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16. Abntroct 
The s p e c i a l  s a f e t y  hazard  posed by highway t a n k  v e h i c l e s  h a u l i n g  f larn- 

mable l i q u i d s  has been addressed th rough  a c c i d e n t  da ta  a n a l y s i s  and 
e n g i n e e r i n g  e v a l u a t i o n s  r e l a t e d  t o  t a n k  v e h i c l e  c o n f i g u r a t i o n .  The s tudy ,  
which was mandated d i r e c t l y  by an A c t  o f  t h e  M ich igan  S t a t e  L e g i s l a t u r e ,  
has produced a  recommendation f o r  new l e g i s l a t i o n  p e r t a i n i n g  t o  t h e  con- 
f i g u r a t i o n  o f  t a n k  v e h i c l e s  hav ing  f l u i d  c a p a c i t i e s  i n  excess o f  9,000 g a l .  
A s e t  of f o u r  v e h i c l e  c o n f i g u r a t i o n s  a r e  recommended, a1 1  c o n s t i t u t i n g  
t r a c t o r - s e m i  t r a i  l e r s .  The s p e c i f i c a t i o n  f o r  each v e h i c l e  covers  c o n s t r a i n t  
on tank  c a p a c i t y ,  t ank  h e i g h t  above t h e  ground, r o l l o v e r  s t a b i l i t y ,  t h e  use 
o f  s o - c a l l e d  " l i f t - a x l e s , "  and t h e  a b i l i t y  o f  manhole covers  t o  c o n t a i n  t h e  
f l u i d  l o a d  i n  t h e  even t  o f  a  r o l l o v e r .  

A n a l y s i s  o f  a c c i d e n t  r i s k s  has i n d i c a t e d  t h a t  any o f  t h e  f o u r  recommend- 
ed v e h i c l e  c o n f i g u r a t i o n s  would y i e l d  app rox ima te l y  one-ha1 f o f  t h e  i n c i -  
dence of r o l l o v e r ,  w i t h  i t s  p o t e n t i a l  f o r  f i r e ,  t h a t  Mich igan can expect  
f rom t h e  use o f  conven t i ona l  t a n k e r s  hav ing  tank  c a p a c i t i e s  around 9,000 
g a l .  F u r t h e r ,  t h e  recommended v e h i c l e s ,  because o f  t h e i r  h i g h e r  c a r r y i n g  
c a p a c i t i e s ,  o f f e r  l a r g e  advantages t o  t h e  economy and energy e f f i c i e n c y  o f  
f lammable f l  u i d s  t r a n s p o r t a t i o n .  
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1  .0  INTRODUCTION 

T h i s  document c o n s t i t u t e s  t h e  f i n a l  r e p o r t  on a  resea rch  s t u d y  

conducted by t h e  Highway Safe ty  Research I n s t i t u t e  (HSRI) o f  The 

U n i v e r s i t y  o f  M ich igan  on t h e  s u b j e c t  o f  improved s a f e t y  f o r  t ank  

v e h i c l e s  t r a n s p o r t i n g  f lammable l i q u i d s  i n  Mich igan.  The s tudy  was 

sponsored by t h e  S t a t e  o f  Mich igan,  w i t h  c o n t r a c t  a d m i n i s t r a t i o n  b e i n g  

p rov ided  by t h e  M ich igan  Department o f  T r a n s p o r t a t i o n  th rough  Research 

Agreement $78-2230. 

The p r o j e c t  r e p o r t e d  h e r e i n  was mandated i n  1978 by A c t  385 o f  

t h e  Mich igan L e g i s l a t u r e .  The p r i m a r y  purpose o f  t h i s  l aw  was t o  

l e g i s l a t e  a  phased removal o f  doub le  t a n k e r s  and t o  l i m i t  t ank  volume 

i n  t h e  f u t u r e  t o  9,000 g a l l o n s .  A c t  385 a l s o  con ta ined  t h e  f o l l o w i n g  

c l  ause: 

"The Highway S a f e t y  Research I n s t i t u t e  . . . s h a l l  
s t u d y  v e h i c l e  des ign  and recommend t o  t h e  Leg is -  
l a t u r e  t h a t  v e h i c l e  combinat ion  which demonstrates 
t h e  h i g h e s t  p o s s i b l e  s a f e t y  i n  t r a n s p o r t i n g  f l  am- 
rnable l i q u i d s ,  which v e h i c l e  comb ina t i on  a f t e r  
subsequent l e g i s l a t i o n  may t r a n s p o r t  f lammable 
1  i q u i d s . "  

Thus, t h e  p r o j e c t  was seen as a  means t o  e s t a b l i s h  a  s o l i d  t e c h n i c a l  

f o u n d a t i o n  f o r  e n a c t i n g  f o l l o w - u p  l e g i s l a t i o n  t h a t  would r e g u l a t e  tank  

v e h i c l e s  c a r r y i n g  f lammable 1  i q u i d s .  The p r o j e c t  was mo t i va ted ,  i n  

p a r t ,  by t h e  f a c t  t h a t  t h e  f u e l  t r a n s p o r t a t i o n  i n d u s t r y  i n  Mich igan had 

s u f f e r e d  a  severe  d i s t u r b a n c e  i n  i t s  o p e r a t i o n s  when t h e  l a r g e ,  17,000- 

g a l l o n  o r  so doub le  t a n k e r s  began t o  be phased o u t .  Based p a r t i a l l y  

upon arguments conce rn ing  t h e  s a f e t y  advantages t h a t  c o u l d  be accrued 

w i t h  l a r g e - c a p a c i t y  v e h i c l e s ,  as a  r e s u l t  o f  t h e i r  l ow  a c c i d e n t  expo- 

sure,  t h e  L e g i s l a t u r e  conce ived t h e  resea rch  s tudy  as an o p p o r t u n i t y  

t o  " t a k e  ano the r  l o o k "  a t  t h e  whole q u e s t i o n  of t ank  v e h i c l e  c o n f i g u r a -  

t i o n  and i t s  i n f l u e n c e  on s a f e t y .  

I n  t h e  absence of any fo l l ow-up  l e g i s l a t i o n  b e i n g  enacted b e f o r e  

November 1981, t h e  S t a t e  would become e x c l u s i v e l y  served by g a s o l i n e  

tanke rs  hav ing  conven t i ona l  c o n s t r u c t i o n  and c a p a c i t i e s  n o t  exceeding 



9,000 gallons. Accordingly, HSRI's approach to the research study was 

to identify tank vehicle configurations that would reduce the risks of 

accidents, to the maximum degree, below the level that would accrue 

with such conventional vehicles. A1 though the research problem was 

addressed, for simplicity's sake, only from the viewpoint of gasoline 

as the transported product, the results were to apply also to the trans- 

portation of other hazardous liquids in vehicles meeting Federal Speci- 

fication #MC-306." Regarding vehicle configuration, conventional tractor- 

semi trailer tankers having either two- or three-ax1 e trailers serve as 

a point of reference in this study and are referred to in the body of 

this report as "conventional MC-306" tankers. 

The research conducted here has concluded that it is possible to 

significantly improve the safety of transporting gas01 ine by means of 

the adoption of a new, but practicable, set of requirements for tank 

vehicles exceeding 9,000 gallons in capacity. In Section 2.0 of this 

report, a Legislative recommendation is presented, out1 ining the vehicle 

design and performance features which should be attained to achieve 
the cited safety improvements. The Legislative Recommendation, of 

course, constitutes the Institute's direct response to the mandate of 

Michigan Act 385 of 1978, mentioned earlier. The recommendation is 

followed by a summary of the rationale supporting the details of the 

statement. 

Whereas the recommended vehicle configurations are predicted to 

yield a much improved level of safety, they also appear to provide: 

1) a net economic advantage due to the significantly reduced 
costs of transporting fluid products in a larger capacity 

tank, and 

2) a large improvement in the energy efficiency of the 
transportation process itself. 

- ---- 

*Specification MC-306 appears in the Code of Federal Regulations, 
Article CF 49-178.341 and entails a number of requirements for cargo 
tanks carrying unpressurized, hazardous 1 iquids in commerce. 



Given the timeliness of the latter two features in a climate of concern 

for responsible public policy on economic and energy matters, the pro- 
posed legislation, as recommended herein, is be1 ieved to be compati ble 

with the broad interests of the State. 

Further, a1 though the recommended vehicles are configured to meet 

Michigan's road-use laws, it is expected that much of the technical 
material contained herein would also be pertinent to the improvement of 
tank vehicle safety in other states and countries. The study is based 
primarily upon engineering and accident risk analyses. Full-scale 

experiments and a limited amount of field survey work were also con- 

ducted to clarify certain questions regarding tank structural integrity. 

The methods and results pertaining to the major research tasks are con- 
tained in four sections of the report, namely: 

3.0 Accident Data Analysis 

4.0 Analysis of the Dynamic Behavior of Tank Vehicles 

5.0 Containment of the Transported Fluid in an Accident 

6.0 Prediction of Accident Risks 

Two additional technical discussions, Sections 7.0 and 8.0, treat, 
respectively, the additional risks that can be expected if the fluid is 
permitted to slosh inside the transport tank and the considerations per- 
taining to the so-called "tilt-table requirement" by which the roll 
stability of the recommended tankers is specified. 

Appendices A through F are also included to provide (1) technical 

details and data in support of accident data analysis and computerized 
simulations and (2) a generalized understanding of the physics of 

vehicle rollover. 

A1 though the report itself is intended to document the technical 
study which under1 ies the legislative recommendation, the very "applied" 

quality of the results of this research has required that a good deal 
of engineering judgment be exercised as well. Thus the very simple 
scope of the recommendation derives from a judgmental distil lation of 
the technical work. The judgments have also been guided by numerous 
practical considerations re1 ating to vehicle manufacturing, the fl ammabl e 



f l u i d s  t r a n s p o r t a t i o n  system, t he  e x i s t i n g  acc iden t  record,  and t he  

a b i l i t y  o f  t h e  S ta te  Government i n  Michigan t o  implement r e g u l a t i o n s  

of the  t ype  needed i n  t h i s  p a r t i c u l a r  c i rcumstance. 

Moreover, the  1  e g i s l a t i v e  recommendation represents  a  s c i e n t i -  

f i c a l l y  based statement t h a t  has been tempered through research s t a f f  

i n t e r a c t i o n  w i t h  t h e  r espec t i ve  communities which w i l l  be regu la ted ,  

as w e l l  as those who w i l l  r egu la te .  



2.0  RECOMMENDATION FOR N E W  LEGISLATION 

On the basis of the study reported herein, the Ins t i tu te  recom- 
mends that  legis la t ion be enacted t o  permit the operation of tankers 
carrying unpressurized flammable 1 iquids a t  tank capacit ies above 
9,000 gallons, provided these vehicles meet the specif icat ions presented 
in Section 2 . 1 ,  below. I t  i s  also recommended that  the Legislature 
consider a requirement that  existing tankers be modified to  assure that  
manhole covers achieve the levels  of strength specified i n  the "recom- 
mended r e t r o f i t "  statement in Section 2 .3 .  

Both recommendations were submitted, in draf t  form, t o  a broad 
array of organizations involved in vehicle manufacturing, petroleum 
marketing, and bulk-commodity transportation fo r  comment. To the degree 
that  i t  i s  practicable, the following recommendations give due con- 
sideration t o  certain special problems that  were raised by the respon- 
dents, while s t i l l  assuring that  the "highest possible safety" perfor- 
mance of the vehicles ci ted in the specif icat ion i s  achieved. 

2 . 1  A1 lowable Tank Trai ler  Configurations 

I t  i s  recommended tha t  tractor-semi t r a i  l e r  configurations having 
tank capacit ies exceeding 9,000 gal lons be permitted t o  transport u n -  

pressurized, flammable 1 iquids in the State of Michigan, provided that  
such vehicles meet the f o l  lowing requi rements. 

1 .  Tank capacity must correspond t o  the "Design Volume" (+  - 
200 gal . )  specified i n  Table 2.1 fo r  each of the per- 
mi t ted  ax1 e arrangements. The Design Volume represents 
the fu l l  load f lu id  capacity of the vehicle. Where double 
bulkheads are  needed, the "Design Volume" may be reduced 
by an amount equal t o  the void space(s)  enclosed by the 
back-to-back bulkheads. The actual volume of the tank 
shell must exceed the Design Volume by a t  l eas t  5 percent, 
thus providing an "outage" or expansion volume. 





2. The maximum height of the tank shell must not exceed the 
"Design Shell Height" l i s t ed  in Table 2.1 when the vehicle 
i s  fu l ly  loaded, w i t h  the t r a i l e r ' s  f i f t h  wheel coupler 
plate placed a t  a height of 50 inches. 

3. When subjected to  a t i l t - t a b l e  t e s t ,  the tractor-semi- 
t r a i l e r  combination must achieve a "Ti1 t-Tab1 e Rollover 
Angle" equal t o  or in excess of the value specified for  
that  specif ic configuration (see Table 2.1 ) .  

4. No more than one t r a i l e r  axle may be outf i t ted  with a 
" l i f t - ax le"  type suspension. The remaining axles must act  
t o  continuously support the t r a i l e r  and i t s  load. 

5 .  Devices used t o  cover manholes or inspection ports must 
be capable of withstanding the forces caused by an internal 
pressure of 50 ps i ,  appl ied and he1 d a t  1 eas t  50 mi 11 i - 
seconds, and then re1 eased t o  2 ps i ,  w i t h o u t  having any 
residual venting of f lu id  during the subsequent 2 psi 
condition. 

2 . 2  Discussion of the Proposed Legislation 

2 .2 .1  Vehicle Design Considerations. The proposed legis la t ion 
contains the following features influencing vehicle design: 

1 .  Only tractor-semi t ra i  l e r  configurations are included. Al- 
though many vehicle combinations (e .g . ,  double t r a i l e r s )  were con- 
sidered in the study, a tractor-semi t r a i  1 e r  appears t o  offer  the greatest  
level of safety since ( a )  i ts  s t a b i l i t y  i s  inherently good and ( b )  i t  i s  
a much simpler configuration t o  specify and thus much more 1 ikely to  
yield the minimum desired performance despite future design innovation. 
(We should note tha t  certain "B-train" doubles, comprising a t rac tor-  
semi-semi configuration, offer  high levels  of safety quali ty when bu i l t  
i n  combination lengths of 65 fee t  and longer. However, the need for  a 
close specif icat ion of hitching mechanisms seems to  make such a vehicle 
impractical for  regulation and enforcement by a jurisdict ion with 
lfmited resources such as the State of Michigan.) 



2. The proposed l e g i s l a t i o n  permi ts  f o u r  d i f f e r e n t  semi t r a i l e r  

con f i gu ra t i ons  rang ing  i n  tank capac i t y  f rom 10,200 ga l  1  ons t o  13,200 

ga l lons .  A l t e r n a t i v e  tank c a p a c i t i e s  a re  proposed so as t o  permi t  

l a t i t u d e  i n  t r a n s p o r t  opera t ions .  The a1 t e r n a t i v e  u n i t s  a1 1  o f f e r  pro-  

found improvements i n  s a f e t y  performance over convent iona l  equipment, 

w i t h  t h e  l a r g e r  veh i c l es  o f f e r i n g  t he  h i ghes t  s a f e t y  l e v e l s  w h i l e  a l s o  

p rov i d i ng  t h e  g rea tes t  economies i n  energy consumpti on and o v e r a l l  

t r a n s p o r t  cos ts .  

Fur ther ,  t h e  recommendation c i t e s  9,000 ga l  Ions  as t h e  " d i v i d i n g  

l i n e "  above which t he  new l e g i s l a t i o n  would apply ,  thereby avo id i ng  

c o n f l i c t  w i t h  t he  v a r i e t y  o f  tank  veh i c l es  below 9,000 ga l l ons  which 

a re  used i n  i n t e r s t a t e  commerce. Since t h e  g r e a t  b u l k  o f  flammable 

f u e l s  t r a n s p o r t a t i o n  i n  Michigan i nvo l ves  i n t r a s t a t e  t r u c k i n g  opera- 

t i o n s ,  however, i t  i s  expected t h a t  t he  economic i ncen t i ves  a f f o rded  by 

l a r g e r  capac i t y  veh i c l es  w i l l  l ead  t o  t h e i r  popular  usage w i t h i n  t he  

S ta te .  

3.  For each semi t r a i l e r  con f i gu ra t i on  permi t ted ,  a x l e  se ts  a re  

loca ted  accord ing t o  c u r r e n t  Michigan road-use laws. I n  t h e  f u l l y  

loaded cond i t i on ,  t h e  t r a c t o r  s t e e r i n g  a x l e  c a r r i e s  14,000 l b s ,  t h e  

t r a c t o r  d r i v e  a x l e  tandem c a r r i e s  32,000 1  bs and each close-spaced 

t r a i l e r  a x l e  i s  loaded t o  13,000 1  bs. I n  t h e  case o f  t he  12,400-gallon 

tanker ,  a  s i n g l e  "spread" a x l e  i s  a l s o  employed, c a r r y i n g  18,000 I b s .  

4. For each c o n f i g u r a t i o n ,  c o n s t r a i n t s  a re  p laced on t he  f l u i d -  

c a r r y i n g  capac i t y  o f  t h e  tank  and on t h e  maximum h e i g h t  o f  t h e  tank  

s h e l l  (exc lud ing  t he  p r o t e c t i v e  r a i l s  on the  t o p  o f  t he  t a n k ) .  The 

tank  volume c o n s t r a i n t  p rov ides  t h a t  t h e  h i ghes t  reasonable f l u i d  volume 

i s  ca r r i ed ,  removing t he  mot i ve  f o r  reduc ing t r a i l e r  weight  t o  increase 

payload. The tank she1 1  he igh t  c o n s t r a i n t  assures e f f i c i e n t  "packag- 

i ng "  so as t o  min imize t h e  h e i g h t  o f  t h e  cen te r  o f  g r a v i t y  and thereby 

maximize r o l l o v e r  s t a b i l i t y .  The tank  capac i t y  and s h e l l  he i gh t  con- 

s t r a i n t s  can be achieved, i n  p r a c t i c e ,  by means o f  a  design i n  which t h e  

tank incorpora tes  a  "drop" ( i  .e., deeper cross sec t i on )  a f t  o f  t he  f i f t h  

wheel coup1 e r  area, as shown i n  F igure  2.1 . 





5 .  The overall rollover s t ab i l i t y  of the unit i s  established by 

a t i l t - t ab le  performance t e s t .  As shown in Figure 2.2, the t i l t - t ab le  
t e s t  involves the mounting of a ful ly  loaded vehicle on a plane surface 
which i s  slowly inclined until the vehicle becomes unstable in ro l l .  
(The vehicle i s  tethered t o  prevent actual rollover. ) The angle cor- 
responding t o  a s t a t i c  rollover condition i s  defined as the t i  1 t- table 
performance measure. The s t a t i c  rol lover condition i s  reached when, 
with no further increase in table angle, the vehicle continues t o  in- 
crease i t s  roll angle unless restrained by a tether.  

To meet the indicated requirements, suspension s t i f fnesses ,  spring 
lash, and t i r e  st iffnesses must be within design bounds representing 
good practice.* If an a i r - l i f t  axle i s  employed, the t e s t  i s  conducted 
with that axle down. The specification permits only one l i f t  axle so 
as t o  minimize the roll -destabil izing effect that prevails when such 
axles are "1 i f ted" off the roadway. 

I t  i s  proposed that the State build and operate a t i l t - t ab le  de- 
vice for use in compliance test ing,  although i t  i s  conceivable that a 
t i  1 t - table  f a c i l i t y  could become avail able for this  purpose through 
other means. The t i1  t - table  approach has been selected over the a1 ter-  
native of specifying the desired set  of suspension and  t i r e  character- 
i stics--an approach that would severely constrain design options and 
which would be very d i f f icu l t  t o  enforce. The proposed t i1  t-table t e s t  
i s  discussed more fully in Section 8. 

*One example of a vehicle design which would provide the speci 
fied level of t i 1  t-table performance includes the following suspension 
features : 

.The t i r e s  on each t r a i l e r  axle are mounted so that the overall 
outside width (measured across the t i r e s )  i s  101-1/2 inches. 

*The lateral  spread between the centerlines o f  the springs on 
leaf-spring-suspended t r a i l e r  ax1 es i s  44 inches. 

*The leaf spring assemblies exhibit 112-inch of free play, or 
clearance, in their  vertical travel from compression t o  tension. 





6 .  Although n o t  explicit ly required, t r a i l e r s  able t o  meet the 
t i1  t-table specification while otherwise employing conventional hardware, 
will be 102 inches i n  nominal width. That i s ,  under special provision 
for tankers carrying flammable liquids, the maximum width of the tank 
and the spread across the outside of the t r a i l e r  t i r e s  will be permitted 
t o  be 102 inches rather than the conventional dimension of 96 inches. 

I t  i s  appreciated that  allowing a 102-inch width dimension for 
tank vehicles constitutes a significant change from the status quo, and 
that a 102-inch width i s  authorized in the State currently only  under 
special permit. Nevertheless, the recommendation i s  made with the firm 
conviction tha t ,  for  heavy tankers carrying hazardous liquids, improve- 
ment in roll s t ab i l i t y  i s  the key safety issue. The proposed 102-inch 
width accounts for the major portion of the increase achieved in roll 
s tab i l i ty  and i s  second only t o  tank capacity as a vehicle feature 
helping t o  achieve the reduced level of risk afforded by the recommended 
vehicles. ( I n  section 2.2.2, the reduction in rollover risks t o  be 
expected with 102-inch wide tankers i s  examined in comparison t o  con- 
ventional 96-inch wide tankers.) 

There i s  also a considerable body of evidence t o  show that the 
102-inch width dimension introduces no pecul ia r  safety problems of i t s  
own. Extensive study of  the question in behalf of the current federal 
allowance of 102-inch wide buses on the inters tate  system showed no 
significant hazards associated with the greater width [ I ] .  I t  should 
be noted that a1 1 of the provinces of Canada a1 low 102-inch wide com- 
mercial vehicles t o  operate, although Canadian roads are bui l t  t o  geo- 
metric standards that are n o t  essentially different from those in 
Michigan. 

*Trailer leaf springs exhibit a s t i f fness  level which averages 
10,000 I b/in per spring over the normal compression range and 
4,000 1 b/in a f te r  traveling through the free play into the 
tension range. 

* A  typical line-haul t ractor ,  96 inches in width, i s  used for 
which the spring rates on the tractor tandem axles average 
6,000 lb/in per spring .over the normal compression range and 
4,000 lb/in a f te r  traveling through the free play into the ten- 
sion range. 

*The leading t r a i l e r  axle incorporates an a i r  suspension which 
provides a roll s t i f fness  level of 118,000 in-lb/deg. 



7. The recommendation contains no statement regarding tank she1 1 

material, a1 though the higher abrasion resistance and the ability to 

withstand the temperatures of a gasoline fire argue strongly for a steel 

tank shell over the other likely alternative, aluminum. The draft 

recommendation submitted to outside parties for review did specify steel 

as the shell material, but an industry respondent providing feedback on 

the recommendation pointed out that certain transported fluids having 

a low flash point must be delivered in aluminum (or presumably stainless 

steel ) vessels for the sake of minimizing the contamination of the 
liquid. 

Further study of the subject of shell material revealed that the 

great majori ty of prospective purchasers of "Advanced Michigan Tankers" 

would have no economic incentive for choosing the more expensive 

aluminum construction and thus would naturally opt for steel shells 

just as has been the case for the majority of the larger tank trailers 

which have been used to transport flammable liquids in Michigan in the 

past. Thus, it was concluded that a requirement for steel as the tank 

shell material would only serve to hamper certain areas of commerce 

while otherwise achieving 1 ittle additional safety benefit than would 

occur normally due to the inherent economic incentive to employ steel. 

8. A requirement is placed upon the pressure retention capacity 
of manhole covers and inspection ports so that these devices will with- 

stand the pressure pulse that is produced in a rollover impact. The 
primary purpose of this requirement is to prevent the wholesale failure 

and dislodging of manhole covers in rollover accidents. Secondarily, 

the requirement assures that the momentary relief action of venting 

devices installed on such covers wi 1 1  not be followed by a sustained 

leaking of the assembly when the pressure is reduced below the 3 psi 

vent setting. Field survey data and full-scale experiments supporting 
the manhole cover specification are presented in Section 5. 

9. Regarding the economic significance of the recommendation, 
it is expected that the larger capacity vehicles will be highly attrac- 
tive for minimizing transport costs. A first-order estimate of the 
economic advantage afforded by the larger tank volumes has been made 



w i t h  t h e  a i d  o f  informat ion ob ta ined  from one of Michigan 's  l a r g e r  
f o r - h i  r e  c a r r i e r s  of petroleum products .  Given an es t imated  .15 c e n t s  
per gal  lon reduc t ion  i n  t r a n s p o r t a t i o n  c o s t s  f o r  a 13,200-gal lon tank 
volume, a s  opposed t o  a 9,000-gal lon tank volume, t h e  l a r g e r  v e h i c l e  
would y i e l d  a n e t  r educ t ion  i n  c o s t s  t o  i t s  o p e r a t o r  o f  approximately  
$15,000 per  y e a r .  This f i g u r e  i s  based upon t h e  fo l lowing  s p e c i f i c a -  
t i o n s :  

- 0.15 c e n t s  per g a l l o n  c o s t  r educ t ion  in  t r a n s p o r t a t i o n  
c o s t s  

- 13,200 gal  Ions  t r a n s p o r t e d  per  t r i p  

- 3.6  t r i p s  per  day [2] 

- 210 days of o p e r a t i o n  per  y e a r  

A major tank v e h i c l e  manufacturer  has es t imated  t h a t  t h e  new 
purchase p r i c e  of t h e  recommended s i x - a x l e ,  13,200-gal lon t r a i l e r  wi 11 
be approximately $30,000 more than t h e  p r i c e  of convent ional  9,000- 
gal  lon t a n k e r s  t h a t  a r e  manufactured i n  l a r g e  numbers. Accordingly ,  
t h e  l a r g e r  v e h i c l e  would pay f o r  i t s e l f  i n  a r a t h e r  s h o r t  t ime i n  com- 
par i son  w i t h  t h e  expected 15- t o  20-year l i f e  of t h e  t r a i l e r .  

10. Regarding t h e  energy e f f i c i e n c y  of f l  amrnable 1 i q u i d s  t r a n s -  
p o r t a t i o n ,  i t  i s  e s t imated  t h a t  t h e  approximate t e n  m i l l i o n  g a l l o n s  of 
d i e s e l  f u e l  which a r e  consumed i n  t r a n s p o r t i n g  5.1 b i l l i o n  g a l l o n s  of 
gas01 i n e  in  Michigan each y e a r  would be reduced markedly by adopt ion of 
a f l e e t  of t a n k e r s  having t h e  l a r g e r  recommended c a p a c i t i e s  i n  compari- 
son t o  a f l e e t  of 9 ,000-gal lon t a n k e r s .  The fue l  consumption of a 

t r a c t o r  pu l l  i n g  a 13,200-gal lon t a n k e r ,  expressed i n  gal  1 ons of d i e s e l  
f u e l  consumed per g a l l o n  of product d e l i v e r e d ,  i s  expected t o  be a t  
l e a s t  20 percen t  l e s s  than t h e  consumption of a s u i t a b l y  s i z e d  t r a c t o r  
p u l l i n g  a 9 ,000-gal lon t a n k e r .  

2.2.2 S a f e t y  Cons idera t ions .  The s a f e t y  a n a l y s i s  1 eading t o  
t h e  proposed recommendation can be summarized a s  f o l  lows: 



a )  The special concern fo r  the safety of tankers transporting 

flammable fuels  derives from the f i r e  threat .  

b )  Since rollover i s  c lear ly  the dominant means by which f i r e s  
are produced, an improvement i n  those vehicle features which influence 

rollover resistance i s  central to  minimiz ing  the f i r e  threat .  

c )  The accident data analyzed i n  t h i s  study show that  the ro l l -  
over of heavy tractor-semi t r a i  1 e r s  i s :  

1 ) overwhelmingly a single-vehicle accident event- 
that  i s ,  the combination vehicle r o l l s  over without 
having impacted any other vehicle, and 

the incidence of such rollovers i s  profoundly in- 
fluenced by the inherent ro l l  s t a b i l i t y  of the 

vehicle. Shown i n  Figure 2 . 3  i s  a plot of the per- 
cent of single-vehicl e accidents i n  which t rac tor-  
semitrai 1 e r s  ro l l  over versus the ro l l  over threshold 

of each vehicle. I t  has been predicted that  the 
recommended tanker configurations would experience 

from 64 t o  72  percent of the rollover frequency ( i  . e . ,  
rol lovers per accident) of the conventional MC-306 

tanker used in most other s t a tes  to  carry gasoline. 

d )  Since the to ta l  number of rollovers in a given year will 
depend on the to ta l  number of accidents as well as on the likelihood of 
rollover given an accident, i t  i s  important that  to ta l  exposure be kept 
low by minimizing the to ta l  vehicle miles being traveled. Vehicle miles 
are reduced when larger capacity tanks are employed. B u t  with larger 
capacit ies,  the tank center of gravity will be located a t  a greater  
height. The four recommended vehicles embody tank capacit ies and ro l l -  
over thresholds which resu l t  in v i r tual ly  identical estimates in the 
to ta l  number of rollovers in the f l e e t  per year ,  as shown in Figure 2 . 4 . *  

The data suggest that  each of the four vehicles represents very nearly 

*That i s ,  i f  the en t i re  Michigan gasoline transportation mission 
was served by a f l e e t  comprised exclusively of the vehicle shown, the 
number of rol lovers per year would be approximately as indicated. 
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ROLLOVER THRESHOLD (g's) 
Fiaure 2.3. Percent of sinqle-vehicle accidents in which roll over occurs 

as a function of the vehicle's inherent rollover threshold, in 
a's. (This finure is based upon 21,000 accident cases re~orted 
to the BMCS.) 
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Fiaure 2.4. Total number of rol lovers to be expected in one year 
if the entire b u l k  transportation o f  aasoline in - Michiqan were accomplished usina a fleet comorised 
exclusively of each vehicle type shown. 



the same f i r e  threat as the other, although any one of the four would 
yield a t  least  a 48 percent reduction in total  rollovers per year com- 
pared t o  the conventional MC-306 tanker, as indicated a t  the t o p  of the 
figure. 

As mentioned previously, the 102-inch width of the recommended 
tankers accounts for  a large portion of the reduction in rollover risk.  
Shown i n  Table 2 . 2  i s  the contrast in rollover thresholds and the annual 
risk of rollover applying to  96-inch and 102-inch wide versions of each 
of the four recommended tankers. We see that  the proposed 6 percent 
increase in width yields,  by i t s e l f ,  a 20 percent reduction in the 
incidence of roll  over. 

e )  The total  number of accidents of a l l  kinds ( i  . e . ,  n o t  simply 
roll over accidents) should, of course, be direct ly  reduced by additional 
tank capacity since exposure in vehicle miles i s  vir tual ly  the only 
issue. Among the recommended vehicles, for  example, the 10,200-gal lon 
tanker would be expected t o  yield approximately 30 percent more total  
accidents than would the 13,200-gallon vehicle, Thus, a1 though the 
10,200- and 13,200-gal lon vehicles yield nearly identical predictions 
of total  rollovers, the larger vehicle appears to offer a considerably 
higher level of overall safety due to  the fewer total  number of acci- 
dents of any kind. 

f )  The additional risk posed by the quantity of flammable liquid 
available for involvement in a single f i r e  i s  n o t  t h o u g h t  t o  be signi- 
ficant given the a1 ternative vehicle sizes being considered. The 
consensus of the fire-fighting community seems t o  be that  the threat 
t o  l i f e  posed by large gasoline f i r e s  i s  not dependent upon tank s ize ,  
when tank capacity exceeds a few thousand gallons. As stated in the 
manual of the National Fire Protection Association ( N F P A )  , 

"The danger from a gasol ine f i r e  i s  not in direct  pro- 
portion t o  the quantity of gasoline. One thousand 
gallons of gasol ine released t o  burn in the s t r ee t  would 
be sufficient to  ki l l  everyone trapped in the flames. 
Four thousand gal 1 ons , whi l e  presumably covering a 1 arger 
area, would certainly not be expected t o  cause four times 
the number of f a t a l i t i e s .  Reasoning on t h i s  basis, the 
NFPA Standards have not recommended any limitation on the 
maximum size of tank trucks." 





g) The advantages which w i l l  accrue f rom t h e  h i ghe r  pressure 

containment s p e c i f i c a t i o n  f o r  manhole covers appear t o  be very  s i g n i -  

f i c a n t .  Examination o f  33 i n d i v i d u a l  cases o f  r o l l o v e r  o f  heavy gas01 i n e  

tankers  i n  Michigan revea ls  t h a t  23 veh i c l es  s u f f e r e d  s p i l l a g e  o f  pro-  

duct ,  and 13 o f  t h e  s p i l l s  occurred due t o  f a i l u r e  o f  t h e  manhole cover .  

I n  each o f  f o u r  f u l l - s c a l e  r o l l o v e r  t e s t s  conducted i n  HSRI's 

study, manhole covers o f  convent iona l  design were blown complete ly  o f f  

t h e  veh i c l e .  Upgrading such designs t o  w i ths tand  t h e  s p e c i f i e d  pressure 

l e v e l s  i s  expected t o  reduce t h e  inc idence  o f  cover f a i l u r e s  t o  s imp ly  

t h a t  l e v e l  d e r i v i n g  f rom improper maintenance. Ana lys is  and experiment 

both revea l  t h a t  t h e  use o f  a  n o n - f a i l  i n g  manhole cover wi 11 n o t  l ead  

t o  a  h igher  l i k e l i h o o d  o f  r u p t u r e  o f  t h e  tank s h e l l .  

h)  I n  summary, t he  recommended veh i c l es ,  i f  used e x c l u s i v e l y  t o  

t r a n s p o r t  unpressur ized flammable 1  i q u i d s  i n  Michigan, would be expected 

t o  y i e l d  a t o t a l  number o f  r o l  l o v e r s  t h a t  would be approx imate ly  one-ha l f  

o f  t h e  r o l l o v e r s  which would be o therw ise  expected i f  convent iona l  

MC-306 tankers  hav ing a  9,000-gal 1  on capac i t y  become the  common means 

f o r  t r a n s p o r t i n g  gaso l ine  i n  t he  S ta te .  The proposed improvements i n  

t h e  i n t e g r i t y  o f  manhole covers should r e s u l t  i n  an even g rea te r  reduc- 

t i o n  i n  t h e  number o f  f i r e s .  

2.3 Recommendation f o r  a  Proposed R e t r o f i t  Rule 

It i s  proposed t h a t  a  r e g u l a t i o n  be promulgated r e q u i r i n g  t he  

r e t r o f i t t i n g  o f  any tank v e h i c l e  i n  Michigan f a1  1  i n g  under Federal 

Regula t ion MC-306 t o  assure t h a t  manhole and i nspec t i on -po r t  covers w i  11 

n o t  f a i l  and re lease  product  i n  a r o l l o v e r .  The proposed r u l e  should 

i nco rpo ra te  t h e  f o l l o w i n g  statement:  

"Devices used t o  cover  manholes and i nspec t i on  p o r t s  must be 

shown t o  be capable o f  w i t hs tand ing  an i n t e r n a l  pressure o f  a t  l e a s t  

50 p s i  w i t hou t  impa i r i ng  t h e  product  r e t e n t i o n  c a p a b i l i t y  o f  t h e  dev ice . "  

The proposed r e t r o f i t  requ i rement  i s  based upon t h e  observa t ion  

t h a t  over h a l f  o f  t h e  s p i l l a g e  o f  flammable product  i n  r o l l o v e r  a c c i -  

dents i n  Michigan de r i ves  f rom manhole cover f a i l u r e .  HSRI's expe r i -  

ments (see Sec t ion  5 . 2 )  have shown t h a t  t h e  f a i l u r e  which commonly 



occurs  i s  o f  a  most s i m p l e  type--namely, a  c lamping band f a s t e n i n g  t h e  

cover  p l a t e  t o  t h e  tank  becomes d i s t o r t e d  under t h e  i n t e r n a l  p ressu re  

l o a d  such t h a t  t h e  e n t i r e  manhole-cover assembly comes o f f  o f  t h e  

v e h i c l e .  A 16- t o  20- inch d iamete r  open ing i n  t h e  s h e l l  r e s u l t s ,  such 

t h a t  t h e  c o n t e n t s  o f  t h e  tank  compartment a r e  r e l e a s e d  w i t h i n  a  few 

minutes .  

One s imp le  r e t r o f i t  c o u l d  c o n s i s t  of i n s t a l l i n g  a  s imp le  beam 

ove r  t h e  manhole cover - -h inged a t  one end by  a  connec t i on  t o  one o f  

t h e  r o l l o v e r - p r o t e c t i v e  r a i l s  on t h e  t o p  o f  t h e  tank ,  and l a t c h e d  a t  a  

connec t i on  a t t a c h e d  t o  t h e  o t h e r  r a i l .  The v e h i c l e  o p e r a t o r  c o u l d  s imp ly  

u n l a t c h  t h e  beam and swing i t  up t o  open t h e  f i l l  cove r  f o r  t o p  l o a d i n g .  

Another  s i m p l e r  p o s s i b i l i t y  m i g h t  i n v o l v e  t h e  use o f  a  much s t r o n g e r  

c lamping band i n  p l a c e  o f  t h e  e x i s t i n g  bands which h o l d  t h e  manhole 

cove r  t o  t h e  tank .  





3.0 ACCIDENT DATA ANALYSIS 

The methods and results of the accident data analyses which have 

been conducted to clarify the problem of tanker accidents are presented 

below in order to predict the accident risks that will be posed by an 
advanced type of tanker configuration. 

In Section 3.1, a data file compiled by the Michigan Fire Mar- 
shall's Office is reviewed with particular attention given to the 

incidence of rollover, fuel spillage, and fires. In Section 3.2, an 

analysis is presented covering data sorted from the computerized fi 1 es 

of the Bureau of Motor Carrier Safety (BMCS) of the U.S. Department of 

Transportation. The BMCS file is used to determine a relationship 

between the involvement of tractor-semitrailers in rollover accidents 
and the inherent rollover limits exhibited by such vehicles. (The 

derived relationship is employed in Section 6.0 to predict the risk of 

rollover to be expected if the recommended tankers were to be placed 

in general service in Michigan. Rollover is of special interest, since 

the incidence of significant amounts of fluid spillage from tank 

vehicles derives almost exclusively from rol lover events. ) In Section 

3.3, truck accident data gathered in the State of Michigan are briefly 

examined to establish the frequencies with which differing types of 

accidents occur involving tractor-semitrailers on each of various road 

types. (These results are employed in the prediction of tanker risks, 

Section 6.0, as a means of accounting for the peculiar accident expo- 

sures deriving from Michigan's traffic and Michigan 's road system. ) 

Finally, in Section 3.4, a brief review is presented of a research study 
which analyzed the risks posed by the transportation of gasoline in the 
U.S. Insofar as this study involved an examination of the tanker acci- 
dent record, it is included here as a very pertinent reference. 

3.1 State Fire Marshall Data 

A rash of gasoline tanker accidents in 1977 prompted the Fire 
Marshall's Office of the Michigan Department of State Police to initiate 
a record of accidents and incidents involving tank vehicles hauling 



hazardous cargo in Michigan. The records maintained by the Fire 
Marshall's Office include information on the mechanism causing spillage, 
the amount  of spil lage, cargo type, number of  t r a i l e r s ,  incidence of 
f i r e ,  e tc .  A sample accident report i s  shown in Figure 3.1. A t o t a l  

of 130 such accident reports ( 7 9  reports for 1978 and 51 for 1979)  were 
obtained t o  produce the information tabulated in Appendix A .  

Of the 130 tanker accidents tabulated in Appendix A ,  21 involve 
single-bottom (tractor-semi t r a i  l e r )  gasol ine tankers and 18 involve 
double-bottom gasol ine tankers. Since only gasol ine tanker accidents 
are of interest  t o  this  study, the discussion below focuses on these 39 
single- and double-bottom tanker accident reports. 

3.1.1 Gasoline Releases and Fires. Table 3.1 summarizes the 
incidence of gasoline releases and f i r e s  for the years 1978 and 1979.  

The table indicates tha t ,  of the 21 single-bottom accidents reported 
t o  the Fire Marshall's Office, 14 were overturns and 7 were non- 
overturn accidents. A1 1 of the 14 single- bottom tanker overturns 
resulted in the release of a t  least  some quantity of gasoline. The 
amount of gasol ine released in an overturn ranged from 5 t o  13,000 
gallons, with an average of 3,942 gallons. Of the 7 non-overturn 
accidents, there was only one significant release of gasol in- 1,000- 
gallon release due to a tank shell rupture during a side-swipe accident. 

I n  the case of double tankers, 13 of the reported accidents 
involved an overturn and 5 were non-overturn accidents. Gasoline was 
once again released in almost a1 1 of the overturns, ranging from 20 
gallons t o  a total  cargo loss of '17,000 gallons due t o  f i r e .  The re- 
leases due t o  double tanker overturns averaged 5,408 gallons, which i s  
about 1,500 gallons higher than the average for the single-bottom 
tankers. No gasol ine was re1 eased during the 5 non-overturn accidents 
involving double tankers. 

There were a total  of 8 f i r e s  involving gasol ine cargos, of which 
3 involved tractor-semitrailers and 5 were connected with double tankers. 
A1 1 f i r e s  were as a result  of an overturn accident. The data therefore 
indicate that 21 percent of a l l  single-bottom tanker overturns resulted 
in a f i r e ,  while about 38 percent of a l l  double-bottom tanker overturns 
resulted in a f i r e .  



HAZARDOUS MATERIALS SECTION 
TRANSPORTATION UHlT 

ACCIDENT/ INCIDENT REPORT 

Ace i dent XXX I nc i den t Other Product gasol ine & f u e l  o i l  

S ; l i l l  - Leak Amount 337 91- ~ ~ 0 1 -  re  no Explosion no - . - 7  

 ate 1-17-79 Time 10:20 Jm t o t ~ n t y  ~s ibe i l a  S q / T w p  Bolland 

S~./H,.,~ on Blanchard Rd. 3/10 m i .  e a s t  of Rollaqd Rd. Blanchad cay have shut one lane 
t o  upr ign t  Tarrier - 1 nr'l 

Veh. Type: D.T.-. , S . E . _ ~  0.8. - Other &ather snow covpred rods 

Veh. Owner Address 

Dr i ve r  Address 

D.O.B. 2-25-40 Dr iv ing  Exp. Truck 15 F.L. 7 Other 

In ju r ies :  Nama ' lone  Address 

Name Address 

Name Address 

1. Tr/Oe I .  Year Hake P. I .N. 

Data Last Insp. Cap L-- H Load 

2. S.T. Year 198870 Hake Custol P. I .N. 3129310003 
. 1,000 f u e l  o i l  

Date Cast Insp. 10-18-73 Capb,OL\O L 39' H Load I ,EOO msol ine  

3. TRL Year Hake P.  I .N. 

Date Last Insp. Cap L-- H toad 

Accidant/ lncident Remarks: 

Vehicle t r a v e l l i n ~  vest oh El.zr.ch;mt. Driver steered t o  risht t o  avoid p=!<ed c a r s  

on l r f t  side of  xzys mad. Boad n~.ns:ied dua t o  saow d r i f t s .  Froat t r a c t o r  t i r e  

.'L? o f f  mad fo l lowed by s s r i - t r a i l e r  causing tank t o  ovei.turn onto s idz  i n  scow ' b d i  

Bzck cozpartnent f i l l ed  v/,~.soline. f i e 1  O i l  divided be-b:een 3 comgartsants. 

Mi3 Prsssuia of , g o o l i n e  cn d m c .  c,w?rs weed leak nzst q s k n t .  70 I ~ l e l  o i l  w-. 

CAiJSG: Scod co! id i t io~~s  b d r i w r  zc t iws. 

F i r e  Safety Viola t ions: :i'o~ie c,\:l lrib11ti.t.: t o  cn!::to. ?Jo on-tF?~-sceae f - sn?c t i nn .  

i:ydro-stntic tL-::t o r  g ~ x a x + ~ t ~ ~ ~ ~ * : ~ . r r t . : , - . r t s  ro?.yonts,i - 

Arrcst  : N,me Xor~e  Charge - 0  

R C  iospcctctt By; V 
i nves t  in,ltcd ay : i)/s::t >r!l!uq !i, !:.i::!l .Tr. U - 

Figure 3.1. Sample of accident reports maintained by the 
Fire Marshall's O f f i c e .  



T a b l e  3 .1  

SUMMARY OF ACCIDENTS INVOLVING GASOLINE TANKERS IN 1978 8 1979 

Single Bottoms 

TOTAL NUMBER 
OF ACCIDENTS 

Rural  

3 

FREEWAYS 

Urban 

5 

HIGHWAYS 

Rural 

3 

3 
9000, 
8003,20 

5733 
I 

2 
0,1000 
500 

0 

2 

0 

2 
0 
0 

I 

5 -  

Urban 

3 

2 
lXMO 
8006 

ONOVERTURNING 

Double Bottoms 
TOTAL NUMBER 
OF ACCIDENTS 

VERTURNI NG 
ACCIDENTS 

QTY. 

AVERAGE RELEASE 

CARGO FIRES 
0 

CARGO FIRES 
z 

TOTAL 

2 1 

OTHER 

Rural 

3 

2 

8%00 

0 
I 

2 
0 ,30  
I5 
0 

6 

5 
l3300,Nm 
5800, 
unknown, 
,4500 
) 4920 

2 
w- 

I 

0 
r 

0 
.) 

14 

ROADS 
I 

Urbon 

4 

3 
100,337, 

1 000 
3942 

3 

7 

0 

18 

I3 

5408 

5 - 
5 
0 
0 

3 

2555, 50 
unknown 
>ssa 
0 

I 

0 
0 
0 

0 

0 

0 
0 
0 

10 500 
I 

I 

0 
0 
0 

7 

6 
100,20, 
~ 1 1 6 C O  
4000 
2050' 
3878 

2 

I 
0 
0 

4500 
I 

I 
0 
0 
0 

0 

479 
0 

0 
0 
0 
0 

3 

0 

0 
0 
0 

2 

SO, 
17000 

851 5 

1 

I 
0 
0 



3.1.2 Locations of Gasol ine Releases and Fires. Gasol ine 
tanker accidents in Michigan are aggregated by roadway category (v iz . ,  
freeways, highways, and other roads) in Table 3 .1 .  Based on the popu- 

lation of the ci ty  or township in which the accident occurred, the 
accidents are further classified into rural and urban accidents. 

The data indicate that single-bottom tankers were involved in more 
overturns in urban areas than rural. Eight o u t  of the 14 single-bottom 

tanker overturns were in urban areas. By contrast, none of the 13 
double tanker rollovers were in urban areas. This difference i n  urban/ 
rural roll over incidence distribution for these tankers can be explained 
by the fact that restrictions on the usage of double tankers has limited 
their  use mainly t o  gasoline distribution in rural areas. The pattern 
of gasoline releases and f i res  follow those of overturns. Only 2 o u t  

of the 8 gasoline tanker f i r e s  took  place in urban areas. 

3.1.3 Cause of Tanker Overturns. The comments in the tanker 
accident reports were studied with the aim of determining the nature of 
the accidents which led t o  a tanker overturn. Table 3.2 classifies 
the single and double tanker overturns into single-vehicle accidents, 
collisions a t  right angles, frontal collisions in which the rear-end 
of a vehicle other t h a n  the tanker i s  impacted, head-on a n d  side-swipe 
collisions. The data show that for b o t h  single and  double tanker 
accidents, sing1 e-vehicl e accidents are the major cause of overturns. 

Twenty-two out of the 27 rollovers (or 81 percent) occurred in single- 
vehicle accidents. With respect t o  coll ision events, frontal coll isions 

are seen t o  cause the greatest number of overturns. 

3.2 BMCS Data Findings 

Rollover incidence data from the BMCS accident data f i l e  will be 
utilized below t o  establish a relationship between the rollover threshold 
of commercial vehicles and their  rollover involvement. Such a relation- 
ship constitutes the key data resource for predicting the effects of 

various design changes on the rollover involvement of tank vehicles. 



T a b l e  3 . 2 .  G A S W E  T A m  OVFJTURNS 1- 

SINGLE BOTTOM 
OUBLE BOTTOM 

SINGLE BOTTOM 
DOUBLE BOTTOM 

TOTAL 10 I I 0 0 12 
- - 

1978 AND 1979 
COMBINED 22 I 3 0 I 27 

81 % of rollovers due to single vehicle accidents 
19 O/O due to accidents involving collisions with other vehicles 



3.2.1 Features of the BMCS Data File. The Bureau of Motor 
Carrier Safety accident f i l e  i s  a compilation of truck accident data 
reported t o  the Bureau by the commercial motor ca r r i e r s .  The BMCS 

data, though res t r i c ted  mainly to  in te r s ta te  motor ca r r i e r  accidents, 
contains about 30 to  50 percent of a l l  major truck accidents which occur 
each year in the United States.  An accident i s  considered reportable 
to  BMCS i f  the accident resulted i n :  

1 )  a f a t a l i t y ,  

2 )  bodily injury t o  a person who, as a resu l t ,  received 
medical treatment away from the scene of the accident, or 

3) to ta l  damage t o  property i n  excess of $2000. 

The BMCS data f i l e  i s  one of the few accident data f i l e s  which 
contain a detailed description of the trucks which are involved in 
accidents. Information pertaining t o  vehicle body type, commodity 
carried,  number of axles on t r ac to r ,  number of axles on the t r a i l e r ,  
gross vehicle weight, e t c . ,  can be eas i ly  extracted from the data f i l e .  
With regard t o  the use of the BMCS data fo r  the purpose of analyzing 
the overturn rates of trucks, the main shortcoming i s  that  those over- 
turns which involve a col l i s ion of the truck w i t h  another vehicle are 
not ident i f iable  in the data. The overturn incidents that  can be 
analyzed using the BMCS data are therefore res t r ic ted  only t o  those 
occurring i n  single-vehicle accidents. Nevertheless, other data sources 
have been ut i l ized t o  establish t ha t ,  of a l l  rollovers of heavy t rac tor-  
semit ra i lers ,  approximately 80 percent occur in single-vehicle accidents, 
Accordingly, analysis of rollover relationships using BMCS data can be 
looked upon as addressing the dominant portion of the heavy truck 
rol l  over problem. 

3 .2 .2  Derivation of a Relationship Between Rollover Threshold 
and Rollover Accident Involvement. In order t o  u t i l i z e  the BMCS data 
f i l e  as a source of accident data i l l u s t r a t i ng  a relationship between 
vehicle configuration and ro l l  over involvement , the fo l l  owing method 
was employed: 



1. A  v e h i c l e  t y p e  was s e l e c t e d  whose r o l l o v e r  t h r e s h o l d  

c o u l d  be reasonably  approximated, g i ven  t h e  gross 

weight .  

2.  The BMCS f i l e  was s o r t e d  t o  i d e n t i f y  t h e  occurrence o f  

r o l l o v e r  a t  each nominal l e v e l  o f  gross we igh t  f o r  a l l  

v e h i c l e s  o f  t h e  s e l e c t e d  t ype .  

A scheme was determined f o r  l o c a t i n g  t h e  nominal h e i g h t  

a t  which t h e  c e n t e r  o f  g r a v i t y  o f  t h e  payload would be 

p laced  i n  s imul  a t i n g  t h e  r o l  l o v e r  performance o f  t h e  

s e l e c t e d  t y p e  o f  v e h i c l e .  Using t h i s  c.g. h e i g h t ,  then, 

t h e  r o l l o v e r  t h r e s h o l d  o f  t h e  s e l e c t e d  v e h i c l e  was c a l -  

c u l a t e d  f o r  each l e v e l  o f  gross v e h i c l e  we igh t  which had 

been covered i n  t h e  BMCS f i l e .  The data  were then p l o t t e d ,  

i 1 l u s t r a t i n g  t h e  r e l a t i o n s h i p  between t h e  steady r o l l o v e r  

thresh01 d  and t h e  percentage o f  r o l l  overs  a c t u a l  1y 

o c c u r r i n g  i n  s i n g l e - v e h i c l e  acc iden ts .  

Taking each o f  these  s teps i n  t u r n ,  t h e  method w i l l  be presented 

i n  t h e  f o l l o w i n g  d iscuss ion .  

Se lec ted  Veh ic le  

The s e l e c t e d  v e h i c l e  was t h e  three-ax1 e  t r a c t o r ,  two-ax1 e  van- 

body s e m i t r a i l e r  c o n f i g u r a t i o n .  T h i s  v e h i c l e  t ype  was seen as p a r t i -  

c u l  a r l y  s u i t e d  f o r  a r a t h e r  general  i z e d  eva l  u a t i o n  o f  r o l l  over  t h r e s h o l d s  

n o t  o n l y  because i t  i s ,  by f a r ,  t h e  s i n g l e  most p r e v a l e n t  heavy combina- 

t i o n  v e h i c l e  i n  t h e  U.S., b u t  a l s o  because t h e r e  i s  a  h i g h  degree o f  

u n i f o r m i t y  i n  des ign parameters among v e h i c l e s  i n  t h i s  category .  Data 

compi led by t h e  Truck T r a i l e r  Manufacturers  A s s o c i a t i o n  [3], f o r  

example, shows t h a t  o f  a  sampl ing o f  van-type s e m i t r a i l e r s  produced i n  

model y e a r  1978: 

100 percen t  were, of course,  96 inches i n  o u t s i d e  w i d t h  

99 percen t  were between 12 f e e t  6 inches and 14 f e e t  i n  

o v e r a l l  h e i g h t  ( o f  these, 64 percen t  f e l l  w i t h i n  t h e  

most popu la r  range o f  h e i g h t s ,  13 f e e t  t o  13 f e e t  

6  inches)  



91 percent were between 40 feet and 47 feet in overall 

length. 

Additionally, it is known that the vast majority of these trailers 

employ four-spri ng type tandem suspensions for which representative 

spring stiffness data are available. 

Because of the uniformity of design geometry, it is possible to 

make rather reliable estimates of certain average vehicle parameters 
influencing rollover threshold. Additionally, van semitrailers are 

most typically loaded to near their cubic capacity, making estimation 

of payload c.g. height feasible. 

The tractor/van semitrailer combination was also attractive for 

the special purposes of this study since the nominal trailer lengths, 

suspension and ti re characteristics, and even tractor-related properties 

are the same as those which would be found in tanker-semitrailer com- 
binations having similar gross weight ratings. 

The Sorted BMCS File 

The BMCS file was found to contain the following number of total 
accidents involving three-ax1 e tractors coup1 ed to two-ax1 e van-type 

semi trai 1 ers : 

Reporting Year 

1976 
1977 

1978 

Total No. of Accidents 

61 34 
6633 

8353 

The number of single-vehicle rol lovers, single-vehicle accidents 

(of all types), and the percentage of single-vehicle accidents involving 

rollover are 1 isted in Table 3.3 for each of the three reporting years 
and for each 2500-lb increment in gross vehicle weight. In this table 

we see a remarkably consistent increase in the percent rollover involve- 
ment with gross vehicle weight over all three years of the data record. 
At the top of the table are the data entries for empty or virtually 
empty vehicles, showing on the order of a 2-percent involvement in 
rollovers among single-vehicle accidents. At the bottom of the table 











acc iden ts  ( o r  50.9 pe rcen t )  i n vo l ved  r o l  l o v e r .  Th i s  v e h i c l e  ca tegory  

i s  predominant ly  represented by pet ro leum and chemical tankers ,  a l l  of 

which employ tank  c.g. he i gh t s  which f a l l  w i t h i n  a  narrow range o f  one 

another.  

When such veh i c l es  a r e  operated i n  t h e i r  f u l l y  loaded s t a t e ,  such 

t h a t  no f l u i d  s l osh ing  i s  present ,  t h e i r  behav io r  c h a r a c t e r i s t i c s  w i l l  

be v i r t u a l l y  i d e n t i c a l  t o  those o f  t h e  t r a c t o r - v a n  s e m i t r a i l e r  combina- 

t i o n  hav ing t h e  same r o l l o v e r  t h resho ld .  We assume, then, t h a t  such tank  

veh i c l es ,  be ing  a l s o  i nvo l ved  i n  an i n t e r s t a t e  commerce t y p e  o f  app l i ca -  

t i o n ,  should be exper ienc ing  r o l  l o v e r s  a t  a  r a t e  which agrees w i t h  t h e  

p a t t e r n  o f  r o1  l o v e r  i nvo l  vement o f  t h e  t r a c t o r - v a n  semi t r a i l  e r s  i n  t he  

BMCS f i l e .  P l ac i ng  t he  r o l l o v e r  acc i den t  r a t e  and computed r o l l o v e r  

t h resho ld  va lue  f o r  t h e  f u l l y  loaded tank v e h i c l e  on t h e  p l o t  o f  F i gu re  

3.4, a  s e l e c t i o n  was then made o f  t h a t  va lue o f  average payload c.g. 

h e i g h t  which g i ves  t h e  bes t  ex t r apo la ted  f i t  o f  t h e  van t r a i l e r  da ta  t o  

t he  tank  t r a i l e r  da ta  p o i n t .  

The a n a l y s i s  shows t h a t  t h e  ve r y  t i g h t l y  grouped van t r a i l e r  data 

f a l l  i n  l i n e  w i t h  t he  s i n g l e  tank  t r a i l e r  da ta  p o i n t  when a  va lue  o f  80 

inches i s  used f o r  t he  average h e i g h t  o f  t h e  payload c.g. i n  t h e  th ree-  

a x l e  t r a c t o r j t w o - a x l e  van semi t r a i l e r  combinat ion.  Fu r t he r ,  we observe 

t h a t  t h i s  answer i s  a  most reasonable one g iven  t h a t  most van t r a i l e r  

loads a re  such t h a t  t h e  t r a i l e r ' s  f u l l  cub i c  capac i t y  i s  u t i l i z e d ,  bu t  a  

l a r g e  f r a c t i o n  o f  t r a n s p o r t  work done by t he  common c a r r i e r s  i nvo l ves  

mixed loads which p u l l  down t h e  c.g. below t h e  l e v e l  achieved w i t h  homo- 

genous f r e i g h t .  A d d i t i o n a l  l y ,  t h e  s u b s t a n t i a l  f r a c t i o n  o f  t r a n s p o r t  

m i l e s  covered by t r a i l e r s  w i t h  l e s s  than f u l l  cube l oad ing  a l s o  tends 

t o  moderate t h e  payload c.g. he i gh t .  

F i gu re  3.4 r evea l s  t h a t  t h e  dependence o f  r o l l o v e r  acc iden t  

involvement upon t h e  v e h i c l e ' s  r o l l o v e r  t h resho ld ,  as loaded, i s  n o t  o n l y  

a  monotonic r e l a t i o n s h i p ,  bu t  a l s o  i l l u s t r a t e s ,  as averaged, a remarkably 

t i g h t  p a t t e r n  o f  data.  Most no tab ly ,  we see t h a t  t h e  r e l a t i o n s h i p  

becomes very  s teep a t  t h e  lower  range o f  r o l l o v e r  th resho ld .  We suggest 

t h a t  such a  steep s e n s i t i v i t y  i s  t o  be expected s i nce  t h e  l owe r i ng  of 

r o l l o v e r  t h resho ld  i n t o  t h i s  range b r i n g s  t h e  v e h i c l e ' s  performance 1  i m i  t 





into near proximity with normal levels of maneuvering acceleration. If 

a vehicle with a 0.1 g rollover threshold were driven normally, for 

example, it would be expected to suffer rollover every few miles (or in 

100 percent of its single-vehicle accidents). 

One question that was posed regarding the general appl icabi 1 i ty 
of the relationship shown in Figure 3.4 involved the matter of the pre- 

dominance of travel on interstate-qua1 i ty roads represented in the BMCS 

file. Since the BMCS has jurisdiction over interstate carriers only, a 

large fraction of the accidents represented in the file occurred on 

interstate and other divided highways for which the off-highway environ- 

ment appears conspicuously less threatening to roll over than is the case 
for the typical design of non-divided highways. 

In examining this question, we had hypothesized that divided, 

interstate-qua1 ity roads would show a more consistent sensitivity of 

roll over involvement to the level of the vehicle's rollover threshold 

since the roadside typically involves gradual slopes on shoulder and 

berm areas, thus permitting the generation of medium level lateral 

accelerations instead of the harsh "tripping" kinds of accelerations 

which might derive from the less "groomed" roadside features of un- 

divided highways. "Tripping" accelerations would roll over virtually a1 1 
vehicles, it was reasoned, while a more moderate distribution of accelera- 

tion conditions would tend to produce rollovers in relation to each 

vehicle's inherent roll over threshold. Thus, another screening of the 

BMCS file was done to produce a comparison of the rollover involvement 

versus rollover threshold relationships obtained for the selected 

tractor-semitrailer on divided and undivided highways, individually. 

As shown in Figure 3.5, no major distinctions can be made between the 

data applying to the two roadway types. Accordingly, it would seem that 

the rol lover involvement/rol lover threshold relationship is a rather basic 
characteristic which applies as a general predictor for vehicles of the 
generic type selected. 

Moreover, the plot shown previously in Figure 3.4 has been employed 
in this study as a basis for predicting, in Section 6, the rollover risks 
posed by each of the recommended Advanced Mi chi gan Tankers. 



Figure 3.5. Comparison of the rollover involvement of tractor-seni trailers 
on divided and undivided h i  !fit~?,vs. 
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3.3 Michigan Fi le  

Michigan truck accident data fo r  1978 were examined t o  identify 
the types of coll  i s ions  involving tractor-semi t r a i  l e r s .  For the  pur- 
poses of t h i s  analys is ,  truck accidents have been c lass i f i ed  in to  six 
basic categories,  namely: 

1 )  s ingle  vehicle 

2 )  head on 

3 )  rear  end 

4 )  s ide  swipe 

5 )  two vehicles col l id ing a t  an angle 

6 )  multiple vehicle 

We observe t ha t  the f rac t ion of accidents which f a l l  in to  each 
category i s  dependent on the  type of roadway on which the accident 
occurs and the density of the t r a f f i c .  Thus, the data revealing accident 
types have been divided according t o  roadway type and population density 
of the region of the accidents. Three types of roadways were considered, 
namely: ( 1 )  freeways, ( 2 )  U.S. and Michigan highways, and (3 )  county 
roads and c i t y  s t r e e t s .  Histograms depicting the f rac t ional  d i s t r ibu t ion  
of the type of co l l i s ions  tha t  occur on each of the three roadway types 
a re  shown in Figures 3.6, 3.7, and 3.8, respectively.  In each f igure ,  
the f rac t ional  d is t r ibut ions  of accident type a re  given fo r  two popula- 
t ion zones--populations of l e s s  than 5,000, which are  considered t o  
represent rural areas ,  and populations greater  than 5,000, which a r e  
considered t o  represent an urban t r a f f i c  environment. 

From the point of view of tanker overturns, the accidents of greates t  
in te res t  a re  the single-vehicl e accidents, The highest percentage of 
single-vehicle accidents a re  seen t o  occur on rural freeways. Urbanized 
areas,  conversely, show consistently lower level s of single-vehicle 
accidents. 

The i l l u s t r a t ed  breakdown of accident data are employed in Section 
6.4 fo r  determining the overturn ra tes  of candidate gasoline tanker con- 
f igurat ions ,  given an estimate of the tanker miles traveled on the various 
respective road types and population zones. 
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3.4 Review of a Study of Gas01 ine Transportation Risks 

A comprehensive study of the risk of transporting gasoline by truck 
[4] was conducted by the Battelle Pacific Northwest Laboratory in 1978. 

This research will be briefly reviewed here insofar as it represents the 

most recent and relevant precursor to the study being reported. In the 

reference work, fatalities were used as the measure of the risk involved 

in transporting gasol ine. 

A two-stage risk model was used for evaluating risk. The first 

step involved the use of an elaborate "fault tree analysis" for the 

identification and calculation of the probabilities of each of the various 
mechanisms by which gasoline could be released into the environment. In 

the second step, the consequences of the release (in terms of fatalities) 

were evaluated using a gasol ine dispersal and fire spread model. The 

population density and the weather pattern at the accident site were 

factored into the model of the environment. Risk was displayed using a 

"Risk Spectrum" which is a plot of the expected frequency of accidents 

(accidentslyear) as a function of the number of fatalities which result 

from such accidents. 

The risk analysis revealed that, in the year 1980, 55 fatalities 

should be expected nationwide from accidents involving gasol ine trucks. 

Twenty-nine of these fatalities were expected to be as a direct result of 

the release of gasoline, and the rest from accident forces which are 

independent of the hazardous nature of the cargo. The probability of the 

occurrence of individual accidents which result in large numbers of 

fatalities was found to be relatively low. For example, accidents which 

result in 10 or more fatalities were expected to occur in the U.S. only 
once in about 45 years. In the following paragraphs, the gasoline 

"Release Mechanisms" and the "consequences of gasoline release" which 

were analyzed in the Battelle study will be briefly described. 

3.4.1 Re1 ease Mechanisms. Several mechani srns by which accident 
forces can fail the integrity of a gasoline tank were identified in the 

study. A logical analysis of the sequence of events which lead to the 
failure of the tank was conducted using a fault tree analysis. Failure 



mechanisms which resu l t  in the release of a s ignif icant  amount of gasoline 
are l i s t ed  in Table 3.4. The fraction of the payload which i s  released 
in to  the environment and the probability of release (given that  an acci- 
dent has occurred) are  l i s t ed  in the table  for  each of the f a i l u r e  
mechanisms. 

The probability values l i s t ed  indicate tha t  f a i l u r e  of tank walls 
due t o  puncture, abrasion, and impact account for  more than 89 percent 
of the s ignif icant  releases of gasoline. According t o  the Battel le  study, 
release of gasoline through a fa i led  manhole cover accounts f o r  only 2 

percent of a l l  the gasoline releases that  take place. Release of gasol ine 
through a manhole cover was assumed t o  occur e i the r  due to :  ( 1 )  a f a i lu re  
of the gasket material upon being exposed t o  a gasoline pool f i r e ,  or 
( 2 )  due t o  normal deteriorat ion,  or ( 3 )  due t o  fau l t s  in assembly or 
manufacturing of the manhole cover. 

(Analysis of gasol ine tanker accidents in Michigan has revealed 
tha t  manhole covers fa i  7 much more frequently than has been indicated in 
the Bat te l le  study. Experiments, conducted as part of t h i s  study (see 
Section 4.3) have also shown that  the internal pressure surge that  occurs 
a t  the moment of impact in a tanker rol lover can cause conventional 
manhole covers t o  be completely blown off even when in t he i r  "brand new" 
s t a t e .  Thus, we are  unable t o  reconcile the Michigan tanker accident 
experience and the confirming experiments with the data concerning tank 
f a i l u r e  mechanisms which were reported i n  Reference [4].  ) 

3.4.2 Consequences of a Gasoline Release. In the Battel le  study, 
the consequences of a gasoline release were divided into four categories,  
each of whose r isks  were evaluated independently. The to ta l  r isk posed 
by release of gasol ine was then determined by summing u p  the r i sks  posed 
by each of these consequences. 

The consequences that  were studied covered the fo11 owing scenarios : 

1 )  A gasoline pool i s  formed by the release of gasoline. The 
pool catches f i r e  and poses a danger to  the vehicle occupant. 

2 )  The gasoline pool f i r e  causes secondary f i r e s  in adjacent 
buildings thereby posing a danger t o  the occupants of the 
building. 



Table 3 .4 .  Probabi 1 i t y  of Release and Release F r a c t i o n s  
f o r  Gasol ine  Tank Truck F a i l u r e s .  

Probabf 1 i t y  of Release 
Release Mechanism Re1 e a s e  Frac t ion  During an Accident 

F a i l u r e  of Tank Walls 
Due t o  Puncture 0.5 0.025 

F a i l u r e  of Tank Walls 
Due t o  Pressure 
F a i l u r e  of Tank Walls 
Due t o  Abrasion 

F a i l u r e  of Tank Walls 
Due t o  Impact 

F a i l u r e  o f  Tank Walls 
Due t o  F i r e  

Release from Fau l ty  
Pressure Re1 i e f  Valve 

F a i l u r e  of Re1 i e f  Valve 
Due t o  Pressure 

F a i l u r e  of O u t l e t  
Valve Due t o  F i r e  

F a i l u r e  of O u t l e t  U* 0 .5  0.0004664 
Valve from Other Causes OT* 0.35 0.0001166 

F a i l u r e  of Manhole 
Covers Due t o  F i r e  

F a i l u r e  o f  Manhole Covers 
From Other Causes 0.35 0.00086 

- - - - - - - - - - - - - - - 

*U - Upright ,  OT - Overturned 



3 )  The gasol ine tanker explodes and k i l l s  the occupants of 
a l l  the vehicles involved i n  the accident. 

4 )  The gasol ine tanker explodes in an urban area and k i l l  s 
the occupants of buildings adjacent t o  the accident scene. 

The estimated probabil i t ies for  the fa ta l  i t i e s  that  can resu l t  
from each of the four consequences are plotted i n  Figure 3.9.  In t h i s  
f igure,  the number of f a t a l i t i e s ,  n ,  per accident i s  plotted on the 
abscissa and the expected number of accidents per year in which n or 
more f a t a l i t i e s  occur i s  plotted on the ordinate. An inspection of these 
r isk predictions reveals that  most of the accidents which resul t  i n  one 
or two deaths are  a t t r ibutable  t o  the f i r s t  consequence, namely: death 
of vehicle occupants due t o  pool f i r e s .  Larger consequence accidents, 
which resu l t  i n  more than f ive  f a t a l i t i e s ,  are mostly due t o  consequence 
four, which involves deaths i n  adjacent buildings due t o  explosion. - 

The contribution of consequences 2 and 3 t o  the overall r isk of 
transporting gasoline can be seen t o  be negligible. 

Moreover, the ci ted study served t o  provide a broad review of the 
various elements contributing t o  the r isks of transporting gasol ine by 
truck. Insofar as various aspects of the s tudy 's  data and resu l t s  did 
not agree with the Michigan tanker accident experience, however, we have 
taken another, simpler, approach t o  predicting r isks for  the recommended 
Advanced Michigan Tanker. 



a --- Deaths of vehicle occupants due to pml fim a -.-Deaths in odpcrnt building. dw to socondory tires 
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@) ---- Deaths in adjacent buildings du to explw~on 

a+@@@ All baths due to tire or explosion 

N ( to ta l i t id  

Figure 3.9. Risk spectrum for release of gasoline from tank truck 
accidents i n  1980. 



4.0 ANALYSIS OF THE DYNAMIC BEHAVIOR OF 
CANDIDATE VEHICLE CONFIGURATIONS 

The principle task of the study involved mathematical ly-based 
analyses of the s t a t i c  and dynamic performance character is t ics  of can- 
didate tank vehicle configurations. On the basis of performance charac- 
t e r i s t i c s ,  the 1 i s t  of vehicle types under consideration was reduced t o  
the four configurations which have been recommended. The analysis task 
addressed three principle subjects ,  namely: 

1 ) analysis of the yaw and rol l  behavior of a comprehensive 
s e t  of candidate vehicles (presented in Section 4.1 ) ,  

2 )  an examination of the sens i t iv i ty  of vehicle ro l l  
s t a b i l i t y  to  a number of basic design parameters which 
a re  common to  v i r tua l ly  3ny configuration of tank vehicle 
( in  Section 4 .2 ) ,  and 

3 )  analysis of the influence of a sloshing l iquid load on 
the ro l l  s t a b i l i t y  of partially-loaded tankers ( i n  Section 
4 . 3 ) .  

4.1 Analysis of the Yaw and Roll Behavior of Candidate Vehicle 
Configurations 

A s e t  of candidate vehicles was selected and subsequently screened 
on the basis of yaw and ro l l  performance measures which were defined. 
The assembly of parameter se t s  describing each of the candidate vehicles 
i s  presented in Section 4.1.1. In the following subsections, the can- 
didate vehicles are  evaluated on the basis of both s t a t i c  and dynamic 
response character is t ics  using various computerized simulation techniques. 
As each category of performance i s  discussed , the deficiencies associated 
w i t h  various vehicle configurations are  c i t ed ,  establ ishing the basis for  
l a t e r  reduction of the "candidate" l i s t  to  only those vehicles offering 
h i g h  levels  of performance in a1 1 categories. 

4.1.1 Candidate Vehicle Configurations. The vehicles evaluated 
i n  t h i s  study can be c lass i f ied  within two basic groups: (1  ) t ractor-semitrai lers  
and ( 2 )  double tankers o f  the tractor-semitrai l  er-semi t r a i l e r  type 



(hereinafter referred to as the TSS configuration). Conventional 
doubles combinations equipped with a dolly and pintle hook type connec- 

tion for the full trailer were ruled out since a preliminary analysis, 
as well as the experience gained from the Michigan double tanker study 

[2] ,  indicated that the relatively short type of conventional double 

cannot achieve dynamic rollover immunity qualities which are comparable 

to those of either the tractor-semi trai 1 er or the TSS configurations. 

Schematic diagrams of the candidate tractor-semitrailer combina- 

tions are shown in Table 4.1. The vehicles shown in the table range in 

capacity from 8,090 gallons for a two-ax1 e semi trailer to 16,150 gal lons 

for an eight-axle arrangement. The tank length was limited to 45 feet 

in these designs. The location and loading pattern for the axles were 

configured to meet the existing Michigan laws. 

The TSS combinations were configured in both the 59-foot and 65- 

foot overall length versions, both of which are permitted by the existing 

Michigan law. (The latter is currently being permitted only on specially 

designated highways.) The TSS configurations are shown in Table 4.2. 

It was necessary to make several assumptions in the process of 
arriving at the final design of each of these vehicle configurations. 

Each assumption and the corresponding rationale wi 11 be discussed be1 ow. 

Length and Wheel base Considerations 

One straightforward means of lowering the c.g. height of a tanker 

vehicle is by increasing its length. The tank length is limited by two 

constraints-(1) an overall length limit posed by road-use laws and 

(2) 1 ow-speed offtracking considerations which 1 imi t the wheel base and 
hence the overall length of the tank. 

Michigan's road-use laws limit the length of the semitrailer por- 

tion of a tractor-semi trai 1 er combination to 45 feet. 

A second length constraint derived from the position that the low- 
speed offtracking performance of the candidate tractor-semi trai 1 er 1 ay- 

outs would be equal to or better than that of a typical 8,800-gallon 
capacity tanker (which meets the MC306 specifications). By this latter 
constraint, semi trailer wheel bases were kept within 406 inches. (Trailer 

wheelbase is defined as the longitudinal distance from the fifth wheel 



C a n d i d a t e  Tractor/Semi t r a i  1 e r  Comb ina t i ons  
TABLE 4.1 

* ~ o o d  carried by the axle sets in the units of thousands o f  pounds 

5 1 

# 

I 

SCHEMATIC 
D l  A GRAM 

1 
14 32 32 9 

LOADED 
WEIGHT (I bs) 

78000 

2 b 

30 

4a 

4b 

5 0  

5 b  

7 

85 000 

I00000 

98000 

103000 

I l l 000  

1 1  6000 

124000 

IZSOOO 

37000 

50000 

N 

14 32 9 

- 1  
14 32 18 18 18 

14 32 52 

3bp-a  
14 32 18 39 

mwiA 
14 32 65 

Pis 
n-Q 
14 32 7 8 

- 1  
14 32 I8 6 5 

S ~ r d  
14 32 9 1 

14 32 104 

EMPTY 
WEIGHT(lbs) 

2 8670 

PAY LOAD 
CAPACITY (gal) 

8090 

31 750 

33920 

35720 

36420 

39570 

40360 

43600 

44330 

47510 

51490 

8730 

10830 

10210 

10915 

I 1  700 

12400 

1 

131 80 

13880 

1 4 670 

16 150 



Candidate Tractor/Semitrailer/Sernitrailer Combinations q 

TABLE 4.2 

n Load carried by the axle set in the units of thousands of pounds. 

5 2 



t o  the midpoint of the semi t r a i l e r  axles. ) For semitrai lers  equipped 

with more than two axles, the axles were configured such that  the wheel- 

base would be less  than or equal t o  406 inches (see Fig. 4.1 ) ,  even 
when the foremost semitrai ler  axle was considered to  be l i f t ed  up, as 
with an air-1 i f t  , air-suspended axle. 

The t a n k  lengths on the f i r s t  three semitrai ler  layouts (#I-42b) 
were limited by the wheelbase const ra int ,  while the tank length of the 
l a s t  eight configurations (#3a-#7) were 1 imi ted by the overall length 

1 imit of 45 fee t .  

A1 1 of the candidate TSS configurations had low-speed offtracking 

qual i t ies  which were superior t o  the 8,800-gallon MC306 tanker. The 

59-foot and 65-foot versions of the double tankers were therefore la id  
o u t  by making ful l  use of t he i r  respective overall length l imi ts .  

Tank Cross-Section Geometry 

Improvements in rollover threshold can be achieved by u t i l  izing 

tank cross-sectional profi les which lower the overall height of the 

vehicle. The tank cross-section which was used for  calculating the 

cross-sectional area and c.g. heights of the candidate vehicles i s  shown 
i n  Figure 4.2. The radius of the tank shell  was se t  a t  89 inches for 

the top, bottom and the sides. The blend radius was assumed t o  be 15 
inches. A more complete discussion of tank cross-section geometry i s  
included i n  Section 4.2.1. A computer program which was developed for  

the purpose of computing tank cross-sectional areas and axle layouts 
of the tankers i s  described in Appendix E. 

Tank Shell Material and Empty Vehicle Weight 

The tank shell was assumed t o  be 10-gauge HSLA (high strength,  
low al loy)  s t e e l .  Based on data describing several s teel  tanks manu- 
factured by the Fruehauf Corporation, the she1 1 was estimated t o  weigh 

0.98 pounds per gallon of shell volume. Each t r a i l e r  axle was assumed 
t o  weigh 1500 l b .  The combined weight of the under-construction and 
suspension springs was estimated t o  be 900 lb/axle. 



Figure 4.1. Changes in wheel base produced by a 1 i f t i n a  u p  of the 
foremost semitrailer axle. 



Figure 4.2. Tank cross-section geometry for the Advanced Mich igan  Tanke r .  



Arrangement for Connecting the Semitrailers of the TSS Configurations 

For TSS configurations, the do1 ly and pintle hook arrangement of 

conventional-style doubles is replaced by an arrangement which is shown 

in Figure 4.3. As seen in the figure, a shelf-like element is fastened 

to the lead semitrailer and is constrained to pitch about the axis A-A 

with respect to this semitrailer. A conventional fifth wheel is mounted 
on this element and is connected to the second semitrailer. The static 

vertical load acting on this fifth wheel arrangement is carried com- 

pletely by the axles under the shelf, such that no vertical load is 
transmitted to the first semitrailer through the hinge AA. 

Since the hinge connection between the first semitrailer and the 

shelf is virtually rigid in both roll and yaw, the shelf element is con- 

sidered to be an integral portion of the semitrailer, as represented in 
a yawlroll simulation model to be discussed later. 

Tank Bottom Height 

The bottom height of the tank is limited by (1) the height of the 
fifth wheel arrangement at the front of the trailer and (2) the height 

of the chassis at the rear. 

Tractor fifth wheel height is typically around 50 inches above 
ground level. If a height of 6 inches is allowed for the structural 

members which are mounted at the bottom of the tank shell, the overall 

height of the tank bottom would be limited to 56 inches in the vicinity 

of the tractor fifth wheel. The bottom of the tank at the rear of the 

semitrailer was taken to be a minimum of 46-1/2 inches, on the basis of 

liaison with tank industry sources. 

As shown in Figure 4.4, the bottom of the tank must be sloped 
slightly to the rear if the contents of the tanks are to be easily 
drained by gravity. In keeping with common industry practice, a slope 
of 5 inches over the entire length of the tank was assumed for the 
candidate vehicles. Maximum lowering of the tank center of gravity was 
achieved, given the various constraints, by use of a 4-112-inch drop 
section aft of the fifth wheel coupler area. 





In the case of the second semit ra i ler  of the TSS configurations,  

a height of 54 inches above ground level was assumed fo r  the f i f t h  wheel 

p la te  and a bottom height of 60 inches above ground level fo r  the f ront  

end of the tank she1 1. The bottom of the second semit ra i ler  i s  assumed 

t o  drop t o  a height of 46-112 inches a t  the rear  end. The s ide  view of 

a TSS configuration i s  shown in Figure 4.5. 

Dished Ends 

All calculat ions were performed assuming that  a uniform tank cross- 
section ex i s t s  over each portion of the tank having a given section 

height. The presence of dished or contoured heads a t  the f ron t  and rear  
of the tank, however, serve t o  reduce the e f fec t ive  cross-sectional area 

a t  each end. This loss in shell  volume was accounted fo r  in the cal -  

culation of shell  volume by simply subtracting 9 inches from the nominal 

length of the tank on each end. 

Fifth Wheel Loads and Axle Loads - Tractor-Semi t r a i l e r  

The t r a c t o r  f i f t h  wheel load fo r  the  tractor-semi t r a i  l e r  configura- 

t ion was s e t  a t  31,000 1 bs. Assuminq a t o t a l  t r a c to r  weight of 15,000 

Ibs, the loaded tractor-semi t r a i l e r  produced a 14,000-1 b axle load on 
the t r a c to r  f ron t  axle and 32,000 lbs on the t r a c to r  rear  tandem. See 

Figure 4.6. 

The semit ra i ler  axles ,  which a r e  assumed t o  be spaced 44 inches 

apart ( i n  the longitudinal d i r ec t i on ) ,  a re  loaded t o  13,000 Ibs each, 

while the "spread" axles a re  located 108 inches apart  and a re  loaded t o  

18,000 lbs .  

Tractor-Semi t r a i  1 er-Semi t r a i  1 e r  Configurations 

Four of the TSS configurations ( # I I b ,  #IVb, # V I ,  #VII) were 
designed with a three-axle s e t  (loaded t o  39,000 Ibs )  on the  f i r s t  semi- 
t r a i l e r .  These configurations were assumed t o  carry a t r a c to r  f i f t h  

wheel load of 31,000 Ibs ,  thereby producing the same load d i s t r ibu t ion  
for  the t r a c to r  axles as tha t  c i ted  above fo r  the t rac tor-semit ra i ler  
configuration. 

The r e s t  of the f i ve  TSS configurations ($1, # I I a ,  # I I I ,  #IVa, 
Y V )  were designed with two axles on the f i r s t  semi t ra i l e r .  



Fiqure 4.4. Tank bottom heiahts for the tractor-semi trai ier confiaurations. 

Fioure 4.5. Tank bottom h e i ~ h t s  for the TSS combinations. 



Since, in these cases, the axles on the lead semitrailer carry a 

total load of only  26,000 1 bs, the t ractor  f i f t h  wheel load was reduced 
t o  24,000 lbs. The load distribution for the t ractor  axles of these five 
TSS configurations i s  shown in Figure 4 . 7 .  

4 . 1 . 2  Low-Speed Maneuverabi 1 i  ty.  Good 1 ow-speed maneuverabil i  ty 
was seen as an essential quality for a tanker transporting gasoline. 
Gasoline tankers need t o  travel through c i ty  s t r ee t s ,  and also gain 
easy access t o  the storage tank f i l l i n g  ports a t  service s tat ions.  I n -  

deed, excel lent low-speed maneuverability had been one of the main 
reasons for the popularity of a d o u b l  e-bottom tanker configuration i n  

Michigan. I t  was known from the outset, however, t h a t  high levels of 

maneuverabi 1 i t y  are typical ly gained a t  the expense of directional 
s t ab i l i t y .  Since a high premium was beinq placed, here, on vehicle 
stabi 1 i t y ,  i t  was clear that poorer low-speed maneuverabi 1 i t y  would be 
attained t h a n  that afforded by the previously popular double-bottom 
tanker. 

Two low-speed maneuvering properties of articulated vehicles were 
addressed in the study. These properties characterize ( 1  ) the low- 

speed offtracking obtained in a constant radius turn and ( 2 )  the la teral  
force needed a t  the t ractor  f i f t h  wheel t o  sustain a steady turn a t  
low forward speeds. Numerics based on these two maneuvering qua1 i  t i e s  
are used t o  compare the candidate tractor-semi t r a i  1 e r  and tractor- 
semi t r a i  1 er-semi t r a i  1 e r  configurations described in the preceding section. 

I n  the discussion that follows, the maneuverability of articulated 
vehicles equipped with single axles (on  each t ra i l ing  uni t )  i s  f i r s t  
analyzed. Following t h i s ,  the influence of multiple axles on low-speed 
maneuverabi 1 i t y  wi 11 be discussed. 

Low-Speed Offtracking and Lateral Fifth Wheel Forces for Single-Axle 
Trai 1 ers 

During 1 ow-speed maneuvers, t r a i l e r  ax1 es offtrack towards the 
center of the turn. That i s ,  t r a i l e r  axles will inscribe a path fal l ing 
t o  the inside of the path taken by the t ractor  axles. The amount of 

offtracking i s  dependent not on ly  on the length of the vehicle, b u t  also 
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on the number of articulation points and the layout of the axles. 

Vehicles which exhibit large amounts of offtracking tend t o  be d i f f icu l t  

t o  maneuver in situations where i t  i s  necessary t o  execute sharp turns 

around obstacles. Figure 4.8 i l l u s t r a t e s  the offtracking of a tractor- 
semitrailer and a tractor-semitrailer-semitrailer combination during 

a steady turn characterized by the path radius, R1, of the tractor 
f i f t h  wheel. 

During 1 ow-speed maneuvers, the lateral  acceleration levels are 

sufficiently low such that the D'Alembert forces i n  the lateral  direc- 
tion can be neglected. Hence, the sum of the lateral  forces acting on 
the vehicle through the tire-road interface i s  zero during a low velocity 

steady turn. For the case where there are only single axles on each 
t r a i l e r ,  the lateral  t i r e  forces are s ta t ica l ly  determinate. Hence, 

the la teral  t i r e  force produced a t  each individual axle i s  zero. The 

t i r e s  therefore operate a t  zero s idesl ip ,  and the trajectory of the 
ax1 es a t  steady s ta te  i s  perpendicular t o  their  respective turn radius 
vectors. I t  follows, of course (for  single-axle t r a i l e r s ) ,  that no 

lateral  force i s  needed a t  the tractor f i f t h  wheel t o  sustain a steady 
turn a t  low forward velocities. 

As shown in Figure 4.8, the offtracking during a steady turn can 
be computed from simple planar geometry. The radius of turn, Rp, of 

the semitrailer axle i s  given by the expression: 

The radius of turn, R3, of the rearmost axle of the TSS configuration 

i s  given by the expression: 

where x l ,  x2, and b l  are i l lustrated in Figure 4.8. I t  can be seen from 
(4.1) and  ( 4 . 2 )  that the amount of offtracking ( R 1 - R 2 )  or ( R - R 3 )  i s  
dependent n o t  only on the vehicle dimensions x l ,  x2, a n d  b ,  b u t  also on 
the radius of turn,  R 1 .  
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To obtain a  more generally descriptive term as an offtracking 
numeric, then, we shall work with the concept of "effective wheelbase" 

[5]. The effective wheel base i s  independent of  the turn radius and i s  
defined as the wheelbase of a  single-unit vehicle which produces the 
same amount of offtracking during a  steady turn as the articulated 
vehicle under consideration. The effective wheel base concept i s  very 
convenient when comparing vehicle configurations which d i f fe r  in the 
number of articulation points and axle layouts. Taking the trajectory 
of the t ractor  f i f t h  wheel as the reference radius, the effective wheel- 
base of the tractor-semi t r a i  1 er  and the tractor-semi t r a i  1 er-semi t r a i  1 e r  
combinations are given by the expressions: 

Equation (4.4) can be extended so as to be applicable for a  
vehicle with any number of t r a i l e r s .  The equivalent wheel base of an 
articulated vehicle with n t r a i l e r s  i s  given by the expression: 

Z =dc x: - ( b i - x i )  
leu), t r a i l  ers i  = l  i = l  

We shall now discuss the effect of multiple axles on:  ( 1 )  off-  
tracking and ( 2 )  the la teral  force a t  the t ractor  f i f t h  wheel for low- 
speed steady turns. 

Influence of Mu1 t i p l e  Axles 

Tire sideslip angles cannot be assumed t o  be zero for a  vehicle 
which i s  equipped with multiple t r a i l e r  axles. During the low-speed 
steady turn,  t r a i l e r  t i r e s  operate a t  f i n i t e  values of sideslip angle, 
a n d  produce a net yawing moment which has t o  be counteracted by a  
la teral  force a t  the t ractor  f i f t h  wheel. Equations for the equivalent 
wheelbase a n d  lateral  f i f t h  wheel force for a  TSS combination equipped 



with four axles on the f i r s t  semitrai ler  and three axles on the second 

semit ra i ler  will be derived here. A plan view of the vehicle i s  shown 

i n  Figure 4.9. The equations can be eas i ly  expanded t o  a vehicle with 
any number of t r a i l i ng  units  and any number of axles on each t r a i l e r .  

The following assumptions were made in the process of deriving 

the equations: 

1 )  The s ides l ip  angles a t  the t i r e s  are small so that  the 
assumption tan a = a i s  valid. 

2 )  The l a te ra l  forces generated a t  the tire-road interface 
are assumed t o  be l inear  functions of  the s ides l ip  angle 

a t  the t i r e ,  i . e . ,  F = - C  a , where F i s  the cornering 

force,  C i s  the cornering s t i f f ne s s ,  and a i s  the s l i p  

angle. 

3 )  The aligning moment generated a t  the tire-road interface 
i s  neglected. 

4 )  The ar t icula t ion angles are small such that  the following 

approximations hold: s in  r = r and cos r = 1.0. 

5 )  The track w i d t h  of the vehicle i s  small compared t o  the 

radius of turn so that  the s ides l ip  angle i s  the same for  

a l l  the t i r e s  on an axle. 

6 )  The road surface i s  dry. 

A double subscript notation i s  used for  referencing the location 
and the s l i p  angle a t  an axle. An axle with subscript i j  denotes the 

j th axle on the i t h  t r a i l e r .  

Referring t o  Figure 4.9, the s l i p  angles a t  the t r a i l e r  axles are  
given by the following equations. 

- 1 ( 3 - a ,  ) ( x ,  -a1 ) 
a l l  = - tan - -  

R 2  R 2  

- 1 ( x l  -a1 -6,  ) ix1-a1-6,, ) 
a12 = tan -. - 

2 2 



F i g u r e  4 .9 .  T i r e  s l i p  a n g l e s  and l a t e r a l  t i r e  f o r c e s  f o r  a  m u l t i - a x l e  
TSS c o m b i n a t i o n .  



x -a - 6  -6  ) -1 ( 1 1 11 1 2  , x -a - 6  - 6  ) 
= - tan , - ( 1  1 1 1  1 2  

2 
(4 .8)  

6 ) -1 (Xl-al-611'612- 13 . - - ( x l  -a1 -9 -6i 2 -  6 13 ) 
a I 4  = - t a n  

2 2 
(4 .9)  

- 1 (x2-a2) (x2-a,) 
a21 = - tan " - - 

3 3 

( X  -a  s ) -1 2 2- 21 , ( ~ ~ - a ~ - 6 ~ ~  1 
C Y ~ ~  = - t a n  , - 

R3 3 

( X  -a - 6  -6 ) -1 2 2 21 22 , ix2-a2-521 -92 2) ' ~ 2 ~  = - tan .. - (4.12) 
3 3 

I f  the sum of the cornering s t i f fness  of a l l  the t i r e s  on axle i j  i s  

Ci j ,  the l a te ra l  force a t  axle i j  i s  given by the equation 

Taking the yaw moment equilibrium of the second t r a i l e r  about i t s  

f i f t h  wheel , we get : 

Substituting for  the l a te ra l  t i r e  forces i n  (4 .14) ,  we get: 

Upon solving for  the wheel base, x2,  of the second semit ra i ler ,  we get: 

Moreover, the la tera l  force a t  the f i f t h  wheel of the second semi- 

t r a i l e r  i s :  



We shall now solve for the wheelbase, xl, of the first semitrailer 

and the lateral force at the tractor fifth wheel. Proceeding along the 

same lines as Equations (4.14), (4.15), and (4.16), we find the wheel- 

base of the first semitrailer to be 

and the lateral force at the tractor's fifth wheel is given by the 

expression : 

The equivalent wheelbase of the multiaxle tractor-semitrailer- 

semi trai 1 er combination can be obtained by substituting the expressions 
(4.16) and (4.18) (for the wheel bases xl and x2) in Equation (4. 4). 

The effective wheelbase calculations for vehicle combinations which 
differ from the one considered here can be performed by suitably modi- 

fying Equations (4.16) and (4.18). 

Equation (4.19) indicates that the lateral fifth wheel force is 

inversely related to the radius of the turn. Because of the small angle 

assumption involved in deriving the above equations, the analysis is not 



valid for  turns of very small radius during which the t i r e  s l i p  angles 

are large. At the large s l i p  angles which are  encountered in small 

radius turns,  the 1 ateral  forces generated a t  the tire-road interface 

tend t o  sa tura te  and depart considerably from the l inear  sides1 i p  angle- 
l a te ra l  force relat ionship that  was assumed in deriving the equation. 

For turns which are  100 feet  in radius and above, the la tera l  f i f t h  wheel 

force predictions based on Equation (4.19) will be f a i r l y  accurate. 

Results 

Low-Speed Offtracking. The calculated values for  the ef fect ive  

wheel base of the candidate vehicle configurations are  plotted in Figure 

4.10. The f igure portrays the effect ive  wheelbase as a  function of the 

payload volume of the vehicles. For the sake of comparison, we have 

also plotted the effective wheel bases of the 8800-gal lon capacity 
tractor-semi t r a i  1 e r  which meets the MC306 specif icat ions,  and a  55-foot 

Michigan double tanker in the conventional (dolly a n d  p int le  hook) 
arrangement and the modified (r igidized pint le  hook) arrangement. The 

effect ive  wheel bases of the tractor-semi t r a i l e r  configurations are  

shown in each of two conditions, namely, ( 1 )  w i t h  a l l  of the semitrai ler  

axles on the ground and ( 2 )  with the foremost semitrai ler  axle (which 
i s  presumed t o  be l i f t a b l e )  in the raised position. 

The following observations can be made from the resul ts  of the 
offtracking calculat ions:  

1 .  None of the candidate vehicles are seen t o  exhibit  effec- 

t ive  wheelbase lengths which are larger than t h a t  of the 

reference MC306 tanker. Therefore, from the point of view 

of slow-speed offtracking,  a l l  of the candidate vehicles 

are a t  l eas t  as good or bet ter  than the typical MC306 
gas01 ine tankers. 

2.  The effect ive  wheel bases of the 65-foot TSS combinations 

are not s ignif icant ly  smaller t h a n  those of the t rac tor-  
semit ra i ler  combination. Therefore, i f  low-speed off-  
tracking qua1 i t i e s  were t o  be improved beyond those 
attained by the candidate tractor-semi t r a i  l e r s ,  TSS 





combinations would only become attractive at overall 

lengths shorter than 65 feet. 

3. None of the candidate vehicles have offtracking qualities 

which are comparable to those of the %-foot Michigan 

double tanker. 

Lateral Fifth Wheel Force. A semitrailer having multiple axles 
will only proceed in a curved path if a side force is produced by the 

tractor tires and reacted through the fifth wheel coupling. Since this 

force tends to produce a yaw instability leading toward jackknife of the 

tractor, the lateral fifth wheel force can be looked upon as a measure 

of a non-quality, a degrading characteristic which is worse with trailers 

having more fixed axles in a row. The lateral fifth wheel force which 

is needed to negotiate a turn is dependent on the turn radius. Values 

of fifth wheel force for comparing all of the candidate vehicles were 

calculated using a constant turn radius of 400 feet. The lateral fifth 

wheel force requirement for the candidate vehicle configurations i s  

plotted in Figure 4.11 with the payload volume as the abscissa and the 

lateral fifth wheel force as the ordinate. The lateral force levels 

for the reference 8800-gallon MC306 tractor-semitrailer and the 55-foot 

Michigan double-bottom tanker are also shown in the figure. 

The lateral force requirement for the tractor-semi trai 1 er combi na- 

tion is shown again for two operating conditions: (1) with all of the 
axles in contact with the road surface and (2) with the foremost 

semitrailer axle in the raised position. The lateral fifth wheel force 

requirement for the tractor-semitrai ler combinations can be seen to be 

very sensitive to axle number accompanying payl oad volume. For example, 
by increasing the payl oad capacity from that of the largest recommended 

vehicle, the 13,200-gallon configuration (with six semitrailer axles), 

to a capacity of 16,150 gallons (having eight semitrailer axles), the 

lateral fifth wheel force shows an increase of almost 250 percent. 

When the semitrailers that are designed with no spread axles are 
operated with one front axle in the raised position, the lateral fifth 
wheel force is seen to be reduced by 40 to 50 percent. The reduction is 
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seen to be even greater for the semitrailer configurations equipped 

with a spread axle (#2b, #3b, #4b, and #5b). 

For capacities below 15,000 gallons, the TSS combinations exhi bit 

lateral fifth wheel force requirements that are only slightly lower than 

those of the tractor-semitrailer combinations which are operated with 

their foremost trailer axles in the raised position. However, for the 

largest capacity, eleven-axle vehicle, the 65-foot TSS combination needs 

a lateral force which is only 45 percent of that of the corresponding 
tractor-semitrailer combination with its front axle in the lifted 
position. 

4.1.3 Steady Turning Roll over Thresholds of Candidate Vehicles. 

The steady turning rollover threshold of a vehicle plays an important 

role in determining the 1 i kel i hood that either maneuvering- or 

accident-induced forces can cause the vehicle to roll over. Analysis 

of the BMCS accident data file has clearly shown the close correlation 

between the steady turning rollover threshold of a vehicle and its 

rollover involvement. In this section, we shall first describe a roll 
plane model which was used for calculating the steady turning rollover 

thresholds of the candidate vehicles. Next, the computed value of the 

rollover thresholds for the candidate tractor-semitrailer and TSS com- 

bi nation wi 1 1  be presented. 

Static Roll Model 

The static roll model was developed for the purpose of esti- 

mating the rollover thresholds of the candidate vehicle configurations. 

Results of earlier investigations by Isermann [ 6 ]  and Gillespie, et 

a1 . [7] served as a basis for the development of the static roll model. 

The formulating equations, as well as a computer program useful for 
estimating rollover thresholds, is presented in Appendix B. The dis- 

cussion in this section is therefore restricted to a description of the 

essential features of the model. 

Features of the model and the assumptions made in the process of 
deriving the underlying equations are 1 isted below. 



1. The vehicle i s  assumed t o  be effectively rigid i n  torsion. 

The structural compliance of the t ractor  and t r a i l e r  sprung 

masses are therefore neglected and  the sprung masses are 

lumped together a n d  represented by a single sprung mass in 
the roll  plane. 

2 .  I n  order t o  simplify the calculations, axles with similar 

suspension properties are grouped together such that a 

tractor-semitrailer i s  represented by a set  of three com- 

posite axles. Figure 4.12 shows the side view of an example 
tractor-semi t r a i  1 e r ,  as represented in the roll  model. The 
composite axles are: 

a )  t ractor  front axle, 

b )  tractor rear axles (ei ther  a single axle or a 
tandem) combined and represented by one axle, and 

c )  a l l  t r a i l e r  axles, combined and represented as one 

axle. 

3. The articulation angles are small so that the effect  of 

art iculation angle on the rollover threshold can be 

neglected. 

4. Figure 4.13 shows the representation of axles and  suspen- 

sions in the roll  plane model. The relative roll motion 

between the sprung mass and the axles i s  assumed t o  take 
place about roll  centers which are a t  fixed distances 

beneath the sprung mass. The suspension springs are assumed 
-+ 

t o  remain parallel t o  the k u  axes of the axles and trans- 
i 

mit only  compressive or tensi le  forces. 

The roll centers are permitted t o  s l ide freely (with 
-h 

respect t o  the axles) along the k axes. A 1  1 axle forces 
U 2 

which act in a direction parallel t o  the k u  are taken u p  
i 

by the suspension springs, while a l l  axle forces along the 
+ 
j axes are assumed t o  act through the roll  center, R i .  

i 
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Figure 4.12. Representation o f  the axles o f  a tractor-semitrailer 
in the s t a t i c  roll plane model. 





5 .  Suspension nonlineari t ies such as backlash and pro- 

gressively hardening suspension springs are  represented 

by a tabular load-deflection i n p u t  format. The suspen- 

sion forces a n d  the spring ra tes  a t  any given deflection 

are  then compared by 1 inear interpolat ion.  Figure 4.14 

shows the representation of a suspension spring in the 

rol l  model. 

6.  The to ta l  vert ical  load carried by each composite axle i s  

assumed t o  remain constant during the ro'l lover process. 

In order t o  accommodate any pitching motion that  might take 

place during rollover,  the sprung mass i s  permitted t o  take 

u p  d i f ferent  vert ical  deflections a t  each of the three axle 

locations. 

The vert ical  load carried by the t i r e s  i s  assumed t o  ac t  
through the midpoint of the tread width. As shown in 
Figure 4.15, the e f fec t  of camber angle and the effect  of 

the l a te ra l  compliance of the t i r e  tend t o  have opposing 

e f fec t s  on the l a te ra l  t ranslat ion of the centroid of the 
normal pressure dis t r ibut ion a t  the t i  re-road interface.  

Bo th  of these effects  are  small and tend t o  cancel out. 

I n  order t o  keep the analysis simple, the la tera l  trans- 
la t ion of the normal load i s  neglected. 

8. The roll  angles of the sprung mass and the axles are  small, 

such that  the small angle assumptions sin ( 4 )  = 4 and 

cos ( 9 )  = 1.0 hold. 

Accuracy of Rollover Threshold Estimates 

The rollover threshold values calculated using the s t a t i c  rol l  

model were found t o  compare well with measurements made by Isermann 

[ 6 ]  in Germany. Isermann measured the rollover thresholds of tank 

vehicles using a t i 1  t - t ab le  arrangement. The rollover thresholds e s t i -  
mated using the s t a t i c  ro l l  model and the measurements made by Isermann 
using the t i l t - t a b l e  arrangement are compared i n  Table 4 . 3  for  four 
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different loading conditions of a tank vehicle. Rollover threshold 

levels calculated by Isermann are also shown in the table. The results 

indicate that the static roll model can predict rollover thresholds to 

within 2 percent of the reported tilt-table measurements. 

Rollover Thresholds of Candidate Vehicles 

The rollover thresholds of the candidate vehicles are plotted as 

a function of payload capacity in Figure 4.16. The rollover threshold 

values pertain to 96-inch-wide tractors coupled to 102-inch-wide 

trailers. The vehicles are assumed to be in the fully loaded condition 

The parameters needed to describe the candidate vehicles, in the roll 

plane model, are 1 isted in Appendix B. We shall discuss the rollover 

thresh01 ds of the tractor-semi trai 1 er first, fo1.l owing which the roll - 
over thresholds of the TSS combination will be discussed. 

Tractor-Semitrailers. Figure 4.16 indicates that vehicles 

having an increased capacity do not show significantly reduced levels 

of rollover threshold. For example, a 100-percent increase in the 

payload capaci ty-from 8,000 to 16,000 gal lons-resul ts in a decrease 

of only 1 1  percent in the rollover threshold. The rollover thresholds 

of the tractor-semitrailers designed with 18,000-1 b capacity spread 

axles (such as #2b, #3b, f4b, and #5b) can be seen to fall below the 

pattern fol 1 owed by the rest of the tractor-semi trai 1 er combinations. 

When the payl oad capacity is increased , two counteracting effects 
come into play, namely: 

1)  an increase in payload capacity raises the c.g. height 
of the vehicle and hence lowers the rollover threshold, 

and 

2) when the payload capacity is increased, the number of 
102-inch-wide semi trailer axles are increased. 

The larger number of 102-inch-wide trailer axles (which are capable of 
generating higher roll resisting moments due to their larger track 

width) tends to raise the rollover threshold of the vehicles with higher 

payl oad capacities. 





For increasing level of payload up to a capacity of 10,000 gallons, 

the latter effect, Number 2 above, tends to dominate and thus results 

in a small improvement in rollover threshold. For increases in payload 
beyond 10,000 gallons, the first effect becomes more prominent and 

produces a gradual decrease in the rollover threshold. 

TSS Combinations. Both the 59-foot and the 65-foot TSS combina- 

tions are seen to exhi bit higher rollover thresholds than the corres- 

ponding tractor-semi trai lers of the same payload capacity. The increased 
length of these vehicles permits them to achieve lower c.g. heights and 

hence higher roll over thresholds than the tractor-semi trai lers. 

As was stated earlier in Section 4.1.1, it is pertinent to note 

that not a1 1 of the TSS combinations were designed to carry the same 

load at the tractor fifth wheel. Configurations IIb, IVb, VI, and VII 
carry a fifth wheel load of only 24,000 lbs. The vehicles which carry 
the 1 ower fifth wheel loads can be seen to exhibit higher rollover 

thresholds than the rest of the TSS combinations. This is due to the 

fact that the vehicles which carry a smaller load at the tractor fifth 

wheel are less dependent on the 96-inch-wide tractor axles to provide 

the roll-restoring moment, and hence are capable of achieving higher 

roll over thresholds. 

The rollover threshold values will be used in conjunction with 

the roll over threshold/rol lover involvement relationship (which was 

generated using the BMCS data) to determine the rollover risk posed by 

each of these vehicle designs. The rollover risk calculations are 

given in Section 6.0. 

4.1.4 Linear Yaw Plane Analysis. A broad understanding of the 
directional qua1 i ties of articulated vehicles can be gained by conduct- 
ing a linear analysis o f  their yaw plane response characteristics. A 
study of the amp1 ified (or attenuated) directional response exhibited 
by the trailers of an articulated combination can be very useful in 
gaining an insight into the dynamic rollover immunity of such vehicles. 

A yaw plane analysis is therefore included here to serve as the basis 
for conducting the more elaborate simulation of the combined directional 
and roll behavior of the candidate vehicle configurations. 



Several techniques a r e  avai lable  fo r  studying the vehicle response 

in the  l inea r  regime, namely: 

1 )  eigenvalue analys is ,  

2) t r ans ien t  response analys is ,  and 

3)  frequency response analysis .  

Frequency response analysis  was applied in t h i s  study as the most 

generally useful technique fo r  studying the response of the t r ac to r -  

semit ra i le rs  and TSS combinations. A frequency response analysis  pro- 

vides information on the ampl i f i ca t ion  ( o r  a t tenuat ion)  and the  phasing 

of the t r a i l e r  motions over any given range of s teer ing  input frequencies 

A l i nea r  yaw plane model which was developed by HSRI as part of an 
e a r l i e r  study on double tankers [2] was used f o r  conducting the f r e -  

quency response ca lcula t ions .  

The ampl i tude and phase angle of the l a t e ra l  accelerat ion response 
of a  t r ac to r - semi t ra i l e r  and a 59-foot TSS combination a re  shown in 

Figures 4.17 and 4.18, respectively.  The vehicles are  assumed t o  be 
t ravel ing  a t  a  forward speed of 50 mph in the f u l l y  loaded condition. 

I n  these f igures ,  the magnitude of the l a t e ra l  acceleration gain ( f t / s e c 2  
per degree of front-wheel angle displacement) i s  plotted in the decibel 

sca le  [Note: a  quant i ty ,  x ,  when expressed in the decibel scale i s  

20 log lO(x) ]  and the s teer ing  input frequency i s  in the units  of 

( r ad l sec )  . 
With reference t o  Figure 4.17, i t  can be observed tha t  the 

l a t e r a l  accelerat ion response of semit ra i le rs  does n o t  exhibi t  any 

amplification (with respect t o  the t r a c t o r  l a t e ra l  accelera t ion)  over the 

e n t i r e  range of 0.1 t o  100 radlsec of s teer ing  input frequencies. For 
s teer ing  input frequencies below 1 radlsec,  the difference between the 
t r a c t o r  and the  semi t ra i l e r  l a t e r a l  accelerat ions tends t o  be small and 

the magnitude reaches the levels  of l a t e ra l  accelerat ion gain present in 

steady turning. At a higher input frequency, such as a  1 / 2  Hz (3.14 
rad/sec) f o r  example, the response o f  the semit ra i le r  l a t e ra l  accelera- 
tion becomes attenuated by -2.75 d b  ( i .  e .  , semit ra i le r  l a t e ra l  accelera- 
t ion i s  10 (-2.75120) = 0.73 times the t r a c t o r  l a t e ra l  acceleration 
magnitude) and lags the l a t e ra l  accelerat ion response of the  t r a c t o r  by 
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a phase angle of 51 degrees. Further increases in the steering input 
frequency resu l t  in 1 arger attenuation of the semit ra i ler  1 a tera l  
acceleration. A1 1 of the candidate tractor-semi t r a i  l e r  configurations 

exhibited frequency response charac te r i s t i c s  which were very similar  

t o  the one shown in Figure 4.17. 

Figure 4.18 indicates that  the second semit ra i ler  of the TSS com- 

bination exhibits  an amp1 i f i ca t ion  in the l a te ra l  acceleration response 

for  s teer ing input frequencies which are  in the range of 1 t o  4 rad/sec. 

At a s t e e r  input frequency of 112 Hz (3.14 rad/sec) ,  for  example, the 

l a te ra l  acceleration of the second semit ra i ler  i s  amplified by 3.75 d b  

(o r  1.54 times the t rac to r  l a te ra l  acceleration amplitude) and i s  almost 

completely o u t  of phase with the 1ateral .accelerat ion response of the 

t r ac to r .  The maximum gain exhibited by the second semit ra i ler  ( i n  the 

frequency domain) serves as a useful measure of the amp1 i f ied  response 

that  would be exhibited during t rans ient  maneuvers. The peak gains of 

the p u p  l a te ra l  accelerations fo r  a l l  of the 59-foot and 65-foot TSS 
combinations a re  shown in Figure 4.19 in a bar-chart format. The 65-  

foot TSS combinations a r e  seen t o  exhibit  lower levels  of amplification 

than the 59-foot doubles. Except fo r  configurations YIII and BIVb, the 
amplification levels  of the r e s t  of the vehicles are  found t o  l i e  

within a re la t ively  narrow range of 1.27 t o  1.43. In the case of 

vehicles #I11 and #IVb, the short  wheelbases of the second semit ra i lers ,  

along with a rearward weight bias of the t r a i l e r s ,  r esu l t s  in higher 

levels  of amplification. 

If  the second. semit ra i ler  of each of the TSS combinations were 

permitted t o  ro l l  independently of the r e s t  of the vehicle, the highly 
amp1 i f i ed  l a te ra l  acceleration behavior would imply that  ro l l  over of 

the second semit ra i ler  would occur in t rans ient  maneuvers fo r  which the 

t rac to r  might experience only re la t ive ly  low levels  of 1 a tera l  accelera- 
t ion.  Such an anomalous behavior could not occur with TSS combinations 
being considered here, however, since the second semit ra i ler  i s  connected 
t o  the f i r s t  semit ra i ler  by means of a f i f t h  wheel type coupling which 

i s  r igid in r o l l .  The following discussion c l a r i f i e s  the rol l  moment 
interaction which takes place between the t r a c to r  and the t r a i l e r s  of 
tractor-semi t r a i  l e r s  and TSS combinations during dynamic maneuvers. 





Roll Imp1 ications of Directional Response Characteristics 

In the case of tractor-semi t r a i  1 ers and TSS combinations, the 
tractor and the t r a i l e r s  are rigidly coupled in roll  by f i f t h  wheel 
type coup1 ings. Hence, the ent i re  vehicle i s  effectively constrained 
t o  overturn as a single unit .  The magnitude of the total  overturning 

moment acting on the vehicle i s  therefore the factor which determines 
whether or n o t  the vehicle will rol l  over. 

The relationship between the overturning moment and the 1 ateral 
acceleration level ,  a i s  i l lustrated in Figure 4 .20  for a vehicle 

Y '  
which i s  represented by a single mass, m, which i s  placed a t  a height, 
h, above the ground 1 eve1 . For small roll  angles, the roll moment i s  
given by the following simplified expression: 

roll  moment = m a h 
Y 

I f ,  during a transient maneuver, the instantaneous la teral  
accelerations a t  the t rac tor ,  semi t r a i l e r ,  a n d  the second semitrai 1 er  
of a TSS combination are a , a , and a , respectively, the total  

Y1 Y 2  Y3 
overturning moment acting on the vehicle can be shown t o  be: 

Roll moment)t = m a h + m a h + m a  h 
l Y l l  2 Y 2 2  3 Y 3 3  

[Note: The articulation angles and rol l  angle are assumed t o  be 

small . ]  

Since the t ractor  and the t r a i l e r s  are rigidly connected in roll , 
the roll plane motion of the vehicle can be visualized t o  be that of 
a single-unit vehicle of mass, m and c.g. height, h where eq ' eq ' 

and  



Figure 4.20. Relationship between overturnina moment and 1 ateral 
acceleration 1 eve1 , a 

Y '  



The lateral  acceleration components, a , a , and a , can 
Y1 y2 "3 

therefore be replaced by an equival ent or average lateral  acceleration 
which acts on the equivalent single-unit vehicle; i . e . ,  

m h a  t m h a  + m h a  
1 1 Yl 2 2 Y 2  3 3 Y3 

a = 
Yeq 

( m  h + m h + m3h3) 1 1  2 2  
m h a  

1 1 Y l  
m h a  

2 2 Y 2  
m h a  

- - t 
3 3 Y3 

t ( m l  h l  +m2h2+m3h3)  ( m l  h l  +m2h2+m3h3r  ( m l  h l  t m 2 h 2 + m 3 h 3 )  (4.25) 

Equation (4.25) gives the weighting factors that need t o  be applied 

(or the importance t o  be attached) to the instantaneous la teral  accelera- 

tion levels of each of the articulated units.  I f ,  during transient 
maneuvers, the average 1 ateral  acceleration of a vehicle exceeds the 
lateral  acceleration of the t rac tor ,  i t  i s  an indication that the vehicle 
would exhibit poorer dynamic rollover immunity than a single-unit 

vehicle which has the same steady turning rol lover threshold. 

The above discussion can be extended t o  the frequency domain as 

we1 1 .  In the frequency domain the la teral  accelerations of the t ractor  
and the t r a i l e r  are vector quantities which possess both magnitude and  

phase. Therefore, the magnitude and phase angle of the average la teral  

acceleration response can be obtained through vector addition of  the 

t ractor  and t r a i  1 e r  1 ateral  acceleration responses. 

The magnitude and  phase angle of the average lateral  acceleration 
are shown in Figure 4 .21  for a TSS combination. On comparing Figure 
4 .21  with Figure 4.18, i t  i s  important t o  note that  the peak gain of 
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the average lateral acceleration response is much smaller than the peak 

gain in the lateral acceleration of the second semitrailer. Moreover, 
the peak of the average lateral acceleration occurs at a lower frequency 

than does the peak lateral acceleration of the second semitrailer. 

Therefore, the worst roll behavior of a TSS combination occurs at a 
steering input frequency which is lower than the frequency at which the 

second semi trailer exhibits the highest amp1 ification in lateral 

acceleration. 

The magnitude and phase angle of the average lateral acceleration 

and the lateral acceleration response of the tractor are shown in 

Figure 4.22 for a tractor-semitrai ler combination. The average lateral 

acceleration, as expected, does not exhibit any amplification over that 

of the tractor. On comparing Figure 4.22 with Figure 4.21, it is evi- 

dent that the average lateral acceleration characteristic of the TSS 

combinati on does not differ significantly (over the range of reasonable 

frequencies) from that of a tractor-semitrailer. Hence, on the basis 

of the 1 inear analysis one can expect the TSS combination to exhibit 
dynamic rollover thresholds which are only slightly smaller than their 

steady-state levels. 

4.1.5 Yaw/Roll Model . A mathematical model which is capable 

of simulating the yaw/roll response of mu1 tiple articulated vehicles 

was developed during this study. The model was formulated for the pur- 

pose of analyzing the combined directional and roll behavior of tractor- 

semitrailers and TSS combinations during dynamic maneuvers which approach 

the rollover limit. The model does not place any limitations on either 

the number of articulated units or the number of axles which can be 

represented on a given vehicle. Vehicles equipped with a variety of 

hitching mechanisms can a1 so be studied by making simple modifications 

to the computer code. 

A detailed description of the differential equations of motion 
is given in Appendix C .  In this section, the description of the model 
is therefore restricted only to essential features and to the impor- 

tant assumptions made in the process of developing the equations of 
motion. 
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Dearees of Freedom 

The equations of motion of the vehicle are formulated by treating 
each of the sprung masses as a rigid body with f ive degrees of freedom, 
namely: la te ra l ,  ver t ical ,  yaw, r o l l ,  and pitch. The longitudinal 
degree of freedom i s  n o t  included, since the forward velocity of the 
lead unit (or t ractor)  i s  assumed t o  remain constant during the maneuver. 

The axles are treated as beam axles which can roll and bounce with 

respect to  the sprung masses t o  which they are attached, The total 
number of degrees of freedom of a multiple articulated vehicle with N S  

sprung masses and N u  axles i s  therefore given by the expression: ND.O,F. - - 

Features of the Model 

The simp1 ifying assumptions made in the process of deriving the 
equations and the essential features of the model are given below. 

1 .  The vehicle i s  assumed t o  travel on a horizontal surface 
with uniform fr ic t ion characteristics.  

2 .  Steering system compliance and dynamics are l e f t  o u t  of the 

model and the steering input i s  assumed t o  be given directly t o  the 
front wheels. 

3. The pitch motion of the sprung masses are assumed t o  be small 

such that the approximations sin e s  = eS  a n d  cos eS  = 1 h o l d .  

4 .  The relative roll angle between the sprung masses and the 

axles are assumed t o  be small so that the approximation 
sin ($S-$u )  = ( $  -$  ) and cos ( $ s - $ u )  = 1 .0  h o l d .  

S U 

5 .  As shown in Figure 4.23, the relative roll mot ion  between the 

sprung and unsprung masses i s  assumed t o  take place about a roll  center, 
R, which i s  a t  a fixed height beneath the sprung mass. I n  order t o  

simplify the equations, the suspension springs are assumed to remain 
parallel t o  the $, axis and transmit only compressive or tensi le  

i 
forces. Since the roll  center i s  permitted t o  s l ide freely a l o n g  the 
-f -f 

k axis, a l l  axle forces which act in a direction parallel t o  the k 
i  i  



axis are  taken u p  by the suspension springs,  while a l l  axle forces 
-f 

along the j axis are  assumed t o  ac t  through the ro l l  center ,  R i .  
i  

When a r e la t ive  ro l l  motion takes place between the sprung mass and 
the axles of a leaf-spring-type suspension, the leaf springs tend t o  
be twisted in the ro l l  plane and hence produce an additional ro l l  

res is t ing moment. This e f fec t  i s  represented in the model by an auxil iary 

rol l  s t i f fness  parameter, KRSi . 
6 .  Suspension nonl ineari t i e s  such as backlash are  represented by 

using a tabular  load-deflection input format, shown in Figure 4 . 2 4 .  

7 .  The model permits the simulation of vehicles equipped with 

a wide variety of hitching mechanisms. The equations a re  formulated 

such that  the equations of motion a re  independent of the constraint  
equations. Hence, the vehicles equipped with any given hitching mechanism 
can be analyzed by simply a l t e r ing  the constraint  equations (see 
Appendix C ) .  

8. The n o n l  inear cornering force and a1 igning torque character- 
i s t i c s  of the t i r e s  are  represented as tabular  functions. The t i r e  
forces and moments are  computed by a double table  look-up fo r  the given 

vert ical  load and s ides l ip  angle. 

9. The forces acting on each axle are treated independently, 
i  . e . ,  no interaxle load t ransfer  e f fec t s  are  incorporated in the model. 

10. Simulations can be performed in the closed-loop or open-loop 

modes. In the open-loop mode, the time history of the steering input 
i s  provided as i n p u t  to  the model. In the closed-loop mode, the t ra jec-  
tory t o  be followed by the vehicle i s  specified and the "driver model" 
[8] computes the steering i n p u t  tha t  i s  necessary to  accomplish the 
maneuver. 

Validity of the Model 

The yawlroll model was found t o  be capable of accurately predicting 
the directional  and ro l l  response of t rac tor-semit ra i lers  a n d  double- 
t r a i  ler-type vehicles. Directional response data collected during the 
double-tanker study [ 2 ]  conducted in 1978 was used fo r  the purpose of 
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y a w / r o l l  model. 

LOAD 
(Ib) 

I SUSP. J LASH 

-- 
DEFLECTION 

(in) 

F i qu re  4 .24 .  Represen ta t ion  o f  s u s ~ e n s ' o n  n o n l  i n e a r i  t i e s  i n  t h e  
y a w l r o l l  model. 



validating the yawlroll model. The match between t e s t  data a n d  simu- 

lated response was found t o  be good even for severe maneuvers which 

resu l t  in wheel 1 i f t - o f f .  Since t rac to r  front-wheel angle measurements 

had not been made during the double- tanker experiments, steering-wheel 

time his tor ies  were used t o  estimate the front-wheel angles. 

Shown i n  Figure 4.25 i s  a comparison of t e s t  data and simulation 

resu l t s  for  a two-second lane-change maneuver conducted on a  55-foot 

conventional double tanker a t  a  speed of 50 m p h .  A schematic diagram 

of the tanker i s  shown in Figure 4.26. This re la t ively  mild maneuver 
resulted in a peak t rac to r  l a te ra l  acceleration of about 0.1 g and a 

peak l a te ra l  acceleration of the fu l l  t r a i l e r  which i s  in the vic ini ty  

of 0 .2  g .  The rol l  angles are  seen to  be small and the maneuver i s  well 

within the 1 inear regime. The agreement between t e s t  data and simulated 

response can be seen t o  be excellent for  a1 1 of the measured variables.  
The simulation makes an accurate prediction of the amplification and 
the timing of the fu l l  t r a i l e r ' s  response. 

A more severe lane-change maneuver performed on the same 55-foot 

double tanker i s  shown i n  Figure 4.27. The peak l a te ra l  acceleration 

response of the fu l l  t r a i l e r  i s  in the vic ini ty  of 0 .3  g a n d  exhibits  

a highly nonlinear response. The combination of large s l i p  angles 

(which reach 6 degrees in the simulation) and a complete l i f t - o f f  of 

the left-hand side t i r e s  on the fu l l  t r a i l e r  cause the l a te ra l  t i r e  

forces t o  sa tura te  and hence produce the dwell in the l a te ra l  accelera- 
tion response a t  the point marked " x u  i n  Figure 4.27. Except for  some 
minor discrepancies, the simulation i s  found t o  predict the nonlinear 

l a te ra l  acceleration response of the fu l l  t r a i l e r  rather well. The 

peak fu l l  t r a i l e r  rol l  angle predicted by the simulation i s  higher than 

the measured rol l  angle by about 0.7 degree. The absence of accurate 
data on suspension backlash ( the  backlash was assumed t o  be 1.5 inches 
fo r  the simulation) and spring s t i f fness  could have resulted in t h i s  
discrepancy . 

Another example of the capabil i ty of the yawlroll model in pre- 
dict ing l imi t  behavior i s  portrayed in Figure 4.28. The t e s t  data 
shown i n  Figure 4.28 i s  for  the t rac tor-semit ra i ler  portion of the double 
tanker. In t h i s  experiment, the backlash on the semit ra i ler  suspension 
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springs was reduced t o  0 . 5  inch by the ins ta l l a t ion  of spring lash 
reduction devices. Several in teres t ing observations can be made with 

regard t o  t h i s  maneuver. Both the t r a c to r  and the semit ra i ler  l a te ra l  

accelerations reach re la t ive ly  h i g h  peak levels  which a re  in the 

v ic in i ty  of 0 .3  g. The simulation resu l t s  indicated tha t  the t i r e s  on 
the left-hand side of the semit ra i ler  l i f t e d  off the ground a t  1 .8  
seconds and remained off the ground unt i l  about 2 . 9  seconds. This wheel 
l i f t - o f f  once again produces the long dwell i n  the semit ra i ler  l a te ra l  
acceleration response. The 1 i f t - o f f  of the semit ra i ler  t i r e s  during 

the second half of the maneuver produces roll-induced oscil  la t ions  i n  

the l a te ra l  acceleration response of the t r a c to r .  The model i s  seen 

t o  only qua l i t a t ive ly  match the measured osc i l l a t ion  in the t r a c to r  

l a te ra l  acceleration response. 

In summary, i t  can therefore be s ta ted  that  the yaw/roll model i s  
accurate enough t o  predict the t rans ient  response of both s ingle  and 
double t r a i l e r s  during maneuvers which approach the rollover 1 imi t .  
Hence the model w i t h  the proper implementation of the constraint  rela-  
tionships can be extended t o  study the directional  dynamics of other 
multiple ar t icula ted vehicles. 

Maneuver Used fo r  Eva1 uati ng  Yaw/Rol 1 Behavior 

The directional  and rol l  dynamics of the candidate vehicle 
designs were evaluated by investigating t he i r  response t o  a standardized 
maneuver. Both open-loop maneuvers ( i n  which the time history of the 

steering wheel i s  prescribed) or  path-fol lower type, closed-1 oop 
maneuvers ( i n  which the t ra jec to ry  t o  be followed by the t r a c to r  i s  
prescribed) were considered fo r  use fo r  t h i s  "standard" maneuver. I t  

was determined tha t  a closed-loop maneuver would be preferable fo r  com- 
paring the dynamic offtracking qua l i t i e s  of the vehicles since i t  i s  
possible t o  achieve a standardized t rac to r  t r a jec to ry ,  r e l a t i ve  t o  
which the offtracking of the t r a i l i ng  units  can be defined. 

A short-duration, obstacl e-avoidance type, sing1 e-1 ane-change 

maneuver was chosen in which the t r a c to r  i s  caused t o  cover a l a te ra l  
t rans la t ion equal to  a f u l l ,  12-foot, lane width in about 3 . 5  seconds 



from a steady speed of 50 mph.  An example of the prescribed t ra jec tory  

and the actual path followed by the t r a c to r  center of gravity are  shown 

in Figure 4.29. The t rac to r  can be seen t o  overshoot the lane edge by 

about 6 inches. During the closed-loop simulation, the driver model 

computes and applies the front-wheel angle needed t o  accomplish the 

maneuver as shown in Figure 4.30. The speed and geometric constraints  

involved in t h i s  maneuver resu l t  in peak l a te ra l  acceleration levels  a t  

the t r a c to r  which a re  in the vic ini ty  of 0.3 g .  

Parameters for  the Candidate Vehicles 

The yawlroll analysis was performed fo r  1 7  of the 20 vehicle 

layouts which were i n i t i a l l y  considered feas ible .  The three larges t  

capacity tractor-semi t r a i l e r  configurations (configurations #5b, Y6, 

and *7) were dropped from the l i s t  of feas ible  vehicles on the basis of 

the excessive levels  of l a te ra l  f i f t h  wheel force discussed previously 

in Section 4.1.2. 

The t rac to r  was assumed t o  have a track width of 96 inches. The 

track width of the t r a i l e r  axles a n d  the w i d t h  of the tanks were assumed 

to  be 102 inches. The parameters for  the candidate vehicles are  l i s t ed  
in Appendix D .  The l a te ra l  force and aligning torque character is t ics  

of the t i r e s  a re  also included in Appendix D .  

Results 

Examples of the t r a jec to ry ,  1 a tera l  accelerat ion,  and ro l l  angle 
responses exhibited by a 59-foot TSS combination during the single- 

lane-change maneuver are  shown in Figures 4.31, 4.32, and 4.33, respec- 

t ively .  Certain response numerics have been defined fo r  reducing the 

time history data t o  a simpler format so as t o  aid in evaluating the 

dynamic performance of the candidate vehicles and in gaining a general 

understanding of the influence of payload capacity and tanker layout 

on the directional  and ro l l  response charac te r i s t i c s .  

Dynamic Offtrac king. During slow-speed maneuvers, the rear  units  
of an ar t icula ted vehicle offtrack towards the center o f  the prescribed 

turn. On the other hand, t rans ient  maneuvers executed a t  highway speeds 
produce large levels  of l a te ra l  acceleration and s ides l ip  angle which 
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cause t h e  t r a i l e r s  t o  o f f t r a c k  i n  a  d i r e c t i o n  wh ich  i s  away f r o m  t h e  

c e n t e r  of t h e  t u r n .  The h igh-speed o f f t r a c k i n g  q u a l i t y  can be v e r y  

i m p o r t a n t  i n  an a c c i d e n t  s c e n a r i o .  H igh  l e v e l s  o f  o f f t r a c k i n g  d u r i n g  

emergency maneuvers can cause t h e  t i r e s  on t h e  r e a r  a x l e s  o f  t h e  v e h i c l e  

t o  l e a v e  t h e  roadway and hence i n i t i a t e  a  r o l l o v e r  o f  t h e  e n t i r e  v e h i c l e .  

W i t h  r e f e r e n c e  t o  F i g u r e  4.31 , t h e  second semi t r a i  l e r  o f  t h e  TSS 

c o m b i n a t i o n  i s  seen t o  s u b s t a n t i a l  l y  o v e r s h o o t  t h e  1 2 - f o o t  l a n e  change 

executed by t h e  t r a c t o r .  The maximum l a t e r a l  d i s t a n c e  by  wh ich  t h e  

rea rmos t  a x l e  o f  t h e  v e h i c l e  ove rshoo ts  t h e  1 2 - f o o t  l a n e  change was 

chosen as an i n d e x  o f  t h e  dynamic o f f t r a c k i n g  qua l  i t y  o f  t h e  v e h i c l e .  

F i g u r e  4.34 shows t h e  dynamic o f f t r a c k i n g  numer ic  p l o t t e d  as a  

f u n c t i o n  of t h e  pay load  c a p a c i t y  f o r  a l l  of t h e  c a n d i d a t e  v e h i c l e  con- 

f i g u r a t i o n s .  The TSS comb ina t i ons  a r e  seen t o  e x h i b i t  much p o o r e r  

dynamic o f f t r a c k i n g  q u a l  i t i e s  than  t h e  c a n d i d a t e  t r a c t o r - s e m i  t r a i  l e r  

c o n f i g u r a t i o n s .  The dynami c  o f f t r a c  k i n g  1  e v e l  s  a r e  seen t o  i n c r e a s e  

w i t h  pay load  volume f o r  t h e  t r a c t o r - s e m i t r a i l e r  as w e l l  as t h e  TSS 

comb ina t i on .  

Good low-speed o f f t r a c k i n g  q u a l i t i e s  seem t o  go hand i n  hand w i t h  

poo r  dynamic o f f t r a c k i n g  q u a l i t i e s ,  and v i c e  ve rsa .  Fo r  example, t h e  

% - f o o t  TSS comb ina t i ons ,  wh ich  have t h e  b e s t  s low-speed o f f t r a c k i n g  

q u a l i t i e s  (see F i g u r e  4.10)  among t h e  c a n d i d a t e  v e h i c l e s ,  a l s o  have t h e  

p o o r e s t  dynamic o f f t r a c k i n g  q u a l i t i e s .  The dynamic o f f t r a c k i n g  l e v e l s  

e x h i b i t e d  by t h e  59 - foo t  TSS comb ina t i ons  a r e  a l m o s t  100 p e r c e n t  h i g h e r  

t han  t h e  l e v e l s  e x h i b i t e d  by  t h e  t r a c t o r - s e m i t r a i l e r s  o f  t h e  same 

pay1 oad v o l  ume. 

Upon compar ing  t h e  dynamic o f f t r a c  k i n g  1  e v e l  s  e x h i b i t e d  by  t h e  

5 9 - f o o t  and 6 5 - f o o t  TSS comb ina t i ons ,  one can observe  t h a t  i n c r e a s i n g  

t h e  o v e r a l l  l e n g t h  o f  t h e  TSS comb ina t i ons  f r o m  59 f e e t  t o  65 f e e t  (an  

i n c r e a s e  o f  10 p e r c e n t )  produces a  r e d u c t i o n  i n  t h e  dynamic o f f t r a c k i n g  

l e v e l  o f  a p p r o x i m a t e l y  20 p e r c e n t .  

Among t h e  s e m i t r a i l e r  comb ina t i ons ,  t h o s e  equ ipped w i t h  an 18,000- 

l b  c a p a c i t y  spread a x l e  (#2b ,  #3b, #4b)  a r e  found  t o  e x h i b i t  dynamic 

o f f t r a c k i n g  l e v e l s  wh ich  f a l l  above t h e  p a t t e r n  f o l l o w e d  by  t h e  r e s t  o f  

t h e  t r a c t o r - s e m i t r a i  l e r s .  





Amp1 ification of Lateral Acceleration. The ampl ified 1 ateral 

acceleration responses exhibited by the trailers of the candidate vehicle 

configurations were analyzed in Section 4.1.4 using a 1 inear yaw plane 

model. We shall now use the results from the lane-change maneuver to 

determine the extent to which the nonlinear effects of large sideslip 

angles and side-to-side load transfers affect the ampl ification of the 

1 ateral acceleration response. 

Firstly, in Figure 4.32, we note that the second half of the lane- 

change maneuver produces the highest ampl ification of the peak lateral 

acceleration. The numeric for the amplification of lateral acceleration 

is therefore defined with reference to the second peak in the tractor 

and the trailer lateral acceleration responses. The ampl ification of 
the lateral accelerations which was exhibited by each of the candidate 

vehicles is plotted as a function of payload volume in Figure 4.35. We 

shall first discuss the amplification characteristics exhibited by the 

tractor-semitrailers, followed by a discussion of the characteristics 

exhibited by the tractor-semi trailer-semitrailer combinations. 

Tractor/semitrailers - Figure 4.35 indicates that the tractor- 
semi trailer configurations do not exhibit any significant amp1 ifica- 

tion in the lateral acceleration response. These results confirm the 

basic understanding that was gained from the linear yaw plane analysis. 

Increase in payload volume is seen to produce only a small in- 

crease of the ampl ification factor. The tractor-semi trai 1 er conf igura- 

tions whose axles are more heavily loaded (16,000 1 b/axle on configura- 

tion #1 and 18,000 lblaxle on the spread axle of configurations #2b, 

23, and 34b) exhibit slightly higher amplification levels than the rest 

of the tractor-semitrailers. 

The amplification of peak lateral acceleration is below 1.1 for 
a1 1 of the tractor-semi trailer combinations. Therefore, from the point 

of view of rearward amplification, no major problem seems to exist with 
any of the tractor-semi trailer configurations. The semitrailers equipped 





w i t h  a x l e s  which a re  loaded t o  13,000 l b / a x l e  a r e  found t o  pe r fo rm 

b e t t e r  t han  t h e  v e h i c l e s  equipped w i t h  t h e  more h e a v i l y  loaded spread 

a x l e s .  

Trac tor -semi  t r a i l e r - s e m i  t r a i l e r  combinat ions  - A1 1  of t h e  TSS 

combinat ions  a r e  found t o  e x h i b i t  a  c o n s i d e r a b l e  amount o f  rearward  

ampl i f i c a t i o n  i n  1  a t e r a l  a c c e l e r a t i o n .  The 1  i near  yaw p lane  a n a l y s i s  

i n d i c a t e d  a  peak l a t e r a l  a c c e l e r a t i o n  g a i n  which ranged f rom 1.27 t o  

1.6 f o r  t h e  TSS combinat ions .  C a l c u l a t i o n s  per formed u s i n g  t h e  non- 

1  i n e a r  y a w / r o l l  model show t h a t  l a r g e  s ides1  i p  ang les  and s i d e - t o - s i d e  

l o a d  t r a n s f e r s  exper ienced d u r i n g  t h e  lane-change maneuver cause t h e  

TSS combinat ions  t o  e x h i b i t  h i g h e r  a m p l i f i c a t i o n  l e v e l s ,  r a n g i n g  f rom 

1.49 t o  1.95. 

On comparing t h e  6 5 - f o o t  TSS c o n f i g u r a t i o n  w i t h  t h e  5 9 - f o o t  

v e h i c l e s ,  we n o t i c e  t h a t  f o r  v e h i c l e s  w i t h  t h e  same pay load c a p a c i t y  

and a x l e  d i s t r i b u t i o n ,  t h e  6 5 - f o o t  v e r s i o n s  e x h i b i t  l ower  l e v e l s  o f  

a m p l i f i c a t i o n  than t h e  59 - foo t  v e r s i o n s .  T h i s  i s  due t o  a  combinat ion  

o f  two e f f e c t s ,  namely: 

1. The l o n g e r  v e h i c l e  has l o n g e r  e f f e c t i v e  wheelbases f o r  

t h e  f i r s t  and second semi t r a i l e r s .  The i nc reased  wheel- 

base r e s u l t s  i n  improved yaw s t a b i l i t y  and hence a  

decrease i n  t h e  ampl i f i c a t i o n  of t h e  l a t e r a l  a c c e l e r a t i o n .  

2. For  t h e  same pay load c a p a c i t y ,  t h e  l o n g e r  v e h i c l e  has a  

l ower  c.g. h e i g h t .  The l ower  c .g .  h e i g h t  means l ower  

l e v e l s  o f  s i d e - t o - s i d e  l o a d  t r a n s f e r  and hence l ower  l e v e l s  

o f  ampl i f i c a t i o n  of t h e  l a t e r a l  a c c e l e r a t i o n  response. 

The h i g h e s t  a m p l i f i c a t i o n  i s  e x h i b i t e d  by v e h i c l e s  wh ich  a r e  

designed w i t h  smal l  c a p a c i t y ,  s h o r t  wheel base, second s e m i t r a i l e r s ,  such 

as c o n f i g u r a t i o n s  $3, #4b, and #6b. 

Peak R o l l  Angles. A1 though t h e  f o r e g o i n g  yaw response amp1 i f i -  

c a t i o n s  r e v e a l  an u n d e s i r a b l e  v e h i c l e  c h a r a c t e r i s t i c ,  i t  must be noted 

t h a t  t h e  ampl i f i e d  response e x h i b i t e d  by t h e  rearmost  semi t r a i l e r  o f  

t h e  TSS combinat ions  does no t ,  by i t s e l f ,  e s t a b l i s h  t h a t  a  commensurately 



poor rol lover immunity will r e su l t ,  since the t rac to r  a n d  the t r a i l e r s  

are a l l  r ig idly  coupled together by f i f t h  wheel arrangements. Thus we 

need t o  examine, separately,  the e f fec t s  of the amp1 i f i ed  response on 

the peak ro l l  angles observed during the maneuver. 

The maximum ro l l  angles achieved during the 1 ane-change maneuver 

were observed during the second half of the response. The peak ro l l  

angles exhibited by each of the candidate vehicles in the lane-change 

maneuver are plotted in Figure 4.36,  with the payload capacity of the 

vehicles as the abscissa and peak rol l  angle as the ordinate. We shall  

f i r s t  discuss the ro l l  behavior of the t r ac to r - semi t ra i l e r ,  followed by 

a discussion of the behavior of the TSS combination. 

Tractor-semi t r a i  l e r s  - The f i r s t  observation we can make about 

the t rac tor-semit ra i ler  configurations i s  that  the vehicles equipped 

with heavily loaded semit ra i ler  axles (16,000 1 b/axle fo r  configuration 

41 and 18,000 lb/axle fo r  the spread axles of configurations #2b, #3b, 

a n d  #4b) exhibit  d i s t i nc t l y  higher levels  of ro l l  angle t h a n  the 

vehicles which a re  designed with semit ra i ler  axles which are  loaded t o  

only 13,000 lb/axle.  

The heavily loaded axles were assumed t o  have the same suspension 

properties as the 1 ightly loaded axles. Therefore, the vehicles equipped 

with the heavily loaded axle have a higher ro l l  compliance ( i n  terms of 

deg/g of l a te ra l  accelerat ion) and hence exhibit  higher peak rol l  angles 

than a vehicle of the same s ize  b u t  equipped with more l igh t ly  loaded 

ax1 es .  

Considering the tractor-semi t r a i  1 e r  configurations that  have 

semit ra i ler  axles which a re  loaded t o  13,000 1 b  each (configurations 

$ 2 a ,  33a, i 4a ,  and  55a),  i t  i s  in teres t ing t o  note t h a t ,  for  reasons 

described earl  i e r  in Section 4.1.3,  increasing pay1 oad volume resu l t s  

in peak rol l  angles which i n i t i a l l y  decrease and then, above 10,000- 

gal 1 on tank capaci t ies ,  tend t o  increase. 





Tractor-semi trai 1 er-semi trai 1 er combinations - The TSS combina- 
tions show a consistent increase of the peak roll angle as the payload 

volume is increased. For the same payload capacity, the peak roll angles 

of the 59-foot versions are around 50 percent higher than the roll angles 

of the 65-foot variety. This can be explained by the fact that (1) the 
59-foot versions exhi bit a higher ampl ification in 1 ateral acceleration 
than the 65-foot versions and (2) because of their shorter overall 
length have a higher c.g. height. 

It is interesting to note that the 65-foot TSS combinations, 

despite the amplification of lateral acceleration, exhibit smaller peak 

roll angles than the tractor-semitrailer combinations of the same pay- 

load capacity. Because of their additional length, the 65-foot versions 

have a lower c.g. height than the tractor-semitrailer, which more than 

compensates for any roll destabil izing effect produced by the ampl ified 

lateral acceleration of the rear trailers. It can therefore be stated 

that, from the point of view of dynamic roll stability, the 65-foot 
TSS combinations are comparable to tractor-semi trailer combinations of 

the same payload capacity. 

One vehicle design feature which is needed for a TSS combination 

to achieve the high levels of roll stability shown above is a torsion- 

ally stiff coupling between the two trailers. It was found in a crude 

examination of this parametric sensitivity that a torsional stiffness 

of 750,000 in-1 b/deg, existing between the fifth wheel assembly and 

the rigid tank structure of the first semitrailer, was adequate for 

assuring minimal "roll overshoot" of the second semitrailer relative to 

the first. 

4 . 2  Effect of Vehicle Design Parameter Variations on Roll over Threshold 

The effect of a variety of design changes on the rollover threshold 
of gasoline tankers were analyzed using the static roll plane model which 

is described in Section 4.1.3. 

The analysis is aimed at determining the extent to which the steady 
turning rollover threshold of tank vehicles can be improved by: 



1 )  adopting tank shell designs which lower the c.g. height 

of the vehicle, 

2) by increasing the track width of the tractor and the 
trailer, and 

3) by increasing the roll stiffness of the trailer 

suspensions. 

The results indicate that even small improvements under each of 

these categories can, when combined, lead to significant improvements 

in the rollover thresholds of tank vehicles. In the discussion to 

follow, the sensitivity of rollover threshold to design changes which 

fall into each of the above three categories will be analyzed. 

4.2.1 Tank Cross-Section Geometry. The c.g. height of a tank 

vehicle can be lowered by adoptinq tank profiles which require smaller 

tank cross-section heights than the el 1 iptical cross-sections which are 

commonly used for gas01 ine tankers. The tank cross-section geometry 

considered here is one that can be specified with the aid of five basic 

dimensions, which are illustrated in Figure 4.37. They are: 

1 )  top and bottom radii, R1 

2) side wall radius, R2 

3) blend radius, R3 

4) tank width, HI 

5) tank height, H2 

Expressions which relate the area of the tank cross-section to 

these five tank profile parameters can be derived by applying the 

principles of simple planar geometry. The derivation of the tank cross- 

sectional area equation is given in Appendix E. A computer program 
which is convenient for making tank layout calculations is also included 
in Appendix E. 

A numeric which is convenient for comparing various tank profiles 
i s  the tank cross-section efficiency, n. n is defined as the ratio of 



Figure 4 . 3 7 .  Parameters needed t o  specify t a n k  cross-section geometry. 



the tank-cross sectional area to the area of the enveloping rectangle 

of sides HI and Hz. The higher the efficiency of a profile, the smaller 
is the shell height required for a given cross-sectional area. A 
rectangular tank, therefore, has the highest efficiency of 100 percent, 

while an elliptical tank (area = H1H2~/4) has an efficiency of 

~ / 4  = 78.5 percent. 

The effect of she1 1 curvature on cross-sectional efficiency is 

illustrated in Figure 4.38 for a tank which is 96 inches wide and 65 

inches high. For the purposes of this plot, the top and bottom radius, 

R, , and the side wall radius, R2, are assumed to be equal. The figure 

shows 1 ines of constant cross-sectional efficiency for values of R1 and 

R E  which range from 60 inches to 120 inches and a blend radius, R3, 

which varies from 0 to 40 inches. A typical MC306 gasoline tank which 

has an efficiency of approximately 79 percent is represented in this 

figure by point A (R1=R2=70' and R3=27"). It can be seen that if major 

improvements in the cross-sectional efficiency of an MC306 tank are to 

be made, changes have to be made in the top and side shell radii, as 

well as the blend radius, R3. Maximum gain in efficiency can be achieved 

by moving the design point A along the line xx ,  drawn normal to the 

constant efficiency curves. An efficiency of 100 percent can, of 

course, be achieved by utilizing a zero blend radius, R3, and an 

infinitely large value for R, and Re, i .e., a rectangular cross-section. 

It is well known, however, that sharp corners and flat walls lead to 

structural problems. Sharp corners result in high levels of stress 

concentration, while flat walls lead to oil canning effects (i.e., the 

flat walls do not remain stable in shape under a1 ternating hydrodynamic 

1 oads) . 

The proposed tank profile B (with an 89-inch top and side radii 
and a 15-inch blend radius) is shown in Figure 4.38. The proposed tank 
cross-section is a compromise between the rectangular cross-section 

which is ideal for lowering the c.g. height but structurally poor, and 

the el 1 iptical cross-section which has poor cross-sectional efficiency 
but good structural qualities. The cross-section B has an efficiency 

of 84.7 percent for a 96-inch-wide by 65-inch-high profile. Due to the 





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

a rea,  t h e  h e i g h t  o f  t h e  t a n k  s h e l l  can be reduced by 4  i nches  as com- 

pared t o  p r o f i l e  A. The c o n v e n t i o n a l  MC306 t a n k  c r o s s - s e c t i o n  A ,  and 

t h e  proposed h i g h e r  e f f i c i e n c y  tank  p r o f i l e  B a r e  shown superimposed i n  

F i g u r e  4.39.  

4 . 2 . 2  Tank Side-View P r o f i l e .  Lower ing  t h e  bo t tom o f  t h e  t a n k  

she1 1  can l e a d  t o  s u b s t a n t i a l  improvements i n  r o l  l o v e r  t h r e s h o l d ,  ove r  

and above what c o u l d  be ach ieved by t h e  a d o p t i o n  o f  a  more e f f i c i e n t  

t a n k  c r o s s - s e c t i o n .  The e x t e n t  t o  wh ich  t h e  bot tom can be lowered a t  

t h e  f r o n t  end o f  a  semi tanke r  i s  c o n s t r a i n e d  by t h e  h e i g h t  o f  t h e  t r a c t o r  

f i f t h  wheel and t h e  h e i g h t  o f  t h e  s t r u c t u r a l  members wh ich  make up t h e  

f i f t h  wheel c o u p l e r  p l a t e  assembly. For  a  f i f t h  wheel h e i g h t  o f  50 

i nches  (wh ich  i s  t y p i c a l ) ,  i t  i s  cons ide red  i m p r a c t i c a l  t o  reduce t h e  

h e i g h t  o f  t h e  f r o n t  end o f  t h e  t a n k  bot tom below 56 i nches .  On t h e  

o t h e r  hand, i t  i s  s t r u c t u r a l l y  f e a s i b l e  t o  l o w e r  t h e  bot tom a t  t h e  r e a r  

end of t h e  t a n k  t o  as l o w  as 46 1/2 i nches  above ground l e v e l .  Hence, 

a  r e d u c t i o n  i n  c . g .  h e i g h t  can be ach ieved by t h e  use o f  d i f f e r e n t  t a n k  

c r o s s - s e c t i o n  p r o f i l e s  f o r  t h e  f r o n t  and r e a r  ends o f  t h e  t a n k .  

F i g u r e  4.40 shows t h e  s e m i t r a i l e r  p o r t i o n  o f  an e i g h t - a x l e  

t r a c t o r - s e m i t r a i l e r  w i t h  a  56 - inch  bot tom h e i g h t  a t  t h e  f r o n t  end and 

a 46 1 / 2 - i n c h  bot tom h e i g h t  a t  t h e  r e a r .  The i n f l u e n c e  o f  c o g .  h e i g h t  

on t h e  r o l l o v e r  t h r e s h o l d  o f  such a  v e h i c l e  can be unders tood  by an 

i n s p e c t i o n  o f  F i q u r e  4.41.  The c.g.  h e i g h t  o f  t h e  sprung mass ( i n c l u -  

s i v e  o f  t h e  t r a c t o r  sprung mass) i s  p l o t t e d  on t h e  absc i ssa  and t h e  

r o l l o v e r  t h r e s h o l d  o f  t h e  v e h i c l e  i n  g ' s  i s  p l o t t e d  on t h e  o r d i n a t e .  

The change i n  t h e  t a n k  c r o s s - s e c t i o n  from an e l l i p s e  t o  a  s e m i - r e c t a n g u l a r  

p r o f i l e  i n c r e a s e s  t h e  r o l l o v e r  t h r e s h o l d  from ,344 t o  .366 (an improve- 

ment of 4.6 p e r c e n t ) ,  w h i l e  t h e  l o w e r i n g  o f  t h e  t a n k  bot tom f u r t h e r  

r a i s e s  t h e  r o l l o v e r  t h r e s h o l d  t o  .380 g. Hence, by t h e  combined use o f  

a  more e f f i c i e n t  t a n k  c r o s s - s e c t i o n  and a  drop-bot tom s i d e  p r o f i l e ,  t h e  

r o l l o v e r  t h r e s h o l d  can be improved by as much as 10.5 p e r c e n t  f o r  t h i s  

v e h i c l e .  



Figure 4 . 3 9 .  Comparison of the elliptical and semi-rectanaular tank 
p r o f  i 1 es.  





@ 96" Wide El l ip t ica l  Cross Section 

@ 96" Wide Semi rectangular Cross Section 

@ 96" Wide Semirectangular Cross Section with Drop Bottom 

C.G HEIGHT OF SPRUNG MASS (in) 

'iaure 2 .41 .  I n G l [ ~ e n c e  of sprvns oass c . a .  h e i n h t  on the roliover 
threshold of confiouration $43. 



4.2.3 V e h i c l e  Track  Width. Ma jo r  improvements i n  t h e  r o l l o v e r  

t h r e s h o l d  can be ach ieved by i n c r e a s i n g  t h e  t r a c k  w i d t h  o f  a  v e h i c l e .  

When t h e  t r a c k  w i d t h  o f  a  g a s o l i n e  tank  v e h i c l e  i s  i nc reased ,  t h e  r o l l -  

over  th resh01 d  i s  improved th rough  f i v e  d i s t i n c t  mechanisms , namely: 

1. I nc reased  t r a c k  w i d t h  imp1 i e s  a  l a r g e r  t r a c k - w i d t h - t o -  

c . g . - h e i g h t  r a t i o  and hence a  h i g h e r  r o l l o v e r  t h r e s h o l d .  

2. The t a n k  can be made w i d e r ,  and hence t h e  c . g .  h e i g h t  o f  

t h e  t a n k  lowered.  

3 .  L a r g e r  t r a c k  w i d t h  p e r m i t s  t h e  l a t e r a l  d i s t a n c e  between 

t h e  suspension s p r i n g s  t o  be increased.  The l a r g e r  s p r i n g  

spac ing ,  i n  t u r n ,  r e s u l t s  i n  a  h i g h e r  suspension r o l l  

s t i f f n e s s  and t h e r e f o r e  a  h i g h e r  r o l l o v e r  t h r e s h o l d .  

4. The e f f e c t  o f  suspension back lash on r o l l o v e r  t h r e s h o l d  

i s  reduced when t h e  s p r i n g s  a r e  spread f u r t h e r  a p a r t  

l a t e r a l l y ,  r e s u l t i n g  i n  a  sma l l  improvement i n  t h e  r o l l -  

ove r  t h r e s h o l d .  

5. The l a t e r a l  sp read ing  o f  s p r i n g  c e n t e r s  p e r m i t s  a  s l i g h t  

r e d u c t i o n  i n  t h e  h e i g h t  o f  t h e  bot tom o f  t h e  tank  s h e l l .  

O f  course ,  t h e  w i d t h  o f  commercial v e h i c l e s  i s  l i m i t e d  by b o t h  

f e d e r a l  and s t a t e  laws.  The c o n s i d e r a t i o n  o f  i nc reased  v e h i c l e  w i d t h  

i s  pursued here  on t h e  hypo thes i s  t h a t  such a  change h o l d s  so g r e a t  a  

promise f o r  improved r o l l  s t a b i l i t y  t h a t  t h e  b a s i s  f o r  t h e  e x i s t i n g  l e g a l  

c o n s t r a i n t s  deserves recons i d e r a t i  on. The i n c r e a s e  cons ide red  here  has 

been l i m i t e d  t o  6 inches (an i n c r e a s e  f rom t h e  conven t i ona l  w i d t h  o f  

96 inches t o  a  w i d t h  o f  102 i n c h e s ) .  T h i s  i n c r e a s e  i n  o v e r a l l  w i d t h  

p e r m i t s  t h e  l a t e r a l  s p r i n g  spac ing  t o  be i nc reased  f rom 38 inches t o  

44 inches.  

E f f e c t  o f  I nc reased  Tank Width on C . G .  He igh t  

L e t  us f i r s t  l o o k  i n t o  t h e  e x t e n t  t o  which t h e  s h e l l  h e i g h t  o f  a  

tank  can be reduced by i n c r e a s i n g  t h e  w i d t h  o f  t h e  tank .  I n  F i g u r e  4.42 

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

a rea ( i n  t h e  u n i t s  o f  g a l l o n s  p e r  i n c h  o f  t a n k  l e n g t h )  f o r  a  96 - i nch  





wide and a 102-inch wide profile. The tank cross-sectional efficiency 

of both the profiles is seen to fa1 1 rapidly when the cross-sectional 
area is reduced. The 102-inch-wide profile is increasingly less effi- 

cient than the 96-inch-wide profile when the shell cross-sectional area 

is reduced below 36 gpi. This lower efficiency of the 102-inch-wide 

profile means that, for small cross-sectional area tanks, the height of 

the 102-inch-wide tanks would not be significantly smaller than the 

height of the 96-inch-wide tanks. For example, for a cross-sectional 

area of 20 gpi, the 96-inch-wide profile has an efficiency of 83.3 per- 

cent, while the 102-inch-wide profile has an efficiency of 80.9 percent. 

Therefore, an increase in width from 96 inches to 102 inches (an increase 

of 6.25 percent) resu;ts in a decrease in tank height from 57.8 inches 

to 56 inches, or 3 percent. The same calculation, when performed for a 

30 gpi cross-sectional area, shows a larger reduction in tank shell 

height-from 83.5 inches to 79.5 inches, or 4.8 percent. Therefore, the 

larger capacity tank vehicles accrue the maximum improvement in rol lover 

threshold from a widening of the tank shell. 

The net effect of all the vehicle height-influencing factors that 

have been considered so far (improved tank profiles, lowering of the 

tank bottom, and widening of the tank shell) are illustrated in Figure 

4.43 for five of the tractor-semitrailer configurations. The reduction 

in overall shell height and the c.g. height of the vehicle is seen to 

be the maximum for the largest capacity tanker. The overall reduction 

in c.g. height ranges from 6.25 percent for the 8,800-gallon tanker to 

8.7 percent for the 13,200-gallon capacity tanker. 

Effect of Track Width on Rollover Threshold 

Having looked at the influence of vehicle width on the height of 

the tank vehicle's center of gravity, we now expand the discussion to 

establish the net influence of track width on the overall rollover 

thresh01 d 1 eve1 . We shall consider two cases. 

1. The case in which the track width of the trailer axles 

alone are increased to 102 inches, while the track width 

of the tractor is retained at 96 inches, and 



@ 96" Wide Elliptical Cross Section 

@ 96" Wide Semiredangular Cross Section 

a 96" Wide Semirectangular Cross Section with Drop Bottom 

@ 102" Wide Semirectangular Cross Section with Dmp Bottom 

Overall Shell 
Height (in) 

Sprung Mass 
CG Height (in) 

PAYLOAD VOLUME (gal) 
Fiaure 4 . J 3 .  The influence of tank orofile and tank width on the heights 

of five of the candidate tractor-semi tra'ler coniiaurations . 



2. the track widths of both the tractor and the trailer 

are increased to 102 inches. 

The roll over threshold calculations were performed using the sus- 

pension properties which are listed in Table 4.4. The suspension back- 

lash was set to zero for both the tractor and trailer suspension springs. 

Table 4.4 

Spring Rate in Spring Rate in 
Compression Tension 

(Per Spring) 1 b/in (Per Spring) 1 b/in 

Tractor 
Front Axle 1500 

Tractor 
Rear Ax1 es 6000 

Tra i 1 er 
Axles 

The influence of increased track width and the use of more effi- 

cient tank profiles on the rollover thresholds of five of the candidate 

tractor-semitrailer combinations are illustrated in Figure 4.44. The 

rollover thresholds of the vehicles for each of the design changes con- 

sidered are connected by straight-line segments. This figure serves to 

illustrate graphically the contrast in rollover threshold changes 

deriving from the width change as well as the changes in tank section 
1 ayou t . 

At the bottom of the figure is seen a 96-inch-wide vehicle having 

an el 1 iptical cross-section. The first improvement that is considered 

beyond this baseline case is that of adopting the more efficient semi- 
rectangular profile. Referring to the lines marked A and B in Figure 
4.44, we note, as stated earlier, that the higher capacity tankers 

benefit the most by the adoption of a semi-rectangular profile. The 
8,800-gal 1 on tanker shows an improvement in roll over thresh01 d of only 

2.4 percent, while the 13,200-gal lon tanker shows a much larger improve- 

ment of 6.2 percent. 



@ 96" Wide Elliptical Cross Section 

@ 9 6 "  Wide Semirectangular Cross Section 
96" Wide Semirectangular Cross Section with Drop Bottom 
102" Wide Semirectangular Cross Section with Drop Bottom and 96" WideTract 

@ 102" Wide Semirectangular Cross Section with Drop Bonom and 102" Wide Tractor 

PAY LOAD VOLUME ( go 1 ) 

iiaure 4.34. influence o f  track width and tank cross-sectional oecmetrv on 
the rollover threshold o f  five of the candidate tractor- " 

semitrailer confiauraticns. - 



Providing a drop-section in the side-view prof i le  of the tank 

( l i n e  C in Figure 4.44) brings approximately the same amount  of improve- 

ment in a l l  of the f ive  vehicles. The 4.5-inch drop-section produces a 

4.6 percent increase in ro l l  over threshold fo r  the 8,800-gal 1 on tanker 

a n d  a 5.3 percent increase for the 13,200-gallon vehicle. 

The next variation t h a t  was considered i s  that  o f  widening the 

track width of the t r a i l e r  t o  102 inches. This increase in the t r a i l e r ' s  

track width i s  accompanied by the widening of the tank shell  t o  102 

inches and an increase in the l a te ra l  spacing of t r a i l e r  suspension 

springs from 38 inches t o  44 inches. On comparing the l ine  marked D 

with l ine  C ,  we note t h a t  larger capacity tankers are  the ones t h a t  
benefit the most from the widening of the t r a i l e r ' s  track width. The 

8,800-gal 1 on capacity tanker shows an improvement in rol lover threshold 

from 0.406 g t o  0.433 g ( 6 . 7  percent) ,  while the 13,200-gallon tanker 

shows a larger improvement from 0.36 g t o  0.395 g ( 9 . 7  percent) .  The 

large number of t r a i l e r  axles which are  present on the larger capacity 

vehicles produce the dominant portion of the rol l  -restraining moment. 

Hence, when the t r a i l e r  axles are widened, the improvement in the ro l l -  

over threshold of the larger capacity vehicles i s  more s ignif icant  t h a n  

t h a t  of the smaller capacity vehicles. 

The l a s t  design modification that  was considered was t h a t  of 

widening the track width of the t r a c to r ,  as well ,  t o  102 inches. The 

rol lover threshold of the 102-inch-wide tractor/l02-inch-wide t r a i l e r  

combinations are marked by l ine  E in Figure 4.44. Widening the track 

width of the t r ac to r  t o  102 inches i s  seen t o  have a more s ignif icant  

impact on the rollover threshold of the 8,800-gal lon tanker as compared 

t o  the 13,200-gallon tanker. The significance of t h i s  change i s  thus 

sensi t ive  t o  vehicle s i ze  in a manner which i s  the opposite of that  which 

was observed when the track widths of the t r a i l e r  axles were widened. 

By way of explanation, we observe tha t  the t r ac to r  axles support a larger 

percentage of the to ta l  load carried by the smaller capacity vehicles as 

compared t o  the larger vehicles, a n d  hence play a more s ignif icant  role 

in determining the rollover threshold of the smal l e r  capacity vehicles. 

The 8,800-gallon capacity tanker shows an improvement of 10.6 percent 

i n  rollover threshold, while the 13,200-gal lon capacity tanker shows an 

improvement of only 6.8 percent. 



If the cumulative e f fec t  of a l l  the modifications that  have been 

considered a re  now evaluated, we note t ha t  the 8,800-gallon capacity 

tanker shows a to ta l  improvement of 23 percent i n  rol lover threshold,  

while the 13,200-gallon tanker shows an improvement of 31 percent over 

the respective levels  of rol lover threshold prevail ing in the base1 ine 

configurations. 

4.2.4 Suspension Properties. The nominal in f l  uence of changes 

in the c.g. height and track width of a vehicle and the rollover threshold 

are presumably obvious even t o  a layman. The influence of suspension 

s t i f f ne s s  var ia t ions  on the rollover threshold of a multi-axled vehicle 

i s ,  on the other hand, not so obvious. A discussion which i s  aimed a t  

gaining a basic understanding of how suspension propert ies can a f fec t  

the rollover threshold of a vehicle i s  included in Appendix F.  In t h i s  

section,  computations using the s t a t i c  ro l l  plane mode1 will be pre- 

sented, as they describe the  e f fec t s  of suspension s t i f f ne s s  and suspen- 

sion lash on the rollover threshold of two of the candidate vehicles.  

Leaf spring suspensions exhibi t  highly n o n l  inear force-deflection 

charac te r i s t i c s .  The t en s i l e  and compression portion of the force- 

deflect ion charac te r i s t i c s  of a leaf suspension spring,  which i s  typical 

of tanker applicat ions,  i s  shown in Figure 4.45. With reference t o  

Figure 4.45, we note t ha t  when the direction of force applicat ion changes 

from compression t o  tension,  the spring goes through a dead zone or lash 

space of height ,  6 .  The t en s i l e  spring r a t e ,  K S t ,  of mult i- leaf  springs 

i s ,  in general ,  lower than the compression r a t e ,  K S c ,  due t o  the f a c t  
t h a t  the  topmost leaf  alone tends to  de f lec t  under a t en s i l e  force.  The 

representation of the suspension spring propert ies in the ro l l  plane 

model i s  shown on the right-hand s ide  of Figure 4.45. 

Suspension S t i f fness  

We shall  f i r s t  discuss the influence of the t r a i l e r  suspension 

s t i f f ne s s  parameters, KSc  and KSt, on the rollover threshold of two 

of the tractor-semi t r a i  l e r  con f igu ra t i ons43a  and #5a. The calcula-  

t ions were performed assuming a zero value fo r  the lash space, 6 ,  i n  

the t r a c to r  and t r a i l e r  suspension springs.  The influence of suspension 

lash will be discussed l a t e r  in t h i s  section.  The t r a c to r  suspension 

properties were characterized by the fo l l  owing parameters: 



MEASURED REPRESENTATION IN STATIC 
ROLL MODEL 

Figure 4 . 4 5 .  Force-defl ec t ion  c h a r a c ~ e r i s t i c s  of  1 e a f  sprinq 
suspensions . 



- spring r a t e  of t r ac to r  front  suspensions = 1500 lb l in lspr ing 

- compression r a t e  of t r ac to r  rear  suspension springs 

Ks c  = 6000 1 b/in/spring 

- t en s i l e  ra te  of t r a c to r  rear  suspension springs 

During the parameter variat ion study, the t r a i l e r  suspension spring ra te  

in compression, KSC, was varied from 6000 t o  14,000 l b l i n ,  and the 

t ens i l e  spring r a t e ,  Kst, from 4000 t o  14,000 l b l i n .  A value of 96 

inches was used fo r  the track width of the t r a c to r  and the track width 

of the t r a i l e r  was s e t  a t  102 inches. For the en t i r e  range of s t i f fness  

variat ions which were considered, the t r a i l e r  t i r e s  achieved a  " l i f t - o f f "  

condition a t  a  lower level of l a te ra l  acceleration than was the case fo r  

the t i r e s  on the t r a c to r  rear  axles.  The rollover threshold of the 
vehicle was therefore reached when the in-board t i r e s  on the t r a c to r  

rear  axles l i f t e d  off the ground. 

In Figure 4.46a, the l a te ra l  acceleration levels  a t  which ( 1 )  the 

t i r e s  on the t r a i l e r  axles l i f t  off the ground and ( 2 )  a t  which the 

vehicle r o l l s  over are plotted as a  function of the t r a i l e r ' s  spring ra te  

in tension, KSt, f o r  tractor-semi t r a i l e r  configuration B3a. The l a te ra l  

acceleration levels  are shown for  four d i f fe ren t  values of KSc, namely, 

6,000, 8,000, 12,000, and 14,000 I b l i n .  I t  i s  in teres t ing t o  note tha t  
increases in b o t h  K s c  and K S t  have a  negligible e f fec t  on the rollover 

threshold of the vehicle. Increases in K s c  and K s t  merely reduce the 

l a te ra l  acceleration level a t  which the t r a i l e r  t i r e s  l i f t  off the 

ground. 

The sprung mass rol l  angle a t  which ( 1 )  the t r a i l e r  t i r e s  l i f t  
off the ground a n d  ( 2 )  a t  which the vehicle begins t o  rol lover are  

plotted in Figure 4.46b fo r  the same variat ions i n  the parameter values 
for  KSc  and K S t  Increasing the t r a i l e r  suspension spring ra tes  reduces 
the indicated values of sprung mass rol l  angle a t  which the t r a i l e r  t i r e s  

l i f t  off the ground, b u t  has no s ignif icant  e f fec t  e i the r  on the rollover 

threshold or the ro l l  angle a t  which the vehicle beains to  overturn. 





The critical level of lateral acceleration and the critical sprung 

mass roll angles are shown in Figure 4.47a and 4.47b, respectively, for 

one of the 1 arger tractor-semi trai ler combinations-conf iguration #5a. 
On inspecting Figure 4.47a, we note that the lateral acceleration which 

corresponds to the rollover threshold is not significantly higher than 

the lateral acceleration at which the trailer tires lift off the ground. 

This is due to the fact that the six semitrailer axles which are present 

on configuration Y5a contribute most of the roll-resisting moment. The 

additional roll-resisting moment that the tractor axles can generate, 

beyond the point at which the tires on one side of the trailer axles 

lift off the ground, is therefore very small. 

The presence of lash in the tractor and trailer suspensions makes 

the analysis of the roll behavior of articulated vehicles much more 

complex. Shown in Figure 4.48 is a plot of lateral acceleration versus 

sprung mass roll angle for the tractor-semi trai 1 er configuration a3a. 
In this figure, the lateral acceleration/roll angle relationship is 

shown for five levels of trailer lash, ranging from 0.0 inch to 2.0 

inches. The tractor suspension parameters which were used in generating 

this plot were the same as the ones used in Figures 4.46 and 4.47, 

except that, in this case, the tractor rear suspension is assumed to 
have a lash of 1.5 inches. The trailer suspension stiffnesses were set 

at KSc = 14,000 lb/in and Kst = 4,000 lb/in. 

In Figure 4.48, let us first consider the baseline case for which 

there is no lash in the trailer suspension. Starting with zero roll 

angle, and upon increasing the level of lateral acceleration, the plot 

fol lows the trajectory OABCDE. For low levels of lateral acceleration, 

the sprung mass roll angle is defined by points which lie along the 1 ine 
OA. At point A, the suspension springs on one side of the trailer go 
from compression to tension. Since the tensile spring rate, KSt, is 

lower than the compression rate, KSc, the line AB is less steep than OA. 
At point B, the tires on one side of the trailer are completely lifted 
off the ground (while a1 1 the tires on the tractor's front and rear axles 
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a r e  s t i l l  on t h e  g round) .  S i nce  t h e  r o l l  s t i f f n e s s e s  o f  t h e  t r a c t o r ' s  

suspens ion  a r e  sma l l  compared t o  t h e  t r a i l e r  suspensions,  t h e  s l o p e  o f  

t h e  l a t e r a l  a c c e l e r a t i o n  ve r sus  r o l l  a n g l e  p l o t  i s  s i g n i f i c a n t l y  r e -  

duced beyond t h e  p o i n t  o f  t r a i l e r  t i r e  l i f t  o f f - - p o i n t  B. A t  p o i n t  C ,  

t h e  suspens ion  s p r i n g s  on one s i d e  o f  t h e  t r a c t o r  r e a r  a x l e  e n t e r  t h e  

l a s h  zone and t h e  l a t e r a l  a c c e l e r a t i o n  needed t o  m a i n t a i n  r o l l  e q u i l  i- 

b r i u m  reduces a l o n g  t h e  l i n e  CD. The t r a c t o r ' s  r e a r  suspens ions  com- 

p l e t e  t h e i r  t r a v e l  t h r o u g h  t h e  l a s h  and go i n t o  t e n s i o n  a t  p o i n t  D .  A t  

p o i n t  E, t h e  t i r e s  on one s i d e  o f  t h e  t r a c t o r ' s  r e a r  a x l e  (as  w e l l  as 

t hose  on t h e  t r a i l e r  a x l e s )  a r e  c o m p l e t e l y  o f f  t h e  ground,  w h i l e  b o t h  

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

Beyond t h i s  p o i n t ,  s t a b l e  r o l l  e q u i l i b r i u m  does n o t  e x i s t  due t o  t h e  

f a c t  t h a t  t h e  s t i f f n e s s  o f  t h e  t r a c t o r  f r o n t  suspens ion  i s  n o t  s u f f i c i e n t  

t o  c o u n t e r a c t  t h e  o v e r t u r n i n g  moment produced by  t h e  r o l l  i n g  o f  t h e  

v e h i c l e .  I n  an a c t u a l  s t eady  t u r n i n g  maneuver, t h e  r o l l  response  f o l l o w s  

t h e  1  i n e ,  OABC, beyond wh ich  any i n c r e a s e  i n  1  a t e r a l  a c c e l e r a t i o n  l e v e l  

produces r o l l o v e r .  The r o l l o v e r  t h r e s h o l d  o f  t h e  v e h i c l e ,  w i t h  no 

t r a i l e r  l a s h ,  i s  t h e r e f o r e  d e f i n e d  by p o i n t  C .  

L e t  us now c o n s i d e r  t h e  i n f l u e n c e  o f  l a s h  i n  t h e  t r a i l e r  suspen- 

s i o n  s p r i n g s .  The r o l l  response  o f  a  v e h i c l e  w i t h  112- inch  l a s h  i n  t h e  

t r a i l e r  suspens ion  s p r i n g s  i s  g i v e n  by  t h e  t r a j e c t o r y ,  OAA'B'CDE. The 

t r a i l e r  suspens ion  s p r i n g s  e n t e r  t h e  l a s h  a t  p o i n t  A. The segment AA' 

r e p r e s e n t s  t r a v e l  of  t h e  t r a i l e r  suspens ion  s p r i n g s  t h rough  t h e  l a s h .  

A t  A ' ,  t h e  t r a i l e r  suspens ion  s p r i n g s  go i n t o  t e n s i o n  and s t a r t  app l y -  

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

t r a i l e r  a x l e s  l o s e  r o a d  c o n t a c t  a t  p o i n t  B ' .  Beyond t h e  p o i n t  o f  l i f t -  

o f f  o f  t h e  t r a i l e r  t i r e s ,  t h e  r o l l  response f o l l o w s  t h e  same t r a j e c t o r y  

t h a t  was f o l l o w e d  f o r  t h e  case w i t h  no t r a i l e r  l a s h .  We n o t i c e  t h a t ,  

f o r  t h i s  p a r t i c u l a r  c o m b i n a t i o n  o f  v e h i c l e  paramete rs ,  t h e  presence o f  

1 / 2 - i n c h  l a s h  does n o t  a f f e c t  t h e  maximum l a t e r a l  a c c e l e r a t i o n  l e v e l  

( p o i n t  C )  t h a t  can be ach ieved .  Fo r  h i g h e r  l e v e l s  o f  t r a i l e r  l a s h ,  such 

as 1 .5  i nches  and 2 . 0  i nches ,  t h e  peak l a t e r a l  a c c e l e r a t i o n  i s  reduced 

from C t o  B " '  and B " " ,  r e s p e c t i v e l y .  I t  can t h e r e f o r e  be s t a t e d  t h a t ,  

f o r  t h i s  p a r t i c u l a r  comb ina t i on  o f  v e h i c l e  paramete rs ,  when t h e  t r a i l e r  

l a s h  exceeds one i n c h ,  i t  has a  deg rad ing  e f f e c t  on t h e  r o l l o v e r  t h r e s h o l d  

o f  t h e  v e h i c l e .  



The influence of lash in the trailer suspension on the rollover 

threshold of the tractor-semitrailer of configuration =3a is plotted 

in Figure 4.49. The results are presented for two sets of tractor sus- 

pension parameters. One set represents a "1 ight-duty tractor" that is 

typical of line-haul highway vehicles involving 80,000-1 b gcw vehicle 

combinations. The other set pertains to a heavy-duty-type tractor such 

as is typical of tractors used for hauling higher gross weight loads in 

Michigan. The parameters which represent the suspension properties of 

each of two types of tractors are included in Figure 4.49. It can be 

observed that higher levels of rollover threshold can be achieved by the 

use of a "heavy-duty-" type tractor. 

Figure 4.49 indicates that the effect of tractor suspension lash 

on the rollover threshold of the vehicle is dependent upon the type of 

tractor to which the trailer is coupled. In the presence of a "light- 

duty tractor," the rollover threshold is degraded by lash in the trailer 

suspension. The extent to which the rollover threshold is degraded is 

dependent upon the compression rate (KSC) of the trailer suspension. 

The higher the compression rate of the trailer suspension, the less 

sensitive the vehicle is to the presence of lash in the trailer suspen- 

sions. 

Due to the peculiar manner in which the rear suspension of the 

heavy-duty tractor interacts with the trailer suspension, the rollover 
threshold can be seen to increase with an increase in trailer suspension 

lash for a trailer suspension stiffness (KSc) of 6,000 lb/in. Trailer 

lash is seen to have a small degrading effect on the rollover threshold 

of the vehicle for the other two trailer suspension spring compression 

rates that were considered. 

It can be observed that, for a trailer equipped with springs which 

have a compression rate, KSc, of 14,000 lb/in and a lash of 0.5 inch, 

the rollover threshold of the vehicle can be increased from 0.41 g to 
0.426 g (an increase of 2.5 percent) by the adoption of a heavy-duty 

tractor. 
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The i n f l u e n c e  o f  suspens ion  l a s h  on t h e  r o l l o v e r  t h r e s h o l d  o f  t h e  

t r a c t o r - s e m i t r a i l e r  c o n f i g u r a t i o n  15a i s  shown i n  F i g u r e  4.50.  The 

comments made i n  c o n n e c t i o n  w i t h  F i g u r e  4.49 h o l d  t r u e  f o r  t h i s  v e h i c l e  

as we1 1 .  

4 .3  The I n f l u e n c e  o f  S l o s h i n g  F l u i d  Loads 

One o f  t h e  m a j o r  v a r i a b l e s  i n  t h e  o p e r a t i o n  o f  a  b u l k  l i q u i d  

t r a n s p o r t  v e h i c l e  t h a t  can a f f e c t  i t s  dynamic r o l l o v e r  b e h a v i o r  i s  t h e  

p resence  of u n r e s t r a i n e d  l i q u i d  due t o  p a r t i a l  f i l l i n g  o f  compartments.  

A compartment t h a t  i s  f i l l e d  t o  a n y t h i n g  l e s s  t h a n  i t s  f u l l  c a p a c i t y  

a l l o w s  t h e  l i q u i d  t o  move f r o m  s i d e  t o  s i d e ,  p r o d u c i n g  t h e  s o - c a l l e d  

" s l o s h "  l o a d  c o n d i t i o n .  The l a t e r a l  s h i f t  o f  t h e  c a r g o ' s  c e n t e r  o f  

g r a v i t y  i n  a  maneuver i s  o f  s a f e t y  conce rn  because i t  reduces  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 .  I n  a d d i t i o n ,  t h e  s l o s h i n g  l o a d m a y  move 

o u t  of phase w i t h  t h e  v e h i c l e ' s  l a t e r a l  m o t i o n s  i n  such a  way t h a t  o t h e r  

d e g r a d i n g  e f f e c t s  o f  s l o s h  on dynamic b e h a v i o r  may a l s o  o c c u r ,  f u r t h e r  

r e d u c i n g  t h e  v e h i c i e ' s  r o l l o v e r  t h r e s h o l d .  

4.3.1 The Dynamics o f  S l osh .  The mo t i ons  o f  an u n r e s t r a i n e d  

l i q u i d  i n  a  t a n k  v e h i c l e  can be q u i t e  complex and can depend upon t h e  

t a n k  s i z e  and geometry ,  t h e  mass and v i s c o s i t y  o f  t h e  mov ing  l i q u i d  and 

t h e  maneuver b e i n g  per fo rmed.  The mechanisms o f  s l o s h  a r e  mos t  r e a d i l y  

d e s c r i b e d  i n  s i m p l e  s t e a d y - s t a t e  c o r n e r i n g ,  a1 though  i t  i s  i n  t r a n s i e n t  

maneuvers t h a t  t h e  most  exagge ra ted  f l u i d  d i sp l acemen ts  t a k e  p l a c e .  

S t e a d y - s t a t e  c o r n e r i n g :  When a  s l  osh-1 oaded t a n k e r  i s  p e r f o r m i n g  

a  s t e a d y - s t a t e  t u r n ,  t h e  l i q u i d  responds  t o  l a t e r a l  a c c e l e r a t i o n  by 

d i s p l a c i n g  l a t e r a l l y ,  keep ing  i t s  f r e e  s u r f a c e  p e r p e n d i c u l a r  t o  t h e  com- 

b i n e d  f o r c e s  o f  g r a v i t y  and l a t e r a l  a c c e l e r a t i o n .  F i g u r e  4.51a i 1  l u s -  

t r a t e s  t h e  p o s i t i o n  o f  a  p a r t i a l  l i q u i d  l o a d  i n  a  c i r c u l a r  t a n k  wh i ch  

i s  b e i n g  s u b j e c t e d  t o  a  s t e a d y - s t a t e  c o r n e r i n g  maneuver. The mass c e n t e r  

o f  t h e  l i q u i d  moves on an a r c ,  t h e  c e n t e r  o f  wh i ch  i s  a t  t h e  c e n t e r  o f  

t h e  c i r c u l a r  t a n k .  I n  e f f e c t ,  t h e  s h i f t  o f  t h e  l i q u i d  p roduces  f o r c e s  

on t h e  v e h i c l e  as i f  t h e  mass o f  t h e  l o a d  was l o c a t e d  a t  t h e  c e n t e r  of 

t h e  t a n k .  
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W i t h  more complex t a n k  shapes, even t h e  s t e a d y - s t a t e  b e h a v i o r  

becomes somewhat d i f f i c u l t  t o  ana l yze .  I n  p a r t i c u l a r ,  w i t h  unusual  

t a n k  shapes i t  becomes more d i f f i c u l t  t o  d e s c r i b e  t h e  m o t i o n  o f  t h e  

l i q u i d ' s  c e n t e r  o f  mass as a  f u n c t i o n  o f  l a t e r a l  a c c e l e r a t i o n .  As a  

c o n t r a s t  t o  t h e  c i r c u l a r  t a n k ,  F i g u r e  4.51b i l l u s t r a t e s  t h e  b e h a v i o r  o f  

l i q u i d  i n  a  r e c t a n g u l a r  t a n k .  A t  l o w  l a t e r a l  a c c e l e r a t i o n s ,  t h e  l i q u i d  

movement i s  p r i m a r i l y  l a t e r a l ,  c e n t e r e d  a t  a  p o i n t  w e l l  above t h e  t a n k  

c e n t e r .  Hence i t s  e f f e c t  i s  s i m i l a r  t o  hav i ng  a  v e r y  h i g h  mass c e n t e r .  

Wi th  i n c r e a s i n g  l a t e r a l  a c c e l e r a t i o n ,  t h e  mass c e n t e r  f o l  lows a  somewhat 

e l  1  i p t i c a l  p a t h .  

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

c e n t e r ,  e f f o r t s  t o  reduce  t h e  l o a d  c e n t e r  by w iden ing  a  t a n k  can be 

expec ted  t o  i n c r e a s e  v e h i c l e  s e n s i t i v i t y  t o  s l o s h - d e g r a d a t i o n  o f  t h e  

r o l l o v e r  t h r e s h o l d .  The e f f e c t  i s  i l l u s t r a t e d  by t h e  p l o t  i n  F i g u r e  

4 .52  t aken  f r om  S t randbe rg  [ 9 ]  showing r o l l o v e r  t h r e s h o l d  ve rsus  p e r c e n t  

l oad .  Fo r  a  c i r c u l a r  t a n k ,  i n c r e a s i n g  l o a d  l owe rs  t h e  t h r e s h o l d  con- 

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

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

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

i n t e r m e d i a t e  l o a d  c o n d i t i o n s  t h e  r o l  l o v e r  t h r e s h o l d  i s  s e v e r e l y  depressed 

due t o  t h e  g r e a t e r  degree  of l a t e r a l  m o t i o n  p o s s i b l e  f o r  t h e  u n r e s t r a i n e d  

l i q u i d .  Thus, f o r  f u e l  t r a n s p o r t  v e h i c l e s  h a v i n g  a  more o r  l e s s  r e c -  

t a n g u l a r  t a n k  form, r a t h e r  t han  c i r c u l a r ,  s l o s h  l o a d i n g  i s  seen t o  

i n c r e a s e  t h e  r o l l o v e r  r i s k s  even beyond t h a t  o f  t h e  f u l l y  loaded  v e h i c l e .  

T r a n s i e n t  maneuvers: I n  t r a n s i e n t  maneuvers such as an a b r u p t  

e v a s i v e  s t e e r i n g  maneuver o r  a  r a p i d  l a n e  change, s l o s h  l oads  i n t r o d u c e  

t h e  added d imens ion  o f  dynamic e f f e c t s .  Wi th  a  sudden s t e e r i n g  i n p u t ,  

t h e  r a p i d  i m p o s i t i o n  o f  l a t e r a l  a c c e l e r a t i o n  w i l l  cause t h e  f l u i d  t o  

d i s p l a c e  t o  one s i d e  w i t h  an under-damped ( o v e r s h o o t i n g )  t y p e  o f  b e h a v i o r .  

When r e p r e s e n t e d  as a  s i m p l e  undamped pendulum, t h e  response o f  t h e  

f l u i d  mass t o  a  s t e p  i n p u t  o f  a c c e l e r a t i o n  wou ld  be seen t o  d i s p l a c e  t o  

an a m p l i t u d e  wh ich  i s  a p p r o x i m a t e l y  t w i c e  t h e  l e v e l  o f  t h e  s t e a d y - s t a t e  

amp1 i t u d e .  I n  a lane-change maneuver i n  wh ich  t h e  a c c e l e r a t i o n  goes 
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f i r s t  i n  one d i r e c t i o n  and t hen  t h e  o t h e r ,  an even more exaggera ted  

response amp1 i tude  can be produced. 

I n  genera l  , t h e  degree t o  wh ich  t h e  dynamic mode i s  e x c i t e d  

depends on t h e  t i m i n g  o f  t h e  maneuver. Depending on t h e  l i q u i d  l e v e l  

and c r o s s - s e c t i o n a l  s i z e  o f  t h e  t a n k ,  t h e  u n r e s t r a i n e d  1  i q u i d  w i l l  have 

a  n a t u r a l  f r equency  of o s c i l l a t i o n .  Fo r  a  h a l f - f i l  l e d ,  8 - f o o t - w i d e  

t a n k e r ,  t h i s  f r equency  i s  a p p r o x i m a t e l y  0.5 Hz ( c y c l  e s l s e c )  . S t u d i e s  

o f  d r i v e r  s t e e r i n g  b e h a v i o r  [ l o ]  have shown t h a t  i n  a  demanding s t e e r -  

i n g  t a s k  ( t r a c k i n g  w i t h  a  l i m i t e d  s i g h t  d i s t a n c e ) ,  t h e  s p e c t r a l  d e n s i t y  

o f  t h e  d r i v e r  s t e e r i n g  i n p u t  can have a  s i g n i f i c a n t  magni tude a t  t h i s  

f requency ,  as shown i n  F i g u r e  4.53. A l so ,  t h e  two-second l a n e  change 

used by HSRI [Z] as a  t y p i c a l  e v a s i v e  maneuver f o r  e v a l u a t i n g  t a n k e r s ,  

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

f requency.  Hence i t  must be conc luded  t h a t  dynamic s l o s h  mo t i ons  can 

be r e a d i l y  e x c i t e d  on a t a n k e r ,  e s p e c i a l l y  i n  t h e  cou rse  o f  e v a s i v e  

maneuvers such as a  l a n e  change. 

4 .3 .2  F l u i d  S l osh  as a  Mechanism Reducing t h e  R o l l o v e r  Th resho ld  

o f  M i ch i gan  Tankers.  The p a r t i a l  l o a d i n g  o f  g a s o l i n e  t a n k e r s  i n  t h e  

S t a t e  o f  M i ch i gan  r e p r e s e n t s  a  somewhat d i f f e r e n t  s e t  o f  c o n d i t i o n s  t han  

t h o s e  r e p r e s e n t e d  i n  F i g u r e s  4.51a and 4.51b. I n  g e n e r a l ,  t h e  a c t u a l  

p r a c t i c e  o f  p a r t i a l  l o a d i n g  appears t o  i n c l u d e  cases i n  wh ich  o n l y  a  few 

o f  t h e  compartments may be f i l l e d  w h i l e  t h e  o t h e r s  a r e  empty, o r  i n  

wh ich  one o r  more compartments a r e  o n l y  p a r t i a l l y  f i l l e d  ( i . e . ,  s l o s h i n g ) .  

W i t h  c o m p a r t m e n t a l i z a t i o n ,  an i n f i n i t e  v a r i e t y  o f  s l o s h  c o n d i t i o n s  can 

be p o s t u l a t e d .  

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

on t h e  r o l l o v e r  t h r e s h o l d  under  t h e  d i v e r s i t y  o f  c o n d i t i o n s  r ep resen ta -  

t i v e  o f  M i ch i gan  t a n k e r  o p e r a t i o n s ,  a  computer s i m u l a t i o n  s t u d y  was 

performed. A l t hough  a n a l y t i c a l  models a r e  n o t  a v a i l a b l e  f o r  t h e  p r e c i s e  

s i m u l a t i o n  o f  t h e  dynamics o f  t h e  s l o s h  mo t i ons ,  a  s i m u l a t i o n  method was 

a v a i l a b l e  p e r m i t t i n g  a  f i r s t - o r d e r  a p p r o x i m a t i o n  t o  be made. As de- 

s c r i b e d  i n  t h e  p reced ing  s e c t i o n s ,  l i q u i d  s l o s h  a c t s  much l i k e  a  pendulum, 

p roduc ing  D 'A lembe r t  f o r c e s  on t h e  v e h i c l e  as i f  t h e  l i q u i d  was l o c a t e d  
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Figure 4 .53 .  Typical normalized spectral d e n s i t y  functions obtained 
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a t  an e l e v a t e d  p i v o t  p o i n t .  An e s t i m a t e  o f  s t e a d y - s t a t e  r o l l o v e r  

t h r e s h o l d  w i t h  an u n r e s t r a i n e d  l i q u i d  l o a d  was t h u s  o b t a i n e d  u s i n g  t h e  

s t a t i c  r o l l  s i m u l a t i o n  model d e s c r i b e d  i n  S e c t i o n  4.1.3, l o c a t i n g  t h e  

assumed s l o s h  l i q u i d  mass a t  t h e  h e i g h t  co r respond ing  t o  t h e  pendulum 

p i v o t  p o i n t .  The p i v o t  p o i n t ,  i n  t u r n ,  i s  de te rm ined  f o r  a  g i v e n  t a n k  

shape by a n a l y t i c a l  l y  o r  g r a p h i c a l  l y  d e t e r m i n i n g  t h e  t r a j e c t o r y  of  

m o t i o n  f o r  t h e  s l o s h i n g  mass c e n t e r  a t  each l o a d i n g  l e v e l .  

F u r t h e r ,  an e s t i m a t e  o f  t h e  dynamic e f f e c t  o f  s l o s h  i n  a t r a n s i e n t  

maneuver was o b t a i n e d  f r o m  t h e  s t a t i c  model r e s u l t s  by s i m p l y  assuming 

t h a t  t h e  s l o s h  l o a d  w i l l  o ve r shoo t  t h e  e q u i l i b r i u m  ( s t e a d y - s t a t e )  

pendulum amp1 i t u d e  by 100 p e r c e n t  i n  a  s t e p - s t e e r  maneuver. I n  e f f e c t ,  

t h i s  e s t i m a t e  i s  o b t a i n e d  by emp loy ing  a  pendulum p i v o t  wh ich  i s  l o c a t e d  

a t  t w i c e  t h e  e l e v a t i o n  ( w i t h  r e s p e c t  t o  t h e  bo t t om  o f  t h e  t a n k )  o f  t h e  

s l o s h - l o a d e d  l i q u i d .  (Tha t  i s ,  f o r  a  g i v e n  l i q u i d  l o a d  l e v e l ,  t h e  

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

l o c a t e d .  E l e v a t i n g  t h e  mass by  p l a c i n g  i t  a t  t h e  h e i g h t  o f  t h e  " e q u i -  

v a l  e n t "  pendul  um c e n t e r  p r o v i d e s  a  r e p r e s e n t a t i o n  o f  t h e  s t e a d y - s t a t e  

s l o s h  c o n d i t i o n .  Doub l i ng  t h e  e l e v a t i o n  i s  e q u i v a l e n t  t o  t h e  s t ep -  

s t e e r  c o n d i t i o n . )  

T h i s  r e p r e s e n t a t i o n  was used t o  e x p l o r e  s l o s h  e f f e c t  u s i n g  t h e  

t a n k  c r o s s - s e c t i o n a l  f o r m  proposed f o r  t h e  13,200-gal 1  on t a n k e r  con- 

f i g u r a t i o n ,  #5a. F i g u r e  4.54 shows t h e  s y s t e m a t i c  e f f e c t  o f  s l o s h  on 

t h e  s t e p - s t e e r  r o l l o v e r  l i m i t  as t h e  t o t a l  l o a d  i s  v a r i e d .  The t o p  

c u r v e  r e p r e s e n t s  t h e  t h r e s h o l d  w i t h  no s l o s h  ( i . e . ,  when v a r i o u s l y -  

s i z e d  compartments a r e  f i l l e d  t o  a c h i e v e  t h e  d e s i r e d  l o a d  c o n d i t i o n ) .  

The l o w e r  c u r v e  i l l u s t r a t e s  t h e  e f f e c t  on a  two-compartment t a n k e r  as 

t h e  l o a d  i s  i n c r e a s e d  by  add ing  f l u i d  t o  one compartment u n t i l  i t  i s  

f u l l  and t h e n  t o  t h e  second. W i t h  t h e  f i r s t  a d d i t i o n  o f  u n r e s t r a i n e d  

l i q u i d ,  t h e  r o l l o v e r  t h r e s h o l d  d i m i n i s h e s  r a p i d l y ,  t h e n  r i s e s  a g a i n  t o  

t h e  n o - s l  osh 1  i m i  t as t h e  compartment becomes f u l l  . From t h e  50-percen t  

l o a d  c o n d i t i o n ,  add ing  l i q u i d  t o  t h e  second compartment a g a i n  r a p i d l y  

d i m i n i s h e s  t h e  t h r e s h o l d  u n t i l  we approach t h e  no - s l osh ,  f u l l y  l oaded  

c o n d i t i o n .  



'igure 4 . 5 4 .  Effect o f  slosh load on rol lover threshold for a txo- 
comoartrnent tanker. 



If, on the other hand, we considered a tanker having four equal 
compartments-one full, two half-full , and one empty-the threshold 

would fall on the dotted line at the 50-percent load condition. Other 

compartmental ization patterns could result in rol lover threshol ds at any 

other point on the dotted line. Thus the lower (dotted) curve must be 

taken as the potential lower limit of rollover threshold for a 50- 

percent slosh condition. Note, too, how rapidly the threshol d changes 

with just a nominal amount of fill or underfill in a compartment. 

From a systematic study of the way in which diverse loading com- 

binations affect rollover threshold, certain sensitivities have become 

evident. Specifically, the rollover threshold is seen to be most sensi- 

tive to the amount of total load carried and to the volume, V , of the 
cs 

compartmentjs) which have been loaded "in a slosh condition" as a frac- 

tion of the total tank volume, VT. In this analysis the compartments 

that are in the slosh condition are defined as those which are loaded 

between 20 and 80 percent full (see, for example, Reference [ 9 ] ) .  

The fraction VcS/VT has been found useful for illustrating the 

sensitivity of the rollover threshold to slosh even though it does not 

describe the actual quantity of fluid which is, in fact, sloshing within 

the involved compartment volume, VCs. The fraction is explained as a 
useful descriptor of slosh because of two compensating mechanisms re- 
lated to the volume of the sloshing fluid. Namely, we find that a 

lightly-filled compartment suffers large lateral displacements of a 

light sloshing mass while a mostly-full compartment involves the small 

lateral shifting of a heavy sloshing mass. Thus the absolute size of 
the slosh compartments, VcS , determines the approximate magnitude of the 
roll-destabil izing forces that are developed. The result is that once 
a compartment is established as being in the 20-80 percent full range, 

a good fi rst-order estimate of the proportional reduction in roll over 
threshold due to the sloshing liquid is obtained by the ratio VcS/VT. 

Using the computer simulation to predict rollover threshold versus 

percent load for cases of constant values of Vcs/VT, results shown in 
Figure 4.55 were produced representing the 13,200-gal lon tanker. Vehicles 
having partial compartment loads falling outside of the 20 to 80 percent 
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cr i te r ion  were assumed t o  perform as with no  slosh ( t h a t  i s ,  employing 

the upper curve in the previous f igure,  4.54) and those within the 
20-80 percent are assumed equivalent t o  the worst case condition ( the 

dotted l ine in Figure 4 . 5 4 ) .  

Taking Figure 4.55 to  be representative of the potential influence 

of slosh on tanker operations, we note tha t :  

1 ) Operation a t  a partial load condition does not produce 

1 ower values of rol lover threshold than t h a t  deriving 

from the 100-percent l o a d  condition so l o n g  as no more 

than 10-20 percent of the tanker volume i s  loaded in a 

slosh condition. 

2 )  Operation with 50 percent or more of the t a n k  volume in 
a slosh condition produces large reductions in rollover 

threshold over almost the total  range of overall loads. 

I n  Section 7 ,  the computed ef fec ts  of slosh on rollover threshold are 

combined with survey d a t a  describing the incidence of slosh loading in 

the f i e ld .  A prediction i s  then made of the increment in r isk which 

derives when gasoline tankers are  permitted t o  operate with a repre- 

sentative incidence of par t ia l ly  f i l l e d  compartments. 





5.0 CONTAINMENT OF THE TRANSPORTED FLUID IN A N  ACCIDENT 

The loss of f l u id  product in tanker accidents derives primarily 

from tank f a i lu re s  induced in rol lover  impacts. Indeed, Michigan data 

show t h a t  in a recent two-year period, only one in 25 product s p i l l  

incidents occurred due t o  a non-rol lover accident.  In t h i s  pro jec t ,  a 

review was made of tanker accidents reported by the Michigan Fire 

Marshall 's  Office t o  ident i fy  mechanisms of tank f a i l u r e  occurrinq in 

rol lover accidents.  Upon observing tha t  the most common fa i  1 ure mechanism 

involved the manhole covers which a re  mounted on the top of each tank 

compartment, a s e t  of experiments was conducted t o  es tab l i sh  the impact 

pressure conditions to  which manhole covers a re  subjected in a rol lover .  

5.1 Review of Tank Failure Data 

Using the S ta te  of Michigan Fire Marshall 's  Incident Reports fo r  

1977 a n d  1978, 33 accidents were ident i f ied  fo r  study in which the 

tanker overturned with the poss ib i l i t y  of damage t o  the tank. Selection 

c r i t e r i a  included ( 1 )  vehicle overturn, ( 2 )  capacity in excess of 5000 

gal lons,  ( 3 )  a s i n g l e - t r a i l e r  a r t icu la ted  vehicle or a "doubles" vehicle.  

S t ra ight ,  local delivery vehicles were not included. 

Attempts were made t o  contact each company by telephone to  seek 

permission t o  see the vehicle.  Of these attempts,  seven vehicles were 
avai lable  and documented, 20 vehicles were not avai lable  b u t  company 

personnel were interviewed, and in s ix  cases no interview or contact 

was possible.  Of the 20 contacted, the majority of the vehicles had 

been repaired and were back on the road. In a few instances,  the 
vehicles had been sold fo r  scrap ( r e t i r e d  from service or melted down 

i n  the f i r e )  and no longer exis ted.  The data on the avai lable  tankers 
came from e i t h e r  d i r ec t  examination of the vehicle or from other 

sources-interviews, the incident repor t s ,  e t c .  

In 25 of the 33 instances,  the tank was found to  have been s igni -  

f i can t ly  damaged. The level of damage ranged from scratches,  to  dents ,  
to cave-in of an e n t i r e  s ide of a doubles t r a i n .  



Twenty-three of the vehicles had suffered loss of product by 

means of the following fa i lures :  

13 cases - manhole cover dislodged or leaking 

5  cases - s p l i t  i n  tank weld seam 

4 cases - puncture in tank wall 

1  case - both s p l i t  seam and puncture 

Manhole Cover Failures 

Manhole cover fa i lures  ranging from to ta l  dislodging of the cover 

t o  a  sustained leakage a f t e r  rollover have been observed under a  variety 

of rollover impact conditions. Manhole cover fa i lures  were experienced 

with tanks which struck rigid pavement as well as snow banks. Shown 

in Figures 5.1 a n d  5.2, for  example, are tanks having the d i s t inc t ly  

f lat tened sidewalls which resul t  from rollover o n t o  a  rigid pavement, 

the si tuat ion most l ike ly  to  dislodge manhole covers. 

Shown in Figure 5 . 3  i s  a  photo taken a t  the accident scene of a 
burned tanker which has l o s t  two of i t s  manhole covers a f t e r  ro l l ing  

over on a  Detroit expressway. One of the covers can be seen laying on 
the ground near the tank. A more "gently" deformed t a n k  she1 1 i s  shown 

in Figure 5.4. Manhole covers were s t i l l  in tac t  on t h i s  vehicle, b u t  

leaking, a f t e r  the vehicle overturned o n t o  a  snow bank. 

A 1  though the anecdotal nature of the available information i l  lus- 

t r a t e s  that  a problem e x i s t s ,  a  s tat is t ical ly-sound basis for  inferring 

the role played by manhole-cover f a i lu re  i s  not possibl,e, since the 

reporting of specif ic  types of manhole-cover f a i lu re  was not done 

consistently. Nevertheless, the complete dislodging of manhole covers 

i s  1 ooked upon as constituting the most hazardous common experience 

since the f lu id  load i s  released a t  such a  high flow ra te  tha t  a  " r iver"  
of fuel i s  created. The "r iver"  flows rapidly along the natural drainage 

profi le  of the roadway, posing a  part icular  threat  to other vehicles 
e i ther  involved i n ,  or s t a l l ed  by, the accident. If the fuel i s  ignited,  

of course, the rapid flow of the " r iver"  implies a  rapidly advancing 

flame f ront .  



Fiqure 5.1. Doubles train showing flattened sidewalls resulting 
from rollover on rigid pavement 

Figure 5.2. Single trailer with pavement-flattened sidewall. 
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Figure 5 .3 .  Accident scene showing tanker that  has suffered dislodgement o f  two manhole covers 
with ensuing f i r e ,  



Figure 5 . 4 .  "Gently" deformed tanker which ro l led  over onto a 
snow bank. 



Weld Seam Failures 

Of the f ive  cases in which a s p l i t  occurred along a weld seam, 

a l l  such fa i lu res  were confined to  a few inches in length of s p l i t .  

One such vehicle, the aluminum-shell tanker shown repaired in Figure 5 . 5 ,  

rolled over onto i t s  r ight  side causing a s p l i t  in the seam, " A , "  as 

we1 1 as internal tearing of a l l  of the bulkheads separating the four 

tank compartments. Virtually the en t i r e  f lu id  load of 13,000 gallons 

was then spi l led  o u t  through the s p l i t  in the front  head seam. 

I n  most cases of weld seam f a i l u r e ,  the s p l i t  was seen t o  occur 

in the concave portion of a fold in the tank skin such as shown by the 

arrow in Figure 5 . 6 .  Although the flow ra te  through such openings may 

be only of the order of 5 t o  10 gallons per minute, large f i r e s  were 

seen in two cases which caused f a t a l i t i e s .  Shown in the foreground of 

Figure 5 . 7  i s  a leak from such a weld seam s p l i t  produced during one of 

the tanker rollover t e s t s  t o  be discussed in the following section of 

the report.  

Speaking general l y ,  weld seam spl i t s  were found most commonly a t  

the junction of the rear  head t o  the sidewall as sketched in Figure 5.8. 

This f a i l u r e  appears t o  be especially l ike ly  on those tanks for  which 

the rear head meets the sidewall with an oblique b u t t  weld rather  than 

by means of an overlapped head flange and sidewall p la te ,  as shown in 

Figure 5 .9 .  I t  i s  known that  the more e l l  ipt ic-sect ion tankers are 

commonly designed w i t h  the overlapping head flanae construction, although 

the achievement of t h i s  feature with the large-radius-sidewall tanks 

which are of in te res t  in t h i s  study may be more d i f f i c u l t .  

Tank Puncture 

The mechanisms causing tank puncture were c lear ly  identif ied in 

only two cases. In one case, the tank was pierced by the t r ac to r  frame 
r a i l s  and in the other case, the tank was penetrated by a pavement drop 
off edge a t  a construction s i t e .  Other punctures entailed unidentified 

roadside appurtenances. I n  general , we notice tha t  puncture of 

Michigan's typical s tee l  tanks requires contact with a rather  small, 

r igid object.  Shown in Figure 5.10 i s  an example of a localized tank 
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Figure 5.10. Tank puncture incident derivina from 1 ocal ized loading 
of the t ank  shell by an unknown object in a collision. 



d e f o r m a t i o n  i n  wh i ch  a  s m a l l  p u n c t u r e  was c r e a t e d .  By c o n t r a s t ,  t h e  

l a r g e  d e f o r m a t i o n  wh i ch  i s  e v i d e n t  i n  t h e  l e a d i n g  c o r n e r  o f  t h e  second 

t r a i l e r  i n  F i g u r e  5 .11  d i d  n o t  i n v o l v e  a  s u f f i c i e n t l y  l o c a l i z e d  l o a d i n g  

t o  cause p u n c t u r e .  

Tank S h e l l  I n t e g r i t y  i n  a  F i r e  

I n  t h e  cases o f  a luminum t a n k  t r a i l e r s  wh i ch  d i d  r o l l o v e r ,  w i t h  

an ensu ing  g a s o l i n e  f i r e ,  t h e  a luminum s h e l l  m a t e r i a l  m e l t s  wherever  i t  

ex tends  above t h e  f l u i d  l e v e l  i n  t h e  t a n k .  Shown i n  F i g u r e  5.12 i s  a  

pho to  o f  t h e  rema ins  o f  an aluminum g a s o l i n e  t a n k e r  i n v o l v e d  i n  a  r o l l -  

o v e r  and f i r e .  The i n t e r n a l  b a f f l e  and bu l khead  p l a t e s  have been burned  

down t o  t h e  l e v e l  a t  wh i ch  t h e  r e m a i n i n g  f u e l  reposed  a t  t h e  t i m e  t h e  

f i r e  was e x t i n g u i s h e d .  

O f  cou r se ,  a  s t e e l - s h e l l e d  t a n k e r  w i l l  n o t  m e l t  a t  t h e  tempera-  

t u r e s  a t t a i n a b l e  i n  a  gaos l  i n e  f i r e .  By way o f  c o n t r a s t  t o  t h e  a luminum 

t a n k  s h e l l  shown above, t h e  s t e e l  t a n k  s h e l l  i n  F i g u r e  5.13 . i s  n o t a b l e .  

The p h o t o  r e v e a l s  t h e  f i n a l  l e v e l  o f  f l u i d  r epose  upon e x t i n g u i s h m e n t  

o f  t h e  f i r e  by t h e  1  i n e  o f  d i s c o l o r a t i o n  e v i d e n t  on t h e  r e a r  head. No te  

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

and t h a t  t h e  appa ren t  f l u i d  l e v e l  goes r i g h t  t o  t h e  edge of t h e  manhole 

c o v e r  open ing  f r o m  wh i ch  f l u i d  s p i l l e d  upon d i s l o d g i n g  o f  t h e  c o v e r .  

Moreover ,  t h e  t a n k  f a i l u r e  i n v e s t i g a t i o n  se r ved  t o  p r o v i d e  a c t u a l  

examples o f  f a i l u r e  mechanisms, a l t h o u g h  1  i t t l e  o f  s t a t i s t i c a l  s i g n i -  

f i c a n c e  can be conc luded .  It was de te rm ined  t h a t  manho le -cover  f a i  1  u r e  

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

t h e  f r e q u e n c y  w i t h  w h i c h  t o t a l  d i s l odgemen t  o c c u r s  canno t  be i d e n t i f i e d .  

A d d i t i o n a l l y ,  t h e  w e l d  seam f a i l u r e  o c c u r r i n g  a t  t h e  o b l  i q u e  b u t t - w e l d e d  

j u n c t u r e  o f  t h e  head and s i d e w a l l s  appears t o  be a  common f a u l t .  

5.2 I n t e g r i t y  o f  Manhole Covers 

Shown i n  F i g u r e  5 .14  i s  a  t y p i c a l  manhole c o v e r  d e s i g n  such  as has 

been p o p u l a r  i n  M i c h i g a n  f o r  g a s o l i n e  and f u e l  o i l  t r a n s p o r t .  The man- 

h o l e  c o v e r  assembly  i s  s i t u a t e d  on t o p  o f  t h e  t a n k  between t h e  two  

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

any o r  a1 1  o f  t h e  f o l l o w i n g  i t e m s :  







Figure 5.13. Rear view of steel-shell gasoline tanker involved in 
rollover and fire. 





1 ) F i l l  c o v e r  wh i ch  i s  opened t o  p e r m i t  l o a d i n g  p r o d u c t  

f r o m  t h e  t o u  o f  t h e  t ank .  

2 )  High  c a p a c i t y  v e n t  by  wh ich  t h e  f i l l  c o v e r  i s  s p r i n g  

l oaded  t o  open w i t h  3  p s i  i n t e r n a l  p r e s s u r e .  

3 )  Low c a p a c i t y  p r e s s u r e  and vacuum v e n t .  

4 )  Vapor r e c o v e r y  sh roud  and r e m o t e l y  ope ra ted  v a l v e  f o r  

d i s c h a r g e  o f  vapors  i n t o  a  s e p a r a t e  " r e c o v e r y "  p i p i n g  

ar rangement  d u r i n g  bo t t om  l o a d i n g  o f  t h e  t a n k .  

5 )  F u s i b l e  v e n t s  wh ich  open when immediate f i r e  t empe ra tu res  

me1 t a  s o l d e r - l i  ke f u s e  cap.  

6 )  L i q u i d  l e v e l  sensor  i n t e n d e d  f o r  use i n  s h u t t i n g  o f f  

i n l e t  f l o w  when compartment has been f i l l e d  by means 

o f  bo t t om  l o a d i n g .  

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

F i g u r e  5.14, t h e  key d e s i g n  f e a t u r e  wh i ch  has l e d  t o  s p e c i a l  concerns  

r e g a r d i n g  manhole c o v e r  i n t e g r i t y  i s  t h e  i n d i c a t e d  c l amp ing  band. By 

means o f  t i g h t e n i n g  t h i s  band, t h e  e n t i r e  manho le -cover  assembly i s  

f a s t e n e d  t o  t h e  f l a n g e d  hoop ( o r  s o - c a l l e d  "we ld  r i n g " )  wh i ch  fo rms 

t h e  manhole open ing  i n  t h e  t a n k  i t s e l f .  The i n t e g r i t y  o f  such manhole- 

c o v e r  assembl ies  and t h e i r  a t t achmen t  hardware i s  c u r r e n t l y  addressed by 

t h e  Code o f  Fede ra l  R e g u l a t i o n s  pCF49-178.341-3 wh i ch  s t a t e s :  

( a )  Each compartment i n  excess o f  2,500 g a l l o n s  
c a p a c i t y  s h a l l  be a c c e s s i b l e  t h r o u g h  a  manhole o f  
a t  l e a s t  11 x  15 i nches .  Manhole and /o r  f i l l  open- 
i n g  cove rs  s h a l l  be des igned  t o  p r o v i d e  secu re  
c l o s u r e  o f  t h e  open ings .  They s h a l l  have s t r u c t u r a l  
capab i  1 i t y  o f  w i t h s t a n d i n g  i n t e r n a l  f l u i d  p ressu res  
o f  9 p. s .  i . g. w i t h o u t  permanent d e f o r m a t i o n .  S a f e t y  
d e v i c e s  t o  p r e v e n t  t h e  manhole and /o r  f i l l  c o v e r  f r o m  
open ing  f u l l y  when i n t e r n a l  p r e s s u r e  i s  p r e s e n t  s h a l l  
be p r o v i d e d .  

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

h y p o t h e s i s  t h a t  t h e  9 p s i  i n t e r n a l  p r e s s u r e  r e q u i r e m e n t  o f  t h e  r e g u l a -  

t i o n  was i nadequa te  f o r  a s s u r i n g  t h a t  manhole cove rs  would n o t  become 

d i  s  1  odged i n  r o l l  o v e r  impac ts  . 



Ex~erimental Proaram of Rol lover Imaact 

In order to  t e s t  the stated hypothesis, a se t  of experiments was 

planned t o  determine the maximum level of internal f lu id  pressure which 

i s  l ike ly  to  occur in a gasoline tanker which suffers  a rollover impact 

against a f l a t  paved surface. A s e t  of four individual experiments was 

conducted using fu l l - s i ze  gas01 ine tank t r a i l e r s .  

Experiment Y1 - The f i r s t  t e s t  was conceived as representing a 

severe rollover event such as would derive i f  a rapid steering maneuver 

was attempted such that  the t a n k  t r a i l e r  could gain a large level of 

ro l l  velocity before i t s  t i r e s  came off of the ground. Computerized 

simulation was employed to  predict the ro l l  and elevation t ra jec tory  

shown in Figure 5.15. We see tha t  a very severe rollover event of t h i s  

type places the tank a t  a rather  steep ro l l  a t t i tude  by the time ground 

contact i s  made. The impact condition fur ther  en ta i l s  a f ina l  angular 

velocity of 2.6 rad/sec and a vert ical  velocity a t  the mass center of 

16.2 f t l s e c .  

A fu l l - sca le  kinematic equivalent of t h i s  impact condition was 

achieved through use of the t e s t  r ig  shown in Figures 5.16, 5.17, and 

5.18. By t h i s  arrangement, the vehicle was se t  u p  t o  achieve a f ree  ro l l  

motion about a selected longitudinal axis which was near the center of 

the tanker ' s  axles. Figure 5.16 shows certain auxil iary vehicles which 

were used t o  hold down or r ig id ly  locate elements of the pivot mechanism. 

Figure 5.17 shows a pipe element which const i tu tes  a pivot pin about 

which the vehicle ro ta te s ,  a t russ  s t ruc ture  which locates the pivot 

fulcrum, and one of the upright supports which becomes released t o  

i n i t i a t e  the drop. Shown in Figure 5.18, the vehicle i s  perched upon 

two upright poles which support the tank by means of ro l l e r s  s e t  into 

box-like f i t t i n g s  of each end of the tank. The r o l l e r ,  which i s  fastened 

t o  the pole, bears against an inclined plate such tha t  the vert ical  load 
of the tanker tends t o  push the pole away from the tank. Upon suddenly 

releasing tension on the overhead cable, the poles are both pushed o u t  

and  the tanker f a l l s  in a f ree  rotation about the pivot. Since the tank 

s t r ikes  the ground with a contact force which passes very nearly through 











the center of percussion of the tanker, residual motions following 

impact are  insigti if icant .  

The t e s t  vehicle i t s e l f  i s  a 7,700-gallon, 10-ga s tee l -shel l  

tanker comprising the fu l l  t r a i l e r  of a typical Michigan double. The 

tank has three compartments, of capaci t ies  3,550 gallons,  1 ,450  gallons,  

and 2,700 gallons, respectively from front  t o  rear .  For the f i r s t  

experiment, the f ront  and rear compartments were nominal ly f i 11  ed with 

water, leaving a three-percent outage volume, or f ree  space, i n  b o t h  

loaded compartments. This 1 oading condition was chosen since i t  yielded 

the design gross load of the vehicle, 65,000 1 bs. The manhole covers 

were a l l  of the clamping-band type discussed e a r l i e r .  The manhole cover 

in the f i l l e d  91 compartment was l e f t  in i t s  as-designed s t a t e  while 

the #3 cover was mechanically blocked t o  prevent i t s  dislodging. Trans- 

ducers were ins ta l  led t o  record two f lu id  pressures adjacent t o  the 

manhole in both the f i r s t  a n d  th i rd  compartments, two acceleration 

signals normal t o  the impact point ,  and the instantaneous angular posi- 

t ion of the vehicle during i t s  f a l l .  Data were recorded on an FM 

tape recorder, as we1 1 as on osc i l l  ographic pen-chart recorders. 

Shown in Figure 5.19 and 5.20 a re  photos of the tanker in motion 

and, then, impacted with i t s  #1 manhole cover dislodged. I n  Figure 

5.21 we see the " r ive r"  that  was created within two or three minutes 

following the dislodging of the f l  manhole cover. Subsequent inspec- 

tion showed t ha t  the bulkhead between compartments 82 and 93 had fa i l ed  

i n  the v ic in i ty  of the impact deformation. Further, following compl e- 

t ion of the second impact experiment using the same t e s t  vehicle,  i t  

was discovered tha t  an a r t i f i c i a l  cushioning of the internal  f lu id  

pressures had taken place due t o  par t ia l  collapse of a i r  tanks which 

existed inside each of the three compartments. The a i r  tanks had been 
ins ta l  1 ed inside the compartments during a previous research study [2]  

for  purposes of displacing f lu id  so that  a water load would yie ld  the 
same i ne r t i a l  parameters as a reference loading of gasoline. Thus, 
neither the f i r s t  nor second experiment can be looked upon  as providing 
a valid estimate of the maximum levels of internal  pressure which may 

be exerted against a manhole cover in a ro l lover .  Nevertheless, the 









r e s u l t s  o f  t hese  expe r imen t s  do a i d  i n  o b t a i n i n g  an u n d e r s t a n d i n g  o f  

t h e  mechanisms c o n t r i b u t i n g  t o  i n t e r n a l  p ressu re .  

Shown i n  F i g u r e  5.22 a r e  t h e  r e c o r d e d  t i m e  h i s t o r i e s  f r o m  p r e s s u r e  

t r a n s d u c e r s  and acce le rome te r s  i n s t a l  l e d  on t h e  v e s s e l .  From t h e  t o p ,  

we see t h e  two  p r e s s u r e  s i g n a l s  f r o m  compartment # I ,  n e x t  t h e  two 

p r e s s u r e  s i g n a l s  f r o m  compartment f 3  and f i n a l l y  t h e  two a c c e l e r a t i o n  

s i g n a l s  (wh i ch  show s i g n a l ,  A1, l i m i t i n g  a t  20 g ' s  w h i l e  t h e  b roade r  

range  acce le rome te r ,  s i g n a l  A?, c o n t i n u e s  t o  y i e l d  a  measurement).  The 

p ressu res  i n  compartment $3 p e r t a i n  t o  a  c o n d i t i o n  i n  wh ich  t h e  manhole 

c o v e r  i s  b l o c k e d  t o  p r e v e n t  d i s l odgemen t .  The p ressu res  i n  compartment 

= I ,  on t h e  o t h e r  hand, p r o v i d e  a  measure o f  t h e  p r e s s u r e  c a u s i n g  one 

s p e c i f i c  manhole c o v e r  t o  d i s l o d g e .  A l t h o u g h  we see v a r i a t i o n s  i n  t h e  

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

a  l o w  f r equency  peak i n  t h e  range  o f  20 t o  25 p s i  and h i g h  f r equency  

s p i k e s  f r om  30 t o  50 p s i .  I n t e r e s t i n g l y ,  t h e  s i g n a l s  o b t a i n e d  i n  t h e  

"b l ocked "  compartment a r e  v i r t u a l l y  t h e  same as t hose  o b t a i n e d  i n  t h e  

compartment i n  wh i ch  t h e  20 - i nch  d i a m e t e r  o r i f i c e  was opened, upon 

h a v i n g  d i s l o d g e d  t h e  manhole c o v e r .  T h i s  r e s u l t  was i n i t i a l l y  s u r -  

p r i s i n g  s i n c e  i t  had been expec ted  t h a t  f a i l u r e  o f  a  manhole c o v e r  would 

a c t  t o  r e 1  i e v e  t h e  p ressu res  expe r i enced  i n  t h e  i n v o l v e d  compartment.  

The o b s e r v a t i o n  can be e x p l a i n e d ,  however,  on t h e  b a s i s  o f  t h e  v e r y  

l i m i t e d  t i m e  p e r i o d  o v e r  wh i ch  peak p ressu res  a r e  s u s t a i n e d ,  as con- 

t r a s t e d  w i t h  t h e  t i m e  needed t o  a c c e l e r a t e  a  s u f f i c i e n t  q u a n t i t y  o f  

f l u i d  o u t  o f  t h e  manhole open ing  t o  p r o v i d e  a  p r e s s u r e - r e l i e v i n g  e f f e c t .  

The a c c e l e r o m e t e r  s i g n a l ,  A2, p r o v i d e s  a  con t i nuous  r e c o r d i n g  of 

a c c e l e r a t i o n s  normal  t o  t h e  ground p lane ,  showing a  n o i s y ,  and r e l a -  

t i v e l y  l o w - l e v e l  , response  f o r  t h e  f i r s t  30 m i l  l i s e c o n d s ,  f o l l o w e d  by 

a  r a t h e r  s u s t a i n e d  p u l s e  o f  a p p r o x i m a t e l y  25 g ' s  a m p l i t u d e .  Double 

i n t e g r a t i o n  o f  t h e  A2 s i g n a l ,  by  g r a p h i c a l  means, y i e l d s  a  n e t  d e f l e c -  

t i o n  o f  t h e  t a n k  w a l l  wh ich  agrees w e l l  w i t h  t h e  nomina l  8 - i n c h  

maximum d e f o r m a t i o n  measured on t h e  v e s s e l .  

I n  F i g u r e  5 .23  i s  shown t h e  f a i l e d  manhole cove r ,  c h a r a c t e r i z e d  

by a  s t r e t c h e d  c l amp ing  band and, as shown by  a n o t h e r  v i e w  i n  F i g u r e  

5 .24 ,  a l s o  i n c o r p o r a t i n g  a  marked bow i n  t h e  c o v e r  i t s e l f  as a  r e s u l t  

o f  t h e  h i g h  i n t e r n a l  p ressu re .  



,e:and Ohto pr~ntpr! r L: s P 1 

Fiqure 5.22. Time histories of data gathered during severe rollover test. 
P l a  & P i b  - compartment = I ,  Pja & Pjb - compartment 23 
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Experiment '2 - The second rol lover  impact t e s t  was of the simple 

" t ip-over"  var ie ty ,  by which the tanker was brought j u s t  beyond i t s  

point of unstable equilibrium, w i t h  zero i n i t i a l  ro l l  r a t e .  The 
vehicle then rotated about i t s  t i r e s  un t i l  the tank shel l  impacted 

against  the ground a t  a ro l l  a t t i t u d e  of approximately 95 degrees from 

the ve r t i ca l .  Shown in Figures 5.25 and 5.26 a re  views of the set-up 

f o r  the second experiment. The vehicle was i n i t i a l l y  supported a t  a 

ro l l  a t t i t u d e  of approximately 15 degrees so as t o  minimize the level 

of force needed on the cable with which the tanker was towed t o  the 

point of ro l l  i n s t a b i l i t y .  The t ank ' s  three compartments were a l l  f i l l e d  

with water, leaving only a three-percent outage, or vacant volume, with- 

in each compartment. A clamp-ring type manhole cover was again in- 

s t a l l ed  on compartment $1, while blocked covers were placed over the 

other two compartments. The tank was instrumented as before with two 

pressure transducers in each of compartments =1 and 33 and  with one 

narrow- and one wide-range accelerometer fastened t o  the tank opposite 

the impact point.  

Shown in Figures 5.27 and 5.28 a re  scenes a t  the moment of impact 

and a few seconds following the experiment. Again we see tha t  the con- 

ventional manhole cover has been dislodged and t h a t  a large plume of 

water spray i s  produced a t  the moment of impact. Note t ha t  a substant ial  
flow of 1 iquid is sprayed out through the 3 psi vent of the blocked 
conventional manhole cover on the l e f t  in Figure 5 . 2 7 .  The center com- 
partment, which was not instrumented, has been covered fo r  t h i s  
experiment with a blank plate  having simply a two-inch open standpipe 

t o  represent vent flow. 

Shown in Figure 5.29 are  time h i s to r i e s  of pressure and accelera- 

t ion s ignals  recorded in the second experiment. Arranged from top t o  
bottom we see ,  as before, two pressure s ignals  from compartment = I ,  in 

which the conventional manhole cover f a i l e d ,  followed by the two pres- 

sure s igna ls  from the top of the blocked ?3 compartment, followed by two 

accelerometer s igna ls .  Again, the accelerometers a re  b o t h  oriented t o  
record accelerat ions normal to  the ground. Note t h a t  the s igna l ,  A1, 
i s  limited a t  20 g a n d  thus i s  not useful in determining peak 

accelerat ions.  











Figure 5 . 2 9 .  Time h i s t o r i e s  of data gathered during " t ipover"  t e s t .  
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In general, the pressure data show a low frequency pulse which 

peaks in the vicinity of 20 psi, as well as a considerable number of 
high-frequency pressure spikes in the range of 30 to 65 psi. The 

acceleration signal, A2, shows a very noisy response with a considerable 

amount of higher level acceleration spikes, above 20 to 30 g's. It was 

also established that the nominal deformation of the tank shell en- 

tailed a maximum deflection of 6-1/2 inches. 

As was stated earlier, experiments $1 and =2 suffered from an 

anomalous cushioning mechanism due to the partial collapse of air tank 

elements which remained in each compartment from a previous test activity 

Although it had been previously thought that these tanks would appear 

rigid to the brief pressure pulses encountered here, partial col 1 apsi ng 

was observed after careful inspection of the inside of the vessel 

following the second experiment. As a result, two additional tipover- 

type tests were conducted to obtain specific examples of the internal 

pressure levels which manhole covers must be made to withstand. 

Experiment 3 - Shown in Figure 5.30 is a 9,300-gallon tanker 
set up for a tipover test. The tanker is, again, of 10 ga steel shell 

construction and incorporates three compartments sized, from front to 

back, 4,200, 1,400, and 3,730gallons. 

The tanker has four manhole cover positions, of which t w o  were 

kept blocked in this experiment (namely, those covering compartments 

=I and d 2 ) .  The two manholes accessing compartment 53 were fitted with 

one conventional clamp-ring-type cover and one of cast aluminum con- 

struction whose design is diagrammed in Figure 5.31. The latter cover 

fastens by means of tension bolts and lugs which attach under the so- 

called "weld ring" which forms the manhole opening in the tank. The 

cast aluminum cover was employed in the experiment because of a desire 

to demonstrate the presumably good pressure resistance capability of a 

sol id cover device employing reach-through, rather than cl amp-ring-type 

fastening. Also, it was known that the cast aluminum device is currently 

being used on a substantial number of fuel tankers in the western U.S. 
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A 1  1 three compartments of the t e s t  tank were f i l l e d  with water 

u p  to  the 10-percent outage point .  A higher f rac t ion  of the tank volume 

was l e f t  unf i l led  in t h i s  experiment because i t  had become apparent in 

the previous two t e s t s  t h a t  the volume of the tank which was displaced 

as a r e su l t  of impact deformation was nearly equal t o  the 3-percent 

i n i t i a l  outage volumes which had been employed. Thus i t  was apparent 

t ha t  the simple compression of the a i r  (o r  vapor) in the o u t a ~ e  space 

would account fo r  a large portion of the pressure surge experienced in 

the rol lover  of a nominally f u l l  tanker.  This ( l a t e r )  experiment was 

thus designed t o  employ 10-percent outage t o  determine the advantages in 

impact pressure reduction which might be gained from such a f i l l i n g  

prac t ice .  

Pressure transducers were employed in each of f i ve  loca t ions ,  

namely: 

P I  ) adjacent t o  the (blocked) manhole cover on compartment 21 

P 2 )  adjacent t o  the (blocked) manhole cover on compartment s2 

P j a )  adjacent t o  the ( c a s t  aluminum) manhole cover on 

compartment $3 

P j b )  adjacent t o  the (conventional clamp-ring) manhole cover 

on compartment 13 

P 3 C )  a t  the height of the center  of compartment g3, in l i n e  

with the conventional clamp-ring manhole cover. 

In addition t o  the pressure t ransducers ,  a s ing le  accelerometer was 

employed t o  measure the tank accelerat ion normal t o  the ground, a t  

impact. 

As shown in Figure 5 . 3 2 ,  the t ipover impact of t h i s  t e s t  vehicle 

produced dislodgement of the clamp-ring-type manhole cover, as before. 

The cas t  aluminum manhole cover remained i n t a c t  following the ro l lover .  
a1 though the spring-loaded f i l l  cover became stuck i n  a p a r t i a l l y  opened 
position due t o  a malfunction in the spring r e t a ine r  assembly. A minor 
design a1 te ra t ion  was needed t o  cor rec t  the ma1 function. 
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Shown i n  F i g u r e  5.33 a r e  t h e  p r e s s u r e  and a c c e l e r a t i o n  s i a n a l s  

wh i ch  were l i s t e d  above. We see t h a t  a l l  o f  t h e  l o w - f r e q u e n c y  p r e s s u r e  

peaks a r e  i n  t h e  v i c i n i t y  o f  16 t o  20 p s i  e x c e p t  f o r  t h e  p r e s s u r e  

measured a t  compartment $1 , wh ich  i s  a t  a p p r o x i m a t e l y  24 p s i .  I t  i s  

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

l e v e l  compared t o  t h o s e  measured i n  t h e  e a r l i e r  expe r imen t s  w i t h  3-  

p e r c e n t  ou tage  i n  each compar tment .  Peak l e v e l s  o f  p r e s s u r e  s p i k e s  

r ange  f r o m  20 t o  55 p s i .  

Peak l e v e l s  o f  a c c e l e r a t i o n  a r e  1  i kewi.se somewhat s m a l l  e r  t h a n  

were measured i n  t h e  p r e c e d i n g  expe r imen t s ,  r e a c h i n g  a p p r o x i m a t e l y  44 

g ' s ,  w i t h  t h e  l o w e r  f r e q u e n c y  'component peak i ng  n e a r  15 g ' s .  The p r e s -  

s u r e  s i g n a l  r e p r e s e n t i n g  t h e  c o n d i t i o n  p r e v a i  1  i n g  a t  t h e  c e n t e r  o f  

compartment $3 ( s i g n a l  P3c)  shows a  l e s s  n o i s y  s i g n a l  t h a n  do t h e  

t r a n s d u c e r s  a t  t h e  t o p  o f  t h a t  compar tment .  A p p a r e n t l y ,  l o c a l  i z e d  f 1  ow 

o r  a c o u s t i c  phenomena domina te  t h e  p r e s s u r e  c o n d i t i o n  i n  t h e  immed ia te  

v i c i n i t y  o f  manhole c o v e r s .  As sugges ted  i n  c o n n e c t i o n  w i t h  t h e  p r e -  

v i o u s  expe r imen t ,  however, t h e  d i s l odgemen t  o f  t h e  c o v e r  f r o m  compar t -  

ment 1 3  does n o t  s e r v e  t o  " r e l i e v e "  t h e  p r e s s u r e ,  P3b, a t  t h e  t o p  o f  

compartment t 3 .  N e v e r t h e l e s s ,  as w i l l  be d i s c u s s e d  more i n  c o n n e c t i o n  

w i t h  e x p e r i m e n t  $4, a  p r e s s u r e  g r a d i e n t  does appear  t o  e x i s t  a l o n g  t h e  

o r i g i n a l  z a x i s  o f  compartment 43, b u t  n o t  due t o  t h e  open ing  o f  t h e  

manhole c o v e r .  Bo th  t h e  " r e l i e v i n g "  and " g r a d i e n t "  q u e s t i o n s  were o f  

i n t e r e s t  because c e r t a i n  opponents  t o  a  p o t e n t i a l  i n c r e a s e  i n  manhole 

c o v e r  d e s i g n  p r e s s u r e  had a rgued  t h a t  t o  keep t h e  manhole c o v e r  i n t a c t  

was t o  r i s k  e x c e s s i v e  p r e s s u r e s  w h i c h  m i g h t  r u p t u r e  t h e  t a n k  w a l l s .  

No s i g n i f i c a n t  t a n k  she1 1  f a i l u r e s  were observed,  a1 t hough  a  o n e - i n c h  

s p l  i t  d i d  o c c u r  a t  a  w e l d  seam wh i ch  s u f f e r e d  seve re  f o l d i n g - t y p e  

d i s t o r t i o n s  a t  t h e  j u n c t i o n  between t h e  back head and t h e  s i d e w a l l .  

T h i s  s m a l l  f a i l u r e  was i d e n t i c a l  t o  t h o s e  wh i ch  had been seen on a c t u a l  

a c c i d e n t - i n v o l v e d  v e h i c l e s ,  as d i s c u s s e d  i n  S e c t i o n  4.3.1.  

Exper iment  $4 - I n  t h e  l a s t  e x p e r i m e n t ,  t h e  p r e v i o u s  c o n d i t i o n s  

were r epea ted ,  b u t  w i t h  o n l y  3 - p e r c e n t  ou tage  space e x i s t i n g  i n  each o f  

t h e  t h r e e  t a n k  compar tments .  The same 9 ,300 -ga l l on  t a n k  v e h i c l e  was 

employed and was s e t  up t o  be r o l l e d  o v e r  o n t o  i t s  o p p o s i t e  s i d e .  



Figure 5 .33 .  Recorded pressure a n d  acceleration s i g n a l  s , from 
3rd experiment, w i t h  10': outage i n  the  tan^. 
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S e c t i o n s  o f  I -beam were we lded  t o  t h e  p r e v i o u s l y  f l a t t e n e d  w a l l  o f  t h e  

t a n k e r  t o  assu re  t h a t  t h e  i n i t i a l  s t i f f n e s s  o f  t h e  t a n k  s h e l l  t o  

i n t e r n a l  P ressu re  was o b t a i n e d .  

An a d d i t i o n a l  p r e s s u r e  t r a n s d u c e r  was i n s t a l l e d  a t  t h e  v e r y  

b o t t o m  o f  compartment d3. Shown i n  F i g u r e  5.34 i s  a  s k e t c h  i l l u s t r a t i n g  

t h e  f u l l  complement o f  p r e s s u r e  t r a n s d u c e r s  employed i n  t h e  f o u r t h  

expe r imen t .  

Manhole c o v e r s  m o n i t o r e d  by  t r a n s d u c e r s  P1 and P2 were a g a i n  

b l o c k e d  w h i l e  t h e  c a s t  a luminum d e v i c e  was a t  p o s i t i o n  P3a and a  con- 

v e n t i o n a l  c l  amp- r ing  d e v i c e  occup ied  p o s i t i o n  P j b  P ressu re  t r a n s d u c e r s  

P3C and P3d were l o c a t e d  t o  r e a d  gauge p r e s s u r e s  p r e v a i l i n g  a t  t h e  m id -  

h e i g h t  and bo t t om  o f  compar tment  #3, i n  l i n e  w i t h  t h e  c o n v e n t i o n a l  

c l  amp- r i  ng - t ype  manhole c o v e r .  

Upon r o l l o v e r  o f  t h e  v e h i c l e ,  t h e  c l a m p - r i n g - t y p e  manhole c o v e r  

was d i s l o d g e d ,  as shown i n  F i g u r e  5.35, and t r a n s d u c e r  s i g n a l s  were 

o b t a i n e d  as shown i n  F i g u r e  5.36.  The c a s t  a luminum c o v e r ,  w i t h  i t s  

m i n o r  m o d i f i c a t i o n ,  pe r fo rmed " p e r f e c t l y " ;  t h a t  i s ,  w i t h o u t  r e s i d u a l  

l eakage  f o l l o w i n g  t h e  i n i t i a l  p r e s s u r e  su rge  a t  impac t .  We see t h a t  

a l l  o f  t h e  p r e s s u r e s  measured a t  t h e  t o p  o f  t h e  t a n k  (PI, P2, Pja, and 

P3b) showed a  l o w  f r e q u e n c y  peak between 24 and 27 p s i  w h i l e  a l l  f o u r  

o f  t h e s e  s i g n a l  s  c o n t a i n e d  h i g h  f r equency  s p i k e s  between 52 and 58 p s i .  

The two s i g n a l s  measured a t  t h e  m i d d l e  and b o t t o m  o f  compartment $3 

showed 20 p s i  and 16 p s i  l o w  f r e q u e n c y  peaks, r e s p e c t i v e l y .  Presumably ,  

t h e  a t t e n u a t i o n  o f  p r e s s u r e  l e v e l  w i t h  p o s i t i o n  t owa rd  t h e  bo t tom,  a l o n g  

t h e  o r i g i n a l  z a x i s ,  o f  t h e  t a n k  d e r i v e s  f r o m  a  g r a d i e n t  r e f l e c t i n g  an 

a c c e l e r a t i o n  component o r i e n t e d  para1  l e l  t o  t h e  g round .  When t h e  t a n k  

s t r i k e s  t h e  g round ,  t h e r e  e x i s t s  a  h o r i z o n t a l  component o f  v e l o c i t y  

wh i ch  becomes reduced  t o w a r d  z e r o  upon g e n e r a t i o n  o f  f r i c t i o n a l  f o r c e s  

between t h e  t a n k  s h e l l  and t h e  pavement.  The h o r i z o n t a l  a c c e l e r a t i o n  

l e v e l  can exceed 1  g  s i n c e  h i g h  normal  f o r c e s  a r e  c r e a t e d  b y  t h e  h i g h  

normal  a c c e l e r a t i o n  l e v e l s  such as i l l u s t r a t e d  i n  t h e  A2 s i g n a l .  Over 

t h e  8 - f o o t  h e i g h t  a l o n g  t h e  b o d y - f i x e d  z a x i s  o f  t h i s  t a n k  s e c t i o n ,  

f o r  example, a  20-9 normal  a c c e l e r a t i o n  a t  impac t  w i l l  p roduce  a  2-9 



i iqure 5 . 3 4 .  Tanker w i t h  flressure transducers je t  Y D  'or 
4 t h  expe r imen t .  
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F i p u r e  5 .36 .  Time h i s t o r i e s  o f  p r e s s u r e  and a c c e l e r a t i o n  measured 
i i n  t h e  4 t h  e x p e r i m e n t  w i t h  3'; o u t a q e  i n  t h e  t a n k .  
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horizontal acceleration and a 7-psi pressure drop from P3b t o  P3d, 

presuming a 0.1 fr ict ional  coup1 ing between she1 1 steel and pavement. 

Overall, the fourth experiment showed significantly higher levels 

of the low frequency pressure component than were seen for the preceding 

t e s t  empl oyi ng a 10-percent outage space. 

Conclusions Drawn from Roll over Experiments 

Insofar as the f lu id  employed in the foregoing t es t s  was water, 

whose density i s  8.3 Ib/gal compared t o  6 . 1  I b/gal for  gasoline, the 

t e s t  measurements of the impact pressure applied t o  manhole covers are 

somewhat conservative, that i s ,  somewhat higher than would derive i f  

the load had been gasoline. Given that  there are a t  leas t  two major 

mechanisms contributing to impact pressures applied t o  manhole covers, 

however, the degree of conservatism cannot be easi ly determined. For 

example, i f  the only mechanism giving r i s e  t o  internal pressure, a t  

impact, was t h a t  of the bulk acceleration of the f luid mass, the pres- 

sures t o  be expected from the same volume of gasoline would be equal t o  
the ra t io  of the f luid densit ies of  gasoline versus water times the 

pressure level measured using water as the t e s t  f luid ( v i z . ,  

6 ' 1  lb'gal = 7 4  percent of the water pressure l eve l ) .  The gasoline 8.3 Ib/gal 

pressure would, i n  f ac t ,  be higher than the indicated 74 percent of 

water pressure levels ,  however, since i t  has been observed that  the 

compression of the outage space due t o  tank deformation constitutes a 

major mechanism for generati on of internal pressure a t  impact. Clearly, 

the outage space compression mechanism i s  simply determined by the 

Ideal Gas Law for an adiabatic process, and the volumes involved, and i s  

thus insensitive t o  the density of  the 1 iquid product. 

Accordingly, we conclude that the measured pressure levels can be 

looked upon as providing a reasonable, a n d  somewhat conservative, e s t i -  
mate of impact pressures bearing u p o n  manhole covers i n  the rollover of 
actual gas01 ine-transporting tankers of  the type examined. The worst 

condition expected for  simple tipover o n t o  a rigid pavement en t a i l s ,  
approximately, a 27-psi pressure pulse last ing on the order of 50 mil 1 i -  

seconds, w i t h  2-millisecond pulses reaching as h i g h  as 60 psi .  



I t  i s  f u r t h e r  observed t h a t :  

a )  one v a r i e t y  o f  c o n v e n t i o n a l  c l a m p - r i n g - t y p e  manhole 

c o v e r  becomes c o m p l e t e l y  d i s l o d g e d  f r om  t h e  t a n k  

under  t h e  above p ressu re  c o n d i t i o n s ,  

b )  one c u r r e n t l y  a v a i l a b l e  v a r i e t y  o f  c a s t  aluminum man- 

h o l e  c o v e r  emp loy ing  a  r each - t h rough  t y p e  o f  t a n k  

f a s t e n i n g  i s  seen t o  w i t h s t a n d  t h e  above p r e s s u r e  con- 

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

even w i t h o u t  d is lodgement  o f  a  manhole cove r ,  a  sub- 

s t a n t i a l  q u a n t i t y  o f  f l u i d  i s  sp rayed  o u t  t h r o u g h  t h e  

3 - p s i  v e n t  o f  each manhole cove r ,  c r e a t i n g  a  h i g h l y  

d i f f u s e  m i s t  t h a t  i s  presumably  v e r y  e a s i l y  i g n i t e d .  

The problems a s s o c i a t e d  w i t h  t h i s  f l u i d  l o s s  have n o t  

been s t u d i e d  here ,  b u t  a r e  known t o  be c u r r e n t l y  under  

exam ina t i on  by t h e  Bureau o f  Moto r  C a r r i e r  S a f e t y  o f  t h e  

U. S .  Department o f  T r a n s p o r t a t i o n .  





6.0  R I S K  OF TRANSPORTING GASOLINE 

A n a l y s i s  o f  a c c i d e n t s  i n v o l v i n g  g a s o l i n e  t a n k e r s  i n  M i ch i gan  (see  

S e c t i o n  3 .1 )  has shown t h a t  t a n k e r  o v e r t u r n s  a r e  t h e  cause o f  a lmos t  a l l  

o f  t h e  g a s o l i n e  r e l e a s e s  and f i r e s  t h a t  occu r .  Indeed,  t h e  p r i m a r y  

hazard  i n v o l v e d  i n  t h e  t r a n s p o r t a t i o n  o f  g a s o l i n e  can be reduced s i m p l y  

by a d o p t i n g  t a n k e r  c o n f i g u r a t i o n s  wh ich  m i n i m i z e  t h e  number o f  r o l  l o v e r s  

each y e a r .  A c c o r d i n g l y ,  t h e  r i s k  wh ich  would accompany t h e  use o f  each 

o f  t h e  v e h i c l e  c o n f i g u r a t i o n s  cons i de red  i n  t h i s  s t u d y  has been e s t i m a t e d  

i n  terms o f  t h e  number o f  t a n k e r  r o l l o v e r s l y e a r  t h a t  can be expec ted  t o  

occu r  if each of t h e  p a r t i c u l a r  v e h i c l e s  were t o  be p l aced  i n  genera l  

s e r v i c e  f o r  t h e  t r a n s p o r t a t i o n  o f  gas01 i n e  t h r o u g h o u t  M ich igan .  

Severa l  simp1 i f y i n g  assumpt ions were made f o r  t h e  purposes of 

compar ing t h e  r i s k s  i n v o l v e d  w i t h  each o f  t h e  c a n d i d a t e  v e h i c l e  con- 

f i g u r a t i o n s .  O v e r a l l ,  t h e  assumpt ions cove r  a  s u f f i c i e n t l y  b road  s e t  

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

l ooked  upon as r a t h e r  c rude .  Neve r t he l ess ,  t h e  p r i m a r y  purpose f o r  

d e v e l o p i n g  such an e s t i m a t e  i s  t o  o b t a i n  a  measure o f  t h e  u l t i m a t e  

s a f e t y  q u a l i t y  o f  a l t e r n a t i v e  v e h i c l e s  such t h a t  a  mean ing fu l  compar ison 

can be made among v e h i c l e s .  The i m p o r t a n t  assumpt ions a r e  d e s c r i b e d  

be1 ow. 

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

t i o n s  a r e  assumed t o  be i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  pay load  volume o f  

t h e  v e h i c l e ;  i . e . ,  t h e  l a r g e r  t h e  pay l oad  c a p a c i t y  o f  t h e  v e h i c l e ,  t h e  

fewer  a r e  t h e  number o f  t r i p s  needed i n  t r a n s p o r t i n g  a  f i x e d  q u a n t i t y  

of  g a s o l i n e .  The measure o f  exposure,  L ( i n  u n i t s  o f  m i l l i o n s  o f  l oaded  

v e h i c l e - m i l e s  / y e a r )  i s  g i v e n  i n  t h e  f o l l o w i n s  e x p r e s s i o n :  

where 

V i s  t h e  annual  consumpt ion o f  g a s o l i n e  i n  M i ch i gan ,  g a l l y r  

v  i s  t h e  v e h i c l e  pay load  c a p a c i t y ,  g a l  

and s i s  t h e  average l e n g t h  o f  t h e  " l oaded "  t r i p ,  m i l e s  



2. The a c c i d e n t  r a t e  ( i n  t e rms  o f  a c c i d e n t s / m i l l i o n  v e h i c l e  

m i l e s  o f  exposu re )  i s  assumed t o  be a p p r o x i m a t e l y  t h e  same f o r  a l l  o f  

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

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

c a l c u l a t i o n s  of t h e  r i s k  numer ic  t h a t  i s  used f o r  compar ing  t h e  c a n d i -  

d a t e  v e h i c l e s .  The i nc remen t  i n  r i s k  d e r i v i n g  f r o m  p a r t i a l  l o a d i n g  i s  

t a k e n  t o  be common t o  a1 1  o f  t h e  c a n d i d a t e  v e h i c l e s ,  and hence, does 

n o t  a f f e c t  t h e  compar ison  o f  t h e  v a r i o u s  v e h i c l e s  r e l a t i v e  t o  one 

a n o t h e r .  An o v e r a l l  e s t i m a t e  o f  t h e  r i s k s  d e r i v i n g  e x c l u s i v e l y  f r o m  

t h e  p r a c t i c e  of p a r t i a l  l o a d i n g  i s  p r e s e n t e d  s e p a r a t e l y  i n  S e c t i o n  7. 

4. The r o l l o v e r  t h r e s h o l d / r o l  l o v e r  i n v o l v e m e n t  r e l a t i o n s h i p  

e s t a b l i s h e d  u s i n g  t h e  BMCS a c c i d e n t  d a t a  ( i n  S e c t i o n  3 . 2 )  i s  assumed 

t o  be v a l i d  f o r  a11 t y p e s  o f  roadways t h a t  a r e  used b y  g a s o l i n e  t a n k e r s  

i n  M i ch i gan .  

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

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

t a n k e r s  i n  t h e  S t a t e .  

A p r e s e n t a t i o n  o f  t h e  s t e p s  i n v o l v e d  i n  t h e  e s t i m a t i o n  o f  t h e  

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

o r g a n i z e d  under  t h e  f o l l  owing subhead ings :  

1. The t o t a l  annual  g a l  1  on -m i l es  o f  gaso l  i n e  t r a n s p o r t e d  

by  t r u c k  i n  M i c h i g a n .  

2. The d i s t r i b u t i o n  o f  gaso l  i n e  t a n k e r  t r a v e l  by  t y p e  o f  

roadway. 

3. The d i s t r i b u t i o n  o f  o v e r a l l  a c c i d e n t  r a t e s  by t y p e  o f  

roadway. 

4. The d i s t r i b u t i o n  o f  a c c i d e n t s  by  t y p e  o f  impac t  (head-on, 

s i de - sw ipe ,  s i n g l e - v e h i c l e  a c c i d e n t ,  e t c .  ) f o r  each t y p e  

of roadway. 

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

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

6 .  F i n a l  p r e d i c t i o n  o f  r o l l o v e r  r i s k s .  



We s h a l l  d i s c u s s  each o f  these  s t eps ,  i n  t u r n ,  i n  t h e  s e c t i o n s  

wh ich  f o l l o w .  

6.1 The T o t a l  Annual G a l l o n - M i l e s  o f  Gaso l i ne  T ranspo r t ed  by  T ruck  
i n  M i ch i gan  

-An e s t i m a t e  o f  t h e  annual volume, V :  Data on t h e  m o n t h l y  con- 

sumpt ion o f  g a s o l i n e  i n  M i ch i gan  [ll] i s  shown i n  F i g u r e  6.1 f o r  t h e  

y e a r s  1960 t h rough  1975. The f i g u r e  shows t h e  s teady  i n c r e a s e  i n  t h e  

consumpt ion of gaso l  i n e  o v e r  t h e  y e a r s ,  a l o n g  w i t h  a  seasonal  v a r i a t i o n  

i n  consumpt ion d u r i n g  each y e a r .  The maximum consumpt ion o f  g a s o l i n e  

occu rs  each y e a r  i n  J u l y  and t h e  minimum consumpt ion occu rs  i n  February .  

More r e c e n t  d a t a  on t h e  consumpt ion o f  g a s o l i n e  i n  M i ch i gan  was c o l l e c t e d  

i n  1978 d u r i n g  t h e  doub le  t a n k e r  s t u d y  [ 2 ] .  Both  o f  t h e  above d a t a  

sources  i n d i c a t e  t h a t  t h e  c u r r e n t  annual  consumpt ion o f  g a s o l i n e  i n  

M i ch i gan  i s  i n  t h e  v i c i n i t y  o f  5.1 x l o 9  g a l l o n s l y e a r .  I t  i s  assumed 

t h a t  t h e  seasonal v a r i a t i o n s  i n  consumpt ion,  and t h u s  t a n k e r - m i l e s ,  do 

n o t  s i g n i f i c a n t l y  skew t h e  r i s k  f a c t o r s  wh ich  a r e  based, i n  t h i s  

a n a l y s i s ,  on t h e  t o t a l  volume o f  f u e l  t r a n s p o r t e d  o v e r  t h e  e n t i r e  y e a r .  

-An e s t i m a t e  o f  t h e  average loaded  t r i p  l e n g t h ,  I: A su r vey  o f  

t h e  t r a v e l  p a t t e r n  o f  l a r g e  gaso l  i n e  and o i l  t a n k e r s  was conduc ted  

d u r i n g  t h e  doub le  t a n k e r  s t u d y  [2] .  The survey  r e v e a l e d  t h a t ,  i n  

M i ch i gan ,  t h e  average loaded  t r i p  l e n g t h  f r o m  t h e  s t o r a g e  t e r m i n a l  t o  

t h e  d e l i v e r y  p o i n t  was 25 m i l e s .  

6 .2  The D i s t r i b u t i o n  o f  Gas01 i n e  Tanker  T r a v e l  by  'Type o f  Roadway 

Data p e r t a i n i n g  t o  t h e  t y p e  o f  roadways t r a v e l e d  by  g a s o l i n e  

t a n k e r s  i n  M i ch i gan  was a l s o  c o l l e c t e d  d u r i n g  t h e  doub le  t a n k e r  s t u d y  

[Z].  The pe r cen tage  d i s t r i b u t i o n  of t h e  t o t a l  m i l e s  t r a v e l e d  by gaso- 

1  i ne t a n k e r s  on each roadway t y p e  i s  shown i n  Tab1 e  6 .1  . 
The "u rban  roads "  c a t e g o r y  i n  Tab le  6.1 i n c l u d e s  t h e  m i l eage  

t r a v e l e d  on b o t h  u rban  highways and c i t y  s t r e e t s .  S i m i l a r l y ,  t h e  " r u r a l  

roads"  c a t e g o r y  i n c l u d e s  r u r a l  highways as w e l l  as coun t y  roads .  D i s -  

t i n c t i o n s  between t h e s e  r oad  t ypes  a r e  needed, however, i n  o r d e r  t o  make 





Tab le  6.1 

Road Type 

Urban Freeways 

Urban Roads 

Ru ra l  Freeways 

Ru ra l  Roads 

% o f  M i l eage  

28.3 

13.3 

29.2 

29.2 

T o t a l  100.0 

use o f  e x i s t i n g  a c c i d e n t  r a t e  d a t a .  L a c k i n g  a  base o f  d a t a  b r e a k i n g  

down t h e  " r o a d "  c a t e g o r i e s  i n t o  "h ighway"  and " c i t y  s t r e e t "  o r  " coun t y  

r oad "  components, i t  was assumed t h a t  40 p e r c e n t  o f  t h e  t a n k e r  m i l e a g e  

t r a v e l e d  on "u rban  r o a d s "  i s  on highways and 60 p e r c e n t  i s  on c i t y  

s t r e e t s .  O f  t h e  m i l e a g e  t r a v e l e d  on " r u r a l  roads , "  i t  i s  l i k e w i s e  

assumed t h a t  60 p e r c e n t  i s  on r u r a l  highways and 40 p e r c e n t  i s  on 

coun t y  roads .  Upon i n c o r p o r a t i n g  t h e  above assumpt ions,  we o b t a i n  t h e  

d i s t r i b u t i o n  o f  m i l e a g e  t r a v e l e d  by g a s o l i n e  t a n k e r s  i n  M i ch i gan  as 

shown i n  T a b l e  6 .2 .  

Road Type 

Urban Freeways 

Urban Highways 

C i t y  S t r e e t s  

Ru ra l  Freeways 

Rura l  Highways 

County Roads 

Tab le  6.2 

?L o f  M i l eage  



The Distr ibut ion of Overall Accident Rate by Type of Roadway 

The r a t e  a t  which vehicles a r e  involved in accidents i s  s ens i t i ve  

t o  the type of roadways on which they t r a v e l .  For example, because of 

the fewer t r a f f i c  con f l i c t s  t h a t  occur on freeways, accident r a t e s  a re  

lower on freeways than on the other roadway types. Accident r a t e  d a t a  
published by the Michigan S ta t e  Police [12] a r e  shown in Table 6.3 fo r  

the years 1974-78. The accident r a t e s  a r e  in the uni t s  of accidents /  

million vehicle miles. The d a t a  used t o  generate the accident r a t e s  

shown in Table 6.3 contain accidents involving a l l  vehicle types,  a 
very la rge  portion of which a r e  passenger cars .  

Table 6.3 

Type of Road 1974 1975 1976 1977 1978 Average 

Freeway 1.427 1.432 1.36 1.492 1.536 1.45 

US & Michigan Highways 4.447 4.288 5.342 5.038 5.713 5.00 

City S t r ee t s  & County Roads 8.438 8.872 8.352 8.141 7.427 8.25 

The overall  accident involvement r a t e  of trucks involved in 

petroleum transportat ion can be estimated from the annually published 

"Accident Facts" [13] of the National Safety Council (NSC). From 1976 

t o  1979, a sampling of some 40 t o  61 petroleum transport  f l e e t s  ( t h e  

number of par t ic ipa t ing  f l e e t s  varied from year t o  year )  showed aggre- 

gate  accident r a t e s  which averaged 5.25 accidents per mil 1 ion vehicle 

miles. Over the same years of report ing,  the passenger car  r a t e  averaged 

6.15 accidents per million vehicle miles. Thus, i t  was determined tha t  

the accident r a t e s  of petroleum d i s t r i bu t ion  f l e e t s  could be conserva- 

t i v e l y  estimated by using the lumped, passenger-car dominated, overall  

r a t e s  such as were l i s t e d  in Table 6 . 3  from S ta t e  Police f i l e s .  



6.4 The D i s t r i b u t i o n  o f  Acc i den t s ,  by Type o f  Impac t ,  f o r  Each Type 
o f  Roadway 

The expec ted  number, N, of  g a s o l i n e  t a n k e r  a c c i d e n t s  o f  a  g i v e n  

c o l l i s i o n  t ype ,  A ,  wh ich  occu r  on a  g i v e n  roadway t y p e ,  R, can be 

de te rmined  f r om  t h e  f o l  l o w i n g  e q u a t i o n :  

where: 

L = t o t a l  number o f  l oaded  v e h i c l e  m i l e s  ( i n  m i l l i o n s )  

t r d v e l e d  by  t h e  gas01 i n e  t a n k e r  f l e e t  i n  one y e a r  

( S e c t i o n  6.1 ) 

FR = f r a c t i o n  o f  t h e  t o t a l  t r a v e l  t h a t  i s  done on roadway 

t y p e  R ( S e c t i o n  6 .2 )  

AR = a c c i d e n t  r a t e ,  i n  u n i t s  o f  a c c i d e n t s i r n i l  1  i o n  v e h i c l e  

m i l e s ,  on roadway t y p e  R ( S e c t i o n  6 .3 )  

FA = f r a c t i o n  o f  t h e  t o t a l  a c c i d e n t s  t h a t  occu r  on roadway 

t y p e  R wh ich  a r e  o f  t h e  c o l l i s i o n  t y p e  A  ( S e c t i o n  3 .3 )  

For  example, i f  we want t o  de te rm ine  t h e  number of s i n g l e - v e h i c l e  

a c c i d e n t s  t h a t  can be expected t o  occu r  on r u r a l  highways f o r  a  t o t a l  

g a s o l i n e  t a n k e r  exposure,  L ,  o f  one m i l l i o n  v e h i c l e  m i l e s ,  i t  can be 

computed as f o l l  ows. 

We know t h a t  

FR = .29 (Tab le  6 .2 )  

A R  = 1.45 a c c / m i l l i o n  v e h i c l e  m i l e s  ( T a b l e  6 . 3 )  

iA = 0.402 ( S e c t i o n  3 .3 )  

The re fo re ,  - -  NR 'A  I - ,169 
L 

The expec ted  number of a c c i d e n t s  f o r  each o f  t h e  s i x  roadway con- 

d i t i o n s  and each o f  t h e  s i x  a c c i d e n t  t,ypes a r e  l i s t e d  i n  Tab le  6 . 4  f o r  

a  g a s o l i n e  t a n k e r  exposure o f  one m i l l i o n  v e h i c l e  m i l e s .  





Tab le  6 .4  i n d i c a t e s  t h a t  g a s o l i n e  t a n k e r s  i n  M i ch i gan  can be 

expected t o  have an aggrega te  a c c i d e n t  r a t e  o f  3.594 a c c i d e n t s / m i  11 i o n  

v e h i c l e  m i l e s  of exposure.  O f  t h e  v a r i o u s  t ypes  o f  a c c i d e n t s ,  t h e  

l a r g e s t  percen tage  (37 p e r c e n t )  can be expec ted  t o  be r ea r -end  c o l l i -  

s i o n s ,  f o l l o w e d  by s i n g l e - v e h i c l e  a c c i d e n t s  wh ich  accoun t  f o r  abou t  26 

p e r c e n t  o f  a l l  a c c i d e n t s .  A lmos t  h a l f  o f  a l l  t h e  a c c i d e n t s  can be 

expected t o  happen on r u r a l  highways and coun t y  roads .  

The d a t a  i n  Tab le  6 . 4  w i l l  be used i n  t h e  u l t i m a t e  d e t e r m i n a t i o n  

o f  t a n k e r  r i s k  o n l y  as r ega rds  t h e  i n c i d e n c e  o f  s i n g l e - v e h i c l e  a c c i d e n t s  

t h a t  a r e  shown i n  t h e  t a b l e .  S i n g l e - v e h i c l e  a c c i d e n t s  become t h e  f oca l  

i n t e r e s t  because, as w i l l  be shown below, r o l l o v e r  i s  p r e d o m i n a n t l y  a  

s i n g l e - v e h i c l e  a c c i d e n t  problem--and r o l l o v e r  c o n s t i t u t e s  t h e  p r i m a r y  

r i s k  s c e n a r i o  f o r  t a n k e r s  c a r r y i n g  f lammable 1  i q u i d s .  

6.5 The I n c i d e n c e  o f  R o l l o v e r  O c c u r r i n g  as a  R e s u l t  o f  Var ious  Types 
o f  Acc i den t s  

One can a p p r e c i a t e ,  even on an i n t u i t i v e  b a s i s ,  t h a t  t h e  l i k e l i -  

hood of r o l l o v e r  i s  n o t  t h e  same f o r  a l l  t y p e s  o f  a c c i d e n t s .  For  

example, a  g a s o l i n e  t a n k e r  i s  l e s s  l i k e l y  t o  r o l l  o v e r  as a  r e s u l t  o f  

an a c c i d e n t  i n  wh ich  i t  i s  h i t  f r om  t h e  r e a r  by a  passenger c a r ,  as 

compared t o  an a c c i d e n t  i n  wh i ch  t h e  v e h i c l e  r uns  o f f  t h e  roadway. 

Three sources  o f  a c c i d e n t  d a t a  were i n v e s t i g a t e d  w i t h  t h e  a im o f  

q u a n t i f y i n g  t h e  e x t e n t  t o  wh ich  s i n g l e - v e h i c l  e  a c c i d e n t s  a r e  r e s p o n s i b l e  

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

( 1 )  M i ch i gan  S t a t e  F i r e  M a r s h a l l  d a t a  f o r  t h e  y e a r s  1978 and 1979; 

( 2 )  FARS d a t a  f o r  t h e  y e a r s  1978 and 1979; and ( 3 )  t r a c t o r / s e m i t r a i l e r  

a c c i d e n t s  i n  t h e  U n i t e d  Kingdom f o r  t h e  p e r i o d  1971-73. 

S t a t e  F i r e  M a r s h a l l  Data:  The M i ch i gan  S t a t e  F i r e  M a r s h a l l  d a t a  

has been d e s c r i b e d  i n  S e c t i o n  3 .1 .  Of t h e  27 g a s o l i n e  t a n k e r  o v e r t u r n s  

analyzed,  22 ( o r  81 p e r c e n t )  were found t o  be t h e  r e s u l t  o f  s i n g l e -  

v e h i c l e  a c c i d e n t s .  D e s p i t e  t h e  f a c t  t h a t  c o l l  i s i o n  a c c i d e n t s  c o n t r i b u t e  

a  l a r g e  p o r t i o n  o f  t h e  t o t a l  a c c i d e n t s  t h a t  occur  each y e a r ,  t hey  accoun t  

f o r  o n l y  5  ( o r  19 p e r c e n t )  o f  t h e  gas01 i n e  t a n k e r  r o l  l o v e r s .  



Since the size of the data set is small, however, the percentage 

figures given above can only be taken as a rough estimate of the frac- 

tion of rollovers that result from single-vehicle and collision-type 

accidents. 

FARS accident data : FARS (Fatal Accident Reporting System) con- 

stitutes a computerized file of accident data, maintained by the 

National Highway Traffic Safety Administration (NHTSA) and contains 

information on fatal motor vehicle traffic accidents occurring in the 

U.S. Accidents involving truck-tractors pull ing semi trailers were 
extracted from this data set. The examined data were restricted to only 
those accidents which resulted in the fatality of a truck occupant. The 
data showed that, in 1978, there were 486 rollovers which resulted in 

a fatality to the truck occupant and in 1979 there were 533 such roll- 

overs. The rollover data is shown broken down into single-vehicle and 

collision rollovers i n  Table 6.5. We see that the FARS data confirm 

Table 6.5 

No. Z No. % 

Single-Vehicle Rol lover 391 80 437 82 

Col 1 i sion Roll over 95 20 96 18 

Total 486 100 533 100 

the finding obtained from the State Fire Marshall data; namely, that 

80 percent of the rollovers are due to single-vehicle accidents, while 
accidents which involve a collision with another vehicle account for 

only 20 percent of the rollovers. 

Tractor/semitrail er accidents in the U. K. : Fatal and injury- 

producing accidents occurring in the United Kingdom were analyzed by 

the Transport and Road Research Laboratory (TRRL) of the United Kingdom. 
Results of the analysis of accidents which involve articulated vehicles 

were reported in Reference [14]. Table 6.6 shows the rollover involve- 
ment of articulated vehicles for the years 1971-73. 



Tab le  6.6 

1 1971 1972 1973 T o t a l  Pe rcen t  

S i n g l e - V e h i c l e  A c c i d e n t s  1 186 166 2  08 560 7 7 

C o l l  i s i o n  A c c i d e n t s  62 44 160 2  3 

From t h e  pe r cen tape  d i s t r i b u t i o n s  seen i n  t h e  r i g h t - h a n d  column, 

we conc lude  t h a t  t h e  U. K. da ta ,  as w e l l  as t h a t  d e r i v i n g  f r o m  t h e  two 

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

semi t r a i l e r  r o l  l o v e r s  a r e  p r i m a r i l y  a  s i n g l e - v e h i c l e  a c c i d e n t  phenomenon. 

I n  t h e  c a l c u l a t i o n s  t h a t  f o l l o w ,  we have t h e r e f o r e  assumed t h a t  80 

p e r c e n t  o f  t h e  g a s o l i n e  t a n k e r  o v e r t u r n s  occu r  as a  r e s u l t  o f  s i n g l e -  

v e h i c l e  a c c i d e n t s  w h i l e  t h e  r ema in i ng  20 p e r c e n t  a r e  due t o  a c c i d e n t s  

wh ich  i n v o l v e  a  c o l l i s i o n  w i t h  a n o t h e r  v e h i c l e .  

F i n a l  P r e d i c t i o n  o f  R o l l o v e r  R i sks  

The expec ted  number o f  gas01 i ne t a n k e r  r o l l  o ve r s  wh ich  wou ld  

r e s u l t  f r o m  t h e  a d o p t i o n  o f  a  p a r t i c u l a r  t a n k e r  des i gn  i n  M i ch i gan  i s  

i n f l u e n c e d  by ( 1 )  t h e  r o l l o v e r  t h r e s h o l d  of t h e  v e h i c l e  and ( 2 )  t h e  

pay load  c a p a c i t y  o f  t h e  v e h i c l e .  

An e s t i m a t e  o f  t h e  number o f  r o l l o v e r s ,  N ,  t h a t  can be expec ted  

t o  happen i n  a  y e a r ,  g i v e n  t h e  e x c l u s i v e  use o f  each o f  t h e  c a n d i d a t e  

v e h i c l e s ,  can be de te rmined  f r om  t h e  f o l l o w i n g  e q u a t i o n :  

where 

i s  t h e  exposure a s s o c i a t e d  w i t h  a  v e h i c l e  o f  pay l oad  

volume, v  ( m i l l i o n s  of v e h i c l e  m i l e s )  

S\I i s  t h e  s i n g l e - v e h i c l e  a c c i d e n t  r a t e  ( a c c i d e n t s /  

m i l l i o n  v e h i c l e  m i l e s )  



Pcol , is the collision accident rate for a collision 
I of type i (accidents/mill ion vehicle mi 1 es) 

'RISV is probabil ity of rol lover in a single-vehicle 

accident 

P~/coi is probabil ity of rollover in a coll ision of type i 

If the steady turning roll over threshold of a candidate vehicle 

is known, the probability of a rollover in a single-vehicle accident 

(PRISV) can be determined from the rollover threshold/rollover involve- 

ment relationship which was established using the BMCS accident data 
in Section 3.2. The influence of rollover threshold on the probability 

of rol lover during accidents which involve a coll ision with other 

vehicles (PR/col ) cannot be determined from existing data. Neverthe- 
i 

less, the analysis in Section 6.5 has revealed that single-vehicle 

accidents account for approximately 80 percent of all tractor-semitrailer 

rollovers that take place each year. Therefore, an estimate of the 

total number of rollovers to be expected in one year has been derived 
using a modified form of Equation (2), as shown below: 

where PSv = 10 
x - constitutes a pseudo-single-vehicle accident rate %V 8 

that accounts for the collision accidents term, Pcol that appeared in 

Equation (29). 
i 

From Table 6.4, we know that pSv = 0.9285 accidents/mill ion 

vehicle miles. Therefore 

Psv = .9285 x g- = 1.1606 acc/million vehicle miles 



Hence, Equation ( 3 )  can now be used fo r  computing the expected 

number of gasoline tanker rol lovers  which would occur per year as the 

r e su l t  of a hypothetically exclusive usage of each of the candidate 

vehicle configurations.  Listed in Tables 6.7 and 6.8 a r e  the payload 

capacity,  exposure, rol lover  threshold, probabili ty of rol lover  in a 

single-vehicle accident,  expected number of accidents per year and the 

expected number of rol lovers  per year for  each of the examined t r ac to r -  

semi t r a i l e r  and TSS combinations, respect ively.  The expected number of 

rol lovers  per year a re  plotted as a function of vehicle payload volume 

in Figure 6 . 2 .  The expected number of rol lovers  fo r  a conventional 

8,800-gal lon tanker,  which meets the MC306 spec i f ica t ions ,  i s  a l so  shown 

superimposed on t h i s  f igure .  

The four recommended vehicles a re  seen t o  range, in predicted 

number of rol lovers  per year ,  from 4.06 t o  4.45, while the reference 

MC306 tanker shows a value of 8.608, i . e . ,  approximately twice as high a 

to ta l  incidence of rol lover.  

The to ta l  projection of 8.6 rollovers/year with a f l e e t  of con- 

ventional MC306 tankers can be compared with Michigan's actual experi- 

ence of 15 gasoline tanker rol lovers  in 1978 and 1 2  in 1979. The f l e e t  

in 1978 was comprised largely of doubles which accounted for  two-thirds 

of the rol lovers .  In 1979, a much greater  f rac t ion  of the f l e e t  was of 

the s ingle- t ra i  l e r  configuration, such tha t  s ingles  accounted fo r  three- 

fourths of the rol lovers .  Given tha t  many of the s ingles  running in 

Michigan in 1979 were of the same nominal capacity as the typical MC306 

tankers,  b u t  w i t h  higher centers of grav i ty ,  a projection of 8.6 appears 

t o  be in reasonable harmony w i t h  the actual rollover frequencies recently 

experienced. Moreover, the absolute r a t e  a t  which rol lovers w i  1 1  occur 

i s  not so s igni f icant  to  the evaluation of the recommended tanker con- 

f igurat ions as i s  the r e l a t i ve  r i sk  posed by the recommended vehicles 

versus the typical MC306 var ie ty .  

Final ly ,  shown in Figure 6 .3  i s  a plot of the simple hyperbolic 

relat ionship exis t ing between the annual number of accidents of a l l  kinds 
which would be encountered as a function of tank payload volume. We see 
tha t  the larger  volume tank vehicles of fe r  large reductions in overall 
accident involvement simply by the reduction in vehicle-miles of exposure. 
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7.0 INCREMENT I N  RISK DERIVING FROM SLOSH 

A1 though s l o s h  has a  n e g a t i v e  e f f e c t  on t h e  t a n k e r  r o l l  o v e r  1  i m i  t s  , 
t h e  a p p r o p r i a t e n e s s  o f  any countermeasures i s  b e s t  judged  on t h e  b a s i s  

o f  i t s  e f f e c t  on a c c i d e n t  s t a t i s t i c s .  Fo r  example, s i m p l y  o u t l a w i n g  

p a r t i a l  compartment l o a d i n g  c o u l d  r e s u l t  i n  more v e h i c l e  exposure as 

t h e  a v a i l a b l e  compartments would have t o  be used more s e l e c t i v e l y .  A l t e r -  

n a t i v e l y ,  more c o m p a r t m e n t a l i z a t i o n  o r  b a f f e l i n g  would be r e q u i r e d  a t  

t h e  expense o f  a d d i t i o n a l  c o m p l e x i t y  and h i g h e r  i n i t i a l  c o s t s .  There- 

f o r e ,  an a n a l y s i s  o f  t h e  expec ted  a c c i d e n t  expe r i ence  was per fo rmed.  

The purpose o f  t h e  a n a l y s i s  was t o  e s t i m a t e  t h e  i n c r e a s e  i n  r o l l o v e r  

a c c i d e n t s  expec ted  i f  s l o s h  l o a d i n g  i s  a l l o w e d  w i t h  t h e  new t a n k e r  de- 

s i g n s .  A t h r e e - s t e p  method was employed: 

1. D e t e r m i n a t i o n  o f  r e p r e s e n t a t i v e  l o a d i n g  p a t t e r n s  w i t h  

M i ch i gan  gas01 i n e  t a n k e r s  today .  

2.  A p p l i c a t i o n  o f  t h a t  p a t t e r n  t o  a  t y p i c a l  new c o n f i g u r a -  

t i o n  t a n k e r  t o  de te rm ine  t h e  n e t  e f f e c t  on r o l l o v e r  

l i m i t s .  

3. E s t i m a t i n g  t h e  d i f f e r e n c e  i n  f r equency  o f  r o l l o v e r  

a c c i d e n t s  wh i ch  would occu r  if s l o s h  load in^ were p e r -  

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

7 .1  Gaso l i ne  Load ing  P a t t e r n s  

The f i e l d  su r vey  o f  t a n k e r  o p e r a t i o n s  i n  t h e  S t a t e  o f  M i ch i gan  

per fo rmed i n  t h e  p r e v i o u s  s t u d y  [ 2 ]  documented 208 t a n k e r  t r i p s  hau l  i n ?  

~ a s o l i n e ,  o f  wh ich  38 i n v o l v e d  l oads  s a t i s f y i n g  t h e  " s l o s h  c r i t e r i o n "  

as a  r e s u l t  o f  f l u i d  occupy ing  between 20 and 80 p e r c e n t  o f  t h e  compar t -  

ment volume w i t h i n  one o r  more compartments.  These t r i p s  i n v o l v i n q  

s l o s h i n g  l oads  r ep resen ted  775 m i l e s  o u t  o f  a  t o t a l  o f  5400 m i l e s  o f  

g a s o l i n e  hau lage  r e p o r t e d  i n  t h e  su r vey .  Hence i t  i s  i n f e r r e d  t h a t  13 

p e r c e n t  o f  t h e  g a s o l i n e  h a u l i n g  m i l eage  occu rs  under  t h e  d e f i n e d  s l o s h i n q  

c o n d i t i o n .  



The l o a d i n g  p a t t e r n  f o r  each t r i p  i n v o l v i n g  s l o s h  was ana lyzed 

t o  de termine t h e  l o a d  as a  percentage o f  t h e  t o t a l  c a p a c i t y ,  and t h e  

percentage o f  t h e  compartments i n  t h e  f i l l  range o f  20 t o  80 pe rcen t .  

The l o a d  c a r r i e d  on s l o s h  t r i p s  ranged f rom 34 t o  99 pe rcen t  o f  c a p a c i t y  

(4,000 t o  15,000 g a l l o n s ) .  The percentage o f  l o a d  t h a t  was f r e e  t o  s l o s h  

ranged f rom as l i t t l e  as 6 pe rcen t  o f  t h e  f l u i d  i n  t h e  t a n k  (700 

g a l l o n s )  t o  100 pe rcen t  (7,500 g a l l o n s ) .  

7.2 E f f e c t  on R o l l o v e r  Thresho ld  

The s p e c i f i c  e f f e c t  o f  a  s l o s h  l o a d  on r o l l o v e r  t h r e s h o l d  i s  depen- 

dent  on t h e  v e h i c l e  and t h e  maneuver. Hence i t  i s  o n l y  p o s s i b l e  t o  

e s t i m a t e  t h e  r e 1  a t i v e  s i g n i f i c a n c e  o f  t hese  o p e r a t i n g  c o n d i t i o n s  f o r  

g i v e n  v e h i c l e s .  S ince  t h e  purpose o f  t h i s  a n a l y s i s  i s  t o  assess t h e  

impor tance o f  t h e  s l o s h  problem w i t h  t h e  f u t u r e  t a n k e r  c o n f i g u r a t i o n s ,  

t h e  13,200-gal 1  on t a n k e r  has been used. Though o t h e r  t a n k e r  c o n f i g u r a -  

t i o n s  have been recommended a1 so, a1 1  have s i m i l a r  r o l l  ove r  t h r e s h o l d s  

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

would be q u i t e  1  i k e  t h a t  de termined f o r  t h e  13 ,200-ga l lon  v e h i c l e .  

The t y p e  o f  maneuver used i n  t h e  assessment must a l s o  be d u l y  

cons idered.  A l i q u i d  t a n k e r  can be c h a r a c t e r i z e d  by t h r e e  t ypes  o f  r o l l -  

over  t h r e s h o l d ,  as d iscussed e a r l i e r  i n  S e c t i o n  4.3.1, namely: 

1  ) The s t e a d y - s t a t e  c o r n e r i n g  1  i m i  t, 

2 )  t h e  s t e p - s t e e r  c o r n e r i n g  l i m i t  where t h e  " l i q u i d "  

pendulum i s  assumed t o  overshoot  i t s  f i n a l  ( s teady -  

s t a t e )  p o s i t i o n  by a  f a c t o r  o f  two, and 

3 )  t h e  t r a n s i e n t  ( lane-change) maneuver l i m i t  where t h e  

l i q u i d  moves f i r s t  one way and then  t h e  o t h e r  w i t h  a  

s e v e r i t y  t h a t  depends upon t h e  nominal p e r i o d  of t h e  

r e v e r s i n g  mot ion .  

Much of t h e  r i s k  a n a l y s i s  i n  t h i s  s tudy  has been b u i l t  on t h e  observed 

r e l a t i o n s h i p  between t h e  f requency  o f  r o l l o v e r  i n  s i n g l e - v e h i c l e  a c c i -  

dents  and t h e  measure o f  s t e a d y - s t a t e  r o l l  ove r  t h r e s h o l d .  A p r e d i c t i o n  

o f  r i s k  based upon t h e  s t e a d y - s t a t e  r o l l o v e r  l i m i t  o f  t anke rs  hav inq  



unrestrained liquids, however, would fail to reflect fully the dynamics 

peculiar to these vehicles. On the other hand, a prediction of risk 

based upon 1 ane-change performance 1 imi ts would appear unreal i sti c 

because of its dependence on fluid resonance in the maneuver. Accordingly, 

the step-steer rollover 1 imits, seen previously in Figure 4.55, were 

selected as a suitably conservative basis for estimating the relative 

effect of sloshing loads on the aggregate risk of transporting gasoline. 

Each of the 38 load patterns identified previously as satisfying 

the slosh criteria were evaluated using figure 4.55, at the applicable 

percentages of total load, to determine the estimated rollover limit for 

each of two cases; namely, 

1 ) with slosh - the limit was determined based on the actual 
percentage of the compartmental capacity that was loaded 

in a slosh condition, and 

2) without slosh - the limit was determined for the same 
total load percentage at the zero slosh line. 

The first case represents the typical performance limit that would 

be obtained if no slosh countermeasures were employed and a comparable 

loading practice was used with the future tanker configuration. The 

second case reflects the improvement in rollover limit that would accrue 

from eliminating the slosh condition by means of some mechanical counter- 

measure. By averaging over all the load patterns, then, an estimate of 

the average rollover limits with and without slosh is obtained. 

With slosh, an average rollover threshold of 0.374 g's was obtained 

(with values ranging from 0.295 to 0.43 g's). Considering that the fully 
loaded vehicle has a rollover threshold of 0.393 g's, it is evident that 

the average slosh-loaded vehicle is actually worse than a fully loaded 

vehicle. 

Without slosh, an average rollover threshold of 0.424 g's was 

obtained (with values ranging from 0.396 to 0.501 g's). This higher 
threshold reflects an improvement in vehicle performance obtained at 

partial loading when slosh is avoided. 



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

mode w i t h  more a c c i d e n t  exposure  p e r  g a l l o n - m i l e  o f  f u e l  movement, 

o p e r a t i o n  w i t h o u t  s l o s h  compensates t o  some e x t e n t  by  c a p i t a l i z i n g  on 

t h e  improved  per fo rmance  p o s s i b l e  a t  l i g h t e r  l o a d s .  On t h e  o t h e r  hand, 

o p e r a t i o n  w i t h  s l o s h  n o t  o n l y  i n c r e a s e s  exposure ,  b u t  does so w i t h  a  

v e h i c l e  compromised by a  l o w e r  per fo rmance  capab i  1  i t y .  

7 .3  E s t i m a t e d  Rol  l o v e r  A c c i d e n t  Frequency 

The degree  o f  s i g n i f i c a n c e  t h a t  can be a p p l i e d  t o  t h e  above r e s u l t s  

i s  b e s t  j udged  by e s t i m a t i n g  t h e  impac t  o f  t h e  s l o s h  c o n d i t i o n  on a c c i -  

d e n t  f r equency .  I t  i s  assumed h e r e  t h a t  s l o s h ,  i n  i t s e l f ,  i s  n o t  an 

a c c i d e n t  c a u s a t i v e  f a c t o r  excep t  as an i n f l u e n c e  on r o l l o v e r .  T h a t  i s ,  

we assume t h a t  t h e  p resence  o f  u n r e s t r a i n e d  1  i q u i d  i n  t h e  t a n k e r  does 

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

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

s i t u a t i o n s .  

The reduced  r o l l o v e r  t h r e s h o l d s  c i t e d  above as a p p l y i n g  t o  s l o s h -  

l oaded  cases can be t r a n s l a t e d  i n t o  ~ e a n i n g f u l  e s t i m a t e s  o f  a c c i d e n t  f r e -  

quency on t h e  b a s i s  o f  t h e  r e l a t i o n s h i p ,  deve loped  i n  S e c t i o n  3.2,  between 

r o l l o v e r  f r e q u e n c y  i n  s i n g l e - v e h i c l e  a c c i d e n t s  and t h e  e s t i m a t e d  r o l l -  

o v e r  t h r e s h o l d .  

U s i n g  t h e  p r e v i o u s l y - d e s c r i  bed s u r v e y  d a t a ,  w i t h  13 p e r c e n t  o f  

t a n k e r  m i l e a g e  acc rued  w i t h  a  p a r t i a l  l o a d ,  t h e  o v e r a l l  e q u a t i o n  ( 3 0 )  

f o r  p r e d i c t i o n  o f  r o l l o v e r  r i s k  can be w r i t t e n  as :  

* T h i s  assumpt ion  i s  a  l i t t l e  weak i n  t h a t  d r i v e r s  may be l e s s  
w i l l i n g  t o  t a k e  e f f e c t i v e  e v a s i v e  a c t i o n  w i t h  a  s l o s h i n g  l o a d .  Never-  
t h e l e s s ,  no d a t a  e x i s t s  by wh i ch  t o  e s t i m a t e  t h i s  e f f e c t .  



Psv = single-vehicle accident rate (acc./mile) 

'RP/SV = probability of rollover in a single-vehicle 

accident for the partially loaded vehicle 

= .41 for partially loaded vehicles with slosh 

(rollover limit = 0.374 g's) 
= ,285 for partially loaded vehicles without 

slosh (rollover limit = 0.424 g's) 

P ~ / s v  = probability of rollover in a single-vehicle 

accident for the ful ly loaded vehicle (rollover 

limit = 0.393) 

= ,362 

L = load miles traveled by a complete fleet of 

13,200-gallon tankers 

= 9,670,000 miles 

Using the above relationships, the total annual number of roll- 

overs occurring with slosh loading permitted would be calculated as: 

N = 4.13 rol loverslyear 

If the slosh condition is prevented by means of a totally effective 

countermeasure, the total annual number of rollovers would be 

N = 3.95 rol loverslyear 

Hence, the effect of slosh loading would be to increase accident 

frequency by .18 rolloverslyear, or roughly, one rollover every 5 years. 

This influence has been deemed sufficiently small from the viewpoint of 

overall accident production that no countermeasure has been recommended 

for inclusion in Michigan legislation. Nevertheless, certain other con- 

cluding remarks are in order. It is important that tank transport 
operators and dispatchers understand that dramatically increased risks 

accompany the operation of individual vehicles having significant amounts 



of slosh loading, as outlined previously. In the worst cases, such as 

when the tank is half full and all compartments are involved in the 

partial-fill condition, any fairly rapid steering motion or run-off-road 

event is highly likely to produce a rollover. Thus, while various prac- 
tical considerat ions argue strongly against recommending a regulation to 

prevent the slosh problem, it should not be construed that the authors 

see the slosh issue as "no problem." 



8.0 CONSIDERATIONS RELATED TO THE TILT-TABLE REQUIREMENT 

T i l t - t a b l e  f a c i l i t i e s  have been employed f o r  measurement o f  

v e h i c l e  r o l l o v e r  s t a b i l i t y  l e v e l s  i n  Germany [6 ] ,  England [14],  and 

Sweden [ I S ] .  The r o l l o v e r  s t a b i l i t y  o f  E n g l i s h  buses has been r e g u l a t e d  

by means o f  t i l t - t a b l e  t e s t s  f o r  a  number o f  y e a r s  and t h e  development 

o f  such r e g u l a t i o n s  has been proposed i n  b o t h  Sweden and A u s t r a l i a  [16].  

The t i  1  t - t a b 1  e  approach t o  assess i ng  t h e  compl i a n c e  o f  Advanced M i ch i gan  

Tankers has been chosen as t h e  s i m p l e s t  means o f  s p e c i f y i n g  per formance 

w i t h o u t  undu l y  c o n s t r a i n i n g  t h e  d e t a i l s  o f  v e h i c l e  des i gn .  I n  t h i s  

s e c t i o n ,  t h e  t i l t - t a b l e  t e s t ,  i t s e l f ,  w i l l  be d i s cussed ,  as w i l l  t h e  

c o n s i d e r a t i o n s  wh i ch  l e d  t o  t h e  s p e c i f i e d  t i l t - t a b l e  ang les  t h a t  a r e  

recommended f o r  r e g u l a t i o n .  

The T i 1  t - T a b l e  Tes t  

When a  v e h i c l e  i s  c o r n e r i n g  a t  i t s  r o l l o v e r  l i m i t  on a  f l a t ,  

h o r i z o n t a l  s u r f a c e ,  i t  expe r i ences  t h e  nominal  t i r e  and c e n t r i p e t a l  

f o r c e  l o a d i n g s  diagrammed i n  F i g u r e  8.1.  By c o n t r a s t ,  a  v e h i c l e  sub- 

j e c t e d  t o  a  t i 1  t - t a b l e  exper iment  expe r i ences  a  somewhat d i f f e r e n t  s e t  

o f  l oads ,  as shown i n  F i p u r e  8 .2 .  

As shown, a  h i g h e r  r e s u l t a n t  f o r c e  a t  t h e  t i r e - r o a d  i n t e r f a c e  i s  

ach ieved  w i t h  t h e  v e h i c l e  i n  an a c t u a l  c o r n e r i n a  maneuver t h a n  w i t h  t h e  

v e h i c l e  on t h e  t i l t - t a b l e .  A l so ,  a  h i g h e r  n e t  l o a d i n g  o f  t h e  v e h i c l e ' s  

suspens ion  i s  expe r i enced  i n  t h e  a c t u a l  c o r n e r i n g  case s i n c e  t h e  f u l l  

we igh t  o f  t h e  v e h i c l e  i s  s t i l l  b e i n g  suppor ted  a l o n g  t h e  nominal  l i n e  o f  

a c t i o n  o f  t h e  suspens ion  s p r i n g s .  Computer s i m u l a t i o n  o f  b o t h  t h e  

c o r n e r i n g  and t i  1 t - t a b l e  cases, however,  has e s t a b l i s h e d  t h a t ,  f o r  a  

heavy v e h i c l e  such as t h e  t a n k e r s  s t u d i e d  here ,  t h e  t i 1  t - t a b l e - d e r i v e d  

r o l l o v e r  t h r e s h o l d  i s  a p p r o x i m a t e l y  2 p e r c e n t  h i g h e r  t h a n  t h e  r o l  l o v e r  

t h r e s h o l d  wh ich  i s  found from a  s t eady  c o r n e r i n g  maneuver. Thus, w i t h  

t h e  e x c e l l e n t  agreement ach ieved  between computed t i l t - t a b l e  r e s u l t s  and 

r e p o r t e d  t i 1  t - t a b l e  t e s t s  (see  S e c t i o n  4 . 1 . 3 ) ,  t h e  compu te r -de r i ved  

t i l t  a n g l e  l i m i t s  a r e  seen as a  sound b a s i s  f o r  s p e c i f y i n g  t h e  r o l l o v e r  

t h r e s h o l d s  of t h e  recommended t a n k e r s .  



Figure 8.1.  Loads  experienced during cornering. 

F i g u r e  8 . 2 .  Loads experienced on a t i1  t - t ab ie  arrangement. 



An a c t u a l  d e v i c e  f o r  conduc t i ng  t h e  l i m i t  t i l t  ang le  measurement 

can be c o n s t r u c t e d  i n  a  number of ways. Among t h e  Enql i s h ,  German, and 

Swedish f a c i l i t i e s  a r e  h y d r a u l i c  and mechanica l  j a c k i n g  mechanisms which 

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

beams, w i t h  one under  each a x l e ,  o r  a  s i n g l e  heavy t a b l e  l o n g  enough t o  

accommodate t h e  e n t i r e  v e h i c l e .  The e x i s t i n g  dev i ces  have been o f  b o t h  

t h e  f i x e d  and p o r t a b l e  v a r i e t y .  

Regard less  o f  t h e  s p e c i f i c s  o f  t a b l e  des i pn ,  t h e r e  a r e  a t  l e a s t  

f i v e  f e a t u r e s  wh ich  a  t i l t - t a b l e  f a c i l i t y  must p r o v i d e ;  namely,  

1.  A  s t r u c t u r e  capab le  o f  s u p p o r t i n g  t h e  v e h i c l e  w i t h o u t  

i n t r o d u c i n g  t i 1  t ang le  d i f f e r e n c e s  exceed ing  - + 0.1 devree  

f r o m  a x l e  t o  a x l e .  

2 .  A  s i n g l e  h i n g e  about  wh ich  t h e  t a b l e  p i v o t s .  

3. A c t u a t i o n  e lements capab le  o f  r o t a t i n a  t h e  t a b l e  t h rough  

t h e  t i l t  ang les  o f  i n t e r e s t .  

4. A  means f o r  measur ing t i l t  ang le .  

5 .  A mechanism f o r  t e t h e r i n g  t h e  v e h i c l e  so t h a t ,  upon 

f i n d i n g  t h e  r o l l o v e r  t h r e s h o l d ,  t h e  v e h i c l e ' s  ensu ing  

r o l l  m o t i o n  i s  r e s t r a i n e d .  

The t i l t  ang le  t e s t  i s  conduc ted  w i t h  t h e  v e h i c l e  f u l l y  loaded.  I n s o f a r  

as a  g a s o l i n e  l o a d  would pose unnecessary r i s k s  f o r  such exper iments ,  

i t  i s  presumed t h a t  t h e  p r e f e r r e d  f l u i d  would be S t o d d a r d ' s  s o l v e n t ,  a  

l i q u i d  hav i ng  v e r y  n e a r l y  t h e  same d e n s i t y  as g a s o l i n e ,  b u t  c h a r a c t e r i z e d  

by a  f l a s h - p o i n t  wh ich  i s  w e l l  above t h a t  o f  g a s o l i n e .  A  f u l l  l o a d  o f  

such s o l v e n t  c o u l d  be " r e n t e d "  f rom a  b u l k  s u p p l i e r  f o r  t h e  few hours  

r e q u i r e d  f o r  c o n d u c t i n g  t h e  t i l t  t e s t .  

Hav ing  s i t u a t e d  t h e  s u b j e c t  v e h i c l e  on t h e  t i l t - t a b l e ,  t h e  t a b l e  

i s  r a i s e d  s l o w l y  u n t i l  a  p o i n t  i s  reached a t  wh ich  t h e  v e h i c l e  c o n t i n u e s  

t o  i n c r e a s e  i t s  r o l l  ang le  w i t h o u t  f u r t h e r  t a b l e  i n c l i n a t i o n .  A t a b l e  

r a t e  o f  0.1 deg lsec  i n  t h e  v i c i n i t y  of  t h e  l i m i t  ang le  shou ld  be s l ow  

enough t o  p e r m i t  ready  o b s e r v a t i o n  o f  t h e  b e g i n n i n g  o f  v e h i c l e  r o l l  

i n s t a b i l i t y .  The r o l l - u n s t a b l e  p o i n t  w i l l  be observed r a t h e r  near  t o  



the ti1 t angle condition at which trailer tires have lifted off of 

the table, but probably before the up-side tire on the tractor's steer- 

ing axle has lifted off. Since the recommended tilt anple limits are 

in the vicinity of 22 degrees, there will be no problem with "slippage" 

of the vehicle's tires on the table surface as long as a reasonably 

gritty or textured finish is attained. 

Aside from the above considerations, there may arise an interest, 

among vehicle manufacturers, in simp1 ified means of assuring that 

vehicles comply with a specifically required level of ti1 t-table angle 

performance. In such cases, no measurement of the limit capability is 

needed, but rather the need is simply to subject the vehicle to the 

required inclination angle to determine whether or not a stable condi- 

tion prevails. For such a purpose, a paved slope might be prepared 

permitting one to drive the subject vehicle up onto the slope in the 

empty condition, and then to conduct the test by filling the tank, in 

situ. By such a scheme, of course, tethering would still be needed to 
prevent a rollover from actually occurring. In fact, it might be 
necessary to more tightly tether the vehicle during the filling pro- 

cess and then, subsequently, to re1 ieve the tether to test for roll 

stability since it is possible that the laterally-shifted mass center 

occurring at some intermedidate fi 1 1  condition wi 1 1  prematurely de- 

stabilize the vehicle. Following such a fixed-slope test, the tank 

could, again, be emptied for removal of the vehicle. 

8.2 Ti 1 t-Tab1 e Performance Requirements 

Listed in Table 8.1 are tilt-table angles at which rollover has 

been calculated to occur for representative examples of each of the 

four Advanced Michigan Tanker vehicles. A1 so shown are the ti 1 t-table 
rollover angles which constitute the recommended requirements for the 

four respective configurations. The reader wi 1 1  note that the recommended 
requirements have been set lower than the expected levels of performance 
capability for each vehicle. Such an "allowance" has been based on 

certain observations regarding the inaccuracy of the calculation method, 

as we1 1 as phi 1 osophical considerations regarding the setting of 
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performance requirements to attain operational safety. Sources of 

both real and potential inaccuracies in the calculations of mT are 

given be1 ow. 

1. The tilt-table angle equivalent of the rollover thresholds for 
each of the four recommended vehicle configurations were computed using 

a horizontal plane, steady-turning-type calculation of the roll over 1 imi t. 

By this method, the equivalent ti1 t-table angle, $T, is defined by the 

expression 

A -1 yc $T = tan 
9 

where A is the steady turn rollover threshold that was simulated. 
Y c 

Additional calculations have shown that, due to trigonometric factors, 

the value of mT that is determined by this approach is approximately 
0.5 degree lower than the value which can be achieved by the subject 

vehicle if actually taken to its rollover threshold on a tilt-table. 

Thus, the calculated ti1 t-table rol lover angles are approximately 0.5 

degree lower, because of the calculation method, than the 1 imit ti1 t 

angle capabilities that should be expected for each of the four recom- 

mended vehicle configurations. 

2. The reference calculations included a hypothetical tractor 

which was representative of tractors in normal 1 ine-haul service with 
80,000-lb gcw combinations. This vehicle introduces an approximate 0.5- 

degree reduction in the calculated tilt angle capability of each tanker 

compared to the tilt angle which might be attained usinp a heavier tractor 

such as would be more typically employed in combination with the higher- 

gcw tankers. The simulated tractor was represented with: 

a) a four-spring tandem suspension having 1-1/2 inches 
of lash space as opposed to a lash space dimension 
of 314 inch, which would typify the walking-beam 
suspensions more commonly found pull i n g  hi ah gross 
weight trai lers 



b )  s u s p e n s i o n  s p r i n g  r a t e s  w h i c h  were,  pe rhaps ,  30 p e r -  

c e n t  l o w e r  t h a n  m i g h t  be  commonly f o u n d  on t r a c t o r s  

s u i t e d  t o  t h e  h i g h e r  gcw c o m b i n a t i o n .  

A c c o r d i n g l y ,  t h e  " c a l c u l a t e d "  l i m i t  t i l t  a n g l e s  can be l o o k e d  upon 

as c o n t a i n i n g  an a d d i t i o n a l  0.5 d e g r e e  m a r g i n  b e l o w  t h e  v a l u e s  w h i c h  a r e  

p o s s i b l e  w i t h  h e a v i e r  t r a c t o r  s u s p e n s i o n s .  

3. It has been assumed t h a t  t h e  two  mechanisms i n f l u e n c i n g  t h e  

deve lopmen t  o f  o v e r t u r n i n g  moment on t h e  o u t e r m o s t  t i r e  on each a x l e  a r e  

equa l  t o  one a n o t h e r  i n  magni t u d e  and o f  o p p o s i t e  p o l a r i t y ,  such  t h a t  

t h e y  c a n c e l  one a n o t h e r .  As had been shown e a r l i e r  i n  F i q u r e  4.15,  t h e s e  

two  mechanisms a r e  ( 1 )  t h e  o v e r t u r n i n g  moment due t o  t h e  i n b o a r d  t r a n s -  

l a t i o n  o f  t h e  v e r t i c a l  l o a d  c e n t e r  d e r i v i n g  f r o m  t h e  l a t e r a l  c o m p l i a n c e  

o f  t h e  t i r e  and ( 2 )  t h e  o v e r t u r n i n g  moment due t o  t h e  o u t b o a r d  t r a n s l a -  

t i o n  o f  t h e  v e r t i c a l  l o a d  c e n t e r  d e r i v i n g  f r o m  i n c l i n a t i o n  o f  t h e  wheel  

p l a n e .  W h i l e  o n l y  v e r y  1 i m i t e d  measurements on one t r u c k  t i r e  have been 

made t o  c o n f i r m  t h i s  assumpt ion ,  more e x t e n s i v e  d a t a  on c a r  t i r e s  [ 1 7 ]  

show t h a t  a  r a t h e r  complex  t r a d e - o f f  e x i s t s  between t h e  two  mechanisms 

c i t e d  above. F u r t h e r ,  i t  may be t h a t  some d i f f e r e n c e s  i n  t h e  o v e r t u r n i n g  

moment mechanisms may o c c u r  between b i a s -  and r a d i a l - p l y  t i r e s .  Acco rd -  

i n g l y ,  t h e  p r o j e c t i o n  o f  1  i m i t  t i 1  t - t a b l e  a n g l e s  c o n t a i n s  some u n c e r t a i n t y  

as r e g a r d s  t h e  r o l e  p l a y e d  b y  t h e  t i r e .  We e s t i m a t e  t h a t  v a r i a t i o n s  i n  

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

t h e s e  mechanisms c o u l d  be as  l a r q e  as - + 0 .25  degree.  

4. The e x i s t e n c e  o f  f r e e  p l a y  i n  t h e  f i f t h  wheel  c o u p l i n g  between 

t r a c t o r  and s e m i t r a i l e r  was n e g l e c t e d  i n  compu te r  c a l c u l a t i o n s  o f  l i m i t  

t i l t - t a b l e  a n g l e s .  A l i m i t e d  s e t  o f  measurements on a c t u a l  v e h i c l e s  has 

shown t h a t  f i f t h  wheel  f r e e  p l a y  i n v o l v e s  an i n c l u d e d  a n g l e  between t h e  

t r a c t o r  and t r a i l e r  s p r u n g  masses t h a t  i s  as l a r g e  as 2 .5  deg rees .  C a l -  

c u l a t i o n s  show, however,  t h a t  f o r  a  r e a s o n a b l y  s t i f f  t r a i l e r  s u s p e n s i o n ,  

t h e  f i f t h  wheel f r e e  p l a y  w i l l  be e n c o u n t e r e d  a t  r o l l  a n g l e s  j u s t  beyond 

t h o s e  o c c u r r i n g  a t  t h e  1 i m i t  t i l t - t a b l e  a n g l e s  recommended f o r  t h e  

advanced t a n k e r s .  Thus,  w h i l e  i t  i s  n o t  a n t i c i p a t e d  t h a t  f i f t h  wheel  

f r e e  p l a y  w i l l  i n f l u e n c e  t h e  t i l t - t a b l e  p e r f o r m a n c e  o f  mos t  v e h i c l e s ,  i t  

i s  p o s s i b l e  t h a t  a  g i v e n  m a n u f a c t u r e r ' s  d e s i g n  p a r a m e t e r s  c o u l d  so a d j u s t  



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

f i f t h  wheel f r e e  p l a y  m i g h t  be encoun te red ,  t h e r e b y  s i g n i f i c a n t l y  l o w e r -  

i n g  t h e  l i m i t  t i l t - t a b l e  a n g l e  per fo rmance .  Hav ing  c i t e d  f i f t h  wheel 

f r e e  p l a y  as a  p o t e n t i a l  i s s u e  i n  d e t e r m i n i n g  a  g i v e n  v e h i c l e ' s  t i l t -  

t a b l e  per formance,  we do n o t  i d e n t i f y  t h i s  f r e e  p l a y  mechanism as a  

sou rce  o f  i n a c c u r a c y  i n  t h e  c a l c u l a t i o n s .  

The n a t u r e  o f  v e h i c l e  per fo rmance  r e g u l a t i o n  i s  such t h a t  manu- 

f a c t u r e r s  w i s h  t o  b u i l d  v e h i c l e s  s u f f i c i e n t l y  exceed ing  t h e  r e q u i r e d  

per fo rmance  c a p a b i l  i t i e s  t h a t  t h e  r i s k  o f  non-compl i a n c e  i s  m in im i zed .  

Thus, i t  wou ld  be unreasonab le  t o  w r i t e  a  r e g u l a t i o n  wh ich  r e q u i r e s  t h e  

maximum l e v e l  of pe r fo rmance  of wh i ch  v e h i c l e s  a r e  t h o u g h t  t o  be capab le .  

Such an approach a l l o w s  t h e  manu fac tu re r  no ma rg i n  f o r  assurance  o f  com- 

p l i a n c e .  A c c o r d i n g l y ,  i t  was de te rm ined  t h a t  t h e  s e t t i n g  o f  l i m i t  t i 1  t- 

t a b l e  ang les  shou ld  i n c l u d e  a  ma rg i n ,  p e r m i t t i n g  manu fac tu re r s  t o  b u i l d  

t o  exceed t h e  per fo rmance  l e v e l  needed f o r  comp l iance .  The t r a d e - o f f  

c o n s i d e r a t i o n  t h a t  argued f o r  m i n i m i z i n g  t h e  "ma rg i n "  d i s cussed  above 

i s  t h a t  t h e  l o w e r  t h e  l i m i t  t i l t - t a b l e  r equ i r emen t ,  t h e  g r e a t e r  i s  t h e  

r i s k  of  r o l l o v e r  of  t h e  r e g u l a t e d  t a n k e r s .  G iven  t h e  nominal  r o l l o v e r  

t h r e s h o l d s  c h a r a c t e r i z i n g  t h e  f o u r  recommended t a n k  v e h i c l e s ,  a  one- 

degree r e d u c t i o n  i n  t h e  t i l t - t a b l e  a n g l e  r e q u i r e m e n t  sugges ts  t h a t  t h e  

r o l l o v e r  r i s k  i n c r e a s e s  b y  a p p r o x i m a t e l y  0 .6 r o l  l o v e r s  p e r  y e a r .  

On t h e  b a s i s  o f  t h e  above c o n s i d e r a t i o n s ,  t h e  recommended l e v e l s  

o f  1  i m i  t t a b l e  a n g l e  were reduced below t h e  " c a l c u l a t e d "  l e v e l s  by  

one degree,  t h u s  p r o v i d i n g  v e h i c l e  manu fac tu re r s  w i t h  an e f f e c t i v e  

ma rg i n  o f  1 .75 t o  2.25 degrees  g i v e n  t h a t :  

a )  t h e  c a l c u l a t i o n  method p r o v i d e d  an approx imate  0.5- 

degree  unde r -es t ima te  o f  t h e  a c t u a l  t i 1  t - t a b 1  e  1  i m i t  

a n g l e  f o r  each recommended v e h i c l e ,  

b )  t r a c t o r s  w i t h  t h e  suspens ion  p r o p e r t i e s  accompanying 

a  s u i t a b l y  t a i l o r e d  gcw r a t i n g  a r e  expec ted  t o  be t h e  

norm, p r o v i d i n g  an a d d i t i o n a l  0 .5-degree ma rg i n  above 

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



c) the cited tire mechanisms could bring about as much as 
a - + 0.25-degree alteration in limit tilt angle perfor- 

mance with respect to the calculated numbers. 
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