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I n  l i s h t  of r i s i n g  concern o f  t he  number of acc idents  o f  f u e l -  

c a r r y i n g  "double-bottom" tankers ,  t he  Governor of t he  S ta te  o f  Mich igan 
requested, and the Off ice of Highway Safety Planning, S ta te  o f  Michigan, 
supported t h i s  study. A research s tudy i s  descr ibed examining t he  
s t a b i l i t y  of Michigan double tankers  r e l a t i v e  t o  o t h e r  f u e l - h a u l i n g  
veh ic les .  A means f o r  mod i fy ing  double tankers so as t o  improve dynamic 
s t a b i  1 i t y  i s  developed and demonstrated i n  f u l l  - sca le  t e s t s .  The s tudy  
concludes t h a t  the Michigan double-bottom i s  a un ique ly  hazardous v e h i c l e  
w i t h  a p ropens i t y  f o r  r o l l o v e r  o f  t he  second t r a l l e r ,  p a r t i c u l a r l y  i n  
accident-evasion maneuvers. The modi f ied double i s  seen t o  y i e l d  a f a c t o r  
of two improvement i n  s t a b i  1 i t y  over t he  base1 i n e  double. 

I t  i s  recommended t h a t  use o f  t he  present  Michigan double tanker  be 
d iscont inued.  I n  the  near term, use o f  t he  mod i f i ed  ve r s i on  o f  t h e  v e h i c l e  
i s  advocated. It i s  sugqested t h a t  s a f e r  veh ic les  f o r  t he  f u t u r e  can be 
designed us ing  e x i s t i n g  techno1 ogy. I n  making recommendations, cons i  dera- 
t i o n  i s  g iven t o  bo th  t he  s t a b i l i t y  o f  i n d i v i d u a l  veh i c l es  and t o  acc i den t  
exposure issues i n v o l v i n g  t he  o v e r a l l  makeup o f  t he  tanker  f l e e t .  
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APPENDIX A 

DIRECTIONAL BEHAVIOR O F  ARTICULATED VEHICLES 

C. Ma1 l i  karjunarao 



APPENDIX  A 

D I R E C T I O N A L  BEHAVIOR O F  ARTICULATED VEHICLES 

S umma r y  

A l i n e a r  mathemat ical  model i s  developed f o r  s t u d y i n g  the  

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

r o l l  mo t ions  o f  t h e  sprung masses a r e  n e g l e c t e d  and a l l  t h e  e lements 

o f  t h e  a r t i c u l a t e d  v e h i c l e  a r e  assumed t o  behave as r i g i d  bodies on 

a h o r i z o n t a l  p lane .  Th is  s i m p l i f i e d  model i s  used f o r  making 

e s t i m a t e s  o f  t h e  f o l l o w i n g  q u a n t i t i e s  which a r e  key i n d i c a t o r s  o f  

a  v e h i c l e ' s  d i r e c t i o n a l  behav io r :  

1 )  damping r a t i o s  and n a t u r a l  f requenc ies  o f  t h e  

c h a r a c t e r i s t i c  r o o t s  (e igenva lues )  o f  the  v e h i c l e ,  

2 )  t i m e  h i s t o r y  o f  response ( l a t e r a l  a c c e l e r a t i o n ,  yaw 

r a t e ,  a r t i c u l a t i o n  ang le ,  e t c . )  o f  the  v a r i o u s  

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

emergency 1  ane-change maneuvers, and 

3 )  s t e a d y - s t a t e  ga in .  

The main t h r u s t  o f  t h i s  a n a l y s i s  has been ( a )  t o  e x p l o r e  

p o s s i b l e  des ign changes which  c o u l d  improve the d i r e c t i o n a l  behav io r  

and i n c r e a s e  the  r o l l o v e r  t h r e s h o l d  o f  t h e  5 5 - f o o t  doub le  t a n k e r  

which a t  p r e s e n t  i s  be ing  used i n  t h e  S t a t e  o f  M ich igan  and ( b )  t o  

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

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

R e s u l t s  o f  endeavors ( a )  and ( b )  a r e  p resen ted  and des ign 

m o d i f i c a t i o n s  a r e  suggested f o r  improv ing  t h e  d i r e c t i o n a l  response 

o f  t h e  double t a n k e r .  

P r e d i c t i o n s  o f  yaw response made on t h e  b a s i s  o f  t he  l i n e a r  

mathemat ical  model a re  compared w i t h  r e s u l t s  o f  f u l l  - s c a l e  e x p e r i  - 
ments conducted on i ns t rumen ted  doub le  tanke rs .  The c o r r e l a t i o n  

between t h e o r e t i c a l  p r e d i c t i o n s  and exper imen ta l  f i n d i n g s  a r e  found 



t o  be good f o r  low s e v e r i t y  maneuvers, w h i l e  d i s c r e p a n c i e s  o f  a  

c o n s i  de rab l  e  magni tude a r e  found f o r  severe maneuvers i n v o l v i n g  

( a )  l a r g e  s ides1 i p  a n g l e  a t  t h e  t i r e s ,  ( b )  l a r g e  r o l l  angles,  and 

( c )  1  arge a r t i c u l a t i o n  ang les .  

A .  1  Mathemat ica l  Model 

A l i n e a r  mathemat ica l  model was developed f o r  s t u d y i n g  t h e  

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

i n v e s t i g a t i o n s  by J i n d r a  [ 51, Hales [ 7 1, and Hazemoto [ 61 
se rved  as a  b a s i s  f o r  t he  development o f  t h e  model used i n  t h i s  

s t u d y .  

The degrees o f  freedom p e r m i t t e d  i n  the  mathemat ica l  model 

a r e :  L a t e r a l  v e l o c i t y  and yaw r a t e  o f  t r a c t o r ,  and a r t i c u l a t i o n  

5n t h e  h o r i z o n t a l  p l a n e  o f  t h e  v a r i o u s  elements o f  t h e  t r u c k  t r a i n .  

Schematic diagrams o f  f i v e  b a s i c  v e h i c l e  c o n f i g u r a t i o n s ,  t h e  

d i r e c t i o n a l  dynamics o f  wh ich  were s t u d i e d ,  a r e  shown i n  F i g u r e  

A. 1. The t e r m i n o l o g y  used i n  r e f e r r i n g  t o  t h e  v a r i o u s  elements o f  

a  t r u c k  t r a i n  has a l s o  been i n c o r p o r a t e d  i n  t h i s  f i g u r e .  

Wherever p o s s i b l e ,  parameter  e s t i m a t e s  were made on t h e  b a s i s  

o f  a v a i l a b l e  da ta .  A l l  m a j o r  d imensions and we igh t  d i s t r i b u t i o n  

o f  t h e  v a r i o u s  v e h i c l e  c o n f i g u r a t i o n s  were o b t a i n e d  f rom drawings 

s u p p l i e d  by  t h e  Fruehauf C o r p o r a t i o n .  T i r e  parameters ( such  as 

c o r n e r i n g  s t i f f n e s s ,  a1 i g n i  ng moment, and c i r c u m f e r e n t i a l  s t i f f -  

ness)  were o b t a i n e d  f rom Reference [ 3 ], w h i l e  t h e  yaw moments o f  

i n e r t i a  o f  each e lement  o f  an a r t i c u l a t e d  v e h i c l e  t r a i n  were 

e s t i m a t e d  on t h e  b a s i s  o f  t h e i r  w e i g h t  and s i z e .  Parameters o f  t h e  

f i v e  v e h i c l e  c o n f i g u r a t i o n s  shown i n  F i g u r e  A. 1  are  l i s t e d  i n   tables 

A . l  t o  A.5. 

The f o l l o w i n g  a r e  t h e  assumpt ions  made i n  t h e  process o f  

d e r i v i n g  the  e q u a t i o n s  o f  m o t i o n :  

1 )  The c o r n e r i n g  f o r c e s  and a l i g n i n g  moments genera ted  

a t  t h e  t i r e - r o a d  i n t e r f a c e  a r e  assumed t o  be l i n e a r  

f u n c t i o n s  o f  t h e  s i d e s 1  i p  a n g l e  a t  t h e  t i r e .  ( R e f e r  

t o  F i g .  A . 2 . )  
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I I  AXLE  DOUBLE BOTTOM TANKER (4COMPONENT VEHICLE)  

MODIFIED I I  A X L E  DOUBLE BOTTOM TANKER WlTH RIGID P INTLE  HOOtj 
\3  COMPONENT VEHICLE1 

5-  AXLE SINGLE TANKER 

TRACTOR WlTH CONVENTIONAL VAN SEMI - T R A I L E R  

I t -  AXLE SINGLE TANKER 
C_ 

FIGURE A - l  
7 
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Tab1 e A ,  1 . 55-Foot Doubl e-Bottom Tanker (Easel  i n e  C o n f i g u r a t i o n )  

V A r .  '4.1, OF T R b C T 3 R  e 2n418P. L0.a !b4.*SEC.*SEc. 

Y A W  v , I ,  O F  SEVI-TRAXLFR a 1787795.  LR.*~G,*SEC,*SEC, 

Yak d , I ,  O F  POLLY v 21b27. L 6 . * 1 Y s * 9 E t * * S E C *  

Y A W  .,I. O F  P U P  TRAILER I 7R2379, L i l , * I ~ l , t S E C m * S E C ,  

Mil 66.hP 1%. X l ?  r 43,0n 1 ' )# X 1 3 1  Q 3 * 0 @  I h .  

~ 2 1  ~ I . P , ,  I!$. 2  s o g * a n  14, X23 r 1 3 5 , ~ ~  IN, 

Y31 z -21."14 I v .  x3Z e 2 1 a B P  I N *  

Xu1 r 2 , P n  T k ,  1 4 2  z Uu.@P I N a  Xu3 c 8b.Pf l  Ik;* 

e l l  8 ~ u u , ~ . ? R , ?  L Y . / D E C ,  c i a  c !ona ,a90 La , /nEc,  

C I S  a lARB*APY LR. /DEt .  C Z I  a i h r 3 . ~ n @  L ~ , / @ E G ,  

c 2 ?  rn l h73 , ' 4da  LR,/OFG. c 2 3  r 1 1 5 7 3 ~ ~ 3 0  LRa /DEGa  

A X 1 . E  8 I ?  9 FT.LG./PESa AXLE r~ 2 1  24A00  F T * L B a / D t G *  

AXLE 2 2  7 4 P . P  FT.LQ,/GEG, AXLE c 2 3  2U0mfl FT*LB . /DE t ,  

AALE b 3 1  J F T . L b . / b E G .  AYLE P 3 2  2 ~ 4 , f l  F T , L ~ , / ~ E G ,  

AXLE t u l  249.P F?.LE./OEt,  AXLE a o ?  2 u C * B  FT.LE./DEG 

A X . . €  v U S  2ua.a  = T . L ~ . / ~ c c ,  

A X L E  t. 12  3 ~ 3 n p , v  LB,  A X L E  b 1s 30384ap l  L q m  

AXLE ' 2 1  3 2 1 3 E . r  LR, AXLE 8 2 2  3 2 2 3 P . Q  Lee 

A X L E  a 2 5  7 2 > 3 p a p  L A ,  A X L E  a 3 1  32230 , f l  LP, 

h x ~ t  r 3 2  3 ~ ~ 3 2 . 3  LF, A X L E  U . U I  32?30.0 ~ e .  

AXLE = J? S 2 Z 3 n , f i  ? R e  ArLE  r: 0 3  32230.0  LR, 

5 
1 



T a b l e  A . 2 ,  Loaded Canadian Double Tanker (or Modi f ied 55-Foot  Doub le) ,  

t X S S  O r  TRACTOR - 13800.003 LD. 

RBSS OF SEZX T H A I i f R  = 75600.0U0 LB. 

nASS OF PUP T RAILEb = 59375.000 LSe 

YAT 8.1. OP TRACTOR E 204180. LB**TN.  *SEC. *SECe 

YAF 8.1. OF PUP TBPILEG = 7d2079. LD. *IN. *SEC.*SEC. 

X I 1  = 66.00 XK. X 1 2 -  43.00 IN. X I 3  = 93.00 13. 

121 38.00 18. X22 8 60.00 IN. X23 = 122.00 IN. 

X24 = 187.00 IF. ~ 2 5  = 229.00 IN. 

131 - 2.00 16. X32 8 44.00 IN. X33 = 86.00 I!!. 

x 1 A =  37.50 IE. X28 116.00 I Y -  

ALIGLI lG TORUUE / U 4 I T  SLIP A C G L E  

AXLE 1 11 385.0 FT.La./DEG. AXLE I /  12 292.0 FT.LE./DEG 

I AXLE It 2 2  248.0 FT. LB./DES. AXLE # 23 248.0 PT. LS./DEG 
b .  

A X L E  1 24 248.0 PTmLBo/DEGm AXLE t 25 248.0 FTmLE*/DEt 
L 

hXLE # 31 2U8.0 FT. LB./DEG. AXLE # 32 248.0 FT. LB./DE( 

hXLE It 33 248.0 F?.LB./DEG. 

C I B C U B F E P Z N Z I  AL STIPPHESS 

A X L E  t 12 34388.0 LB. AXLE # 13 34338.0 L3. 

A X L E  t 21 32230.0 LB. AXLE 8 22 32230.0 LE. 

LXLE t 23 32230.0 LB. AXLE X 24 32230.0 LE. 

AXLE t 25 32230.0 LD, AXLE d 31 32230.0 LB. 

I ' ITP:  + 7 3  7 7 3 7 n . n  T n ,n Y T P  a 1 7  2 3 7 a r \  n T B  



Tab1 e A ,  3 ,  F i  ve-Ax1 e Semi  tanker 

M A S S  OF T R A C T O R  8 I S ~ P R , B Q P  L e ,  

M A S S  OF S E M I  TPAII.FR h3PSflmflPO L B ,  

Y A W  M D I D  OF TRACTOR 265D19,  L B , * I N # * S E C * * S E C ,  

Y A W  P O I ,  OF S E M I m T R A f L E R  t 3 f 1 2 1 8 8 8 D  L R D * I ~ , * S E C D * S E C D  

X I 1  g 9 f l r k ' 8  I R D  Xl2 a 64.50 I N D  X13 1 1 5 D 5 B  IN, 

Y Z 1  1 6 1 e 0 0  I N *  X 2 2  g 2 1 8 ; ~ ~  IND X23 @ D M  It!, 

X ~ U  t M;d I N D  X 2 5  : @ , b  IN, 

x 2 b  r 0,41 IN, Y Z ~  s 0 , e  IN, x 2 8  r: o ,a  IN, 

A L I G N I N G  TOPCUE / U M I T  S L I P  AFGLE 

AXLE * i l  

AXLE 4 13  

A X L E  2 2  

A X L E  $ 24 

AXLE 26  

AXLE @ 2 8  

A X L E  r 1 2  

AXLE 2 1  

AXLE a 2 3  

AXLE 6 27 

AXLE # 2 7  
I 

F T , L B , / D E G ,  AXLE # 1 2  300,O F T , L B , / D E G m  

F T , L P , / D E G ,  AXLE u 2 1  3 1 2 t 8  F T , L b , / b E C m  

F T , L B , / D E G ,  AXLE 2 5  n,O F T , L B , / n E G m  

F T , L B , / D E G ,  A X L E  tr 2 5  e , ~  F f , L B a / D E G .  

F T , L B , / D , E G ~  A X L E  a 27 a,@ F T , L B , / D E G  

F T , L ~ ; / D E G ,  

C I R C U V F E R E h ! T I C L  S T I F F N E S S  

LB, 4XLE 13 3 6 7 9 7 . P  LBm 

L8m AXLE 6 2 2  3 5 7 1 6 . 0  LR, 

L E D  AXLE # 24 C D E I  LFI, 

LB, A X L E  11 2 6  0 .0  LFI, 

L P ,  7 A X L E  a Z A  a , n  LB,  



Table  A . 4 .  F ive-Axle  Van Semitrailer 

1 4 ~ ~ s  OF T p b C T O R  E jU970mflflL4 LRe 

 ASS OF S E M I  T R ~ I L F R  = 579bB,UL3fl 16, 

Y A W  P . 7 ,  n~ T H A C T O R  : 2?15@5,  LB,*lt4,*3EC, * S E C ,  

Y A W  hf .1 ,  OF S E P I - T Z ~ I L F R  r 3R79601, L E . * I ~ , * ~ E C , * S E C ,  

x l j  = ~ U , P F  IN, x i ?  r 53.00 IN, x i 3  = 1 ' 7 3 , ~ ~  

x 2 1  1 4 2 , 9 @  I f J ,  X22  t 192,9f l  I N ,  x23 g Id,V 

Y Z O  o 9.3 I t ' ,  X25 g 0m3 IN, 

3.P IN, x 2 6  = x z 7  : 0 . 0  IV, x z e  t 0,0 

C l l  = 9 2 1  L B , / P E ~ ,  1 = 17h9,BQU Lb,/DEG, 

A X L E  1 1  

A X L E  13 

4 X L E  2 2  

A X L E  i t  24 

A X L . E  26  

A X L E  u z e  

AXLE t 1 2  

A X 1 . t :  a 2 1  

A X L E  r 2 3  

A X L E  t 2 5  

AXLE U 2 7  

ALIGNING T O R Q U E  / UNIT S L I P  ANGLF 

15P.8 FTmLb, /DEGa AXLE # 12  ? B d , O  FT,LB,/  

? e o , C  FT,Lb,/DEG, AXLE # 2 1  28u.n FT,L6,/ 

Z b 4 , C '  FT,LG,/DEG, bsXLE 2 3  P , Q  F T m L B s /  

FT,Lb,/DEG, AXLE * 2 5  FT,LR, /  

0.3  FT,LR,/DEG, L x L E  # 2 7  fl,m FT,LB,/ 

P . 0  FT,LR, /DEG, 

C I fJC l lMFEQFIJTIbL  S T I F F N E S S  

2 4 1 5 P m P  LR, AXLE 1 3  Z U 1 5 8 n f l  L B O  

33Q67,Z L9, AXLE 8 2 2  33967mR L P ,  

~ e .  A X L E  M 24 map LB, 

F , p  L @ ,  AXLE 26  m m n  ~ 0 ,  

6 . n  LR, A X L E  * 28 0 .0  LB, 



T a b l e  A . 5 .  Eleven-Ax le  Semi tanke r  

M A S S  OF T6ACTOQ 8 1?Zf4i',P13? l . R ,  

Y A S S  OF S F M I  T W A J L E W  c 1 3 6 x n , w  L P ,  

Y A ~  Y,I, OF T R A C T V  = Z ? e 5 7 2 *  L S . * I h , * S E C , * S E C .  

Ybbl u,  I ,  OF S E b f I - T R P I L F P  : E b 5 5 3 ? 2 ,  L R , * I ~ I , * S E C , * S E C ,  

x i 1  : 7 a , 6 n  IN ,  x 1 2  = 5 2 . 4 0  IN,  r13 = l ~ z , o o  11.1 

X21 = - 5 9 r S C '  I N *  X 2 2  = - 2 7 , 5 @  IN, % 2 3  = 1 4 , S R  I N  

AXLE 1 j  

A X L E  13 

AXLE # ? ?  

A X L E  b 2 4  

AXLk  2 6  

AXLE fi ? s  

4 X L E  1 2  

A X L E  t 21 

AXLE * % ?  

AXLE ti 2 5  

ALJGhI !JG TORQUF / U t J l T  S L I P  ANGLE 

4 9 O . P  F T , l . a , / D E G ,  OXLL Cr 12  275.m FT,L6, /nEC 

2 7 5 , p  F T , L S , / " E G *  AXLE 2 1  Z u R , P  F T , L U , / D E C  

2JR.F  F T . L E . / D E G ,  AXLE 2 3  24a, 9 F T , L S , / D E G  

Z48.9 F T , L k , / D E C ,  AXLE # 25 248a'J F T , L Y , / D E C  

2 F f , L B , / D E G ,  AXLE t /  2 7  2 0 8 , q  FT,LB , /DEG 

2 U R . p  F T , i a . / D E G ,  

C I R C L ~ Y F E ~ E ~ i T I A L  S T I F F N E S S  

2 3 6 S n . P  L a ,  b X L E  13  23h57.P L E ,  

~ z ? s ~ , P  LG,  ~ X L L  2 2  3 2 2 3 6  ,r L 6 ,  

3r?23J,m L U e  A X L E  f l  iill 3223p.71 La, 

3 2 2 3 P . a  L R m  b X L E  I' 2 6  3 2 2 3 2 , ~ 1  LR, 

AXLE t 27 3 2 ? 3 F a f l  L 3 r  AXLE 2 8  3223flrC L9, 
9 



A r t i c u l a t i o n  angles made by the  v a r i o u s  elements o f  

the  t r u c k  t r a i n  a r e  smal l  such t h a t  t h e  f o l l o w i n g  

approx ima t ions  ho ld :  s i n  r i  2 ri, cos ri 1  (where 

ri i s  t h e  a r t i c u l a t i o n  ang le  o f  t h e  ( i t l )  e lemen t ) .  

The mo t ion  o f  t h e  v e h i c l e  takes p l a c e  on a  h o r i z o n t a l  

p lane  sur face w i t h  u n i f o r m  f r i c t i o n  c h a r a c t e r i s t i c s .  

There a r e  no s i g n i f i c a n t  t i r e  f o r c e s  p r e s e n t  i n  the  

l o n g i t u d i n a l  d i r e c t i o n  ( e i t h e r  t r a c t i v e  o r  b r a k i n g ) .  

P i t c h  and r o l l  mot ions  o f  t h e  sprung masses a r e  smal l  

and hence neg l  ec t e d  . 
A1 1  j o i n t s  a r e  f r i c t i o n l e s s  and a r t i c u l a t i o n  takes 

p l a c e  abou t  a v e r t i c a l  a x i s .  

S t e e r i n g  system dynamics a r e  l e f t  o u t  o f  t h e  model and 

t h e  s t e e r i n g  i n p u t  i s  assumed t o  be g i v e n  d i r e c t l y  t o  

t h e  f r o n t  wheels.  

I n  t h e  case o f  t a n k e r  t r a i n s ,  t h e  t a n k e r  compartments 

a r e  assumed t o  be e i t h e r  c o m p l e t e l y  f u l l  o r  comp le te l y  

empty, t he reby  a v o i d i n g  s l o s h i n g  o f  t h e  l i q u i d .  

Each e lement  o r  u n i t  o f  t h e  a r t i c u l  a t e d  v e h i c l e  i s  

assumed t o  be a  r i g i d  body ( i n  the  case o f  l i q u i d  

f i l l e d  tankers ,  a l l  o f  t h e  l i q u i d  i s  assumed t o  take  

p a r t  i n  t h e  yawing mo t ion ,  i ,e . ,  r e l a t i v e  m o t i o n  o f  

t h e  1  i q u i d  w i t h  r e s p e c t  t o  t h e  w a l l  s  o f  t h e  tank  i s  

n e g l e c t e d )  and t h e  unsprung mass i s  assumed t o  be 

r i g i d l y  a t t a c h e d  t o  t h e  sprung mass. 

10) Gyroscop ic  f o r c e s  due t o  r o t a t i n g  e lements such as 

wheels and t i r e s  a r e  assumed t o  be s m a l l  and hence 

neg l  ec ted .  

Assumptions ( I ) ,  ( 2 ) ,  and ( 5 )  r e f l e c t  t he  need f o r  c a u t i o n  i n  

i n t e r p r e t i n g  computer s i m u l a t i o n  r e s u l  t s  o f  seve re  s t e e r i n g  maneuvers 

which produce l a r g e  a r t i c u l a t i o n ,  s ides1  i p ,  and r o l l  angles.  



A.2 D i f f e r e n t i a l  Equations o f  Mot ion 

I n  t h i s  sec t ion ,  the d i f f e r e n t i a l  equat ions o f  mot ion which 

desc r i be  the  l a t e r a l  dynamics o f  a convent iona l  double tanker  

( c o n s i s t i n g  of a t r a c t o r ,  semi t r a i l e r ,  do1 l y ,  and pup- t r a i l e r )  a re  

de r i ved .  The s e t  o f  e i g h t  f i r s t - o r d e r  d i f f e r e n t i a l  equat ions o f  

t he  convent iona l  double a re  then redbced t o  s i x  equat ions o f  a 

Canadian type double and f o u r  equat ions o f  a t r a c t o r - s e m i t r a i l e r .  

A.2.1 Equations o f  Mot ion o f  a Double Tanker. Table A.6 i s  

a l i s t  o f  t he  symbols used i n  the  d i f f e r e n t i a l  equat ions o f  mot ion.  

F i gu re  A. 3 shows a p l an  view o f  the double tanker,  a long w i t h  a 

d e f i n i t i o n  of t h e  body f i x e d  system o f  coord inates and a1 1 impor tan t  

dimensions. The free-body diagrams o f  each o f  the f o u r  elements o f  

t he  double tanker  a re  shown i n  F igure  A . 4 .  

Upon e l i m i n a t i o n  o f  t he  c o n s t r a i n t  fo rces  a t  the a r t i c u l a t i o n  

p o i n t s ,  the l a t e r a l  force e q u i l i b r i u m  equat ion i s :  

The moment e q u i l i b r i u m  equat ions f o r  the f o u r  elements o f  

the t r a i n  are:  



Table A . 6 .  L i s t  o f  Symbols Used i n  t h e  D i f f e r e n t i a l  Equat ions  
o f  Mot ion .  

Note: A double s u b s c r i p t  n o t a t i o n  has been used when r e f e r r i n g  t o  - 
t h e  a x l e s  on t h e  a r t i c u l a t e d  v e h i c l e  t r a i n .  An a x l e  w i t h  
s u b s c r i p t  i j denotes t h e  j t h  a x l e  on t h e  i t h  e lement o f  t he  
t r a i n .  For example, t h e  t h i r d  a x l e  o f  t h e  semi t r a i l e r  ( t h e  
seml t r a i l e r  i s  t h e  second element o f  t h e  t r a i n )  i s  r e f e r r e d  
t o  as a x l e  " 2 3 . "  

i forward v e l o c i t y  a t  t h e  mass c e n t e r  o f  t h e  i th element 

o f  t h e  t r a i n  ( i n / s e c )  

v i l a t e r a l  v e l o c i t y  a t  mass c e n t e r  of t h e  ith element o f  

t h e  t r a i n  ( i n / s e c )  

ri yaw r a t e  o f  t h e  i th element o f  t h e  t r a i n  ( rad /sec )  

I,, a r t i c u l a t i o n  ang le  o f  t r a c t o r  w i t h  r e s p e c t  t o  the  s e m i t r a i l e r  ( r a d )  

r 2  a r t i c u l a t i o n  ang le  o f  s e m i t r a i l e r  w i t h  r e s p e c t  t o  t h e  d o l l y  ( r a d )  

" 3 a r t i c u l a t i o n  ang le  o f  t h e  d o l l y  w i t h  r e s p e c t  t o  t h e  pup t r a i l e r  ( r a d )  

6Fw s t e e r  ang le  a t  t h e  f r o n t  wheels o f  t h e  t r a c t o r  ( r a d )  

i mass o f  t h e  i th element o f  t h e  t r a i n  ( 1  b ' s e c 2 / i n )  

I i yaw moment of i n e r t i a  o f  t h e  ith element o f  t h e  t r a i n  ( 1 b . s e c 2 / i n )  

'i j sum of t h e  c o r n e r i n g  s t i f f n e s s  o f  a l l  t i r e s  mounted on 

a x l e  i j ( l b l r a d )  

llij sum o f - a l i g n i n g  rnornents/unit s l i p  a n g l e  o f  a l l  t he  t i r e s  

mounted on a x l e  i j  ( i n - l b / r a d )  

Csi l o n g i t u d i n a l  s t i f f n e s s  o f  one t i r e  on a x l e  i j ( l b )  

F~~ l o n g i t u d i n a l  f o r c e  a t  t h e  p o i n t  o f  a r t i c u l a t i o n  A ( l b )  

F~ A l a t e r a l  f o r c e  a t  t h e  p o i n t  o f  a r t i c u l a t i o n  A ( l b )  

F~ B l o n g i t u d i n a l  f o r c e  a t  t h e  p o i n t  o f  a r t i c u l a t i o n  B ' ( 1 b )  

F~ B l a t e r a l  f o rce  a t  t h e  p o i n t  of a r t i c u l a t i o n  B ( l b )  

Fx c l o n g i t u d i n a l  f o r c e  a t  t h e  p o i n t  o f  a r t i c u l a t i o n  C ( l b )  

F~ c l a t e r a l  f o r c e  a t  t h e  p o i n t  o f  a r t i c u l a t i o n  C ( I b )  



Table A.6. (Con t . )  

d i s tance  o f  ax l e  i j from the  mass cen te r  o f  the  1 t h  

element ( i n )  

d i s t ance  o f  t r a c t o r  f i f t h  wheel from mass cen te r  o f  

t r a c t o r  ( i n )  

d i s t ance  o f  t r a c t o r  f i f t h  wheel f rom mass cen te r  o f  

semi t r a i l e r  ( i n )  

d i s t ance  o f  p i n t l e  hook from mass cen te r  o f  s e m i t r a i l e r  

( i n )  

d i s t ance  of  p i n t l e  hook from mass center  o f  d o l l y  ( i n )  

d i s t ance  o f  d o l l y  f i f t h  wheel f rom mass cen te r  o f  d o l l y  ( i n )  

d i s tance  o f  d o l l y  f i f t h  wheel f rom mass cen te r  of pup 

t r a j l e r  ( i n )  

spacing d is tance between t he  dual  t i r e s  on a x l e  i j ( i n )  

a1 i g n i n g  (yaw) moment from the  jth a x l e  of t he  ith element 

l a t e r a l  force a t  t h e  jth a x l e  o f  t h e  ith element 

sides1 i p  angle of the jth a x l e  o f  t h e  ith element 



I ne r t i a l  
Coordinate I? System 

P L A N  VIEW 

FIGURE A - 3  DEFlNlTlOhi CF COORDINATE SYSTEM AND IMPORTANT D I M E N S I O N S  Of A DOUBLE TANKER 





As shown i n  F igure  A. 2a, the 1  a t e r a l  force, Fi j, generated a t  

an ax le ,  i j, i s  a n o n l i n e a r  f u n c t i o n  o f  the s i d e s l i p  ang le  , ai j ,  

a t  the  ax l e .  I n  t h i s  model, the l a t e r a l  f o r ce  versus s i d e s l i p  angle  

r e l a t i o n s h i p  i s  approximated by a  1  i n e a r  equa t ion  o f  t h e  form 

The moment, Mi j ,  a t  ax le ,  i j, cons i s t s  o f  two q u a n t i t i e s :  

( a )  an a l i g n i n g  moment due t o  t h e  pneumatic t r a i l  e f f e c t  and ( b )  

a l i g n i n g  moment due t o  t he  dual t i r e  e f f e c t .  

The a l i g n i n g  moment due t o  pneumatic t r a i l  e f f e c t  i s  a  

f u n c t i o n  o f  the  s i d e s l i p  angle  and i s  shown i n  F igure  A.2b. I n  

t h i s  model the a l i g n i n g  moment i s  approximated by the 1  i n e a r  

re1 a t i o n s h i  p: 



t r a i l  

The a1 i g n i n g  moment generated due t o  t h e  use o f  dual t i r e s  

i s  t h e  r e s u l t  o f  o f f s e t  l o n g i t u d i n a l  f o rces  developed as t h e  t i r e s  

are  c o n s t r a i n e d  t o  r o l l  a t  t h e  same angu la r  v e l o c i t y  on curved 

p a t h s  o f  d i f f e r e n t  r a d i i .  Th i s  moment i s  g i v e n  by t h e  equa t ion :  

2 

A c (Mi') dual t i r e s  = rUi s i  j) 'i 

Summing (A.  7 )  and (A.8) ,  we g e t  

The s i d e s l i p  angle,  ai j ,  f o r  a l l  n o n - s t e e r i n g  a x l e s  

i s 

w h i l e  the s i d e s l i p  ang le  a t  t he  f r o n t  a x l e  i s  

(A. 1  Oa) 

(A. 1 Ob) 

The f i n a l  s e t  o f  d i f f e r e n t i a l  equa t ions  a r e  t o  be based on 

t h e  dependent v a r i a b l e s  v,, rl, r2, r3, r4, rl, r 2 ,  and r3. Hence, 

t h e  l a t e r a l  s i d e s l i p  v e l o c i t i e s ,  v2, v3, and v4, expressed i n  terms 

o f  vl, r,, , r2, r3, r4,  r ' , ,  r 2 ,  and r 3  are :  



+ X  ) r  v3 = ul['l"rl' V1 - - 28 2 ' X3Br3 
(A. 11 ) 

Upon s u b s t i t u t i n g  f o r  Fij and Mij i n  terms o f  t h e  dependent 

v a r i a b l e s  i n  Equat ions  (A. 1 )  th rough  (A.5), we g e t  a  s e t  o f  f i v e  

f i r s  t - o r d e r  d i f f e r e n t i a l  equa t ions  i n  e i g h t  v a r i a b l e s  
T { X I  = (v,, rl, r2, r3, r4, r l$ r 2 ,  r 3 ) *  

The t h r e e  a d d i t i o n a l  equa t ions  wh ich  a r e  needed a r e  t h e  

e q u a t i o n s  wh ich  express  t h e  r a t e s  o f  change o f  t h e  a r t i c u l a t i o n  . 
ang les ,  t h a t  i s ,  ri, i n  terms o f  t he  yaw r a t e s ,  ri: 

(A. 12)  

Hence, the  compl e t e  s e t  o f  e i g h t  di  f f e r e n t i  a1 e q u a t i o n s  

w r i t t e n  i n  m a t r i x  n o t a t i o n  i s :  

[A] {kl = [B] {XI + {Cl sFW ( A .  13)  

where 

[ A ]  i s  an 8 x 8 m a t r i x  

[ B ]  i s  a l s o  an 8 x 8 m a t r i x  

ICI i s  a  column v e c t o r  o f  s i z e  8 



M a t r i c e s  [ A ] ,  [B ] ,  and iC) are  functions o f  t h e  vehtCle 

parameters,  Table A ,  7 g i ves  a  l i s t i n g  o f  the  elements o f  t h e  

m a t r i c e s  i n  FORTRAN code. S ince the v e h i c l e ' s  fo rward  speed i s  

assumed t o  be a  constant ,  i t  e n t e r s  t h e  d i f f e r e n t i a l  equat ions  as 

a  parameter  r a t h e r  than as a  v a r i a b l e ,  

A.2.2 Equat ions  o f  Mot ion  o f  a  Canadian-Type Double Tanker. 

When an a r t i c u l a t i o n  p o i n t  o f  t h e  conven t iona l  double i s  r i g i d i z e d ,  

a degree o f  freedom i s  l o s t ,  and the  s e t  o f  e i g h t  d i f f e r e n t i a l  

equa t ions  (A.13) reduces t o  a  s e t  o f  s i x  equat ions .  I n  t h e  case 

o f  t h e  Canadian-type double tanke r  p i c t u r e d  i n  F i g u r e  A. 1 I ,  t he  

articulation a t  the  p i n t l e  hook 1s e l i m l n a t e d  which  r e s u l t s  i n  the  

do1 l y  s t r u c t u r e  becoming an i n t e g r a l  p a r t  o f  t h e  s e m i t r a i l e r  and 

t h e  pup t r a i l e r  be ing r e d e f i n e d  as t h e  t h i r d  e lement  o f  t h e  t r a i n .  

Therefore, t he  f i f t h  and the e i g h t h  equa t ions  o f  (A.13) a r e  

e l i m i n a t e d  which r e s u l t s  i n  a  s e t  o f  s i x  d i f f e r e n t i a l  equa t ions .  

M a t r i c e s  [A] and [B] a re  reduced t o  6 x 6 m a t r i c e s ,  and t h e  s t a t e  
T v e c t o r  { X I  i s  reduced to [vl, rl, rp, r3, rl, r p ] .  

A. 2.3 Equat ions o f  Mo t ion  o f  a  T r a c t o r - S e m i t r a i l e r .  The 

t r a c t o r - s e m i  t r a i l e r  i s  a  two-element t r a c t o r  t r a i n ,  hence o n l y  a  

s e t  o f  f ou r  d i f f e r e n t i a l  equa t ions  a r e  needed. The s t a t e  v e c t o r  
T  

i s  ( X I  = ( v l ,  rl, rp, r1 ) .  Hence, upon e l i m i n a t i o n  of  t h e  fou r th ,  
f i f t h ,  seventh, and e i g h t h  equa t lons  from ( A .  13) ,  t h e  reduced s e t  

o f  four  d i f f e r e n t i a l  equa t ions  f o r  t h e  t r a c t o r - s e m i  t r a i  l e r  a r e  

ob ta ined .  

A. 3 E igenva l  ues and E igenvec to rs  

The e igenva l  ues o f  the  f i x e d  s t e e r i n g  a r t i c u l a t e d  v e h i c l e  a r e  

o b t a i n e d  by s e t t i n g  the  f r o n t  wheel ang le  6FW = 0. 

Assuming t h e  e x i s t e n c e  o f  a  s o l u t i o n  t o  (A. 13)  o f  t h e  form 

and s u b s t i t u t i n g  i n  (A.13), we g e t  



T a b l e  A . 7 .  Elements  o f  ~ a t r i c e s  A ,  B ,  and C 

6 ( 6 ,  b ) r @ , n  B ( i  ,j) = B(n) where  n = 8 ( i - 1 )  + j) 
A ( l t 5 ) = A ( 5 r  1 )  





Table  A.7 (Cont.) 



(A[A] - [BI){$l = [ O )  (A. 1 4 )  

F o r  a  n o n t r i v i a l  s o l u t i o n  ( $ 1  f {Ol, hence (A.14) can be 

s o l v e d  f o r  A ,  wh ich  i s  t h e  c l a s s i c a l  e igenva lue  problem. I n  t h i s  

case, the  s o l u t i o n  o f  (A. 14) i s  a  s e t  o f  2n complex e igenva l  ues, 

A ,  and a  co r respond ing  s e t  o f  2n complex e igenvec to rs ,  {$ I i .  

A.4 Steady-Sta te  Gains 

The v e h i c l e  i s  s a i d  t o  have reached a  s teady  s t a t e  when t h e  

r a t e  o f  change of  t h e  s t a t e  v e c t o r  w i t h  r e s p e c t  t o  t i m e  i s  zero, 

i . e . ,  { k }  = IO). 

The s t e a d y - s t a t e  va lues  o f  t h e  s t a t e  v e c t o r  f o r  a c o n s t a n t  

s t e e r  i n p u t  i s  t h e r e f o r e  o b t a i n e d  by  s e t t i n g  { k 1  = 0 i n  (A. 13), 

hence 

{ X I  
S . S .  

= - [Dl-' { c )  6,-,, 

and t h e  s t e a d y - s t a t e  ga ins  a r e  g i v e n  by 

( A .  16)  

where the  l e f t - h a n d  s i d e  o f  (A.16) i s  a  v e c t o r  o f  2n s t e a d y - s t a t e  

g a i n s .  

A. 5 T i m e  H i s t o r y  o f  Response 

The t ime  h i s t o r y  o f  response i s  o b t a i n e d  by  numer i ca l  i n t e g r a -  

t i o n  o f  Equa t ion  (A.13) w i t h  t h e  t i m e  h i s t o r y  o f  bFW be ing  p r o v i d e d  

as an i n p u t .  

Separa te  computer programs we r e  deve loped f o r  o b t a i n i n g  t h e  

s teady-s  t a t e  ga ins ,  e igenva l  ues, and t i m e  h i s t o r y  o f  response f o r  

two, th ree ,  and f o u r  e lement  a r t i  c u l  a t e d  v e h i c l e s .  



Flow diagrams f o r  t h e  computat ion of e igenva l  ues, s teady-  

s t a t e  gains,  and t i m e  h i s t o r i e s  o f  response a r e  p resen ted  i n  

F i g u r e  A. 5 .  

A. 6 --- The D i r e c t i o n a l  S t a b l l  i ty  and R o l l o v e r  Problems o f  A r t i c u l a t e d  
Veh ic l  es 

There a r e  t h r e e  d i s t i n c t l y  d i f f e r e n t  s i t u a t i o n s  i n  wh ich  an 

a r t i c u l a t e d  v e h i c l e ' s  o p e r a t i o n  may be hazardous, a1 1  o f  wh ich  

r e s u l t  i n  e i t h e r  the  d r i v e r  l o s i n g  c o n t r o l  o f  t h e  v e h i c l e  o r  t h e  

r o l  l o v e r  o f  one o f  t h e  t r a i l e r s  

( a )  Snaking o r  Swayinq. Two o f  the  most i m p o r t a n t  o p e r a t i n g  

v a r i a b l e s  t h a t  a f f e c t  the  damping r a t i o s  o f  the  n a t u r a l  modes o f  

o s c i  11 a t i o n  o f  an a r t i c u l a t e d  v e h i c l e  a r e  l o a d  d i s t r i b u t i o n  and 

fo rward  speed. Under u n f a v o r a b l e  1  oad i  ng cond i  t i o n s  and h i g h  

o p e r a t i n g  speeds, the  damping r a t i o  of one o f  t h e  n a t u r a l  modes o f  

o s c i l  l a t i o n  may tend  t o  zero o r  may even t u r n  o u t  t o  be nega t i ve .  

I f  t h a t  mode o f  o s c i l l a t i o n  i s  e x c i t e d  by an e x t e r n a l  d i s tu rbance ,  

i t  tends t o  grow i n  amp l i t ude  u n t i l  a s tage i s  reached when t h e  

v e h i c l e  i s  no l o n g e r  c o n t r o l  l a b l e .  

( b )  J a c k k n i f i n g .  Dur ing  severe  b r a k i n g  cond i  t i o n s ,  t he  

wheels on one o r  more o f  t h e  a x l e s  on the  t r a c t o r  o r  t h e  t r a i l e r s  

may l o c k  up, caus ing  a  l o s s  o f  c o r n e r i n g  s t i f f n e s s ,  and a  decrease 

i n  t h e  s t a b i l i t y  o f  t h e  v e h i c l e .  Depending on t h e  l o c a t i o n  o f  t h e  

l ocked  ax les ,  and o t h e r  o p e r a t i n g  c o n d i t i o n s ,  t h e  t r a i l e r  o r  t h e  

t r a c t o r  tends t o  swing away f rom t h e  s t r a i g h t - a h e a d  mot ion ,  r e s u l t i n g  

i n  a  monotonic i n c r e a s i n g  a r t i c u l a t i o n  ang le .  

( c )  R o l l  o v e r .  An a c c i  den t -avo i  dance t y p e  o f  maneuver, 

i n  wh ich  the  d r i v e r  t r i e s  t o  make a  sudden change i n  d i r e c t i o n  o r  

a  change i n  the  l a n e  can r e s u l t  i n  a l a r g e  peak l a t e r a l  acce le ra -  

t i o n  a t  the  t r a c t o r .  A t  h i g h  o p e r a t i n g  speeds, t h e  peak l a t e r a l  

a c c e l e r a t i o n  exper ienced  by t h e  r e a r  e lements o f  t h e  t r a i n  i s  o f  an 





even h i g h e r  magni tude than t h e  peak a c c e l e r a t i o n  o f  t h e  t r a c t o r ,  thereby  

ttlaking the  r e a r  t r a i l e r s  o f  t h e  t r a i n  niore suscep t l  b l e  t o  r o l l o v e r .  

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

o p e r a t i n g  s i t u a t i o n s  ( a )  and ( c )  i s  i n v e s t i g a t e d .  

A. 7 Use o f  Eigenvalues as a  Q u a n t i t a t i v e  Measure o f  t h e  L a t e r a l  
S t a b i l i t y  o f  Veh ic les  

As ment ioned e a r l i e r  i n  S e c t i o n  A. 3, a  n  component a r t i c u l a t e d  

v e h i c l e  has a  s e t  o f  2n c m p l  ex e igenva lues  and a  co r respond ing  s e t  

o f  2n complex e igenvec to rs ,  o r  n a t u r a l  modes o f  o s c i l l a t i o n .  

The e igenva l  ues o f  a  1  oaded double t a n k e r  ( a  four-component 

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

a re  shown i n  F igu re  A.6 where t h e  abs icca  i s  t h e  r e a l  a x i s  and t h e  

o r d i n a t e  i s  t he  imag ina ry  a x i s .  T h i s  four -e lement  t r a i n  has a  s e t  

o f  e i g h t  e igenva lues  ( o r  four  complex p a i r s  o f  t h e  fo rm 

n + if{ j = l  ,2,3,4). S ince t h e  e igenva lues  l y i n g  i n  t h e  l o w e r  
j -  j 

h a l f  o f  t he  complex p lane a r e  j u s t  a  m i r r o r  image o f  t he  e igenva lues  

l y i n g  i n  the top  h a l f  p lane,  we s h a l l  i n  a l l  f u t u r e  r e f e r e n c e s  t o  

e igenva lues  show o n l y  t he  e igenva lues  l y i n g  i n  t h e  t o p  h a l f  o f  t h e  

compl ex p l  ane. 

For a  dynamical system t o  be s t a b l e ,  t h e  r e a l  p a r t s  o f  a1 1  

e igenva lues  o f  t h e  system have t o  be negat ive ,  o r  i n  o t h e r  words, 

a l l  the e igenva lues  have t o  l i e  i n  t h e  l e f t  h a l f  o f  t h e  complex 

p l  ane. 

Moreover, t he  c l o s e r  a  p a i r  o f  complex e igenva lues  a re  t o  t h e  

imag inary  a x i s  ( w h i l e  l y i n g  t o  t h e  l e f t  o f  t h e  imag ina ry  a x i s ) ,  

t he  l o n g e r  i s  t h e  decay t ime  f o r  t h e  cor respond ing n a t u r a l  modes 

o f  o s c i l  l a t i o n .  I n  t h e  l i m i t  when t h e  p a i r  o f  complex r o o t s  l i e  

on the  imag inary  a x i s ,  t he  cor respond ing mode o f  o s c i l l a t i o n  i s  - 
undamped. 

A p a i r  o f  e igenva lues  l y i n g  t o  t h e  r i g h t  o f  t h e  imag ina ry  a x i s  

i n d i c a t e  t h a t  t h e  system i s  u n s t a b l e  s i n c e  even a  sma l l  d i s t u r b a n c e  



Damping rat io for mode I= 5 ,  = sin@,) 

Settl ing t ime for mode I= 4/c, Un, 

FIGURE A - 6 .  EIGEN VALUES OF A F U L L Y  LOADED 55'  DOUBLE TANKER 

AT 5 0  m.p.h.  
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c o u l d  s e t  the system i n t o  an o s c i l l a t o r y  mode o f  m o n o t o n i c a l l y  

i n c r e a s i  ng amp1 i tude . 
From the  above d i scuss ion  i t  i s  obvious t h a t  t h e  l o c a t i o n  o f  

t he  e igenva lues i n  the  complex p lane g ives  us a1 1  t h e  needed i n f o r -  

mat ion  f o r  a s c e r t a i n i n g  the  abso lu te  l a t e r a l  s t a b i l i t y  o f  t h e  

v e h i c l e  i n  s i t u a t i o n  ( a )  descr ibed i n  Sec t i on  A . 6 ,  a l s o  t h e  damping r a t i o  

o f  t h e  l e a s t  damped mode o f  o s c i l l a t i o n  g i ves  an i n d i c a t i o n  o f  

the  s t a b i l  i ty margin. 

When s tudy ing  the  e f f e c t  o f  parameter changes o r  i n -use  

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

e igenva lues are i ndespens ib le ,  s i n c e  they do g i v e  an i n d i c a t i o n  as 

t o  whether the  proposed des ign m o d i f i c a t i o n  would i n c r e a s e  o r  de- 

crease the damping r a t i o s  o f  the  va r ious  e igenva l  ues o f  t he  base1 i n e  

v e h i c l e .  

The ques t ion  t h a t  one m i g h t  ask n e x t  i s :  To what e x t e n t  do 

the  e igenva lues i n d i c a t e  a  v e h i c l e ' s  r o l l o v e r  s u s c e p t i b i l i t y  i n  

emergency maneuvers? The r o l  l o v e r  suscep t i  b i  1  i t y  o f  any one element 

o f  the  a r t i c u l  a ted  v e h i c l  e  d u r i n g  emergency 1  ane-change maneuvers 

i s  a  f u n c t i o n  of t he  peak l a t e r a l  a c c e l e r a t i o n  exper ienced by t h e  

element and o t h e r  r o l l - r e l a t e d  f a c t o r s  such as: 

1 )  the h e i g h t  o f  c.g. above ground l e v e l ,  

2 )  the  t r a c k  w i d t h ,  and 

3)  t he  r o l l  r e s i s t i n g  moments t h a t  a r e  generated a t  

t h e  p o i n t s  o f  a r t i c u l a t i o n .  

I n c r e a s i n g  the  damping r a t i o s  o f  t h e  n a t u r a l  modes o f  o s c i l  l a -  

t i o n  leads t o  a  f a s t e r  decay o f  t h e  t r a n s i e n t s  generated d u r i n g  

maneuvering o f  the v e h i c l e  and a l s o  reduces t h e  magnitude o f  t h e  

peaks. Hence the e igenva lues can be ve ry  u s e f u l  w h i l e  s t u d y i n g  t h e  

e f f e c t  va r ious  des ign m o d i f i c a t i o n s  have on t h e  yaw behav io r  and 

a l s o  t h e i r  e f f e c t  on y a w - r e l a t e d  f a c t o r s  o f  t h e  r o l l  s u s c e p t i b i l i t y  

o f  a  v e h i c l e .  



A t  the  sanie t ime, e igenva lues do n o t  p r o v i d e  us w i t h  enough 

i n f o r m a t i o n  f o r  comparing the  r o l l  suscep t i  b i l  i t y  o f  c a t e g o r i c a l l y  

d i f f e r e n t  v e h i c l e s  such as a  double t a n k e r  w i t h  a  t r a c t o r -  

semi t r a i  1  e r .  

Hence we do f i n d  a  need f o r  a  measure o f  t h e  yaw behav ior -  

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

which can be used f o r  comparing a l l  v e h i c l e s  i r r e s p e c t i v e  o f  t h e i r  

ca tegory .  I n  S e c t i o n  A.10, t h e  peak l a t e r a l  a c c e l e r a t i o n  r a t i o  i s  

i n t r o d u c e d  as a  measure o f  t h i s  f a c t o r .  

A.8 --- E f f e c t  o f  In-Use Cond i t i ons  and Parameter Changes on the  
E igenva lues  o f  t h e  55-Foot Double Tanker 

A.8.1 E f f e c t  o f  In-Use Cond i t i ons .  Among t h e  in -use 

c o n d i t i o n s  t h a t  a f f e c t  t he  l a t e r a l  s t a b i l i t y  of  t h e  5 5 - f o o t  

doub le  tanke r ,  ( 1 )  l o a d  d i s t r i b u t i o n  and ( 2 )  f o r w a r d  speed a r e  t h e  

most i m p o r t a n t .  

The tanks  on t h e  semi t r a i  1  e r  and t h e  pup t r a i  1  e r  a r e  

d i v i d e d  i n t o  f o u r  and t h r e e  compartments, r e s p e c t i v e l y .  The 

s t a b i l i t y  o f  t h e  double tanke r  i n  t h e  f o l l o w i n g  e i g h t  l o a d  d i s t r i -  

b u t i o n  s i t u a t i o n s ,  r a n g i n g  f rom comp le te l y  empty t o  f u l l y  loaded, 

were i nves ti gated.  

Number --- Semi t r a i l  e r  Pup T r a i l e r  Schemati c  

1 F u l l y  Loaded Ful  l y  Loaded 

2 Ful  l y  Loaded Empty 

F u l l y  Loaded 



Nurribe -- -- - r Semi t r a i  l e r  ------- - - P u i  . --.- T r a i l e r  --- - -- Schemati c  .- 

5 Loaded Rear Compartment 
Loaded 

6 Loaded F r o n t  Compartmen t 
Loaded 

7 Em P ty  Rear Compartment 
Loaded 

8 Empty F r o n t  Compartmen t 
Loaded 

E igenva lues f o r  the  cases 1 th rough  4 a r e  presented i n  F i g u r e  A .  7, 

w h i l e  t h e  e igenva lues f o r  t h e  cases 5 t h rough  8 a r e  shown i n  

F i g u r e  A.8.  

I n  these diagrams, t h e  e f f e c t  o f  f o r w a r d  speed i s  a l s o  shown 

by p l o t t i n g  the  l o c u s  o f  t h e  e igenva lues  as the  speed changes f rom 

30 t o  70 mph. We f i n d  t h a t  t h e  damping r a t i o s  o f  a l l  t he  e igen -  

va lues decrease w i t h  i n c r e a s i n g  f o r w a r d  speed. I n  the  case o f  

l o a d i n g  c o n f i g u r a t i o n s  #5 and #7, t h e  v e h i c l e  i s  u n s t a b l e  even a t  

normal highway speeds o f  50 mph and above. 

A . 8 . 2  E f f e c t  o f  Design M o d i f i c a t i o n s  and Parameter Changes. An 

i n s p e c t i o n  o f  F igu re  A.6 shows t h a t  t h e  modes o f  o s c i l l a t i o n  

cor respond ing t o  t h e  e i g e n v a l  ues numbered 1 and 2 are  t h e  l e a s t  

damped. And these r o o t s  t e n d  t o  c r o s s  o v e r  t o  t h e  r i g h t  h a l f  o f  t he  

complex p lane under u n f a v o r a b l e  o p e r a t i n g  c o n d i t i o n s .  Hence, a des ign  

m o d i f i c a t i o n  wh ich  would r e s u l t  i n  an i n c r e a s e  i n  t h e  damping r a t i o s  

of these r o o t s  i s  d e s i r a b l e .  

F igu re  A . 9  shows t h e  e f f e c t  o f  changes i n  t h e  wheelbase o f  

t h e  pup t r a i l e r  i n  the  f u l l y  1  oaded c o n d i t i o n  o f  t h e  5 5 - f o o t  double.  
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0 Baseline vehicle 

I O) Pup tandem moved back 10" 

Pup tandem moved back 21' * A Pup tandem moved forward 10" 

A Pup tandem moved forward 21" 

Tank is repositioned such that * load distribution amongst the 
pup and dol ly axles is the. 
same as baseline vehicle. 

F IGURE A - 9 .  EFFECT OF CHANGE IN PUP TANDEM A X L E  LOCATION 



The e f f ec t  of changing the l o c a t i o n  of the  t r a c t o r  f i f t h  

wheel i s  shown i n  F igure  A.10. 

Changing t i r e s  f rom b ias  t o  r a d i a l  cou ld  increase t h e  co rne r i ng  

s t i f f n e s s  by as much as 20%. I n  F igure  A.11 the e f f e c t  of i nc reas-  

i ng  the co rner ing  s t i f f nesses  of  d o l l y  and pup t i r e s  i s  shown. 

L i f t i n g  the midd le  a x l e  on t he  pup increases the  l o a d  c a r r i e d  

by t h e  r e s t  o f  t h e  ax les on t h e  pup and a l so  increases t h e  e f f ec -  

t i v e  wheelbase. Hence, the e f fec t  of t h i s  m o d i f i c a t i o n  was i n v e s t i -  

gated. F igure  A.12 shows the  eigenvalues o f  t h e  mod i f i ed  v e h i c l e  

d l o n g  w i t h  those o f  the base l ine  veh i c l e .  

The l o n g i t u d i n a l  d i s tance  between the p i n t l e  hook and t he  

mass cen te r  of t he  do1 l y  i s  c a l l e d  t he  tongue l eng th .  The e f f e c t  

o f  changes i n  tongue l e n g t h  are shown i n  F igure  A.13. 

The e f f e c t s  o f  r i g i d i z i n g  the  connect ion a t  t h e  p i n t l e  hook 

o r  the  do1 l y  f i f t h  wheel by i n t r o d u c t i o n  of l i n e a r  t o r s i o n a l  sp r ings  

a re  presented i n  F igures A.14 and A.15, r e s p e c t i v e l y .  I t  should 

be observed t h a t  w i t h  an increase i n  the s t i f f n e s s  o f  t he  sp r i ng  a t  

e i t h e r  o f  the a r t i c u l a t i o n  po in t s ,  the  na tu ra l  f requency o f  eigen- 

value 2 increases and i n  t he  l i m i t  when a r t i c u l a t i o n  i s  e l im ina ted  

by i n t r o d u c i n g  an i n f i n i t e l y  s t i f f  sp r ing ,  a  degree o f  freedom i s  

e l  i m i  nated and hence t h e  f o u r - e l  ement double becomes a  th ree-e l  ement 

double w i t h  th ree  p a i r s  o f  e igenvalues. The veh i c l e  c o n f i g u r a t i o n  

r e s u l t i n g  from r i q i d i z i n g  the p i n t l e  hook o f  the 55- foo t  double 

w i l l  he rea f t e r  be r e f e r r e d  t o  as  the Canadian double. The e f f e c t  

t h i s  m o d i f i c a t i o n  has on the  t r a n s i e n t  response of t he  double w i l l  

be discussed i n  Sec t ion  A.10. 

A .  9 Comparison o f  the  Eigenval ues o f  Var ious Veh ic le  Con f igu ra t ions  

The damping r a t i o  and na tu ra l  frequency of the eigenval  ues 

o f  var ious veh i c l e  c o n f i g u r a t i o n s  a re  shown i n  Table A.8. The 

eigenval  ues o f  each v e h i c l e  a re  arranged i n  t h e  o rder  o f  i nc reas ing  
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F IGURE A-10. EFFECT OF CHANGE IN TRACTOR 5th WHEEL LOCATION 



55' DOUBLE TANKER F U L L Y  LOADED - FORWARD SPEED 50 mph 

() Standard 

C31, C 3 2 ,  C 4 1 , C 4 2 , C 4 3  increased 10% 

0 C31, C 3 2  ,C41 , C 4 2  , C 4 3  increased 2 0 %  

5 un rod h e c  (Reol )  

FIGURE A - l l  E F F E C T  O F  INCREASE I N  CORNERING STIFFNESS O F  PUP AND DOLLY TIRES 

3 6 



55' DOUBLE TANKER FULLY LOADED - FORWARD SPEED 5 O m ~ h  

a Standard 

Axle #4l l i f ted 

5 Wn rod/sec (Reol) 

FIGURE A - 1 2 .  EFFECT OF LIFTING AN AXLE 



59' DOUBLE TANKER FULLY LOADED - FORWARD SPEED 50mph 

4 Standard 
X 3 B  increased 12" 

X X 3B increased 24" 
0 X 3 C  increased 36" 
lJ X 3 B  increased 48" 

FIGURE A - 1 3 .  EFFECT OF INCREASE IN TONGUE LENGTH 



55 '  DOUBLE TANKER FULLY LOADED- FORWARD SPEED 50mah 

a 55 ' Double tonker 

A 105 in-lb/rod 
6 10 in-lb/rod 

0 lo7 in-lb/rod 
+ Canadian double with 

pintle hook locked 

- 5 -4 - 3 - 2 - I  0 
gun, rod/sec (Real) 

FIGURE A-14. EFFECT OF ADDING A SPRING AT THE PINTLE HOOK 



55' WBLE TANKER FULLY LOADED - FORWARD SPEED 5 0  mph 

1 55 '  Double tanker 
A l o5 in - Ib / rad  

0 1 0 7 i n -  lb/rad 
c 55' Double tanker w ~ t h  

dolly 5th wheel locked. 

FIGURE A-15. EFFECT OF ADDING A SPRING AT THE  DOLLY K lNGPl  N 



T a b l e  A .8  Eiqenvalues o f  Various Vehic le  Con f igu ra t ions  a t  50 mph. 

W W W W " 1 n 2 n 3 n 4 

Veh lc le  Type 1; 1 (Hz )  t 2 (Hz ? 3 (Hz )  5 4 (Hz)  - - 
Standard %-Foot 
Doubl e-Bottom 

Loaded 0.1894 0,758 0.4555 0.8412 0.4840 0,6233 0.8645 0.7603 

Semi Empty 0.1542 0,6991 0.4327 0.6435 0,5311 0.8595 0.9206 0.6613 

Pup Empty 0.1738 0,8546 0.5053 0.8848 0.5088 0,6349 0.8625 0.7585 

Both Empty 0.1216 0.8158 0.4947 0,6914 0.5649 0.8419 0.9198 0.6499 

55-Foot Double- 
Bottom M o d l f i e d  
(Canadian Type) 

Loaded 0.3188 0.6292 0.5709 0.5254 0.8837 0.7755 - - 
Semi Empt,y 0.3423 0.6145 0.5296 0.4530 0,9204 0.7117 - - 

Pup Empty 0.3774 0.7367 0.5957 0.61 23 0.8672 0.7558 - - 
Both Empty 0.3791 0,7048 0.6557 0.5685 0.91 11 0.6627 - - 

55-Foot noubl e 
Wi th  Ax le  #41 
L i  f t e d  

Loaded 0.3308 1.006 0.3644 0.6454 0.4746 0.63905 0.865 0.7608 

Semi Empty .0, 299 0.5981 0.405 0,9628 0.4554 0.6994 0.9208 0.6638 

Pup Empty 0.2822 0.9522 0,4328 0.8171 0.5108 0.6373 0.8626 0.7587 

Both Empty 0.225 0.8570 0.482 0,8041 0.5156 0.7105 0.919 0.6503 

Standard 65-Foot 
Double-Bottom 

Loaded 0.3504 0.6375 0.4274 0.81 26 0.5724 0.6371 0.8364 0.7440 

Semi Empty 0.2919 0.6034 0.4762 0.6502 0.5274 0.8310 0.8777 0.7396 

P u p  Empty 0.2868 0.7733 0.5276 0,7772 0.6016 0.6400 0.8313 0.7439 

Both Empt,v 0.2345 0.7443 9.5282 0,6732 0.5968 0.7620 0.8723 0.7353 



Table  A . R  F i r l ~ n v ~ l ~ r e s  o f  Various Veh lc l c  C o r ~ i f q u r a t l o n s  a t  50 mph. ( C o n t ' d )  

V e h i c l e  Type 5 1 (Hz)  5 2 (Hz) 5 3 (Hz) 5 4 

55-Foot 
Canadi an Type 
Double Wi th  A x l e  
#31 L i f t e d  
(Pup F r o n t  Ax le)  

Loaded 0.4194 0.7534 0.4824 0.4476 0,8897 0.774 - 
Semi Empty 0.4171 0.7586 0.4319 0.3793 0,9256 0.7159 - 

80 th  Empty 0.4196 0.762 0.6361 0.5278 0,9139 0.6661 - 

5 Axle  Semi - 
tanker  

Loaded 0.83754 0.7965 r 2  > 1 Real r o o t s  a r e  -1.7903 and -3.5736. 

11 Ax le  Semi- 
t a n k e r  

Loaded 

Convent ional  5 
Ax le  Van-Semi - 
t r a i  l e r  

Loaded 

T r a c t o r  Semi - 
t r a i  l e r  Obtained 
By D isconnec t ing  
D o l l y  and Pup 
T r a i  1 e r  

Loaded 0.51 36 0.6256 0.8635 0.7584 - - 
Empty 0.5191 0.6565 0.9208 0.6506 - - 



damping r a t i o ,  the  f i r s t  p a i r  o f  columns c o n t a i n i n g  t h e  damping 

r a t i o  and n a t u r a l  f requency o f  the  l e a s t  damped mode. 

A.10 Peak L a t e r a l  A c c e l e r a t i o n  R a t i o  as a  Measure o f  t h e  R o l l  
S u s c e p t i b i l i t y  of  an A r t i c u l a t e d  V e h i c l e  

Emergency maneuvers o f  v e h i c l e s  a t  normal highway speeds can 

r e s u l t  i n  l a t e r a l  a c c e l e r a t i o n s  o f  l a r g e  magni tude which  a t  t imes 

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

v e h i c l e s ,  t h e  s i t u a t i o n  i s  f u r t h e r  worsened by  t h e  f a c t  t h a t  t he  

1  a t e r a l  a c c e l e r a t i o n  exper lenced b y  the  r e a r  e lements o f  t he  t r a i n  

a r e  o f  an even h ighe r  magnitude; t h i s  a m p l i f i c a t i o n  o r  g a i n  i n  

the  maynl tude o f  t h e  peak l a t e r a l  a c c e l e r a t i o n  makes t h e  r e a r  

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

I n  t h i s  study,  t h e  prob lem has been i n v e s t i g a t e d  by u s i n g  

t h e  r a t i o  between the peak l a t e r a l  a c c e l e r a t i o n  a t  t h e  mass cen te r  

o f  t h e  rea rmos t  e lement and t h a t  o f  t h e  t r a c t o r  f o r  a  two-second 

lane-change maneuver o f  t he  form shown i n  F i g u r e  A.16. F i g u r e  A,16 

a l s o  shows the l a t e r a l  a c c e l e r a t i o n  a t  t h e  mass c e n t e r  o f  t h e  

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

t r a i l e r  o f  t h e  s tandard  5 5 - f o o t  doub le  and two o t h e r  m o d i f i e d  

v e r s i o n s .  

I n  F i g u r e  A.17, t h e  peak l a t e r a l  a c c e l e r a t i o n  r a t i o s  o f  v a r i o u s  

v e h i c l e  c o n f i g u r a t i o n s  a t  speeds o f  30, 50, and 70 mph i n  d i f f e r e n t  

l o a d i n g  c o n d i t i o n s  a r e  presented.  The peak l a t e r a l  a c c e l e r a t i o n  

r a t i o  o f  t h e  Canadian doub le  tanke r  can be seen t o  be l o w e r  than  

the  s tandard  % - f o o t  doub le  under a l l  t h e  l o a d i n g  c o n d i t i o n s  and 

o v e r  the  e n t i r e  range o f  normal o p e r a t i n g  speeds. 

A . l l  S teady-Sta te  Gains 

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

forward speed can be expressed i n  t h e  form: 





55' DOUBLE TANKER >(-X M O D I F I E D  5 5 '  D O U B L E  T A N K E R  
(CANADIAN T Y P E )  

CANADIAN DOUBLE TANKER [1--D II AXLE TRACTOR SEMI -TRAILER 
W I T H  ONE PUP AXLE L I F T E D  

0 2 0  40 60 80 
Forward speed (m.p.h) 

FULLY LOADED 

0 20 40 60 80 
Forward speed (m.p.h.) 

SEMI-TRAILER E M P T I  

Forward speed (m.p.h.) Forward speed (mp.h. )  

PUP TRAILER EMPTY W A N D  SEMI-TRAILER EMPT' 

FIGURE A- 17. PEAK L A T E R A L  A C C E L E R A T I O N  RATIOS OF  FOUR ARTICULATED 

VEH ICLE CONFIGURATIONS DURING 2 SECOND LANE CHANGE M A N E U V E R  



( A .  17)  

where 

"e 
= e f f e c t i v e  wheel base ( i n .  ) 

V = f o r w a r d  v e l o c i t y  ( i n l s e c )  

K = u n d e r s t e e r  o r  o v e r s t e e r  g r a d i e n t  ( s e c 2 / i n )  

I n  Tab le  A.9 t h e  va lue  o f  ne, L, and K '  a r e  g i v e n  f o r  v a r i o u s  

commercial v e h i c l e s ,  where L i s  t h e  a c t u a l  wheel base and 

K t  = K x (386 x180/?r). 

A. 12 Comparison o f  Computer S i m u l a t i o n  Resu l t s  w i t h  R e s u l t s  o f  
F u l l  -Scal  e  Exper i  rnents - 

I n  t h i s  s e c t i o n ,  t h e  measured d i r e c t i o n a l  responses (yaw 

r a t e  and 1  a t e r a l  acce l  e r a t i o n )  o f  t h r e e  a r t i c u l  a t e d  v e h i c l e  c o n f i  gura-  

t i o n s  d u r i  ng a  1 ane-change- type maneuver a r e  compared w i t h  r e s u l t s  

o f  d i g i t a l  computer s imul  a t i o n s  made u s i n g  t h e  mathemat ica l  models 

d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n s  o f  t h i s  append ix .  The t h r e e  

v e h i c l e  c o n f i g u r a t i o n s  f o r  wh ich  comparisons a r e  made a re :  

1  ) t h e  s t a n d a r d  5 5 - f o o t  doubl e  t a n k e r  

2 )  Canadian-type doub le  t a n k e r  [ m o d i f i e d  5 5 - f o o t  doub le  
t a n k e r  w i t h  a  r i g i d i z e d  p i n t l e  hook], and 

3 )  t r a c t o r - s e m i  t r a i l e r  o b t a i n e d  b y  d i s c o n n e c t i n g  the  
d o l l y  and t h e  pup t r a i l e r  o f  a  5 5 - f o o t  doub le  t a n k e r .  

I t  s h o u l d  be emphasized t h a t  t h e  1  i n e a r  models employed i n  these 

comparisons were developed f rom t h e  p o i n t  o f  v iew o f  u s i n g  them as 

mathemat ica l  t o o l s  r a t h e r  than  f o r  making h i g h l y  a c c u r a t e  p r e d i c -  

t i o n s  o f  t h e  yaw b e h a v i o r  o f  s p e c i f i c  v e h i c l e s .  

I n  F i g u r e  A.18, computer s i m u l a t i o n  r e s u l t s  a r e  superimposed 

on t h e  measured response o f  a  f u l  l y - l o a d e d  5 5 - f o o t  doub le  t a n k e r  



Tab1 e A. 9. Steady-S t a t e  Gai n Factors 

K '  (deg/g) + [Effec. Wheel base] ( i n )  

Vehic le F u l l y  pu P Semi Pup and Ful  l y  Pup Semi Pup and 
Type Loaded Empty Empty Semi Empty . Loaded Empty Empty Semi Empty L * 

55- f t .  Double 1.979 1.973 0.786 0.742 150.98 150.82 144.55 143.3 1 34 

Canadian Double 1 -972 1 -929 0.988 0.731 145.96 148.27 124.37 130.49 1 34 

5-Axle Van- 
Semi t r a  i 1 e r  0.237 

11-Axle 
Semi tanker  4.066 

5-Ax1 e 
Semi tanker  -0.456 

65-f t . Double 2.068 2.06 1.486 1.455 163.69 163.42 158.63 157.43 150 

P Canadian w i  t h  
4 Pup Axle L i f t e d  2.005 1 -929 1.135 0.734 145.6 148.24 127.18 128.97 1 34 

5 5 - f t .  Double w i t h  
Pup D i  sconnected 1 -972 

Forward V e l o c i t y  = V ( i n /sec )  

E f f e c t i v e  Wheelbase = K e  ( i n )  

*Actual wheel base = L ( i n )  



- T E S T  DATA - - -  - -  S I M U L A T I O N  

0.4, 

L A T E R A L  

.... 

YAW 4.0 R A T E  

YAW RATE 
OF PUP TRA l  

(deg /sec 1 

0.0 I .  0 2 .O 3.0 4.0 
T I  ME (sec) 

FIGURE A-18.  FULLY LOADED 55 '  DOUBLE T A N K E R -  FORWARD SPEED 39mph 



d u r i  ng a two-second emergency,-type l ane-change maneuver. The 

computer  s i m u l a t i o n  was c a r r i e d  o u t  by p r o v i d i n g  t h e  s t e e r i n g  wave 

shape shown a t  t h e  t o p  o f  F i g u r e  A. 18 as i n p u t .  An i n s p e c t i o n  o f  

F i g u r e  A. 18 shows t h a t  the peak 1  a t e r a l  a c c e l e r a t i o n s  and yaw r a t e s  

o f  t h e  s i m u l a t i o n  match we1 1  w i t h  the  t e s t  r e s u l t s .  A t  t h e  same 

t ime,  t h e  computer s i m u l a t i o n  leads t h e  ac tua l  v e h i c l e  response by 

abou t  0.10 sec. T h i s  can be a t t r i b u t e d  t o  two s i m p l i f y i n g  assump- 

t i o n s  made d u r i n g  t h e  d e r i v a t i o n  o f  the  equa t ions  o f  mot ion .  

1  ) I n  the  model , s t e e r i n g  system dynamics a r e  n o t  

cons ide red  and the  s t e e r i n g  i n p u t  i s  assumed t o  be 

g i ven  d i r e c t l y  t o  t h e  f r o n t  wheels. Hence, any 

t ime  d e l a y  i n  the  power -s tee r ing  c i r c u i t  i s  n o t  

accounted f o r  I n  t h e  model. 

2 )  I n  t h e  model, t i r e  f o r c e s  a r e  assumed t o  be 

generated i n s t a n t a n e o u s l y  w i t h o u t  any t i m e  de lay .  

I n  t h i s  s i m u l a t i o n  ( F i g .  A.18) t h e  peak l a t e r a l  a c c e l e r a t i o n  

o f  t h e  pup t r a i l e r  was approx ima te l y  0.2 g  and t h e  r o l l  ang le  was 

a p p r o x i m a t e l y  1  " .  A t  these l o w  l e v e l s  o f  maneuvering s e v e r i t y ,  

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

t h e  1  i n e a r i z e d  model a r e  n o t  v e r y  l a r g e .  

I n  F i g u r e  A .  19, t h e  response o f  t h e  5 5 - f o o t  doub le  t a n k e r  

d u r i n g  a  severe lane-change maneuver i s  shown. The peak l a t e r a l  

a c c e l e r a t i o n  of t h e  pup t r a i l e r  i s  a p p r o x i m a t e l y  0 . 3  g w h i l e  t h e  

r o l l  ang le  i s  c l o s e  t o  5'. Al though  t h e  p r e d i c t e d  va lues  o f  t h e  

peak l a t e r a l  a c c e l e r a t i o n  a r e  i n  t h e  v i c i n i t y  o f  t h e  measured va lues,  

t h e  f requency o f  o s c i l l a t i o n  and wave shape o f  t h e  response o f  t h e  

a c t u a l  v e h i c l e  a r e  comp le te l y  d i f f e r e n t .  T h i s  c l e a r l y  b r i n g s  o u t  

t h e  l i m i t a t i o n s  o f  t h e  l i n e a r  model [due t o  t h e  l i n e a r i z i n g  assump- 

t i o n s  ( I ) ,  ( 2 ) ,  and ( 5 )  i n  S e c t i o n  A . l ] I  

The response o f  t h e  Canadian doub le  t a n k e r  d u r i n g  a  l a n e -  

change maneuver i s  shown i n  F i g u r e  A.20. Very good agreement 

between s i m u l a t i o n  and t e s t  r e s u l t s  were o b t a i n e d  f o r  t h i s  v e h i c l e  

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



- TEST DATA - .- - -. - SIMULATION 

STEERING 
WHEEL 
ANGLE 
(deg 

OF TRACTOR 0 

LATERAL 
ACC E LERATIO 
OF PUP TRAll 

YAW RATE 8.0 
OF TRACTOR 

(deg/sec) 0 

YAW RATE OF 20.0 

TIME (sec) 

FIGURE A-19 FULLY LOADED 55'  DOUBLE TANKER- FORWARD SPEED 38.5 mph 



T E S T  DATA -----. S I M U L A T I O N  

STEERING 
W H E E L  
ANGLE 
\ d e g  

L A T E R A L  
ACCELERATION 
OF TRACTOR 

( 8 ' 5 )  

LATERAL  
ACCELERATION 
OF PUP TRAILER 

YAW HATE 
OF HACTOR 

J e y  /seci 

YAW RATE OF 8.0 - 
PUP T R A I L E R  

ideg/sec) 

I '  I I I 1 

0 .O  1.0 2.0 3.0 4 .O 
TIME (set) 

FIGURE A-  20. FULLY LOADED MODIFIED 55' DOUBLE TANKER - FORWARD SPEED 40mph 



Figures A.21 and A.22 show the  response o f  a t rac to r -semi -  

t r a i l e r  du r i ng  low and h i gh  s e v e r i t y  maneuvers. I n  these cases 

reasonably  good agreement i s  obta ined i n  low s e v e r i t y  maneuvers, 

however, o n l y  f a i r  agreement i s  achieved for  severe maneuvers 

approaching cond i t i ons  a t  which wheels l i f t  o f f  t he  ground. 

Even though the  agreement between s imu la t i on  and t e s t  i s  l e s s  

than per fec t ,  the mathematical models do p rov i de  a  v a l i d  means f o r  

i n v e s t i g a t i n g  impor tant  phenomenon. C lea r l y ,  s i g n i f i c a n t  r e s u l t s  

f o r  extreme maneuvers need t o  be conf i rmed by v e h i c l e  t e s t i n g .  



T E S T  DATA - - - - - , -  SIMULATION 

160' 
STEERING 80 
WHEEL 0 ANGLE 
(d e g) -80 

- 160 

TERAL 
C EL LRATION 
THAC TOR 
( 9 ' s  1 " 

LATERAL 
ACCELERATION 
OF PUP TRAILER 

t i s )  

YAW HAT F: 
ol THACTOI{ 

(deg A(!C)  

YAW RATE OF 
StMI-  TRAILE R 

(deg/sec)  

0 0 10 2 0 3.0  
T I M E  ( s e c )  

FIGURE A- 21 FULLY LOADED TRACTOR SEMI -Tf?AILER - FORWARD S P E ~  45mph 



-- - -- TEST DATA .., S IMULATION 

160 

STEERING 80 
WHEEL 
ANGLE 0 
( d e g )  -80 

-160 

LATERAL 
ACCELERAT 
O f  TRACT 0 

0.4 

L A T E R A L  0.2 
ACCELERATION 
OF PUP TRAILER 0. 

19 s) - 0.2 

- 0.4 

YAW R A T E  
OF TRACTOR 
(deg h e c )  

16 .O 

YAW RATE OF 8.0 
SEMI-TRAILER 0 
(deg /sec 

- 8.0 

-16.0 

0.0 I .O 2 -0 3 . 0  4.0 
T I M E  (sec) 

FIGURE A -  2 2  F U L L Y  LOADED TRACTOR SEMI -TRAILER,  FORWARD SPEED 44mph 
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APPENDIX B 

STUDY OF TANKER ROLLOVER L I M I T S  

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

A  s u b s t a n t i a l  p o r t i o n  o f  t h e  double-bot tom t a n k e r  a c c i d e n t  

hazard  i s  t h e  t h r e a t  o f  v e h i c l e  r o l l o v e r  w i t h  t h e  p o t e n t i a l  f o r  

cargo leakage and f i r e .  

The dynamic a n a l y s i s  o f  t h e  tanke r  r o l l o v e r ,  d e s c r i b e d  i n  t h i s  

append ix ,  y i e l d e d  nun ier ica l  va lues f o r  r o l  l o v e r  1  i m i  t s  ( i  .e., max i -  

mum l a t e r a l  a c c e l e r a t i o n  which a  v e h i c l e  can w i t h s t a n d  w i t h o u t  r o l l -  

i n g  o v e r )  f o r  d i f f e r e n t  e x i s t i n g  v e h i c l e  c o n f i g u r a t i o n s .  It was a l s o  

used t o  p r e d i c t  t h e  e f f e c t s  o f  v a r i o u s  proposed v e h i c l e  r e t r o f i t  

changes on these  r o l l o v e r  l i m i t s ,  which were l a t e r  v e r i f i e d  by e x p e r i -  

ments. I n  a d d i t i o n ,  t h i s  a n a l y s i s  p rov ided  t h e  necessary  da ta  f o r  

des ign  of o u t r i g g e r s  wh ich  were f i t t e d  t o  t h e  t a n k e r s  t o  p r e v e n t  

t h e i r  c o m p l e t e l y  r o l l  i ng ove r  d u r i n g  t h e  exper imen ta l  t e s t s .  

B . 2  Approach 

Even t o  t h e  layman, t h e  b a s i c  phys i cs  o f  v e h i c l e  r o l l o v e r  a r e  

obv ious,  as p o r t r a y e d  by t h e  s i m p l e  s ta tement ,  " t h e  h i g h e r  t h e  cen- 

t e r  o f  g r a v i t y  ( c . g . ) ,  t h e  more e a s i l y  t h e  v e h i c l e  i s  r o l l e d  o v e r . "  

The phys i cs  o f  t h i s  s i rnple model o f  r o l l o v e r  i s  i l l u s t r a t e d  i n  

F i g u r e  0.1, where t h e  v e h i c l e  i s  rep resen ted  as a  r i g i d  body s u b j e c t e d  

t o  a  l a t e r a l  f o r c e  a t  i t s  c .g ,  analogous t o  t h e  D 'A lember t  f o r c e  o f  

l a t e r a l  a c c e l e r a t i o n  i n  a maneuver. As t h e  f o r c e  i s  g r a d u a l l y  i n -  

creased, no v e h i c l e  r o l l  occu rs  u n t i l  t h e  f o r c e  reaches t h e  v a l u e  

" W  T/H," a t  wh ich  t i m e  t h e  i n s i d e  wheels l i f t  o f f  and t h e  v e h i c l e  

begins t o  r o l l  . As r o l l  ang le  increases,  1  ess f o r c e  i s  r e q u i r e d  t o  

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

moving o v e r  t h e  o u t s i d e  wheel .  I n  f a c t ,  when t h e  c .g .  passes ove r  

t h e  o u t s i d e  wheel ( o  = A r c t a n  T/H) t h e  fo rce ,  F, goes t o  ze ro  and 
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would have t o  become n e g a t i v e  t o  s u s t a i n  t h e  v e h i c l e  a t  r o l l  ang les  

above t h i s  va lue .  Thus a  v e h i c l e  sub jec ted  t o  a  f o r c e  g r e a t e r  t han  

" W  T/H" begins t o  r o l l  and w i l l  c o n t i n u e  t o  complete r o l l o v e r  w i t h  

t h a t  f o r c e  a p p l i e d .  For t h i s  s imp le  model, t h a t  f o rce  " W  T/H" 

rep resen ts  t h e  thresh01 d  o f  1  a t e r a l  f o r c e  o r  1  a t e r a l  a c c e l e r a t i o n  

f o r  r o l l o v e r ,  and t h a t  f o r c e  decreases p r o p o r t i o n a t e l y  as  t h e  v e h i c l e  

c.g.  h e i g h t  i s  increased.  

The o b j e c t i v e  of  Task B - S t a t i c  A n a l y s i s  o f  R o l l o v e r  Thresho ld  

i n  t h e  p r o j e c t  was t o  determine t h e  r o l l o v e r  t h r e s h o l d  f o r  doub le-  

bot tom tanke r  v e h i c l e s  and t o  compare i t  a g a i n s t  t h a t  o f  f i v e  o t h e r  

common t r a c t o r - s e m i  t r a i l e r  combinat ions .  The s t a t i c  a n a l y s i s  was 

proposed w i t h  t h e  i n t e n t  o f  a p p l y i n g  a v a i l a b l e  techn iques t o  q u a n t i f y  

and compare 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 a r i o u s  v e h i c l e s  when sub- 

j e c t e d  t o  a  c o n s t a n t  l a t e r a l  a c c e l e r a t i o n  i n  a  c o r n e r i n g  maneuver (as  

i l l u s t r a t e d  above) except  f o r  u s i n g  a  more s o p h i s t i c a t e d  model t o  t a k e  

i n t o  account  t h e  d e t r i m e n t a l  i n f l u e n c e s  o f  t i r e  and suspension r311 

compl i ance. 



As t h e  p r o j e c t  developed,  however, i t  became c l e a r  t h a t  t h e  

most c r i t i c a l  aspects  o f  doub le-bot tom t a n k e r  performance were 

expe r ienced  i n  dynamic maneuvers such as t h e  l a n e  change i n  wh ich  

t h e  dynamics o f  t h e  d i f f e r e n t  v e h i c l e s  be ing  cons ide red  were n o t  

coniparable t o  t h e  degree t h a t  a  comparison o f  s t a t i c  r o l l o v e r  l i m i t s  

i s  a p p r o p r i a t e .  I n  p a r t i c u l a r ,  t h e  doubl e-bot tom pup t r a i l e r  proved 

t o  be most  s e n s i t i v e  and most c r i t i c a l l y  cha l l enged  d u r i n g  r a t h e r  

r a p i d  l a n e  changes. I n  such s i t u a t i o n s ,  t h e  l a t e r a l  f o r c e  may b u i l d  

i n  one d i r e c t i o n ,  s t a r t i n g  t h e  v e h i c l e  t o  r o l l ,  t hen  change i t s  

c l i r c?c t i on  c o ~ r l p l e t c l y  b e f o r e  t h e  v e h i c l e  has had t i m e  t o  r o l  l o v e r .  

I jccsusc o f  t h i s  f i n d i n g ,  i t  was cons ide red  necessary t o  

devc:lop a dynarnic model f o r  r o l l o v e r  which c o n s i d e r s  t h e  a c t i o n  o f  

a t iwe -va r , y ing  l a t e r a l  f o r c e ,  as w e l l  as t h e  i n e r t i a s  of t h e  v e h i c l e .  

The dynamic model, d e s c r i b e d  i n  t h e  n e x t  s e c t i o n ,  s i m u l a t e s  t h e  

t i rne-dependent r o l l  m o t i o n  as determined by :  

1  ) t ime-dependent l a t e r a l  f o r c e  

2 )  g r a v i t a t i o n a l  f o r c e s  

3 )  sprung and unsprung mass i n e r t i a s  

4 )  suspension c h a r a c t e r i s t i c s  

5)  t i r e  c h a r a c t e r i s t i c s  

I n  t h e  dynaniic case, t h e  r o l l o v e r  t h r e s h o l d  i s  n o t  so c l e a r l y  

t l v l  inc!tl ( i f ,  i n  I.tto $ t ,n t ic  case f o r  wh ich  r o l l o v e r  w i l l  fo7 l ow  w i t h  

1 i ( '1.-off o f '  1.11~ i n s i d e  whee ls .  I n  dynamic cases, 1  i f t - o f f  o f  t h e  

wtteels rrray c o i n c i d e  w i t h  a  dec reas ing  l a t e r a l  f o r c e  such t h a t  t h e  

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

e v a l u a t e  r o l l o v e r  t h r e s h o l d  on a  r e a l i s t i c  b a s i s ,  gu idance  was taken  

from t h e  expe r imen ta l  t e s t  expe r iences  f o r  wh ich  o u t r i g g e r  t ouch -  

down was t h e  c r i t e r i o n .  Thus i n  t h e  dynamic model,  t h e  r o l l o v e r  

t h r e s h o l d  was t aken  as t h e  p o i n t  a t  which o u t r i q g e r s ,  p o s i t i o n e d  as 

i n  t h e  expe r imen ta l  t e s t s ,  would t o u c h  down. Tha t  c o n d i t i o n  cor responds 

t o  a  sprung mass r o l l  a n g l e  o f  10-1 1  degrees.  



8 . 3  - Dynamic R o l l  Model 

The dynamic r o l l  model, shown i n  F i g u r e  B.2,  r e p r e s e n t s  t h e  

v e h i c l e  i n  a  p lana r  fash ion .  The v e h i c l e  c o n s i s t s  o f  a  sprung and 

an unsprung mass connected by a  suspension w i t h  s p r i n g  and damping 

c h a r a c t e r i s t i c s ,  and a  geometr ic  r o l l  c e n t e r .  The unsprung mass o f  

t h e  a x l e s  i s  i n  t u r n  supported by s p r i n g  and damper e lements e q u i -  

v a l e n t  t o  t h e  t i r e s .  By t h i s  method, t h e  c h a r a c t e r i s t i c s  o f  a l l  un- 

sprung masses a r e  lumped i n t o  one unsprung mass, and a l l  sprung mass 

elements a r e  lumped toge the r .  I n  t h e  case o f  mu1 t i p l e  v e h i c l e s  which 

a r e  r i g i d l y  l i n k e d  i n  r o l l  (such as t r a c t o r - s e m i t r a i l e r s  o r  t h e  

t rac to r -sen t i  t.rd i 1 c r -pup t r a i l e r  i n  the  r e t r o f i t t e d  c o n f i g u r a t i o n ) ,  

a composite v e h i c l e  i s  c rea ted ,  comb1 n i n g  a 1  1 t h e  sprung mass, un- 

sprung mass and suspension c h a r a c t e r i s t i c ~ .  Imp1 i c i  t i n  t h i s  

approach a r e  the  t h r e e  assumptions t h a t :  

1  ) The sprung mass r o l l s  about  a  p o i n t  ( r o l l  c e n t e r )  which 

i s  a t  equal h e i g h t  on a l l  suspensions 

2 )  The v e h i c l e  i s  e f f e c t i v e l y  r i g i d  i n  t o r s i o n  

3 )  A r t i c u l a t i o n  ang les  a r e  sma l l .  

The f i r s t  two assumptions a r e  reasonab le  o v e r  a l l  c o n d i t i o n s  f o r  t h e  

v e h i c l e s  cons idered.  The assumpt ion o f  smal l  a r t i c u l a t i o n  angles i s  

o n l y  a p p r o p r i a t e  a t  h i g h  speed ( t h e  c o n d i t i o n  o f  p r imary  i n t e r e s t )  

arld l eads t o  c o n s e r v a t i v e  r e s u l t s  i n  t h e  sense t h a t  p r e d i c t e d  r o l l -  

ove r  1 i n t i t s  w i l l  be s l i g h t l y  l e s s  than what m i g h t  be expected i n  

p r a c t i c e .  

Equat ions  o f  Mot ion .  The a n a l y t i c a l  model o f  t h e  r o l l o v e r  

mo t ion  of t h e  v e h i c l e  i n  a  p lane (wh ich  i s  p e r p e n d i c u l a r  t o  t h e  

l o n g i t u d i n a l  a x i s  o f  t h e  v e h i c l e ) ,  shown i n  F i g u r e  8.2, i s  assumed 

t o  have s i x  degrees o f  f r e e d o m d o t h  t h e  sprung and t h e  unsprung 

mass can move v e r t i c a l l y  and h o r i z o n t a l l y  and r o t a t e  by ang les  mS 
( f o r  t h e  sprung mass) and m u  ( f o r  t h e  unsprung mass), r e s p e c t i v e l y .  



Figure 8 . 2 .  The dynamic rollover model. 
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The dual  t i r e s  on each s i d e  a re  represented as massless sp r ings  

( t h e i r  nlesses a re  Sncluded f n  the  unsprung rrrass) and dampers. The 

two suspensions a re  shown as spr ings,  whlch can be nonl i n e a r  w i t h  

a c learance o r  backlash "6" a t  t he  top. 

Wi th  t he  assumption o f  a body- f ixed r o l l  cen te r  f o r  t h e  sprung 

mass, the  mot ion of t he  system can be descr ibed i n  terms o f  f i v e  

genera l  i zed  coordinates,  shown i n  F igure  8.3, and t h e  corresponding 

equat ions a re  obta ined by f o rmu la t i ng  expressions f o r  k i n e t i c  and 

p o t e n t i a l  energies o f  the system and t he  work done by t h e  non- 

conserva t i ve  fo rces  i n  t h e  system. Use o f  Lagrange's equa t ion  then 

g ives  t h e  f o l l ow ing  equat ions o f  mot ion i n  terms of t h e  symbols 

l i s t e d  i n  Table B.1: 

( 1 )  Coordinate yu: 

(11, m )y  - rnSp(, cos (u-mshRis cos ms-rnS6 s i n  mu 
S U U  

+ m s p i t  s i n  $urmshR&: s i n  4 s -2ms6 iu cos mu - - 

(2 )  Coord inate Zu: 

(msrmu)Zu-ms~$u cos mu-mshRms s i n  msmsp COS 4U 

- mshRi: cos ms-2ms6iu s i n  $u-msPi t  cos 4, 

= F3, + F3* + F 4 i  + F42 - mSag - mUeg 

(3 )  Coordinate mu: 

( Iu+msp2)mU - mSpZu s i n  $ u - m , ~ ~ u  cos murms~hR$s cos (4,-mu) 

+ mShRp$: s i n (  4u-9s)+2ms~ 64" = (F,+F2) ( hR-b )s i  n(mS-mu) 

+ (F,-F2)S cos(as-mu) + msg p s i n  $,, + t(F31+F42)(T+a) 

- F  ) T I  cos mu (F32 41 



Figure 0 . 3 .  Degrees of freedom for  the dynamSc rollover model. 



Table  B . 1 .  L i s t  o f  Symbols. 

Sym bo 1  

a  

b 

D e f i n i t i o n  

spac ing ( c e n t e r  t o  c e n t e r )  o f  dual  t i r e s  

h e i g h t  f r o m  t o p  o f  suspension s p r i n g s  t o  
sprung mass c,g.  

coulomb f r i c t i o n  i n  each suspens ion s p r i n g  

v i scous  damping i n  each t i r e  

back lash  i n  t h e  suspension s p r i n g s  

s p r i n g  and damping fo rces  i n  t h e  l e f t  and 
r i g h t  suspensions, r e s p e c t i v e l y  

s p r i n g  and damping forces  i n  t h e  f o u r  t i r e s  

app l  i e d  l a t e r a l  f o r c e  

g r a v i t a t i o n a l  c o n s t a n t  

h e i g h t  above ground o f  t h e  sprung mass 
c.g. and t h e  unsprung mass c.g., r e s p e c t i v e l y  

v e r t i c a l  d i s t a n c e  between t h e  r o l l  c e n t e r  
and t h e  sprung mass c.g. 

r o l l  moments o f  i n e r t i a  of  t h e  sprung and 
unsprung masses abou t  t h e i r  own c.g. 

s p r i n g  c o n s t a n t  o f  each t i r e  and of  each 
suspens ion s p r i n g ,  r e s p e c t i v e l y  

sprung and unsprung mass, r e s p e c t i  v e l y  

i ns tan taneous  d i s t a n c e  from r o l l  c e n t e r  t o  
unsprung mass c.g . 
ha1 f - s p a c i n g  between t h e  suspens ion s p r i n g s  

ha1 f - s p a c i  ng between t h e  i n n e r  t i r e s  

h o r i z o n t a l  and v e r t i c a l  d i s p l  acement, 
r e s p e c t i v e l y ,  o f  t h e  unsprung mass c .g  . 
r o l l  r o t a t i o n  o f  sprung and unsprung mass, 
r e s p e c t i v e l y  



Table B.1 .  (Cont . )  

Symbol D e f i n i t i o n  

61  4 2  compressions o f  t h e  suspension sp r ings  

" 0  s t a t i c  compression i n  the  suspension 

"0 s t a t i c  compression i n  the  t i r e  sp r ings  

A d o t  ( 9 )  over  a q u a n t i t y  denotes i t s  d i f f e r e n t i a t i o n .  



( 4 )  Coord ina te  p: 

-msp&: = F1+F2 - mSg cos 4, 

( 5 )  Coord inate  $,: 

tm h 2 )  - mShRzu s i n  mS-mShRYu cos @ s m S ~ h R i U  cos (+,-mu) ( I s  s R s 

+ m,g hR s i n  4, 

The t i r e  forces,  F3,, F32, F4,, F42, and suspension f o r c e s ,  F1, F2, 

a r e  d e f i n e d  as f o l l o w s :  

F3, = K T i s z 0  - Zu - ( T + a ) s i n  4,) t ~ ~ { - t ~ - i ~ ( ~ + a )  COS 4,) 

F32 = - z u - T s i n  m u }  + C~I-?, - ;,T cos 4,) 

F41 K T l  b Z 0  - Zu t T s i n  (1, 1 t cT{-Zu + i u T  cos $ J ~ )  

The above t i r e  fo rces  a r e  nonzero o n l y  when t h e  t i r e  i s  i n  compression.  

The compression o f  t h e  suspension s p r i n g s  are :  



Then 

$1 F1 = KS 61 + C F  ~ b ; r  ; f o r  al > 0 

= 0  ; f o r  -6  - 4 61 - < 0  

and 

2 = KS fi2 + C F  ; f o r  a 2  > 0 

= 0 ; f o r  - 6  - 4 62 - < 0 

= KS(n2+6) + C v* ; f o r  62 < - 6  

The above system o f  f i v e  n o n l i n e a r ,  second-order d i f f e r e n t i a l  

equat ions  was s o l v e d  by numer ica l  i n t e g r a t i o n .  Resul t s  were o b t a i n e d  

f o r  t h e  response o f  t h e  system t o  s i n u s o i d a l  and t o  D i r a c - d e l  t a  

f u n c t i o n  i n p u t s  o f  l a t e r a l  f o r c e ,  F  as  w e l l  as t o  a c t u a l  t i m e  
Y '  

h i s t o r i e s  o f  F  o b t a i n e d  e x p e r i m e n t a l l y  and f r o m  t h e  yaw response 
Y 

s i m u l a t i o n  o f  t h e  v e h i c l e  ( d e s c r i b e d  elsewhere i n  t h i s  r e p o r t ) .  The 

v e h i c l e s  s t u d i e d  and t h e i r  parameters a r e  p resen ted  i n  t h e  f o l l o w i n g  

s e c t i o n s .  

U.4 - Compa_ri ------ son Veh ic les  

I n  o r d e r  t o  make an o b j e c t i v e  assessment o f  t h e  r o l l o v e r  

s e n s i t i v i t y  o f  t h e  M ich igan  doub le-bot tom t a n k e r  v e h i c l e  combinat ion ,  

t h e  r o l l o v e r  c h a r a c t e r i s t i c s  o f  s i x  v e h i c l  es were s t u d i e d .  These 

v e h i c l e s ,  i l l u s t r a t e d  i n  F i g u r e  B.4, a r e  as f o l l o w s :  

1 )  M ich igan  doub le-bot tom t a n k e r  - as i t  i s  c u r r e n t l y  

des igned , rep resen ted  by t h e  Fruehauf Model TEG-F3- 

TSF-9300 s e m i t r a i l e r  and TEG-B5-TDF-7700 pup t r a i l e r .  



Base1 i ne 11 -Ax le  M ich igan  Double Tanker 

[ ) o u h l ~  Tanker W i thou t  Pup - " S h a r t  S i n g l e "  
- 

11  -Ax1 e 1.lodi f i  ed Double Tanker 

'I 1-Ax le  M ich igan  S i n g l e  Tanker 

5 - A x l e  Convent iona l  S i  n g l e  Tanker 

5-Ax le  S i  n g l e  Van Semi t r a i  1 er 

F i g u r e  8 . 4 .  M i c h i g a n d o u b l e - b o t t o m  t a n k e r  and f i v e  compar ison 
v e h i c l e s .  66 



2)  Michigan t ractor -semf  t r a i  l e r  tanker - cons i s t i ng  o f  

the t r a c t o r  and s e m i t r a i l e r  elements o f  t he  double- 

bottom combinat ion above. Th is  combinat ion repre -  

sents a f i r s t  a1 t e r n a t i v e  t o  the  double-bottom 

con f i gu ra t i on .  

3 )  The mod i f ied  double-bottom tanker  - r e s u l t i n g  f rom 

implementat ion o f  the r e t r o f i t  changes t o  t h e  f i r s t  

v e h i c l e  proposed as a  r e s u l t  o f  t h i s  p r o j e c t .  

4 )  The e l  even-ax1 e, Michigan t rac to r -semi  t r a i  1  e r  tanker - 
represented by t he  Fruehauf Model TAG-X8-TSF-17250, 

Th is  v e h i c l e  i s  c u r r e n t l y  i n  use i n  Michigan and i s  

a  second a l t e r n a t i v e  t o  t h e  double bottom. 

5) The f ive-ax1 e, convent ional  t rac to r -semi  t r a i l e r  

tanker  - represented by t h e  Fruehauf Model TAG-F2- 

ESF-9200. Th is  v e h i c l e  i s  a  common tanker  combinat ion 

used i n  most o t h e r  s ta tes ,  and i s  a  t h i r d  a l t e r n a t i v e  

t o  t he  double bottom. 

6) The f i v e - a x l e  t rac to r -semi  t r a i l e r  van - t h e  most 

common a r t i c u l a t e d  veh i c l e  on the  highways, Th is  

v e h i c l e  was se lec ted  s imply  a s  a base l ine  re fe rence  

f o r  comparison and was considered I n  i t s  h ighes t  c.g.  

(wors t  case) load ing  cond i t i on .  

Since each combination i s  sub jec t  t o  a c e r t a i n  amount o f  

design v a r i a b i  1  i t y  which can a f f e c t  r o l  l o v e r  performance, s p e c i f i c  

tanker  models were se lec ted  f o r  study. Though many suspension 

op t ions  a re  ava i l ab l e ,  a l l  were assumed t o  have t h e  Fruehauf s i n g l e  

taper  lea f  d i f f e r i n g  i n  c h a r a c t e r i s t i c s  o n l y  as a f f e c t e d  by the  

tandem ax le  spreads commonly used w i t h  each. The mass and suspension 

c h a r a c t e r i s t i c s  o f  t h e  t r a c t o r  were assumed the  same on a l l  combina- 

t i ons ,  and a re  g iven  i n  Table 8.2, 

The parameters desc r i b i ng  t he  d i f f e r e n t  veh i c l es  a re  a1 so 

g iven  i n  Tab1 e 8.2. Parameters f o r  t h e  double-bottom semi t r a i l e r  

w i t hou t  pup represen t  a  composite o f  t h e  s e m i t r a i l e r  and the  





t r a c t o r ,  s ince both a r e  coupled i n  r o l l ,  That i s ,  t h e  sprung mass 

i nc l udes  t h a t  o f  t h e  t r a c t o r  and s e m i t r a i l e r ,  the c.g.  he i gh t  i s  

t h a t  o f  t h e  combined masses, t he  t i r e  s t i f f n e s s  i s  t h e  combinat ion 

o f  a l l  t i r e s ,  and so on. Th is  approach was used t o  combine a l l  

c h a r a c t e r i s t i c s  except f o r  t h a t  o f  t h e  f r o n t  and r e a r  t r a c t o r  sus- 

pensions. Since t h e  t r a c t o r  suspension c h a r a c t e r i s t i c s  i n  t h i s  model 

a re  s i g n i f i c a n t '  o n l y  f rom the  s tandpoin t  of t he  r o l l o v e r  r e s i s t a n c e  

represented, t he  e f f e c t i v e  r o l l  s t i f f n e s s  o f  the t r a c t o r  was 'added 

t o  t h e  composite v e h i c l e  by an increase i n  t he  suspension sp r i ng  

s t i f f n e s s  producing the  equ i va l en t  e f f e c t .  Th is  method was necessary 

because t he  d i f f e r e n t  l a t e r a l  d i s tance  between t h e  spr ings  on t h e  

t r a c t o r  ax1 es produce r o l l  res is tance ,  which being p ropo r t i ona l  t o  

t he  square of t h a t  d is tance,  i s  n o t  dupl i c a t e d  by t h e  s imple add i -  

t i o n  o f  t h e  sp r ing  r a t e s  i n t o  t h a t  o f  t h e  composite veh i c l e .  

I n  t h e  s tudy o f  r o l l o v e r  o f  t h e  base1 i n e  double-bottom pup 

t r a i l  er, development o f  the  composite v e h i c l e  was n o t  necessary 

because t he  pup t r a i l e r  i s  n o t  r o l l  coupled t o  any o t h e r  v e h i c l e  i n  

the t r a i n .  Wi th  a l l  o t h e r  v e h i c l e  con f i gu ra t i ons ,  however, r o l l  

coup1 i ng necess i ta ted  the  f o rmu la t i on  of a  composite v e h i c l e  t o  

s imu la te  t h e  r o l  l o v e r  phenomena. 

As a  bas is  f o r  comparison, a l l  v e h i c l e  con f i gu ra t i ons  were 

i n v e s t i g a t e d  i n  a  lane change de f ined  by a  common, two-second s tee r  

angle  h i s t o r y  a p p l i e d  t o  t he  t r a c t o r .  The c o n f i g u r a t i o n s  were then 

compared on the  bas is  o f  t h e  amp1 i t u d e  of t h e  l a t e r a l  a c c e l e r a t i o n  

t h a t  cou ld  be appl i e d  t o  the  t r a c t o r  by t h a t  s t ee r  i n p u t  w i t h o u t  

r o l l o v e r  of any of t h e  v e h i c l e  elements. Since t he  veh i c l es  respond 

d i f f e r e n t l y  t o  t he  re ference s t e e r  i n p u t  i n  a  f a s h i o n  which a f f e c t s  

t h e i r  r o l  l o v e r  s ta  b i l  i t y ,  t h e  d i f f e r e n t  r e1  a t i o n s h i  ps between t h e  

t r a c t o r  s t e e r  i n p u t  and l a t e r a l  forces t o  t h e  v e h i c l e  had t o  be 

developed f o r  each c o n f i g u r a t i o n .  

I t  was i n i t i a l l y  in tended t h a t  t h e  l a t e r a l  f o r c e  i n p u t  be 

taken as those de r i ved  f rom the  yaw response a n a l y s i s  of Appendix 

A, bu t  i t  was no t i ced  t h a t  these a n a l y t i c a l  responses d i f f e r e d  



somewhat from the ac tua l  1  a te ra l  acce le ra t i on  measured f o r  t he  pup 

t r a i l e r ,  the t rac tor -seml  t r a l l  e r ,  and the  mod l f led  double-bottom 

tanker  I n  t h a t  t he  non l l naa r l  t l e s  o f  the ac tua l  v e h l c l e  caused the  

l a t e r a l  acce le ra t i on  t o  dwel l  a t  a  h i g h  l e v e l  d u r i n g  the  second peak 

i n  the  maneuver. I t  was there fo re  decided t o  take  account o f  t h i s  

d i f f e r e n c e  by " s t r e t c h i n g "  the  second peak o f  t h e  1  a t e r a l  accel era- 

t i o n s  o f  the  pup and s e m i t r a i l e r  u n i t s  t o  b e t t e r  match t he  exper i -  

mental r e s u l t s ,  and c a l c u l a t e  the l a t e r a l  f o r c e  accord ing t o  t h i s  

mod i f i ed  acce le ra t i on  h i s t o r y .  The same technique was used t o  de r i ve  

t h e  i n p u t  h i s t o r i e s  f o r  the  o t h e r  con f igu ra t ions  i n  s p i t e  o f  the  

absence of  exper imental  data, so t h a t  a11 veh i c l es  cou ld  be judged 

comparably. Hence, the i npu t s  used here represen t  a  "bes t  e s t i -  

mate" based on t he  recognized 1  i m i t a t i o n s  o f  t h e  yaw response ana lys is  

and guided by t h e  exper imental  measurements made on t h e  double- 

bot tom tanker .  The necess i t y  of go ing t o  t h i s  e f f o r t  a r i s e s  from 

the  f a c t  t h a t  t he  r o l l o v e r  model i s  non l i nea r  w i t h  t h e  consequence 

t h a t  t h e  r o l l o v e r  1  i m i  t s  depend on t he  shape o f  t h e  i n p u t  as w e l l  as 

the  ampl i tude. 

The t ime h i s t o r i e s  o f  l a t e r a l  f o r c e  i n p u t s  t o  t h e  r o l l o v e r  

model f o r  t he  d i f f e r e n t  v e h i c l e  c o n f i g u r a t i o n s  a r e  shown i n  F igures 

8.5 and 8.6. M i  t h  the  excep t ion  of t h e  pup t r a i l e r  case, t he  

h i s t o r i e s  represen t  the instantaneous summation o f  a l l  l a t e r a l  

f o r c e  i npu t s  t o  the  composite v e h i c l e  comprised o f  a  t r a c t o r  and 

the  r o l l  coupled t r a i l e r s  The ampl i tude s c a l i n g  o f  these p l o t s  i s  

a r b i t r a r y  s ince  the  ampl i tude i s  v a r i e d  i n  search ing f o r  the  r o l l -  

over  1  i m i t .  

8.5 Resul t s  and Conclusions 

To v a l i d a t e  t he  r o l l o v e r  s i m u l a t i o n  model, t h e  responses 

ob ta ined  w i  t h  t he  model were compared t o  exper imenta l  measurements. 

As descr ibed e l  sewhere i n  t h i s  r epo r t ,  t e s t s  were performed on 

(1 )  the base l ine  double-bottom tanker ,  ( 2 )  t he  s h o r t  s i n g l e  tanker  

and ( 3 )  the  mod i f i ed  double-bottom tanke r .  The v e h i c l e s  were 



Pup T r a i l e r  o f  t he  
Basel ine Double-Bottom 
Tanker 

Double-Bottom Tanker 
w i t hou t  Pup T r a i l e r  

"Shor t  S ing le"  

Modif ied Double-Bbttom 
Tanker 

Figure 8.5 .  La te ra l  fo rce  t i m e - h i s t o r y  i n p u t  f o r  double- 
bottom tankers.  
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11-Axle Michigan S ing le  
Tanker 

5-Axle S i n g l e  Tanker 

5-Ax1 e Van Semi t r a i  1 e r  

Figure 8.6. L a t e r a l  force t i n e - h i 5  tory i n p u t  f o r  other semi t r a i l e r s  . 



maneuvered through a  two-second 1  ane change and t h e  1  a t e r a l  accel  e r a -  

t i o n  ( a t  sprung mass c.g.  o f  t h e  t r a c t o r  and t r a i l e r s )  and t h e  

sprung mass r o l l  angles o f  t h e  semi t r a i l e r l p u p  t r a i l e r  were measured. 

Two o f  these exper imenta l  r e s u l t s  a re  shown i n  F igures  8.7 and 8.8. 

The 1  a t e r a l  a c c e l e r a t i o n s  shown i n  these f i g u r e s  were measured 

a t  t h e  c.g.  o f  the  sprung masses. The l a t e r a l  a c c e l e r a t i o n s  a t  t h e  

ground l e v e l  were ob ta ined  by  accoun t ing  f o r  t he  r o l l  v e l o c i t i e s  and 

a c c e l e r a t i o n s  o f  t h e  sprung mass. S ince  t h e  h e i g h t  of t h e  r o l l  

c e n t e r  above t h e  ground i s  r e l a t i v e l y  smal l  and because t h e  unsprung 

mass goes through r e l a t i v e l y  smal l  angu la r  v e l o c i t i e s  and acce le ra -  

t i o n s ,  t h e  l a t e r a l  a c c e l e r a t i o n  a t  t h e  t i r e - g r o u n d  c o n t a c t  was taken 

t o  be t h e  same as t h e  l a t e r a l  a c c e l e r a t i o n  a t  r o l l  cen te r .  Th i s  

1  a t e r a l  a c c e l e r a t i o n  a t  ground 1 eve1 , mu1 t i p l  l e d  by t h e  a p p r o p r i a t e  

mass, y i e l d e d  the exper imenta l  1 a t e r a l  f o r c e - t i m e  h i s t o r y  used i n  

develop1 ng t h a t  f o r  t h e  a n a l y t i c a l  model, 

The e x p e r i m e n t a l l y  measured r o l l  ang les  f o r  t h e  pup t r a i l e r  

and f o r  t h e  s h o r t  s i n g l e  s e m i t r a i l e r  a r e  compared w i t h  t h e  s imula-  

t i o n  r o l l  angles i n  t h e  F igu res .  E x c e l l e n t  agreement between t h e  

two va lues i s  observed th roughou t .  

The comparat ive r o l l o v e r  thresh01 ds f o r  t h e  s i x  comparison 

v e h i c l e s  a r e  shown i n  Table B.3.  The t h r e s h o l d  i s  d e f i n e d  i n  terms 

o f  t h e  peak va lue  o f  l a t e r a l  a c c e l e r a t i o n  wh ich  t h e  t r a c t o r  can go 

th rough  i n  t h e  lane-change maneuver w i t h o u t  r o l l o v e r  ( o u t r i g g e r  

touchdown) of any v e h i c l e  e lement.  I n  essence, t h i s  parameter 

c h a r a c t e r i z e s  t h e  maximum r a t e  a t  wh ich  t h e  lane-change maneuver 

can be performed s a f e l y .  

The double-bot tom tanke r  as i t  i s  c u r r e n t l y  designed i s  l i m i t e d  

t o  t h e  r e l a t i v e l y  low va l  ue o f  0.17 g ' s  peak t r a c t o r  l a t e r a l  acce le ra -  

t i o n  due t o  i t s  h i g h  c.g.  and, e s p e c i a l l y ,  t h e  a m p l i f i c a t i o n  o f  t h e  

a c c e l e r a t i o n  l e v e l  a t  t h e  pup which  causes t h e  pup t o  r o l l o v e r  f i r s t .  

The c a l c u l a t e d  l i m i t  i s  t he  same a s  t h e  e x p e r i m e n t a l l y  measured 

l i m i t .  The s h o r t  M ich igan  s i n g l e  i s  capab le  of maneuver l e v e l s  up 



Figure 8.7. Comparison o f  exper imental  and s i m u l a t i o n  
r o l l  ang les f o r  t h e  s h o r t  s i n g l e  t anke r .  



No BSH 

Time (Sec) 

F igu re  8.8. Comparison o f  exper imental  and s i m u l a t i o n  r o l l  angles 
f o r  t he  doubl e-bottom pup t r a i  l e r  , 
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Table 8.3. Ro l lover  Threshold f o r  S i x  Vehic le  Con f igu ra t ions .  

Peak La te ra l  Accel era  ti on 

t o  0.36-0.37 g  ' s  (exper imental  and ca l cu l a ted )  peak t r a c t o r  1  a t e r a l  
acce le ra t i on  p r i m a r i l y  due to t he  absence o f  t h e  swaying pup t r a i l e r .  

Wi th  t he  mod i f ied  double tanker  veh ic le ,  i n c l u d i n g  t h e  r i g i d  h i t c h  

( t o  reduce sway of t he  pup t r a i l e r  and couple the  v e h i c l e s  i n  r o l l  ), 

and the suspension changes t o  reduce backlash, t h e  r o l l o v e r  l i m i t  i s  

improved t o  0.37 g ' s  peak t r a c t o r  l a t e r a l  acce le ra t i on .  I t  i s  

notab le  t h a t  the e leven-ax le  s e m i t r a i l e r  tanker  l i m i t  i s  i n  t h i s  

same range as the  mod i f ied  double, i n d i c a t i n g  t h a t  i t  o f f e r s  no 

s i g n i f i c a n t  advantage as an a1 t e r n a t i v e  t o  t h e  mod i f ied  double bottom 

from the s tandpoin t  o f  r o l l o v e r  s t a b i l i t y .  

T rac to r  

Veh ic le  Meas, Cal. 

Base1 i n e  Double- 
Bottom Tanker 0.17 0.17 3 ' s  

Shor t  Michigan 
Sing1 e  0.36 0.37 

Modi f i ed 
Double Tanker 0.36 0.37 

1  1  -Ax1 e  Semi - 
t r a i l e r  Tanker 0.41 

5-Axle Semi- 
t r a i l e r  Tanker 0.49 

5-Axle Van 
Semi t r a i  1  e r  0.40 

The van s e m i t r a i l e r ,  i n c l  uded as a t y p i c a l  commercial veh ic le ,  

e x h i b i t s  a  0.40 g ' s  l i m i t  a t  i t s  h i ghes t  c.g. l oad ing  (equ i va l en t  

t o  f u l l  gross veh i c l e  weight  w i t h  t he  l o a d  u n i f o r m l y  d i s t r i b u t e d  

w i t h i n  t he  t r a i l e r  volume). L a s t l y ,  t he  f i ve -ax1  e  semi t r a i l e r  tanker  

y i e l d s  an even h igher  l i m i t  o f  0.49 g ' s  due p r i m a r i l y  t o  a  lower  c.g.  

he ight .  

Semi t r a i  1  e r  

Meas. Cal .  

0.35 0.36 g ' s  

0,33 

0.32 

0.44 

0.35 

Pup T r a i l e r  

Meas. Cal . 

0.36 0.38 g ' s  

0.54 0.58 



E f f e c t s  on t he  r o l l o v e r  th resho ld  due t o  v a r i a t i o n  o f  veh i c l e  

suspension parameters were s tud ied.  I n  general , the thresh01 d was 

i n s e n s i t i v e  t o  suspension damping over the p r a c t i c a l  range o f  

i n t e r e s t  and does n o t  o f f e r  means t o  improve r o l l o v e r  performance. 

Suspension spr ing  r a t e  and backl ash were bo th  found t o  i n f l uence  

r o l  l o v e r  performance. 

The response o f  the pup t r a i l e r  o f  a  double-bottom tanker t o  

a  one c y c l e  sine-wave i n p u t  o f  0.3 g  l a t e r a l  acce le ra t i on  i s  shown 

i n  F igures  B.9 and B.10. Resul ts f o r  the  e x i s t i n g  c o n f i g u r a t i o n  w i t h  

a  suspension backlash o f  1.5 i n .  (shown by dashes) and f o r  t he  same 

c o n f i g u r a t i o n  w i t h  no suspension backl ash (cont inuous 1 i n e )  are 

presented. I t  i s  seen t h a t  e l i m i n a t i n g  the backlash causes a reduc- 

t i o n  o f  a l l  t he  peak amplitudes, e.g., l a t e r a l  acce le ra t i on  a t  the  

sprung mass, r o l l  angle,  and t he  v e r t i c a l  d isplacement o f  the  c.g. 

a re  a l l  reduced s i g n i f i c a n t l y ,  The suspension backlash thus can be 

compared t o  a  "nega t i ve  damper" whose presence increases the 

amp1 i tudes o f  mot ion o f  the  system and i s  l i k e l y  t o  reduce the  r o l l  

s t a b i l  i t y  o f  t he  veh i c l e .  

The c a l c u l a t e d  response of  the sprung mass shows t h a t  t h e  

dynamic r o l l i n g  of t h e  veh i c l e  cons i s t s  of r o l l i n g  about  the  cen te r  

o f  r o t a t i o n ,  accompanied by a  "bouncing" of t he  sprung and unsprung 

masses. As the  r o l l  ang le  increases, t i r e s  on one s i d e  a r e  unloaded 

w h i l e  those on t he  o t h e r  s i d e  a re  compressed ( F i g ,  B.10). This 

force of compression causes the sprung mass t o  bounce up, thus un- 

load ing  a1 1 the  t i r e s  and the mass then drops back. For  a  s ine-  

wave i n p u t  of one cyc le ,  the  maximum amplitudes o f  t h e  displacements 

and acce le ra t ions  a re  reached near the  second peak o f  t h e  i n p u t .  

I n  essence, t h e  ex is tence  o f  backlash a l l ows  the sprung mass 

t o  r o l l  f r e e l y  d u r i n g  po r t i ons  o f  t h e  r o l l o v e r  process w i t hou t  t he  

r e s t r a i n i n g  e f f ec t  o f  having t o  l i f t  the  v e h i c l e  ax1 es. The reduc- 

t i o n  o f  t he  r o l l o v e r  t h resho ld  due t o  t h i s  e f f e c t  was bes t  q u a n t i f i e d  

by a n a l y t i c a l  methods, b u t  was demonstrated as w e l l  d u r i n g  the 

exper imental  t e s t s  w i t h  t he  mod i f i ed  double tanker .  Table B.4 shows 

the e f fec t  of backlash and s p r i n g  r a t e  on the  c a l c u l a t e d  r o l l o v e r  



I 1, I Time (sec)  

1 .5"  backlash i n  suspension.,------- 

No backlash i n  suspension - 

0.0 1.0 2 0  3.0 4 0  

Time (sec)  

Figure 8.9. Response o f  double-bottom pup t r a i l e r  t o  sinusoidal  
1 a t e r a l  fo rce .  
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Force i n  Outer Right Tire (1 b) Force in Outer Left Tire ( l b )  S?ruilS ;;ass Lat. ficcn. 
(i n/sec2) 



Table 8.4. I n f l u e n c e  o f  Suspensiori Spr ing  Rate and Sacklash on 
t h e  R o l l  over Thresh01 d. 

Ca lcu la ted  

Spr ing Rate Peak L a t e r a l  Accel era t i o n  

V e h i c l e  Per S p r i  ng Back1 ash T r a c t o r  Pup 

Base1 i ne 35,000 l b / i n  1.5" i n .  0.17 g ' s  0.38 g ' s  

35,000 0.0 0.20 0.45 

T;6,000 1 .5  0.1 5  0.34 

16,000 0.0 0.18 0.40 

Modl f i ed 35,000 1.5 0.33 ( .30)  0.52 ( . 4 7 )  

35,000 0.75" 0.37 (.36) 0.58 ( - 5 4 )  

35,000 0.25 0.38 0.60 

*Nomi nal  Val ues 

( )Numbers i n  parentheses a r e  exper imental  values.  

t h r e s h o l d  f o r  the base1 i n e  and m o d i f i e d  double  tankers .  Under 

any c o n d i t i o n s ,  r e d u c t i o n  o r  e l i m i n a t i o n  o f  the back lash proved t o  

inc rease  t h e  th resho ld .  For  t h e  m o d i f i e d  double, r e d u c t i o n  o f  i t s  

back lash from the nominal va lue  o f  1.5 inches t o  a  reasonable  

minimum value o f  0.25 inches i s  c a l c u l a t e d  t o  i n c r e a s e  t h e  r o l l o v e r  

t h r e s h o l d  by 1 5  pe rcen t .  I n  the  exper imental  t e s t s ,  f o r  which t h e  

hardware changes o n l y  achieved a r e d u c t i o n  t o  about 0.75 inches o f  

backlash, t h e  improvement was s t i l l  s i g n i f i c a n t ,  c l e a r l y  demonst ra t ing 

t h e  importance o f  c o n t r o l l i n g  suspension back lash.  

Table 0.4 a l so  shows t h e  i n f l u e n c e  o f  reduc ing  t h e  suspension 

s p r i n g  r a t e .  From the nominal va lue  o f  35,000 I b / i n  p e r  sp r ing ,  a  

r e d u c t i o n  i n  r a t e  lowered the  r o l l o v e r  t h r e s h o l d .  Though n o t  shown, 

an inc rease  i n  s p r i n g  r a t e  above t h e  nominal va lue had 1 i t t l e  e f f e c t  

on t h e  th resho ld .  The s p r i n g  r a t e  has i n f l  uence on t h e  r o l l o v e r  

t h r e s h o l d  through the r o l l  r e s i s t a n c e  i t  p rov ides  between t h e  sprung 

and unsprung masses. When t h e  s p r i n g  r a t e  i s  too  low, t h e  sprung 



mass r o l l  s excess ive ly  toward the  ou ts ide  wheels, and t h e  o f f se t  

of t he  weight con t r i bu tes  toward a reduc t ion  i n  r o l l o v e r  threshold .  

When t h e  sp r i ng  r a t e  i s  reasonably high, as on these vehic les ,  t he  

r o l l  s t i f f ness  o f  the suspension i s  h igh enough t h a t  r o l l  on the  

t i r e s  becomes the  g rea te r  e f f e c t ,  and any f u r t h e r  increase o f  suspen- 

s i o n  sp r i ng  r a t e  has no i n f l uence  on r o l l o v e r .  

The r o l l o v e r  model was a1 so used t o  study t he  in f luence  o f  

r o l l  compliance i n  the  r i g i d i z e d  h i t c h  which was suggested as a 

r e t r o f i t  mod i f i ca t ion .  A n a l y t i c a l l y ,  the h i t c h  can be p e r f e c t l y  

r i g i d ,  and was assumed thus i n  the study t o  f i n d  methods t o  improve 

performance o f  the  double-bottom tanker .  I n  p rac t i ce ,  i t  cannot 

be p e r f e c t l y  r i g i d ;  and t o  the cont rary ,  i t  i s  des i r ab le  t o  in t roduce  

compl iance by using rubber  bushings i n  the mounting as a means t o  

reduce fa t igue  1 oadi ng i n  normal opera t ion  and thereby enhance 

dura b i  1 i t y  . 
The ana l ys i s  was used t o  s imulate  the r o l l i n g  o f  two veh ic les  

(a s e m i t r a i l e r  and a pup t r a i l e r )  coupled w i t h  a f l e x i b l e  sp r i ng  

( the  h i t c h  between t he  s e m i t r a i l e r  and the pup t r a i l e r ) .  Th is  two- 

body represen ta t ion  was used t o  determine t he  minimum acceptab le  

r o l l  performance requirements f o r  the  r e t r o f i t  h i t c h  by means o f  

t e s t s  w i t h  va ry ing  t o r s i o n a l  sp r ing  r a t e s  and backlash t o  determine 

a t  what p o i n t  degradat ion t o  t he  r o l l o v e r  l i m i t s  o f  the  r e t r o f i t  

veh ic le  were observed. I n  general ,  i t  was determined t h a t  compliance 

i n  the h i t c h  (as i s  c h a r a c t e r i s t i c  of rubber mounts) i s  acceptab le  

so l ong  as the composite h i t c h  and bushing s t i f f n e s s  r e s u l t s  i n  a t  

l e a s t  3 m i l  l i o n  inch-pounds o f  torque a t  a r o l l  ang le  d i f f e r e n c e  

of  5 degrees between t he  semi t r a i l e r  and do1 l y  frames. Though the 

modif ied h i t c h  used i n  t h i s  p r o j e c t  was n o t  t es ted  f o r  i t s  t o r s i o n a l  

s t i f f n e s s  c h a r a c t e r i s t i c s ,  t h e  est imate o f  i t s  p r o p e r t i e s  i s  

comparable t o  t he  f i nd i ngs  above. 
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APPENDIX C 

FULL -SCALE TESTS 

INTRODUCTION 

F u l l - s c a l e  t e s t s  were performed on a  l a r g e  Michigan double (17,000 

g a l l o n  capac i t y )  a t  the  Vehic le  Dynamics Area o f  t he  Chrys le r  Prov ing 

Grounds i n  Chelsea, Michigan. The t e s t  program cons is ted  o f  steady- 

s t a t e  t u r n i n g ,  ~ u l  se s t ee r  response and 1  ane-change maneuvers t o  p rov ide  

v a l i d a t i o n  f o r  computer models and t o  i n v e s t i g a t e  t h e  l i m i t  behav ior  

o f  the standard double, mod i f ied  double and sho r t  s i n g l e  v e h i c l e  con f igu ra -  

t i o n s .  

C.1 Tes t  Veh ic le  

C.1 .I Vehic le  Descr ip t ion ,  The v e h i c l e  used i n  these t e s t s  cons is ted  

o f  a 9,300- gal  1  on capac i t y  semi t r a i l  e r  and a  7,700-gal 1  on pup t r a i  1  e r  

p u l l e d  by a COE t r a c t o r .  The l a y o u t  o f  t h e  t o t a l  v e h i c l e  system i s  shown 

i n  F iqure  C . l  and s p e c i f i c a t i o n s  f o r  t he  t r a c t o r  and t r a i l e r s  a re  g iven  

i n  Table C.1. 

The t r a c t o r  was a  GMC As t ro  95 COE u n i t  w i t h  a  136.5-inch wheelbase 

and a GVW of 54,000 pounds. Maximum a x l e  weights a re  16,000 pounds f o r  

the  f r o n t  ax l e  and 38,000 pounds on t h e  tandem r e a r  ax les .  Radial  t i r e s  

were used on a l l  t h r e e  t r a c t o r  ax les,  M i c h e l i n  Double X 15R22.5 on t he  

f r o n t  and Michel i n  XZA 11R22.5 on t he  tandems, 

A Fruehauf Model TEG-F3-TSF 9300 semi tanker  w i t h  a  GVWR o f  75,000 

pounds and an e f f e c t i v e  ( f i f t h  wheel p i n  t o  cen te r  o f  t r i - a x l e )  wheelbase 

of 175.5 inches. Th i s  u n i t  has a  9,300 g a l l o n  capac i t y  d i v i d e d  i n t o  t h r e e  

compartments of 4,200, 1,400 and 3,700 g a l l o n  c a p a c i t i e s ,  f r o n t  t o  r ea r ,  

r e s p e c t i v e l y .  The t r a i l e r  r i d e s  on a  t r i - a x l e  w i t h  a  GAWR o f  16,000 

pounds w i t h  Fruehauf Custom SDT 9.00-20 t i r e s  mounted on 20 X 7.5 r ims.  

The do1 ly -pup combinat ion was a  Fruehauf Model TEG-B5-TDF 7700, t h i s  

t r a i l e r  has a  7,700 g a l l o n  capac i t y  and a GVWR o f  72,000 pounds, Th i s  tank  

i s  a l s o  d i v i ded  i n t o  t h ree  compartments w i t h  c a p a c i t i e s ,  f r o n t  t o  r e a r ,  of 

3,550, 1;450 and 2,700 qa l l ons .  The d o l l y  i s  supported by a  tandem a x l e  

and t he  pup by a  t r i - a x l e  w i t h  a  GAWR o f  16,000 pounds. A l l  t i r e s  were 

Fruehauf Custom SDT 9.00-20 on 7.5 i n c h  wide r ims. 





Table C.1 Vehic le  S p e c i f i c a t i o n s  

T r a c t o r  

Model 

Wheel base 

GVW 

Maximum Axle  Loads, F ron t  

Rear 

Suspenslon , Fron t  

Rear 

T i r e s ,  F r o n t  

Rear 

Semi t r a i  l e r  

Model 

E f f e c t i v e  Wheel base 

GVWR 

GAW R 

Suspenslon 

T i r e s  

Do1 1y-Pup Combination 

Mode 1 

E f f e c t i v e  Wheel base 

GVW R 

GAW R 

Suspension, Do1 l y  

PUP 

T i r e s  

GMC As t ro  95 

4 X 6 COE 

136.5 i n .  

54,000 I b ,  

Leaf Springs 

Hendri ckson , Rubber i n  shear 

Michel  I n  Double X Radial 
15R22.5 

M f c h e l i n  XZA. Radial  
11R22.5 

Fruehauf TEG-F3 TSF 
9,300 Gal 1 on Capaci ty 

175.5 i n .  

S i x  S i n g l e  Tapered Leaf Spr ings 

Fruehauf Custom SDT 
9.00-20 

TEG-B5-TDF 
7,700 Gal 1 on Capaci ty 

125 i n .  

Four S i n g l e  Tapered Lea f  Spr ings 

S i x  S i n g l e  Tapered Leaf  Spr ings 

Fruehauf Custom SDT 
9.00-20 



Both  loaded and unloaded veh ic les  were i nves t i qa ted .  Loading was 

accomplished by f i l l i n g  o n l y  t he  f r o n t  and r e a r  compartments o f  each 

t r a i  1  e r  w i t h  water.  F i  11 i n g  o n l y  the  end compartments p rov ides  compen- 

s a t i o n  f o r  the  s p e c i f i c  g rav l  t y  d i f ference between water  and gasol i n e  

w i t hou t  i n t r o d u c i n g  the  s losh ing  e f f e c t  o f  p a r t i a l l y  1  oaded tanks and 

ma in ta i n i ng  approx imete ly  t he  same cen te r  o f  g r a v i t y  l o c a t i o n  as a  

tanker  f i  1  l e d  w i t h  gasol i ne .  The empty cen te r  compartment a1 so prov ides 

a  l o c a t i o n  f o r  ins t rumenta t ion  near  the  t r a i l e r  cen te r  o f  g r a v i t y .  

C.1.2 Mod i f i ca t i ons .  I n  t he  i n t e r e s t  o f  t e s t i n g  s i m p l i c i t y  and 

s a f e t y  o f  the  d r i v e r  and i ns t r umen ta t i on  operator ,  severa l  m o d i f i c a t i o n s  

were made t o  the  bas ic  veh i c l e .  

The most obvlous mod i f i ca t i on  was t he  a d d i t i o n  of o u t r i g g e r s  t o  

prevent  t h e  v e h i c l e  from ove r t u rn i ng .  The o u t r i g g e r s  were cons t ruc ted  oY 

l a r q e  d iameter  tube w i t h  a  suppor t ing  and r e s t r a i n i n g  s t r u c t u r e  o f  sma l le r  

tubes and chains.  The o u t r i g g e r s  were mounted t o  t he  s ides  o f  b o t h  

t r a i l e r s  which were a p p r o p r i a t e l y  r e i n f o r c e d  t o  accept t h e  1  oads assoc ia ted  

w i t h  o u t r i g g e r  touchdown. Dual t i r e s  were f i t t e d  t o  t h e  outboard end o f  

t he  o u t r i g g e r s  t o  p rov ide  a  r o l l i n g  i n t e r f a c e  w i t h  t h e  pavement. The 

v e h i c l e  equipped w i t h  t he  o u t r i g g e r s  i s  shown i n  F igure  C.2. 

To prevent  j a c k k n i f i n g ,  a r t i c u l a t i o n  angle  1  i m i t i n g  devices were 

f i t t e d  t o  the  veh i c l e .  A t  t h e  t r a c t o r - s e m i t r a i l e r  i n t e r f a c e  a  heavy 

chain  was used t o  prevent  a r t i c u l a t i o n  angle f rom exceeding 15'. Stops 

were i n s t a l l e d  on the r e a r  o f  t h e  semi t o  p rov ide  s i m i l a r  c o n t r o l  o f  t he  

semi-dol l y  a r t i c u l a t i o n  angle.  

The OEM s t e e r i n g  wheel was rep laced  w i t h  a spec la l  un l  t capable o f  

measurinq s t e e r i n g  wheel angle v i a  a  gear d r i v e n  po ten t iomete r .  Th is  u n i t  

a1 so prov ided s t e e r i n g  stops t o  i n s u r e  accurate  and repea tab le  s t e e r i n g  

i npu t s .  The mod i f i ed  s t e e r i n g  wheel i s  i l l u s t r a t e d  i n  F i gu re  C.3. 

C.2 Ins t rumenta t ion  

C. 2.1 Measured Var iab les  and Ins t rumenta t ion .  The v e h i c l e  was i n s t r u -  

mented t o  measure and record  those v a r i a b l e s  necessary t o  descr ibe  t he  

response of the  v e h i c l e  t o  t h e  s t e e r i n g  i n p u t s .  Var iab les  measured were 

v e h i c l e  v e l o c i t y  , s t e e r i n g  wheel angle ,  l a t e r a l  a c c e l e r a t i o n  and yaw r a t e  







Table C. 2 Double-Bottom Tanker Inst rumentat ion 

Steer ing Wheel Angle, 6 S ~  

Vehicle Ve loc i t y ,  v 

T rac to r  La te ra l  Accelerat ion ,Ayl 

T rac to r  Yaw Rate, rl 

Tractor-Semi Arti cu l  a t i o n  Angle, 
r l  

T r a i l e r  (Semi o r  Pu ) La te ra l  

AY,, 42 
k' Accelerat ion and 01 1 Angle, 

T r a i l e r  (Semi o r  Pup) Yaw Rate, r2 

Semi-Dolly A r t i c u l a t i o n  Angle, r2 

Do1 ly-Pup A r t i c u l a t i o n  Angle, r s  

Duncan E lec t ron i cs  Inc.  
Potentiometer Model 3523, 20k ohm 

F i f t h  Wheel w i t h  Weston Model 
750 DC Tachometer Generator 

Schaevl t z  Engineering , Linear  
Accelerometer, Type L5 BC-1 

Humphrey Rate Transducer 
Model Rt03-0119-1 

He1 i p o t  Potent iometer Model 
SG2856, 5k ohm 

Humphrey Inc. ,  S t a b i l i z e d  
P la t fo rm Model SA07-0306-1 

Humphrey Rate Transducer 
Model Rt03-0119-1 

He1 i pot  Potent iometer Model 
SG285B, 5k ohm 

He1 i p o t  Potent lometer Model 
SG2850, 5k ohm 



o f  the  t r a c t o r  and rearmost t r a i l e r ,  r o l l  o f  the rearmost t r a i l e r ,  and the  

a r t i c u l a t i o n  angles between the  t r a c t o r  and semi, semi and d o l l y ,  and & l l y  

and pup, The transducers used t o  measure these va r i ab les  a re  l i s t e d  i n  

Table C.2, 

C.2 Data Recording 

Outputs from the transducers were recorded on t h ree  Brush s t r i p  c h a r t  

recorders mounted i n  the  cab o f  the t r a c t o r .  The recorders were operated 

and c a l  i bra ted  by an on-board operator .  C a l i b r a t i o n  o f  the  recorders was 

accompl i shed by prese t  zero and f u l l  sca le  c a l l  b r a t i o n  vo l tages determined 

from bench t e s t s  on the  transducers.  

C.3 Test  Procedures 

C.  3.1 Steady Turning Tests. Steady s t a t e  t u r n i n g  t e s t s  were conducted 

on two r a d i i  a t  var ious speeds t o  determine t he  s teady-s tate understeer/  

overs teer  cha rac te r i  s t i c s  o f  the var ious v e h i c l e  con f i gu ra t i ons .  Tests were 

run o m  250-foot rad ius  curve a t  ve ry  low v e l o c i t y  t o  o b t a i n  the "Ackerman" 

type k inemat ic  r e l a t i onsh ips ,  and a t  20, 25 and 30 mph. Steady-state be- 

hav io r  on a 500-foot rad ius  curve was s tud ied  a t  30, 35 and 40 rnph. 

The constant  rad ius  curves were de f i ned  by pylons. The d r i v e r  entered 
- 

t he  curve from an I n i t i a l l y  s t r a i g h t  t r a j e c t o r y  a t  t he  predetermined speed 

and negot ia ted  the curve i n  as steady a manner as poss ib le .  Once steady - 
s t a t e  had been reached, data was recorded f o r  severa l  seconds,  

C.3.2 Pulse Steer Tests. These t e s t s  were conducted p r i m a r i l y  f o r  

determin ing t r a i l e r  damping r a t i o s .  Tests were run  a t  30 and 50 mph w i t h  

vary ing  pu lse amplitudes. The t e s t  i nvo l ves  t r a v e l i n g  i n  a  s t r a i g h t  l i n e  

a t  the  predetermined speed, t u r n i n g  t he  wheel as r a p i d l y  as poss ib l e  t o  

the  appropr ia te  s tee r  angle, d w e l l i n g  a t  t he  s t e e r  angle f o r  one second 

and r a p i d l y  r e t u r n i n g  the wheel t o  zero. Th i s  maneuver r e s u l t s  i n  a change 

o f  heading angle because t he  s t e e r i n g  i n p u t  i s  i n  one d i r e c t i o n  on ly .  Data 

was recorded before,  du r i ng  and a f t e r  the  a p p l i c a t i o n  o f  the  pu lse  t o  i n -  

c l  ude a1 1 t r ans ien t s .  

C.3.3 Lane Change Tests. With t h e  v e h i c l e  t r a v e l i n g  s t r a i g h t  a long 

the t e s t  t r a c k  a s t e e r i n g  angle i n p u t  approx imat ing a s i ne  wave o f  a  



predetermined ampl i tude w i t h  a  pe r i od  o f  2 seconds was i n i  t i a t e d .  

S teer ing  s tops on the  s t e e r i n g  wheel were used t o  assure symmetric 

ampl i tudes t o  t he  l e f t  and r i g h t .  Th is  maneuver r e s u l t s  i n  t h e  veh i c l e  

t r a v e l i n g  p a r a l l e l  t o  the i n i t i a l  path ,  b u t  d i sp laced  l a t e r a l l y ,  as i n  an 

avoidance maneuver o r  lane  change. Once again data r eco rd i ng  extends 

f rom before i n i t i a t i o n  o f  t he  s t e e r i n g  i n p u t  u n t i l  a l l  t r a n s i e n t s  have 

d i ed  ou t .  

C.4 Resu l t s  

C.4.1 Steady Turning Resul ts.  The o b j e c t i v e  o f  t h e  steady t u r n i n g  

t e s t s  was t o  q u a l i t a t i v e l y  compare the  performance c h a r a c t e r i s t i c s  o f  t he  

va r ious  v e h i c l e  con f i gu ra t i ons  i n  normal ( n o t  emergency) d r i v i n g  s i t u a t i o n s .  

The r e s u l t s  o f  the steady s t a t e - t e s t s  f o r  t he  empty s i n g l e ,  empty and 

loaded base1 i n e  double, and the loaded mod i f i ed  double a re  t abu la ted  i n  

Table C.3. I t  can be seen from these r e s u l t s  t h a t  a l l  these veh ic les  have 

approx imate ly  equ i va l en t  amounts o f  unders teer ,  r ang i  ng f rom n e a r l y  n e u t r a l  

t o  s l i g h t  unders teer .  Th is  i nd i ca tes  t h a t  t he  veh i c l es  w i l l  e x h i b i t  rough ly  

t he  same d i r e c t i o n a l  c o n t r o l  c h a r a c t e r i s t i c s  and t h a t  no gross adjustments 

i n  d r i v i n g  technique f o r  n e g o t i a t i n g  steady t u r n s  would be necessary from 

one v e h i c l e  t o  another.  

C.4.2 Pulse Steer Resul ts .  The major  o b j e c t i v e s  o f  t h e  pu lse s t e e r  

t e s t s  were va l  i d a t i o n  o f  computer s imu la t i ons  p a r t i c u l a r l y  w i t h  respec t  t o  

t r a i l e r  damping r a t i o .  F igure  C.4 shows a  t y p i c a l  pu lse  s t e e r  t e s t  t ime  

h i s t o r y  w i t h  t he  base l ine  v e h i c l e  i n  t h e  f u l l y - l o a d e d  c o n d i t i o n  a t  40 mph. 

Th is  t e s t  y i e l d s  a  t r a i l e r  damping f a c t o r  o f  .26. 

I t  was determined t h a t  t he  i n f o rma t i on  sought w i t h  t h i s  t e s t  procedure 

was b e t t e r  ob ta ined  through lane-change ( s i n u s o i d a l  s t e e r )  t e s t s  and t he  

pu l  se s t e e r  t e s t i n g  was d iscont inued.  

C.4.3 Lane Change Resul ts .  The s i nuso ida l  s t ee r ,  o r  l ane  change, 

maneuver was found t o  be t he  bes t  demonst ra t ion o f  t he  s t a b i l i t y  d e f i c i e n c i e s  

p e c u l i a r  t o  t he  double-bottom tanker .  I n  t h i s  maneuver t h e  peak l a t e r a l  

acce le ra t i on  seen a t  the  pup t r a i l e r  can be as much as two t o  t h ree  t imes 

t h a t  experienced a t  the  t r a c t o r .  Th is  ampl i f i c a t i o n  o f  l a t e r a l  acce le ra t i on  

can cause the pup t r a i l e r  t o  exper ience l a t e r a l  acce le ra t i ons  h i gh  enough t o  

cause r o l l o v e r  w h i l e ,  a t  t h e  t r a c t o r ,  t h e  maneuver seems much l e s s  severe. 











Figure C.4 Pulse S teer  Response 



Tab le  C.4 presents the  r e s u l t s  o f  a13 cond i t i ons  r u n  w i t h  the  va r ious  

v e h i c l e  con f i gu ra t i ons  i n  tabu1 a r  form. These data p rov ide  an i n d i c a t i o n  

of the  v e h i c l e ' s  response t o  t he  s t e e r i n g  i n p u t  i n  the  form o f  peak acce l -  

e r a t i o n  a t  t r a c t o r  and t r a i l e r ,  t r a i l e r  r o l l  angle and touchdown o f  t h e  

o u t r i g g e r s .  An abbrev ia ted record  o f  the  s t e e r i n g  i n p u t  i s  a l s o  p rov ided  

by the  peak s t e e r i n g  wheel angle  ( c o n t r o l l e d  by s t e e r i n g  s tops)  and t h e  

pe r i od  o f  t he  f i r s t  and second halves o f  the sine-wave-1 i k e  i n p u t  by t h e  

d r i v e r .  

I n i t i a l l y ,  a l l  t he  lane  change t e s t s  were t o  be performed a t  50 mph; 

t h i s  speed was used i n  t e s t s  o f  the  empty t rac to r -semi  and base l i ne  double. 

It was d iscovered t h a t  the  t e s t  t r a c k  was t oo  sho r t  t o  a t t a i n  t h i s  speed 

w i t h  t h e  loaded veh i c l e ,  however, and loaded t e s t s  were begun a t  40 mph. 

Th is  speed proved inadequate t o  d e f i n e  a  l i m i t  c o n d i t i o n  f o r  the  mod i f i ed  

double as the  maximum s teer1  ng amp1 i tude a1 1  owed by t he  s t e e r i n g  s tops,  

151 degrees, was we1 1  w i t h i n  t h e  performance 1  I m l  t o f  t h e  mod i f i ed  double 

( r u n  123, Table C.4). Thus, t he  speed used f o r  comparison t e s t s  was 45 mph 

which p rov ided  a  1  i m i  t c o n d i t i o n  f o r  a1 1  loaded v e h i c l e  c o n f i g u r a t i o n s *  

The 1  i m i  t i n g  c o n d i t i o n  i n  t h i s  maneuver was de f i ned  as impending r o l l  - 
over.  Ou t r igger  h e i g h t  was ad jus ted  such t h a t  touch ing t he  o u t r i g g e r  t o  

the  pavement de f ined  t h i s  l i m i t ,  For t h e  base l i ne  double t h e  l i m i t  i n vo l ved  

t he  1  i f t i n g  o f  a l l  t h e  wheels on t h e  pup and d o l l y  on one s ide.  As t h e  

pup-do l l y  combination i s  n o t  cons t ra ined  i n  r o l l  by t h e  s e m i t r a i l e r ,  t h i s  

approx imate ly  de f ines  t h e  base1 i n e  v e h i c l e ' s  r o l l o v e r  1  i m i  t. I n  t h e  case 

o f  the  mod i f ied  veh i c l e ,  t he  semi and pup-do l l y  combinat ion a re  cons t ra ined  

t o  r o l l  toge ther  and t h e r e f o r e  t h e  r o l l o v e r  l i m i t  i s  de f i ned  by t h e  l i f t i n g  

of a l l  t he  wheels on one s ide  o f  bo th  t r a i l e r s ,  The sever1 t y  o f  maneuver 

r equ i r ed  t o  a t t a i n  t h i s  c o n d i t i o n  was considered unsafe even w i t h  t he  ou t -  

r i g g e r s  and the  o u t r i g g e r s  were s e t  t o  a  h e i g h t  t h a t  caused o n l y  p a r t i a l  

1  i f t i n g  of t he  semi t r i - a x l e ,  thus y i e l d i n g  a very  conserva t i ve  1  i m i t  f o r  

the  mod i f i ed  veh i c l e .  

F igure C,5 shows t h e  t ime h i s t o r i e s  o f  s t e e r i n g  wheel angle,  t r a c t o r  

and pup l a t e r a l  a c c e l e r a t i o n  and pup r o l l  angle f o r  t h e  45 mph l i m i t  con- 

d i  t i o n  f o r  t h e  f u l  l y  loaded base1 i n e  veh i c l e .  Maximum acce le ra t i ons  o f  

the  t r a c t o r  and t r a i l e r  a re  -17 and .36 g ' s  r e s p e c t i v e l y  f o r  t he  60 degree 

s i n e  wave i npu t .  Note t h a t  t h e  peak a c c e l e r a t i o n  f o r  t h e  t r a c t o r  occurs 
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on i t s  f i r s t  excurs ion w h i l e  the  t r a i l e r  peaks on the  second excurs ion,  

I n  t h i s  case t he  a m p l i f i c a t i o n  o f  t r a c t o r  l a t e r a l  a c c e l e r a t i o n  by t he  pup 

i s  g r e a t e r  than two. The l f g h t  damping assoc ia ted w i t h  t he  pup i s  a l s o  

i n  evidence here as i t  cont inues t o  o s c i l l a t e  a f t e r  t he  t r a c t o r  response 

has damped ou t ,  

L i m i t  response f o r  t he  v e h i c l e  w i t h  t he  rubber-bushed mod i f i ed  h i t c h  

i s  shown i n  F igure  C.6. The s t e e r i n g  ampl i tude here i s  125 degrees w i t h  

maximum acce le ra t i ons  o f  .30 and .47 g ' s  f o r  t he  t r a c t o r  and t r a i l e r  r es -  

p e c t i v e l y .  Once again  t he  t r a c t o r  acce le ra t i on  produces a  maximum va lue 

on t he  f i r s t  excurs ion  w h i l e  t he  corresponding t r a i l e r  peak occurs on t he  

second. The addi  t l o n  o f  t h e  mod i f i ed  h i t c h  changes t h e  t r a c t o r  acce lera-  

t i o n  waveform. Wi th  the  base l ine  h i t c h ,  the  waveform i s  n e a r l y  s i nuso ida l  , 
b u t  w i t h  t he  mod i f i ed  h i t c h  t h e  second h a l f  o f  t h e  wave has an extended 

t a i l  and decays g r a d u a l l y  back t o  zero. Damplng o f  t h e  pup i s  increased 

d r a m a t i c a l l y  w i t h  t h e  mod i f i ed  h i t c h ,  

The addl  t i o n  of s p r i n g  l a s h  dev ices,  t o  e l i m i n a t e  suspension f r e e  

p l a y  i n  t h e  modi f ied veh i c l e ,  extends t he  l i m i t  t o  140 degrees o f  s t e e r i n g  

ampl i tude. Th is  r e s u l t s  i n  a  t r a c t o r  a c c e l e r a t i o n  peak o f  .36 g ' s  w i t h  

a t r a i l e r  peak o f  .54 9 ' s .  Note t h a t  i n  t h i s  case, (F i gu re  C.7) bo th  peaks 

occur on t h e  second excurs ion,  

Removing t h e  wheels from the  l ead  a x l e  o f  t he  pup tri -ax l e  on t he  

mod i f i ed  v e h i c l e  l e d  t o  no no t i ceab le  change i n  v e h i c l e  performance. 

Close examinat ion on F igures C.8 and C.9 shows e s s e n t i a l l y  no d i f f e r e n c e  

between t h e  response o f  t h e  v e h i c l e  w i t h  t he  t i r e s  removed ( F i g u r e  C.8) 

and w i t h  them i n  p lace  (F i gu re  C,9), 

A l t e r n a t e  h i t c h  bushing m a t e r i a l s  were a l s o  t e s t e d  on t h e  mod i f i ed  

veh i c l e .  Aluminum bushings were i n s t a l l e d  a t  t h e  f r o n t  o f  t h e  h i t c h  w h i l e  

t he  rubber  bushings were r e t a i n e d  a t  t h e  r ea r .  The l i m i t  r u n  f o r  t h i s  

c o n f i g u r a t i o n  i s  shown i n  F i gu re  C . l O .  A s t e e r i n g  amp1 i t u d e  o f  130 degrees 

w i t h  an a t tendan t  t r a c t o r  l a t e r a l  a c c e l e r a t i o n  o f  .33 g ' s  was t h e  l i m i t i n g  

cond i t i on .  Wi th  a l l  t he  rubber  bushings rep laced  w i t h  aluminum the  l i m i t  

s t e e r  ampl i tude i s  135 degrees w i t h  t h e  same .33 g  l a t e r a l  a c c e l e r a t i o n  

peak, Th is  t ime  h i s t o r y  i s  shown i n  F i gu re  C . l l .  



Figure C.6 Sine Steer Response - Modified Vehic le  
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I n t r o d u c t i o n  

P a r t  of the  H S R I  study o f  tandem tankers inc luded  a f i e l d  survey 

designed t o  obta4n more i n f o m a t i o n  on the  v a r l e t y  o f  l a r g e  tanker  con- 

f i g u r a t i o n s  I n  use i n  Michigan and on the  t imes o f  day and types o f  roads 

on which they t r a v e l .  I t  was hoped t h a t  t h i s  i n f o r m a t i n  m igh t  prove use fu l  

f o r  es t imat tng  the  impact o f  any f u t u r e  r egu la t i ons  a f f e c t i n g  tanker  use 

i n  Michigan. 

However a t  t he  end o f  1977 before the  survey cou ld  be implemented 

Governor M i l l  i k en  issued a d i r e c t t v e  banning the  use o f  tandem tankers  

f o r  c a r r y i n g  gaso l ine  between 6:00 A.M. and 10:OO P.M. i n  Mich igan 's  th ree  

most populous counties. Obviously t h i s  d f r e c t i v e  had a l ready  had a g r e a t  

impact on the  types o f  tankers  i n  use i n  southeastern Michigan when t he  

survey began i n  e a r l y  1978. Cons iderat ion was g iven  t o  t r y i n g  t o  o b t a i n  

in fo rmat ion  on samples o f  tanker  t r i p s  made dur ing  f o u r  pdr iods  o f  1977, 

b u t  i t  turned ou t  t h a t  many gaso l ine  and o i l  te rm ina ls  d i d  n o t  have t he  

k inds o f  access ib le  pas t  records which would make such a r e t r o s p e c t i v e  
survey f eas ib l e .  Nevertheless i t  was considered use fu l  t o  proceed w i t h  t h e  . 

survey o f  tanker  c h a r a c t e r i s t i c s  and use pa t t e rns  i n  Mich igan i n  e a r l y  

1978. 

2. Sample Se lec t ion  

I t  was decided a t  the  o u t s e t  t o  l i m i t  t he  survey t o  t h e  l a r g e  tandem 

and s e m i - t r a i l e r  tankers  used t o  t r anspo r t  gaso l i ne  and fue l  o i l ,  no t  t h e  

s i n g l e - u n i t  tankers  which a re  used l a r g e l y  f o r  home d e l i v e r y  o f  hea t ing  o i l .  

I n i t i a l l y  i t  appeared t h a t  con tac t i ng  a sample o f  v e h i c l e  owners would be 

the  best  way t o  o b t a i n  a sample o f  such veh i c l es  and t h e i r  t r i p s .  
However, obtayn ing a complete 1 i s t  

o f  owners o f  r e l e v a n t  veh ic les  proved t o  be ext remely  d i f f i c u l t ,  even w i t h  

the ass is tance o f  Michigan S ta te  P o l i c e  tanker  I nspec t i on  teams. 

Therefore i ns tead  o f  sampl i n g  veh ic les  through t h e i r  owners i t  was 

decided t o  sample them a t  t he  o i l  company te rmlna ts  and r e f i n e r i e s  where 
these tankers o b t a i n  t h e i r  pet ro leum products.  An i n i t i a l  l i s t  o f  p i p e l i n e  



te rm ina ls ,  marine te rm ina ls ,  and petroleum r e f i n e r i e s  i n  Michigan was 

ob ta ined  f rom the  1977 Yearbook of t he  Michigan Petroleum Assoc ia t ion.  

Th is  l i s t  was updated w i t h  i n f o rma t i on  f rom t h e  Michlgan Energy Adminis- 

t r a t i o n  which was a l s o  ab le  t o  f u rn i sh  1976 est imates f o r  ga l l ons  o f  gaso l i ne  

d i s t r i b u t e d  by most o f  these te rmina ls .  Fo l low ing  phone c a l l s  t o  t h e  

o the r  t e rm ina l s  t o  ob ta i n  t h e i r  annual gasol f ne  d i s t r i  b u t i o n  ga l  lonages, 

the  sample l i s t  was es tab l i shed  w i t h  65 d i f f e r e n t  te rm ina ls  which d l s -  

t r l b u t e d  about 5,1 b i l l i o n  ga l l ons  o f  gasol  l n e  i n  1976. Termtnal d i s t r i -  

bu t ions  ranged i n  q u a n t i t y  f rom about 6  m i l l l o n  annual ga l l ons  a t  two 

no r t he rn  Michlgan marine t e rm ina l s  t o  330 m l l l  i o n  annual ga l l ons  a t  a  

major o i l  company te rmina l  i n  Wayne County. 

It was decided t h a t  s u f f i c i e n t  i n f o rma t i on  cou ld  be obta ined by s e l e c t i n g  

14 of these 65 te rm ina ls  f o r  t he  survey, w i t h  two t e rm ina l s  t o  be surveyed 

on each o f  t h e  seven days o f  t he  week over a  six-week per iod .  The s e l e c t i o n  

procedure made each te rmina l  I s  chance o f  s e l e c t i o n  p ropo r t i ona te  t o  i t s  

annual gal lonage. I n  order  t o  ensure a  proper  r ep resen ta t i on  o f  d i f f e r e n t  

s i zed  t e rm ina l s  i n  d i f f e r e n t  p a r t s  o f  Mich igan each t e rm ina l  was c l a s s i f i e d  

i n t o  one o f  15 s t r a t a  created by t he  i n t e r s e c t i o n  o f  t h r e e  reg ion  ca tego r i es  

w i t h  f i v e  s i z e  ca tegor ies .  The number o f  t e rm ina l s  and t h e  t o t a l  ga l lonages 

i n  m i l l i o n s  i n  t he  15 s t r a t a  a re  shown i n  Table Dl a long w i t h  t he  number o f  

t e rm ina l s  se lec ted  I n  each s t ra tum.  

The t a b l e  i nd i ca tes  t h a t  w e l l  over  h a l f  o f  t h e  gaso l i ne  d i s t r i b u t e d  f rom 

Michlgan t e rm lna l s  comes from te rm ina l s  i n  Wayne and Oakland County (57%), 

and on l y  about 5% comes from te rm lna l s  l o c a t e d  i n  no r t he rn  Michiqan ( n o r t h  

of Muskegon, Lansing, Bay C i t y ) ,  O f  course i t  should be noted t h a t  some 

a d d i t i o n a l  amounts o f  gaso l ine  a r e  d i s t r i b u t e d  i n  Michigan f rom te rm ina l s  

and r e f i n e r i e s  i n  such near-Michigan c i t i e s  as Toledo, South Bend, East  

Chicago, Whi t ing,  Green Bay, and Sarn ia ,  and some gaso l i ne  i s  a l s o  d i s t r i b u t e d  

d i r e c t l y  t o  jobbers  by r a i l r o a d  tank  c a r .  

I n  o rde r  t o  s e l e c t  t h e  14 p a r t i c i p a t i n g  t e rm ina l s  f rom the  65 e l i g i b l e  
te rm ina ls  t h e  CONSEL c o n t r o l  1 ed s e l e c t i o n  program was used. Th is  program 

was developed by Robert Groves and I r e n e  Hess a t  t h e  U n i v e r s i t y  o f  Mich igan 

I n s t i t u t e  f o r  Soc ia l  Research, and i t  determines t h e  r e l a t i v e  p r o b a b i l i t i e s  



o f  d i f f e r e n t  pa t te rns  of se l ec t t on  among s t r a t a  i n  re la tSon  t o  t h e  t o t a l  

measure of s i z e  for eqch stratum, The CONSEL program produced t en  

p o t e n t i a l  pa t te rns  o f  s e l e c t i o n  among t he  11 non-empty s t r a t a  w i t h  cumu- 

l a t i v e  p r o b a b i l i t i e s  o f  10,000. A random number between 1 and 10,000 was 

then p icked  from a t a b l e  o f  random numbers, and t h f s  determined Pa t t e rn  4 

as the s e l e c t i o n  p q t t e r n  t o  be u t t l i z e d ,  The number o f  se l ec t i ons  per  

s t ra tum i s  a l s o  shown i n  Table D l .  

The nex t  s tep was t o  choose t h e  p a r t i c u l a r  p a r t i c i p a t i n g  te rm ina ls  

w i t h i n  t h e  chosen s t r a t a .  Th is  was done by ar ranging t he  te rm ina ls  i n  each 

s t ra tum i n  descending o rder  by s i ze ,  cumulat ing the  annual ga l  lonages through 

the  whole stratum, and t ak l ng  as  many random numbers between 1 and t he  s t ra tum 

t o t a l  as needed t o  s e l e c t  t he  appropr ia te  number of te rm ina ls  i n  t h a t  stratum. 
The survey schedule was s e t  t o  r un  every three days beginn ing 

February 3, 1978 and endtng March 14, 1978, To choose t h e  p a r t i c u l a r  
date f o r  each termtnal  the  names o f  t he  14 se lec ted  t e m l n a l s  were pu t  

i n  a  d i s h  and drawn o u t  one by one. However, t he re  wasn' t  s u f f i c i e n t  
lead t ime t o  arrange t he  survey scheduled f o r  Feb. 3 a t  t h e  f i r s t  se lec ted  

te rm ina l  , and t h l s  te rm ina l  was surveyed one week l a t e r  on February 10. 

The schedule o f  se lected t e m i n a l s  and t h e i r  survey dates i s  shown i n  

Table D2. The 14 se lec ted  te rm ina ls  comprise 22% o f  t he  p i p e l i n e ,  marine, 

and r e f i n e r y  gasol l n e  d l s t r i  b u t l o n  te rm ina ls  I n  Mlchigan and toge ther  they 

d l s t r l  bute  almost 40% o f  the  gasol i n e  f rom Mlchigan te rmina ls ,  

3 ,  Zmplementstion 

Before v i s i t i n g  each se lec ted  te rm ina l  on t h e  designated survey da te  

each termina l  manager was contacted by te lephone o r  l e t t e r  i n  o rde r  t o  ob ta i n  

permission f o r  t he  survey. I n  a1 1 cases t h l s  permiss ion was granted, a l though 

i n  a  few cases i t  requ i r ed  some con tac ts  w i t h  h igher  authorities i n  t h e  

company, i n  general t he  contacted o f 1  company personnel seemed q u i t e  w i l l i n g  

t o  cooperate w i  t h  t h f s  state-sponsored e f f o r t  t o  o b t a i n  more i n f o rma t i on  
about tdAKer Qse pat te rns ,  A standard cover l e t t e r  f rom t h e  Michigan 

O f f l c e  o f  Highway Sa fe ty  P lanning i n d i c a t i n g  I t s  sponsorship o f  t h e  H S R I  

survey was sent t o  each te rmina l  manager as p a r t  of t h e  implementat ion process 

(see attachment E ) .  



Table D l  

S ize 
i n  

M i l l  i ~ n s  
o f  

Gal lons 

D i s t r i b u t i o n  and S e l e c t i o n  o f  Terminals 
and Ref iner ies  i n  15 S t r a t a  

T o t a l  

15 
165 

1  

15 
457 

1 

15 
1073 

3  

16 
2364 

6  

4  
1024 

3  

65 
5083 

14 

N 
~ 2 0  Gal lons 

Sel e c t i  ons 

N 
20-49 Gal 1  ons 

Sel e c t i o n s  

N 
50-99 Gal 1  ons 

Sel ec t lons  

N 
100-199 Gal l ons  

Sel e c t i o n s  

N 
>200 Ga l lons  

Sel e c t i o n s  

N 
T o t a l  Gal l ons  

Sel e c t i o n s  

Reg i on 
v o r t h e r n  Southern Wayne- 

Oa k l  and 

0  

1  
3  0  

0  

2  
150 

0 

11 
1693 

5  

4  
1024 

3  

18 
2897 

8  

Yichtgan 

9  
89 

1 

5  
126 

0  

1  
5  5  

0  

0  

0  

15 
270 

1  

Plichtgan 

6  
76 
0 

9  
301 

1  

12 
868 

3 

5  
67 1  

1  

0  

32 
1916 

5 



Table D2,  

SURY EY SCHEDULE 
WHOLESALE GASOLrNE DlSTRIBUTrON TERMINALS 

ID  Name Date - 
32 Marathon , Jackson 

51 To ta l ,  Romulus 
61 Amoco, R i ve r  Rouge 

41 Amoco, Bay City 

31 To ta l  Re f inery ,  Alma 

83 Marathon Ref 1 nery , D e t r o i t  

72 Amoco, Tay lo r  

42 To ta l ,  Bay City 

11 Marathon, Gladstone 

81 She1 1 , R ive r  Rouge 

62 Mobi 1 , Dearborn 

22 She l l ,  N i l e s  

52 Mar t ln ,  Tay lo r  

71 Union, Romulus 

Fr iday,  Feb, 10 
Monday, Peb, 6 
Thursday, Feb, 9 

Sunday, Feb, 12 

Wednesday, Feb, 15 

Saturday, Feb, 18 

Tuesday, Feb, 21 

Fr iday ,  Feb, 24 

Monday, Feb, 27 

Thursday, March 2 
Sunday, March 5 

Wednesday, March 8 

Saturday, March 11 

Tuesday, March 14 



To conduct the survey one o r  t w o  H S R I  s t a f f  members v i s i t e d  t he  

se lected te rm ina l  on I t s  deslgnated date, chose up t o  f i v e  veh ic les  

load ing  up a t  t h a t  terrnlnal ,  and lnqu t red  about a l l  t r i p s  made by t h a t  

v e h i c l e  on t h a t  date ( i n c l u d i n g  I n  a few cases over laps i n t o  the  nex t  

morning before t he  second s h i f t  ended). The v e h i c l e  sample was s imply  

one o f  convenience dur ing  t h e  few daytime hours t h a t  t he  i n t e r v i ewe r  

was present .  Usual ly  the  d r i v e r  could g i v e  complete i n f o rma t i on  about 

a l l  t h e  t r i p s  he had made and would make be fo re  h i s  s h i f t  ended, bu t  

ob ta i n i ng  in fo rmat ion  about second s h i f t  t r i p s  usua l l y  r equ i r ed  fo l low-up  

contacts  w i t h  t h e  termina l  and/or t he  v e h i c l e  owner ( o f t e n  a  common c a r r i e r  

o r  j obbe r ) ,  In fo rmat ion  was obtained about a l l  movement o f  t he  se lected 

v e h i c l e  dur ing  t he  deslgnated day, no t  j u s t  t r i p s  dnvolv ing load ing  a t  

the p a r t i c u l a r  termina l  a t  which the  veh i c l e  was se lected.  

Most o f  the  i n t e r v i ew ing  was c a r r i e d  ou t  by two HSRI sen io r  s t a f f  

members knowledgeable about the  t r u c k i n g  I ndus t r y .  The i n t e r v i ew ing  

was c a r r i e d  ou t  i n  person a t  11 o f  t h e  14 p a r t i c i p a t i n g  te rm ina ls .  A l -  

though t he  two te rmina ls  se lec ted  f o r  Sunday i n t e r v i e w i n g  were n o t  expected 

t o  be opera t ing  on t h e i r  designated dates, bo th  o f  them d i d  i n  f a c t  d i s -  

t r i b u t e  subs tan t i a l  q u a n t i t i e s  o f  gas01 i n e  and f u e l  o i l  on t h e i r  designated 

dates because o f  the  backlog i n  demand caused by t h e  l a t e  January b l i z z a r d  

i n  Michigan. For tuna te ly  HSRI s t a f f  were ab le  t o  o b t a i n  s u f f i c i e n t  i n f o r -  

mat ion on f i v e  veh ic les  and t h e i r  t r i p s  a t  each o f  these te rmina ls  by 

telephone and i n-person con tac t  subsequent t o  t h e  designated survey dates. 

Also H S R I  s t a f f  were ab le  t o  ob ta i n  t h e  needed i n f o rma t i on  by telephone 

from the small marine te rm ina l  se lec ted  i n  t h e  Upper Peninsula.  

A t  each te rmina l  two i n t e r v i e w  forms were used, a  two-page v e h i c l e  and 

d r i v e r  c h a r a c t e r i s t i c s  form and a  one-page dayf t r l p s  i n f o rma t i on  form. 

The in format ion from the  second form was l a t e r  t r ansc r i bed  onto a  s i n g l e  

t r i p  d e s c r i p t i o n  form f o r  each separate round t r i p  ( i n c l u d i n g  i n  some cases 

an " i n i t i a l  empty" t r i p  segment when t h e  v e h i c l e  was n o t  garaged a t  t he  

t e rm ina l ) .  (See Attachments A - 0 ) .  



F i ve  veh lc les  were obtained a t  a l i  te rm ina ls  except t he  small 

Upper Peninsula termina l  where o n l y  th ree  veh lc les  loaded on t he  designated 

date.  However, one o f  t he  68 se lected veh ic les  was a  s i n g l e - u n i t  t r uck ,  

and i t  was l a t e r  excluded from the  sample, On t he  o the r  hand, one se lec ted  

t r a c t o r  had changed t r a i l e r s  dur ing  t he  day, and i t  was t r e a t e d  as two 

d i f f e r e n t  veh ic les .  So t he  f l n a l  sample used i n  t he  ana l ys i s  t o t a l e d  68 

veh ic les  which made 245 t r l p s ,  an average o f  3,6 per  veh ic le .  Twenty-one 

o f  these veh ic les  had two d r i v e r s  on t h e  sample date, and 47 had o n l y  one 

d r i v e r .  Thus t he  average number o f  t r i p s  per  d r i v e r  was 2.8, 

As p a r t  o f  t h i s  t r i p  t r a n s c r l p t l o n  process H S R I  s t a f f  es t imated t h e  

m i l es  d r i v e n  on var ious types o f  roads f o r  each t r i p .  I n  a l l  cases t h e  

t r i p  o r i g i n  and d e s t i n a t i o n  were known, and o f t e n  t h e  r o u t e  fo l l owed was 

I nd i ca ted  by t h e  d r i v e r ,  bu t  i n  some cases t he  exact  r o u t e  had t o  be guessed 

based on what seemed on the  map t o  be most reasonable, 

4. Vehic le  Cha rac te r i s t i c s  

The most s t r i  k i  ng survey f l n d i n g  i n  regard  t o  v e h i c l e  c h a r a c t e r i s t i c s  

i s  t he  g rea t  v a r i e t y  o f  tanker  con f i gu ra t i ons  used f o r  haul i n g  petroleum 

products i n  Michigan. O f  t he  68 veh ic les  surveyed o n l y  15 were p u l l i n g  two 

t r a i l e r s  (double-bottoms) on the survey da te  ( f  nc lud ing  3 i n  Wayne County 

being used most ly  f o r  fue l  011). However, another 21 surveyed u n l t s  

customarl  l y  pu l  l e d  two t r a i l e r s  p r i o r  t o  t h e  r e s t r i c t i o n s  on doubl e-bottom 

tanker  use i n  Wayne, Oakland, and Macomb Counties. Two o f  these "doubles 

w i t hou t  t he  pup" were i n  use i n  o u t s t a t e  Mlchlgan, and t h e  o the r  19 were 
surveyed a t  t he  e i g h t  Wayne County te rm ina ls ,  i n c l u d i n g  one v e h i c l e  which 

o r d i n a r i l y  was deployed i n  o u t s t a t e  Michigan. There were a l s o  32 normal 

"s ing lebot tom" ( s e m i - t r a i l e r )  veh ic les  surveyed, 15 a t  t h e  s i x  o u t s t a t e  

te rm ina ls  and 17 a t  t he  e i g h t  Wayne County t e rm ina l s  ( i n c l u d i n g  f o u r  veh i c l es  
which o r d i n a r i l y  were deployed I n  o u t s t a t e  Mich igan) .  Two o f  t h e  veh i c l es  

surveyed a t  t h e  N i l e s  t e m l n a l  were a c t u a l l y  based i n  Ind iana.  None o f  

the  19 "doubles w i t hou t  t he  pup" which were surveyed i n  Wayne County added 
the  pup dur ing  t h e  n i gh t t ime  hours when t he  pup would have been l e g a l .  



The f i nd i ng  o f  36 usual double t r a i l e r  veh ic les  ou t  o f  68 t o t a l  

veh i c l es  (53%) i s  rough ly  s i m i l a r  t o  the  r e s u l t s  o f  t h e  1976 survey o f  

the Tank Truck Ca r r i e r s  D i v i s l o n  o f  the Michigan Truck ing Assoctat ion 

which found 343 doubles o u t  o f  673 t o t a l  veh lc les  (51%). However, no 

conf idence 1  i m i  t s  can be placed on percentages r e l a t i n g  t o  v e h i c l e  

c h a r a c t e r i s t i c s  i n  t h i s  survey because o f  the  non-probabi l  i t y  procedure 

o f  s e l e c t i n g  f i v e  veh ic les  a t  each surveyed termina l  . Nevertheless , the  

de ta i  1  ed data on veh i c l e  character1 s t l c s  presented be1 ow can c e r t a i n l y  

be used as rough i n d i c a t o r s  o f  t he  types o f  tankers i n  use on Michigan 

highways i n  e a r l y  1978, 

Looking f i r s t  a t  t he  power u n i t ,  a lmost t h ree  qua r t e r s  o f  t he  sur -  

veyed t r a c t o r s  were made by GMC, Mack, and I n t e r n a t i o n a l  Harvester.  As 

can be seen i n  Table D3, they ranged i n  age from new t o  16 years o l d .  

However, over one qua r t e r  were on ly  one year  o l d ,  and more than h a l f  

were 1975 models o r  l a t e r .  Seven of the 35 t r a c t o r s  which usua l l y  p u l l  

double t r a i l e r s  had on l y  two ax les ,  bu t  a l l  o f  the  o the r  t r a c t o r s  had 

th ree  ax les .  The Gross Veh ic le  Weight Rat ing ranged from 80,000 t o  
135,000 pounds w i t h  a  median of 130,000. The modal GVWR was 131,000 

(28  o f  63 veh lc les  f o r  which t h i s  item was ob ta ined) .  There was a l so  

cons iderab le  v a r i a t i o n  I n  t r a c t o r  wheelbase, f rom 9  f e e t  t o  over 16  

fee t  w i t h  about h a l f  the  veh i c l es  i n  the mtddle  12-13 f e e t  area. 

Th i r t y -n i ne  of the 68 t r a c t o r s  were s t y l e d  conven t iona l l y ,  wh i l e  23 

had the cab-over s t y l e ,  The l a t t e r  s t y l e  was more p reva len t  on t r a c t o r s  

which o r d i n a r t l y  tow doublebottoms , 



Table D3 

Some Trac tor  Chasacter is t ics i n  Re la t ion  t o  
Tra f l ers  Towed 

Double Double Semi - 
Tra t 1 e r  w/o pup Tra i 1 e r  Tota l  

Model Year N 14 18 3 2 64 
1 s t  Quar t .  1973 1973 1973 1973 

Median 1975 1974 1975 1975 
3rd Quar t .  1977 1975 1977 1977 

Range 1969-1 977 1962-1978 1968-1 977 1962-1 978 

No. o f  Axles: Two 3 4 0 7 
Three 12 17 32 61 

GVWRat 1 ng 
i n  thousands 
o f  pounds: 

N 15 17 31 63 
1 s t  Quar t ,  130 91 100 100 

Median 131 115 120 130 
3rd  Quar t ,  131 131 131 131 

Range 11 5-1 31 91 -1 31 80-1 35 80-1 35 

Wheel base 
i n  Inches: 

N 15 17 24 5 6 
1 s t  Quar t ,  140 144 144 144 

Median 150 147 150 150 
3rd Quar t .  150 175 162 160 

Range 118-1 71 11 5-1 75 108-1 97 108-1 97 

Sty le :  Conventional 10 6 2 3 3 9 
Cab-over 5 10 8 23 



Turn ing  t o  t r a i l e r s  t he  major manufacturer of t h e  suryeyed veh i c l es ,  

as expected, i s  the  Fruehauf Corporat ion.  It produced 36 o f  the  48 

t r a i l e r s  normal ly  used a$ doublebottoms and 8 of t he  32 singlebottorn 

t r a i l e r s ,  However, T ra i lmob r l  e was t h e  predomtnant manufactuer of t h e  

s ing lebo t tom w i t h  13, and i t  was a l s o  second i n  doublebottoms w i t h  6. 

The remain ing 17 t r a i l e r s  were manufactured by B u t l e r ,  Wellco, Etmyre, 

H e i l  , Pennco, and Custom. The t r a i l e r s  tended t o  be cons iderab ly  o l d e r  

than t h e  t r a c t o r s  w i t h  1972 as t h e  medlan model year  and a range f rom 

1960 t o  1977, I n  terms of s t y l e  Table D4 shows t h a t  t h e  doublebottom 

tankers  a re  l a r g e l y  rounded corner  rec tang les  w h i l e  t h e  s ing lebo t tom 

tankers  a re  l a r g e l y  h o r i z o n t a l  e l  1 ipses , ( w i t h  co r respond ing ly  lower  C .G. ) . 
Table D4 a l so  demonstrates t h e  g rea t  he te rogene i t y  i n  such tank  

t r a i l e r  c h a r a c t e r i s t i c s  as number o f  compartments, number o f  ax les ,  and 

capac i t y .  The f i r s t  t r a i l e r s  o f  t he  doublebottoms had e i t h e r  2 o r  3 

ax les (mos t l y  3 )  and from 2 t o  4 separate compartments (most ly  3 ) ,  and 

t h e i r  t o t a l  capac i t i e s  ranged f rom 5700 t o  9600 ga l l ons .  The pups had 

from 2-5 ax les  ( h a l f  had 5 )  and e i t h e r  2 o r  3 compartments (mos t l y  2 ) ,  

and t h e i r  capac i t i e s  ranged f rom 4700 t o  7700 ga l l ons .  The s ing lebo t tom 

t r a i l e r s  had from 2 t o  7 ax les  (mos t l y  3 ) ,  and f rom 2 t o  5 compartments 

(most ly  3 o r  4 ) ,  and t h e i r  c a p a c i t i e s  ranged f rom 5700 t o  15,300 ga l l ons .  

The i n d i v i d u a l  compartment s i zes  ranged f rom 800 g a l l o n s  t o  8300 g a l l o n s  

w i t h  an o v e r a l l  mean of 2712 g a l l o n s  f o r  270 compartments i n  67 veh i c l es .  

The f i r s t  compartment had t he  l a r g e s t  average s i z e  (3580 ga l  . ) ,  b u t  i t  

was no t  always t he  l a r g e s t  compartment. 

Table D5 prov ides d e t a i l e d  da ta  on t h e  phys i ca l  c h a r a c t e r i s t i c s  o f  

the  15 surveyed doubl ebottom tankers ,  demonst ra t ing t h e  g r e a t  v a r i e t y  i n  

doubl ebottom con f igu ra t ions  p r e s e n t l y  ope ra t i ng  i n  Michigan. Among t h e  

15 cases o n l y  t he  8 t h  and 9 t h  cases a re  i d e n t i c a l  i n  terms of a x l e  and 

compartment con f i gu ra t i ons  and t o t a l  capac i t y ,  Only s i x  o f  these double- 

bottom veh i c l es  w i t h  t h e  pup have a f i r s t  t r a i l e r  capac i t y  over 8800 

ga l lons ,  compared t o  16 o u t  of t h e  21 doublebottom veh i c l es  w i t h o u t  t h e  

pup, i n d i c a t i n g  t h a t  the  former doublebottom tankers  which operated i n  

the  Wayne County area tended t o  be l a r g e r  than  t h e  doublebottoms used 



Model Year N 
Median 

Range 

Compartments Two 
Three 

Four 
F i v e  

Table 04 

Some T r a l l e r  C h a r a c t e r i s t i c s  

Ax les  Two 
Three 

Pour 
F i v e  

S i x  
Seven 

Ca pac i t,y N 
1 s t  Quart .  

Median 
3 r d  Q u a r t .  

Range 

S t y l e  
H o r i z .  E l l i p s e  

Rounded Corner Rect  
V e r t i c a l  E l  1 i p s e  

Cyl i n d r l c a l  

1st T r l r  
o f  Double 
w i t h  Pup 

/2nd T r l  r 
o f  Double 
w t t h  Pup 

1 s t  T r l r  
of Double 
w/o Pup 

18 
1972 

1956-1 975 

0 
18 

3 
0 

4 
17 

0 
0 
0 

S i n g l e  
Semi - 
T r a i l e r  

To t a  1 
F i r s t  
T r a i l e r  





a t  o u t s t a t e  t e r m i n a l s ,  Only one p a i r  of t h e  surveyed tandem t a n k e r s  

was r e p o r t e d  n o t  "mar r i ed "  ( o r d i n a r i l y  kep t  h i t c h e d  t o g e t h e r ) ,  

Tab le  D6 p resen ts  sone dgta  on t h e  genera l  c h a r a c t e r i s t i c s  o f  t h e  

t h r e e  types o f  t anke rs .  The g r e a t  v a r i e t y  i n  configurations i s  aga in  

apparent .  I n  terms of' t o t a l  a x l e s ,  compartments, and c a p a c i t y  t h e r e  

a r e  44 d i f f e r e n t  c o n f i g u r a t i o n s  among t h e  68 v e h i c l e s ,  and s i x  was t h e  

l a r g e s t  number o f  v e h i c l e s  w i t h  any one c o n f i g u r a t i o n  ( 6  a x l e ,  3 compart- 

ment doub le  w i t h o u t  t h e  pup w i t h  a  9000 g a l ,  c a p a c i t y ) .  The o v e r a l l  median 

c a p a c i t y  o f  t h e  surveyed v e h i c l e s  i s  10,900 g a l l o n s ,  and i f  t h e  doub le  

bottoms w i  t h c u t  pups had t h e t r  pups i n c l u d e d  t h e  median c a p a c i t y  would s t i l l  

be o n l y  about  12,800 g a l ,  Even w i t h  these pups i n c l u d e d  o n l y  25 of  t h e  

68 surveyed v e h i c l e s  have c a p a c i t i e s  ove r  15,000 g a l l o n s ,  so i t  appears 

t h a t  even p r i o r  t o  t h e  doublebot tom r e s t r i c t i o n s  t h e  r e a l l y  l a r g e  doub le  

and s i n g l e  tanke rs  formed a  m i n o r i t y  o f  t h e  pe t ro leum p r o d u c t  t anke rs  i n  

use a t  M ich igan  t e r m i n a l s  and r e f i n e r i e s .  A1 1  b u t  n i n e  o f  t h e  surveyed 

t r a c t o r s  and t r a i l e r s  were i n d i c a t e d  t o  be "mar r i ed " .  

Among t h e  68 v e h i c l e s  24 were opera ted b y  t h e  o i l  companies themselves, 

29 were opera ted by  common c a r r i e r s ,  and 15 were opera ted  b y  j obbers  and 

o t h e r  p r i v a t e  c a r r i e r s .  



Table  D6 

Some T o t a l  Veh ic le  C h a r a c t e r i s t i c s  by Tanker Type 

Double Double S q i  - 
w/Pup W / O  Pup T r a i  1  e r  

No. o f  Ax les  N 14 2  1 32 
1 s t  Q u a r t  8  6  6  

Med tan  9  6  6 
3 r d  Q u a r t  11 6 6  

Range 7-11 4-6 5-1 0  

Compartments N 14 21 3  2  
1 s t  Q u a r t  5  3  4 

Median 5 3  4  
3 rd  Q u a r t  6  3  4 

Range 4-6 3-4 2-5 

Capac i t y  N 
i n  Ga l l ons  1 s t  Q u a r t  

Median 
3 rd  Q u a r t  

Range 

T o t a l  Length N 
i n  Feet  1 s t  Q u a r t  

Median 
3rd Q u a r t  

Range 

F i f t h  Wheel N 14 17 2  4  
Of fse t  i n  1 s t  Q u a r t  12 18 11 
Inches Median 15 29 18 

3 r d  Q u a r t  22 29 22 
Range 4-26 9-32 3-27 

T o t a l  



5. D r i v e r  C h a r a c t e r i s t i c s  

I t  was noted e a r l i e r  t h a t  21 o f  t h e  68 surveyed v e h i c l e s  operated 

on two s h i f t s  on t h e i r  survey dates ,  Seventeen o f  t h e  39 v e h i c l e s  surveyed 
a t  Wayne County t e r m i n a l s  operated on two s h i f t s ,  w h i l e  o n l y  4 o f  t h e  29 

o u t s t a t e  veh ic les  operated on two s h i f t s .  Looking a t  weekdays on ly ,  16 
o f  24 Wayne County v e h i c l e s  operated on two s h i f t s  compared t o  4 o f  t h e  24 

o u t s t a t e  veh ic les .  Whether t h i s  e x t e n t  o f  d o u b l e - s h i f t  t anke r  use was 

a1 ready p r e v a l e n t  i n  Wayne County be fo re  t h e  doubl ebottom r e s t r i c t i o n  i s  
no t  known. 

As can be seen i n  Table D7, d r i v e r s  a t  Wayne County t e r m i n a l s .  a l s o  

averaged more t r i p s  per  s h i f t  (3.0) than d i d  d r i v e r s  a t  o u t s t a t e  t e r m i n a l s  

(2 .4 ) ,  as would be expected cons ide r ing  t h e  much g r e a t e r  d e n s i t y  o f  gas 

s t a t i o n s  i n  t h e  Wayne County area,  The second s h i f t  d r i v e r s  averaged 

s l i g h t l y  more t r i p s  per  s h i f t  than d i d  f l r s t  s h i f t  d r i v e r s  f o r  v e h i c l e s  

opera t i ng  on two s h i f t s .  Perhaps t h i s  I s  r e l a t e d  t o  l e s s  t r a f f i c  con- 

g e s t i o n  d u r i n g  t h e  second s h i f t  hours. Overa l l  t h e  Wayne County v e h i c l e s  . 

averaged 4.3  t r i p s ,  w h i l e  t h e  o u t s t a t e  v e h i c l e s  averaged 2.7 t r i p s .  

Tab le  D8 prov ides some data on age, exper ience and work ing hours f o r  

the  t h r e e  types o f  d r i v e r s .  I n  genera l ,  d r i v e r s  o f  l a r g e  tanke rs  seem 

t o  be a  mature p r o f e s s i o n a l  group. We1 1  over  h a l f  o f  t h e  surveyed d r i v e r s  

were over 4U years  o l d  and t h r e e  q u a r t e r s  o f  them had had a t  l e a s t  t e n  yea rs  

o f  exper ience d r i v i n g  l a r g e  t r u c k s .  As m igh t  be expected, t h e  second 

s h i f t  d r i v e r s  tended t o  be a  1  i t t l e  younger and l e s s  exper ienced than t h e  

f i r s t  s h i f t  d r i v e r s .  

I n  terms of work ing t imes t h e r e  were g r e a t  v a r i a t i o n s  among t h e  

d i f f e r e n t  d r i v e r s  surveyed, b u t  i t  i s  apparent  f rom Tab le  D8 t h a t  n o t  o n l y  

f i r s t  s h i f t  d i r v e r s  b u t  s i n g l e  s h i f t  d r i v e r s  as w e l l  beg in  work a t  a 

r a t h e r  e a r l y  hour, w i t h  5 AM t h e  median f o r  t h e  f i r s t  s h i f t  d r i v e r s  and 
6 AM t h e  median f o r  t h e  s i n g l e  s h i f t  d r i v e r s .  On a l l  s h i f t s  t h e  m a j o r i t y  

of  d r i v e r s  work ten-hour days, and o n l y  8 d r i v e r s  r e p o r t e d  work ing 

l e s s  than t h a t  w h i l e  11 r e p o r t e d  work ing 12 o r  13 hours p e r  day. 

T h i r t y  percent  s a i d  they  no rma l l y  worked o n l y  f o u r  days p e r  week, b u t  
another 302 s a i d  they  no rma l l y  worked s i x  days p e r  week, Thus, as  can 



be seen a t  t h e  bottom of Table D8, a  l a r g e  p r o p o r t i o n  o f  d r i v e r s  

no rma l l y  work much longer  than standard 40-hour weeks, espec la l  l y  

when d r l v i n g  s i n g l e - s h i f t  veh ic les .  

Table D7 

Mean Number of T r i p s  by S h i f t  and Region 
pe r  D r i v e r  

F l r s t  S h i f t  Second S h i f t  S i n g l e  S h i f t  
D r i ve rs  D r i v e r s  D r i v e r s  To t a  1 

Wayne County N 17 17 22 5 6 
Mean 2.8 3.1 3.0 3.0 

Ou ts ta te  N 4 4  25 33 
Mean 2.5 2.8 2 - 3  2.4 

To ta l  N 2 1  2 1  47 89 
Mean 2.8 3 ,O 2.6 2.8 



Table D8 

Age, Experience, and Working Hours o f  Surveyed D r i v e r s  
by S h f f t  

F i r s t  S h i f t  Second S h i f t  S i n g l e  S h i f t  
D r i ve rs  D r i v e r s  D r i v e r s  

N 2 1 16 46 
1 s t  Quar t .  38 32 31 

Median 4 5 42 52 
3 r d  Quar t ,  52 4 5 5 2 

Range 26-58 25-61 22-61 

Years o f  N 19 15 4 4 
Experience I s t  Quar t .  15 5 10 
D r l v l n g  Median 20 10 23 
Trucks 3rd  Quar t ,  2 7 15 30 

Range 4-38 2-40 1-40 

Hours N 2 1 18 47 . 
Per 1 s t  Q u a r t .  10 10 10 
Day Median 10 10 10 

3 rd  Quar t .  11 11 11 
Range 8-1 2 8-1 2 8-1 3 

Beginning N 2 1 18 47 
Time 1 s t  Quar t .  4 AM 3:30 PM 5 AM 

Median 5 AM 4:00 PM 6 AM 
3rd  Q u a r t .  6 AM 6:00 PM 7 AM 

Range 2 AM-$AM 11 AM-6 PM 12M-1:15 PM 

Hours 
Per 
Week 

N 2 1 17 47 
1 s t  Quar t .  40 4 0 50 

Median 48 40 5 4 
3 rd  Q u a r t ,  6 0 5 5 6 0 

Range 40- 72 40- 72 22-72 



6.  Travel Distances, Road Types, and  Time of Day 

As would be expected, t r i p  distances tended to be longer a t  the 
outstate terminals than a t  the Wayne County terminals. Table D9 demon- 
s t rates  that the average outstate tors1 t r ip  distance was 74.0  miles 
compared t o  4 2 . 7  miles for tr ips originating a t  Wayne County terminals. 
I t  was shown i n  the previous section that Wayne dtivers average more t r ips  
per sh i f t  than do  outstate drivers, and this  difference i s  exacerbated 
when compari ng t r ips  per vehicle because Wayne vehicles are more 1 i kely 
to be operated on two shif ts .  The Wayne vehicles averaged 4 . 3  t r ips  per 
day compared t o  2 . 7  for the outstate vehicles. However, in total day's 
mileage the outstate vehicles s t i  11 averaged a l i  t t l e  higher (201.5 mi. ) 
t h a n  the Wayne vehicles (181.9). Overall the average daily miles came 
t o  190.2 for the 68 surveyed vehicles, 

Table D9 also shows t r ips  and miles by tanker type in the two regions. 
I n  Wayne County the semi-trailers tended to make longer t r ips  t h a n  did 
the doubles without pups, b u t  outstate there was l i t t l e  difference among 
vehicle types. 

Table Dl0 looks a t  loaded and empty t r i p  miles by type of road used 
for t r ips  originating in the two regions. Loaded miles are also differ- 
entiated by general type of product carried (with the 3 t r ips  carrying 
both gasol ine and fuel oil  placed in the gasol ine category). For this  
analysis the terminal sampling weights have been used to project the total 
annual miles of driving on the different types of roads, assuming of 
course that the particular terminals selected are representative of a1 1 
the terminals in their sampling s t rata  and that the surveyed t r ips  are 
representative of a1 1 t r ips  in those s t rata  on a l l  days of the year. 
Naturally these estimates would n o t  be expected t o  be absolutely accurate, 
b u t  they do  provide a general picture of road use by large gasoline and 
oil tankers in Michigan. I n  particular,  since the survey was conducted 
in the winter, the estimates of miles of carrying fuel oi l  are probably 
high. 



Tab le  D9 

Mean Number o f  T r i p s ,  Mean M i l e s  Per T r i p ,  
and Mean T o t a l  M i l e s  Per Day by  Tanker Type 

and Region of Terminal  

MeanNumber M e a n M I l e s  M e a n T o t a l  
N - o f  T r i p s  Per  T r i p  M i l e s  Per  Day 

Wayne County 

Double w/Pup 3 3.7 44.3 162.3 

Double w/o Pup 19 4.9 37.1 183.6 

Semi - T r a i  1 e r  17 3.6 51 . I  183.4 

T o t a l  3 9 4.3 42.7 181.9 

O u t s t a t e  

Double w/Pup 12 2.2 76.0 164.7 

Double w/o Pup 2 4.0 76.0 304.0 

Semi - T r a i  1 e r  15 3.0 72.4 217.3 

Tota  1 29 2.7 74.0 201 .5 

GRAND TOTAL 68 3.6 52.8 190.2 



Tab le  D l 0  

P r o j e c t e d  Annual Loaded and Empty M i l e s  i n  Thousands 
by Region of  Te rm ina l ,  Produc t ,  and Road Type 

Urban 0 t h e r  Rura l  Other  
Freeways Urban Roads Freeways Rura l  Roads T o t a l  

Loaded ...- 

Wayne Gas M i .  4076 1454 582 2 08 6320 
Z 64.5 23.0 9.2 3.3 100.0 

Wayne O i  1 M i .  306 176 206 8 0 7 68 
% - 39.8 22.9 26.8 10.4 100.0 

O u t s t a t e  Gas M i .  1 1 7  - 51 0 3746 41 07 8480 
% 1.4 6.0 44.2 48.4 100.0 --- 

O u t s t a t e  O i l  M I .  3 0 21 6 740 1900 2886 
% 1 .O 7 .5  25.6 65.8 100.0 

T o t a l  Wayne M i  . 4382 1630 788 288 7088 
% 61.8 23.0 11.1 4.1 100.0 

T o t a l  O u t s t a t e  M i .  147 726 4486 6007 11,366 
% 1 .3  6.4 39.5 52.9 100.0 

T o t a l  Loaded M i .  4529 2356 5274 6295 18,454 
% 24.5 12.8 28.6 34.1 100.0 

Empty 

Wayne M i .  4442 1946 594 116 7 098 
% 62.6 27.4 8 .4  1.6 100.0 

O u t s t a t e  M i .  144 842 3945 6358 11,289 
% 1 . 3  7 .5  34.9 56.3 100.0 

T o t a l  Empty M i .  4586 2840 4539 6474 18.387 

T o t a l  Wayne M i  . 8824 3576 1382 4 04 14.186 
a . - -  

'% 62.2 25.2 9.7 2.8 100.0 
T o t a l  O u t s t a t e  M i .  291 1568 8431 12,365 22,655 

GRAND TOTAL M i .  9115 51 44 981 3 12,769 36,841 
% 24.7 14 .0  26.6 34.7 100.0 



As would be expected, t h e  t o t a l  loaded m i l e s  and t h e  t o t a l  empty 

m i l e s  come o u t  a lmost  i d e n t i c a l ,  a l t hough  t h e r e  a r e  some v a r i a t i o n s  i n  

t h e  road  t y p e  percentages f o r  t he  two types o f  d r i v i n g .  The o v e r a l l  

e s t i m a t e  i s  f o r  a lmost  37,000,000 annual m i l e s  o f  d r i v i n g  by  l a r g e  g a s o l i n e  

and o i l  t anke rs  on Mich igan roads ( e x c l u d i n g  o f  course tanke rs  based i n  

o t h e r  s t a t e s  and Canada). 

I n  terms o f  road types i t  i s  apparent  t h a t  M i c h i g a n ' s  f reeways a r e  

ve ry  i m p o r t a n t  t o  tanke r  t r a v e l .  For  v e h i c l e s  u s i n g  Wayne County t e r m i n a l s  

more than  t h r e e - f i f t h s  of t h e i r  m i l e s  a r e  on t h e  urban freeways i n  t h e  

3-county area,  and another  11% o f  t h e  m i l e s  a r e  on r u r a l  f reeways.  For 

v e h i c l  es us1 ng o u t s t a t e  term1 n a l  s  freeways seem somewhat 1  ess i m p o r t a n t ,  

b u t  s t 1 1  1  a lmost  t h r e e - e i g h t s  o f  t h e  m i l e s  a r e  on r u r a l  f reeways and 

another  1.3% i s  on urban f reeways.  I n  b o t h  r e g i o n s  tanke rs  c a r r y i n g  o i l  

use t h e  freeways somewhat l e s s  than  tanke rs  c a r r y i n g  gas01 i n e .  

Tu rn ing  t o  road  use by t i m e  o f  day, Tab le  D l 1  p resen ts  percentages o f  

p r o j e c t e d  annual n i i l es  d r i v e n  on t h e  d i f f e r e n t  t ypes  o f  roads b y  e i g h t  

d a i l y  t i m e  p e r i o d s .  ( I t  shou ld  be no ted  t h a t  a  whole t r i p  segment was 

coded as t a k i n g  p l a c e  w i t h i n  t h e  t i m e  p e r i o d  t h a t  most  o f  It t o o k  p lace ,  

so t h e r e  i s  a  l i t t l e  i m p r e c i s i o n  i n  t h e  d a t a ) .  Fo r  loaded m i l e s  t h e  o v e r a l l  

peak t i m e  i s  f rom 6-9 AM i n  t h e  morning,  and 71% o f  t h e  loaded m i l e s  a r e  

d r i v e n  between 6 AM and 3  PM. However, t h i s  peak ing i s  most pronounced 

on r u r a l  non-freeways, and i s  l e a s t  e v i d e n t  on urban f reeways which  a l s o  

have a  secondary peak i n  t h e  6-9 PM p e r i o d .  Again,  t h e  p a t t e r n  f o r  empty 

m i l e s  I s  f a i r l y  s i m i l a r  t o  t h e  p a t t e r n s  f o r  loaded m i l e s ,  b u t  t h e  peak ing 

i s  a  l i t t l e  l e s s  and tends t o  come a  l i t t l e  l a t e r  i n  t h e  day. 

Table D l2  p resen ts  p r o j e c t e d  annual loaded m i l e s  by t a n k e r  t y p e  f o r  

d i f f e r e n t  road  t ypes  and t imes  o f  day. As can be seen by  t h e  t o t a l s  a t  

t h e  bot tom r i g h t  o f  t h e  t a b l e ,  about  h a l f  t h e  loaded m i l e s  a r e  d i r v e n  by  

s e m i - t r a i l e r  t a n k e r s ,  a 1 i t t l e  o v e r  one q u a r t e r  by  doubl ebot tom tanke rs  

w i t h  pups, and a  1  i t t l e  l e s s  than  one q u a r t e r  by  doub lebot tom t a n k e r s  

w i t h o u t  pups. O f  course these  es t ima tes  a r e  based on a  survey p e r i o d  when 

r e s t r i c t i o n s  on doub lebot tom tanke rs  were i n  e f f e c t  i n  t h e  Wayne County 

area.  I n  terms o f  road use by  t i m e  o f  day t h e  g r e a t e r  morning hour peak ing 



Table Dl1 

Pro jec ted  Annual Loaded and Empty M l l e s  in 
Thousands by Road Type and Time of Day 

Time o f  Day 

12-3 3-6 6-9 9-12 12-3 3-6 6-9 9-12 
AM AM AM AM PM PM P M PM T o t a l  

Urban Freeways 

Loaded M i .  408 145 771 851 875 278 804 397 4529 
% 9.0 3.2 17.0 18.8 19.3 6.1 17.8 8.8 100.0 

,Empty MI. 491 132 684 I 9 8  834 432 5 04 71 2 4586 
% 10.7 2.9 14.9 17.2 18.2 9.4 11.0 15.5 100.0 

T o t a l  M i .  899 277 1455 1649 1709 710 1308 1109 9115 

Other Urban Roads 

Loaded M i .  144 94 488 632 542 181 176 100 2356 
% 6.1 4.0 20.7 26.8 23.0 7.7 7.5 4.2 100.0 

Empty M i .  197 186 499 741 575 323 141 128 2788 . - 
% 7.1 6.7 17.9 26.6 20.6 11.6 5.1 4.6 100.0 

T o t a l  M i .  341 280 987 1373 1117 504 317 228 5144 

Rural Freeways 

Loaded M i .  137 254 1186 1489 914 636 462 196 5274 
% 2.6 4.8 22.5 28.2 17.3 12.1 8.8 3.7 100.0 

Empty M i .  142 157 1218 919 1131 356 227 389 4539 
% 3.1 3 ,5  26.8 20.2 24.9 7.8 5.0 8.6 100.0 

T o t a l  M i .  279 411 2404 2408 2045 992 689 585 9813 

Other Rural Roads 

Loaded M i .  77 252 2919 1234 1239 272 86 215 6295 
% 1.2 4.0 46.4 19.6 19.7 4.3 1.4 3.4 100.0 

E m ~ t v  M i .  91 384 932 2108 1543 1182 113 122 6474 
I " 

% 1.4 5.9 14.4 32.6 23.8 18.3 1.7 1 .9  100.0 
T o t a l  M i .  168 636 3851 3342 2782 1454 119 337 12769 

T o t a l  LoadedMi .  766 745 5365 4207 3571 1366 1528 907 18454 
% 4.1 4.0 29.1 22.8 19.3 7.4 8.3 4.9 100.0 

T o t a l  Empty M i .  921 858 3332 4566 4083 2294 985 1351 18387 
% 5.0 4.7 18.1 24.8 22.2 12.5 5.4 7.3 100.0 

GRAND TOTAL M i  ,1687 1603 8697 8773 7654 3660 2513 2258 36841 
% 4.6 4.4 23.6 23.8 20.8 9.9 6.8 6.1 100.0 



Table Dl2  

P ro jec ted  Annual Loaded M i l e s  I n  Thousands 
by Type o f  Road, Tanker Type and Tlme of Day 

Time o f  Day 

12-3 3-6 6-9 9-12 12-3 3-6 6-9 9-12 
AM AM AM AM PM PM PM P M T o t a l  

Urban Freeways 

Double M i .  48 5 5 2 7 5 3 87 56 0 0 326 
w i t h  Pup % 14.7 16.8 8.3 16.2 26.7 17.2 100.C 
Doubl e M i .  144 14 384 467 422 114 468 360 2374 

Other Urban Roads 

Doubl e M i .  33 16 145 87 7 6 52 3 4 416 
w i t h  Pup % 7.9 3.8 34.9 20.9 18.3 12.5 0.7 1.0 1OO.C 
Dou b l  e MI. 50 3 0 139 337 21 5 6 0 107 10 1007' 
w/o Pup % 5.0 2.9 13.8 33.5 21.4 5.9 10.6 6.9 100.C 
s i n g l e  MI. 61 48 205 2 07 251 6 9 6 6 26 993 

Rural  Freeways 

Double M I .  59 130 620 448 269 325 146 25 2022 
w i t h  Pup % 2.9 6.4 30.7 22,2 13.3 16.1 7.2 1.2 100.C 
Double M i .  0 84 142 176 199 9 0 84 0 
w/o Pup % 10.8 18.4 22.8 25.6 11.6 10.8 100.C 
S i n g l e  3 171 477 ML* ?, 1!6 ?$41 F9 !:Po ! 2974 6.9 :oo.C 

Other Rural  Roads 

Double M i .  62 249 1310 249 317 111 8 3 2309 
w i t h  Pup % 2.7 10.8 56.7 10.8 13.7 4.8 0.3 0.1 1OO.C 
Dou b l  e M i .  0 3 9 9 9 6 3 3 3 16 195 
w/o Pup % 1.4 4 .5  50.6 32.4 1.4 1.4 8.2 100.C 
S i n g l e  M i .  15 00 1601 886 859 158 75 196 3790 

To t a  1 - 
Double M i .  202 450 2102 837 750 544 137 32 5074 
w i t h  Pup % 4.0 8.9 41.4 16.5 14.8 10.7 3.1 0.6 10O.C 
Double M i .  194 130 674 1080 900 266 662 446 4352 
w/o Pup % 4.5 3.0 15.5  24.8 20.7 6.1 15.2 10.2 100.C 
S i n q l e  M I .  370 164 2590 2290 1921 556 709 429 9029 



o f  t h e  doubles w i t h  pups and s e m i - t r a i l e r s  compared w i t h  t he  doubles 

w i t h o u t  pups i s  p r i m a r i l y  because most o f  t he  l a t t e r  veh i c l es  a re  operated 

on two s h i f t s  a t  t he  Wayne County te rm ina ls .  It seems l i k e l y  t h a t  i f  

doubl ebottom tankers  were banned throughout the  s t a t e  t h i s  would 1  ead t o  

more double-shi  f t operat ions o u t s t a t e  and thus t o  some Tevel i ng o u t  o f  t he  

t r a v e l  t ime mileages shown here. 

7. Products Car r ied  

O f  t he  245 t r i p s  surveyed 205 invo lved  gaso l ine  on ly ,  37 i nvo l ved  

d i ese l  and f u e l  o i l  on ly ,  and j u s t  t h ree  invo lved  a  mixed load  o f  gaso l i ne  

and f u e l  o i l  i n  d i f f e r e n t  compartments. About one-quarter o f  t he  o u t s t a t e  

v e h i c l e  t r i p s  invo lved  c a r r y i n g  f u e l  o i l  compared t o  about one-eighth o f  

the  Wayne v e h i c l e  t r i p s .  Probably o i l  i s  an even l e s s  f requen t  product  

c a r r i e d  a t  o t he r  t imes o f  t h e  year .  Jus t  13 o f  these t r i p s  i nvo l ved  

dropping p a r t s  o f  one load a t  more than one d e s t i n a t i o n  ( a l l  gas s t a t i o n s ) ,  

i n d i c a t i n g  t h a t  t h e  m u l t i p l e - d e s t i n a t i o n  t r i p  i s  f a i r l y  i n f r equen t .  

Table Dl3 shows the  des t i na t i ons  o f  t h e  245 surveyed t r i p s  by tanker  

type and product.  The doublebottom tankers  w i t hou t  PUPS were used ex- 

c l u s i v e l y  f o r  c a r r y i n g  gasol ine.  As would be expected, most gaso l ine  was 

c a r r i e d  t o  gas s ta t i ons ,  bu t  a few t r i p s  were made t o  jobbers  o r  t o  l a r g e  

businesses and i n s t i t u t i o n s .  The o l l  t r i p s  were r a t h e r  evenly spread 

among the  t h ree  types o f  des t i na t i ons .  



Table 013 

Type o f  Des t ina t ion  by Product and Tanker Type 

Gas Commerc i a1 , 
N Sta t i on  I n s t i t u t i o n a l ,  e t c .  Jobber 

Double w/Pup 

Gas01 i n e  17 17 0 
O i  1 19 7 5 
M i  xed 1 1 0 

Double w/o Pup 

Gas01 1 ne 102 97 1 2 
01 1 0 0 0 0 
M i  xed 0 0 0 0 

Semi -Tra 11 e r  

Gasol i ne 86 7 7 5 
O i  1 18 4 7 
Mixed 2 2 

A l l  Tankers 

Gas01 1 ne 205 191 6 
O i  1 37 11 12 
M i  xed 3 3 0 

Not 
Ascer t  

TOTAL 245 205 18 16 



8. P a r t i a l  Loading and Product Slosh 

Whenever one o r  more o f  t he  compartments on a  tanker  i s  f i l l e d  

t o  l e s s  than capac i t y ,  the re  e x i s t s  t he  p o t e n t i a l  f o r  s losh ing  o f  t h e  

p roduc t .  S losh ing i s  def ined here as the  movement o f  t h e  l i q u i d  con- 

t a i ned  i n  a  compartment such t h a t  the  cen te r  o f  g r a v i t y  o f  the  compartment 

i s  d isp laced  from the  normal p o s i t i o n  (when t he  compartment i s  f u l l ) .  

The p o s i t i o n  o f  the  cen te r  of g r a v t t y  ( C G )  i s  an impor tan t  parameter i n  

assessing the  o v e r a l l  s t a b l l t t y  o f  t h e  veh i c l e ,  p a r t i c u l a r l y  i n  t h e  

t ranverse  d i r e c t i o n .  Changes i n  t he  t ransverse CG can l ead  t o  increased i n -  

s t a b i  1  i t y  and hence ove r t u rn  p o t e n t i a l  i n  c e r t a i n  s t ee r1  ng maneuvers. 

The seriousness o f  t he  s l osh  (and r e s u l t a n t  change i n  CG) depends 

upon t h e  degree o f  s h o r t  f i  11 o r  emptiness o f  v e h i c l e  compartment, 

Shor t  f i l l  occurs f o r  a  number o f  reasons, i n c l u d i n g :  

(1  ) t he  need f o r  l ess  p roduc t  a t  t h e  d e l i v e r y  p o i n t  
than t he  veh ic les  o r  compartment w i l l  ho ld ;  

( 2 )  t he  need t o  s h o r t  f i l l  a  compartment o r  v e h i c l e  
so as t o  s tay  w i t h i n  t h e  l e g a l  we igh t  l i m i t  ( i n -  
c l ud i ng  l o c a l  weight  r e s t r i c t i o n s )  because o f  t he  
va ry ing  s p e c i f i c  g r a v i t y  o f  t he  d i f f e r e n t  products  
--gas01 ine ,  #l  f u e l  o i  1,  #2 f u e l  o i l  ; 

( 3 )  p a r t i a l  emptying o f  a  compartment o r  v e h i c l e  when 
making more than one d e l i v e r y  (d rop)  on a  s i n g l e  
t r i p .  

Shor t  f i l l  can occur t o  any e x t e n t .  However, q u a n t i t i e s  f a l l i n g  

between 10% and 80% o f  f u l l  l oad  p resen t  t h e  most se r ious  problems. I t  

should a l s o  be noted t h a t  an empty compartment can have an i n f l uence  on 

v e h i c l e  s t a b i l i t y ,  bu t  t h i s  i s  n o t  as g r e a t  as t h a t  o f  t h e  p a r t i a l l y  f u l l  

( o r  p a r t l y  empty) compartment. 

Which compartments on a t r a i l e r  g e t  f i l l e d  and t o  what ex ten t  depends 

upon: (1 ) compartment capac i t y  vs.  t h e  needs a t  t he  d e l i v e r y  p o i n t ;  

( 2 )  product  needs a t  t he  d e l i v e r y  p o i n t ;  ( 3 )  compartment arrangement 

on t he  veh i c l e ;  ( 4 )  s t a t e  and l o c a l  we igh t  laws. O f  these, f a c t o r s  ( 1 )  

and ( 2 )  a re  t he  most f requen t  c r i t e r i a ,  I t  i s  usual  p r a c t i c e  t o  l oad  up 

t o  t h ree  types o f  product  on one v e h l c l e  f o r  d e l i v e r y  t o  a  d e s t i n a t i o n  o r  



Table Dl4 

I n i t i a l  T r i p s  w i t h  P a r t i a l l y  Loaded Compartments by 
Veh ic le  Type and Product 

V e h i c l e  t o t a l  

I 
( 2 )  Double w/o Pu 

Gasol i.ne 102 
01 1 
M i  xed ---- 
To t a  1 

Type /Product 

(1 )  Double 
Gas011 ne 
O i  1 
Mi xed r 

k i p s  

17 
19 

1 
37 

A l l  Slosh* 
T o t a l  1 % of 

( 3 )  Semi- 
Gas01 i n e  
O i  1 
Mixed 
Total 

S i g n i f i c  
Number of 
T r i p s  w/ 
S i g ,  Slosh 

4 
12 

1 
I7 

8 
0 
0 
8 

28 
13 

1 n- 

86 
18 

2 
106 

n t  Slosh** 
% o f  T o t a l  

T r i p s  
w/Siq. Slosh 

23.5 
63.2 

100.0 
45.9 

7.8 - - - 
--- 
7.8 

32.6 
72.2 
50.0 - 
39.6 

TOTAL 245 7 4 30.2 67 27.3 

* r f  c r l t .  

S losh i s  where one o r  more c o m p ~ e M  i s  l e s s  than  f u l l  b u t  
n o t  comp le te ly  empty, ** 
S i g n i f i c a n t  s l o s h  i s  where one o r  more compartments i s  g r e a t e r  
than 10% empty b u t  l e s s  than  80% empty. 



mu1 t i p l e  destinations. Products available for transportation include 
four types of gas01 ine--regular , premi urn, no-1 ead, and no-1 ead premi urn-- 
and three types of fuel oil--#1 (kerosene), #2 (heating oil  or diesel) ,  
and a mix of #1 and $2. While the survey d i d  n o t  a t t e m p t  t o  gather data 
on the type of each product carried, a distinction was made between the 
major product groups--gas and oi 1 --and included those instances where 
both gas and oil  were transported on the same vehicle. 

Table Dl4 summarizes the t r ips  in which vehicles leave the terminal 
with slosh in one or more compartments. Also given are the numbers of 
t r ips  in which the slosh i s  deemed significant I n  terms of altering the 
C G .  The data reported are for compartments less than full  b u t  not com- 
pletely empty. Trips in vehicles with one or more unfilled compartments 
are n o t  included. Significant slosh (and hence affecting the CG sig- 
nificantly) occurs in compartments which are greater than 10% empty b u t  

less than 80% empty. Overall over one fourth of the t r ips  involved one 
or more compartments with significant slosh. 

Additionally, thirteen (13) of the total number of t r ips  included 
intermediate stops t o  discharge products. These vehicles 1 e f t  the ter-  
niinal either full or with slosh, made two drops and returned empty. All 
these t r ips  involved gas01 ine only. Table Dl 5 summarizes these t r ips .  

Table Dl5 
Slosh Summary for Vehicles with Two Drops 

Fill Status a t  
Termi nal Slosh af ter  Number with 

Vehicle Type Full 
Partial 1s t  drop Slosh During 

(w/slosh) Yes 

( 2 )  Double w/o pup  2 1 ;  5 ( 3 )  S e m i  

Total 7 

FJo Trip 
2 2 

- 4 - 7 
6 9 

TOTAL 13 13 



Of t he  t h i r t e e n  t r i p s ,  8 l e f t  t he  termtnal  f u l l  and 5 l e f t  w i t h  

s losh .  A f t e r  t he  first drop, 6 t r i p s  were cont inued w l t h  no s losh  ( b u t  

empty compartments) and 7 t r i p s  e i t h e r  gained s l osh  o r  cont inued w l t h  

s losh .  Thus a t o t a l  o f  9 o f  these 13 t r i p s  had s l osh  a t  sometime p r i o r  

t o  t h e  second drop. 

To o b t a i n  a  t r u e  p i c t u r e  of t h e  s losh  problem i t  i s  necessary t o  

combine these data w i t h  t h e  e a r l i e r  data on s losh  a f t e r  l oad ing  t h e  

v e h i c l e .  Four cases (no t  p r e v i o u s l y  inc luded)  were f u l l  a t  t h e  s t a r t  

b u t  acqu i red  s i g n i f i c a n t  s l osh  a f t e r  a p a r t i a l  drop a t  t h e  f i r s t  d e s t i n -  

a t i o n .  Table 016 presents  a l l  t r i p s  i n  which t h e r e  was p roduc t  s l osh  

d u r i n g  some p o r t i o n  o f  a  tanker  t r i p .  There were 71 such t r i p s  i n  t he  

survey, 29% o f  a l l  t he  t r i p s  surveyed. 

Table D l6  

S i g n i f i c a n t  Slosh Dur ing Any P o r t i o n  o f  a  T r i p ,  
by Veh ic le  Type and Product 

Percent  o f  
T r i p s  w l t h  T r i p s  w i t h  

To ta l  S i g n i f i c a n t  S i g n i f i c a n t  
Veh ic leType /Produc t  T r i p s  Slosh Slosh 

(1 )  Double 
Gas01 i ne 17 4 23.5 
O i  1  19 12 63.2 
M i  xed - 1 1 - 100.0 
Tot$l 37 17 45.9 

( 2 )  Double w/o pup 
Gas01 i ne 102 10 9.8 
O i  1  0  - - - - - 
M i  xed 0 - - -"- 

m m - 
total 9.8 

( 3 )  Semi 
Gas01 i n e  86 30 34.9 
O i  1 18 13 72.2 
M i  xed 
To ta l  

TOTAL 245 7  1 29.0 



I n  a l l  t he re  were 74 t r i p  segments i n  which a t  l e a s t  one compartment 

was o n l y  p a r t i a l l y  f i l l e d  i n  the  20% - 90% range. Only 19 o f  these t r i p  

segments invo lved  j u s t  a s i n g l e  p a r t i a l l y  f u l l  compartment, and on o n l y  

f ou r  o f  these t r i p s  was the  p a r t i a l  compartment t h e  l a s t  one i n  the  

veh i c l e .  There were a l so  f l v e  t r i p  segments i n  which t he re  was one 

p a r t l a l  compartment p l  us one o r  two empty compartments. However, t h i s  

leaves 50 t r i p s  i n  which two o r  more compartments were p a r t i a l l y  empty 

t o  a s i g n i f i c a n t  ex ten t ,  i n c l u d i n g  t h ree  i n  whlch a l l  f i v e  compartments 

were p a r t l a l  l y  empty ( i n c l u d i n g  1 v e h i c l e  c a r r y i n g  gaso l ine  and two veh i c l es  

c a r r y i n g  o i l ) .  There were 29 t r i p s  w i t h  two p a r t i a l  compartments, 

i n c l u d i n g  s i x  which a l s o  had one empty compartment, and one which a l s o  

had two empty compartments, 13 t r i p s  w i t h  t h r e e  p a r t i a l l y  f u l l  compartments, 

i n c l u d i n g  f l v e  which a l s o  had one empty compartment; t h ree  w i t h  f o u r  

p a r t i a l l y  f u l l  compartments, i n c l u d i n g  one which a l s o  had an empty 

compartment; and f i v e  t r i p s  w i t h  f i v e  p a r t l a l l y  f u l l  compartments. 

I n  31 cases the  f i r s t  compartment i n  t h e  v e h i c l e  was o n l y  p a r t i a l l y  

f u l l ,  and I n  f l v e  o f  these cases the  second compartment was empty. I n  

a d d i t i o n  t o  t he  empty compartments mentioned, t he re  were 20 o the r  t r i p  

segments w i t h  a t  l e a s t  one empty compartment which d i d  n o t  i nvo l ve  any 

compartments p a r t i a l l y  empty t o  a significant ex ten t .  A t  l e a s t  none o f  

t he  t r i p s  invo lved  a completely empty f i r s t  compartment. I t  should be 

noted t h a t  tankers  c a r r y i n g  o i l  were more l i k e l y  than tankers  c a r r y i n g  

gaso l ine  t o  have one o r  more empty o r  p a r t i a l l y  f u l l  compartments and t o  

have more such compartments per trip. 

Also o f  i n t e r e s t  i s  i n f o rma t i on  concerning t h e  mi leage and road type 

over which veh ic les  operate w i t h  s i g n i f i c a n t  s l osh  i n  one o r  more compart- 

ments. Table Dl7 shows t he  number o f  m i l e s  operated on f o u r  road types 

by var ious types o f  tankers  hau l i ng  e i t h e r  gas01 i ne ,  o i l ,  o r  mixed loads. 

However, such data i s  o f  g r e a t e s t  b e n e f i t  when compared t o  t he  t o t a l  

m i l es  d r i ven  by veh ic les  loaded t o  capac i t y .  Table Dl8  shows t h e  percent  

o f  t o t a l  m i l es  operated w i t h  s i g n i f i c a n t  s l osh  f o r  each type  o f  product  

and road type f o r  the  t h ree  c lasses o f  veh i c l es .  Due t o  t he  l i m i t e d  

numbers of cases cau t i on  must be used when examining t h e  percentages f o r  

loads of o i l  and o f  mixed product .  



Table  D l7  

Loaded M i l e s  by Road Type i n  Veh ic les  
w i t h  S i g n i f i c a n t  S losh  

No.Tr ips T o t a l  M i l e s  on 
w/Siq. Urban Urban Rura 1 Rura l  Tota 

V e h i c l e  TypelProduct  $ j o s h  Freeway Road Freeway Road M i l €  

(1 ) Double 
Gasol i ne 
O i  1 
M i  T-dta xed i- - 

( 2 )  Double w/o pup 
Gas01 i n e  10 27 6 3 4 7 101 
O i  1 - - - - - - - - - - - - 
Mi xed - - - - - - - - - - - - 

m 2-7 
- - - - 

T o t a l  6 3 4 7 101 

( 3 )  Semi 
Gasol i ne 
O i  1 
M i  xed 
total 

TOTAL 7 1 38 3 261 539 760 194: 



Table Dl8  

Percent  of  T o t a l  Loaded M l l e s  w l t h  S l g n l f l c a n t  Slosh 

Percent o f  T o t a l  Loaded M i l e s  w/Slosh 
S losh U r b a n a n  Rura l  Rural  T o t a l  

V e h i c l e  TypeIProduct  T r i p s  Freeway Road Freeway Road M i l e s  

( 1 )  Double 
Gasol i n e  4  85.7 11 - 4  30.7 21.9 27.5 
O i  1  7 2 65.6 90.7 61.9 55.9 64.4 
M i  xed 1  0.0 0.0 86.2 100.0 86.4 
fotal 77 

- 
44.1 31.6 42.5 

( 2 )  Double w/o pup 
Gas01 i n e  10 2,3 12,7 1.4 8 .5  4.9 
O i  1  0  --- --- --- - - - --- 
Mlxed 0  - - - --- --- - - - - - - 
T o t a l  m 2.3 R 7  - - - 

1.4 8.5  4.9 

( 3 )  Seml 
Gas01 i ne 30 26.2 32.5 33.3 37.4 32.1 
O i  1  13 73.5 56.3 58.8 100.0 84.4 
M i  xed r 

TOTAL 

The percentage o f  loaded m i l e s  w i t h  s i o s h  f o r  a l l  p roduc t  types 

i s  s i m i l a r  f o r  bo th  semi and doub le  bot tom tankers ,  o c c u r r i n g  about 40 

percent  o f  t h e  t ime.  O v e r a l l  about  30% o f  t h e  surveyed v e h i c l e s '  t r i p  

m i l e s  i n v o l v e d  t r a v e l 1  i n g  w i t h  one o r  more compartments p a r t l y  empty t o  

a  s i g n i f i c a n t  e x t e n t .  How much e f f e c t  t h i s  f i n d i n g  may have on tanker  

i n s t a b i l i t y  problems i s  n o t  known. I t  i s  c l e a r  t h a t  p a r t i a l  l o a d i n g  of 

compartments i s  e x t e n s i v e  i n  Mich igan tankers ,  and i t  would seem d e s i r a b l e  

t o  s tudy t h e  p h y s i c a l  e f f e c t s  o f  t h i s  p r a c t i c e  more f u l l y .  



HSRI Tanker Study P384167 
ATTACHMENT A 

FORM CVD 

D r i v e r  CURRENT VEHICLE DATA 

Owner Tel , 

Address 

Terminal ID --- 
I 3 

Veh ic le  ID  .T- 

Di  spatched by --- Survey Date I 78 3-T 
Address 

Telephone 

Wme ".; ' ,'" - "'-4jq pm. - 
Observer 

A. T rac to r  Owner: - 1 . Company - 2. Operator - 3. Lessor 

B. T r a i l e r  Owner: 1 . Company - - 2. Operator - 3, Lessor 

C. Operated f o r :  - 1, Terminal 2. CommonCarrier - 
3. P r i v a t e  C a r r i e r  - 1 O 

D. Usual Base: - 1 3-County 2 .  Outs ta te  Mich. - 3, Other S ta te  - 
/ 

Dl , Tanker Type: - 1. Double (w/Pup) - 2. Double w/o Pup 
3. Semi Only - 4, S t r a i g h t  Truck -P 

D2, T rac to r  and T r a i  lF Marr ied? - 1, Yes 2, No - 4 
D3, Doubles ( T r a i l e r  T ra ln )  Marr ied? 

E.  To ta l  Veh ic le  Length: -- ft, 
I# /i 

.. . 1 . Yes - - 2 . N o  - 0. No Pup 
-77 

F, GVWR: . 000 I b s .  
17 7" 

G. T rac to r  Wheel base: ft, i n .  - w T  D T  
I. F i f t h  Wheel Of f se t :  i n ,  J. D o l l y T o n g u e L e n g t h :  i n ,  

3 7  ar ux 
L. Year H. Axles 

1. Power U n i t  - 1-9 .- - -- -- 
33'7 30 3/ 3 1 

2 ,  1 s t  T r a i l e r  19 
at37 WIrr - 

3, 2nd T r a l l e r  19 w V'K P3 
N. U n i t  No. J .  S t y l e  P.  121 Brakes? 

I 
1. Power U n i t  

w 
2. 1 s t  T r a i l e r  / - 1 k r *  2 . ~ 0  

T - 7 
3. 2nd T r a i l e r  I 1 Y e l F  2.No 

T T  - - 7 

pble Q 
TRACTOR STYLE m L E R  STYLE 

(1) Conventional (1) Horirontrl Ellipse 
(2) Cab-Over ( 2 )  Rounded Corner Rect. 
( 3 )  Forward Control ( 3 )  Roundd Corner Rect. 
( 4 )  Other W/ High C . G .  (Pup) 

( 4 )  Vertical E l l i p s e  
( 5 )  Other 

CAPACITY I N  GALLONS : 
-- 

Compartment 1 T r a i l e r -  1- -. - 
2 - - 
3 - - 
4 - - 
5 - - 

TOTAL ' -- 



H l l ACHMENT B 
Cur ren t  D r i v e r  Data 

D r i v e r  #1 T I .  Age: 
=T 

U1. Hours o f  Work i n  V e h i c l e  on Sample Day: From t o  (24- h r  w-- 33 3 7 - -  57 

V1. . Usual Work Time: Average HourslDay Average Days/ Week 
I- 37X' 30 - 
I 3 I 
a W1. Frequency o f  D r i v i n g  Sample Veh ic le :  -1. Always 
Z 

3. Sometimes - 
n 2. ~ r e q u e n t l y .  3 2  
Y 

I: X I .  Frequency o f  D r i v i n g  a Double T a n k e r : l .  Always 3. .-50me t i mes 
e 
W 

2 ,  ~ r e q u e n t l F  4 .  Never -W 
Y1. Yezrs of  D r i v i n g  Exper ience:  Heavy ~ r c k s  

L 
Tankers 

=z 74- 77- 3Y 
Z1. D r i v e r  I n f o r m a t i o n  From: 1. In -person I n t e r v i e w  w i t h  D r i v e r  

LL - - 
u - 2. Telephone I n t e r v i e w  w i t h  D r i v e r  38 
I 
m - 3. Other D r i v e r  
t- 
m 

4. Other Source - 
ni 
n 

9. No ~ n f o r m a t i o n b t a i n e d  - 

D r i  ve r  #2 T2. Age: -- 
34 YO 

U2. Hours o f  Work i n  V e h i c l e  on Sample Day: From --- t o (24-  h r  
41 V4 *-- 7T 

V2. Usual Work Time: Average Hours/Day Average Days/Week wre ' s/ - 
5 2 

C- 
LL W2. Frequency o f  D r i v i n g  Sample V e h i c l e :  1 .  Always ' 
I-l 3. Sometimes 
x 2 ,  F r e q u e n t l y  73 
m 
n X2. Frequenty o f  D r i v i n g  a Double Tanker: - 1 . A1 ways 3. ,Sometimes 

B 2 .  F r e q u e n t l y  - 4. Never 
u Y2. Years o f  D r i v i n g  Exper ience:  Heavy ~ r c k s  
W 

Tankers 
'4 9s 5 6  JS ra 

22. D r i v e r  I n f o r m a t i o n  From: 1 .  I n -pe rson  I n t e r v i e w  w i t h  D r i v e r  - 
2. Telephone I n t e r v i e w  w i t h  D r i v e r  s? - 
- 3. Other D r i v e r  

4. Other  Source - 
- 9. No I n f o r m a t i o n  Obtained 

Dri ve r  #3 T3. Age: -- 
60 ; /  

U3. Hours o f  Work i n  V e h i c l e  on Sample Day: From --- t o  (24- h r )  
a 73 7.7-- 77 

V3. Usual Work Time: Average Hours/Day - Average DayslWeek - 
7 0 7 -  - 73 '.j 

k- W3. Frequency o f  D r i v i n g  Sample V e h i c l e :  -1. Always 3 ,  Sometimes 
LL 2. F r e q u e n f l y  ,-Y 
u 

I X3. Frequency o f  D r i v i n g  a Double Tanker:  1 .  Always 3 ,  Sometimes 
'4 - - 
0 

2. F r e q u e n n y  4. Never :r 
Y3. Years of  D r i v i n g  Exper ience:  Heavy ~ K c k s  

u ~ a n k e r s  
I 7 - 6 7  -79 
I- 

23. D r i v e r  I n f o r m a t i o n  From: - 1 .  In -pe rson  I n t e r v i e w  w i t h  D r i v e r  - E d  of 

- 2. Telephone I n t e r v i e w  w i t h  D r i v e r  80 cord 2 
3. Other  D r i v e r  - 
4. Other  Source - 
- 9. No I n f o r m a t i o n  Obta ined 

AA. To ta l  Number o f  D r i v e r s  o f  Sample V e h i c l e  on Sample Day: ( 5 - 1 . ~  ' , * ; > ~ j  
149 



h l l ACHMENT C 



nsng x a n ~ e r  study P364167 HI  IHLHNLNI U 

kjd 3 
CURRENT T R I P  DATA 

Form CTD 

Terminal I D  3 --- 
I a 

Vehlc fe  I D  -. 
Y 

T r i p  Date / 78 
T - -T 

T r i p  I D  
., .- 
8 9 

D r i  ver  No. 
-lo Place - Time 

Empty O r i g i n  
(if any) -77- 

Loaded O r i g i n  7~ 
7 3 -  

F i r s t  Dest, 
-73- 

1Q 

Second Dest. 
7 

16 

ThSrd Dest. - - 7 
!S 

Return Dest. 

Number o f  Drops 
Tr 

MILEAGE ON: INITIAL EMPTY 
( i f  any) 

Urban Freeways 
9 7  - 3 

Other Urban Roads --- 
5'8 'do 

Rural Freeways --- ----- En 4 ad Cord- 
c~rdrl 53 5s r;r s e s 9  

Other Rural Roads @ 
r 77-w 77-37- 

Source o f  ~ileage/route: (1 ) D r i v e r  (2 )  Other ( 3 )  Imputed - 
as 

LOADING DATA I N  GALLONS: 

1 Product / Compartment T r a i l e r  Product  Load 1 s t  Drop 2nd Drop 3rd Drl 

( 1 )  Gas 
(2 )  O i l  
(3) Other 

Accuracy of Compartment Data: (1 ) Accurate  
(3 )  Unknown 

Load Summary: 1)  A 7 1  Gasol ine ( 2 )  A l l  011 
A1 1 Other 

V 1 C S  

13 

-=T- End of  f k r d  



ATTACHMENT E 

STATE OF MlCHlGAK 

"llll ' 

W I L L I A M  4 MI( L I R C ~  6a1)vbu)lfjn 

DEPARTMENT OF 'ATATE POLICE 

OFFICE OF HIGHWAY SAFETY PLANNING 

TO WHOM I T  M A Y  CONCERN: 

The U n i v e r s i t y  o f  Michigan Highway Sa fe ty  Research I n s t i t u t e  

has been con t rac ted  by t h e  O f f i c e  o f  Highway Sa fe ty  P lanning t o  

conduct a  Tanker T r i p  C h a r a c t e r i s t i c s  Survey a t  va r ious  pet ro leum 

products d l s t r l b u t i o n  cen te rs  throughout t he  s t a t e  o f  Michigan. 

Thomas McDole i s  an employee o f  the  I n s t i t u t e  work lng on t h i s  

con t rac t ,  and I am w r i t i n g  t o  seek you r  coopera t ion  w i t h  h im i n  

p r o v i d i n g  the  necessary records and i n f o rma t  i o n  about t anke r  

t r i p s  made on the  p a r t i c u l a r  sample days. A l l  data  c o l l e c t e d  

i n  t h i s  s tudy w i l l  be t r e a t e d  c o n f i d e n t i a l l y .  The pub l i shed  

s t a t i s t i c a l  r e p o r t  w i l l  c on ta i n  o n l y  summary da ta  f rom the  

var ious  d i s t r i b u t i o n  centers ,  and no th i ng  w i l l  be i nc l uded  t h a t  

would permi t  t he  i d e n t i f i c a t i o n  o f  s p e c i f i c  sources o f  i n fo rma-  

t i o n .  

Thank you very  much f o r  you r  ass is tance  t o  t h i s  s tudy ,  

THOMAS 0. REEL ' 
Execu t i ve  O i  r e c t o r  
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APPENDIX E 

MANEUVERABILITY CONSIDERATIONS 

Tankers such as t h e  b a s e l i n e  double-bot tom v e h i c l e  o f  t h i s  s tudy  a r e  

known t o  possess s u p e r i o r  m a n e u v e r a b i l i t y  qua1 i t i e s .  That  i s ,  v e h i c l e s  

o f  t h i s  t y p e  p r o v i d e  a  low speed t u r n i n g  behav io r  i n  wh ich  a l l  o f  t h e  

a x l e s  t r a c k  r a t h e r  c l o s e l y  behind one another .  Acco rd ing l y ,  these 

v e h i c l e s  can more e a s i l y  g a i n  access t o  con f ined  areas such as e x i s t  i n  

many o f  t h e  o l d e r  s e r v i c e  s t a t i o n s .  

S ince  t h e  m o d i f i e d  double-bot tom t a n k e r  demonstrated i n  t h i s  s tudy 

e l i m i n a t e s  one of  the  a r t i c u l a t i o n s  i n  t h e  b a s e l i n e  v e h i c l e ,  t h e r e  was 

concern ove r  any r e s u l  t i  ng d e t r i m e n t  on maneuverabi 11 ty .  To examine t h e  

e x t e n t  o f  d e t r i m e n t ,  a  f i f t y  f o o t  r a d i u s  c i r c l e  a t  t h e  C h r y s l e r  P rov ing  

Grounds was employed i n  a  c l a s s i c a l  measurement o f  t h e  maximum " o f f -  

t r a c k i n g "  p r o p e r t i e s  o f  t h e  base1 i n e  and m o d i f i e d  doubles.  Resu l t s  o f  

t h i s  measurement a r e  shown i n  F i g u r e  E.1. Note t h a t  t h e  i n s i d e  edge o f  

t h e  t r a c t o r ' s  l e f t  f r o n t  t i r e  i s  caused t o  t r a c k  a t  t h e  50 f o o t  r a d i u s ,  

w h i l e  t h e  o t h e r  t i r e s  proceed t o  " o f f - t r a c k "  inward toward t h e  c e n t e r  o f  

t h e  c i r c l e .  The t a b l e  of  F i g u r e  E . l  i l l u s t r a t e s  t h a t  t h e  m o d i f i e d  

double-bot tom tanke r  produces approx ima te l y  26% g r e a t e r  o f f - t r a c k i n g  ( a t  

t h e  rearmost  s e t  o f  a x l e s )  t han  t h e  b a s e l i n e  double. T h i s  r e s u l t  i s  

d e f i n e d  by  t h e  d i f f e r e n c e  i n  r a d i u s ,  a t  t h e  l a s t  s e t  o f  a x l e s ,  between 

t h e  b a s e l i n e  and m o d i f i e d  u n i t s .  

For  purposes o f  comparison t h i s  f i g u r e  a l s o  shows a  c a l c u l a t e d  

maximum o f f - t r a c k i n g  dimension* f o r  t h e  5 -ax le  s i n g l e  t a n k e r  wh ich  was 

i d e n t i f i e d  i n  Appendix A. T h i s  c a l c u l a t e d  dimension r e v e a l s  t h a t  t h e  

l o n g  wheel base conven t iona l  t a n k e r  produces 156% g r e a t e r  o f f - t r a c k i  ng 

than t h e  b a s e l i n e  double. 

To p e r m i t  a  broader  i n t e r p r e t a t i o n  o f  these maneuverabi 1  i ty  measures 

a  mock f u e l  d e l i v e r y  e x e r c i s e  was conducted u s i n g  t h r e e  t a n k e r  v e h i c l e s ;  

a base1 i n e  double-bot tom t a n k e r  ( F i g u r e  E . 2 1 ,  a mod i f i ed  doub le  t a n k e r  

( F i g u r e  E.3) and a 5 -ax le  conven t iona l  s i n g l e  ( F i g u r e  E.4). The v e h i c l e s  

* Maximum o f f - t r a c k i n g  was o b t a i n e d  u s i n g  t h e  "sum o f  squares" method 

developed by  t h e  Western Highway I n s t i t u t e  and recommended b y  t h e  S o c i e t y  

o f  Automot ive Engineers i n  SAE J695a. 
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Single 
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Figure E .  1 Measured and Calculated Off-Tracking Radi i for Different Tankers, 
(Feet) 









were driven, each in turn,  through s ix  selected service s ta t ions  in Ann 

Arbor, Michigan as i f  delivering fuel t o  the f i l l  ports of the under- 
ground storage tanks. Each vehicle was driven thru by the same dr iver ,  
a professional with 27 years of experience i n  fuels  t ranspor t ,  loaned 
to the project by a major independent ca r r i e r .  The s ta t ions  were selected 
with the assistance of an Ann Arbor d is t r ibutor  on the basis of t he i r  
unusually cramped access space. These stat ions had been primarily 
serviced in the past by double tankers. 

Shown in Figures E.5, E.6, and E . 7 ,  are general layout drawings, 
to  sca le ,  of the s ix  selected service s ta t ions .  The arrow traces the 
nomlnal path of access of each vehlcle. Also note the locatjon of the 
f i l l  por ts ,  

The general resul t  of t h i s  exercise was that  v i r tual ly  no difference 
in maneuverabi 1 i t y  was seen between the modified and unmodl f led doubles. 
On the other hand, considerable d i f f i cu l t i e s  were experienced in gaining 
access with the conventional sing1 e .  Different s t ra tegies  of approach 
were used, however, so that  a l l  three vehicles could complete the path 
through a t  each s ta t ion.  

A t  s ta t ion 1 (Figure E.5), f o r  example, the conventional single 
could only succeed in entering the f a c i l i t y  by f i r s t  swinging out in to  
the center roadway lane to gain clearance a t  the rear  of the semitrai ler .  
The vehicle was also then backed u p  in an Intermediate adjustment of 
t rac tor  orientation and f ina l ly  ran i t s  t r a l l e r  t l r e s  u p  over the parkway 
curb a t  point ( X ) .  Both doubles accessed d i rec t ly  from the curb-side 
lane ,  with no adjustments necessary. 

A t  s ta t ion 2 (Figure E . 5 ) ,  again the single tanker had t o  swing out 
into the opposite lane t o  gain access, while bo th  doubles accessed 
di rect ly  from the curb lane. 

Station 3 (Figure E.6) provided the t igh tes t  constraint  fo r  the 
single,  requiring that  a tow truck vehicle be moved t o  permit ex i t .  
Figures E.8 and E.9 show the modified double and conventional single 
vehicles as they pass the pump island in s t a t ion  3 .  

At sta t ion 4 (Figure E.6) the turn-around was handled eas i ly  by a l l  
three vehicles although the single could not gain acceptable access to  
a1 1 three f i l l  ports i n  one approach. The approach problem here involved 
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the  c lose  p rox im i t y  between the  r i g h t  hand f i l l  and the  end o f  the pump 

i s l a n d  - making i t  impossible f o r  the s i n g l e  t o  take the  i nd i ca ted  

rou te  w i t h o u t  ending up "b lock ing"  the r i g h t  hand f i l l .  That i s ,  s ince 

the  fue l  depth i n  the underground tank i s  es tab l i shed  us ing a  long " s t i c k "  

as a  probe, overhead clearance t o  the  tank i s  needed t o  determine the  

f i l l  s t a t u s  dur ing  the f i l l i n g  process - but  the s i n g l e  tanker  cou ld  

o n l y  access t he  l e f t  two p o r t s  by park ing  over the r i g h t  hand po r t .  

A t  s t a t i o n  5 (F igure E.7), t i g h t  access was es tab l i shed  by the 

c lose  p r o x i m i t y  o f  the b u i l d i n g  t o  t he  pump i s l and .  Shown i n  F igure E.10, 

i s  the unmodified double a t  the p o s i t i o n  a t  which the  pup t r a i l e r  would 

be unloaded. The convent ional  s i n g l e  was o n l y  ab le  t o  access t h i s  s i t e  

by runn ing  t r a i l e r  t i r e s  over the pump i s l a n d  curb a t  p o i n t  ( X )  i n  

F igure E.7. 

A t  s t a t i o n  6 (F igure E.7), the base l ine  double was ab le  t o  access 

the area as drawn, j u s t  c l e a r i n g  a  parked ca r  a t  p o i n t  X. The mod i f ied  

double cou ld  on l y  access when the car  had been p u l l e d  forward 10 inches, 

wh i l e  t h e  convent ional  tanker  was blocked from e x i t  u n t i l  t he  car  was 

moved forward 7  f e e t ,  1  inch.  

I n  summary, the mock f u e l  d e l i v e r y  exerc ise  serves t o  prov ide a  

p r a c t i c a l  assessment o f  the  o f f - t r a c k i n g  measurements, r evea l i ng  t h a t  

no s i g n i f i c a n t  det r iment  i n  the  maneuverab i l i t y  o f  a  base l ine  double 

tanker  i s  suffered through m o d i f i c a t i o n  us ing  a " r i g i d  h i t c h " ,  
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APPENDIX F 

ESTIMATION OF THE RELATIONSHIP BETWEEN TANK VOLUME, 
ROLLOVER STABILITY, AND ROLLOVER ACCIDENT INVOLVEMENT 

Th is  appendix presents  a b r i e f  a n a l y s i s  o f  t h e  f a c t o r s  d e t e r -  

m i n i n g  r o l l  over  a c c i d e n t  involvement r a t e s  f o r  d i f f e r e n t  t anke r  

v e h i c l e s .  Th is  m a t e r i a l  i s  i n c l u d e d  as an a i d  i n  fo rm ing  a  conceptual  

unders tand ing  o f  t h e  r e 1  a t i  ons h i  p  between ( a )  t h e  a c c i d e n t  exposure 

a s s o c i a t e d  w i t h  numbers o f  v e h i c l e s ,  (b )  t h e  r e l a t i v e  r o l l o v e r  s t a b i l i t y  

o f  a l t e r n a t i v e  v e h i c l e  c o n f i g u r a t i o n s ,  and ( c )  t h e  r a t e  o f  t a n k e r  r o l l -  

o v e r  acc iden ts  which may r e s u l t .  The a n a l y s i s  wh ich  f o l l o w s  i s  n o t  

d e f e n s i b l e  as a  r i g o r o u s  p r e d i c t i o n  o f  t h e  numer ica l  r e l a t i o n s h i p  

between ( a ) ,  ( b ) ,  and ( c )  above, b u t  r a t h e r  i s  o f f e r e d  as an example 

o f  a  reasonab le  r a t i o n a l e  p e r t a i n i n g  t o  tanke r  s a f e t y  c o n s i d e r a t i o n s .  

T h i s  ana1,ysis addresses t h e  q u e s t i o n  "What d i f f e r e n c e s  i n  t o t a l  

r o l  l o v e r  invo lvement  r a t e  cou ld  be expected i f  c e r t a i n  a1 t e r n a t i  ve 

t a n k e r  f l e e t s  were t o  be employed i n  meet ing  M i c h i g a n ' s  f u e l  d e l i v e r y  

needs?" T h i s  ques t i on  i s  posed on t h e  p r o p o s i t i o n  t h a t  r o l l o v e r  i s  t h e  

s i n g l e  l a r g e s t  hazard l i n k i n g  t a n k e r  c o n f i g u r a t i o n  w i t h  f i r e ,  It i s  

understood,  however, t h a t  f u t u r e  changes i n  b a s i c  v e h i c l e  l a y o u t  ( f o r  

example, t h e  use o f  low-s lung tank  bod ies  such as m i g h t  s u f f e r  f r e q u e n t  

f i r e s  s imp ly  due t o  p e n e t r a t i o n  by o t h e r  impac t ing  v e h i c l e s )  cou ld  

e a s i l y  i n v a l i d a t e  t h e  above premise. 

For c u r r e n t l y  used t a n k e r  v e h i c l e s ,  i t  i s  c l e a r  t h a t  t ank  volumes 

and t h e  o v e r a l l  h e i g h t  o f  cen te rs  o f  g r a v i  t y  a r e  r e l a t e d  parameters. 

Whi le tank  volume determines t h e  t o t a l  number o f  v e h i c l e s  needed t o  

t r a n s p o r t  t h e  t o t a l  q u a n t i t y  o f  f u e l  over  t h e  average d e l i v e r y  d i s t a n c e ,  

t h e  c e n t e r  o f  g r a v i t y  h e i g h t  de termines t h e  l i k e l i h o o d  t h a t  r o l l o v e r  

w i l l  be i n v o l v e d  i n  t h e  acc iden ts  wh ich  do occu r .  Thus, a l t hough  

l a r g e r  tank  volumes i m p l y  fewer v e h i c l e s  a t  r i s k  and commensurately 

fewer acc iden ts ,  t h e  h i g h e r  a t t e n d a n t  va lues o f  c .g.  h e i g h t  imp ly  

g r e a t e r  rol l o v e r  r i s k  p e r  a c c i d e n t .  



An est imate o f  the t r a d e o f f  between tank volume and center  o f  
g r a v i t y  he igh t  i s  made poss ib le  by the ex is tence o f  acc iden t  data f i l e s  

gathered by the Bureau o f  Motor C a r r i e r  Safety  o f  the  U.S. Department 

of Transpor ta t ion.  This data f i l e  i s  espec ia l l y  use fu l  because i t  

inc ludes  n o t  on l y  a  record o f  r o l l o v e r  accidents,  per  se, as a f r a c t i o n  

o f  t o t a l  accidents,  bu t  a l so  because i t  s ta tes  the  t o t a l  weight a t  the  

t ime o f  the acc ident  o f  each acc ident - invo lved t r a c t o r - s e m i t r a i l e r .  

Looking a t  6,841 accidents i n v o l v i n g  two-axle, van-type semi t r a i l e r s  

i n  combination w i t h  three-ax le  t r a c t o r s  ( a  con f i gu ra t i on  t y p i c a l l y  

loaded w i t h  low densi ty, packaged cargo), est imates o f  c.g. he igh t  

based upon t o t a l  weight have been made t o  r e l a t e  the  percentage r o l l o v e r  

involvement t o  center  o f  g r a v i t y  he ight .  These data, shown i n  F igure F.1, 

have been f i t t e d  I n  a  least-squares regress ion ana lys is  w i t h  a  second- 

o rder  curve. [Although the order  o f  t h i s  curve f i t  i s  somewhat a r b i t r a r y ,  

i t  seems c l e a r  from the  physics invo lved  t h a t  a  f u n c t i o n  w i t h  a  "steepen- 

i n g "  p o l a r i t y  curvature i s  c a l l e d  f o r . ]  

Using t h i s  f i t t e d  curve, we have o v e r l a i d  po in t s  i n  F igure  F.1 a t  

the  (1  oaded) center  of g r a v i t y  values corresponding t o  a1 t e r n a t i v e  

tanker  veh ic les .  Note t h a t  t h ree  t ractor -semi  t r a i l e r s  a re  shown and 

one modi f i e d  double-bottom tanker  and a double o f  the  Canadian "B-Train" 

conf igurat ion* .  One imp1 i c i  t proposi  t i o n  i n  ove r l ay i ng  each o f  these 

veh ic les  on t h i s  p l o t  i s  t h a t  they possess t he  same bas i c  r o l l o v e r  

s t a b i l i t y  versus c.9. he igh t  p rope r t i es  as t he  s e m i t r a i l e r s  f o r  which 

the acc ident  data was sorted. Lacking d e f i n i t i v e  data showing the  

d i f f e rences  between dynamic p rope r t i es  o f  var ious t rac to r -semi  t r a i  1 e r  s  

we assume t h a t  t he  above p ropos i t i on  i s  a  reasonable one. Fur ther ,  

s ince the mod i f ied  double-bottom tanker  has been shown t o  y i e l d  t he  

approximate dynamic qua1 i t i e s  o f  the  s h o r t  Michigan s ing1 e, t he  mod i f i ed  

* It should be noted t h a t  the  ac tua l  cen te r  o f  g r a v i t y  he igh t  o f  

the  Canadian B-Train double i s  ad justed downward t o  account f o r  t h e  

wider  (101 i nch )  t r a c k  w i d t h  character!  z i n g  t h a t  veh ic le .  



( 1 )  Canadian "0-Tra in"  

( 2 )  5-Axle Conventional S ing le  

( 3 )  Mod i f i ed  Double 

( 4 )  8-Axle Mlchtqan S lng le  

( 5 )  Short  Michlgan S lng le  

C.G.  HEIGHT (inches) 

Fiaure F. 1 Percentaqe Ro l love r  Accidents,  as r e l a t e d  t o  cen te r  of g r a v i t y  
h e i a h t  : 

- ~ o i n t s  represent  acc iden t  data  f rom t h e  Bureau o f  Motor 
C a r r i e r  Sa fe ty  

- -Curve 1 s  t i 1  t e d  t o  t h e  BMCS data 

- 4 1  t e r n a t i v e  tankers  a r e  o v e r l a l d  a t  t h e i r  r e s p e c t i v e  c.g. 
he iah ts  



doub le  i s  t r e a t e d  i n  t h e  same way as s i n g l e  bot tom v e h i c l e s .  A l so  

we l o o k  upon t h e  Canadian B -T ra in  as possess ing a l l  o f  t h e  b a s i c  

mechanical  f e a t u r e s  o f  t h e  t ~ i o d i f i e d  doub le-bot tom t a n k e r ,  

A1 though we see a s u b s t a n t l a l  spread i n  t h e  e s t i m a t e d  percentage 

r o l  l o v e r  a c c i d e n t s  among t h e  va r ious  tanke rs ,  t h e  b roader  use fu lness  

o f  t hese  d a t a  comes th rough  a  n o r m a l i z a t i o n  process wh ich  accounts f o r  

t h e  exposure imp1 i c a t i o n  o f  tank  volume f o r  each v e h i c l e .  The f o l l o w i n g  

d e f i n i t i o n s  and assumptions a r e  used i n  n o r m a l i z i n g  t h e  r o l l o v e r  d a t a  t o  

account  f o r  t h e  i n f l u e n c e  o f  t ank  volume: 

1 )  The o v e r a l l  a c c i d e n t  r a t e  p e r  v e h i c l e  m i l e ,  fa,,, i s  n e a r l y  

cons tan t .  I t  i s  expressed i n  u n i t s  o f  a c c i d e n t s  p e r  v e h i c l e  m i l e .  

2 )  The fue l  d e l  i v e r y  demand p e r  yea r ,  Q, i s  cons tan t .  The 

q u a n t i t y  (7 i s  equal  t o  t h e  p roduc t  o f  g a l l o n s  needed t imes  t h e  m i l e s  

t r a v e l e d  t o  d e l i v e r  t h e  f u e l  i n  a  yea r .  It i s  expressed i n  u n i t s  o f  

q a l l o n s  t imes  v e h i c l e  m i l e s  p e r  y e a r .  

3 )  C l e a r l y ,  t h e  t a n k  c a p a c i t y ,  V ,  v a r i e s  amongst v e h i c l e  types.  

It i s  expressed as g a l l o n s  p e r  v e h i c l e  o f  a  g i v e n  t ype .  

4)  The c e n t e r  o f  g r a v i t y  h e i g h t  v a r i e s  w i t h  t a n k  c a p a c i t y  as 

i n d i c a t e d  f o r  t h e  f i v e  v e h i c l e s  shown i n  F i g u r e  F.1. The symbol R I A  

i s  used t o  denote t h e  r a t i o  o f  t h e  number o f  a c c i d e n t s  i n v o l v i n g  r o l l -  

ove r  t o  t h e  t o t a l  number o f  a c c i d e n t s .  ( T h i s  i s  t h e  q u a n t i t y  used on 

t h e  o r d i n a t e  o f  F i g u r e  F.1.)  

Given these  d e f i n i t i o n s  and assumptions, t h e  t o t a l  number o f  r o l l -  

overs  p e r  y e a r  ( symbo l i zed  as " R " )  f o r  any o f  t h e  v e h i c l e s  shown i n  

F i g u r e  F . l  can be c a l c u l a t e d  u s i n g  t h e  f o l l o w i n g  e q u a t i o n :  

The r a t i o  Q / V  i s  s i m p l y  t h e  number o f  v e h i c l e  m i l e s  t r a v e l e d  i n  d e l i v e r -  

i n g  f u e l  i n  a  y e a r .  The q u a n t i t y ,  facc Q/V i s  an e s t i m a t e  o f  t h e  t o t a l  

number o f  a c c i d e n t s  p e r  y e a r  f o r  t h e  t y p e  o f  v e h i c l e  b e i n g  s t u d i e d ,  and 

m u l t i p l y i n g  t h i s  q u a n t i t y  b y  R I A  g i v e s  t h e  t o t a l  number o f  r o l l o v e r  



acc iden ts  per  year  f o r  a  v e h i c l e  w i t h  r o l l o v e r  involvement R I A  (as 

determined from Figure F.1) and volume V .  

I f ,  as s ta ted  above, facc and Q are assumed t o  be n e a r l y  constant ,  

then  V and (R/A) are t he  f a c t o r s  which d i s t i n g u i s h  one v e h i c l e  t ype  

from another.  Accordingly,  a  r a t i n g  o f  var ious v e h i c l e  types can be 

made us ing  t he  r a t i o  o f  (RIA) t o  ( V )  as a  comparative measure o f  t h e  

number of r o l l o v e r  acc idents  expected t o  occur d u r i n g  a  year  o f  f u e l  

d e l i v e r y  f o r  a  se lected type o f  veh i c l e .  C l e a r l y  we wish t o  min imize 

t h e  r a t i o ,  (R/A)/V i n  o rder  t o  minimize t he  number o f  r o l l o v e r  acc idents  

d u r i n g  a  year.  

Example r e s u l t s  f rom a  comparative ana l ys i s  o f  the  f o u r  veh i c l es  

shown i n  F igure  F,1 a re  i l l u s t r a t e d  i n  bar  c h a r t  form i n  F igure F . 2 .  

These c a l c u l a t i o n s  serve t o  descr ibe  how tank capac i t y  and c.g. 

h e i g h t  might  i n t e r a c t  t o  a f f e c t  t h e  inc idence r a t e  o f  r o l l o v e r s ,  and 

t o  a  l a r g e  ex ten t ,  f i r e s ,  assoc ia ted w i t h  highway tankers ,  We see 

t h a t  w h i l e  Vehic les 2 and 3 f a l l  i n  t h e  same range o f  values f o r  t h i s  

"Ro l l  over F rac t i on " ,  Veh ic le  5 ,  t h e  s h o r t  Michigan S ing le ,  appears t o  

be p e c u l i a r l y  h i gh  because o f  i t s  combined shortcomings o f  h i g h  c.g. 

and low tank volume, Conversely, t h e  Canadian B-Tra in  r e g i s t e r s  t he  

lowes t  va lue because o f  a  low ad jus ted  c.g, h e i g h t  and a  l a r g e  tank  
v o l  ume. 

Accord ing ly ,  i t  seems c l e a r  t h a t  t he  makeup o f  t he  tanker  f l e e t  

should no t  be determined s imply  on t he  bas is  o f  t he  c.g. he igh ts  o f  

t he  ava i  l a b l e  v e h i c l e  choices . For veh ic les  o f  rough ly  comparable 

acc iden t  avoidance p r o p e r t i e s  ( t hus  r u1  i n g  ou t ,  f o r  example, t he  base- 

1  i n e  double-bottom tanker )  veh i c l es  should be pe rm i t t ed  i n  t he  tanker  

f l e e t  on t h e  bas is  o f  cons idera t ions  o f  a t  l e a s t  t h e i r  tank  capac i t y  

and r e l a t i v e  r o l l o v e r  s t a b i l i t y .  
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APPENDIX G 

LOADS TO BE REACTED BY A M O D I F I E D  DOUBLE-BOTTOM TANKER 

I n  t h i s  sec t ion  a  se t  o f  l oad ing  conditions are de f ined  which 

c o n s t i t u t e  the  most demanding circumstances which may be encountered 

dur ing  emergency maneuvering o f  mod i f ied  double tankers,  Th is  i n f o r -  

mation, based upon f u l l  sca le  t e s t  data,  represents  a  conservat ive 

est imate o f  the  maximum maneuvering loads and i s  o f f e r e d  as a  design 

a i d  f o r  those seeking t o  analyze s t r u c t u r a l  s t resses on mod i f ied  doubles. 

These l oad ing  cond i t i ons ,  o f  course, do no t  cover s i t u a t i o n s  i n v o l v i n g  

d i r e c t  impact o f  the tanker  s t r uc tu res  such as i n  a  c o l l i s i o n ,  nor do 

they cover  emergency run-o f f - road  circumstances which may Impart  h i gh  

dynami c  1  oads . 
I t  i s  suggested t h a t  these cond i t i ons  may be used as a n  a i d  i n  

checking y i e l d  s t ress  l i m i t s  o f  a  mod i f ied  h i t c h  device o r  i n  the 

parent  t r a i l e r  s t r uc tu res ,  Y i e l d  s t r eng th  adequacy i s  recomnended 

because t h e  descr ibed cond i t i ons  could,  presumably, be encountered on 

the highway, w i t h  the veh i c l e  con t i nu i ng  on i t s  miss ion (admi t ted ly  

a f t e r  a  c e r t a i n  amount o f  emotional recovery on t h e  p a r t  o f  the  d r i v e r ) .  

Thus we would n o t  wish t o  permi t  y i e l d i n g  l e s t  i t  r e s u l t  i n  c e r t a i n  

performance d e f i c i e n c i e s  o f  the  u n i t .  Also, i t  should be noted t h a t  

the  descr ibed cond i t i ons  r e f l e c t  a  r a r e  event,  i n v o l v i n g  a  maximally 

severe maneuver scenar io,  and need no t  be considered i n  any type o f  
f a t i g u e  s t r eng th  context .  

We suggest, f u r t h e r ,  t h a t  a t  l e a s t  a  f a c t o r  o f  ( 2 )  be app l ied  t o  

the imposed s t resses i n  checking u l t i m a t e  s t r e n g t h  cons iderat ions,  By 

t h i s  means, a d d i t i o n a l  s t r eng th  w i l l  be assured f o r  keeping the  veh i c l e  

t r a i n  toge ther  i n  the  more demanding, b u t  n o t  determinable c o l l i s i o n  

and run-of f  -road scenarios. 

Re fe r r i ng  t o  F igure 6.1, the  l oad ing  c o n d i t i o n  i s  descr ibed as t he  

simultaneous impos i t i on  o f  bo th  yaw- and r o l l  - o r i en ted  moments on the 

pup t r a i l e r .  The yaw-plane fo rce ,  F i s  t o  be considered as r e a c t i n g  
.Y$ , 

f u l l y  a t  the  drawbar h i t c h .  I n  t he  express ion f o r  F  the  term, zFZD, 
Y+ ' 

r e f e r s  t o  t he  t o t a l  s t a t i c  v e r t i c a l  l oad  on t he  d o l l y  t i r e s .  As shown, 
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Figure G. 1 Two Sirnul taneous Loading Conditions for  Modified Doubles 



t h e  yaw-plane f o r c e  a c t s  a t  t h e  center1  i n e  o f  t h e  d o l l y ,  a l s o  produc ing 

a  yaw moment across t h e  h i t c h ,  I n  t h e  express ion f o r  t h e  f o r c e  i n  t h e  

r o l l  p lane ,  F t h e  term W r e f e r s  t o  t h e  t o t a l  we igh t  o f  t h e  loaded 
Y Q '  P 

pup t r a i l e r .  

The r o l l  coup le  i m p l i e d  by  the  f o r c e ,  F I s  t o  be r e a c t e d  by  t h e  
YO 

g r a v i  t y - r e s t o r i n g  moment ( g i v e n  a  r o l l  ang le  o f  8'' as i n d i c a t e d )  and 

by a r o l l  moment t r a n s m i t t e d  through t h e  h i t c h .  We have shown t h e  8' 

r o l l  ang le  as a  r o t a t i o n  about t h e  m i d - t r a c k  p o i n t  a t  ground l e v e l ,  f o r  

sake o f  s i m p l i c i t y ,  




