n t  f o rward  v e l o c i t y ;  ( 3 )  v e h i c l e  mot ions  

p a r a l l e l  t o  t h e  ground p l a n e  a r e  i n c l u d e d  w h i l e  r o l l  , p i t c h ,  and 

bounce mot ions  wh ich  a re  n o t  p a r a l l e l  t o  t h e  ground p l a n e  a r e  

e l i m i n a t e d ;  ( 4 )  t h e  l a t e r a l  (s ideways)  f o r c e s  and moments f rom t h e  

t i r e s ,  wh ich  a c c e l e r a t e  and t u r n  t h e  v e h i c l e ,  a re  approximated by 

l i n e a r  f u n c t i o n s  o f  t h e  v e l o c i t i e s  o f  a p p r o p r i a t e  ax les ;  and ( 5 )  

smal l  ang le  approx imat ions  ( i  e .  , f o r  a  sma l l  ang le ,  a ,  s i n  a I a 

and cos a 1  ) a r e  employed. Models w i t h  these  f e a t u r e s  p r o v i d e  a  

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

app rox ima te l y  0 .2  g. For more severe  maneuvers up t o  c o n d i t i o n s  a t  

wh ich  wheels s t a r t  1 i f t i n g  o f f  t h e  ground, comparisons w i t h  e x p e r i -  

mental  r e s u l t s  i n d i c a t e  t h a t  these models p r e d i c t  maximum l a t e r a l  
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a c c e l e r a t i o n  and yaw r a t e  l e v e l s  reasonab ly  w e l l ,  b u t  t h e  t i m i n g  

and d u r a t i o n  o f  p r e d i c t e d  mot ions  w i l l  e x h i b i t  d i s c r e p a n c i e s  o f  

c o n s i d e r a b l e  magni tude.  

I t  s h o u l d  be no ted  t h a t  t h e  models used i n  t h i s  s t u d y  r e p r e -  

sen t  r e v i s i o n s  and e x t e n s i o n s  o f  p r i o r  work per formed by o t h e r  

research  i n v e s t i g a t o r s  ( f o r  example, see J i n d r a  [ 51, Hazemoto [ 61, 
and Hales [ 7 ] ) .  I n  p a r t i c u l a r ,  t h e  doub le-bot tom t a n k e r  models used 

i n  t h i s  s tudy  a r e  un ique i n  t h a t  they  c o n s i d e r  mu1 t i p l e  tandem ax les ,  

changes i n  t i r e  c o r n e r i n g  s t i f f n e s s e s  as a  f u n c t i o n  o f  t h e  s t a t i c  

l o a d s  on t h e  a x l e s ,  and t i r e  a l i g n i n g  moment e f f e c t s .  

A d e t a i l  ed, t e c h n i c a l  d i  scuss ion o f  t h e  mathemat ica l  model s  

used f o r  p r e d i c t i n g  d i r e c t i o n a l  response i s  p resen ted  i n  Appendix A. 

I n  a d d i t i o n ,  Appendix A  c o n t a i n s  numer ica l  r e s u l t s  p e r t a i n i n g  t o  t h e  

yaw behav io r  o f  a  v a r i e t y  of  a r t i c u l a t e d  v e h i c l e  c o n f i g u r a t i o n s  and 

o p e r a t i  ng c o n d i t i o n s .  The a n a l y t i  c a l  work per formed i n  deve lop ing  

t h e  models and the  numer ica l  r e s u l t s  g i v e n  i n  Appendix A p r o v i d e  

t h e  f o u n d a t i o n  f o r  t h e  d i scuss ion  p resen ted  h e r e a f t e r .  

Methods o f  A n a l y s i s  and S i m u l a t i o n  

Because t h e  model o f  yaw b e h a v i o r  possesses a mathemat ica l  

p r o p e r t y  c a l  l e d  " l i n e a r i t y , "  i t  i s  f e a s i b l e  u s i n g  we1 1-known tech-  

n iques  t o  s tudy  t h e  yaw ( d i r e c t i o n a l  ) s t a b i l  i t y  o f  t h e  v e h i c l e  

system w i t h o u t  s o l v i n g  t h e  e q u a t i o n s  o f  mo t ion  f o r  s p e c i f i c  o p e r a t -  

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

determine t h e  " r o o t s  o f  t h e  c h a r a c t e r i s t i c  equa t ion .  " (These r o o t s  

a r e  sometimes r e f e r r e d  t o  as "e igenva lues . " )  The va lues o f  t hese  

r o o t s  c o n t a i n  a  g r e a t  dea l  o f  genera l  i n f o r m a t i o n  concern ing t h e  

system they  app ly  t o .  I n  t h i s  s t u d y  t h e  e igenva lues  a r e  employed 

t o  e v a l u a t e  ( 1 )  v e h i c l e  s t a b i l i t y  ( o r  t h e  l a c k  o f  s t a b i l i t y ) ,  ( 2 )  

t h e  amount o f  damping i n  o s c i l l a t o r y  modes o f  mo t ion ,  and ( 3 )  t h e  

f requenc ies  a t  wh ich  t h e  system w i l l  o s c i l l a t e  i f  i t  i s  d i s t u r b e d .  

I n  c o n t r a s t  t o  e i g e n v a l  ue a n a l y s i s ,  s imul  a t i o n  i n v o l v e s  

n u m e r i c a l l y  s o l v i n g  t h e  equa t ions  o f  mot ion  t o  o b t a i n  t i m e  h i s t o r i e s  

o f  p e r t i n e n t  veh ic le -mo t ion  v a r i a b l e s  d u r i n g  s i m u l a t e d  t e s t s .  Thus, 



s i m u l a t i o n  p r o v i d e s  t h e  means f o r  "exper imen t ing  w i t h  models" as 

a  s u b s t i t u t e  f o r  d i f f i c u l t ,  hazardous, c o s t l y ,  and time-consuming 

t e s t s .  

Never the less ,  i t  should be emphasized t h a t  v e h i c l e  t e s t i n g  

( o r  on-highway exper ience )  i s  needed t o  c o n f i r m  s i g n i f i c a n t  f i n d i n g s  

and t o  o b t a i n  r e s u l  t s  a t  maneuvering 1  eve1 s  beyond t h e  range o f  

va l  i d i  t y  o f  t h e  mathemat ical  models. 

C h a r a c t e r i s t i c s  o f  -- t h e  "Base1 i n e "  M ich igan  Double Tanker 

Dur ing  t h e  model ing  o f  t h e  d i r e c t i o n a l  response t o  s t e e r i n g  

o f  t h e  M ich igan  doub le-bot tom t a n k e r  i t  was observed t h a t  i n  most 

t u r n i n g  maneuvers r e l a t i v e l y  smal l  l a t e r a l  f o r c e s  ( l e s s  than 

approx ima te l y  200 pounds) occu r  a t  t h e  p i n t l e  hook connec t ion  between 

t h e  f i r s t  semi t r a i l e r  and t h e  drawbar o f  t h e  do1 l y  o f  t h e  pup 

t r a i l e r .  T h i s  o b s e r v a t i o n  can be used t o  understand many of t h e  

numer ica l  r e s u l t s  which have been o b t a i n e d  i n  t h e  s tudy  o f  yaw 

response.  

For  example, t h e  d i r e c t i o n a l  behav io r  o f  t h e  t r a c t o r - s e m i -  

t r a i l e r  p o r t i o n  o f  t h e  M ich igan  doub le-bot tom t a n k e r  i s  n e a r l y  

i d e n t i c a l  t o  t h e  d i r e c t i o n a l  behav ior  o f  t h e  v e h i c l e  o b t a i n e d  by 

d ropp ing  t h e  pup t r a i l e r  f rom t h e  M ich igan  doub le .  Furthermore,  

parameters d e s c r i b i n g  p a r t s  o f  t h e  pup t r a i l e r  ( t i r e s ,  wheel l o c a -  

t i o n s ,  d o l l y  tongue l e n g t h ,  e t c . )  have no s i g n i f i c a n t  i n f l u e n c e  on  

t h e  mo t ion  o f  t h e  t r a c t o r - s e m i  t r a i  l e r  p o r t i o n  o f  t h e  doub le .  A long 

t h i s  same l i n e  o f  reason ing,  f o r  maneuvers i n  wh ich  t h e  t r a c t o r -  

s e m i t r a i l e r  i s  s t e e r e d  t o  ach ieve  a  d e s i r e d  t r a c t o r - s e m i t r a i l e r  

mot ion ,  changes i n  t r a c t o r  o r  semi t r a i l e r  parameters cause o n l y  

smal l  changes i n  pup t r a i l e r  response. I n  summary, i f  t h e  response 

of t h e  pup t r a i l e r  i s  t o  be a l t e r e d ,  changes i n  t h e  pup t r a i l e r  ( n o t  

i n  t h e  t r a c t o r - s e m i t r a i l e r )  w i  11 be most i n f l u e n t i a l .  

F u r t h e r  ev idence o f  t h e  f e a s i b i l  i t y  o f  s t u d y i n g  pup t r a i l e r  

m o t i o n  i ndependen t l y  o f  t h e  p r o p e r t i e s  o f  t h e  t r a c t o r - s e m i t r a i l e r  



can be o b t a i n e d  by examining F i g u r e  3.4. T h i s  f i g u r e  shows the  

l o c u s  (as  a  f u n c t i o n  o f  v e l o c i t y )  of t h e  r o o t s  o f  t h e  c h a r a c t e r i s t i c  

e q u a t i o n  f o r  t h e  e i g h t h - o r d e r  l i n e a r  system o f  d i f f e r e n t i a l  equa t ions  

d e s c r i b i n g  t h e  d i r e c t i o n a l  mo t ion  o f  t h e  f u l  l y - l o a d e d  1  1-ax1 e  

double-bot tom tanke r .  The broken l i n e s  l a b e l  l e d  "Rl" and "R2" a r e  

r o o t s  determined by t h e  p r o p e r t i e s  o f  t h e  t r a c t o r - s e m i t r a i l e r  p o r t i o n  

o f  t he  double.  ( I n c i d e n t a l  ly ,  these r o o t s  a l s o  d e s c r i b e  t h e  p ro -  

p e r t i e s  o f  t h e  p r i n c i p a l  modes o f  mot ion  o f  t h e  t r a c t o r - s e m i  t r a i l e r  

v e h i c l e  wh ich  i s  o b t a i n e d  by d ropp ing  t h e  pup t r a i l e r  f rom t h e  

M ich igan  double . )  The s o l i d  1 i n e s  l a b e l  l e d  "R3" and "R4" a re  r o o t s  

determined p r i m a r i l y  by p r o p e r t i e s  o f  t h e  pup t r a i l e r .  

Superimposed on F i q u r e  3.4 a r e  l i n e s  o f  c o n s t a n t  n a t u r a l  

f requency and damping r a t i o .  As i n d i c a t e d  i n  F i g u r e  3.4, t h e  observed 

f requenc ies  o f  the pup t r a i l e r  modes R3 and R4 a r e  s i g n i f i c a n t l y  

h i g h e r  than t h e  observed f requenc ies  of t h e  t r a c t o r - s e m i  t r a i  l e r  modes. 

I t  shou ld  be emphasized t h a t  t h e  damping r a t i o  of r o o t  R4 i s  sma l l  

i n d i c a t i n g  a  v e r y  o s c i l  l a t o r y  mode o f  mo t ion  approaching i n s t a b i l i t y  

o f  t h e  pup t r a i l e r  a t  v e l o c i t i e s  o f  50 mph o r  above. 

I n  t h i s  regard ,  c a l c u l a t i o n s  made f o r  a  s i t u a t i o n  i n  wh ich  

t h e  r e a r  compartment o f  t h e  pup t r a i l e r  i s  l oaded  and t h e  o t h e r  

compartments o f  t he  pup t r a i l e r  a re  empty show t h a t  t he  pup t r a i l e r  

w i l l  become comp le te l y  u n s t a b l e  a t  speeds o f  50 mph and above. 

I n  a d d i t i o n  t o  s t u d y i n g  t h e  r o o t s  o f  t h e  c h a r a c t e r i s t i c  equa- 

t i o n ,  c a l c u l a t i o n s  have been made t o  p r e d i c t  v e h i c l e  performance i n  

obstac le-avo idance maneuvers. Desc r i  p t i  ons o f  M ich igan  double-  

bot tom t a n k e r  a c c i d e n t s  have sometimes p o r t r a y e d  a  s i t u a t i o n  i n  wh ich  

t h e  v e h i c l e  i s  s t e e r e d  t o  a v o i d  a  suddenly appear ing  o b s t a c l e  and, 

a1 though a v o i d i n g  the  o b s t a c l e ,  t h e  v e h i c l e  becomes u n c o n t r o l l a b l e  

l e a d i n g  t o  r o l l o v e r  o f  t he  pup t r a i l e r .  T h i s  t y p e  o f  s i t u a t i o n  has 

been examined b y  u s i n g  t h e  yaw model t o  s i m u l a t e  t h e  d i r e c t i o n a l  

b e h a v i o r  o f  t h e  M ich igan  double-bot tom t a n k e r  i n  obstac le-avo idance 

maneuvers wh ich  take  t h e  fo rm o f  a  ve ry  r a p i d  l a n e  change. 
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The p r i n c i p a l  f i n d i n g  from these  s i m u l a t i o n s  i s  t h a t  t h e r e  
e x i s t s  a  v e r y  1  arge ampl i f i c a t i o n  f a c t o r  between t h e  1  a t e r a l  acce l  e ra -  

t i o n  o f  t h e  t r a c t o r  and t h e  l a t e r a l  a c c e l e r a t i o n  o f  t h e  pup semi- 

t r a i l e r  i n  a  r a p i d  obs tac le -avo idance  s t e e r i n g  maneuver. That  i s ,  

i f  t h e  t r a c t o r  i s  s t e e r e d  s u f f i c i e n t l y  t o  a v o i d  an o b s t a c l e ,  t h e  

pup semi t r a i l e r  w i l l  undergo a  c o n s i d e r a b l y  more v i o l e n t  mo t ion  than  

t h e  t r a c t o r .  I n t u i t i v e l y ,  t h i s  mo t ion  i s  a k i n  t o  " c r a c k i n g  t h e  wh ip . "  

To complete t h e  a n a l y s i s  o f  a  p o t e n t i a l  r o l l o v e r  o f  t h e  pup 

t r a i l e r ,  t h e  mathemat ica l  models desc r ibed  i n  t h e  n e x t  s e c t i o n  o f  

t h i s  r e p o r t  have been used. Never the less ,  t h e  p r e d i c t e d  magni tude 

o f  t h e  l a t e r a l  a c c e l e r a t i o n  o f  t h e  pup t r a i l e r  i s  a  s t r o n g  i n d i c a t o r  

o f  t h e  l i k e l i h o o d  o f  r o l l o v e r .  

F i g u r e  3.5 shows c a l c u l a t e d  t i m e  h i s t o r i e s  o f  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  p r e d i c t e d  f o r  a  "two-second 1  ane change." T h i s  

i s  a  r a p i d  maneuver i n  wh ich  a  symmetr ic  s t e e r i n g  i n p u t  o f  two 

seconds d u r a t i o n  causes t h e  v e h i c l e  t o  end up t r a v e l  i n g  i n  app rox i -  

m a t e l y  t h e  o r i g i n a l  d i r e c t i o n  o f  mo t ion  w i t h  an amount o f  l a t e r a l  

t r a n s l a t i o n  dependent upon t h e  amp l i t ude  o f  t h e  s t e e r i n g  i n p u t .  

Examinat ion  o f  t he  r e s u l t s  shown i n  F igu re  3 .5  i n d i c a t e s  t h a t  t he  

r a t i o  o f  t he  maximum l a t e r a l  a c c e l e r a t i o n  o f  t h e  pup s e m i t r a i l e r  t o  

the maximum l a t e r a l  a c c e l e r a t i o n  o f  the  t r a c t o r  i s  2 .5  a t  50 mph. 

T h i s  magni tude o f  ampl i f i c a t i o n  f a c t o r  means t h a t  i n  t r a f f i c  c o n f l  i c t s  

wh ich  c o u l d  be r e s o l v e d  w i t h  r e l a t i v e l y  l ow  l e v e l s  o f  l a t e r a l  

a c c e l e r a t i o n  o f  t he  t r a c t o r ,  t h e  l a t e r a l  a c c e l e r a t i o n  o f  t h e  pup 

semi t r a i l e r  c o u l d  be l a r g e  enough t o  r o l l o v e r  t h e  pup semi t r a i l e r .  

D i r e c t i o n a l  Response Comparisons Between t h e  M ich igan  Double Tanker 
and Var ious  Commercial Veh ic les  I n  Use 

Mathemat ica l  models o f  v a r i o u s  v e h i c l e  c o n f i g u r a t i o n s  have 

been developed t o  compare the  d i r e c t i o n a l  (yaw) c h a r a c t e r i s t i c s  o f  

t h e  M ich igan  doub le-bot tom t a n k e r  w i t h  o t h e r  t a n k e r  and van-type 

commercial v e h i c l e s  . These model s  a r e  s u i t a b l e  f o r  a n a l y z i n g  

v e h i c l e  behav io r  a t  l o w  l e v e l s  o f  maneuver s e v e r i t y .  Computer 

programs f o r  d e t e r m i n i n g  ( 1 )  t h e  r o o t s  o f  t h e  c h a r a c t e r i s t i c  e q u a t i o n  
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( t h e  damping and f requency o f  t h e  p r i n c i p a l  modes o f  o s c i l l a t i o n )  

and ( 2 )  t h e  response t o  s t e e r i n g  i n p u t s  ( t h e  maximum a c c e l e r a t i o n  

l e v e l s  a t t a i n e d  i n  lane-change maneuvers) have been c o n s t r u c t e d  and 

e x e r c i s e d  i n  t h i s  s tudy .  

The v e h i c l  es model ed i n c l  ude : 

(1  ) The base1 i n e  1 1 - a x l e  Mi ch i  gan doub le-bot tom 

tanke r  

( 2 )  The s i n g l e  tanke r  o b t a i n e d  by removing the  pup 

f rom ( 1 )  

( 3 )  A conven t iona l  5 - a x l e  s i n g l e  t a n k e r  

( 4 )  A conven t iona l  t r a c t o r  w i t h  van s e m i t r a i l e r  

( 5 )  The 11 -ax le  Mich igan s i n g l e  t a n k e r  

( 6 )  A 6 5 - f o o t  v e r s i o n  o f  ( 1 )  

Diagrams i 1  l u s t r a t i n g  t h e  forms o f  t hese  v e h i c l e  c o n f i g u r a t i o n s  a r e  

shown i n  F i g u r e  3.6. 

Fo r  purposes o f  q u a n t i t a t i v e l y  comparing t h e  M ich igan  doub le  

t a n k e r  t o  o t h e r  v e h i c l e s ,  t h r e e  measures have been s e l e c t e d .  Two 

o f  these measures a r e  ( 1 )  t h e  damping r a t i o  cor respond ing t o  t h e  

l e a s t  damped mode o f  mo t ion  o f  t he  v e h i c l e  and ( 2 )  t h e  r a t i o  o f  t h e  

l a t e r a l  a c c e l e r a t i o n  o f  the  rearmost  u n i t  o f  t h e  v e h i c l e  t o  t h e  

a c c e l e r a t i o n  o f  t h e  t r a c t o r  i n  a  two-second 1  ane change. These 

measures have been s e l e c t e d  because, as d i scussed  p r e v i o u s l y ,  they  

a r e  i n d i c a t o r s  o f  d i r e c t i o n a l  response shortcomings wh ich  have an 

appl  i ed, pragmat ic  b a s i s  i n  e x p l  a i  n i  ng a c c i  dents i n v o l  v i  ng t h e  

M ich igan  doub le  t a n k e r .  

I t  shou ld  be emphasized t h a t  t hese  response measures a r e  

e v a l u a t e d  a t  50 mph i n  the  r e s u l t s  wh ich  f o l l o w .  A t  speeds approach- 

i n g  70 mph, t h e  damping values a r e  s i g n i f i c a n t l y  reduced and t h e  

amp1 i f i  c a t i o n  f a c t o r s  a r e  s u b s t a n t i a l  l y  i ncreased. Opera t i on  o f  

t h e  M ich igan  doub le  t a n k e r  a t  70 mph appears t o  be a  v e r y  demanding 

s i t u a t i o n  r e q u i r i n g  d e l i c a t e ,  p r e c i s e  c o n t r o l  o f  t he  v e h i c l e .  
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The t h i r d  d i r e c t i o n a l  response measure, c a l l e d  t h e  " r i s e  

t ime, "  has been chosen t o  p r o v i d e  an i n d i c a t i o n  o f  t h e  qu ickness  

o f  response a t t a i n a b l e  f rom v a r i o u s  v e h i c l e  c o n f i g u r a t i o n s .  ( S p e c i -  

f i c a l l y ,  as  used i n  t h i s  s tudy ,  t h e  " r i s e  t i m e "  i s  d e f i n e d  as t h e  

t i m e  f o r  t h e  l a t e r a l  a c c e l e r a t i o n  o f  a  u n i t  o f  t h e  v e h i c l e  t o  go 

f rom 10% t o  90% o f  i t s  f i n a l  v a l u e  i n  response t o  a  s t e p  f u n c t i o n  

s t e e r i n g  i n p u t  ( i . e . ,  a  sudden t u r n )  a t  50 mph.) 

C a l c u l a t e d  va lues  o f  t h e  t h r e e  s e l e c t e d  response measures f o r  

v a r i o u s  i n-use co r~ ln~e rc ia l  v e h i c l e  c o n f i g u r a t i o n s  a r e  q i  ven i n  Tab le  

3.1. These r e s u l t s  c l e a r l y  i n d i c a t e  t h a t  t h e  smal l  dampinq r a t i o  

and l a r g e  l a t e r a l  a c c e l e r a t i o n  r a t i o  shortcomings a r e  unique t o  t h e  

M ich igan  doub le  t a n k e r .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  l a r g e r  

6 5 - f o o t  v e r s i o n  o f  t h e  s tanda rd  5 5 - f o o t  M ich igan  double t a n k e r  i s  

an improved v e h i c l e  w i t h  r e s p e c t  t o  damping and l a t e r a l  a c c e l e r a t i o n  

r a t i o s .  However, t h e  r e s u l t s  i n  Tab le  3.1 a l s o  show t h a t  t h e  conven- 

t i o n a l  f i v e - a x l e  s i n g l e  t a n k e r  and t h e  t r a c t o r l v a n - s e m i  t r a i l e r  have 

s lower  r i s e  t imes  than  t h e  doub le  t a n k e r  i n d i c a t i n g  a  d i f f e r e n t  t y p e  

o f  o b s t a c l  e-avoidance problem. These s l o w l y  respond ing  v e h i c l e s  may 

n o t  be a b l e  t o  move q u i c k l y  enough t o  s u c c e s s f u l l y  r e s o l v e  sudden 

t r a f f i c  c o n f l i c t s .  

Cxarr~i n a t i o n  o f  M o d i f i c a t i o n s  - t o  I m ~ r o v e  t h e  D i r e c t i o n a l  Response 
o f  . t h e  - - - - M ich igan  . -- - -- Double - - - - -- Tanker 

As p a r t  o f  t h e  a n a l y t i c a l  s tudy  o f  yaw behav io r ,  m o d i f i e d  

v e r s i o n s  o f  t h e  M ich igan  double t a n k e r  were examined. The t ypes  o f  

m o d i f i c a t i o n s  cons ide red  f o r  r e t r o f i t t i n g  were those wh ich  c o u l d  be 

accompl ished w i t h o u t  s i g n i f i c a n t l y  r e d e s i g n i n g  t h e  e x i s t i n g  pup and 

s e m i t r a i l e r .  Examples o f  " r e t r o f i t s "  wh ich  were i n v e s t i g a t e d  b u t  

d i d  n o t  cause a  major  improvement i n  t h e  per formance o f  t h e  f u l l y -  

l oaded  M ich igan  doul  be a r e  i n c r e a s i n g  o r  dec reas ing  the  d o l l y  tongue 

l e n g t h ,  u s i n g  a  l o n g e r  wheelbase t r a c t o r ,  and u s i n g  r a d i a l  t i r e s  

i n s t e a d  o f  b i a s  t i r e s  on t h e  pup t r a i l e r .  
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The t ype  o f  r e t r o f i t  t h a t  d i d  show a ma jo r  improvement i n  

d i r e c t i o n a l  performance was t o  r i g i d i z e  t h e  connec t ion  a t  t h e  p i n t l e  

hook, t he reby  caus ing  t h e  yaw and r o l l  mot ions  o f  t h e  d o l l y  t o  be 

r i g i d l y  coup led t o  t h e  f i r s t  s e m i t r a i l e r .  The p r e d i c t e d  r e s u l t s  f o r  

t h i s  r e t r o f i t  i n d i c a t e d  an improvement i n  the  damping r a t i o  measure 

f rom 0.19 t o  0.32 and i n  t h e  l a t e r a l  a c c e l e r a t i o n  a m p l i f i c a t i o n  

f a c t o r  f rom 2 . 5  t o  1 .7 .  I n  p r a c t i c e ,  t h e  v e h i c l e  t e s t  r e s u l t s  de- 

s c r i b e d  i n  S e c t i o n  3.4 show t h a t  i n  extreme maneuvers t h e  r e t r o f i t t e d  

v e h i c l e  i s  a c o n s i d e r a b l e  improvement o v e r  t h e  s tandard  M ich igan  

doub le .  

I t  shou ld  be no ted  t h a t  i t  was beyond the  scope o f  t h i s  s tudy  

t o  make a comprehensive i n v e s t i g a t i o n  o f  t h o r o u g h l y  r e d e s i g n i n g  t h e  

M ich igan  doub le  t o  produce the  b e s t  p o s s i b l e  doub le .  Nonetheless,  

t h e  p r e d i c t i o n s  which were made show t h a t  s i g n i f i c a n t  improvements 

can be made u s i n g  l onger  wheel base t r a i l  e r s ,  r e l o c a t i n g  o r  removing 

a x l e s ,  and r e l o c a t i n g  h i t c h e s .  The p o s s i b i l i t y  o f  d e s i g n i n g  a double 

wh ich  performs as we1 1 as o r  b e t t e r  t han  t h e  conven t iona l  f i v e - a x l e  

semi t r a i  l e r  (wh i  l e  c a r r y i n g  c o n s i d e r a b l y  more pay load)  appears 

p romis ing .  

A n a l y s i s  o f  Rol l o v e r  Th resho ld  

The o b j e c t i v e  o f  t h e  p r o j e c t  t ask  on r o l l o v e r  was t o  determine 

t h e  r o l l o v e r  t h r e s h o l d  f o r  doub le-bot tom t a n k e r  v e h i c l e s  and t o  

conipare t h a t  thresh01 d 1 eve1 a g a i n s t  t h e  cor respond ing l e v e l  f o r  

o t h e r  commonly used t r a c t o r - s e m i  t r a i l e r  combinat ions .  Wh i le  a s t a t i c  

a n a l y s i s  was o r i g i n a l l y  planned, a dynamic a n a l y s i s  became necessary 

i n  o r d e r  t o  take  i n t o  account  t h e  d i f f e r i n g  l a t e r a l  behav io r  o f  t h e  

combinat ion  veh i  c l  es under cons i d e r a t i o n .  The dynamic r o l l  o v e r  model, 

i l l u s t r a t e d  i n  F i g u r e  3.7, c o n s i s t s  o f  a sprung mass ( tank ,  cargo, 

and c h a s s i s )  suppor ted by  a suspension i n c o r p o r a t i n g  s p r i n g ,  damping, 

and r o l l  geometry c h a r a c t e r i s t i c s .  The suspension r e s t s  on an un- 

sprung mass ( a x l e s  and whee ls )  wh ich  i n  t u r n  a r e  suppor ted  by f o u r  
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Figure 3 . 7 .  The dynamic ro l lover  model . 



spring-dampers r e p r e s e n t i n g  the  t i r e s .  Such a  model , when s u b j e c t  

t o  a  l a t e r a l  f o r c e ,  d u p l i c a t e s  t h e  r o l l  dynamics o f  an automot ive  

v e h i c l e .  

The model was used t o  i n v e s t i g a t e  the  r o l  l o v e r  t h r e s h o l d  f o r  

v e h i c l e s  i n  a  two-second 1  ane-change- t ype  maneuver (see Appendix B )  . 
The l a t e r a l  fo rce  t ime  h i s t o r y  f o r  t h e  v e h i c l e  o f  i n t e r e s t  was 

determined from t h e  combinat ion  of  exper imenta l  t e s t s  and yaw simu- 

l a t i o n s ,  and was then  used as i n p u t  t o  t h e  r o l l  model. The amp l i t ude  

o f  the  l a t e r a l  f o r c e  i n p u t  was v a r i e d  ( s i m u l a t i n g  s t e e r  i n p u t s  o f  

v a r y i n g  magni tude) t o  determine t h e  1  eve1 a t  wh ich  a  r o l l o v e r  t h r e s h o l d  

was reached. The r o l l o v e r  t h r e s h o l d  was d e f i n e d  as t h e  r o l l  c o n d i t i o n  

e q u i v a l e n t  t o  o u t r i g g e r  touch-down i n  t h e  exper imenta l  t e s t s .  The 

l a t e r a l  f o rce  ampl i tude i n  each case i s  r e p o r t e d  i n  terms o f  t h e  

peak l a t e r a l  a c c e l e r a t i o n  wh ich  t h e  t r a c t o r  can exper ience w i t h o u t  

r o l l o v e r  o f  any element o f  t h e  v e h i c l e  t r a i n .  

S i x  v e h i c l e  c o n f i g u r a t i o n s ,  as i l l u s t r a t e d  i n  F i g u r e  3.8, 

were s t u d i e d .  For mu1 t i p l e  v e h i c l e s  wh ich  a r e  coup led i n  r o l l ,  such 

as a  t r a c t o r - s e m i t r a i l e r ,  parameters f o r  t h e  composite v e h i c l e  com- 

b i n a t i o n  were determined f o r  use i n  t h e  r o l l  model , and t h e  l a t e r a l  

f o r c e s  t o  a1 1  a x l e s  o f  t h e  r o l l  coup led combinat ion  were summed 

t o g e t h e r  a t  each i n s t a n t  o f  t ime .  I n  t h e  case o f  t h e  b a s e l i n e  

double-bot tom tanker ,  t h e  pup t r a i l e r  i s  independent i n  r o l l  f rom 

t h e  r e s t  o f  t h e  t r a i n ,  so t h a t  t h e  r o l l o v e r  o f  t h e  pup t r a i l e r  was 

i n v e s t i g a t e d  s e p a r a t e l y  f rom t h a t  o f  t h e  1 eadi  ng t r a c t o r - s e m i  t r a i  l e r  

v e h i c l e .  

The r e s u l t s  o f  t he  r o l l  a n a l y s i s  a r e  presented i n  Tab le  3.2.  

The base1 i n e  double-bot tom t a n k e r  was observed t o  reach t h e  r o l l -  

o v e r  t h r e s h o l d  a t  a  l ow  t r a c t o r  maneuver l e v e l  ( -  0.17 g ' s  peak 

1  a t e r a l  a c c e l e r a t i o n )  due t o  t h e  combinat ion  o f  a  h i g h  c e n t e r  o f  

g r a v i t y  and the  ampl i f i c a t i o n  o f  t h 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  a t  

t h e  pup t r a i l e r .  Fo r  t h e  doubles m o d i f i e d  w i t h  a  r i g i d i z e d  d o l l y  

h i t c h  and reduced suspension backlash,  t he  r o l l o v e r  t h r e s h o l d  was 
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Table 3.2. R o l l  over  Thresh01 d  f o r  S i x  V e h i c l e  Con f igu ra t i ons .  

T r a c t o r  Peak L a t e r a l  A c c e l e r a t i o n  

Veh ic le  Measured C a l c u l a t e d  

Base1 i ne Doubl e-Bo t tom Tanker 0.17 g ' s  0.17 g ' s  

S h o r t  S i n g l e  0.36 0.37 

M o d i f i e d  Doubl e-Bottom 0.36 0.37 

11 -Ax le  S i n g l e  Tanker 0.41 

5-Ax1 e  S i  ngl  e Tanker 0.49 

5-Ax1 e  Van Semi t r a i  1  e r  0.40 

improved t o  0.36 g ' s  t r a c t o r  l a t e r a l  a c c e l e r a t i o n .  Three o f  t h e  

o t h e r  t r a c t o r - s e m i  t r a i  l e r  combinat ions  ( t h e  s h o r t  s i n g l e ,  t he  e leven-  

a x l e  s l n g l e  tanker ,  and the van t r a i l e r ,  loaded t o  a  t y p i c a l  h i g h  

c e n t e r  of s r a v i  t y )  e x h i b i t e d  comparable performance, fa1  1  i n g  i n  the  

range o f  0.36 t o  0.41 g ' s  t r a c t o r  l a t e r a l  a c c e l e r a t i o n .  F i n a l l y ,  

t h e  f i v e - a x l e  s i n g l e  tanker ,  because o f  i t s  r e l a t i v e l y  l ow  cen te r  o f  

g r a v i t y  and l o n g  wheelbase, e x h i b i t e d  t h e  h i g h e s t  r o l l o v e r  t h r e s h o l d  

o f  0.49 g ' s  t r a c t o r  l a t e r a l  a c c e l e r a t i o n .  

The i n f l u e n c e  on the  r o l l o v e r  thresh01 d o f  suspension charac- 

t e r i s t i c s ,  as desc r ibed  by t h e  s p r i n g  r a t e ,  backlash,  and damping, 

were examined. Though damping had 1  i t t l e  e f f e c t ,  t h e  s p r i n g  r a t e  and 

back lash i n f l u e n c e d  t h e  th resho ld ,  as e v i d e n t  i n  Table 3.3. From 

the  base1 i n e  c o n d i t i o n ,  e l  i m i n a t i o n  o f  the  back1 ash inc reased  the  

r o l l o v e r  t h r e s h o l d  by 18 pe rcen t ,  w i t h  a  s i m i l a r  e f f e c t  a t  a  lower  

s p r i n g  r a t e .  A r e d u c t i o n  o f  t h e  s p r i n g  r a t e  below i t s  normal v a l u e  

o f  35,000 1  b / i n  reduced t h e  r o l l o v e r  t h r e s h o l d  as shown, b u t  an i n -  

c rease i n  s p r i n g  r a t e  was observed t o  have n e g l i g i b l e  e f f e c t .  T h i s  

o b s e r v a t i o n  o f  t he  p o t e n t i a l  improvement ach ieved by r e d u c t i o n  o f  t h e  

back lash i s  e v i d e n t  w i t h  t h e  data  shown f o r  t h e  m o d i f i e d  v e h i c l e  as 

w e l l ,  and i s  t h e  p r imary  b a s i s  f o r  recommending r e d u c t i o n  o r  e l i m i n a -  

t i o n  o f  t h e  back lash i n  the  suspensions o f  t hese  v e h i c l e s .  



Table  3.3. I n f l u e n c e  of Suspension S p r i n g  Rate and Backlash 
on t h e  R o l l o v e r  Th resho ld  

S p r i n g  Rate 
V e h i c l e  Per S p r i n g  

Base1 i n e  35,000 1  b / i n  

35,000 

16,000 

16,000 

Modi f i e d  

*Nominal va lues 

Back1 ash 

1.5* i n .  

0.0 

1 .5  

0.0 

Peak L a t e r a l  A c c e l e r a t i o n  

T r a c t o r  Pup 

0,17 g ' s  0.38 g ' s  

0.20 0.45 

0.15 0.34 

0.18 0.40 

- -  - -- 

The dynamic r o l l  model was a l s o  used t o  i n v e s t i g a t e  c e r t a i n  

minimum performance requ i rements  f o r  t he  " r o l l  r i g i d "  do1 l y  h i t c h  

proposed as a  r e t r o f i t .  T h i s  i n v e s t i g a t i o n  was prompted by t h e  

p r a c t i c a l  concern t h a t  some degree o f  f l e x i b i l i t y  i n  t h e  h i t c h  i s  

i n e v i t a b l e ,  and i n  f a c t ,  i s  d e s i r a b l e  t o  ensure i t s  d u r a b i l i t y .  To 

e v a l u a t e  t h e  s i g n i f i c a n c e  o f  t h i s  f l e x i b i l i t y ,  two models (one rep re -  

s e n t i n g  t h e  t r a c t o r - s e m i  t r a i l e r  and one t h e  pup t r a i l e r )  were 1  i n k e d  

t o g e t h e r  by a  t o r s i o n a l  s p r i n g  w i t h  back lash and a v a r i a b l e  s p r i n g  

r a t e .  The back lash and r a t e  were v a r i e d  t o  determine t h e  1  i m i t s  on 

h i t c h  f l e x i  b i  1  i t y  a t  wh ich  d e t r i m e n t a l  i n f l  uence on r o l  l o v e r  th resh01 d  

occu r red .  The s tudy conc luded t h a t  h i t c h  p r o p e r t i e s  were n o t  

c r i t i c a l  a t  r o l l  ang les  o f  a  few degrees ( i  . e m ,  some rubber  mount ing  

i s  accep tab le )  as l o n g  as the  h i t c h  develops a t  l e a s t  t h r e e  m i l l i o n  

inch-pounds o f  r o l l  t o r q u e  a t  a  f i v e  degree d i f f e r e n c e  i n  r o l l  ang le  

between the semi t r a i  1  e r  and do1 l y  frames. 

L a s t l y ,  t h e  e f f e c t s  on t h e  r o l l o v e r  t h r e s h o l d  due t o  l i q u i d  

s l o s h  i n  p a r t i a l l y  loaded tanks  was i n v e s t i g a t e d  t o  determine the  

e x t e n t  t o  wh ich  s l o s h  may compromise t h e  r o l l  s t a b i l i t y  o f  t h e  double-  

bo t tom t a n k e r .  F i g u r e  3.9, taken f rom St randberg  [ 8  ], i l l u s t r a t e s  

t h e  i n f l u e n c e  o f  s l o s h  on the r o l l o v e r  t h r e s h o l d  o f  a  t a n k e r  w i t h  an 

unba f f l ed  c y l i n d r i c a l  t ank .  Fo r  a  s o l i d  l oad ,  t h e  t h r e s h o l d  decreases 



c 
I- . 
L 

Liq . Load-Dynami c Maneuver 
aJ > 
0 

0 25 5 0 75 100 
Percent Liquid Load 

c- 

Figure 3.9. Influence of l iquid slosh on rollover threshold, 
from Strandberg [ 8 1. 

with increasing load in proportion t o  the increase in center of 

gravity height. Liquid loads in steady-state turns decrease the 

threshold in a nonlinear fashion due t o  la tera l  s h i f t  of the center 

of gravity. The most detrimental i nfl uence, however, occurs with 

dynamic maneuvers such as the lane change in which l iquid oscil la- 

tions occur a n d  substantial ly reduce the rollover threshold to values 

even less t h a n  t h a t  of the ful ly-loaded vehicle. Assigning quantita- 

t ive  values to the influence of partial load sloshing on the performance 

1 imi t s  of the typical Michigan double-bottom tanker i s  d i f f i cu l t  

without an extensive research program because of the strong dependence 

on the specif ics of t a n k  shape, 1 iquid level , vehicle, and maneuver. 

Nevertheless, such a program would 1 ikely resul t  in similar observa- 

tions of a range of load conditions a t  which rollover threshold was 

even less  than that  of the fully-loaded vehicle. In l igh t  of t h i s  

f a c t ,  i t  i s  clear tha t  part ial  loading practices should be 



d iscouraged u n t i l  such t i m e  t h a t  a p p r o p r i a t e  l o a d i n g  1  i m i  t s  can be 

e s t a b l i s h e d  o r  e f f e c t i v e  b a f f l i n g  systems can be developed. 

3 .4  The V e h i c l e  T e s t  Proqram 

A  f u l l - s c a l e  v e h i c l e  t e s t  program was conducted as p a r t  o f  

t h i s  s tudy .  The t e s t  program extended o v e r  a  two-and-one-half-week 

p e r i o d ,  and took  p l a c e  a t  t h e  C h r y s l e r  C o r p o r a t i o n  P r o v i n g  Grounds 

i n  Chelsea, Mich igan.  T e s t i n g  was d i r e c t e d  and performed e n t i r e l y  

by I n s t i t u t e  personnel  . 
The t e s t  v e h i c l e  which was used was t y p i c a l  o f  t h e  l a r g e s t  

v a r i c t , y  o f  the  M lch igan  double-bot tom t a n k e r ,  The power u n i t  was 

a  s h o r t  wheelbase, t h r e e - a x l e ,  GMC, cab-over -eng ine highway t r a c t o r .  

T h i s  u n i t  p u l l e d  a  t h r e e - a x l e  semi tanke r  and a  f i v e - a x l e  ( two on 

t h e  d o l l y  and t h r e e  on t h e  t r a i l e r )  pup, bo th  produced by Fruehauf 

C o r p o r a t i  on. Bo th  t r a i l e r s  were c o n s t r u c t e d  w i t h  t h r e e  tank  

compartments i n  each t r a i  1  e r  p r o v i d i n g  f o r  t o t a l  c a p a c i t i e s  o f  

9,300 g a l l o n s  on t h e  semi t r a i l e r  and 7,700 g a l l o n s  on  t h e  pup t r a i l e r .  

The v e h i c l e  underwent e x t e n s i v e  p r e p a r a t i o n  p r i o r  t o  t e s t i n g .  

Most o b v i o u s l y ,  t h e  o u t r i g g e r  assembl ies seen a t t a c h e d  t o  the  

t r a i l e r s  i n  F i g u r e  3.10 were c o n s t r u c t e d  and i n s t a l l e d .  These 

dev ices  p e r m i t t e d  t e s t s  t o  be conducted a t  maneuvering l e v e l s  which 

would n o r m a l l y  have r e s u l t e d  i n  r o l l o v e r .  W i t h  the  o u t r i g g e r s  i n  

p lace ,  however, t h e  v e h i c l e  remains u p r i g h t  and t h e  sa fe ty  o f  t e s t  

personnel  and equipment i s  n o t  t h rea tened .  A s  an a d d i t i o n a l  p r e -  

c a u t i o n ,  f o u r - p o i n t  shou lde r  harnesses were i n s t a l  1  ed f o r  d r i v e r  

and passenger p r o t e c t i o n .  

S p e c i a l  m o d i f i c a t i o n s  were made w i t h i n  t h e  tanks  t o  a l l o w  f o r  

p roper  l o a d i n g .  As no ted  above, t h e  semi- and pup t r a i l e r s  have 

c a p a c i t i e s  o f  9,300 and 7,700 g a l l o n s .  When these tanks  a r e  loaded 

w i t h  gaso l i ne ,  t he  r e s u l t i n g  t o t a l  v e h i c l e  we igh t  i s  152,000 pounds, 

d i s t r i b u t e d  among t h e  v a r i o u s  a x l e s ,  as shown i n  F i g u r e  3.11. For 
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obv ious reasons o f  s a f e t y ,  i t  was d e s i r a b l e  t o  use wa te r  r a t h e r  

t h a n  g a s o l i n e  i n  these t e s t s .  S ince  water  i s  about  34% denser than  

gas01 i n e ,  however, t h e  use o f  wa te r  as a  t e s t  l o a d  r e q u i r e d  t h a t  

t ank  c a p a c i t y  be a1 t e r e d  by i n s t a l l i n g  seve ra l  sea led  a i r  chambers 

i n s i d e  t h e  t r a i l e r  t anks .  These chambers were l o c a t e d  so t h a t  w i t h  

t h e  smal l  c e n t e r  compartment i n  each t r a i l e r  l e f t  empty, t h e  o t h e r  

compartments o f  each tank  c o u l d  be f i l l e d  w i t h  water ,  t hus  s a t i s f y i n g  

t h e  f o l l o w i n g  c o n d i t i o n s :  

a )  The p roper  t o t a l  we igh t  and a x l e  we igh t  d i s t r i b u t i o n  

would be ach ieved 

b )  Center  o f  g r a v i t y  h e i g h t  would be l i k e  t h a t  o f  a  

f u l l  l o a d  o f  g a s o l i n e  

c )  No excess f r e e  space would be p r e s e n t  i n  any compart- 

ment, t he reby  p r e v e n t i n g  f l u i d  s l o s h i n g .  

The v e h i c l e  was a l s o  equipped w i t h  a  s p e c i a l  s t e e r i n g  wheel. 

T h i s  wheel was f i t t e d  w i t h  two a d j u s t a b l e  s tops  wh ich  c o u l d  1  i m i  t 

s t e e r i n g  wheel mo t ion  t o  the  d e s i r e d  amount i n  e i t h e r  d i r e c t i o n .  

The mechanical  s tops were h e l p f u l  i n  a s s i s t i n g  t h e  t e s t  d r i v e r  i n  

accompl i s h i n g  t h e  des i  r e d  s t e e r i n g  i n p u t .  

The v e h i c l e  was a1 so equipped w i t h  i n s t r u m e n t s  p r o v i d i n g  

measurements o f  t e n  d i f f e r e n t  v a r i a b l e s ,  v i z .  : 

s t e e r i n g  wheel ang le  

f o r w a r d  speed 

t r a c t o r  1  a t e r a l  a c c e l e r a t i o n  

t r a i  1  e r *  l a t e r a l  acce l  e r a t i o n  

t r a c t o r  yaw r a t e  

t r a i  l e r *  yaw r a t e  

t r a i l e r *  r o l l  ang le  

f i f t h - w h e e l  ( t r a c t o r l s e m i  t r a i l  e r )  yaw a r t i c u l a t i o n  ang le  

p i n t l e  hook ( s e m i t r a i l e r l d o l l y )  yaw a r t i c u l a t i o n  ang le  

t u r n - t a b l e  (do1 l y l p u p  t r a i l e r )  yaw a r t i c u l a t i o n  ang le  

* I n  t h e  m a j o r i t y  o f  t e s t s  the  " t r a i l e r "  was the  pup t r a i l e r .  I n  some 
t e s t s ,  p a r t i c u l a r l y  those o f  t h e  s i n g l e  t r a i l e r  v e h i c l e ,  these 
i n s t r u m e n t s  were moved t o  t h e  s e m i t r a i l e r .  



D u r i n g  t e s t i n g ,  r e c o r d i n g s  o f  t h e  behav ior  o f  a l l  these v a r i a b l e s  

were made u s i n g  pen c h a r t  r e c o r d e r s  l o c a t e d  i n  t h e  cab o f  t h e  

t r a c t o r ,  as  shown i n  F i g u r e  3.12. L a t e r ,  these r e c o r d i n g s  c o u l d  

be c l o s e l y  examined i n  t h e  data  r e d u c t i o n  process.  

One t e s t  v e h i c l e  was used i n  t h i s  program. T h i s  v e h i c l e ,  

however, was t e s t e d  i n  d i f f e r i n g  c o n f i g u r a t i o n s  i n  o r d e r  t o  g a i n  

t e s t  da ta  on seve ra l  c lasses  o f  v e h i c l e s .  The v e h i c l e  was t e s t e d  i n  

t h r e e  b a s i c  c o n f i g u r a t i o n s ,  v i z . :  

1 ) The base1 i n e  11 -ax le  M ich igan  doub le  t a n k e r ,  

2 )  The s h o r t  M ich igan  s i n g l e .  The t r a c t o r - s e m i  t r a i l e r  

which r e s u l t s  when t h e  pup t r a i l e r  i s  removed from 

the 11 -ax1 e  Mich i  gan double.  

3) The modi f i e d  ( o r  r e t r o f i t t e d )  Mich igan double bottom. 

These t h r e e  v e h i c l e s  r e p r e s e n t  t h e  p resen t  Mich igan double-bot tom 

t a n k e r  and i t s  two p r imary  rep lacement  cand idates  f o r  t h e  near  

term. 

The rnod i f i  c a t i o n s  i n c l u d e d  i n  the  t h i r d  v e h i c l e  above were 

t h r e e f o l  d .  They were : 

1 )  a  m o d i f i e d  h i t c h  mechanism between t h e  semi t r a i l e r  

and t h e  d o l l y  o f  t h e  pup t r a i l e r ,  

2 )  r e d u c t i o n  o f  lash,  o r  f r e e  p l a y ,  i n  t h e  s p r i n g  

elements o f  t he  t r a i l e r  suspension, and 

3 )  removal o f  t h e  c e n t e r  a x l e  o f  t h e  pup t r a i l e r .  

The s tandard  h i t c h  between t h e  s e m i t r a i l e r  and d o l l y  i s  t h e  

t h r e e - p o i n t  t ype  shown i n  F igu re  3.13. As i l l u s t r a t e d  i n  F i g u r e  

3.14, t h i s  h i t c h  a l l o w s  r o t a t i o n a l  freedom i n  a l l  t h r e e  d i r e c t i o n s ,  

i .e . , yaw ( s t e e r i n g )  , p i t c h ,  and r o l l .  

The m o d i f i e d  h i t c h ,  shown i n  F i g u r e  3.15, i s  a  f o u r - p o i n t  

h i t c h .  Th is  h i t c h  i s  r i g i d ,  r a t h e r  than  f r e e ,  i n  yaw and r o l l .  











W i t h  t h i s  h i t c h ,  t h e  d o l l y  t i r e s  remain  a1 i g n e d  w i t h  t hose  o f  t h e  

s e m i t r a i l e r  ( F i g u r e  3 ,16) ,  and t h e  r o l l  a c t i o n  of b o t h  t r a i l e r s  i s  

coup1 ed t o g e t h e r .  

I n  p r a c t i c e ,  t h e  m o d i f i e d  h i t c h  i s  connected t o  b o t h  t h e  

s e m i t r a i l e r  and d o l l y  i n  much t h e  same way t h a t  t h e  s t a n d a r d  h i t c h  

i s  p r e s e n t l y  connected t o  t he  d o l l y .  That  i s ,  c o n i c a l  rubbe r  bush- 

i n g s  and s t e e l  p i n s  a re  used t o  make t h e  connect ion ,  as shown i n  

F igu re  3.17. 

The second m o d i f i c a t i o n  reduced the  l a s h ,  o r  f r e e  p lay ,  i n  t h e  

t r a i l e r  suspens ions .  As shown i n  F i g u r e  3.18, t he  ends o f  t h e  l e a f  

s p r i n g s  used i n  t h e  t r a i l e r  suspensions r e s t  i n  b r a c k e t s  f i x e d  t o  

t h e  v e h i c l e ' s  frame. These b r a c k e t s  a l l o w  a  g r e a t  deal  of f r e e  

p l a y *  (abou t  1  112 i n . )  when t h e  s p r i n g  passes f rom t e n s i o n  t o  

compression. To reduce t h i s  f r e e  p l a y ,  ho les  were d r i l l e d  and b o l t s  

were added t o  t h e  s p r i n g  hangers, as shown i n  t h e  f i g u r e .  

As t h e  t h i r d  m o d i f i c a t i o n ,  t h e  c e n t e r  a x l e  o f  t h e  pup t r a i l e r  

( i  .e., t h e  f o r w a r d  a x l e  o f  t h e  rearmost  t h r e e - a x l e  s e t )  was "removed." 

Fo r  t e s t  purposes, t h e  whole a x l e  was n o t  a c t u a l l y  removed; r a t h e r ,  

t h e  t i r e s  and wheels were taken o f f ,  and t h e  i n t e r - a x l e  l o a d  l e v e l e r  

was b locked  as necessary.  

These t h r e e  v e h i c l e s  were t e s t e d ,  i n  b o t h  empty and loaded 

c o n d i t i o n s ,  u s i n g  t h r e e  p r imary  t e s t  maneuvers. These were 

1  ) s teady-s t a  t e  , cons t a n  t r a d i  us t u r n  

2 )  "pu l se "  s t e e r  

3 )  l a n e  change, o r  s i n u s o i d a l  s t e e r .  

The n a t u r e  o f  t h e  s t e e r i n g  i n p u t  and r e s u l t i n g  v e h i c l e  p a t h  f o r  each 

o f  these t e s t s  i s  shown i n  F i g u r e  3.19. The s t e e r i n g  i n p u t s  were 

accompl ished manua l l y  by t h e  d r i v e r  w i t h  t h e  a i d  o f  t h e  mechanical  

s tops  on t h e  s t e e r i n g  wheel.  

*This f r e e  p l a y  i s  comp le te l y  i n s i g n i f i c a n t  d u r i n g  v i r t u a l l y  a1 1  
o p e r a t i o n  o f  t h e  v e h i c l e  excep t  d u r i n g  t h e  b r i e f  t ime  i n t e r v a l  
o f  an u n s t a b l e  r o l l  mo t i on .  
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The data  d e r i v e d  f rom t e s t i n g  worc! used f o r  two purposes.  The 

p r imary  purpose was t o  examine t h e  1  i m i  t performance c a p a b i l  i t y  o f  

t h e  v a r i o u s  t e s t  v e h i c l e s .  The second purpose was t o  compare data  

ga the red  near  t h e  l i m i t  and a t  l o w e r  l e v e l s  w i t h  e a r l i e r  a n a l y t i c a l  

p r e d i c t i o n s  o f  v e h i c l e  performance i n  o r d e r  t o  v a l i d a t e  these 

p r e d i  c t i o n s  . 
L i m i t  performance comparisons were based p r i m a r i l y  on t h e  

lane-change t e s t  maneuver. I n  t h i s  case, t h e  " l i m i t "  was d e f i n e d  as 

t h e  occu r rence  o f  o u t r i g g e r  touch-down. ( W i t h  t h e  o u t r i g g e r s  

p r o p e r l y  a d j u s t e d  f o r  h e i g h t ,  t h i s  c o n d i t i o n  v i r t u a l  l y  corresponds 

t o  t h e  r o l l o v e r  l i m i t  o f  t he  v e h i c l e  w i t h o u t  o u t r i g g e r s  . )  I n  t h i s  

c o n t e x t ,  t he  t e s t  program showed t h e  f o l l o w i n g :  

*The basc l  i n c  1 1 - a x l e  M ich igan  doub le-bot tom has an 

u n u s u a l l y  low 1 i m i  t maneuvering capabi 1  i t y .  

*The s h o r t  M ich igan  s i n g l e  tanke r  has a  maneuvering 

l i m i t  o f  app rox ima te l y  t w i c e  t h a t  o f  t he  base1 i n e  

double-bot tom. 

*The modi f i e d  double t a n k e r  a1 so has a  maneuvering 

l i m i t  o f  app rox ima te l y  t w i c e  t h a t  o f  t h e  b a s e l i n e  

double-bot tom. Thus t h e  s h o r t  s i n g l e  and t h e  m o d i f i e d  

double a r e  comparable i n  t h i s  r e s p e c t .  

The improvement i n  t h e  performance 1  i r n i  t o f  t h e  m o d i f i e d  

double d e r i v e s  f rom j u s t  two ( t h e  h i t c h  and s p r i n g  l a s h  m o d i f i c a -  

t i o n s )  o f  t h e  t h r e e  m o d i f i c a t i o n s  t e s t e d .  D u r i n g  the  t e s t i n g ,  t h e  

t h r e e  m o d i f i c a t i o n s  were made s u c c e s s i v e l y .  F i r s t ,  t h e  m o d i f i e d  

h i t c h  was i n s t a l l e d .  Tests  showed t h a t  t h i s  change accounted f o r  

t h e  b u l k  o f  t h e  improvement. Then, w i t h  t h e  m o d i f i e d  h i t c h  s t i l l  

i n  p lace ,  hardware t o  reduce s p r i n g  l a s h  was i n s t a l l e d ,  and an 

a d d i t i o n a l  improvement on the  o r d e r  o f  10% was observed.*  When t h e  

*The o r i g i n a l  s p r i n g  l a s h  averaged approx ima te l y  1  112 inches.  
M o d i f i c a t i o n s  made i n  t h i s  program reduced t h i s  l a s h  by about  
50%. Presumably, g r e a t e r  r e d u c t i o n  w i l l  produce more improve- 
ment. Lash va l  wes o f  114 i n c h  appear d e s i r a b l e .  
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c e n t e r  a x l e  o f  t he  pup was removed, i n  a d d i t i o n  t o  the  f i r s t  two 

modi f i  c a t  ions ,  no f u r t h e r  improvement was noted.  * 
A sma l l ,  a d d i t i o n a l  p o r t i o n  o f  t h e  t e s t  program examined o f f -  

t r a c k i n g  and 1  ow speed maneuverabi 1  i t y  . Simp1 e  o f f - t r a c k i  ng t e s t s  

were accompl ished a t  t h e  t e s t  t r a c k .  More s i g n i f i c a n t  t e s t s  were 

accompl ished a t  f i v e  s e r v i c e  s t a t i o n  l o c a t i o n s  about  Ann Arbor,  

Mich igan.  I n  these t e s t s ,  a  contemporary double-bot tom tanker ,  a  

m o d i f i e d  double-bot tom tanker ,  and a  conven t iona l  s i  ng l  e  bot tom 

( i  .e . ,  t h e  t a n k e r  commonly used i n  o t h e r  s t a t e s ,  n o t  t he  "Mich igan 

s i n g l e " )  were maneuvered through t h e  s t a t i o n s  as they  wou ld  be i n  

d e l i v e r i n g  f u e l  . A1 1  these  t r i a l s  were made by  one p r o f e s s i o n a l  

t a n k e r  d r i v e r .  The r e s u l t s  i n d i c a t e d  t h a t  t h e  two doub le-bot tom 

u n i t s  were n e a r l y  i d e n t i c a l  i n  maneuverabi 1  i t y  ( t h e  contemporary 

u n i t  b e i n g  s l i g h t l y  b e t t e r )  and t h a t  b o t h  were s u b s t a n t i a l l y  more 

maneuvera b l  e  than t h e  conven t iona l  s i  ng l  e  t a n k e r .  

3 .5  The F i e l d  Survey Task 

A separa te  t a s k  o f  t h i s  p r o j e c t  i n v o l v e d  t h e  conduct  of  a  

f i e l d  survey t o  determine how l a r g e  g a s o l i n e  and o i l  t a n k e r s  a r e  

a c t u a l  l y  used on M ich igan  roads.  The survey addressed t h e  genera l  - 
i z e d  ques t ion ,  "What k inds  o f  v e h i c l e s  a r e  c a r r y i n g  what p roduc ts  on 

what k i n d s  o f  roads a t  what t imes o f  day?" 

Wi th  t h e  a s s i s t a n c e  o f  da ta  p rov ided  by t h e  M ich igan  Energy 

A d m i n i s t r a t i o n ,  a l i s t  o f  t h e  65 p i p e l i n e ,  marine, and r e f i n e r y  

t e r m i n a l s  i n  M ich igan  was compi led  a long  w i t h  t h e i r  es t ima ted  d i s t r i -  

b u t i o n  o f  gas01 i n e  i n  1976. Four teen o f  these t e r m i n a l s  were s e l e c t e d  

by a  c o n t r o l  1  ed probab i  1  i t y  procedure,  e i g h t  i n  Wayne County and s i x  

i n  t h e  o u t s t a t e  areas.  These t e r m i n a l s  were then  v i s i t e d  on one 

randomly s e l e c t e d  day d u r i n g  t h e  p e r i o d  February  6 t o  March 14, 1978. 

Up t o  f i v e  d r i v e r s  were i n t e r v i e w e d  a t  each t e r m i n a l  t o  o b t a i n  

*We remain  conv inced t h a t  l e n g t h e n i n g  the  wheelbase o f  t h e  pup 
t r a i l e r  has a  s t a b i l  i z i n g  i n f l  uence. However, t h i s  s p e c i f i c  modi-  
f i c a t i o n  n o t  o n l y  lengthens wheelbase, b u t  a1 so removes t i r e s  f rom 
t h e  r e a r  suspension of  t he  v e h i c l e .  I t  appears t h a t  n o n l i n e a r  
e f f e c t s  o f  i n c r e a s i n g  l o a d  on t h e  rema in ing  t i r e s  se rve  t o  coun te r -  
a c t  any improvement ga ined by i n c r e a s i n g  wheelbase. 



i n f o r m a t i o n  d e s c r i b i n g  t h e  v e h i c l e  and a l l  t r i p s  made by t h a t  

v e h i c l e  on t h e  sample d a t e .  The dates  were ass igned so t h a t  two 

t e r m i n a l s  were c o n t a c t e d  on each o f  t h e  seven days o f  t h e  week. 

I n f o r m a t i o n  was c o l l e c t e d  on 68 v e h i c l e s  which made 245 t r i p s  on 

t h e  sample dates,  an average o f  3.6 t r i p s  pe r  v e h i c l e .  The average 

number o f  t r i p s  pe r  v e h i c l e  a t  t h e  Wayne County t e r m i n a l s  was 4.3; 

a  c o n s i d e r a b l y  l a r g e r  number than  t h e  2.7 average a t  t h e  o u t s t a t e  

t e r m i n a l s .  T h i s  d i f f e r e n c e  i s  e x p l a i n e d  by t h e  f a c t  t h a t  t h e  Wayne 

County v e h i c l e s  tended t o  t r a v e l  s h o r t e r  d i s t a n c e s  per  t r i p  and 

because t h e y  were much more 1  i k e l y  t o  be used on a  doub le  s h i f t ,  

w i t h  two d r i v e r s  i n  one day. 

Among t h e  68 v e h i c l e s  counted: 

1 ) 15 were double-bot tom t a n k e r s  ( o n l y  3 i n  Wayne 

County, h a u l i n g  f u e l  o i l ) ,  

2 )  21 were s h o r t  M ich igan  s i n g l e s  ( 1 9  i n  Wayne County) ,  and 

3 )  32 were s i n g l e  t a n k e r s  o f  o t h e r  d e s c r i p t i o n s .  

Beyond these t h r e e  genera l  types,  a  g r e a t  v a r i e t y  o f  c o n f i g u r a t i o n s  

were found i n  terms o f  numbers o f  a x l e s  on t h e  t r a c t o r s  and t r a i l e r s  

and t h e  number and s i z e  o f  t h e  v a r i o u s  compartments o f  t h e  t r a i l e r s .  

I n  a l l ,  t h e r e  were 44 d i f f e r e n t  c o n f i g u r a t i o n s  o f  t hese  v a r i a b l e s  

among t h e  68 surveyed v e h i c l e s ,  w i t h  t h e  l a r g e s t  number o f  v e h i c l e s  

i n  any one c o n f i g u r a t i o n  be ing  s i x  ( t h a t  i s ,  t h e  s h o r t  Mich igan 

s i n g l e  w i t h  a  three-compartment t a n k ) .  The c a p a c i t i e s  o f  t h e  

surveyed v e h i c l e s  ranged from 5,700 g a l  l o n s  t o  17,000 g a l l o n s .  

I n  terms o f  m i l e s ,  t h e  average round t r i p  f r o m  o u t s t a t e  t e r -  

m ina l  s  was 74 m i l e s ,  w h i l e  t h e  average round t r i p  f rom Wayne County 

t e r m i n a l s  was 43 m i l e s .  As would be expected, these m i l e s  were 

a lmos t  e q u a l l y  d i v i d e d  between d r i v i n g  loaded and d r i v i n g  empty. 

More than  t h r e e - f i f t h s  o f  t h e  loaded m i leage  f o r  t r i p s  f rom Wayne 

County t e r m i n a l s  was on urban freeways, and a lmos t  one -quar te r  was 

on o t h e r  urban roads .  For t h e  loaded m i leage  on t r i p s  f rom o u t s t a t e  



t e r m i n a l s  t w o - f i f t h s  was on r u r a l  f reeways and more than  h a l f  was 

on o t h e r  r u r a l  roads.  I n  r e g a r d  t o  t i m e  of  day, t h e  most common 

t i m e  f o r  t a n k e r s  t o  be d r i v i n g  loaded was f rom 6-9 a.m. f o l l o w e d  by 

t h e  9-12 a.m. p e r i o d .  O f  course,  t h e  t i m e  o f  day d u r i n g  wh ich  

t a n k e r s  r u n  loaded i s  spread o u t  more f o r  t w o - s h i f t  v e h i c l e s  than  

f o r  o n e - s h i f t  v e h i c l e s ,  and t h e  c o n c e n t r a t i o n  i n  t h e  morning hours 

was t h e r e f o r e  g r e a t e r  f o r  t r i p s  f rom t h e  o u t s t a t e  t e r m i n a l s  than  f o r  

t r i p s  f rom t h e  Wayne County t e r m i n a l s .  Almost  a l l  f i r s t - s h i f t  and 

s i n g l e - s h i f t  d r i v e r s  r e p o r t e d  beg inn ing  work b e f o r e  7:00 a.m. and 

10-hour o r  l o n g e r  days were r e p o r t e d  by a lmost  a l l  d r i v e r s ,  many f o r  

f i v e  o r  even s i x  days a  week. 

I n  r e g a r d  t o  p roduc ts  c a r r i e d ,  205 o f  t h e  245 t r i p s  i n v o l v e d  

gas01 i n e  o n l y ,  37 i n v o l v e d  f u e l  o r  d i e s e l  o i l  o n l y ,  and t h e r e  were 

t h r e e  t r i p s  on  wh ich  b o t h  t ypes  o f  pe t ro leum p roduc ts  were c a r r i e d .  

Presumably, f ue l  o i l  t r i p s  would be even l e s s  common d u r i n g  o t h e r  

p e r i o d s  o f  t h e  y e a r .  There were a l s o  o n l y  13 t r i p s  i n  wh ich  f u e l  was 

unloaded a t  each o f  two d i f f e r e n t  d e s t i n a t i o n s  ( a l l  gas s t a t i o n s ) .  

There were no t r i p s  w i t h  more than two d e s t i n a t i o n s .  I t  i s  c l e a r  

t h a t  s i n g l e - d e s t i n a t i o n  t r i p s  a r e  t h e  genera l  r u l e ,  even when t h e  

t r i p  r e q u i r e s  t h a t  t h e  t a n k e r  be o n l y  p a r t i a l l y  f i l l e d  because i t s  

t ank  c a p a c i t y  i s  g r e a t e r  t han  t h e  q u a n t i t y  o f  t h e  reques ted  cons ign-  

ment. I t  was found t h a t  about  30% o f  t h e  t r i p s  i n v o l v e d  incomp le te  

f i l l i n g  w i t h i n  one o r  more compartments a t  t h e  t e r m i n a l ,  and f o u r  

o t h e r  t a n k e r s  t r a v e l e d  f rom a  f i r s t  d e s t i n a t i o n  t o  a  second d e s t i n a -  

t i o n  w i t h  c e r t a i n  compartments p a r t i a l l y  f i l l e d .  Most o f  t hese  

p a r t i a l l y  loaded compartments were between 20% and 90% f u l l ,  a  range 

w i t h  a  p o t e n t i a l  f o r  s i g n i f i c a n t  s l o s h  e f f e c t  on  t h e  s t a b i l i t y  o f  

t h e  t a n k e r .  About o n e - s i x t h  o f  t h e  t r i p s  i n v o l v e d  a  s i g n i f i c a n t  s l o s h  

p o t e n t i a l  i n  more than  one compartment. I n  a d d i t i o n ,  t h e r e  were a  

number o f  t r i p s  i n  wh ich  one o r  more compartments were c o m p l e t e l y  

empty, a  c o n d i t i o n  wh ich  a l s o  may a f f e c t  v e h i c l e  s t a b i l i t y ,  depending 

upon t h e  l o c a t i o n s  o f  t h e  empty and f u l l  compartments. 



A more d e t a i l e d  r e p o r t  on t h e  methods and f i nd i ngs  o f  t he  

f i e l d  survey i s  i n  Appendix D, a long w i t h  copies o f  t he  f o u r  survey 

forms which were used. 





4.0 CONCLUSIONS 

Based upon t h e  a n a l y s i s ,  t e s t i n g ,  and survey tasks  o f  t h i s  

s tudy  and upon a p p l i c a t i o n  of t h e  s t a t e  o f  knowledge on t h e  dynamics 

o f  heavy veh ic les ,  we conclude t h e  f o l l o w i n g :  

1  ) The base1 i n e  double-bot tom tanke r  i s  excep t iona l  l y  l ow  

i n  dynamic r o l  l o v e r  s t a b i  1  i ty, p a r t i c u l a r l y  i n  acc iden t -evas ion  t y p e  

maneuvers. 

2 )  The s p e c i f i c  t y p e  o f  i n s t a b i l i t y  wh ich  has been i d e n t i -  

f i e d  p robab ly  accounts f o r  a  preponderance o f  t h e  a c c i d e n t s  i n  wh ich  

t h e  pup t r a i l e r  r o l l  ed o v e r  a lone,  1  eav ing t h e  t r a c t o r - s e m i  t r a i  l e r  

s t i l l  s tand ing .  (Seven o u t  of 13 r o l l o v e r  acc iden ts  reco rded  i n  

t h e  D e t r o i t  a rea were o f  t h i s  t y p e . )  

3 )  The b a s e l i n e  doub le  can be m o d i f i e d  t o  y i e l d  a  two fo ld  

improvement i n  i t s  r o l  l o v e r  s t a b i  1  i t y  1  eve1 . Such an improvement 

can be a t t a i n e d  by i n s t a l l i n g ,  between t h e  d o l l y  and s e m i t r a i l e r ,  a  

h i t c h  wh ich  i s  r i g i d  i n  b o t h  t h e  s t e e r  and r o l l  d i r e c t i o n s  and by 

i n s t a l  1  i n g  dev i ces  i n  t h e  suspensions t o  e l i m i n a t e  excess i ve  c l e a r -  

ance i n  t h e  l e a f  s p r i n g  c o n s t r a i n t s .  

4 )  The m o d i f i e d  doubl  e- bo t tom t a n k e r  e x h i b i t s  a  r o l l  o v e r  

s t a b i l i t y  l e v e l  wh ich  i s  comparable t o  t h a t  o f  t h e  s h o r t  Mich igan 

s i n g l e  t a n k e r .  (The " s h o r t  s i n g l e "  i s  t h a t  t ra .c tor -semi  t r a i l e r  u n i t  

wh ich  remains when t h e  pup t r a i l e r  i s  removed f r o m  a  doub les  t r a i n . )  

5 )  The m o d i f i e d  doub le  has s l  i g h t l y  1  ess maneuverabi l  i t y  

than  t h e  b a s e l i n e  double,  a1 though s t i l l  r e q u i r i n g  much l e s s  space 

t o  maneuver t h a n  any o f  t h e  l o n g  wheel base s i n g l e s .  

6 )  The pup t r a i l e r  o f  t h e  b a s e l i n e  doub le  has a  1  i g h t l y -  

damped mode o f  yaw o s c i l l a t i o n  which can become u n s t a b l e  i f  o n l y  

t h e  r e a r  compartment o f  t h e  pup t r a i l e r  i s  loaded and t h e  v e h i c l e  

speed exceeds 50 mph. (One r e c e n t  r o l l o v e r  a c c i d e n t  can be a t t r i b u t e d  

t o  t h i s  i n s t a b i l i t y . )  



7 )  Opera t i on  o f  f u e l  t anke rs  w i t h  any compartments o n l y  

p a r t i a l l y  f i l l e d  r i s k s  a  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 .  

8 )  F i e l d  survey r e s u l t s  show t h a t  t anke rs  t r a n s p o r t i n g  f u e l  

i n  M ich igan  f r e q u e n t l y  o p e r a t e  w i t h  p a r t i a l  l o a d i n g .  

9 )  V i r t u a l l y  a l l  c u r r e n t  doub le  and s i n g l e  t r a i l e r  combina- 

t i o n s  of  any k i n d ,  and perhaps many s t r a i g h t  t r u c k s  as w e l l ,  i n c o r -  

p o r a t e  a  suspension f e a t u r e  which, though t r a d i t i o n a l l y  d i s regarded  

as  harmless, can reduce t h e  dynamic r o l l o v e r  t h r e s h o l d  by as much as  

152. T h i s  fea tu re , *  i n v o l v i n g  f r e e  p l a y  i n  t h e  v e r t i c a l  l o c a t i o n  

o f  suspension l e a f  sp r ings ,  can be a lmost  e l i m i n a t e d  w i t h  a  minor  

m o d i f i c a t i o n .  

10 )  The d e l i v e r y  o f  f u e l  u s i n g  s h o r t  M ich igan  s i n g l e  tanke rs  

p robab ly  y i e l d s  t h e  h i g h e s t  exposure o f  t h e  t r a f f i c  system t o  f i r e  

hazard o f  a l l  known f l e e t  o p t i o n s  ( e x c l u d i n g  t h e  unmodi f ied  doub le-  

bot tom t a n k e r ) .  

11 ) The d e l i v e r y  o f  f u e l  u s i n g  c o n v e n t i o n a l  9,000-gal l o n  

s i n g l e  tanke rs  may y i e l d  an exposure t o  f i r e  hazard which i s  equal 

t o  o r  somewhat g r e a t e r  t han  t h a t  o f  m o d i f i e d  doubl e-bo t t om t a n k e r s  

and l a r g e  s i n g l e  t a n k e r s .  

*Note t h a t  t h i s  c o n c l u s i o n  a t t a c h e s  a  broader  s i g n i f i c a n c e  t o  one 
of t h e  mechanisms which  c o n t r i b u t e d  t o  t h e  l o w  r o l l o v e r  s t a b i l i t y  
o f  doub le-bot tom tanke rs .  The s i g n i f i c a n c e  i s  t h a t  v i r t u a l l y  a l l  
heavy r o a d  v e h i c l e s  i n  t h e  n a t i o n  a r e  suspected o f  s u f f e r i n g  f r o m  
t h i s  compromising f e a t u r e .  



5,O RECOMMENDATIONS 

- - --- 

1 . The t y p e  o f  t anke rs  rep resen ted  by t h e  base1 i ne doub le  

i n v e s t i g a t e d  i n  t h i s  p r o j e c t  shou ld  n o t  be p e r m i t t e d  t o  ope ra te  on 

t h e  Mich igan highway system f o r  reasons o f  pub1 i c  s a f e t y .  

Discuss i o n  

The base1 i n e  double used i n  t h i s  p r o j e c t  i s  cons idered rep re -  

s e n t a t  i v e  o f  a  t y p e  o f  t r a c t o r - s e m i  t r a i  1  e r - f u l  1 t r a i  l e r  tanker*  

wh ich  may be c h a r a c t e r i z e d  by a  c a p a c i t y  near 17,000 g a l l o n s  ( a p p r o x i -  

ma te l y  150,000 1  bs gross v e h i c l e  w e i g h t ) ,  designed t o  ope ra te  w i t h i n  
# 

a  nominal 5 5 - f o o t  1  ength law, and consequent ly  hav ing o v e r a l l  t r a i l e r  

h e i g h t s  i n  t h e  range o f  150-160 inches .  The f i n d i f l g s  o f  t h i s  pro-  

j e c t  can be summarized w i t h o u t  r e s e r v a t i o n  by the  s ta tement  t h a t  

doub le  tanke rs  i n  t h i s  group e x h i b i t  a  l e v e l  o f  s t a b i l i t y  which i s  

i n s u f f i c i e n t  f o r  s a f e  highway o p e r a t i o n .  The s a f e t y  i ssues  r e l a t i n g  

t o  s t a b i l i t y  a r e  o f  such a  s e r i o u s  n a t u r e  as t o  m e r i t  removal o f  

these v e h i c l e s  f rom t h e  highway. 

2 .  I n  the  s h o r t  term, we recommend t h a t  t anke rs  o f  t h e  base- 

1  i n e  doub le  t y p e  be m o d i f i e d  t o  improve t h e i r  s t a b i l i t y  t o  t h e  l e v e l  

demonstrated i n  t h i s  p r o j e c t .  

Discuss i o n  

We see t h a t  an i n t e r i m  p e r i o d  w i  11 p r e v a i l  between o u r  c u r r e n t  

s i t u a t i o n ,  w i t h  unmodi f ied  doubles s t i l l  i n  se rv i ce ,  and a  f u t u r e  

d a t e  a t  wh ich  advancements i n  tanke r  des ign  may m a t e r i a l i z e  t o  improve 

t r a f f i c  s a f e t y .  Dur ing  t h i s  i n t e r i m ,  i t  appears t h a t  m o d i f i e d  double-  

bot tom tankers  o f  t h e  b a s e l i n e  t y p e  w i l l  o f f e r  an o v e r a l l  s a f e t y  

performance which  competes we1 1  a g a i n s t  o t h e r  e x i s t i n g  a1 t e r n a t i v e  

v e h i c l  es. 

*The double tanker ,  as r e t r o f i t t e d  i n  t h i s  study,  i s  a  t ype  o f  
t r a c t o r - s e m i t r a i l  e r - s e r n i t r a i  l e r  v e h i c l e .  
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3 .  I n  t h e  s h o r t  term, we recommend t h a t  doub le  tankers ,  

o t h e r  t h a n  t h e  b a s e l i n e  c o n f i g u r a t i o n  o f  t h i s  study,  be m o d i f i e d  

t o  ach ieve  a t  l e a s t  t h e  s t a b i l i t y  l e v e l  o f  t h e  m o d i f i e d  b a s e l i n e  

t a n k e r  o f  t h i s  s tudy .  

D i  scuss i o n  

We r e c o g n i z e  t h a t  f o r  o u r  recommendations t o  be u s e f u l ,  t hey  

must g e n e r a l i z e  t o  i n c l  ude doub le-bot tom tanke rs  o t h e r  than t h e  

s p e c i f i c  b a s e l i n e  v e h i c l e  of t h i s  s tudy.  We have separa ted t h i s  

recommendation f rom t h e  above, however, t o  emphasize t h a t  i t  i s  made 

on t h e  b a s i s  o f  o u r  b e s t  eng ineer ing  judgment, r a t h e r  than on 

s p e c i f i c ,  hard  f i n d i n g s  as o b t a i n e d  i n  t h i s  s tudy .  

I t  would appear t h a t  v i r t u a l l y  a l l  o t h e r  doub le-bot tom tanke rs  

commonly used t o  haul  f u e l  i n  Mich igan ( i  .e., 1 0 - a x l e  ve rs ions ,  e t c . )  

c o u l d  be rendered a t  l e a s t  as s t a b l e  as  t h e  mod i f i ed  doub le  o f  t h i s  

s t u d y  th rough  t h e  d i r e c t  appl  i c a t i o n  of t h e  two c i t e d  m o d i f i c a t i o n s .  

T h i s  e x p e c t a t i o n  i s  based on t h e  p r o p o s i t i o n s  t h a t :  ( 1 )  t h e  11 -ax le  

doub le  s t u d i e d  h e r e i n  p robab ly  beg ins  as t h e  l e a s t  s t a b l e  o f  t h e  

many v a r i e t i e s  o f  doub le  tanke rs  i n  common use i n  M ich igan  ( e s p e c i a l l y  

because of  i t s  h i g h  c e n t e r  o f  g r a v i t y  and s h o r t  e f f e c t i v e  wheel base 

o f  t h e  pup t r a i l e r ) ,  and ( 2 )  t h e  m o d i f i c a t i o n  techn iques can be 

expected t o  have g e n e r a l l y  t h e  same e f f e c t  on a l l  these doub le  

combi n a t i o n s .  

4. We recommend t h a t  w ide use of t h e  s h o r t  M ich igan  s i n g l e  

be discouraged,  if n o t  prevented.  

D i s c u s s i o n  

Given o t h e r  t r a n s p o r t a t i o n  o p t i o n s  wh ich  have come t o  l i g h t ,  

namely, t h e  m o d i f i e d  double,  t h e r e  appears no r a t i o n a l  b a s i s ,  f r o m  

a s a f e t y  p o i n t  o f  view, f o r  s u p p o r t i n g  t h e  genera l  use o f  t h e  s h o r t  

M ich igan  s i n g l e .  When comparing v e h i c l e s  on an i n d i v i d u a l  bas is ,  

t h e  s h o r t  s i n g l e  and t h e  m o d i f i e d  doub le  r e p r e s e n t  n e a r l y  i d e n t i c a l  

s t a b i l  i t y  1  i m i  t s .  However, c o n s i d e r a t i o n s  o f  a c c i d e n t  exposure 

c l e a r l y  l e a d  t o  t h e  c o n c l u s i o n  t h a t  a  f l e e t  o f  m o d i f i e d  doub les  i s  

much more f a v o r a b l e  than  a  f l e e t  o f  s h o r t  s i n g l e s .  



The b a s e l i n e  m o d i f i e d  doub le  has a  t o t a l  p roduc t  volume 

c a p a c i t y  wh ich  exceeds t h a t  o f  t h e  s h o r t  s i n g l e  by abou t  83%. Thus, 

t o  accompl ish  t h e  same p roduc t  d e l i v e r y  task ,  a  f l e e t  o f  s i n g l e s  

would n e c e s s a r i l y  have t o  t r a v e l  app rox ima te l y  83% more m i l e s  than 

a  f l e e t  o f  m o d i f i e d  doubles.  I t  f o l l o w s  t h a t  t h e  genera l  highway 

s a f e t y  r i s k  presented by t h e  f l e e t  o f  s h o r t  s i n g l e s  would be g r e a t e r  

than t h a t  o f  a  f l e e t  o f  m o d i f i e d  doubles by  app rox ima te l y  t h e  same 

percentage.  

- - - - -- - 

5 .  P a r t i a l  l o a d i n g  o f  a l l  t anke rs  should be d iscouraged,  

e s p e c i a l l y  p a r t i a l  f i  11 i n g  o f  i n d i v i d u a l  compartments o r  l o a d i n g  

o f  o n l y  rearward  pup compartments. 

D i scuss ion  

P a r t i a l  l o a d i n g  shou ld  be cons idered i n  two d i s t i n c t  group- 

ings ,  v i z . :  

1  ) l o a d i n g  c o n d i t i o n s  i n  wh ich  i n d i v i d u a l  compartments 

a r e  p a r t i a l l y  f i l l e d  wh ich  a l l o w s  l i q u i d  s l o s h i n g  t o  

occur, and 

2 )  l o a d i n g  c o n d i t i o n s  i n  wh ich  some compartments a r e  

f i l l e d  and o t h e r s  a r e  empty wh ich  r e s u l t s  i n  f o r e / a f t  

s h i f t s  o f  t h e  v e h i c l e ' s  c e n t e r  o f  g r a v i t y .  

Cons ide r ing  t h e  f i r s t  c o n d i t i o n :  

Genera l l y  speaking, p a r t i a l  l o a d i n g  o f  i n d i v i d u a l  compartments 

downgrades t h e  r o l l o v e r  s t a b i l i t y  o f  t h e  tanke r  r e l a t i v e  t o  i t s  

s t a b i l i t y  a t  f u l l  l o a d  because o f  t h e  l i q u i d  s l o s h i n g  e f f e c t .  Of 

course, when t h e  p a r t i a l  l o a d  i s  s u f f i c i e n t l y  small  (say, l e s s  than  

25%) r o l l o v e r  s t a b i l  i t y  can bel b e t t e r  t han  i t  i s  a t  f u l l  l o a d .  How- 

ever ,  i n  o t h e r  l o a d  ranges (25%-80%) t h e  deg rada t i on  i n  r o l l o v e r  

s t a b i l i t y  can be r a t h e r  severe.  Thus i t  appears prudent  t o  g e n e r a l l y  

d i scou rage  any p a r t i a l  1  oad ing  o f  i n d i  v idua 1  compartments. 



W i t h  rega rd  t o  t h e  second c o n d i t i o n :  

As a  genera l  r u l e  o f  thumb, moving a  v e h i c l e ' s  cen te r  o f  

g r a v i t y  rea rward  tends t o  degrade i t s  d i r e c t i o n a l  ( s t e e r i n g )  

s t a b i l i t y .  I n  t h e  s p e c i f i c  case o f  t h e  b a s e l i n e  doub le  tanker ,  t h e  

c o n d i t i o n  i n  wh ich  t h e  rearward compartment(s) o f  t h e  pup t r a i l e r  

a r e  loaded, w h i l e  o t h e r  fo rward  pup compartment(s)  a r e  empty, i s  

a  s e v e r e l y  hazardous c o n d i t i o n .  I n  t h i s  c o n d i t i o n ,  t h e  pup may 

demonstrate an uns tab le ,  o s c i l l a t i n g  yaw response a t  speeds above 

50 mph. That  i s ,  above 50 mph, t h e  pup may sway back and f o r t h  i n  

an ever  i n c r e a s i n g  manner u n t i l  r o l l o v e r  occurs,  even though t h e  

t r a c t o r  i s  s i m p l y  t r a v e l i n g  on a  s t r a i g h t  course.  

Thus, t h e  un load ing  o f  rea rward  compartments f i r s t  shou ld  

be encouraged. 

T 

6.  An i n - s e r v i c e  t r i a l  shou ld  be conducted f o r  a l l  v e h i c l e  

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

takes p l a c e .  

D iscuss ion  

We recogn ize  t h a t  t h i s  recommendation may n o t  be e a s i l y  

irnpl emented through ru lemak i  ng a c t i o n ,  b u t  r a t h e r  may be addressed 

th rough  t h e  i n i t i a t i v e  and c o o p e r a t i o n  of t h e  v e h i c l e  manufac tur ing  

and t r u c k  t r a n s p o r t  i n d u s t r i e s .  

The purpose o f  an i n - s e r v i c e  t r i a l  i s  t o  i n s u r e  t h a t  proposed 

m o d i f i c a t i o n s  ( 1 )  be p laced under t h e  s c r u t i n y  o f  v e h i c l e  manu- 

, f a c t u r e r s  who a r e  s k i l l e d  i n  assess ing s t r u c t u r a l  i n t e g r i t y  of 

v e h i c l e s  i n  a c t u a l  se rv i ce ,  ( 2 )  p r o v i d e  t h e  d e s i r e d  b r a k i n g  and 

hand l i ng  c h a r a c t e r i s t i c s  under a1 1  o f  t h e  myr iad  c o n d i t i o n s  wh ich  

a r e  encountered, and ( 3 )  do n o t  undu ly  h i n d e r  t h e  t r a n s p o r t a t i o n  

m i s s i o n  o f  t h e  v e h i c l e .  

C l e a r l y ,  t h i s  recommendation rep resen ts  a  c o n s e r v a t i v e  approach 

toward implement ing  t h e  v e h i c l e  m o d i f i c a t i o n s  developed i n  t h i s  s t u d y .  



It  i s  suggested as a  w ise  s tep,  n o t  because o f  concerns over  the  

qenera l  v a l i d i t y  o f  t h e  f i n d i n g s  o f  t h i s  study,  b u t  i n  t h e  r e c o g n i -  

t i o n  t h a t  t h e  r e a l  o p e r a t i n g  environment o f f e r s  t h e  f i n a l  b a s i s  o f  

proof--such p r o o f  i s  b e s t  e s t a b l i s h e d  u s i n g  a  few v e h i c l e s  under 

c l o s e  o b s e r v a t i o n  r a t h e r  than a  whole f l e e t  runn ing  w i t h o u t  any 

c o n s t r a i n t .  

7. Any p o l i c i e s  which e f f e c t  a  change i n  t h e  makeup o f  t h e  

t a n k e r  f l e e t  t r a n s p o r t i n g  f u e l  i n  Mich igan shou ld  account  f o r  changes 

i n  t h e  t o t a l  exposure o f  t h e  t r a f f i c  system t o  f i r e  hazard. 

Di scuss i  on .- 

Tanker f i r e s  a r e  known t o  occur  i n  b o t h  r o l l o v e r  and non- 

r o l l  ove r  acc iden ts .  Veh ic les  a r e  genera l  l y  expected t o  be i n v o l v e d  

i n  non- ro l  l o v e r  acc iden ts  s i m p l y  i n  p r o p o r t i o n  t o  t h e i r  numbers 

i n  s e r v i c e .  Thus, t anke rs  e x i s t i n g  i n  g r e a t e r  numbers w i l l  be 

i nvol  ved i n  g r e a t e r  numbers o f  non- ro l  1  ove r  r e 1  a ted  f i r e s .  Tanker 

f i r e s  i n v o l v i n g  r o l l o v e r  can be expected t o  occur  i n  p r o p o r t i o n  t o  

t h e  number o f  v e h i c l e s  i n  se rv i ce ,  as a d j u s t e d  by t h e  r e l a t i v e  

r o l l o v e r  s t a  b i l  i t y  o f  t h e  v e h i c l e  types i n v o l v e d .  Examinat ion o f  

these r e 1  a  ti onships i n d i  ca tes  t h a t  t anke rs  o f  1  a r g e r  c a r r y i n g  

c a p a c i t i e s ,  i m p l y i n g  a  s m a l l e r  number needed i n  se rv i ce ,  c o n t r i b u t e  

a  b e n e f i t  wh ich  i s  o f  comparable importance t o  t h e  b e n e f i t s  o f  r o l  l -  

o v e r  s t a b i l  i ty .  Acco rd ing l y ,  pol  i c i e s  i n tended  t o  reduce f i r e  

hazards need t o  a p p r o p r i a t e l y  cons ide r  b o t h  t h e  number and r o l l  over  

s t a b i l  i t y  o f  tankers  i n  s e r v i c e .  

8. F u t u r e  research  i n t o  (1 ) optimum tanke r  des ign,  ( 2 )  t h e  

i n f l u e n c e  o f  road use laws on commercial v e h i c l e  des ign,  and ( 3 )  

t h e  dynamic p r o p e r t i e s  o f  doub les  used t o  t r a n s p o r t  v a r i o u s  non- 

hazardous cargos s  houl d  be performed. 

Discuss i o n  

As imp1 i e d  b y  t h e  n a t u r e  o f  t h i s  recommendation, t h e r e  a r e  

a  number o f  t o p i c s  o f  p e r t i n e n t  i n t e r e s t  wh ich  were n o t  addressed 



i n  t h l s  ad hoc s tudy.  Th is  recommendation s e l e c t s  t h r e e  areas i n  

wh ich  t h e  methods, models, and exper ience gained i n  t h i s  s tudy 

p r o v i d e  a  f o u n d a t i o n  f o r  f u t u r e  research.  

F i r s t ,  w i t h  rega rd  t o  "optimum" tanke r  designs,  we c e r t a i n l y  

do n o t  b e l i e v e  t h a t  t he  mod i f i ed  b a s e l i n e  doub le  i s  n e c e s s a r i l y  

t h e  b e s t  v e h i c l e  t h a t  can be developed i n  t h e  l o n g  term. Indeed, 

t h e  r e s u l  t s  o f  t h i s  s tudy  i n d i c a t e  t h a t  cons ide rab le  improvement i n  

the  d i r e c t i o n a l  and r o l l o v e r  performance o f  t anke r  v e h i c l e s  can be 

made. We see t h a t  t anke r  des igns have r e c e n t l y  emerged, n o t a b l y  

i n  Canada, o f f e r i n g  many of t h e  f e a t u r e s  which o u r  i n v e s t i g a t i o n  has 

shown t o  be i n  f a v o r  o f  s t a b i l i t y  and o v e r a l l  sa fe ty  performance. 

I n  a broad v iew o f  t h e  d e s i g n  a l t e r n a t i v e s  t h a t  e x i s t ,  t h e r e  i s  

s t r o n g  reason t o  b e l i e v e  t h a t  some t ype  o f  double t r a i l e r  v e h i c l e  

may h o l d  t h e  broadest  number of advantages as an op t im ized  c o n f i g u r a  

t i o n  f o r  t r a n s p o r t i n g  1  i q u i d  cargo.  

I n  deve lop ing  new commercial v e h i c l e s ,  road use laws a r e  an 

i m p o r t a n t  c o n s i d e r a t i o n  i n f l  uencing t h e  f i n a l  des ign  o f  a  v e h i c l e .  

The e x i s t i n g  road  use laws i n  Mich igan have undoubted ly  c o n t r i b u t e d  

t o  t h e  des ign  of v e h i c l e s  wh ich  a r e  un ique t o  t h e  S t a t e  of Mich igan.  

Given c o n s t r a i n t s  on t h e  l e n g t h  and w i d t h  o f  a  v e h i c l e ,  and t h e  

maximum a l l o w a b l e  l o a d  on v a r i o u s  ax les ,  t h e  b a s i c  des ign  o f  a  

v e h i c l e  t o  p r o v i d e  maximum pay1 oad c a p a c i t y  i s  1  a r g e l y  determined.  

There remains o n l y  the  number and l o c a t i o n  o f  a r t i c u l a t i o n  j o i n t s  t o  

be decided on t h e  b a s i s  o f  t h e  m a n e u v e r a b i l i t y  needed t o  d e l i v e r  t h e  

p roduc t .  Accord ing ly ,  the i m p l i c a t i o n s  o f  road  use laws on v e h i c l e  

des ign need t o  be tho rough ly  examined. 

The s tudy o f  road  use laws should be approached f rom two 

d i r e c t i o n s .  F i r s t l y ,  o f  course, a1 lowable  v e h i c l e  l o a d i n g  must be 

w i t h i n  t h e  p r a c t i c a l  1  i m i t s  needed t o  p r o t e c t  roadways and b r i d g e s .  

These concerns have formed t h e  b a s i s  f o r  e x i s t i n g  road  use laws i n  

M i  c h i  gan and e l  sewhere. 



I t  now seems i m p e r a t i v e ,  however, t h a t  the  road  use law shou ld  

e f f e c t  c o n s t r a i n t s  on v e h i c l e  des ign  i n  t h e  l i g h t  o f  t h e  connect ion  

between v e h i c l e  des ign  and s a f e t y ,  as we1 1. T h i s  i s  a  newer approach 

which  acknowledges t h a t  n o t  a1 1  v e h i c l e  des igns a re  e q u a l l y  " sa fe "  

even when t h e  hardware i s  unworn and i n  " p e r f e c t "  c o n d i t i o n .  More- 

over ,  t o  l a y  the  groundwork f o r  an improved road use law, a  number 

o f  roadway, v e h i c l e ,  and o t h e r  c o n s i d e r a t i o n s  should be addressed i n  

f u t u r e  research  i n v e s t i g a t i o n s .  

F i n a l l y ,  t h e  r e s u l t s  of t h i s  s tudy  draw ou r  a t t e n t i o n  t o  t h e  

f a c t  t h a t  double-bot tom v e h i c l e s  a r e  used e x t e n s i v e l y  t o  haul cargo 

o t h e r  than l i q u i d  f u e l s  i n  Mich igan.  For example, doubles a r e  used 

t o  haul d r y g o o d s ,  g rave l ,  m i l k ,  and o t h e r  commodit ies. I t  i s  

poss i  b l e  t h a t  some o f  these v e h i c l e s  have dynamic p r o p e r t i e s  s im i  1 a r  

t o  the  base1 i n e  doub le  tanke r  i n v e s t i g a t e d  i n  t h i s  s tudy .  I n  t h e  

i n t e r e s t  o f  highway s a f e t y ,  i t  seems w ise  t o  use and extend t h e  

methods developed i n  t h i s  program t o  s tudy t h e  dynamic c h a r a c t e r i s t i c s  

o f  a1 1  c u r r e n t l y  used doubl e-bot tom v e h i c l e s .  
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