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EXECUTIVE SUMMARY 

This r e p o r t  p r e s e n t s  r e s u l t s  o f  a  s t u d y  of c ryogen ic  t a n k e r  r o l l  

s t a b i l i t y  conducted by t h e  Highway S a f e t y  Research I n s t i t u t e  (HSRI) of 

The U n i v e r s i t y  of Michigan. The s t u d y  sought  t o  e v a l u a t e  t h e  r o l l  

s t a b i l i t y  of t h e  c u r r e n t  f l e e t  of t a n k e r s  opera ted  by t h e  Linde D i v i s i o n  

of t h e  Union Carbide  Corpora t ion  and t o  determine t h e  s a f e t y  payoff 

d e r i v i n g  from v a r i o u s  d e s i g n  changes. 

Methods 

The primary i n v e s t i g a t i v e  t o o l  used f o r  e v a l u a t i n g  t h e  r o l l  

s t a b i l i t y  of d i f f e r i n g  v e h i c l e  t y p e s  was a  computerized s i m u l a t i o n .  

Th is  s i m u l a t i o n  model has  been p r e v i o u s l y  shown t o  a c c u r a t e l y  p r e d i c t  

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

s i m u l a t i o n  r e q u i r e s  t h a t  i n p u t  d a t a  be provided d e s c r i b i n g  t h e  geometr ic  

l a y o u t  of t h e  v e h i c l e ,  t h e  mass of v a r i o u s  e lements ,  and t h e  mechanical  

p r o p e r t i e s  of t h e  t i r e s ,  suspens ions ,  and coup l ing  mechanisms. These d a t a  

were ob ta ined  i n  t h i s  s t u d y  d i r e c t l y  from e n g i n e e r i n g  drawings ,  by use  of 

e x i s t i n g  "comparable" d a t a  a v a i l a b l e  a t  HSRI, and through l a b o r a t o r y  

measurement. 

A l l  suspens ion  d a t a  were measured d i r e c t l y  on f o u r  of L i n d e ' s  

t r a c t o r  suspens ions  and t h r e e  t r a i l e r  suspens ions  us ing  a  s p e c i a l  l abora -  

t o r y  machine. A d d i t i o n a l l y ,  a  s e t  of t r a c t o r - s e m i t r a i l e r  combinations was 

employed i n  measuring t h e  looseness  e x i s t i n g  i n  f i f t h  wheel coup l ings .  

The computer program employed here  r e p r e s e n t s  a l l  of t h e  major mechanisms 

which HSRI r e s e a r c h  h a s  shown t o  i n f l u e n c e  t h e  r o l l  s t a b i l i t y  of t r a c t o r -  

s e m i t r a i l e r s .  Th i s  s i m u l a t i o n  was developed w i t h  t h e  a i d  of e x t e n s i v e  

l a b o r a t o r y  measurements on commercial v e h i c l e  suspens ions ,  t i r e s ,  f rame,  

and coupl ing e lements  i n  o r d e r  t o  determine t h e  p roper  behavior  of t h e  

r e s p e c t i v e  components. The s i m u l a t i o n ' s  a b i l i t y  t o  p r e d i c t  t h e  a b s o l u t e  

l e v e l  of t h e  so -ca l l ed  " r o l l o v e r  th resho ld"  rendered i t  e s p e c i a l l y  u s e f u l  

f o r  t h i s  s t u d y .  The " r o l l o v e r  th resho ld"  i s  expressed i n  u n i t s  of "g" 



describing the maximum to le rab le  l eve l  of l a t e r a l  accelera t ion beyond 

which the  vehic le  r o l l s  over.  Computer simulations were run f i r s t  to 

evaluate the range of ro l lover  thresholds resu l t i cg  from a l l  the possible 

combinations of Linde t r a c to r s  and t r a i l e r  types. The computed r e s u l t s  

serve t o  describe the s t a b i l i t y  l e v e l  of the exis t ing f l e e t .  Subsequently, 

various candidate design changes were input to  the  simulation, so t ha t  

prospective fu tu re  improvements i n  s t a b i l i t y  could be evaluated. 

An accident r a t e  predict ion method was used to  r e l a t e  the inherent 

roll  s t a b i l i t y  of individual  vehic le  types t o  t he i r  l i ke ly  r a t e  of r o l l -  

over accident  involvement i n  se rv ice .  This basic scheme was "calibrated" 

to  r e f l e c t  the  ac tua l  rol lover record of the  Linde f l e e t  over the l a s t  

f i v e  years.  Having been ca l ib ra ted ,  the  method i s  able t o  predic t  the 

nominal r a t e  of ro l lovers  occurring per 100 mill ion miles of service  f o r  

each type of vehicle.  

Results 

Shown below i s  a char t  of the projected r a t e  of ro l lovers  per 100 

mil l ion miles of t r ave l  fo r  each of four basic types of cryogenic tankers 

i n  the f l e e t .  The chart  shows, f o r  each type of tank vehic le ,  values 

3EI+ .RPLLOYER. RATES .-. C U R R E N T .  F.LEET. 
n 

. . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . .  (Best) 

. . . . .  
. . . .  
. . . .  

Helium Hydrogen Nitrogen O ~ Y  gen 

Range of predicted rol lover  r a t e s  resu l t ing  from range of 
current  suspension designs. 



represent ing  the  worst and bes t  combinations of t r a c t o r  and t r a i l e r  

suspensions cu r r en t ly  i n  use. Thus, f o r  example, Linde 's  Helium tankers  

a r e  pred ic ted  t o  experience from 2 1  t o  26.5 ro l love r s  per 100 mi l l ion  

miles  of t r a v e l ,  depending upon the  suspensions i n s t a l l e d  on each t r a c t o r  

and s e m i t r a i l e r .  

Cer ta in  design changes i n  t he  vehic le  were a l s o  considered a s  

poss ib le  means of improving r o l l  s t a b i l i t y .  Three items were i d e n t i f i e d  

a s  o f f e r i n g  minimal (one percent  o r  l e s s )  improvement i n  s t a b i l i t y ,  

namely ( a )  reduced l e v e l  of looseness  i n  f i f t h  wheel coupl ing,  (b) reduced 

height  of f i f t h  wheel mounting on t r a c t o r ,  ( c )  v a r i a t i o n  i n  t i r e  carcass  

cons t ruc t ion .  The two parameters which a r e  known t o  have t h e  g r e a t e s t  

i n f luence  on r o l l  s t a b i l i t y  a r e  the  height of the cen te r  of g rav i ty  and 

the  ou t s ide  width ac ros s  t h e  t i r e s .  The f i g u r e  below p resen t s  ro l love r  

r a t e  pro jec t ions  r e s u l t i n g  from simulat ions of c.g.  height  and width 

v a r i a t i o n s  on an Oxygen tanker .  Each of the  v a r i a t i o n  condit ions repre- 

sen ted  a t  the  r i g h t  of t h e  base l ine  case a l s o  incorpora tes  t he  "best" of 

the  suspension i n s t a l l a t i o n s  f o r  t h i s  tanker .  

;$YGEN. TRA I.LEP. 0ESI.Gt.I. CHANGES . . 
. . . . . .  . . . . . . . . . . .  

- 2" C.G. Height keductions 
0 . .  . . . . . . . . . . . . . . . .  

Basel ine 96" Width 102" Width 

Reductions i n  r o l l o v e r  r a t e  achievable by means of 
design changes. 



A s  shown i n  the  f i g u r e ,  c .g .  height  reduct ions were considered i n  

two-inch increments. It was found t h a t  f o r  each two-inch reduct ion,  the  

projected ro l love r  r a t e  decl ined by approximately f i v e  percent  of the 

base l ine  r a t e .  When the  t rack  width measured across  the  tandem suspensions 

of both t r a c t o r  and s e m i t r a i l e r  i s  widened from the s tandard 96 inches t o  

102 inches,  t he  ro l love r  r a t e  reduces by an add i t i ona l  20 percent  of the  

base l ine  r a t e .  

I n  summary, the study has revealed the  following: 

a )  The cur ren t  Linde f l e e t  i s  low i n  r o l l  s t a b i l i t y  compared 

t o  t r ac to r - semi t r a i l e r s  i n  common f r e i g h t  s e rv i ce  i n  the 

U.S. (Rollover thresholds f o r  the cur ren t  Linde f l e e t  a r e  

seen t o  range from - 2 6  to  - 3 6  g's.  By way of c o n t r a s t ,  

MC 306 gasol ine tankers  i n  t h e  U.S. show ro l love r  thresholds 

around .32 g ' s  and t r ac to r - semi t r a i l e r s  i n  general  f r e i g h t  

s e rv i ce  a r e  estimated t o  r e g i s t e r  " typ ica l"  values around 

.37 g.) 

b) The Linde f l e e t  i s  cu r ren t ly  su f f e r ing  a  high incidence of 

ro l love r  (on the order  of 20 ro l love r s  per 100 mi l l i on  

vehic le  miles compared t o  a  U.S. average ( for  t r ac to r -  

s e m i t r a i l e r s  hauling general  f r e i g h t )  which i s  approximately 

s i x )  . 

c )  The ro l love r  r a t e  can be reduced by 20 percent  simply by 

using the  most favorable  of the  cur ren t ly-ava i lab le  

suspensions. 

d)  Another 25-percent reduct ion i n  the ro l love r  r a t e  can be 

obtained by lowering the  tank center  of g rav i ty  by 10 

inches.  

e)  An add i t i ona l  20-percent reduct ion i s  achievable,  if and 

when new l e g i s l a t i o n  permits ,  by widening the  veh ic l e  

t r a c k  from the  cur ren t ly- lega l  width of 96 inches t o  the 

expected fu tu re  allowance of 102 inches.  



Recommendations 

On t h e  b a s i s  of t h i s  s t u d y ,  and upon HSRI's unders tanding of t h e  

Linde t r a n s p o r t a t i o n  o p e r a t i o n ,  i t  i s  recommended t h a t  Linde t a k e  t h e  

fo l lowing  a c t i o n :  

1 )  Adopt a p r a c t i c e  of p rocur ing  o n l y  t h o s e  suspens ions  

which maximize v e h i c l e  r o l l  s t a b i l i t y .  (The t e x t  of 

t h e  r e p o r t  p r e s e n t s  a s p e c i f i c  performance c r i t e r i o n  t o  

be a p p l i e d . )  

2 )  Assure t h a t  t h e  h e i g h t  of t h e  f i f t h  wheel p l a t e  on Linde 

t r a c t o r s  is n o t  above a v a l u e  of 49 i n c h e s ,  when a 

loaded t r a i l e r  is a t t a c h e d .  

3)  Explore  t h e  d e s i g n  f l e x i b i l i t y  of Linde t ank  t r a i l e r s  

t o  determine whether  t h e  convent ional ly-shaped t ank  

v e s s e l s  can be c r a d l e d  lower i n  t h e  sub-f rame/suspension 

assembly.  (Each two-inch r e d u c t i o n  lowers  r o l l o v e r  

i n c i d e n c e  by f i v e  p e r c e n t . )  

4 )  Determine whether  d ramat ic  r e d u c t i o n s  i n  t a n k  c . g .  

h e i g h t  ( i . e . ,  on t h e  o r d e r  of 1 0  i n c h e s  o r  g r e a t e r )  can 

be p r a c t i c a b l y  achieved through wholesa le  r e d e s i g n  of 

t h e  t a n k  l a y o u t .  

5 )  Prov ide  encouragement f o r  Congress ional  approva l  of an 

i n c r e a s e  i n  t h e  a l l o w a b l e  t r u c k  wid th  from 96 inches  t o  

102 inches-at l e a s t  f o r  t h e  sake of c a r r i e r s  h a u l i n g .  

hazardous commodities, i f  no t  f o r  g e n e r a l  t r u c k i n g .  I f  

a 102-inch a l lowance i s  g r a n t e d ,  Linde should h a s t e n  t o  

app ly  i t  on t h e  tandem suspens ions  of b o t h  t r a c t o r s  and 

s e m i t r a i l e r s .  

6) For  t h e  long term, suppor t  t h e  development of a t i l t  

t a b l e  d e v i c e ,  such a s  ske tched  on t h e  fo l lowing  page,  

f o r  d i r e c t l y  measuring t h e  o v e r a l l  r o l l  s t a b i l i t y  of 



assembled  v e h i c l e  combina t ions .  Such a  d e v i c e  would 

be t h e  b e s t  means f o r  L inde  t o  s c r e e n  newly-developed 

t r a c t o r s  and t r a i l e r s  f o r  r o l l  s t a b i l i t y .  Such sc reen -  

i n g ,  o v e r  time, w i l l  m o t i v a t e  t he  heavy v e h i c l e  i n d u s t r y  

t o  develop  more r o l l - s t a b l e  p r o d u c t s .  

The tilt. 
rollover 
loaded I 



INTRODUCTION 

This  document is  t h e  f i n a l  r e p o r t  of t h e  Highway S a f e t y  Research 

I n s t i t u t e  (HSRI) of The U n i v e r s i t y  of Yichigan on a  r e s e a r c h  s t u d y  pro- 

c u r r e d  by t h e  Union Carbide  Corporat ion under P.O. #131-423003-4 CN#l. 

The p r o j e c t  has  involved a  s t u d y  of t h e  r o l l  s t a b i l i t y  of cryogenic  t a n k e r s  

such a s  a r e  o p e r a t e d  by t h e  Linde D i v i s i o n  of Union Carbide.  

The p r o j e c t  grows o u t  of Union c a r b i d e ' s  d e s i r e  t o  improve t h e  

s a f e t y  of i t s  t a n k e r  o p e r a t i o n s ,  e s p e c i a l l y  i n  regard  t o  minimizing t h e  

occur rence  of r o l l o v e r .  With an  average of seven t o  e i g h t  t a n k e r  r o l l -  

o v e r s  i n  t h e  Linde f l e e t  each y e a r ,  t h e r e  has  a r i s e n  an  i n t e r e s t  i n  

examining t h e  b a s i c  s t a b i l i t y  of t h e s e  v e h i c l e s  t o  determine whether 

s a f e t y  improvements can be made. To t h i s  end,  t h e  s t u d y  has pursued t h r e e  

o b j e c t i v e s ,  namely, 

1 )  To o b t a i n ,  through computerized s i m u l a t i o n ,  v a l u e s  of 

r o l l o v e r  t h r e s h o l d  c h a r a c t e r i z i n g  a l l  of t h e  b a s i c  

t r a c t o r - s e m i t r a i l e r  types  opera ted  by t h e  Linde 

D i v i s i o n  i n  t r a n s p o r t i n g  c ryogen ic  l i q u i d s .  

2 )  To employ t h e  r o l l o v e r  t h r e s h o l d  i n f o r m a t i o n ,  t o g e t h e r  

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

involvement r a t e ,  p e r  v e h i c l e  m i l e ,  of each o f  t h e  

v e h i c l e  t y p e s  i n  t h e  f l e e t .  

3 )  To i l l u s t r a t e  t h e  approximate l e v e l  of r e d u c t i o n  i n  

t h e  r o l l o v e r  r a t e s  which might be achieved i n  t h e  

f u t u r e  through changes i n  v e h i c l e  d e s i g n .  

The r e s e a r c h  e f f o r t  has  involved d i r e c t  l a b o r a t o r y  measurements 

on Linde t r a c t o r s  and s e m i t r a i l e r s ,  and computerized s i m u l a t i o n  of t h e  

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

The s t u d y  has  cons idered  n o t  on ly  t h e  v a r i o u s  t a n k e r  c o n f i g u r a t i o n s  which 

c a r r y  a l t e r n a t i v e  c ryogen ic  p r o d u c t s ,  b u t  a l s o  t h e  v a r i a t i o n s  i n  s e l e c -  

t i o n  of t r a i l e r  and t r a c t o r  suspens ions .  F u r t h e r ,  f u t u r e  changes i n  

v e h i c l e  des ign  p r o p e r t i e s  were cons idered  a s  means t o  improve t h e  r o l l  

s t a b i l i t y  of v e h i c l e  combinations.  



This l i n e  of r e s e a r c h  r e p r e s e n t s  an a p p l i c a t i o n  of c e r t a i n  

methodologies which have been developed a t  HSRI i n  r e c e n t  y e a r s .  ' i i l e  

t h e  main eng ineer ing  t o o l s  used h e r e  c o n s t i t u t e  t h e  measurement and simu- 

l a t i o n  i t ems  c i t e d  above, t h e  key i t em enab l ing  a  p r o j e c t i o n  of r o l l o v e r  

involvement d e r i v e s  from a  s t u d y  of a  sample of n a t i o n a l  a c c i d e n t  d a t a .  

Using d a t a  ga thered  from r e g u l a t e d  c a r r i e r s  by t h e  Federa l  Bureau of 

Motor C a r r i e r  S a f e t y  (BMCS), it has  been p o s s i b l e  t o  r e l a t e  t h e  i n h e r e n t  

r o l l  s t a b i l i t y  of a  g iven t r a c t o r - s e m i t r a i l e r  t o  t h e  l i k e l y  involvement 

of t h a t  v e h i c l e  i n  r o l l o v e r  a c c i d e n t s .  Thus, w i t h  t h e  e v a l u a t i o n  of t h e  

nominal r o l l  s t a b i l i t y  l e v e l  of ~ i n d e  ' s v e h i c l e s ,  t h e  r o l l o v e r  involvement 

r a t e s  could  be p r o j e c t e d .  

This r e p o r t  p rov ides ,  f i r s t l y ,  an  overview of t h e  t e c h n i c a l  a s p e c t s  

of t h e  i n v e s t i g a t i o n ,  i n  S e c t i o n  2.0. The r e s u l t s  of t h e  computer-aided 

a n a l y s i s  of v e h i c l e  r o l l  s t a b i l i t y  l e v e l  a r e  p resen ted  i n  S e c t i o n  3.0. 

The r e s u l t s  a r e  c a t e g o r i z e d  a s  fo l lows :  

- t h e  r o l l  s t a b i l i t y  l e v e l s  e x h i b i t e d  by t h e  e x i s t i n g  f l e e t  

(Sec t ion  3.1) 

- t h e  improvements i n  r o l l  s t a b i l i t y  l e v e l  a c h i e v a b l e  through 

changes i n  v e h i c l e  d e s i g n  (Sec t ion  3.2) 

-a p r o j e c t i o n  of t h e  r o l l o v e r  involvement r a t e s  p e r t a i n i n g  

t o  bo th  t h e  e x i s t i n g  and p o s s i b l e  f u t u r e  v e h i c l e  con- 

f i g u r a t i o n s  (Sec t ion  3.3) 

Conclusions and recommendations a r e  p resen ted  i n  S e c t i o n  4 .0 .  



TECHNICAL DISCUSSION OF METHODS 

I n  t h i s  s e c t i o n ,  t h e  i n v e s t i g a t i v e  methods w i l l  be desc r ibed  and 

t h e  r e s u l t s  of d i r e c t  v e h i c l e  measurements w i l l  be p resen ted .  Vehicle  

measurements included t h e  use  of a  l a b o r a t o r y  f a c i l i t y  f o r  c h a r a c t e r i z i n g  

suspension parameters  a s  needed f o r  computer s i m u l a t i o n .  Also,  a  sample 

of t r a c t o r s  and cryogenic  t a n k e r s  was examined f o r  measurement of t h e  

l a s h  space e x i s t i n g  between t h e  t r a c t o r  f i f t h  wheel and t h e  t r a i l e r  

coupl ing p l a t e .  

Measurements of suspension p r o p e r t i e s  and f i f th-wheel  l a s h  were 

combined w i t h  o t h e r  v e h i c l e  parameters  which were e i t h e r  measured, 

e s t i m a t e d ,  o r  ob ta ined  from eng ineer ing  drawings.  Parameter s e t s  were 

thus  assembled f o r  use  i n  s i m u l a t i n g  each t r a c t o r - s e m i t r a i l e r  combination.  

The parameter s e t s  a r e  d i scussed  below and t h e  s i m u l a t i o n  model i s  

desc r ibed .  

2 . 1  Suspension Measurements 

To o b t a i n  t h e  parameters  necessa ry  f o r  a c c u r a t e  r e p r e s e n t a t i o n  of 

t h e  v e h i c l e  suspension system i n  a  mathematical  model, f o u r  t r a c t o r  and 

t h r e e  t r a i l e r  suspensions  were t e s t e d  on t h e  HSRI tandem suspension 

parameter measurement f a c i l i t y .  This f a c i l i t y  f a s t e n s  t h e  t r a c t o r  o r  

t r a i l e r - b o g i e  frame t o  an  overhead s t r u c t u r e  w h i l e  t h e  suspension i s  

e x e r c i s e d  by t h e  movable t a b l e .  F igure  2 .1  shows a  t r a i l e r  bogie  

equipped w i t h  a  Chalmers rubber  s p r i n g  walking-beam suspens ion  i n s t a l l e d  

on t h e  f a c i l i t y .  The suspension i s  e x e r c i s e d  by moving t h e  t a b l e  v e r t i c a l l y  

and t i l t i n g  i t  r e l a t i v e  t o  t h e  f i x e d  frame. Forces and moments a t  t h e  

t i r e  c o n t a c t  pa tch  a r e  measured wi th  ins t rumented pads c o n s t i t u t i n g  t h e  

t i r e - t a b l e  i n t e r f a c e .  These d a t a ,  a long w i t h  measurement of a x l e  v e r t i c a l  

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

p r o p e r t i e s  of t h e  suspension.  

Measurements were performed on t h e  fo l lowing  t r a c t o r  suspension 

systems : 





- F r e i g h t l i n e r  four - spr ing  

- P e t e r b i l t  four - spr ing  

-Mack (Reyco-manufactured) four - spr ing  

-Kenworth t o r s i o n  b a r  

The t r a i l e r  suspens ions  t e s t e d  were: 

-Hutchens t a p e r  l e a f  four - spr ing  

-Chalmers rubber  s p r i n g  walking-beam 

-Heway a i r  suspens ion  

Each suspens ion  was t e s t e d  t o  determine t h o s e  parameters  r e l e v a n t  t o  t h e  

r o l l o v e r  p r o c e s s ,  s p e c i f i c a l l y ,  v e r t i c a l  s p r i n g  r a t e ,  r o l l  s t i f f n e s s ,  

and r o l l  c e n t e r  h e i g h t .  I n  a d d i t i o n  t o  t h e s e  pa ramete rs ,  t h e  amount of 

l a s h  p r e s e n t  between s p r i n g  connect ion e lements  was measured d i r e c t l y .  

Shown i n  F i g u r e  2 . 2  is  a  photo of t h e  s p r i n g  l a s h  space e x i s t i n g  a t  t h e  

a f t  s p r i n g  s l i p p e r  of t h e  F r e i g h t l i n e r  f o u r - s p r i n g  suspens ion .  Note t h a t  

t h e  s p r i n g  l a s h  c o n s t i t u t e s  t h e  f r e e  space  through which t h e  main s p r i n g  

l e a f  must p a s s  when t h e  v e h i c l e  i s  approaching r o l l o v e r ,  and i s  thus  com- 

p l e t e l y  unloading t h e  s p r i n g s  on one s i d e .  The presence of a  non-zero 

l a s h  space  has  been shown [I] t o  reduce t h e  e f f e c t i v e  s t i f f n e s s  l e v e l  of 

t h e  suspens ion  s p r i n g ,  r e s u l t i n g  i n  a  reduced r e s i s t a n c e  t o  r o l l o v e r .  

A s i m p l i f i e d  condensa t ion  of t h e  r e s u l t s  of t h e  suspens ion  measure- 

ment a c t i v i t y  a r e  summarized i n  Table  2.1.  We s e e  i n  t h e  t a b l e  t h a t  l a r g e  

d i f f e r e n c e s  e x i s t  i n  t h e  nominal s p r i n g  r a t e s  and l a s h  space  dimensions 

d i s t i n g u i s h i n g  t h e  v a r i o u s  suspens ions  c u r r e n t l y  used i n  t h e  Linde f l e e t .  

Also,  i t  i s  s i g n i f i c a n t  t h a t  c e r t a i n  suspens ions  (most n o t a b l y ,  t h e  Kenworth 

t o r s i o n  b a r  suspens ion)  e x h i b i t  v e r y  d i f f e r e n t  p r o p e r t i e s  on t h e  l e a d i n g  

v e r s u s  t r a i l i n g  tandem a x l e s .  The s tudy  r e s u l t s  w i l l  show t h a t  r o l l  

s t a b i l i t y  i s  compromised when t h e  suspens ion  r o l l  r a t e  i s  low and,  a l s o ,  

when t h e  l a s h  space  i s  r e l a t i v e l y  l a r g e .  

The d e t a i l e d  suspens ion  d a t a  a r e  p r e s e n t e d  i n  Appendix A.  





Table  2 . 1  

V e r t i c a l  V e r t i c a l  Lash R o l l  Rate 
Suspension Rate ( i n )  (K i n * l b / d e g )  

Vehic le  Type ( l b l i n )  S l i p p e r / E q u a l i z e r  L e a d i n g / T r a i l i n g  

F r e i g h t l i n e r  Four Spr ing  5450 . 7 5 / .  75 90190 

Pe t  e r b i l t  Four Spr ing  7740 .75 / .  75 95/95 

Mack Reyco 8420 1 .512.0  1251150 

Kenworth Tors ion  Bar 5160 n i l  80140 

T r a i l e r  Four Spr ing  6670 1.7512.5 110/120 

T r a i l e r  Chalmers 4920 .75/.75* 85/85 

T r a i l e r  Neway A i r  1890 n i  1 80/200** 

*Lash between walking beam and a x l e l l a s h  between s p r i n g  and 
frame . 

**This suspens ion  becomes d r a m a t i c a l l y  s t i f f e r  beyond a  2-3' 
r o l l  a n g l e ,  e x h i b i t i n g  nominal r o l l  r a t e s  of approximately  
250,000 in - lb /deg .  

2.2 F i f t h  Wheel Lash Measurements 

The f i f t h  wheel l a s h  dimension of i n t e r e s t  i s  t h a t  a n g l e  inc luded  

between t h e  f i f t h  wheel p l a t e ,  on t h e  t r a c t o r ,  and t h e  upper coup le r  p l a t e  

on t h e  t r a i l e r  which becomes "opened up" when a  l a r g e  r o l l  moment i s  

t r a n s m i t t e d  from t h e  t r a i l e r  t o  t h e  t r a c t o r ,  such a s  d u r i n g  an impending 

r o l l o v e r  c o n d i t i o n .  Thus, t h e  l a s h  i s  def ined  i n  terms of an a n g l e  which 

i s  subtended between t r a c t o r  and s e m i t r a i l e r .  The d e s i r e  t o  o b t a i n  measure- 

ments of f i f t h  wheel l a s h  d i d  not  stem from a n  h y p o t h e s i s  t h a t  t h i s  

parameter  would be of h igh  importance t o  r o l l  s t a b i l i t y ,  but  r a t h e r  was 

under taken because  v e r y  few example d a t a  were a v a i l a b l e .  Also,  t h e  measure- 

ment became e s p e c i a l l y  d e s i r a b l e  s i n c e  i t  was observed t h a t  t h e  f i f t h  

wheel l a s h  space  would d e f i n i t e l y  be t r a v e r s e d  p r i o r  t o  t h e  r o l l o v e r  of 

L i n d e ' s  Hydrogen and Helium t r a i l e r s ,  g iven  t h e i r  h igh c e n t e r  of g r a v i t y  

l o c a t i o n s .  

A s imple  p h y s i c a l  experiment was under taken,  a s  photographed i n  

F i g u r e  2 .3 ,  t o  p rov ide  t h e  p e r t i n e n t  measurement o f  f i f t h  wheel l a s h .  





Namely, w i t h  t h e  t r a c t o r  and s e m i t r a i l e r  coupled t o g e t h e r ,  t h e  r i g h t - s i d e  

t r a i l e r  wheels were brought up a  ramp on to  an e i g h t - i n c h  s t e p  such t h a t  

t h e  d e s i r e d  r o l l  moment was t r a n s m i t t e d  t o  t h e  t r a c t o r .  The s t e p  h e i g h t  

was chosen such t h a t  t h e  a v a i l a b l e  l a s h  space  was complete ly  opened up. 

Shown i n  Table  2 . 2  a r e  t h e  measurements of f i f t h  wheel l a s h  a n g l e  

a s  measured on v a r i o u s  combinations.  F i f t e e n  s e p a r a t e  measurements were 

performed us ing  f o u r  c ryogen ic  t r a i l e r s  and f i v e  t r a c t o r s .  It should be  

no ted  t h a t  a  v a r i e t y  of v e h i c l e s  were employed i n  t h e s e  measurements simply 

t o  p rov ide  m u l t i p l e  samples f o r  c h a r a c t e r i z i n g  a p r o p e r t y  which v a r i e s  

more o r  l e s s  randomly a s  a  f u n c t i o n  of wear and manufactur ing t o l e r a n c e s  

i n  t h e  f i f t h  wheel and t r a i l e r  k ingp in  assembl ies .  

The d a t a  show f i f t h  wheel l a s h  v a l u e s  ranging from approximately  

two t o  over  f o u r  degrees .  While t h e  measurements showed some i n c o n s i s -  

t e n c i e s  w i t h  regard  t o  t h e  r e l a t i v e  rank ing  of t h e  v a r i o u s  t r a c t o r s  over  

t h e  s e t  of t r a i l e r s ,  i t  was noted t h a t  an  o l d e r  Mack t r a c t o r  (No. 306114) 

produced uniformly h igh  amounts of l a s h  w h i l e  a  six-month-old F r e i g h t l i n e r  

t r a c t o r  was c o n s i s t e n t l y  near  t h e  bottom of t h e  s c a l e .  

The primary purpose i n  conduct ing t h e s e  measurements was no t  t o  

d i s c r i m i n a t e  among s p e c i f i c  v e h i c l e s  which e x h i b i t e d  s m a l l  o r  l a r g e  

amounts of f i f t h  wheel l a s h ,  bu t  r a t h e r  t o  simply d e f i n e  a  reasonab ly  

t y p i c a l  v a l u e  of l a s h  f o r  use  i n  s i m u l a t i n g  a l l  o f  ~ i n d e ' s  v e h i c l e s .  It 

was concluded t h a t  a  v a l u e  of f i f t h  wheel l a s h  equa l  t o  3-114 degrees  

would s u i t a b l y  r e p r e s e n t  v e h i c l e s  i n  t h e  Linde f l e e t .  

S imula t ion  Model Employed 

Vehicle  r o l l  s t a b i l i t y  l e v e l  was eva lua ted  i n  t h i s  s t u d y  us ing  a  

s t a t i c  model of t h e  r o l l  r e sponse  of t r a c t o r - s e m i t r a i l e r s .  This  model 

was developed p r e v i o u s l y  and i s  documented i n  Reference [ 2 ] .  B a s i c a l l y ,  

t h e  model o r i e n t s  t h e  sprung mass of t h e  v e h i c l e  ( i n  t h i s  c a s e ,  t h e  t ank  

body) a t  each of an  i n c r e a s i n g  sequence of r o l l  a n g l e  v a l u e s ,  and computes 

t h e  l e v e l  of l a t e r a l  a c c e l e r a t i o n  needed t o  s u s t a i n  each r o l l  a t t i t u d e .  

Even tua l ly ,  t h e  v e h i c l e  a r r i v e s  a t  a  r o l l  a n g l e  beyond which on ly  reduced 

l e v e l s  of l a t e r a l  a c c e l e r a t i o n  a r e  needed t o  con t inue  t h e  r o l l  motion. 

This p o i n t  d e f i n e s  t h e  " r o l l o v e r  th resho ld"  i n  g ' s  of l a t e r a l  a c c e l e r a t i o n  



Table 2.2.  F i f t h  Wheel Lash Measurement. 

T r a i l e r  T r a c t o r  Lash (degrees )  

Liquif  i e d  He1 ium F r e i g h t l i n e r  
P e t e r b i l t  
Mack 306114 
Mack 5588 
Mack COE 5550 

L i q u i f i e d  Nitrogen Mack COE 5550 2.83 
(Russel)  Mack 5588 3.36 

Mack 306114 3.90 
P e t e r b i l t  3.40 
P e t e r b i l t  ( r e p e a t )  3.62 
F r e i g h t l i n e r  3.10 

Liquif  i e d  Oxygen Mack COE 5550 3.20 

Liquif  i e d  Hydrogen Mack 306114 
F r e i g h t l i n e r  
Mack 5588 

Average 3.26 

and provides  t h e  b a s i c  measure of t h e  i n h e r e n t  r o l l  s t a b i l i t y  of t h e  

v e h i c l e .  I n  r e a l  p r a c t i c e ,  a v e h i c l e  would r o l l  over  a s  soon a s  t h e  

imposed l a t e r a l  a c c e l e r a t i o n  c o n d i t i o n  exceeded t h e  r o l l o v e r  t h r e s h o l d .  

F e a t u r e s  of t h e  model and t h e  assumptions made i n  t h e  p rocess  of 

d e r i v i n g  t h e  under ly ing  equa t ions  a r e  l i s t e d  below. 

1. The v e h i c l e  i s  assumed t o  be  e f f e c t i v e l y  r i g i d  i n  t o r s i o n .  

The s t r u c t u r a l  compliance of t h e  t r a c t o r  and t r a i l e r  sprung masses a r e  

t h e r e f o r e  neg lec ted  and t h e  sprung masses a r e  lumped t o g e t h e r  and repre-  

sen ted  by a  s i n g l e  sprung mass i n  t h e  r o l l  p lane .  

2 .  I n  o r d e r  t o  s i m p l i f y  t h e  c a l c u l a t i o n s ,  a x l e s  w i t h  s i m i l a r  

suspension p r o p e r t i e s  a r e  grouped t o g e t h e r  such t h a t  a  t r a c t o r - s e m i t r a i l e r  

i s  represen ted  by a  s e t  of t h r e e  composite a x l e s .  F igure  2.4 shows t h e  

s i d e  view of an  example t r a c t o r - s e m i t r a i l e r ,  a s  represen ted  i n  t h e  r o l l  

model. The composite a x l e s  a r e :  
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Figure 2 . 4 .  Representation of t he  ax l e s  of a  t r ac to r - semi t r a i l e r  
i n  the  s t a t i c  r o l l  plane model. 

R EPRESENTATION 

a )  t r a c t o r  f r o n t  a x l e ,  

IN  MODEL 

b)  t r a c t o r  r ea r  ax l e s  ( e i t h e r  a  s i n g l e  a x l e  o r  a  
tandem) combined and represented by one a x l e ,  and 

c )  a l l  t r a i l e r  a x l e s ,  combined and represented a s  
one axle .  

3 .  The a r t i c u l a t i o n  angles a r e  small  so t h a t  the  e f f e c t  of 

a r t i c u l a t i o n  angle on the  r o l l o v e r  threshold can be neglected.  

4 .  Figure 2.5 shows the r ep re sen ta t ion  of ax les  and suspensions 

i n  t h e  r o l l  plane model. The r e l a t i v e  r o l l  motion between the  sprung 

mass and t h e  ax les  i s  assumed t o  take  p lace  about r o l l  cen ters  which a r e  

a t  f ixed  d i s t ances  beneath the  sprung mass. The suspension spr ings  a r e  
+ 

assumed t o  remain p a r a l l e l  t o  t h e  k axes of the ax les  and t ransmit  only 
u i  

compressive o r  t e n s i l e  forces .  

The r o l l  cen te r s  a r e  permitted t o  s l i d e  f r e e l y  (with r e spec t  
-+ 

t o  the  ax l e s )  along the  k axes.  A l l  ax l e  forces  which a c t  i n  a  d i rec-  
3 

u i  
t i o n  p a r a l l e l  to  the k.., a r e  taken up by t he  suspension sp r ings ,  while  

u-L 2. 

a l l  ax l e  forces  along the  jui axes a r e  assumed t o  a c t  through the r o l l  

cen te r ,  R . 
i 



Figure 2.5. Representation of the axles and suspensions in the 
static roll plane model. 



5.  Suspension n o n l i n e a r i t i e s  such a s  backlash and progress ive ly  

hardening suspension spr ings  a r e  represented by a  t abu la r  load-deflect ion 

input  format. The suspension forces  and the  spr ing  r a t e s  a t  any given 

d e f l e c t i o n  a r e  then compared by l i n e a r  i n t e r p o l a t i o n .  Figure 2 . 6  shows 

the  r ep re sen ta t ion  of a  suspension spr ing  i n  t he  r o l l  model. 

6. The t o t a l  v e r t i c a l  load c a r r i e d  by each composite a x l e  i s  

assumed t o  remain constant  during t h e  r o l l o v e r  process .  I n  order  t o  accom- 

modate any p i tch ing  motion t h a t  might take p lace  during r o l l o v e r ,  t he  

sprung mass i s  permitted t o  take up d i f f e r e n t  v e r t i c a l  de f l ec t ions  a t  each 

of t he  t h r e e  ax l e  l oca t ions .  

7 .  The v e r t i c a l  load c a r r i e d  by t h e  t i r e s  is  assumed t o  a c t  

through the  midpoint of t h e  t read  width. A s  shown i n  Figure 2 . 7 ,  the  

e f f e c t  of camber angle  and the e f f e c t  of t he  l a t e r a l  compliance of t he  

t i r e  tend to  have opposing e f f e c t s  on t h e  l a t e r a l  t r a n s l a t i o n  of t he  

cen t ro id  of t h e  normal pressure  d i s t r i b u t i o n  a t  t he  t i re - road  i n t e r f a c e .  

Both of these  e f f e c t s  a r e  small  and tend t o  cancel  ou t .  I n  order  t o  keep 

the  ana lys i s  s imple,  t he  l a t e r a l  t r a n s l a t i o n  of the  normal load i s  neglected.  

8. The r o l l  angles  of the  sprung mass and the  ax l e s  a r e  smal l ,  

such t h a t  the small  angle  assumptions s i n  ( 4 )  = 4 and cos ( 4 )  = 1 hold.  

Each veh ic l e  combination i s  represented i n  t he  model by a  s e t  of 

parameter values covering the following i tems:  

-weights of t he  ax l e  assemblies and "sprung" masses f o r  
t r a c t o r  and s e m i t r a i l e r  

- l a t e r a l  spacing of t i r e s  and spr ing  cen te r s  a t  each ax le  

-height  of sprung mass cen te r s  

-undeflected rad ius  of t he  t i r e s  

- t i r e  v e r t i c a l  s t i f f n e s s  

- t i r e  l a t e r a l  and overturning moment s t i f f n e s s e s  

- t o r s i o n a l  s t i f f n e s s  of t r a c t o r  frame 

- f i f t h  wheel l a s h  

- r o l l  moment needed t o  s epa ra t e  the f i f t h  wheel p l a t e  
from the t r a i l e r ' s  upper coupler p l a t e ,  thus leading  
t o  t r a v e r s a l  of t he  l a s h  i n  t he  tank r o l l  motion 



Figure  2 .6 .  Representa t ion  of suspension sp r ing  c h a r a c t e r i s t i c s  i n  
t h e  r o l l  p lane  model. 

\ Lcteral shift due  to 
the loteral compliance 
of tk tire . 

\ iattral  s3ift Cue ?o 
comber ong!e. 

F igure  2 . 7 .  The e f f e c t  of l a t e r a l  compliance and camber angle  on t h e  
cen t ro id  of t h e  normal p re s su re  d i s t r i b u t i o n  a t  t he  
~ i r e / r o a d  i n t e r f a c e .  



- f o r c e / d e f l e c t i o n  t a b l e s  f o r  each suspens ion  s e t  

- a u x i l i a r y  r o l l  s t i f f n e s s  a t t r i b u t e d  t o  each suspension 
s e t  

I n  Appendix B a r e  p resen ted  parameter  l i s t i n g s  f o r  t h e  b a s e l i n e  c a s e s  

of v e h i c l e s  s t u d i e d  here .  





3.0  SIMULATION RESULTS 

I n  t h i s  s e c t i o n ,  t h e  s t u d y  r e s u l t s  w i l l  be  p r e s e n t e d .  The simula- 

t i o n  was r u n  f o r  c a s e s  cover ing  b o t h  t h e  e x i s t i n g  c o n f i g u r a t i o n  of v e h i c l e s  

i n  t h e  Linde f l e e t  and f o r  c a s e s  r e p r e s e n t i n g  c e r t a i n  changes i n  v e h i c l e  

d e s i g n  which might be  made. Following p r e s e n t a t i o n ,  i n  S e c t i o n s  3 . 1  and 

3.2,  of t h e  r o l l o v e r  t h r e s h o l d  l e v e l s  computed f o r  b o t h  e x i s t i n g  and 

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

p r e d i c t e d  f o r  t h e  v a r i o u s  c a s e s  examined. 

3 .1  Rol lover  Thresho lds ,  E x i s t i n g  F l e e t  

The e x i s t i n g  Linde f l e e t  was r e p r e s e n t e d  i n  t h e  a n a l y s i s  of r o l l -  

over  t h r e s h o l d  by t h e  fo l lowing  s p e c i f i c  v e h i c l e  and suspens ion  s e l e c t i o n s :  

S e m i t r a i l e r s  

-11,000-gallon Helium t r a i l e r  conf igured a s  an  in termodal  

s h i p p i n g  c o n t a i n e r  on a  sub-frame t r a i l e r  having a four- 

s p r i n g  Hutchens suspens ion  ( s e e  F ig .  3 . 1 ) .  

-13,250-gallon Hydrogen t r a i l e r  having a  Neway h i r i d e  

tandem suspens ion  ( s e e  F i g .  3 . 2 ) .  

-8,300-gallon Ni t rogen t r a i l e r  (Fig .  3.3) considered t o  be 

equipped w i t h  each of t h e  t h r e e  a l t e r n a t i v e  suspens ions  

d e s c r i b e d  below : 

1) Chalmers rubber  

2) Hutchens four - spr ing  

3) Neway A i r i d e  

-6,000-gallon Oxygen t r a i l e r  a l s o  cons idered  w i t h  each of 

t h e  above t h r e e  suspens ions  ( s e e  F ig .  3 . 4 ) .  











T r a c t o r s  ( d i s t i n g u i s h e d  from one ano ther  on ly  by t h e  fol lowing 

tandem suspension v a r i e t i e s )  

-Kenworth t o r s i o n  b a r  

- P e t e r b i l t  four-spr ing 

- F r e i g h t l i n e r  four-spr ing 

-Mack (Reyco-manufactured) four-spr ing 

Thus t h e  Helium and Hydrogen t a n k e r s  were considered w i t h  t h e  

s i n g l e  t r a i l e r  suspension types  which a r e  commonly employed, w h i l e  t h e  

Nitrogen and Oxygen t a n k e r s  were examined f o r  t h e  c a s e s  i n c o r p o r a t i n g  

a l t e r n a t i v e  t r a i l e r  suspensions .  Of t h e  t h r e e  a l t e r n a t i v e  t r a i l e r  suspen- 

s i o n s ,  t h e  Hutchens and Neway v a r i e t y  a r e  i n  common s e r v i c e  i n  t h e  Linde 

f l e e t ,  whi le  t h e  Chalmers suspens ion  was inc luded  on ly  a s  a  p o s s i b l e  

c a n d i d a t e  f o r  f u t u r e  use .  

S imula t ions  were run  w i t h  a l l  combinations of t r a c t o r s  and semi- 

t r a i l e r s  i d e n t i f i e d  above. Thus, f o u r  cases  of t h e  Helium and Hydrogen 

v e h i c l e s  were covered i n  a d d i t i o n  t o  twelve c a s e s  ( f o u r  t r a c t o r s  x t h r e e  

t r a i l e r s )  r e p r e s e n t i n g  t h e  Ni t rogen and Oxygen v e h i c l e s .  

For each v e h i c l e  combination,  t h e  s i m u l a t i o n  i n i t i a l l y  produces 

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

up t o  t h e  r o l l o v e r  c o n d i t i o n .  Examples of such d a t a  a r e  shown f o r  t h e  

Helium-Kenworth and Hydrogen-Kenworth combinations i n  Tables  3 . 1  and 3 .2 .  

The t a b l e s  l i s t  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  needed t o  ach ieve  each of 

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

v a l u e s ,  PHI (S1 through S3) ,  r e p r e s e n t  t h e  r o l l  a t t i t u d e s  of t h e  t r a c t o r  

cab,  t h e  t r a c t o r  f i f t h  wheel,  and t h e  t r a i l e r  t a n k ,  r e s p e c t i v e l y .  

Descending t h e  l i s t  of a c c e l e r a t i o n  v a l u e s ,  t h e  " r o l l o v e r  th resho ld"  

n e a s u r e  ( r e p r e s e n t i n g  t h e  v e h i c l e ' s  u l t i m a t e  r o l l  s t a b i l i t y  l e v e l )  i s  t h e  

peak  v a l u e  l i s t e d .  In  t h e  c a s e  of t h e  Helium-Kenworth combination,  Table 

3.1,  a  peak v a l u e  of .260 g ' s  is achieved a t  t h e  ve ry  bottom of t h e  t a b l e .  

D e t a i l s  of t h e  s imula ted  v e h i c l e  response revea led  t h a t  t h e  r o l l o v e r  

t h r e s h o l d  of t h i s  v e h i c l e  i s  d e f i n e d  by t h e  p o i n t  a t  which wheels have 

l i f t e d  o f f  t h e  ground a t  each a x l e  except  t h e  s t e e r i n g  a x l e .  ( P r i o r  

r e s e a r c h  has shown t h a t  l i f t o f f  of t h e  t r a c t o r  s t e e r i n g  a x l e  i s  of no 
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consequence t o  t h e  d e t e r m i n a t i o n  of t h e  r o l l  s t a b i l i t y  l i m i t . )  Thus, 

f o r  t h e  Helium-Kenworth combination,  t h e  r o l l o v e r  t h r e s h o l d  i s  reached 

w i t h  t h e  l i f t o f f  of t h e  Kenworth's tandem a x l e .  I n  Table  3.2,  however, 

we s e e  t h a t  t h e  Hydrogen-Kenworth combination reaches  a  peak v a l u e  of 

,282 g ' s  w e l l  b e f o r e  t h e  end of t h e  r u r r - a t  a  t ime a t  which t h e  s i m u l a t i o n  

shows on ly  t h e  t r a i l e r  tandem a x l e  t o  have l i f t e d  o f f  t h e  ground. (For a  

t r e a t i s e  on t h e  mechanics of r o l l o v e r  and t h e  s e q u e n t i a l  development of 

wheel l i f t o f f  on t r a c t o r - s e m i t r a i l e r s ,  t h e  r e a d e r  is  r e f e r r e d  t o  Reference 

[31.)  

The l a t e r a l  a c c e l e r a t i o n  c o n d i t i o n  is p l o t t e d  a g a i n s t  t h e  t r a i l e r  

r o l l  a n g l e  f o r  t h e  above two example v e h i c l e s  i n  F i g u r e  3.5. Here we s e e  

t h a t  t h e  Hydrogen v e h i c l e  reaches  i t s  ,282-g peak a t  a  cons iderab ly  

s m a l l e r  r o l l  a n g l e  t h a n  t h a t  a t  which t h e  Helium v e h i c l e  ach ieves  i t s  

peak v a l u e  of ,260 g.  I n  g e n e r a l ,  t h e  s u b t l e  d i f f e r e n c e s  d i s t i n g u i s h i n g  

t h e  r o l l  behav ior  of t h e s e  two v e h i c l e s  d e r i v e  p r i m a r i l y  from d i s t i n c t i o n s  

i n  t r a i l e r  suspens ion  p r o p e r t i e s .  The Hydrogen t r a i l e r ' s  Neway suspension 

p rov ides  a  s t i f f e r  and more continuous r o l l  r e a c t i o n  moment such t h a t  t h e  

r o l l o v e r  t h r e s h o l d  i s  reached a t  a  lower v a l u e  of r o l l  a n g l e ,  y i e l d i n g  a  

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

Perhaps a  more d ramat ic  i l l u s t r a t i o n  of t h e  i n f l u e n c e  of suspen- 

s i o n  p r o p e r t i e s  on t h e  l a t e r a l  a c c e l e r a t i o n  v e r s u s  r o l l  a n g l e  behavior  i s  

shown i n  F igure  3.6. Th is  f i g u r e  shows a  p l o t  o f  t h e  l a t e r a l  a c c e l e r a t i o n /  

r o l l  a n g l e  r e l a t i o n s h i p  ofor t h e  ~ i t r o g e n / F r e i g h t l i n e r  combination f o r  each 

of t h e  t h r e e  a l t e r n a t i v e  t r a i l e r  suspensions .  We s e e  t h a t  t h e  "ear ly1 '  

peaking of t h e  v e h i c l e  response w i t h  t h e  Neway suspension produces 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  v a l u e ,  whi le  t h e  "delayed" peaking behavior  of 

t h e  Hutchens suspens ion  y i e l d s  a  s l i g h t l y  reduced s t a b i l i t y  l e v e l .  The 

Chalmers suspens ion  i s  found t o  b e  so s o f t  t h a t  i t  ach ieves  i t s  r o l l o v e r  

t h r e s h o l d  on ly  a t  a h i g h  v a l u e  of r o l l  a n g l e ,  a t  which t h e  outboard r o l l -  

i n g  of t h e  mass c e n t e r  has  caused a  d e t e r i o r a t e d  s t a b i l i t y  l e v e l .  Accord- 

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

Chalmers suspens ion  c a s e s  r a t e  t h e  l o w e s t ,  and t h e  Neway c a s e s  t h e  h i g h e s t .  

P l o t s  of t h e  format seen  i n  F i g u r e s  3.5 and 3.6 a r e  shown f o r  a l l  of t h e  

examined v e h i c l e  combinations i n  Appendix C .  
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F i g u r e  3.5. S imula t ion  r e s u l t s  f o r  Hydrogen and Helium 
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Figure  3 .6 .  Simulation r e s u l t s  d i s t i n g u i s h i n g  t h r e e  d i f f e r e n t  
t r a i l e r  suspensions. 



Values of r o l l o v e r  t h r e s h o l d  cover ing  t h e  o v e r a l l  s e t  of "cur ren t"  

Linde v e h i c l e s  a r e  shown i n  F i g u r e  3 .7 .  The bar-char ted v a l u e s  a r e  

grouped by t r a i l e r  type  and a r e  d i s t i n g u i s h e d  a long t h e  h o r i z o n t a l  a x i s  

by t r a c t o r  suspension t y p e  and t r a i l e r  suspension type .  For example, 

r e s u l t s  f o r  t h e  Ni t rogen t r a i l e r  a r e  shown i n  t h e  t h i r d  group from t h e  

l e f t .  The f i r s t  ( l e f t -mos t )  ba r  i n  t h e  Ni t rogen group p e r t a i n s  t o  t h e  

v e h i c l e  combination having a  Chalmers t r a i l e r  suspension and a  Kenworth 

(KW) t r a c t o r  suspension.  

O v e r a l l ,  we s e e  t h a t  t h e  Linde f l e e t  e x h i b i t s  r o l l o v e r  t h r e s h o l d  

v a l u e s  which range from .260 g t o  ,358 g.  We a l s o  f i n d  t h a t  t h e  d i f f e r -  

ences  i n  t r a c t o r  suspens ion  p r o p e r t i e s  i n t r o d u c e  s u b s t a n t i a l  changes i n  

r o l l o v e r  t h r e s h o l d  except  f o r  t h e  c a s e s  i n v o l v i n g  t h e  Chalmers rubber  

suspension on t h e  t r a i l e r .  I n  t h e s e  l a t t e r  c a s e s ,  t h e  extremely s o f t  n a t u r e  

of t h e  Chalmers t r a i l e r  suspens ion  t ends  t o  dominate t h e  r e s u l t ,  t h u s  

r e n d e r i n g  t h e  d i f f e r e n c e s  from one t r a c t o r  suspens ion  t o  a n o t h e r  incon- 

s e q u e n t i a l .  

Although t h e  d i f f e r e n c e s  observed i n  r o l l o v e r  t h r e s h o l d  from one 

combination t o  t h e  nex t  may seem t o  be r a t h e r  s m a l l ,  t h e  d i s c u s s i o n  i n  

S e c t i o n  3.3 w i l l  r e v e a l  t h a t  t h e  a c t u a l  i n f l u e n c e  of t h e  v e h i c l e ' s  r o l l o v e r  

t h r e s h o l d  on r o l l o v e r  a c c i d e n t  involvement is  s u r p r i s i n g l y  high.  Thus, t h e  

i n f l u e n c e  of t r a c t o r  and t r a i l e r  suspens ion  p r o p e r t i e s  on t h e  r o l l o v e r  

t h r e s h o l d  of t h e  combination v e h i c l e  w i l l  be s e e n  t o  be q u i t e  s u b s t a n t i a l .  

3 . 2  Improvements i n  Rol lover  Threshold  Achieved by Changinq 
Vehic le  Design 

An a r r a y  of cand ida te  des ign  changes was eva lua ted  f o r  t h e  c a s e s  

o f  t h e  Oxygen and Helium t r a i l e r s .  These two t r a i l e r s  were chosen t o  span 

t h e  range of c e n t e r  of g r a v i t y  h e i g h t s  represen ted  w i t h i n  t h e  Linde f l e e t .  

A p p l i c a t i o n  of r e s u l t s  ob ta ined  w i t h  t h e s e  two example v e h i c l e s  t o  t h e  

o t h e r  Linde v e h i c l e s  s imply r e q u i r e s  i n t e r p o l a t i o n  of t h e  d a t a .  

Shown i n  F igure  3.8 a r e  t h e  v a l u e s  of r o l l o v e r  th resho ld  computed 

f o r  t h e  Oxygen t r a i l e r ,  g iven a  s e t  of 1 6  parameter changes. The changes 

a r e  numbered a long  t h e  h o r i z o n t a l  a x i s  corresponding t o  t h e  fo l lowing  

scheme of c o n d i t i o n s  : 







1 )  "Worst casef '  suspens ion  combination found i n  t h e  e x i s t i n g  

flee-Kenworth t r a c t o r  and Hutchens t r a i l e r  suspens ion .  

(Note t h a t  t h e  Chalmers t r a i l e r  suspens ion ,  which looks  

poore r  t h a n  t h e  Hutchens suspens ion ,  i s  n o t  considered a s  

an  i t em e x i s t i n g  i n  t h e  c u r r e n t  Linde f l e e t . )  

2) Most f a v o r a b l e  suspens ion  selections---Newsy A i r i d e  suspen- 

s i o n s  on b o t h  t h e  t r a c t o r  and t r a i l e r  tandems. 

3) P e t e r b i l t  t r a c t o r  ( a  more-or-less average  c h o i c e ,  from a  

suspens ion  p o i n t  of v iew) ,  r e p r e s e n t e d  w i t h  f i f t h  wheel 

l a s h  reduced from 3 .5  degrees  t o  2  d e g r e e s ,  and w i t h  

Neway suspens ion  on t r a i l e r .  (The i n d i c a t e d  improvement 

over  Case 1 i s  due a lmost  e n t i r e l y  t o  t h e  t r a i l e r  

suspens ion  change.  ) 

4) P e t e r b i l t  t r a c t o r ,  but  w i t h  Neway suspens ion  on t r a i l e r  

and f i f t h  wheel h e i g h t  reduced from 48 inches  t o  4 6  i n c h e s ,  

thus  lowering t r a i l e r  mass c e n t e r  by one inch .  

5) Improvements 2 ,  3 ,  and 4 ,  above,  a l l  i n c o r p o r a t e d  t o g e t h e r .  

(Resu l t  i s  s i m i l a r  t o  Case 2.)  

6)  Case 5 ,  above, i s  r e p r e s e n t e d  t o g e t h e r  w i t h  a  change t o  

102-inch wid th  a t  t h e  t r a c t o r  and t r a i l e r  tandem a x l e s .  

The t ank  a l s o  n e s t l e s  one i n c h  lower i n t o  t h e  sub-frame 

a s  enabled by t h e  wider suspens ion  l a y o u t .  

7 through 1 1 )  Case 5 i s  r e p r e s e n t e d  w i t h  s e q u e n t i a l  two-inch 

r e d u c t i o n s  i n  h e i g h t  of t r a i l e r  mass c e n t e r .  Thus, Cases 

7 through 11 simply involved v a r i a t i o n s  on Case 5 a s  

fo l lows  : 

Case 7 = Case 5 - two i n c h e s  i n  t r a i l e r  c .g .  h e i g h t  

Case 8 = Case 5 - f o u r  i n c h e s  

Case 9 = Case 5 - s i x  inches  

Case 1 0  = Case 5  - e i g h t  inches  

Case 11 = Case 5 - t e n  inches  



12 through 16) Case 6 (wi th  t h e  102-inch t r a c k  wid ths )  

i s  r e p r e s e n t e d  w i t h  s e q u e n t i a l  two-inch r e d u c t i o n s  i n  

h e i g h t  of t r a i l e r  mass c e n t e r .  Accordingly:  

Case 12 = Case 6 - two inches  i n  t r a i l e r  c . g .  he igh t  

Case 1 3  = Case 6 - f o u r  inches  

Case 14 = Case 6 - s i x  inches  

Case 15 = Case 6 - e i g h t  inches  

Case 1 6  = Case 6 - t e n  inches  

F igure  3.8 shows t h a t  t h e  r o l l o v e r  t h r e s h o l d  of t h e  Oxygen t r a i l e r  

combination can be improved from .322 g t o  .483 g over  t h e  range of con- 

s i d e r e d  improvements. Of course ,  i t  should be recognized t h a t  s u b s t a n t i a l  

r e d u c t i o n s  i n  t h e  h e i g h t  of t h e  t r a i l e r  c . g .  w i l l  be v e r y  d i f f i c u l t  t o  

o b t a i n .  F u r t h e r ,  t h e  e x t e n s i o n  t o  102-inch width  must awai t  enab l ing  

l e g i s l a t i o n  (which has been sought f o r  each of t h e  l a s t  few y e a r s  i n  

Washington). Never the less ,  even t h e  improvement from .322 t o  ,358 which 

i s  a c h i e v a b l e  simply by s p e c i f y i n g  t h e  most f a v o r a b l e  t r a c t o r  and t r a i l e r  

suspens ions ,  c o n s t i t u t e s  a very  s i g n i f i c a n t  upgrading of r o l l  s t a b i l i t y  

l e v e l .  

Shown i n  F igure  3.9 a r e  t h e  corresponding d a t a  r e p r e s e n t i n g  

improvements i n  t h e  s t a b i l i t y  of t h e  Helium t r a i l e r  combinations r e s u l t i n g  

from v e h i c l e  d e s i g n  changes.  The cases  numbered 1 through 16 a long t h e  

h o r i z o n t a l  a x i s  correspond,  i d e n t i c a l l y ,  t o  t h e  c a s e s  i t emized  above f o r  

t h e  Oxygen t r a i l e r .  Again we s e e  t h a t  a v e r y  s u b s t a n t i a l  improvement, 

from ,260 g t o  ,301 g, can be a t t a i n e d  simply by s p e c i f y i n g  f a v o r a b l e  

t r a c t o r  and t r a i l e r  suspensions .  Combinations of t a n k  h e i g h t  r e d u c t i o n  

and t r a c k  wid th  expansion p rov ide  means of i n c r e a s i n g  t h e  r o l l o v e r  t h r e s h o l d  

up t o  .410 g. 

P l o t s  showing t h e  l a t e r a l  a c c e l e r a t i o n  v e r s u s  r o l l  a n g l e  behavior  

f o r  each of t h e  des ign-var ied c a s e s  a r e  p resen ted  i n  Appendix D .  





3.3  P ro jec t ions  of Safety Benef i t s  

The above r e s u l t s  i n d i c a t e  t h a t  r o l l o v e r  th resholds  f o r  Linde 

veh ic l e s  a r e :  

a) r a t h e r  widely varying due t o  d i f f e r ences  i n  t r a c t o r  

and t r a i l e r  suspensions c u r r e n t l y  being procured, and a r e  

b) f a r  below what could be achieved by means of design 

changes 

I n  t h i s  s e c t i o n ,  t h e  ne t  in f luence  of t h e  r o l l o v e r  threshold va lues  on 

a c t u a l  r o l l o v e r  acc ident  involvement w i l l  be pred ic ted .  The Linde r o l l -  

over acc ident  record w i l l  be b r i e f l y  reviewed, and t h i s  record w i l l  be 

placed i n  t h e  context  of t h e  n a t i o n a l  r o l l o v e r  experience wi th  t r a c t o r -  

s e m i t r a i l e r s .  A scheme w i l l  be presented f o r  r e l a t i n g  r o l l o v e r  threshold 

d i r e c t l y  t o  t he  l i k e l y  frequency of r o l l o v e r  i nc iden t s  i n  s e rv i ce .  The 

ca l cu la t ed  r o l l o v e r  th resholds  w i l l  then be converted, toge ther  wi th  da t a  

on the annual mileage i n  t h e  Linde f l e e t ,  i n t o  pro jec ted  r o l l o v e r  r a t e s  

a s  a  "bottom-line" assessment of t he  s a f e t y  b e n e f i t s  which should follow 

from design changes. 

Linde 's  Rollover Accident Record. Shown i n  Appendix E is a  

l i s t i n g  and b r i e f  desc r ip t ion  of each of 36 r o l l o v e r  acc idents  which have 

occurred i n  the  Linde f l e e t  between Apr i l  1976 and August 1981. This 

record shows the following number of r o l l o v e r s  f o r  each of t h e  nominal 

t r a i l e r  types: 

Vehicle  No. Rollovers 

Nitrogen (or  Argon) 2 1 

Oxygen 9  

Hydrogen 1 

Helium 5 

Tota l  36 

Of these  36 events ,  34 involved s ingle-vehic le  acc idents  i n  which no 

o t h e r  v e h i c l e  was s t ruck .  I n  t he  o the r  two acc iden t s ,  contac t  wi th  

another  veh ic l e  preceded t h e  ro l love r .  This experience e s t a b l i s h e s  t h a t  



t h e  r o l l o v e r  of t h e s e  v e h i c l e s  invo lves  p r i m a r i l y  s i n g l e - v e h i c l e  a c c i d e n t s  

(SVA)-a r e s u l t  which p a r a l l e l s  n a t i o n a l  exper ience  ( t h e  n a t i o n a l  d i s t r i -  

b u t i o n  of a c c i d e n t s  i n v o l v i n g  t r a c t o r - s e m i t r a i l e r s  i s  approximately  80 

p e r c e n t  SVA r o l l o v e r s  and 20 p e r c e n t  r o l l o v e r s  i n v o l v i n g  ano ther  v e h i c l e  

impac t ) .  It i s  a l s o  i n t e r e s t i n g  t h a t  f i v e  of t h e  r o l l o v e r s  w i t h  Linde 

v e h i c l e s  involved v i r t u a l l y  ze ro  speed w i t h  t h e  v e h i c l e  on s o f t  ground-a 

c l a s s i c  c a s e  i n  which a heavy load  and a  low r o l l o v e r  t h r e s h o l d  combine 

t o  produce an  anomalous i n c i d e n t .  

Mileage Exposure of t h e  Linde F l e e t .  I n  o r d e r  t o  p rov ide  a  measure 

of t h e  r o l l o v e r  r a t e ,  i n  terms of r o l l o v e r s  p e r  100 m i l l i o n  m i l e s ,  Linde 

v e h i c l e  mileage d a t a  were ob ta ined  f o r  p r o j e c t i o n  of t h e  annual  mi leage  

exposure.  The average  annua l  mi leages  accumulated on each of t h e  f o u r  

nominal v e h i c l e  types  c i t e d  above were m u l t i p l i e d  by t h e  number of each 

v e h i c l e  type  i n  s e r v i c e  t o  o b t a i n  annua l  mi leage by v e h i c l e  type.  These 

f i g u r e s  a r e  shown below. 

Annual Number of T o t a l  Annual 
Vehic le  Mi les /Vehic le  Vehic les  Mi les  

Hydrogen 138,000 3  2  4,320,000 

Helium 278,208 2  1 5,842,368 

We s e e  t h a t  t h e  more r o l l - s t a b l e  Ni t rogen and Oxygen v e h i c l e s  a r e  much 

more numerous and accumulate c o n s i d e r a b l y  g r e a t e r  t o t a l  annual  f l e e t  miles; 

t h e  l e s s  s t a b l e  Hydrogen and Helium v e h i c l e s  a r e  c o n s i d e r a b l y  more exposed, 

on a  mileage-per-vehic le  b a s i s .  

Ro l lover  Rates  f o r  t h e  E x i s t i n g  F l e e t .  Although i t  is recognized 

t h a t  t h e  above v e h i c l e  numbers c o n s t i t u t e  t h e  c u r r e n t  Linde f l e e t  s i z e  

and do n o t  account  f o r  changes i n  t h e  f l e e t  which have occurred over  t h e  

f i v e  y e a r s  covered by t h e  f l e e t  a c c i d e n t  d a t a ,  w e  w i l l  use  t h e s e  numbers 

t o  o b t a i n  a  c rude  measure of t h e  nominal c u r r e n t  r o l l o v e r  r a t e .  A d d i t i o n a l l y ,  

i n  t h e  c a s e  of t h e  Helium t r a i l e r ,  i t  was observed t h a t  f o u r  o u t  of t h e  



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

sample and t h a t  t h e s e  f o u r  a l l  involved t h e  11,000-gallon v e h i c l e  s i z e  

of which 12 o u t  of t h e  14 i n  t h e  f l e e t  were j u s t  brought i n t o  s e r v i c e  

dur ing  t h i s  l a t e r  p e r i o d .  Thus i t  was apparen t  t h a t  some i n s i g h t  could 

be gained by c a l c u l a t i n g  a n o t h e r  r o l l o v e r  r a t e  cover ing t h e  l a s t  two y e a r s  

of usage f o r  t h i s  p a r t i c u l a r  s u b s e t  of t h e  Helium t r a i l e r s .  

Dividing t h e  t o t a l  number of r o l l o v e r s  f o r  each v e h i c l e  type by 

t h e  annual  mi leage f o r  t h a t  type ,  we o b t a i n  t h e  fo l lowing  r o l l o v e r  r a t e s :  

Veh ic le  Type 

Nitrogen/Argon 

Rol lovers  / 
100 M i l l i o n  Mi les  

Hydrogen 5 

Helium ( a l l )  17 

11,000-gal.  Helium ( '80  & ' 81 )  102 

I n  o r d e r  t o  a s s u r e  a  p r o p e r l y  balanced view toward t h e s e  computed 

r a t e s ,  c e r t a i n  p r e c a u t i o n a r y  remarks a r e  i n  o r d e r .  It must be recognized,  

f i r s t l y ,  t h a t  t h e  s e t  of 36 Linde r o l l o v e r  a c c i d e n t s  i s  simply too smal l  

a  sample t o  pe rmi t  any r i g o r o u s  s t a t i s t i c a l  i n f e r e n c e s  t o  be made. The 

c o n t r a s t  between t h e  involvement r a t e  of Hydrogen and Helium t r a i l e r s ,  

f o r  example, i s  q u i t e  l i k e l y  t h e  r e s u l t  of an i n s u f f i c i e n t  sampling of t h e  

p h e n o m e n e t h e s e  r a t e s  a r e  expected t o  be n e a r l y  e q u a l  over  t h e  long run .  

Indeed,  t h e  "102" v a l u e  of r o l l o v e r  r a t e  f o r  t h e  two-year o p e r a t i o n  of 

11,000-gal lon Helium t r a i l e r s  may be a s  s t a t i s t i c a l l y  improbable a s  is  t h e  

"5" v a l u e  f o r  t h e  Hydrogen t r a i l e r s .  F u r t h e r ,  i t  i s  c e r t a i n  t h a t  s u b s t a n t i a l  

v a r i a t i o n s  i n  bo th  v e h i c l e  numbers and average annua l  mi leage exposures 

have occurred over  t h e  s i x  y e a r s  o f  a c c i d e n t  r e p o r t i n g .  

For t h e  sake  of c o n t r a s t i n g  t h e  Linde f l e e t  r o l l o v e r  r a t e s  w i t h  

n a t i o n a l  exper ience ,  a c c i d e n t  d a t a  from t h e  Bureau of Motor C a r r i e r  S a f e t y  

(BMCS) have been combined w i t h  mileage d a t a  from t h e  Truck Inven tory  and 

Use Survey [ 4 ]  produced by t h e  Bureau of Census. Some ad jus tments  have 

been made t o  normal ize  t h e s e  two d a t a  s e t s  so  a s  t o  r e p r e s e n t  on ly  



t h r e e - a x l e  t r a c t o r s  coupled t o  two-axle van-type s e m i t r a i l e r s  i n  f o r - h i r e  

i n t e r s t a t e  s e r v i c e  (which c o n s t i t u t e  t h e  l a r g e s t  s i n g l e  ca tegory  t h a t  can 

be i d e n t i f i e d  w i t h  some conf idence  i n  both  d a t a  s o u r c e s ) .  These d a t a  show 

t h a t  t h e  nominal r o l l o v e r  r a t e  i n v o l v i n g  f  ive -ax le  t r a c t o r  / v a n - s e m i t r a i l e r s  

a c r o s s  t h e  U.S.  f o r  t h e  y e a r s  1977 through 1980 i s  s i x  r o l l o v e r s  p e r  100 

m i l l i o n  veh ic le -mi les .  

Accordingly,  a l though  t h e r e  i s  a  s u b s t a n t i a l  l e v e l  of c r u d i t y  i n  

t h e  v a r i o u s  f i g u r e s  a v a i l a b l e ,  i t  would appear  t h a t  Linde v e h i c l e s  a r e  

g e n e r a l l y  exper ienc ing  a  c o n s i d e r a b l y  h i g h e r  i n c i d e n c e  of r o l l o v e r  t h a n  

a r e  t r a c t o r - s e m i t r a i l e r s ,  n a t i o n a l l y .  Of c o u r s e ,  t h e r e  may be a  number of 

o p e r a t i o n a l  d i f f e r e n c e s  c o n t r i b u t i n g  t o  t h e  overinvolvement of Linde 

v e h i c l e s ,  such a s  t h e  c l a s s  of roads  t r a v e l e d ,  t h e  topograph ica l  and 

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

c o n d i t i o n s  encounte red ,  e t c .  N e v e r t h e l e s s ,  a  s u b s t a n t i a l  d i f f e r e n c e  

appears  t o  be simply i n  t h e  i n h e r e n t  r o l l  s t a b i l i t y  of t h e  v e h i c l e s  invo lved .  

That i s ,  t h e  Linde v e h i c l e s  a r e  c l e a r l y  - low i n  r o l l o v e r  t h r e s h o l d  w i t h  

r e s p e c t  t o  t r a c t o r - s e m i t r a i l e r s  i n  g e n e r a l  f r e i g h t  s e r v i c e .  For example, 

HSRI b e l i e v e s  t h a t  t h e  t y p i c a l  t r a c t o r  and van s e m i t r a i l e r  h a s  a  r o l l o v e r  

t h r e s h o l d  around 0.37 g' s. Linde v e h i c l e s  were shown e a r l i e r  t o  have 

r o l l o v e r  t h r e s h o l d s  i n  t h e  range from 0.26 g  t o  0.36 g .  Also,  t h e  

c ryogen ic  t anks  a r e  so  h i g h  i n  t a r e  weight  t h a t  Linde v e h i c l e s  exper ience  

h i g h e r  l i k e l i h o o d  of r o l l o v e r  on b o t h  t h e  loaded and empty l e g s  of t h e i r  

t r i p s .  

A Scheme f o r  R e l a t i n g  Rol lover  Threshold  t o  t h e  L i k e l y  Frequency 

of Rol lover .  I n  r e c e n t  HSRI r e s e a r c h ,  a  d a t a  set based on f o u r  y e a r s  of 

BMCS a c c i d e n t  d a t a  was augmented w i t h  t h e  r e s u l t s  of t h e  computer s i m u l a t i o n  

of r o l l o v e r  response  t o  produce t h e  p l o t  shown i n  F i g u r e  3.10.  The f i g u r e  

shows t h a t  a  remarkable  c o r r e l a t i o n  e x i s t s  between t h e  p e r c e n t  of r o l l -  

o v e r s  o c c u r r i n g  among s i n g l e - v e h i c l e  a c c i d e n t s  w i t h  t r a c t o r - s e m i t r a i l e r s  

and t h e  s t a t i c  r o l l o v e r  t h r e s h o l d  of each v e h i c l e .  The p l o t  r e p r e s e n t s  

21,000 c a s e s  of s i n g l e - v e h i c l e  a c c i d e n t s  i n v o l v i n g  th ree -ax le  t r a c t o r s  

coupled t o  two-axle, van-type s e m i t r a i l e r s .  The p l o t  was produced beginning 

w i t h  d a t a  from t h e  BMCS a c c i d e n t  r e p o r t  forms e s t a b l i s h i n g  t h e  g r o s s  weight 

of each accident- involved v e h i c l e .  I n  a  computerized d e t e r m i n a t i o n  of t h e  
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func t ion  of t h e  v e h i c l e ' s  i nhe ren t  r o l l o v e r  t h re sho ld ,  i n  g  ' s .  



v e h i c l e ' s  r o l l  s t a b i l i t y ,  t h e n ,  payload was placed t o  r e p r e s e n t  r e a s o n a b l e  

d i s t r i b u t i o n s  of medium-density f r e i g h t .  Typ ica l  v a l u e s  f o r  t i r e s ,  

s p r i n g s ,  and geometr ic  p r o p e r t i e s  were then  employed t o  c a l c u l a t e  r o l l o v e r  

t h r e s h o l d s  f o r  each increment i n  g r o s s  weight  i n  t h e  a c c i d e n t  f i l e .  From 

t h e  f i g u r e ,  we s e e  t h a t  t y p i c a l  empty t r a c t o r - s e m i t r a i l e r s  exper ience  

r o l l o v e r  i n  approximately  f i v e  p e r c e n t  of t h e i r  s i n g l e - v e h i c l e  a c c i d e n t s .  

When such v e h i c l e s  a r e  f u l l y  loaded ,  on t h e  o t h e r  hand, t h e  r e d u c t i o n  i n  

r o l l  s t a b i l i t y  due t o  t h e  h igher  c .g .  l o c a t i o n  causes  an  e i g h t -  t o  

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

The f i g u r e  c l e a r l y  e s t a b l i s h e s  t h a t  t h e  r o l l o v e r  of t r a c t o r -  

s e m i t r a i l e r s  i s  h i g h l y  s e n s i t i v e  t o  t h e  v e h i c l e ' s  i n h e r e n t  r o l l  s t a b i l i t y  

t h r e s h o l d  i n  t h e  lower end of t h e  r o l l o v e r  t h r e s h o l d  range .  S ince  i t  i s  

i n  t h i s  range t h a t  t h e  Linde v e h i c l e s  a r e  found, we s e e  immediately t h a t  

t h e  Linde f l e e t  may b e ,  indeed ,  paying a  h i g h  p r i c e  i n  r o l l o v e r s  f o r  t h e  

lower  r o l l o v e r  t h r e s h o l d s  which a r e  p r e s e n t .  

The I n f l u e n c e  o f  Design Changes on t h e  L ike ly  Frequency of 

Rol lover .  Using t h e  r o l l o v e r  t h r e s h o l d  d a t a  shown e a r l i e r  i n  F i g u r e s  

3.8 and 3 .9 ,  t h e  i n f l u e n c e  o f  des ign  changes on t h e  l i k e l y  f requency of 

r o l l o v e r s  can now be  i l l u s t r a t e d .  Shown i n  F i g u r e  3 .11  is  a  p l o t  of t h e  

pe rcen t  r o l l o v e r s  p e r  SVA which a r e  l i k e l y  g iven  t h e  v a l u e s  of r o l l o v e r  

t h r e s h o l d  computed f o r  t h e  v a r i o u s  des ign  changes on t h e  Oxygen t r a i l e r .  

We s e e  t h a t  t h e  lowest  v a l u e  o f  r o l l o v e r  t h r e s h o l d ,  p e r t a i n i n g  t o  t h e  

b a s e l i n e  c a s e ,  y i e l d s  a  r o l l o v e r  f requency of approximately  5 1  p e r c e n t  

ro l lovers /SVb.  Design improvements a r e  seen t o  s e q u e n t i a l l y  reduce t h e  

r o l l o v e r  f requency accord ing  t o  t h e  p r e d i c t i o n  curve developed e a r l i e r  from 

t h e  BMCS a c c i d e n t  f i l e .  Over t h e  range of d e s i g n  improvements cons idered ,  

t h e  r o l l o v e r  f requency percen tage  reduces  from 51 p e r c e n t  t o  1 8  p e r c e n t .  

Thus, even t h e  r a t h e r  small i n c r e a s e s  i n  r o l l o v e r  t h r e s h o l d  which r e s u l t  

from c e r t a i n  improvements r e s u l t  i n  v e r y  s i z a b l e  r e d u c t i o n s  i n  a c c i d e n t  

f requency . 
S i m i l a r l y ,  F igure  3.12 shows t h e  i n f l u e n c e  of d e s i g n  changes on t h e  

r o l l o v e r  f requency of t h e  Helium t r a i l e r .  We s e e  t h a t  t h e  b a s e l i n e  c a s e s ,  

producing 70 p e r c e n t  ro l lovers /SVA, reduces  a s  f a r  a s  30 p e r c e n t .  
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F i g u r e  3.11. Oxygen t r a i l e r  (Kenworth b a s e l i n e  t r a c t o r ) .  
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Figure  3.12. Heliun t r a i l e r  (Kenworth base l ine  t r a c t o r ) .  



While t h e  above two p l o t s  s e r v e  t o  p rov ide  c o n t i n u i t y  i n  p i e c i n g  

t o g e t h e r  t h e  sequence by which computer s i m u l a t i o n  r e s u l t s  were e v e n t u a l l y  

conver ted i n t o  a  p r e d i c t i o n  of r o l l o v e r  a c c i d e n t s ,  t h e  fo l lowing  s e c t i o n  

p rov ides  t h e  f i n a l  and most e a s i l y  unders tood i l l u s t r a t i o n  of t h e  n e t  

s a f e t y  b e n e f i t s .  

P r e d i c t i o n  of t h e  Rol lovers  p e r  100 M i l l i o n  Mi les  of T r a v e l  f o r  

Linde Vehic les  w i t h  Design Changes. Using t h e  r e l a t i o n s h i p  i l l u s t r a t e d  

i n  F igures  3.11 and 3.12, t h e  r e d u c t i o n s  i n  r o l l o v e r  r a t e  a c h i e v a b l e  

through d e s i g n  changes i n  Linde v e h i c l e s  can be p r e d i c t e d .  So a s  t o  

o b t a i n  some r e a s o n a b l e  e s t i m a t e  of t h e  a b s o l u t e  r o l l o v e r  r a t e s  which might 

a p p l y ,  we have chosen t o  normal ize  t h e  o v e r a l l  Linde f l e e t  t o  t h e  a c t u a l  

r o l l o v e r  r a t e  exper ienced by t h e  Nitrogen/Argon v e h i c l e s  dur ing  t h e  1976 

through 1981 time p e r i o d .  Th is  v e h i c l e  type  was chosen s i n c e  i t  i s  t h e  

most numerous and t h u s  p rov ides  t h e  most s t a t i s t i c a l l y  s a t i s f y i n g  sample 

of a c c i d e n t  d a t a ,  F u r t h e r ,  choosing t o  r e f e r e n c e  t h e  p r o j e c t i o n  of r o l l -  

o v e r  r a t e  t o  t h e  a c t u a l  r a t e  of t h e  most-populous Linde v e h i c l e  s e r v e s  t o  

s c a l e  t h e  r e s u l t s  t o  account  f o r  whatever s p e c i a l  f a c t o r s  a c t u a l l y  d e t e r -  

mine L inde ' s  o v e r a l l  exposure  (such a s  road c l a s s e s ,  topography, e t c . ,  a s  

mentioned above) .  

The p r e v i o u s l y  p resen ted  r o l l o v e r  r a t e  of 22 per  100 m i l l i o n  m i l e s  

was t a k e n  a s  t h e  b a s e l i n e  r a t e  f o r  t h e  Ni t rogen  t r a i l e r .  From t h e  o r i g i n a l  

EMCS d a t a  c u r v e ,  i l l u s t r a t e d  e a r l i e r  i n  F i g u r e  3 .10,  a  v a l u e  of 59 p e r c e n t  

was i d e n t i f i e d  a s  t h e  p e r c e n t  r o l l o v e r / S V ~  app ly ing  t o  t h e  Ni t rogen t r a i l e r ' s  

,287-g r o l l o v e r  t h r e s h o l d  (assuming a  Kenworth/Hutchens combination of 

s u s p e n s i o n s ) .  

Rol lover  r a t e s  (R-0/100 M-miles)x were then  computed f o r  t h e  o t h e r  

v e h i c l e  t y p e s ,  x,  us ing  t h e  r e l a t i o n s h i p :  

(R-O/ SVA) R- 0  (R-0 / SVA) 

100 M-miles 100 M-miles N 2  (22) 

where ( R - O / S V A ) ~  = Rol lovers  p e r  SVA f o r  i n d i v i d u a l  v e h i c l e ,  x 

(R-O/SVA)N2 = Rol lovers  p e r  SVA f o r  b a s i c  Ni t rogen  t r a i l e r  



By t h i s  approach,  we o b t a i n  r o l l o v e r  r a t e  p r o j e c t i o n s  which a r e  " c a l i b r a t e d "  

t o  t h e  a b s o l u t e  r a t e  of Linde v e h i c l e  r o l l o v e r s ,  w h i l e  a l s o  f a c t o r i n g  i n  

t h e  s e n s i t i v i t y  of r o l l o v e r  f requency t o  t h e  r o l l o v e r  t h r e s h o l d  v a l u e  f o r  

i n d i v i d u a l  v e h i c l e  types .  

Shown i n  F i g u r e  3.13 a r e  t h e  r o l l o v e r  r a t e s  p r e d i c t e d  f o r  t h e  

v a r i o u s  c o n f i g u r a t i o n s  of Oxygen t r a i l e r  cons idered .  Again, n o t e  t h a t  

d e s i g n  changes a r e  coded 1 through 1 6  a s  d e f i n e d  e a r l i e r  i n  S e c t i o n  3 .2 .  

We s e e  t h a t  r o l l o v e r  involvement i s  reduced by 20 p e r c e n t  from 20 t o  1 6  

r o l l o v e r s  p e r  100 m i l l i o n  mi les  by op t imal  s e l e c t i o n  of suspens ions .  A 

t o t a l  of 35 p e r c e n t  improvement i s  made ( t o  a  v a l u e  of 1 3  r o l l o v e r s / 1 0 0  

m i l l i o n  m i l e s )  i f  t h e  v e h i c l e  i n c o r p o r a t e s  102-inch t r a c k  wid th ,  a s  w e l l .  

I n  g e n e r a l ,  we  s e e  t h a t  f o r  each two-inch r e d u c t i o n  i n  t ank  c .g .  h e i g h t ,  

t h e  r o l l o v e r  r a t e  reduces  by one r o l l o v e r / 1 0 0  m i l l i o n  m i l e s ,  o r  approxi-  

mately  f i v e  p e r c e n t  of t h e  b a s e l i n e  r a t e .  Th i s  r e s u l t  i s  observed whether 

96-inch o r  102-inch t r a c k  wid ths  a r e  be ing  cons idered .  Note t h a t  t h e  

complete set of d e s i g n  improvements on t h e  Oxygen t r a i l e r  y i e l d s  a  t o t a l  

r o l l o v e r  involvement which i s  very  n e a r  t o  t h e  s i x  r o l l o v e r / 1 0 0  m i l l i o n  

m i l e s  v a l u e  t h a t  o c c u r s  i n  g e n e r a l  f r e i g h t  t r u c k i n g  i n  t h e  U.S. 

Shown i n  F i g u r e  3.14 a r e  t h e  corresponding d a t a  f o r  t h e  v a r i o u s  

c o n f i g u r a t i o n s  o f  Helium t r a i l e r  which were cons idered .  We s e e  t h a t  t h e  

Helium t r a i l e r  has  a  p r o j e c t e d  b a s e l i n e  r o l l o v e r  r a t e  of 27 r o l l o v e r s / 1 0 0  

m i l l i o n  m i l e s .  A 22-percent r e d u c t i o n  i n  r o l l o v e r s  i s  p r e d i c t e d  t o  acc rue  

from op t imal  s e l e c t i o n  of suspens ions ,  and an  a d d i t i o n a l  1 5  p e r c e n t  ( t o  a  

t o t a l  v a l u e  of 17  r o l l o v e r s / 1 0 0  m i l l i o n  m i l e s )  from e x t e n s i o n  of t r a c k  width  

t o  102 inches .  Again, each two-inch r e d u c t i o n  i n  t a n k  c .g .  h e i g h t  y i e l d s  a  

nominal r e d u c t i o n  o f  one r o l l o v e r / 1 0 0  m i l l i o n  m i l e s .  

Moreover, t h e  d e s i g n  changes which were cons idered  a r e  s e e n  t o  o f f e r  

a s  much a s  a  50-percent r e d u c t i o n  i n  r o l l o v e r  r a t e ,  a l though  r e g u l a t o r y  

allowance of t h e  102-inch t r a c k  width  would be r e q u i r e d ,  and s u b s t a n t i a l  

changes i n  t a n k  geometr ic  l a y o u t  would have t o  be developed. More modest, 

y e t  s t i l l  ve ry  s i g n i f i c a n t ,  improvements can be made through suspension 

s e l e c t i o n  and,  pe rhaps ,  l e s s  d ramat ic  r e d u c t i o n s  i n  t a n k  c . g .  h e i g h t .  









4.0 CONCLUSIONS AND RECOMMENDATIONS 

The e x e c u t i v e  summary p r e s e n t e d  b r i e f  s t a t e m e n t s  of t h e  conc lus ions  

which were documented i n  t h e  R e s u l t s  s e c t i o n ,  above. E s s e n t i a l l y ,  t h e s e  

r e s u l t s  e s t a b l i s h  a  g e n e r a l l y  low l e v e l  of r o l l  s t a b i l i t y  i n  Union Carbide  

v e h i c l e s  and i l l u s t r a t e  t h a t  t h e s e  s t a b i l i t y  c h a r a c t e r i s t i c s  can be 

d i r e c t l y  i n t e r p r e t e d  a s  having s t r o n g  i n f l u e n c e  on t h e  r o l l o v e r  a c c i d e n t  

r a t e .  

I n s o f a r  a s  Linde may conclude t h a t  r e d u c t i o n s  i n  i t s  c u r r e n t  r o l l -  

o v e r  r a t e  war ran t  e f f o r t s  toward improvement i n  v e h i c l e  s t a b i l i t y ,  c e r t a i n  

c a n d i d a t e  improvements a r e  sugges ted .  Of most immediate u t i l i t y  a s  a n  

a r e a  of p o s s i b l e  improvement i s  t h e  s e l e c t i o n  of suspens ions  a s s u r i n g  

h i g h e r  l e v e l s  of r o l l  s t a b i l i t y .  It i s  recommended t h a t  Linde adop t  a 

p r a c t i c e  o f  "qua l i fy ing"  suspens ions  on t h e  b a s i s  of a  s u i t a b l e  s e t  of r o l l  

moment v e r s u s  r o l l  a n g l e  p r o p e r t i e s .  The suggested concept  f o r  implement- 

i n g  t h i s  approach i s  i l l u s t r a t e d  i n  F i g u r e  4 . 1 .  The f i g u r e  shows a  p l o t  

of t h e  r o l l  moment r e a c t i o n  a t  each a x l e  of a tandem p a i r  v e r s u s  t h e  r o l l  

a n g l e  subtended between t h e  sprung mass and t h e  a x l e .  The p l o t  i l l u s t r a t e s ,  

by cross-hatched a r e a s ,  t h e  range of measurements which were made i n  t h i s  

s t u d y  on t r a c t o r  and t r a i l e r  suspens ions ,  r e s p e c t i v e l y .  I t  i s  recommended 

t h a t  suspens ions  be c a r e f u l l y  s e l e c t e d  i n  t h e  f u t u r e  so  t h a t  on ly  t h e  

s t i f f e r  ends of each i n d i c a t e d  performance range  be employed. 

I n  p a r t i c u l a r ,  i t  i s  recommended t h a t  Linde c i t e  t h e  p o i n t  l a b e l e d  

"A" a s  t h e  " t a r g e t  value"  e s t a b l i s h i n g  a  c r i t e r i o n  f o r  t r a c t o r  suspens ions ,  

and t h e  p o i n t  l a b e l e d  "C" a s  t h e  " t a r g e t  value"  e s t a b l i s h i n g  a  t r a i l e r  

suspens ion  c r i t e r i o n .  The c r i t e r i o n  f o r  t r a c t o r  suspens ions  would be 

s t a t e d  a s  f o l l o w s :  

"Each a x l e  of t h e  t r a c t o r  tandem suspens ion  must pro- 
duce a  r o l l  moment exceeding 500,000 i n - l b s  when a  
r o l l  a n g l e  of s i x  degrees  i s  subtended between t h e  
sprung mass and t h e  a x l e ,  f o r  b o t h  p o l a r i t i e s  of r o l l  
a n g l e .  " 





Likewise,  t h e  t r a i l e r  suspens ion  would be q u a l i f i e d  by r e f e r e n c e  t o  p o i n t  

"C" w i t h  t h e  fol lowing c r i t e r i o n :  

"Each a x l e  of t h e  t r a i l e r  tandem suspens ion  must 
produce a  r o l l  moment exceeding 500,000 in - lbs  
when a  r o l l  a n g l e  of f o u r  degrees  is  subtended 
between t h e  sprung mass and t h e  a x l e ,  f o r  both  
p o l a r i t i e s  of r o l l  angle ."  

One a d d i t i o n a l  p rov i so  seems t o  be needed i f  c e r t a i n  of t h e  a v a i l -  

a b l e  suspens ions  which a r e  nominally s u i t a b l e  a r e  t o  s a t i s f y  t h e  c r i t e r i o n .  

Namely, t h e r e  must be an a l lowance t h a t  t h e  r o l l  moment r e a c t e d  a t  each 

o f  t h e  two tandem a x l e s  can be averaged t o g e t h e r  i n  a r r i v i n g  a t  t h e  

requirement  ( s i n c e  i t  was noted t h a t  c o n s i d e r a b l e  d i f f e r e n c e s  a r e  o f t e n  

s e e n  between t h e  l e a d i n g  and t r a i l i n g  a x l e s  i n  a  tandem p a i r ) .  I f  such 

a  "re laxed" i n t e r p r e t a t i o n  i s  a l lowed,  Linde should s t i p u l a t e  t h a t  a t  no 

v a l u e  of r o l l  a n g l e  below t h e  four-degree  o r  s ix-degree  c r i t e r i o n  condi- 

t i o n s  can t h e  r o l l  moment produced a t  one a x l e  d i f f e r  by more t h a n  150,000 

in - lbs  from t h e  moment produced a t  t h e  o t h e r  a x l e .  This  s t i p u l a t i o n  

would guard a g a i n s t  p o t e n t i a l l y  d e f i c i e n t  arrangements i n  which a l l  of t h e  

r o l l  moment i s  lumped on one a x l e .  

F igure  4 .1  a l s o  shows a  p o i n t  l a b e l e d  "B" which i s  seen  a s  t h e  

f u t u r e  t a r g e t  c o n d i t i o n  t o  b e  s a t i s f i e d  by t r a c t o r  tandem suspens ions .  

Th is  p o i n t  d e f i n e s  a  500,000 in - lb  and f i v e  degree  c o n d i t i o n  a s  a  pre- 

f e r a b l e  performance l e v e l  f o r  a  t r a c t o r  tandem. This  performance l e v e l  i s  

a t t a i n a b l e ,  even i n  t h e  r e l a t i v e l y  near  term,  by suspensions  such a s  t h e  

Mack-Reyco four-spr ing t e s t e d  i n  t h i s  s tudy  simply by means of reducing 

t h e  unnecessary l e v e l  of s p r i n g  l a s h .  

I t  is  recognized t h a t  i f  Linde choses t o  pursue t h i s  recommenda- 

t i o n  w i t h  v i g o r ,  they w i l l  encounter  o p p o s i t i o n  and dismay on t h e  p a r t  of 

v e h i c l e  and suspens ion  s u p p l i e r s .  Th i s  r e s i s t a n c e  w i l l  s tem p r i m a r i l y  

from a n  u n f a m i l i a r i t y  wi th  t h e  suggested types  of suspension s p e c i f i c a t i o n ,  

and p a r t l y  because a  l a r g e  number of c u r r e n t l y  a v a i l a b l e  p roduc t s  w i l l  no t  

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



I n  a d d i t i o n  t o  t h e  i n i t i a t i v e  on s p e c i f y i n g  r o l l - s t a b i l i t y -  

enhancing suspens ions ,  i t  is recommended t h a t  Linde review tank  t r a i l e r  

des ign  p r a c t i c e s  and determine t h e  maximum p r a c t i c a b l e  r e d u c t i o n  i n  t r a i l e r  

c . g .  h e i g h t  which can be i m p l e m e n t e d - e i t h e r  a s  a  m o d i f i c a t i o n  dur ing  t h e  

normal r e h a b i l i t a t i o n  of e x i s t i n g  equipment, o r  a s  a  des ign  approach i n  

purchasing new v e h i c l e s .  It i s  suggested t h a t  t h e  r e s u l t s  of t h i s  s t u d y  

should s e r v e  t o  s c a l e  t h e  v e r y  h igh  importance which o therwise  "minor" 

ad jus tments  i n  c .g .  h e i g h t  have upon t h e  u l t i m a t e  r o l l o v e r  involvement r a t e .  

Thus, f u t u r e  e f f o r t s  toward lowering t r a i l e r  c .g ,  h e i g h t  should  be 

focused upon even t h e  small h e i g h t  r e d u c t i o n s  which might be f e a s i b l e  w i t h  

o therwise  conven t iona l  t a n k  c o n s t r u c t i o n s ,  a s  w e l l  a s  t h e  "dramatic" 

r e d u c t i o n s  i n  h e i g h t  a c h i e v a b l e  on ly  by means of wholesa le  r e d e s i g n  of 

c ryogen ic  t anks .  

F i n a l l y ,  t h e  sav ings  i n  r o l l o v e r  involvement impl ied by widening 

t r a c k  width  have been shown t o  be ,  indeed ,  l a r g e .  Thus i t  i s  recommended 

t h a t  Linde adopt a  p o l i c y  f a v o r i n g  n a t i o n a l  adop t ion  of a  102-inch width  

allowance.  It is  HSRI's c o n v i c t i o n ,  a l l  t h i n g s  cons idered ,  t h a t  such a  

s t e p  would c o n s t i t u t e  t h e  s i n g l e  most s i g n i f i c a n t  adjus tment  i n  t r u c k  s i z e  

and weight c o n s t r a i n t s  which i s  f e a s i b l e  t o  make i n  behalf  of t r u c k i n g  

s a f e t y .  I f  such an  a l lowance were adopted,  nat ionwide,  it is  recommended 

t h a t  t h e  102-inch dimension be implemented a s  t h e  width  a c r o s s  t h e  o u t s i d e  

of t h e  t i r e s  on bo th  t h e  t r a c t o r  and t r a i l e r  tandems. - 
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APPENDIX A 

DETAILED SUSPENSION DATA 

This  appendix c o n t a i n s  suspens ion  d a t a  c o l l e c t e d  on t h e  HSRI 

tandem suspens ion  parameter  measurement f a c i l i t y .  The d a t a  d e s c r i b e  

v e r t i c a l  and r o l l  s t i f f n e s s  p r o p e r t i e s  of t h e  fo l lowing  suspens ions :  

1) F r e i g h t l i n e r  four - spr ing  

2 )  P e t e r b i l t  four - spr ing  

3 )  Mack (Reyco-manufactured) f our - spr ing  

4 )  Kenworth t o r s i o n  b a r  

5 )  Hutchens t a p e r  l e a f  four - spr ing  

6 )  Chalmers rubber  s p r i n g  walking-beam 

7 )  Neway a i r  suspens ion  

For d e t a i l e d  d i s c u s s i o n  o f  t h e  measurement methodology and i n t e r -  

p r e t a t i o n  of t h e s e  d a t a ,  t h e  r e a d e r  should  c o n s u l t  t h e  SAE paper c i t e d  

i n  Reference [ 6 ] .  



A . 1  Freightliner Four-Spring 











A . 2  P e t e r b i l t  Four-Spring 









A. 3 Mack (Reyco-Manuf a c t u r e d )  Four-Spring 









A.4 Kenworth Torsion Bar 
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8.5 Hutchens Tape r  Leaf  Four -Spr ing  









A .  6 Chalmers Rubber S p r i n g  Walking-Beam 









A . 7  Neway Air Suspension 









APPENDIX B 

EXAMPLE LISTING OF VEHICLE PARAMETERS 

(See Reference  [ 2 ]  f o r  r e f e r e n c e  t o  t h e  d e t a i l s  
of t h i s  computer model) 



- ' J Y Y Y . " U "  

8300 GAL NITHO(;CII TRIIKEII WITH IdEUAY, PETERBUILT TRACTOn 

1181 = 22.00  llR2 = 2 9 . 0 0  11113 = 1 7 . 0 0  25 = 4 0 . 0 0  Z F R  = 35.00  

NfR = 9000 .0  COULFR = 1 0 0 0 0 . 0  M 5  = 1 0 0 0 0 0 0 . 0  MOMSEP = 4 9 5 0 0 0 . 0  

UYTI = 3090.0  KYT2 = 6 0 0 0 . 0  KYT3 = 6 0 0 0 . 0  

K3V1'1 = 1 0 0 0 . 0  KOVT2 = 2000 .0  KOVT3 = 2000 . O  
LIEI.FI~ = O.Q2 X P R I I J T  = 0 . 5 0  

5 P R I N G  TABLE: 1 
NO.  OF DnTR POJNTS IN T A B L E  : 2 

FORCE DFFLECTION 
-15000 .000 -10 .000  

l F , O O O . O O O  10 . O O O  

'PIING TAtlLE: 2 
NO. OF DATA POINTS IN TADLC : 1 0  

0 

ZPI'T'IG TADLE: 3 
NO.  OF U P I ' R  P O I N T S  It1 TAIILE : 2 

FCRCE: D E F L E C T I O N  
-16000 . O O O  -8 .DO0 

16000 -000  0 . 3 0 0  
DkT4 F1101:: 

0 .0  0 . 0  0 .o 



l l P l  = 22.00  llR2 = 3 2 . 2 0  tlR3 = 3 0 . 0 0  ZS = 48 .00  Z F R  = 35.00 

Pf -R  = 9000 .0  COULFR = 1 0 0 0 0 . 0  !I5 = 1 0 0 0 0 0 0 . 0  MOHSEP = 513000 .0  

K O V T l  = 1 0 0 0 . 0  KOVT2 = 2000 .0  KDVT3 = 2000 .o 
I t L r l l  = 0 . 0 2  X P R I N T  = 0 . 5 0  

5 Fl'I !dl; Tfif3L I. : 2 
N O .  c'F DhTA POIt4TS  I N  TARLL: : 1 0  

TrrItJr; T A I ~ L I . :  3 
HG. ( F  I I P T A  PC'IIITS It1 TAIJLI:  : 1 0  



z 0 3 
0 0 0  - 0 0 
C . .  

O O O U  
3 0 ~ 1 0 1  . . 
1 -1 
3 ' *  

i 0 0 
'3 0 ir 
L O O  







APPENDIX C 

COMPUTER PLOTS OF LATERAL ACCELERATION VERSUS TRAILER 
ROLL ANGLE FOR VEHICLES I N  THE CURRENT FLEET 



t HY OROGEN 
r HELIUM 

0. 2. 4. 6. 8 . 1 0 . 1 2 . 1 4 .  

TRAILER ROLL ANGLE CDEGI 

MACK TRACTOR 



. .- -- .- .. . - . .-. _.. -. - . -c-- r ILL *---r i.. . i - . I_._A, I . - . -C.i  .. . - 
- . . .  . .--,.. . -  

.A .., J 

t HUTCH 
* CHALMERS 
0 NEWAY 

TRAILER ROLL ANGLE CDEGI 

MACK TRACTOR, OXYGEN 



t HUTCH 
r CHALMERS 
0 NEWAY 

0. 2. 4. 6. 8 . 1 0 . 1 2 . 1 4 .  

TRAILER ROLL ANGLE CDEGI 
MACK TRACTOR, NITROGEN 



t HYDROGEN 
r HELIUM 

TRAILER ROLL ANGLE CDEGI 

PETERBUILT TRACTOR 



+ HUTCH 
0.4 * ,A,,,, 

TRAILER ROLL ANGLE CDEGI 

PETERBUILT TRACTOR,  OXYGEN 



+ HUTCH 
CHALMERS 

0. , 4 0 NEWAY 

TRAILER ROLL ANGLE CDEGI 
PETERBUILT TRACTOR, NITROGEN 



+ HY DROGUJ 
* HELIUM 

TRA1.LER ROLL ANGLE CDEGI 
KENWORTH TRACTOR 



+ HUTCH 
* CHALMERS 
0 NEWAY 

TRAILER ROLL ANGLE CDEGI 

KENWORTH TRACTOR, OXYGEN 



+ HUTCH 
* CHALMERS 
0 NEWAY 

TRAILER ROLL ANGLE CDEGI 

KENWORTH TRACTOR, NITROGEN 



t HY OROGEN 
+ HELIUM 

TRAILER ROLL ANGLE CDEGI 

FREIGHTLINER TRACTOR 



m "7 + HUTCH 
v> Y CHALMERS - O NEWAY 

TRAILER ROLL ANGLE CDEGI 

FREIGHTLINER TRACTOR7 OXYGEN 



t HUTCH 
* CHALtlERS 
0 NEWAY 

TRAILER ROLL ANGLE CDEGI 
FRE I GHTL I NER TRACTOR 7 N 1 TROGEN 





APPENDIX D 

COMPUTER PLOTS OF LATERAL ACCELERATION VERSUS TRAILER 
ROLL ANGLE SHOWING INFLUENCE OF DESIGN CHANGES 



PETERBILT TRACTOR / HELIUM TRAILER 

---- BA3CLlNt 

0. gr +++++ NEWAY ON TRAILER 
n 
V) - 
(9 
u 

0.4- 
7 

*sr=r NEWAY ON TRACTOR AN0 TRAILER . . .. . BASELINE WITH LASHS = 2.0  DEG 
00000 BASELINE WITH ZS = 46.r ZS3 * 95. 
XXXXX ALL CONVENTIONAL CHANGES TOGETHER 
00000 ALL CONVENTIONAL CHANGES PLUS 

102 INCH WHEELBASE 

0 
H 

I- 

2 0.3- 
W 

W 
0 y 0.2- 

a 
u 0.1.' 
1- 
a 

I I 4 I 

0. 2. 4. 6. 8. 1 0 . 1 2 . 1 4 .  

TRAILER ROLL ANGLE CDEGI 



----- BASELINE CnNFIGURATION 
t--t. BASELINE TRACTOR, NEWAY ON TRAILER 

T R A I L E R  R O L L  ANGLE CDEGI 

PETERBILT TRACTOR / H E L I U M  TRAILER 



----- BASELINE CONFIGURATION 
.I----.+ NEWAY ON TRACTOR? NEWAY ON TRAILER 

0. 2. 4. 6. 8. 10. 12. 14. 

TRAILER ROLL ANGLE CDEGI 

PETERBILT TRACTOR / HELIUM TRAILER 



---- BASELINE CONFIGURATION 
+---+ BASELINE TRACTOR AN0 TRAILER, 

LASH5 = 2.0 

TRAILER ROLL ANGLE CDEGI 

PETERBILT TRACTOR / HELIUM TRAILER 



----- BASELINE CONFIGURATION 
-L BASELINE TRACTOR AND TRAILERt 

ZS = 46.t 253 = 95. 

TRAILER ROLL ANGLE CDEGI 

PETERBILT TRACTOR / HELIUM TRAILER 



TRAILER ROLL ANGLE CDEGI 

0.5- 

PETERBILT TRACTOR / HELIUM TRAILER 

V )  - 
C3 
U 

Z O m  4-- 
0 
u 
I- 
a 

----- BASELINE CONFIGURATION 
c--+ NEWAY ON TRACTOR# NEWAY ON TRAILER, 

LASH5 = 2.01 25 =46. 1 ZS3 = 95. 

I I , 
0. 2. 4. 6. 8 . 1 0 . 1 2 . 1 4 .  



----- BASELINE CONFIGURATION - 102 INCH WHEELBASE? ZS3 = 94.0 

TRAILER ROLL ANGLE CDEGI 

PETERBILT TRACTOR / HELIUM TRAILER 



----- BASELINE 
+++++ ZS3 = 93. 
v r r w  ZS3 = 9 1. ..... ZS3 = 83. 
00000 ZS3 = 87. 
XXXXX ZS3 = 85. 

TRAILER ROLL ANGLE CDEGI 
C . G .  REDUCTION 

WITH ALL CONVENTIONAL CHANGES 



---- BASELINE 
+++++ 253 = 92. 
rrrrr ZS3 = 30. ..... ZS3 = 88. 
00000 ZS3 = 86. 
XXXXX ZS3 = 84. 

TRAILER ROLL ANGLE COEGI 

C.G. REDUCTION 
WITH CONVENTIONAL CHANGES 

PLUS 102 INCH WHEELBASE 



BASELINE 
NEUAY ON TRACTOR 
BASELINE VITH LASH5 2.0 
BASELINE VITH 23-46. t ZS3-84.6 
BASELINE VITH ALL 3 CONVUI(T1ONAL ( 
A L L  CONVUl(fI0NAL CHANGES PLUS 102 

I I 8 4 1 I 1 I 

I, 2. 4. 6. 8, 10. 12. 14. 
TRAILER ROLL ANGLE CDEGI 

PETERBILT TRACTOR / OXYGEN TRAILER 



' BASELINE CONFIGURATION 
)-----II NEWAY ON TRACTOR 

TRAILER ROLL ANGLE CDEGI 

PETERBILT TRACTOR / OXYGEN TRAILER 



+-t BASELINE CONFIGURATION 
r n 

# B A ~ I N E  MNF IGURATIDN 
WITH LASH5 = 2.0 DEG 

c--l 

i- 

TRAILER ROLL ANGLE CDEGI 

PETERBILT TRACTOR / OXYGEN TRAILER 



U BASElINE CONFIGURATION 
M BASELINE CONFIGURATION WITH 

25 - 46. AND ZS3 = 84.8 

TRAILER ROLL ANGLE CDEGI 

PETERBILT TRACTOR / OXYGEN TRAILER 



I---+ BASELINE CONFIGURATION - LASH5 - 2.0, 25 = 46. t ZS3 = 84.6 

TRAILER ROLL ANGLE CDEG3 

PETERBILT TRACTOR / OXYGEN TRAILER 



V) 
i--k BASELINE CDNFIDURATTDN 
u A L L  MNVENTIDNAL CHANGES PLUS - 

0 I 152 INCH WEtBASE 

TRAILER ROLL ANGLE CDEGI 

PETERBILT TRACTOR / OXYGEN TRAILER 



0. a b 6 6 L , 1 

0. 2. 4. 6. 8 . 1 0 . 1 2 . 1 4 .  
TRAILER ROLL ANGLE CDEGI 

C.G. REDUCTIONS 
WITH ALL CONVENTIONAL CHANGES 



- BASELINE 
++cx ZS3 = 81.8 
m ZS3 - 79.6 ..... ZS3 - 77.6 
NlNln ZS3 - 75.6 

TRAILER ROLL ANGLE CDEGI 

C O G o  REDUCTIONS 
WITH CONVENTIONAL CHANGES 
PLUS 102 INCH WHEELBASE 



DESCRIPTIVE ROLLOVER ACCIDENT SUMMARIES COVERING LINDE FLEET OPERATIONS 
DURING THE PERIOD 4 /25 /76  THROUGH 8/16/81 
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