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1'6. A k m n  

This s tudy has  determined t h e  i n f l u e n c e  of v a r i a t i o n s  i n  t ruck  s i z e  
and weight c o n s t r a i n t s  on t h e  s t a b i l i t y  and c o n t r o l  p r o p e r t i e s  of heavy 
v e h i c l e s .  The s i z e  and weight c o n s t r a i n t s  of i n t e r e s t  inc lude  a x l e  load ,  
g ross  v e h i c l e  weight,  l eng th ,  width,  type of m u l t i p l e - t r a i l e r  combinations, 
and br idge formula allowances. Var ia t ions  i n  l o c a t i o n  of t h e  c e n t e r  of 
g r a v i t y  of t h e  payload were a l s o  considered as  a  s e p a r a t e  s u b j e c t .  The 
in f luence  of these  parametr ic  v a r i a t i o n s  on s t a b i l i t y  and c o n t r o l  behavior 
was explored by means of both  f u l l - s c a l e  v e h i c l e  t e s t s  and computer 
s imulat ions .  

I n  volume I ,  t h e  f ind ings  of t h e  s tudy were presented i n  a  manner 
which is intended t o  inform t h e  non-technical  r eader  and,  s p e c i f i c a l l y ,  t h e  
persons concerned wi th  formulat ing p o l i c i e s  and laws regarding t ruck  s i z e  
and weight. 

Volume I1 p r e s e n t s  t h e  methodology and summary r e s u l t s  from t h e  f u l l -  
s c a l e  t e s t  program. The t e s t  f i n d i n g s  r e l a t i n g  s i z e  and weight v a r i a b l e s  
t o  v e h i c l e  dynamic behavior a r e  compared wi th  those  der ived from s imula t ion  
r e s u l t s .  Volume I1 a l s o  p resen t s  t h e  resui l t s  of a  s p e c i a l  s e t  of e:qeri-  
mental measurements showing t h e  dynamic loads  which heavy t rucks  impose on 
t h e  pavement. Volume 111 con ta ins  appendices of t e s t  and s i n u l a t i o n  d a t a .  
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CHAPTER 1 

INTRODUCTION 

This volume of t h e  repor t  covers the  t e s t  program which was conducted 

t o  measure the  inf luences  of s i z e  and weight v a r i a t i o n s  on the  s t a b i l i t y  

and con t ro l  of heavy vehic les .  Also, an overview is given of the  var ious  

a n a l y t i c a l  methods used t o  c a l c u l a t e  veh ic le  response under d i f f e r i n g  s i z e  

and weight configurations.  Addi t ional ly ,  a  s e t  of f i e l d  measurements a r e  

reported concerning the dynamic wheel loads experienced by heavy vehic les  

during t r a v e l  a t  highway speeds. Although t h i s  l a s t  sub jec t  did not r e l a t e  

d i r e c t l y  t o  the primary ob jec t ives  of the  s tudy,  vis-a-vis s i z e  and weight 

inf luences ,  i t  was undertaken here a s  an e f f i c i e n t  means of accomplishing 

an experiment which required the same bas ic  data  recording system tha t  was 

used i n  the  s t a b i l i t y  and con t ro l  t e s t s .  

The study of the  inf luence of s i z e  and weight va r i ab les  on s t a b i l i t y  

and con t ro l  was f i r s t  envisioned by FHWA a s  a f u l l - s c a l e  t e s t  a c t i v i t y .  

Later  i n  the  p ro jec t ,  i t  was des i red  t h a t  the  depth of the  research be 

expanded to provide f o r  computerized simulations which would explore the  

same s i z e  and weight i s sues  more thoroughly a s  we l l  a s  address c e r t a i n  

add i t iona l  sub jec t s  . 
Since the  simulation r e s u l t s  provided a much more comprehensive t r e a t -  

ment of the  s i z e  and weight inf luences  of i n t e r e s t  here ,  and s ince ,  i n  

genera l ,  the  simulation and t e s t  r e s u l t s  were not produced under i d e n t i c a l  

pavement and v e l o c i t y  condi t ions ,  i t  was determined t h a t  simulation r e s u l t s  

would be used by themselves t o  provide the  format f o r  presenting the  g rea t  

bulk of the  study findings i n  Volume I. This approach was based a l s o  upon 

the observation t h a t  the  t e s t  d a t a  genera l ly  confirmed the simulation 

r e s u l t s  and t h a t  the  few "discrepancies" could be e a s i l y  traced t o  para- 

metr ic  d i f fe rences  i n  vehic les .  

Thus, the question a r i s e s ,  "What r o l e  do the  t e s t  da ta  play i n  

achieving the object ives  of the  study?" Clear ly ,  the f a c t  tha t  t e s t  r e s u l t s  



a r e  commonly looked upon a s  "hard da ta"  sugges t s  t h a t  t h e  proper  r o l e  of 

t hese  r e s u l t s  is t o  s e r v e  a s  t he  r e f e r e n c e  o r  benchmark i l l u s t r a t i o n s  of  

t h e  in f luences  of s i z e  and weight v a r i a b l e s  on s t a b i l i t y  and c o n t r o l .  

Assuming t h a t  t h e  t e s t  d a t a  a r e  t o  p l a y  t h i s  r o l e ,  t h e  r e a d e r  i s  advised 

t o  cons ider  t h e  fo l lowing obse rva t ions  which tend t o  q u a l i f y  t h e  adequacy 

of  the  t e s t  r e s u l t s :  

1) The t e s t  program, though ve ry  ambi t ious  i n  shee r  number of t e s t s  

performed, provides a  r a t h e r  s p a r s e  t rea tment  of t h e  s i z e  and weight i s s u e s .  

The problem is simply t h a t  a broad set of  s u b j e c t s  is  involved ,  and wi th  

each  s u b j e c t ,  t h e r e  a r e  a  l a r g e  set of l e v e l s  of v a r i a t i o n  and v e h i c l e  

conf igu ra t ions  which a r e  of  i n t e r e s t .  It was p o s s i b l e  t o  addres s  only  a 

modest sampling of t h e s e  s u b j e c t s  by way of f u l l - s c a l e  t e s t s .  

2)  The t e s t  v e h i c l e s  were obta ined  on l o a n  from manufacturers  and 

from t ruck ing  f l e e t s .  Since no parameter measurements were made on each 

v e h i c l e ,  t h e  e x t e n t  t o  which the  mechanical p r o p e r t i e s  of t h e  suspens ions ,  

brakes ,  s t e e r i n g  systems, e t c .  , were a c t u a l l y  r e p r e s e n t a t i v e  of t y p i c a l  

hardware is unknown. Never the less ,  i n spec t ion  of t h e  v e h i c l e s  sugges t s  t h a t  

no unusual component con f igu ra t ions  were p r e s e n t  . 
3) The f u l l - s c a l e  t e s t  procedures were cons t r a ined  by c e r t a i n  

p r a c t i c a l i t i e s  which make t h e  r e s u l t s  more of an approximation than  is  

a t t a i n a b l e  by means of s imula t ion .  For example, cons ider  t h a t :  

a )  The r o l l o v e r  limit is  determined by observing t h e  maneuver 

s e v e r i t y  a t  which t h e  t e s t  v e h i c l e  "touches down" i t s  

p r o t e c t i v e  o u t r i g g e r .  S ince ,  due t o  s a f e t y  cons ide ra t ions ,  

t h e  o u t r i g g e r  is a d j u s t e d  t o  touch t h e  ground a f t e r  t h e  

t r a i l e r  t i r e s  have l i f t e d  o f f  the pavement, whether t r a c t o r  

t i r e s  have l i f t e d  o f f  o r  n o t ,  t h e  touchdown does not  p r e c i s e l y  

determine an i n c i p i e n t  r o l l o v e r  cond i t ion .  

h )  The r e p r e s e n t a t i v e n e s s  of  braking performance t e s t  r e s u l t s  

is  seen t o  be undef ineable ,  he re ,  s i n c e  t h e  torque  output  

of brakes employed on heavy v e h i c l e s  is g e n e r a l l y  poor i n  

r e p e a t a b i l i t y .  



c) T i re  wear is  accrued rap id ly  during the  type of maneuvers 

conducted here. Fur ther ,  t ruck t i r e s  a r e  r e l a t i v e l y  expen- 

s i v e  such t h a t  a  p r a c t i c e  of changing t e s t  t i r e s  so a s  t o  

avoid appreciable  treadwear i s  p roh ib i t ive ly  expensive. Thus, 

the  t e s t i n g  process s u f f e r s  to  some degree from v a r i a t i o n s  

i n  veh ic le  performance accomparlying the  changes i n  t i r e  

behavior which r e s u l t  from treadwear. 

d )  The maximum t e s t  speed was l imi ted  by the  layout of the  t e s t  

f a c i l i t y  t o  45 mph ( 7 2  '!an/h) such t h a t  the  higher l e v e l s  of 

so-called "rearward amp1ificat:ion" seen with m u l t i p l e - t r a i l e r  

combinations a t  highway speeds could not be i l l u s t r a t e d .  

Moreover, the g r e a t e s t  value of the  t e s t  r e s u l t s  is seen by t h e  

authors  t o  be t h a t  of providing a  q u a l i t a t i v e  b a s i s  f o r  confirming the  

simulation r e s u l t s .  On the  s t r eng th  of the  q u a l i t a t i v e  agreement seen 

between simulation and the  experiments conducted here ,  and with the experi- 

ence of having, i n  the  pas t  [1 ,2 ,3 ,4 ,5 ,6 ] ,  proven the  a b i l i t y  of the  simula- 

t i o n s  to  accurate ly  reproduce the  response of vehic les  whose mechanical 

parameters were known i n  d e t a i l ,  t he  simulation r e s u l t s  produced i n  t h i s  

study were seen a s  the  i d e a l  means of d isplaying the  inf luences  of s i z e  and 

weight va r i ab les  on s t a b i l i t y  and contro:L performance. 

I n  Chapter 2 of t h i s  volume, the  t e s t  program w i l l  be ou t l ined  i n  terms 

of  the condit ions covered, the  veh ic les  and t e s t  procedures employed, and the  

r e s u l t s  obtained.  The t e s t  and s imulat ion r e s u l t s  w i l l  a l s o  be compared. In  

Chapter 3 ,  the var ious  a n a l y t i c a l  methods used i n  the  study w i l l  be iden t i -  

f i e d  and discussed.  Cer ta in  of these  methods which were developed speci-  

f i c a l l y  f o r  app l i ca t ion  to  t h i s  study w i l l  be documented with reference  t o  

appended mate r i a l  i n  Volume 111. 

F i n a l l y ,  i n  Chapter 4 ,  the l imi ted  study of dynamic wheel loads w i l l  

be discussed. This por t ion of the  e f f o r t  should be of i n t e r e s t  t o  those 

concerned with the  extent  to  which trucks having d i f f e r i n g  suspension types 

impose dynamically-fluctuating loads on the  pavement. The r e s u l t s  a r e  pre- 

sented i n  the context  of t h e i r  impl ica t ions  f o r  pavement damage. 



TEST PROGRAM 

During t h e  May-to-November per iods  of 1980 and 1981, f u l l - s c a l e  t e s t s  

were conducted a t  t h e  Chrysler  Corpora t ion ' s  Chelsea Proving Grounds i n  

Chelsea, Michigan. The test program cons i s t ed  of braking and s t e e r i n g  

experiments designed to  e v a l u a t e  t h e  s t a b i l i t y  and c o n t r o l  c h a r a c t e r i s t i c s  

of a wide range of heavy v e h i c l e  conf igu ra t ions .  Each of t hese  configura-  

t i o n s  was t e s t e d  i n  some b a s e l i n e ,  fu l ly- loaded s t a t e  and c e r t a i n  of t h e  

v e h i c l e s  were a l s o  examined w i t h  v a r i a t i o n s  i n  l oad ing .  A l toge the r ,  some 

25 cases  of v e h i c l e  conf igu ra t ion  and loading  cond i t ion  were r ep resen ted  i n  

t h e  t e s t s .  The v e h i c l e  response d a t a  were measured and recorded us ing  an 

in s t rumen ta t ion  system which was assembled under a  previous  FHWA-sponsored 

p r o j e c t  [ 7 ] .  The c o l l e c t e d  d a t a  was processed us ing  t h e  c e n t r a l  computing 

system of The Univers i ty  of Michigan. 

The t e s t  program w i l l  be d iscussed  below i n  terms of t h e  elements  

making up the  t e s t  methodology and by means of a n  overview of t he  r e s u l t s .  

Deta i led  p l o t s  of t e s t  d a t a  a r e  provided i n  Volume 111. 

2 . 1  Test  Methodology 

I n  t h i s  s e c t i o n ,  t h e  t e s t  methodology w i l l  b e  desc r ibed .  The 

methodology d i scuss ion  w i l l  i nc lude  : 

- the  matrix of  v e h i c l e s  and loading  cond i t ions  used 

- the  equipment w i t h  which t h e  t e s t  v e h i c l e s  were o u t f i t t e d  

- t h e  procedures employed 

- t h e  d a t a  process ing  method 

2.1.1 Tes t  Matrix.  Shown i n  Table 1 is  t h e  matr ix  of v e h i c l e s  and 

loading  condi t ions  employed i n  f u l l - s c a l e  t e s t i n g .  Each v e h i c l e  and loading  

cond i t ion  i s  r ep resen ted  by a code number which i d e n t i f i e s  t h e  power u n i t ,  

t r a i l e r ,  and v e h i c l e  cond i t ion  by s e p a r a t e  des igna t ions .  For example, the  





t r a c t o r  des igna ted  a s  "TI" coupled t o  s e m i t r a i l e r ,  "TR1," loaded t o  t h e  

l e v e l  desc r ibed  a s  c o n d i t i o n  " C l "  i s  l i s t e d  on t h e  t a b l e  and elsewhere i n  

t he  r e p o r t  as "TI-TR1-CP." 

The t a b l e  shows t h e  fo l lowing 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 :  

ST2 ( s t r a i g h t  t r u c k ,  t h ree -ax le ,  209-inch (531-cm) wheelbase - This  - 
t r u c k  is t h e  same p h y s i c a l  v e h i c l e  as t h e  t r a c t o r ,  T5, c i t e d  below bu t  is 

o u t f i t t e d  wi th  a f l a t  load  bed f o r  f a s t e n i n g  load ing  r acks .  The t r u c k  i s  

an  I n t e r n a t i o n a l  Harves t e r  COE des ign  which was loaned from IH's engineer-  

ing  f l e e t .  This  t e s t  v e h i c l e  and a l l  o t h e r s  having tandem a x l e s  i nco rpora t ed  

a f our-spring type of tandem suspens ion .  ) 

T1-TR1 (a  two-axle t r a c t o r  coupled t o  a s ing le -ax le  s e m i t r a i l e r .  The 

t r a c t o r  was a Ford W-9000 COE wi th  135-inch (343-cm) wheelbase and t h e  semi- 

t r a i l e r  was a 27-foot (8.2-m) varr-one of t h r e e  on loan  from Yellow F r e i g h t  

Lines. ) 



T3-TR6 (a three-axle t r a c t o r  coupled t o  a  tandem-axle s e m i t r a i l e r .  - 
The t r a c t o r  was an In te rna t iona l  Harvester COE 4070B with 142-inch (361-cm) 

wheelbase and the t r a i l e r  was a  4 5 4  oot 1113.7-m) van on load from the  

Fruehauf Company's R & D f l e e t  .) 

T3-TR5 ( the  above, T3, t r a c t o r  coupled to another tandem-axle semi- - 
t r a i l e r .  This s e m i t r a i l e r  was a  rented ~ m i t ,  a l s o  45 f e e t  (13.7 m) i n  

length.  ) 

T7-TR6 ( a  three-axle t r a c t o r  coupl~ed to  the TR6 tanden-axle semi- - 
t r a i l e r  c i t e d  above. The t r a c t o r  was the  same bas ic  In te rna t iona l  Harvester 

COE power u n i t  i d e n t i f i e d  above i n  the  s t r a i g h t  t ruck conf igurat ion except 

t h a t  i t  was f i r s t  obtained from IH i n  a  shor t  wheelbase (145-inch (368-cm)) 

layout.  After  t e s t s  using t h i s  power un i t  i n  the  short-wheelbase, T 7 ,  

conf igurat ion,  the frame was lengthened t o  produce t h e  conf igurat ions  T5 

(below) and the  s t r a i g h t  t ruck,  ST2.) 



T5-TR6 ( a  three-axle t r a c t o r  coupled t o  the  TR6 tandem-axle semi- 

t r a i l e r  c i t e d  above. The t r a c t o r  is simply the  long-wheelbase (209-inch 

(531-cm) ) vers ion  of t r a c t o r  T7. ) 

TI-TIU-TR2 ( a  conventional  doubles conf igura t ion  cons i s t ing  of the  

two-axle t r a c t o r ,  TI, plus  two of the  27-f oo t  (8.2-m) , s ingle-axle ,  van 

s e m i t r a i l e r s .  The second t r a i l e r  was hi tched v i a  a  standard s ingle-axle  

conver ter  do l ly . )  

TI-TR1-TR2-TR3 (a t r i p l e  comprised of the above u n i t  p lus  an a d d i t i o n a l  

27-f oo t  (8.2-m) t r a i l e r  with dol ly . )  



T7-TR6-TR7 ( a  so-called "Rocky Moun.tain Double" comprised of the  

above-described three-axle t r a c t o r ,  T7, and 45-foot (13.7-m) tandem-axle 

s e m i t r a i l e r ,  TR6, coupled to  a s h o r t  f u l l  t r a i l e r .  The f u l l  t r a i l e r  is com- 

p r i sed  of a 27-foot (8.2-m) s ingle-axle  van s e m i t r a i l e r  wi th  single-axle 

converter  do l ly  i d e n t i c a l  t o  the  u n i t s  TR.2 and TR3 c i t e d  above.) 

T3-TR5-TR6 (a  so-called "Turnpike Double" comprised of a three-axle 

t r a c t o r  coupled to  two 45-foot (13.7-m) t:andem-axle t r a i l e r s .  Each of the 

cons t i tuen t  elements of t h i s  veh ic le  have been described above except t h a t  

t h e  second t r a i l e r  was hi tched by means of a tandem-axle conver ter  d o l l y  .) 

Each of the  loading conf igurat ions  se lec ted  f o r  the  var ious  veh ic les  

was designed t o  represent  one of the foll.owing cases :  

1 )  A base l ine  case  i n  which t h e  v e h i c l e  reached the  inaxhum loading 

allowed on the  f e d e r a l  i n t e r s t a t e  highway system. For the  s t r a i g h t  t ruck ,  

the t r a c t o r - s e m i t r a i l e r s ,  and the  f ive-axle double, t h i s  case  appears with 

the  code des ignat ion " C l . "  The primary c:onstraints determining these  load 

l e v e l s  were the  following : 

-20,000 l b s  (9.07 m tons) , s ingle-axle  load 

-34,000 l b s  (15.42 m tons) , t andewaxle  load 

-80,000 l b s  (36.28 m tons) , gross  weight 



Also, a convention was e s t a b l i s h e d  f o r  a s s i g n i n g  a b a s e l i n e  load ing  t o  t h e  

t r a c t o r  s t e e r i n g  ax le .  For tandem-axle power u n i t s ,  t h i s  load  was 12,000 

l b s  (5.44 m t ons )  and f o r  two-axle t r a c t o r s ,  t h i s  l oad  was 9,500 l b s  (4.31 

m t ons ) .  For f ive-axle t r a c t o r - s e m i t r a i l e r  comb i n a t i o n s  , t h i s  convention 

r e p r e s e n t s  t h e  most common scheme f o r  a t t a i n i n g  t h e  80,000-lb (36.28-m t o n s )  

g ros s  weight l e v e l  on t h e  i n t e r s t a t e  system. For doubles  t h e  a x l e  load  

l i m i t  a l lowed f o r  s i n g l e  a x l e s  i s  cons ide rab ly  h ighe r  than needed f o r  

ach iev ing  t h e  80,000-lb (36.28-111 tons)  g r o s s  weight  l e v e l .  Thus, t h e  s t e e r -  

ing  a x l e  load assumed f o r  t h e  double is seen  as reasonably  r e p r e s e n t a t i v e  

b u t ,  admi t t ed ly ,  a r b i t r a r y .  

2 )  Other test cases  r e p r e s e n t i n g  v a r i a t i o n s  i n  a x l e  l oad  and g r o s s  

weight such a s  might be cons idered  under some f u t u r e  s i z e  and weight  

provis ion .  Ce r t a in  cases  a r e  deserv ing  of s p e c i f i c  no te ,  namely, 

-Case ST2-C3 (The b a s e l i n e  load  cond i t ion  i s  r epea ted  w i t h  t h e  

payload e l e v a t e d  t o  r e p r e s e n t  t h e  h ighe r  range  of placement 

of t h e  payload c e n t e r  of g r a v i t y  as p r e v a i l s  i n  s e r v i c e  wi th  

l i g h t e r  d e n s i t y ,  homogeneous f r e i g h t . )  

-Case ST2-C4 (The b a s e l i n e  load  cond i t ion  is  r epea ted  w i t h  

r a d i a l  t i r e s  mounted on t h e  s t e e r i n g  axle and b ias-p ly  t i r e s  

mounted on t h e  r e a r  a x l e s  o f  t h e  t ruck .  This  c o n d i t i o n  was 

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

yaw response  p r o p e r t i e s  i n  a f a s h i o n  which occu r s  i n  s e r v i c e  

due t o  t i r e  mixing. Other  ca ses  i n  which t h i s  t i r e  mix arrange- 

ment was employed involved t i r e s  mounted on t h e  t r a c t o r  a x l e s  of 

t h e  fo l lowing t h r e e  t r a c t o r - s e m i t r a i l e r  con f igu ra t ions :  

-TI-TR1-C3 (two-axle t r a c t o r  w i t h  27-foot (8.2-m) 

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

-T3-TR6-C4 ( three-axle ,  shor t -wheelbase  t r a c t o r  w i t h  

45-foot (13.7-m) tandem- a x l e  s e m i t r a i l e r )  

-T5-TR6-C4 ( three-axle ,  long-wheelbase t r a c t o r  w i t h  

45-foot (13.7-m) tandem-axle s e m i t r a i l e r )  



-Case T3-TR5-Empty (A f  ive-axle  t r a c t o r - s e m i t r a i l e r  combina- 

t i o n  w i t h  t h e  t r a i l e r  unloaded.)  

-Case T7-TRbC2 (A f ive -ax le  t r a c t : o r - s e m i t r a i l e r  i n  which t h e  

r e a r  h a l f  of  t h e  payload has  been removed from t h e  s e m i t r a i l e r .  

This  " p a r t i a l l y  unloaded" c a s e  was t o  r ep resen t  t h e  cond i t ion  

which occurs  i n  s e r v i c e  when a  p o r t i o n  of  t h e  f r e i g h t  on a  

given v e h i c l e  is unloaded a t  an i n t e r m e d i a t e  d e s t i n a t i o n . )  

-Case T7-TR6-C3 (A f ive -ax le  t r ac t :o r - semi t r a i l e r  i n  which t h e  

80,000-lb (36.28-m ton) g ros s  weight c o n d i t i o n  i s  achieved w i t h  

a  h igh  l o c a t i o n  of t h e  payload c e n t e r  of g r a v i t y .  This  e l eva ted  

payload l o c a t i o n  r e p r e s e n t s  t h e  c a s e  of a  homogeneous cargo 

whose d e n s i t y  is such t h a t  the  t r a i l e r  van is f i l l e d  t o  i t s  

cubic  c a p a c i t y  whi le  reaching  t h e  f u l l  g ros s  weight  al lowance 

a t  t he  same time. This  ca se  i s  looked upon a s  y i e l d i n g  t h e  

lowest  l e v e l  of v e h i c l e  - r o l l  s t a b i l i t y  t h a t  is found c o m o n l y  

i n  s e r v i c e . )  

-Case T7-TR6-C4 (The same c o n d i t i o n s  a s  desc r ibed  i n  t h e  above 

(-C3) c a s e  a r e  achieved bu t  wi th  a t o t a l  g ros s  weight l e v e l  of 

88,000 l b s  (39.91 rn t ons ) . )  

The l a s t  t h r e e  cases  shown i n  Table  1, r e p r e s e n t i n g  the  t r i p l e ,  

Rocky Mountain Double, and Turnpike Double involved load ing  l e v e l s  which 

approach,  but  do not  a t t a i n ,  t he  g r o s s  weights  permi t ted  by b r idge  formula 
"B" ( f o r  c a l c u l a t i o n s  showing t h e  loads  allowed by t h i s  b r idge  formula,  s e e  

Volume I ) .  Rather ,  t h e s e  load  cond i t ions  were determined by p r a c t i c a l  con- 

s i d e r a t i o n s  concerning t h e  need t o  make simple adjus tments ,  i n  the  f i e l d ,  

of t h e  payloads i n  i n d i v i d u a l  t r a i l e r s .  That i s ,  t r a i l e r s  were o r i g i n a l l y  

loaded i n  o rde r  t o  provide t h e  s p e c i f i c  weight  l e v e l s  which match t h e  c u r r e n t  

f e d e r a l  limits f o r  f ive-axle  t r a c t o r - s e m i t r a i l e r s  and doubles.  It was then  

e f f i c i e n t  t o  reduce these  weights  by s p e c i f i c  amounts i n  t h e  f i e l d  t o  

a t t a i n  the lower,  p e r - t r a i l e r ,  weights  r e p r e s e n t a t i v e  of t h e  longer  

combinat ions .  



2.1.2 Tes t  Equipment. To f a c i l i t a t e  s a f e  and a c c u r a t e  d a t a  c o l l e c -  

t i o n ,  each v e h i c l e  c o n f i g u r a t i o n  had t o  be equipped w i t h  s p e c i f i c  t e s t  

equipment. This  equipment t a k e s  t h e  form of occupant p r o t e c t i o n ,  j ackkn i f e  

p r o t e c t i o n ,  and r o l l  over  p r o t e c t i o n  s a f e t y  equipment, and t r ansduce r s ,  

s i g n a l  cond i t ion ing  dev ices ,  and on-board r eco rd ing  equipment. 

2.1.2.1 S a f e t y  equipment. To p r o t e c t  t he  v e h i c l e  and i ts  occupants  

from damage r e s u l t i n g  from p o t e n t i a l l y  u n s t a b l e  v e h i c l e  behavior ,  each 

v e h i c l e  was equipped wi th  compet i t ion-s ty le  s e a t  b e l t s  and ha rnesses ,  a  

r o l l o v e r  p r o t e c t i o n  s t r u c t u r e ,  a n t i - j a c k k n i f e  cha ins ,  and o u t r i g g e r s  which 

were t o  r e s t r a i n  trailer r o l l o v e r .  F igu re  1 shows a  v e h i c l e  equipped w i t h  

t h e  r o l l o v e r  b a r  and o u t r i g g e r s .  The r o l l o v e r  p r o t e c t i v e  s t r u c t u r e  was 

b o l t e d  t o  t h e  t r a c t o r  frame immediately behind t h e  cab. The dev ice  c o n s i s t e d  

of an o u t e r  frame of &inch (20.3 cm) p i p e  w i t h  d i agona l  b races  of 6-inch 

(15.2 cm) p i p e  welded t o  a  C-channel base .  The o u t r i g g e r s  were cons t ruc t ed  

of  heavy p i p e  s e c t i o n s  which loca t ed  out-board s p i n d l e s  f o r  c a r r y i n g  t h e  

d u a l  wheel assembl ies ,  Height  ad jus tment  i s  provided by t e l e scop ing  s t r u t s  

mounted between t h e  main o u t r i g g e r  s e c t i o n  and a  subframe i n s t a l l e d  on t h e  

unders ide  of t h e  t r a i l e r .  Fore-aft  r e s t r a i n t  was provided by cha ins  a t t ached  

t o  t h e  o u t r i g g e r  and t h e  added subframe. I n  a d d i t i o n  t o  t h e  subframe p laced  

beneath the  t r a i l e r  f l o o r ,  ano the r  s t r u c t u r e  was a l s o  added i n s i d e  of t h e  

t r a i l e r  t o  c a r r y  t h e  loads  genera ted  by o u t r i g g e r  touchdown. Contact  w i t h  

t h e  pavement is made by t h e  d u a l  t i r e  assembl ies ,  t hus  t h e  r o l l i n g  i n t e r f a c e  

provides  minimal d i s tu rbance  t o  t h e  v e h i c l e  when a  r o l l o v e r  limit is  reached.  

Although t h e  o u t r i g g e r s  c o n t r i b u t e d  some 10  t o  20% t o  t h e  r o l l  moment of 

i n e r t i a ,  depending upon t h e  t r a i l e r  and load  c o n d i t i o n  involved ,  t h e  out -  

r i g g e r  weight was inc luded i n  t h e  account ing  of  t h e  t e s t  weight  c o n d i t i o n s .  

The an t i - j ackkn i f e  cha ins  cannot  be seen  i n  F igu re  1, b u t  t h e i r  

f u n c t i o n  is  i l l u s t r a t e d  i n  F igure  2 .  The cha ins  a r e  a t t a c h e d  t o  t h e  t r a i l e r  

s t r u c t u r e  nea r  i ts  o u t s i d e  edge i n  t h e  v i c i n i t y  of t h e  t r a i l e r ' s  " landing 

gear ."  A s  t h e  a r t i c u l a t i o n  ang le  of  t h e  v e h i c l e  i n c r e a s e s ,  t h e  s l a c k  i n  one 

of t h e  cha ins  is taken up. A t  some ang le ,  determined by t h e  o r i g i n a l  cha in  

adjus tments ,  the  connect ion  becomes t a u t  and a r t i c u l a t i o n  is cons t r a ined .  

The ang le  a t  which the  a r t i c u l a t i o n  becomes "locked" is  determined by t h e  

maneuvering needs of t h e  v e h i c l e  i n  t h e  t e s t  a r e a ,  u s u a l l y  i n  t h e  15- t o  

30-degree range,  depending on t r a i l e r  l eng th .  







2 . 1 . 2 . 2  Tes t  equipment. Two p ieces  of equipment were employed to  

enable  p r e c i s e  t e s t  i n p u t s  of s teering-wheel  angle  and brake p re s su re .  A 

s t e e r i n g  wheel w i th  mechanical s t o p s  and a system f o r  r e g u l a t i n g  brake  

command p res su re  were used t o  accomplish these  t a s k s  e a s i l y  and r epea tab ly .  

The instrumented s t e e r i n g  wheel used to  measure s t e e r i n g  ang le  and 

torque  was equipped w i t h  a p a i r  of movable s t o p s  t h a t  could be ad jus t ed  to  

provide  330 degrees of s ingle-s ided  s t e e r i n g  i n p u t ,  a s  i n  a t r a p e z o i d a l  

s t e e r  maneuver, o r  2 151 degrees of two-sided inpu t  f o r  a s i n e  s t e e r - l i k e  

maneuver. A s i n g l e  body-fixed s t o p  provided a r i g i d  l i m i t  on s t e e r i n g  ang le  

excurs ions .  The body-fixed s t o p  was r e t r a c t a b l e  t o  provide maneuverabi l i ty  

i n  non-test  o r  emergency s i t u a t i o n s .  

Brake command p r e s s u r e  was used t o  c o n t r o l  braking l e v e l  i n  s t r a i g h t -  

l i n e  braking and braking-in-a- t u r n  t e s t s  . b high-f low, p i l o  t -operated 

r e g u l a t o r  i n  t h e  t r e a d l e  va lve  supply  c o n t r o l l e d  the  p re s su re  a v a i l a b l e  t o  

t he  brakes.  Using t h i s  method, t he  t r e a d l e  va lve  is always s t roked t o  i t s  

maximum d e f l e c t i o n .  Adjustment of t h i s  t ype  of c o n t r o l  is e a s i l y  accom- 

p l i s h e d  by a d j u s t i n g  t h e  r e g u l a t o r  t o  supply t h e  a p p r o p r i a t e  command pressure .  

This  system e l imina ted  t h e  t r i a l  and e r r o r  method a s s o c i a t e d  with s e t t i n g  

a mechanical t r e a d l e  s t o p  device  and the  v a r i a b i l i t y  of p r e s s u r e  observed 

wi th  mechanical s tops  during high-cornanti-pressure runs .  

To achieve  t h e  load ing  cond i t ions  necessary  f o r  t h i s  t e s t i n g ,  each 

t r a i l e r  was loaded wi th  racks  of c a s t  i r o n  weights  and tanks f i l l e d  wi th  

water .  An example loading  scheme is shown i n  F igu re  3 .  The r acks  of 

weights  were used t o  provide f o r  t h e  nom:inal l oad ing  cond i t ion .  I n  g e n e r a l ,  

t h e  b a s e l i n e  load  f o r  t h e  v e h i c l e  was then  achieved by the  combination of 

t h e  c a s t  i r o n  weights  and f i l l e d  lower t i l n k ( ~ )  (p l ease  no te  t h a t  a t o t a l  of 

only  two tanks were used i n  each s ing le -ax le  t r a i l e r ) .  I nc reases  i n  l o a d ,  

w i th  a t t endan t  i nc reases  i n  c .g.  h e i g h t ,  were accomplished by f i l l i n g  t h e  

upper tanks.  Each tank  provided a volumls of approximately 64 cub ic  f e e t  

(1.78 m3) f o r  a payload i n c r e a s e  of  about 4,000 l b s  (1.81 m t ons )  f o r  each 

tank f i l l e d .  (Note t h a t ,  s i n c e  tanks were e i t h e r  f i l l e d  o r  empty, s lo sh ing  

was no t  an i s s u e . )  With t h i s  system, the  b a s e l i n e  and increased  load condi- 

t i o n s  could be achieved without  the  cons ide rab le  e f f o r t  of r ea r r ang ing  t h e  

loading  racks.  
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Figure 3.  Scheme by which v a r i a b l e  test loadings were achieved. 



I n  c e r t a i n  cases ,  i d e n t i f i e d  previously i n  Table 1 a s  "high c .  g." 

conf igurat ions ,  the  c a s t  i r o n  loading racks were mounted on ra i sed  platforms.  

The water tanks were then f i l l e d  t o  achieve e i t h e r  base l ine  o r  "increased 

load" per turbat ions  around t h a t  condit ion.  Table 1 has l i s t e d  the  ca lcu la ted  

values of payload c.g. height  which were achieved i n  each veh ic le  configura- 

t ion.  

2.1.2.3 Instrumentation.  The instrumentation system used i n  t h i s  

study was developed under p r i o r  FHWA con t rac t  by Systems Technology, Inc .  

[ 7 ] .  This system u t i l i z e s  transducers t o  measure the  input  and response 

v a r i a b l e s  of the  veh ic le  a s  ou t l ined  i n  'Cable 2 .  The s i g n a l s  from the  

transducers a r e  scaled by an analog s i g n a l  condit ioning u n i t  before being 

d i g i t i z e d  and recorded on a nine-track d i g i t a l  tape.  X schematic of the  

da ta  acqu i s i t ion  system is presented i n  Figure 4 .  

Analog s i g n a l s  from the  t ransducers  a r e  adjus ted  f o r  zero o f f s e t  and 

gain and a r e  f i l t e r e d  to avoid a l i a s i n g ,  thus producing f u l l - s c a l e  s i g n a l s  

which a r e  compatible with the  d i g i t i z i n g  system. The analog condit ioning 

u n i t  a l s o  provides zero and one v o l t  c a l i b r a t i o n  s i g n a l s  f o r  checking the  

ampl i f i e r  gains  of the analog c i r c u i t r y .  The bas ic  analog u n i t  supplied by 

ST1 was expanded i n  t h i s  study with a wneel lock-up de tec t ion  c i r c u i t  which 

is used t o  i d e n t i f y  wheels t h a t  f a l l  below a se lec ted  value  of s p i n  v e l o c i t y  

f o r  more than 0 .2  second. When a wheel Lockup is de tec ted ,  an LED on the  

analog un i t  corresponding t o  t h a t  p a r t i c i ~ l a r  wheel w i l l  be l i t .  Thus, the  

lockup de tec t ion  c i r c u i t  serves  as  an a i d  i n  guiding the  t e s t  sequence, 

searching f o r  l i m i t  braking performance. 

The Digilog (DLI) 203 processor accepts  transducer s i g n a l s  a s  analog 

voltage inpu t s ,  performs an A-D conversion, and s t o r e s  the  d i g i t i z e d  s i g n a l s  

on nine-track d i g i t a l  magnetic tape.  Thle system is capable of accepting 

from 8 t o  128 input  channels and 1 t o  32 output  channels. 

A t  the beginning of each t e s t  i n  which d a t a  is  to  be c o l l e c t e d ,  the  

DLI/203 wr i t e s  a 4094-byte i d e n t i f i c a t i o n  record on tape  which conta ins  

general  information such a s  run n m b e r ,  da te ,  and t e s t  condi t ions .  During 

data  c o l l e c t i o n ,  the  DLI/ 203 sequen t i a l ly  s t o r e s  the  designated input  

channels i n  a 4096-byte high-speed memory. F i l l i n g  of t h i s  buf fe r  t r i g g e r s  



Table 2 .  Measured Response Variables and Transducers. 

Variable(s) , Symbol(s) 

Steering Wheel Angle, 6sw 

Steering Wheel Torque, r 

Vehicle Velocity, V 

Brake Command Pressure, Pb 

Heading Angle, $ 

Tractor Accef e ra t ion  and Rotational 
Rates, a a a p ,  q ,  r x 3  y '  z 9  

Fif th  Wheel Art iculat ion Angle, n l  

Tra i le r  Accelerations and Rotational 
r Rates, am' ayn, azn, Pn,  qn ,  * 

Pint le  Hook and Dolly Art iculat ion 
Xngles, 3, n 3  

Wheel Rotational Speeds, wl . . . w18 

Transducer 

Rotary Potentiometer 

Lebow Torque Sensor 

F i f th  Wheel with D . C .  
Generator 

Po tentiometric 

Humphrey Directional Gyro 

ST1 I n e r t i a l  Measuring 
Unit 

Celesco String Potentiometer 

S T 1  I n e r t i a l  Measuring 
Unit 

Celesco String Potentiometer 

Servo-Tek D .C. Generators 
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t r a n s f e r  of t h e  d a t a  t o  t h e  n ine- t rack  magnetic t a p e  u n i t  as a  4096-byte 

d a t a  block. This  process  of f i l l i n g  t h e  high-speed memory b u f f e r  and i t s  

p e r i o d i c  t r a n s f e r  t o  magnetic  t a p e  t a k e s  p l a c e  cont inuous ly  du r ing  t h e  d a t a  

c o l l e c t i o n  per iod .  Completion of  each  t e s t  and t h e  d a t a  c o l l e c t i o n  p rocess  

causes t h e  DLI/203 t o  w r i t e  a  t a p e  mark af  t e r  t h e  l a s t  d a t a  b lock ,  thereby 

d e f i n i n g  each group of  d a t a  b locks  on t a p e  a s  a  s e p a r a t e  f i l e .  The t y p i c a l  

arrangement of  i d e n t i f i c a t i o n  b locks ,  d a t a  b locks ,  and f i l e  marks on t a p e  

a r e  shown i n  F igu re  5 .  Addi t iona l  d e t a i l s  concerning t h e  DLIf203 o p e r a t i o n  

can be obta ined  from Reference [ 7 ] .  

2.1.3 T e s t  Procedures.  A t o t a l  of f i v e  b a s i c  t e s t  maneuvers were 

conducted on t h e  i n d i c a t e d  test v e h i c l e s .  Not a l l  t e s t s  were performed 

wi th  a l l  v e h i c l e s ,  however, s i n c e  c e r t a i n  of t h e  v e h i c l e  c o n f i g u r a t i o n s  and 

s i z e  and weight v a r i a t i o n s  were of i n t e r e s t  on ly  i n  t h e  con tex t  of c e r t a i n  

performance a t t r i b u t e s .  

Braking performance was s t u d i e d  by means of s t r a i g h t - l i n e  braking  

and braking-in-a-turn maneuvers on bo th  h i g h  and low f r i c t i o n  s u r f a c e s .  Yaw 

and r o l l  responses  were s t u d i e d  by means of  open-loop t r apezo ida l -  and 

s i n u s o i d a l - s t e e r  t e s t s  on t h e  h igh  c o e f f i c i e n t  s u r f a c e  o n l y ,  whi le  closed- 

loop n e g o t i a t i o n  of  a  lane-change cour se  was s t u d i e d  on both  d ry  and wet 

s u r f  aces .  

-411 t e s t i n g  was conducted a t  t h e  Chrys ler  Corporat ion Proving Ground 

i n  Chelsea,  Hichigan. Dry t e s t s  (h igh  f r i c t i o n  s u r f a c e )  were conducted on 

t h e  Vehic le  Dynamics f a c i l i t y  which provides  an  o v a l  t r a c k  f o r  r each ing  t h e  

test-approach speed and an  800-foot-square s k i d  pad t o  f a c i l i t a t e  co rne r ing  

maneuvers. The l a r g e  pad a r e a  has  a  d ry  .4ST?I s k i d  number of  approximately 

86. Low f r i c t i o n  t e s t s  were performed on the  jenni te -coated  Skid-Tract ion 

f a c i l i t y  wet ted  w i t h  s p r i n k l e r s ,  g iv ing  a  nominal s k i d  number of 37. 

2.1.3.1 P re - t e s t  procedures.  P r i o r  t o  t e s t i n g ,  c e r t a i n  s t anda rd  

procedures were fol lowed t o  a s s u r e  c o n s i s t e n t  v e h i c l e  c o n d i t i o n s  and proper  

func t ion ing  of t h e  d a t a  a c q u i s i t i o n  system. Each t r u c k  o r  t r a c t o r  began 

i t s  t e s t  s e r i e s  wi th  new F i r e s t o n e  Transpor t  1 t i r e s .  A s  t i r e s  accumulated 

treadwear ( a  very  r a p i d  process  due t o  t h e  s e v e r i t y  o f  t h e  maneuvers 

i nvo lved) ,  they  were r ep laced  p r i o r  t o  exposing t h e  "wear bar" i n d i c a t o r s .  
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Figure 5 .  DLI/203 Output File Blocking Format 



The brakes  a t  each wheel were in spec ted  t o  a s s u r e  s u i t a b l e  l i n i n g  th i ckness .  

Also, s l a c k  a d j u s t e r s  were s e t  t o  provide  t h e  a p p r o p r i a t e  p re - t r ave l  

dimens ions.  

T i r e  co ld  i n f l a t i o n  p r e s s u r e  was s e t  a t  85 p s i  (5.78 b a r s )  f o r  b i a s  

t i r e s  and 105 p s i  (7.18 ba r s )  f o r  r a d i a l s  and checked p r i o r  t o  t e s t i n g  each 

day. Following a gene ra l  mechanical  check, t h e  v e h i c l e  was then d r i v e n  f o r  

s e v e r a l  miles t o  w a r m  the  t i r e s  t o  ope ra t ing  tempera ture  and t o  remove f l a t  

s p o t s  caused by s t and ing  ove rn igh t .  During t h e  v e h i c l e  check and warm up, 

t h e  in s t rumen ta t ion  system was powered up and allowed t o  s t a b i l i z e  u n t i l  

a f t e r  t h e  wann-up runs  were completed. Amplif ier  ga ins  and t r ansduce r  zero 

va lues  were then  checked and a d j u s t e d  and c a l i b r a t i o n  va lues  recorded on 

tape .  

2.1.3.2 S t r a i g h t - l i n e  bra kin^. S t r a i g h t  braking  t e s t s  were per- 

formed on wet and dry  s u r f a c e s  from i n i t i a l  v e l o c i t i e s  of 25 and 40 mph 

(40 and 64 km/h), r e s p e c t i v e l y .  T e s t s  were run  t o  s tudy  braking  behavior  

over  a  wide range of d e c e l e r a t i o n  l e v e l s  from approximately .I g t o  t h e  

braking  l i m i t  of t h e  veh ic l e .  The braking  l i m i t  was de f ined  t o  be t h a t  braking  

i n p u t  l e v e l  a t  which ( a )  a l l  wheels on e i t h e r  a  s i n g l e  a x l e  o r  tandem a x l e  

s e t  e x h i b i t e d  lockup,  o r  (b) t h e  maximum brake p r e s s u r e  was reached.  Repeat 

runs were made a t  a  l e v e l  j u s t  below t h e  a x l e  lockup cond i t ion  o r  a t  t h e  

maximum pres su re  t o  provide informat ion  on t h e  maximum braking c a p a b i l i t y  of 

t he  v e h i c l e .  

The t e s t  involves  b r ing ing  t h e  v e h i c l e  t o  t h e  t e s t  speed (+ - 1 mph 

(1.6 km/h)) s p e c i f i e d  f o r  t h e  p a r t i c u l a r  s u r f a c e  (wet o r  d r y )  and apply ing  

a s t e p  inpu t  t o  t h e  t r e a d l e  va lve .  During braking ,  t h e  d r i v e r  s t e e r s  t o  

main ta in  a  s t r a i g h t  pa th  i n  a  12-foot (3.66-m) l a n e .  The t r e a d l e  is held  

i n  a  f u l l y  depressed p o s i t i o n  u n t i l  t h e  v e h i c l e  comes t o  a  complete s t o p .  

Brake p r e s s u r e  i s  incremented by approximately LO p s i  (.68 b a r s ) ,  us ing  t h e  

r e g u l a t o r  r e f e r r e d  t o  i n  S e c t i o n  2.1.2.2 and t h e  procedure is repeated .  A s  

mentioned above, e i t h e r  t h e  brake p r e s s u r e  limit o r  t he  occurrence  of lockup 

on a s i n g l e  o r  tandem a x l e  s e t  determined t h e  l i m i t  cond i t ion .  When t h e  

lockup c r i t e r i o n  was met, t he  brake  inpu t  p r e s s u r e  was backed o f f  t o  t h e  



previous s e t t i n g  and two repeat  s tops  were made. If  the  maximum ava i l ab le  

brake inpu t  pressure  was reached, two repeats  were run a t  t h a t  pressure  

value.  

The r e s u l t s  of i n t e r e s t  obtained wi th  t h i s  t e s t  r e l a t e  to  the  average 

dece le ra t ion  obtained over t h e  dura t ion  of the  s top with a given brake input  

pressure  and the  maximum dece le ra t ion  l e v e l  a t t a i n a b l e  wi th  the  vehic le .  The 

format of these  r e s u l t s  a r e  i l l u s t r a t e d  i n  Figure 6. The s lope of t h e  l i n e  

def in ing the  v e h i c l e ' s  braking response (a  /P) i s  r e fe r red  to  a s  the  "gain" 
X 

of the  braking system. This gain  is a measure of the  veh ic le  response to  

a given change i n  appl ied  brake pressure.  It can be thought of a s  the sensi -  

t i v i t y  of the  braking system. The maximum dece le ra t ion  achieved can be 

d i r e c t l y  r e l a t e d  t o  the  minimum stopping d i s t ance  obta inable .  

Figure 6. Format or' braking t e s t  r e s u l t s  showing performance measures. 

2.1.3.3 Braking i n  a turn .  Braking i n  a tu rn  was conducted on the  

same surfaces  used f o r  s t r a i g h t - l i n e  braking. The same i n i t i a l  v e l o c i t i e s ,  

25 mph (40 km/h) on t h e  wet, 40 mph (64 E d h )  on the  d ry ,  wera used along 

with the  brake scheme f o r  incrementing input pressure .  I n  t h i s  t e s t ,  the  

veh ic le  is  driven on a c i r c u l a r ,  12-foot--wide (3.66-m) lane  del ineated by 

t r a f f i c  cones. Once a steady tu rn  has been es tab l i shed ,  the  d r i v e r  app l i e s  

t h e  brakes and s t e e r s  to  maintain the c i r c u l a r  path.  On the  wet surface  a 

path radius  of 278 f e e t  (84.7 m) was used ( radius  measured t o  the cen te r  of 

t h e  12-foot (3.66-m) l a n e ) ,  r e s u l t i n g  i n  a l a t e r a l  acce le ra t ion  l e v e l  of . l 5  

g. A rad ius  of 533 f e e t  (163 m) was useci on the dry su r face ,  giving a 

l a t e r a l  acce le ra t ion  l e v e l  of 0.2 3.  



The braking-in-a- t u r n  tes t i s  conducted i n  nominally t h e  same f a s h i o n  

a s  t h e  s t r a i g h t  braking  experiment ,  w i th  t e s t s  run  a t  i n c r e a s i n g  braking  

l e v e l s ,  c o n t r o l l e d  by r e g u l a t i n g  t h e  b rake  inpu t  p r e s s u r e ,  up t o  t h e  limit 

response  cond i t ion .  Brake p r e s s u r e  and lockup limits a r e  de f ined  a s  f o r  

s t r a i g h t  braking.  Also,  exceedance of t h e  12-foot l a n e  is  added a s  a  l i m i t .  

I n  many c a s e s ,  t h e  l a n e  exceedance c r i t e r i a  is met i n  t h e  same runs  i n  which 

axle-  ( o r  tandem-) lockup occur s ,  caus ing  a yaw d i s t u r b a n c e  t h a t  i s  l i k e l y  

t o  r e s u l t  i n  e i t h e r  j ackkn i f e  ( t r a c t o r  d r i v e  a x l e ( s )  l ock )  , plow-out ( s t e e r -  

ing  a x l e  l o c k ) ,  o r  t r a i l e r  swing ( t r a i l e r  a x l e ( s )  l o c k ) .  These p o s s i b l e  

limit responses  a r e  i l l u s t r a t e d  i n  F igu re  7 .  A s  be fo re ,  r e p e a t  r u n s  a r e  

conducted a t  a brake  p r e s s u r e  l e v e l  which is j u s t  under t h e  v a l u e  producing 

a l i m i t i n g  cond i t ion .  

2.1.3.4 Trapezoida l  s t e e r  . Trans i en t  and s teady- turn ing  r e sponses  

t o  a n  abrupt  s t e e r i n g  i n p u t  were examined us ing  t h e  t r a p e z o i d a l  s t e e r i n g  

i n p u t .  Amplitude of t h e  s t e e r i n g  i n p u t  was c o n t r o l l e d  us ing  mechanical  s t o p s  

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

s t e e r i n g  i n p u t  a s  qu ick ly  a s  p o s s i b l e ,  gene ra t ing  a ramp i n p u t  up t o  t he  

s p e c i f i e d  s t e e r i n g  l e v e l  which i s  then h e l d  cons t an t  u n t i l  t he  v e h i c l e  

s e t t l e s  i n t o  a quas i - s t eady- s t a t e  cond i t ion .  A t r u e  s t eady  s t a t e  i s  not  

achieved due t o  t h e  v e h i c l e  scrubbing  o f f  speed w h i l e  co rne r ing  wi th  t h e  

t r ansmis s ion  i n  n e u t r a l .  This  t e s t  was conducted o n l y  on t h e  h i g h - f r i c t i o n  

s u r f a c e  a t  a  test speed of 45 mph ( 7 2  h / h ) .  

To accomplish t h i s  t e s t ,  t h e  v e h i c l e  is f i r s t  brought t o  a speed 

s l i g h t l y  g r e a t e r  than t h e  t e s t  speed.  The d r i v e r  then  t akes  t h e  t r ansmis s ion  

o u t  of gea r  and a s  t h e  v e h i c l e  c o a s t s  through t h e  t e s t  speed,  t h e  r a p i d  s t e e r  

input  is a p p l i e d  and h e l d  u n t i l  t h e  quas i -s teady t u r n  i s  e s t a b l i s h e d  o r  

space  l i m i t a t i o n s  d i c t a t e  a need t o  change t r a j e c t o r y .  Success ive  t e s t s  a r e  

run  wi th  i n c r e a s i n g  steer ampl i tude  u n t i l  a  l i m i t  c o n d i t i o n  is reached.  

Three p o s s i b l e  l i m i t s  a r e  d e f i n e d ,  v i z . ,  t h e  v e h i c l e  e x h i b i t s  a  r o l l o v e r  

response ( r e s t r a i n e d  by t h e  o u t r i g g e r s ) ,  t h e  t r a c t o r  becomes yaw d i v e r g e n t  

( t end ing  toward a j a c k k n i f e ) ,  o r  t h e  f r o n t  t i r e s  s a t u r a t e  such t h a t  f u r t h e r  

i n c r e a s e  i n  l a t e r a l  a c c e l e r a t i o n  becomes imposs ib le .  I n  a c t u a l  p r a c t i c e ,  t h e  

t e s t  procedure was always continued w i t h  loaded v e h i c l e s  u n t i l  t he  " r o l l o v e r  





response" was observed. The ou t r igger  height  was adjus ted so t h a t  out- 

r i g g e r  touchdown occurs a f t e r  the  t r a i l e r  wheels on one s i d e  have l i f t e d  

from the  ground by some 4 t o  8 inches. The ou t r igger  touchdown condi t ion,  

then,  i s  taken t o  be the  i n d i c a t o r  of an i n c i p i e n t  ro l lover .  Repeat runs 

a r e  then made a t  a l e v e l  j u s t  below the  limit condit ion.  

This t e s t  r e s u l t s  i n  a t r a j e c t o r y  of nominally constant  r ad ius  a t  

steady s t a t e ,  a l so  r e f e r r e d  t o  a s  a J-turn. The i n i t i a l  por t ion  of the  

maneuver is used t o  descr ibe  t h e  t r a n s i e n t  response to s t e e r i n g  input .  The 

quasi-steady-state por t ion  of the  maneuver approximates v e h i c l e  response t o  

a long durat ion (5-6 seconds) constant  s t e e r i n g  inpu t ,  such as  i n  nego- 

t i a t i n g  an off-ramp from an expressway. 

Typical steering-wheel angle,  l a t e r a l  acce le ra t ion ,  and yaw r a t e  

time h i s t o r i e s  f o r  a t rapezoidal  s t e e r  maneuver a r e  shown i n  Figure 8 .  This 

f i g u r e  i l l u s t r a t e s  t h e  important response fea tu res  of t h i s  t e s t ,  involving 

the t r a n s i e n t  and s teady-s ta te  yaw r a t e  responses. While t h e  steady- 

turning response is  obvious, the  yaw r a t e  response time is given a s p e c i a l  

d e f i n i t i o n  as  t h e  elapsed time between reaching 50% of t h e  s t e e r i n g  input  

and 90% of t h e  s teady-s ta te  yaw r a t e .  

2.1.3.5 Double l ane  change. This obstacle-avoidance-type maneuver 

was conducted on high and low f r i c t i o n  sur faces  a t  speeds of 45 and 30 nph 

(64  and 48 km/h), r espec t ive ly .  The t e s t  involves the  closed-loop negotia- 

t i o n  of the  courses i l l u s t r a t e d  i n  Figure 9 f o r  the  two sur faces .  The g a t e  

spacing f o r  t h e  double-lane-change t e s t  on a dry sur face  was changed f o r  

the  second season's  t e s t i n g ,  a s  shown, t o  provide a higher frequency input .  

This t e s t  i s  s i m i l a r  t o  t h a t  developed by the  National Swedish Road and 

T r a f f i c  Xesearch I n s t i t u t e  and evaluat ion of performance was s i m i l a r l y  

determined by the  axle  path t r a j e c t o r i e s  of t h e  e n t i r e  v e h i c l e  negot ia t ing 

the course. 

The t e s t  requires  t h a t  the  v e h i c l e  en te r  the  course a t  the  t e s t  speed 

and the d r i v e r  maneuver through t h e  course while holding t h e  t h r o t t l e  f i x e d .  

Five repeats  a r e  run i n  each d i r e c t i o n  t o  account f o r  v a r i a t i o n s  i n  the  

d r i v e r ' s  closed-loop con t ro l  during t h e  maneuver. 
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2.1.3.6 Sinusoidal  s t e e r .  Previolus experience with mu1 t i - t r a i l e r  

veh ic les  [j] i n d i c a t e s  t h a t  rearward ampl i f i ca t ion  of veh ic le  t r a i n s  i s  bes t  

exci ted  by a s t e e r i n g  input of a higher frequency than t h a t  generated by 

means of the  lane-change maneuver described above. 

Thus, t o  inves t iga te  t h e  rearward a.mplification phenomenon f o r  the  

doubles and t r i p l e s  t e s t e d  i n  t h i s  progra.m, a s inusoidal - l ike  s t e e r  input  

of a two-second period was used t o  e x c i t e  the  motions of i n t e r e s t .  A s i n g l e  

quasi-sine wave s t e e r i n g  dis turbance,  shclwn i n  Figure 10,  was applied by the  

d r i v e r  to  the veh ic le  from an i n i t i a l l y  s t ra ight- running condit ion a t  a  

speed of 45 mph ( 7 2  km/h). 

The maneuver allows f o r  inves t iga t ion  of the  rearward ampl i f ica t ion 

phenomenon a s  wel l  a s  any o s c i l l a t o r y  mot:ion of the v e h i c l e  prevai l ing a f t e r  

the  s t e e r i n g  is  re turned t o  zero. Tes ts  were run a t  increas ing s t e e r  ampli- 

tudes,  with the amplitude being con t ro l l ed  by two mechanical s t e e r i n g  s tops  

d isplaced equally about the  zero pos i t ion  of the  s t e e r i n g  wheel. The t e s t  

runs advanced i n  s e v e r i t y  up to  the  maxinium l e v e l  of s t e e r i n g  amplitudes 

which could be achieved wi th  the  s t e e r i n g  s top device.  Thus, the  l i m i t  was 

determined by a s t e e r i n g  inpu t  amplitude of approximately - + 151 degrees. 

Repeats were run a t  t h i s  maximum amplitucle condit ion.  Timing of the sine- 

wave-like input  was monitored with each t e s t  run. Only t e s t s  i n  which each 

half-wave period was wi thin  + ,1 second of the  i d e a l  1 .0  second half-period - 
were considered va l id .  

The response of multi- t r a i l e r  comb i n a t  ions  i n  t h i s  maneuver can involve 

exaggerated motions a t  the  rearmost t r a i l e r .  A t  s u f f i c i e n t l y  high l e v e l s  of 

s t e e r i n g  amplitude, and with a sufficient:  forward v e l o c i t y ,  the  r e a r  t r a i l e r  

can exh ib i t  a  ro l lover  response. 

2.1.4 Data Processing. Computer processing of the  nine-track tapes 

groduced by the  DL11203 data  a c q u i s i t i o n  package was accomplished using 

The Universi ty of Michigan's AMDAHL 470V18 d i g i t a l  computer. h main program 

was w r i t t e n  t o  read data  from the  DL11203 tapes ,  c a l i b r a t e  and smooth the  

d a t a ,  and then to  c a l l  one of f i v e  d i f f e r e n t  subprograms (corresponding to  

each of the f i v e  bas ic  v e h i c l e  t e s t  maneuvers) t o  f u r t h e r  process the da ta  

t o  obta in  approximate numerics and se lec ted  time h i s t o r i e s .  



Figure 10. Quasi sine-steer waveform 



The following s e c t i o n  descr ibes  the: opera t ions  and ca lcu la t ions  per- 

formed by the  main processing program and, p resen t s  an example of one of 

the  f i v e  subprograms. 

Main Progras  

1. Reads parameters from terminal  o r  inpu t  f i l e  which: (a)  con t ro l  

the f i l e  processing sequence of the DL11203 input  tape and (b) 

def ine  the  maneuver and veh ic le  cocif igura t ion  associa ted  with 

each input  f i l e .  

2. Pos i t ions  input  tape t o  i ts  s t a r t i n g  f i l e ;  output tape t o  i ts  

l a s t  f i l e  posi t ion.  

3 .  Transfers d a t a  from next f i l e  of the  DLI/203 input  tape  t o  the  

MDAiU 470Vl8 main memory f o r  processing. 

6 .  Manipulates d a t a  i n  MDAHL memory t:o change format from D ~ I / 2 0 3  

format t o  an equivalent  AYDAHL two--byte binary word format (byte 

r e v e r s a l ,  masking opera t ions)  . 
5. Sub-sampling of d a t a  from 100 Hz (cl igi t ized r a t e )  to  50 Hz. This 

s t e p  s i g n i f i c a n t l y  reduces the  volume of d a t a  f o r  processing with 

l i t t l e  compromise t o  the  accuracy of the  subsequent ca lcu la t ions .  

6.  Performs zero c a l i b r a t i o n ,  f u l l - s c a l e  c a l i b r a t i o n ,  and zero-data 

c a l i b r a t i o n  ca lcu la t ions  f o r  any c a l i b r a t i o n  f i l e s  appearing on 

the  DL11203 input  tape. 

7 .  I d e n t i f i e s  l eg i t ima te  d a t a  f i l e s  appearing on the  ~ ~ 1 1 2 0 3  input 

tape and c a l l s  t h e  appropr ia te  subprogram t o  f u r t h e r  process tha t  

data .  

8. Sranches, upon r e t u r n  from a subprogram c a l l ,  t o  Step 3 ,  above, 

t o  continue processing;  o r ,  d e t e c t s  an end-of-input tape and 

terminates processing.  

Presented below is an o u t l i n e  of the  subprogram f o r  processing t h e  

data  from s t r a i g h t - l i n e  braking t e s t s .  'Chis program i s  s i m i l a r  i n  genera l  

form t o  the o the r  subprograms, found i n  Appendix 1 of t h i s  r e p o r t ,  covering 



the braking-in-a-turn, trapezoidal-steer , double-lane-change , and sinusoidal- 

s t e e r  t e s t s .  The subprograms a re  distinguished from one another, of course, 

insofar as  they operate upon d i f fe r ing  types of response time h i s to r i e s  to 

determine d i f fe r ing  objective measures, or numerics, characterizing the 

vehicle 's  behavior. Certain measures, such a s  stopping distances (c)  and 

(e) below, were calculated by a l t e rna t ive  means in  order to assure the 

determination of a high qual i ty  r e su l t .  

** Subprogram /I1 (Straight-Line Braking) ** 

-Scales data to  proper physical uni ts .  

-Smooths appropriate data channels by replacement with 5-point average 

(0.10-second smoothing in te rva l ) .  

-Detects s t a r t  and end of t e s t  maneuver (brake applicationlforward 

velocity f a l l i n g  below 2 mph). 

-Calculates the following numerics over the maneuver in te rva l :  

a )  I n i t i a l  vehicle veloci ty ,  VO ( f t / s ec )  

b) Average brake l i n e  pressure,  PB (psi)  

c )  Stopping distance from integrat ion of forward veloci ty  

corrected fo r  i n i t i a l  veloci ty  var iat ions from 40125 

mph (64/40 km/h), D* ( f t )  

d) Average longitudinal deceleration, AX (g ' s )  

e )  Stopping distance from double integrat ion of longitudinal 

acceleration corrected fo r  i n i t i a l  veloci ty  var iat ions 

from 40/25 mph (64140 km/h), DAX (f t )  

f )  Stopping time, T (sec) 

g) Tractor peak yaw ra t e ,  RIP (deglsec) 

h) Last t r a i l e r  peak yaw r a t e ,  RNP (degfsec) 

i) Peak t r a c t o r l t r a i l e r  a r t icu la t ion  angle, GAMl (deg) 

j )  Peak a r t i cu l a t ion  angle of l a s t  dol ly with respect to  

lead t r a i l e r  (p in t l e  hook angle) ,  GAM2 (deg) 

k) Peak a r t i cu l a t ion  angle of l a s t  dol ly with respect to 

l a s t  t r a i l e r ,  GAM3 (deg) 



1) Wheel l o c k  i n d i c a t o r  0.0 (no) o r  1.0 (yes )  and t h e  

corresponding v e h i c l e  v e l o c i t y  a t  which i t  occurred .  For 

wheel speeds ,  w 2 ,  w 4 ,  w 6 ,  w 8 ,  ulO, w , w , w , u,, u9.  1 3  5 

-Writes a  header r eco rd  con ta in ing  run  number, f i l e  number, and maneuver 

informat ion  on t h e  o u t p u t  tape .  

-Writes t h e  above numerics t o  both t h e  li.ne p r i n t e r  and t h e  ou tpu t  t ape .  

-Writes t h e  fo l lowing v a r i a b l e s  a s  time h i s t o r i e s  t o  both  t h e  l i n e  

p r i n t e r  and ou tpu t  t ape :  

a )  t ime,  T ( s ec )  

b) forward v e l o c i t y ,  V5 (mph) 

c )  l o n g i t u d i n a l  d e c e l e r a t i o n  of t r a c t o r ,  AXl (g ' s )  

d )  l o n g i t u d i n a l  d e c e l e r a t i o n  of l as t  t r a i l e r ,  AXN ( g ' s )  

e )  suspens ion  d e f l e c t i o n s  of tract:or a t  wheel l o c a t i o n s  

1+6, 21-26 ( inches )  

f )  brake  l i n e  p r e s s u r e ,  PB ( p s i )  

-Writes a  t a p e  mark on t h e  ou tpu t  t ape ,  c l o s i n g  t h e  ou tpu t  t ape  f i l e .  

-Returns t o  main program. 

Figure  11 shows an  example p r i n t o u t  f o r  !:he above subprogram. 





Overview of Test  Results  

I n  t h i s  s e c t i o n  a sunrmary of the  t e s t  r e s u l t s  w i l l  be presented using 

measures of performance which have been d.erived from the  real-time response 

d a t a  gathered using the  on-board instrumentation system. The time h i s to ry  

da ta  was f i r s t  processed by computer to  produce p l o t s  containing d a t a  points  

represent ing each of the  t e s t  runs made with a given v e h i c l e  conf igurat ion 

and loading case. For example, the  braking performance da ta  were p lo t t ed  

i n  terms of the average dece le ra t ion  achieved versus the  brake input  pressure 

applied i n  each run. P l o t s  of d a t a  i n  t h i s  run-by-run format a r e  presented 

i n  Volume 111 of  t h i s  r epor t .  These plotis were then employed t o  de f ine  a 

s i n g l e  numerical measure which is then used a s  a summary of the  v e h i c l e ' s  

performance. These measures a r e  defined below i n  Section 2.2.1. 

It should be noted t h a t  not  a l l  of the  t e s t  d a t a  a r e  addressed i n  

the  summary which follows. Rather, t h e  s;ummary omits reference  to r e s u l t s  

from the braking-in-a-turn and closed-loop lane-change experiments. These 

data  a r e  not  discussed he re  s ince  the  r e s u l t s  r evea l  no s i g n i f i c a n t  infor-  

mation beyond t h a t  presented through o the r  measures. For example, the  

stopping dis tance  data  measured i n  the  braking-in-a-turn t e s t s  snow the  

same s e n s i t i v i t i e s  t o  s i z e  and weight va r i ab les  a s  a r e  indicated i n  the  

s t r a i g h t - l i n e  braking da ta .  The lane-change r e s u l t s ,  on the o ther  hand, 

were genera l ly  d isappoint ing insofa r  a s  t:his t e s t  had v i r t u a l l y  no a b i l i t y  

t o  d iscr iminate  between the var ious  veh ic le  conf igurat ions  examined. That 

i s ,  the  lane-change maneuver was se lec ted  pr imar i ly  f o r  the  purpose of 

examining d i f fe rences  i n  veh ic le  t r a j e c t o r y  exhibited i n  a lane  change whose 

s e v e r i t y  l e v e l  and nominal frequency cont:ent were i n  the  intermediate range 

between normal d r iv ing  and emergency obs t:acle-avo idance maneuvering. Since 

n e g l i g i b l e  d i f fe rences  i n  t r a j e c t o r y  were seen between widely d i f f e r i n g  

veh ic le  conf igurat ions ,  the  da ta  a r e  not  reported here.  This "neg l ig ib le  

d i f ference"  r e s u l t ,  however, does reveal  t h a t  a s k i l l e d  t e s t  d r i v e r  can 

maneuver any of  the  examined t e s t  veh ic les  through the  indicated lane  change 

without making s i g n i f i c a n t  space demands beyond the nominal width of the  

vehic le .  The r e s u l t  f u r t h e r  ind ica tes  t h a t ,  from a t r a j e c t o r y  point  of 

view, a capable, experienced d r i v e r  can compensate f o r  most t racking ano- 

malies i n  h i s  veh ic le  by adopting a s t r a t egy  which, even unconsciously, 

places the  veh ic le  on a v i r t u a l l y  optimul path. (Note t h a t  the  rearward 



amplification issue was to be t rea ted ,  not i n  the "lane-change" maneuver, 

per se ,  but ra ther  i n  the sinusoidal-steer t e s t  for  which the s t e e r  input 

period was par t icu lar ly  selected t b  exci te  the amplification motions of 

i n t e r e s t .  ) 

The t e s t  data a r e  summarized i n  groups which nominally address d i f fe r -  

ing s i z e  and weight issues.  In t h i s  presentation, the t e s t  cases involving 

changes i n  axle  load and gross weight a r e  considered together s ince many 

of the conditions involving increased gross weight were achieved by means 

of increases i n  payload beyond the current f  ederally-allowed limits. It 

w i l l  be noted tha t  while the t e s t  matrix did not provide fo r  var iat ions in  

t r a i l e r  length, differing-length t r a i l e r s  were cer ta in ly  present i n  the 

various mul t i - t ra i le r  combinations which were assembled. The influence of 

t r a i l e r  length is thus represented ind i rec t ly  i n  the presentations of data  

according to  "combination type." 

2.2.1 Neasures of Perfonnance. The sununary of t e s t  data  presented 

in the next sect ion employs numerical measures of performance which a re  

defined below. 

Xinimum stopping distance. This measure represents the minimum 

stopping distance achieved pr ior  to incurring lockup on a l l  of the wheels 

of a  single- or  tandewaxle assembly, The stopping distance measure, 

expressed i n  f e e t ,  was obtained from the "average deceleration" data  by 

the following relat ionship : 

S.D. = v 2 / 2 ~ + 0 . 2 5 V  

where V = i n i t i a l  veloci ty ,  f t / s e c  

A = average deceleration, f t / s ec2  

This means of determining a  stopping dis tance measure incorporates an 

adjustment which r e f l ec t s  a  par t icu lar  feature of the t e s t  procedure. That 

i s ,  the brake input condition was achieved by means of a  procedure in  which 

the t e s t  d r iver  very quickly depresses the t readle  valve through i t s  f u l l  

stroke, i n i t i a t i n g  the transmission of the pre-selected a i r  pressure 



condi t ion through a quick-responding regu la to r .  This procedure was se lec ted  

f o r  purposes of a t t a i n i n g  a high uniformi.ty i n  the  pressure  condit ion from 

run-to-run and throughout the  durat ion of a s i n g l e  s top.  Since the  pro- 

cedure i s  seen a s  lacking t h a t  por t ion of: the  i n i t i a l  t r a n s i e n t  which de r ives  

from the  r a t e  a t  which the  t y p i c a l  d r i v e r  app l i e s  the  t r e a d l e  to  achieve a 

des i red  braking l e v e l ,  t h e  formula shown above in t roduces  an e f f e c t i v e  

0.25 second delay i n  the  onset  of t h e  braking input .  This adjustment has 

no s ign i f i cance ,  of course,  t o  the  comparison of veh ic le  performance under 

various s i z e  and weight condi t ions ,  but i.s introduced f o r  the sake of 

rea l ism i n  the q u a n t i t a t i v e  r e s u l t s .  

Understeer gradient .  The unders teer  gradient  appears i n  the  pre- 

sen ta t ion  of t e s t  da ta  a s  t h e  negat ive  inverse  s lope  of the  so-called 

"handling diagram," an example of which i s  shown i n  Figure 12. P l o t s  show- 

ing handling diagrams f o r  a l l  of t h e  test: veh ic les  subjected t o  the  trape- 

zoidal  s t e e r  t e s t  a r e  given i n  Volume 111:. As i n  the  repor t ing  of simulation 

r e s u l t s  i n  Volume I ,  the  s p e c i f i c  measure which was obtained from these  

p l o t s  was the  unders teer  gradient  occurri-ng a t  a  l a t e r a l  acce le ra t ion  con- 

d i t i o n  of 0.25 g ' s .  This measure revea l s  the  understeer gradient  i n  t h a t  

por t ion  of the cornering range i n  which the  veh ic le  is  responding i n  a 

d i s t i n c t l y  nonlinear fashion,  t y p i c a l l y  exh ib i t ing  a reduced l e v e l  of under- 

s t e e r  wi th  respec t  t o  t h a t  exhibi ted  i n  the  "normal" d r iv ing  regime. When 

t h e  unders teer  gradient  becomes negat ive ,  the  p o t e n t i a l  f o r  a yaw in- 

s t a b i l i t y  i s  present .  The more negat ive  is  the  g rad ien t ,  the  g r e a t e r  is the 

propensity f o r  such an i n s t a b i l i t y .  The reader i s  advised t o  consul t  

References [ 8 ]  and [ 9 ]  f o r  nore background on the  unders teer  and yaw 

s t a b i l i t y  sub jec t s .  

Yaw r a t e  response time. This neasure was defined i n  the context  of 

t h e  d iscuss ion of the  t r a n s i e n t  content  of the  t r apezo ida l  maneuver i n  

Section 2.1.3. The measure b a s i c a l l y  de:~ctibes the  time l ag  i n  yaw response 

which follows an abrupt s t e e r i n g  input.  This measure is of i n t e r e s t  insofa r  

a s  long values of response time general ly  imply t h a t  the  d r i v e r  must adopt 

a more an t i c ipa to ry  method of s t e e r i n g ,  s i n c e  the  v e h i c l e  takes longer to  

respond. I n  o the r  words, l a r g e r  values o f  response time a r e  seen a s  

degrading the  con t ro l  qua l i ty  of the  vehic le .  



Figure 12. Example handling diagram showing definition of the 
understeer gradient, u, at a lateral acceleration 
level of 0.25 G's. 



Figu re  1 3 .  Lateral Acceleration Responses in an Obstacle 
Avoidance Maneuver Defining the Amplif i cot ion 
Ratio. 



Rollover threshold. The rol lover  threshold measure i s  defined as  

that  minimum leve l  of l a t e r a l  accelerat ion which was needed i n  the sequence 

of trapezoidal s teer ing maneuvers to cause one of the rol l -arrest ing out- 

r iggers  to touch down on the pavement. The measure corresponds, approxi- 

mately, to  the l a t e r a l  acceleration l eve l  actual ly  needed for  rol lover .  

Rearward amplification. The rearward amplification measure i s  

defined as the r a t i o  of the peak value of l a t e r a l  acceleration achieved a t  

the rearmost t r a i l e r  of a combination vehicle to the peak value of l a t e r a l  

acceleration achieved a t  the t rac tor .  The rearward amplification measure 

i s  i l l u s t r a t ed  a s  the r a t i o ,  B / A ,  i n  Figure 13. As shown, the measure i s  

derived from the l a t e r a l  acceleration response s ignals  measured i n  the 

sinusoidal s t e e r  t e s t .  This measure is seen a s  depicting the r e l a t i ve  

propensity of the rear t r a i l e r  to approach a rol lover  condition i n  t h i s  

rapid-steering maneuver which i s  similar to an emergency lane change. Since 

ful l -scale  t e s t s  reveal tha t  the amplification measure increases with the 

nominal severi ty  of the maneuver (due to nonlinear phenomena), i t  was 

necessary, fo r  the purposes of the summary of data in  t h i s  sect ion,  to adopt 

the convention of evaluating the amplification r a t i o  a t  a peak l a t e r a l  

acceleration leve l  of 0 . 2  g a t  the t rac tor .  

2 . 2 . 2  Surmnary Results. Test r e su l t s  w i l l  be summarized i n  four 

primary groups, namely, 

1) Variations in  loading level  

2) Variations i n  payload c. g. height 

3) P a r t i a l  unloading of t r a i l e r  

4 )  Type of mult iple- t rai ler  combination 

The summary w i l l  be devoted simply to the data which was measured and not 

to a discussion of the safety significance of the findings. The reader 

should consult Volume I of the report f o r  a discussion of  the range of 

safety issues which pertain to the various categories of vehicle response. 



I n  Section 2.3, a comparision w i l l  be made between the t e s t  and 

simulation data  and the  ex ten t  of agreement between the  two s e t s  of da ta  

w i l l  be discussed. 

2.2.2.1 Variat ions i n  loadinq levcg. Test da ta  represent ing the  

inf luences  of v a r i a t i o n s  i n  a x l e  loading and gross  weight a r e  presented by 

means of each of the following measures: 

-Stopping d i s t ance  

-Understeer gradient  

-Yaw r a t e  response time 

-Rollover threshold 

-Rearward ampl i f ica t ion 

Stopping dis tance .  Shown i n  Figure 14 a r e  the  stopping d i s t ance  

r e s u l t s  f o r  vehic les  which were t e s t e d  with d i f f e r i n g  loading s t a t e s .  I n  

each of the basel ine ,  " 4 1  ," cases represented,  payload c .g . height was 

e s s e n t i a l l y  the  same ( see  Table 1 f o r  reference  t o  s p e c i f i c  va lues ) .  The 

increased-load cases a l s o  involved increases  i n  payload c .  g . height on the  

order  of 8 inches (20 cm). 

The d a t a  show general ly  increas ing stopping d i s t ances  with increased 

loading. Exceptions occur only i n  the  data  taken on the wetted pavement. 

There a r e  a l s o  l a r g e  d i f fe rences  i n  the  stopping d i s t ance  values achieved 

among the d i f f e r i n g  veh ic le  samples. I n  genera l ,  the  t e s t  veh ic les  were 

seen t o  be e i t h e r  incapable,  o r  marginally capable, of achieving wheel lock- 

up on the dry surface.  Thus, increases  i n  gross  weight merely r e s u l t e d  i n  

lower decelera t ion l e v e l s  f o r  t h e  same ( sa tu ra ted)  l e v e l  of brake torque 

output.  

Understeer gradient .  Shown i n  Figure 15 a r e  da ta  i l l u s t r a t i n g  the 

inf luence of var ious  loading conf igurat ions  on the  understeer gradient  

evaluated i n  the  t rapezoidal -s teer  t e s t  a t  a l a t e r a l  acce le ra t ion  l e v e l  of 

0.25 g ' s .  We s e e  t h a t  increases  i n  gross weight, and p a r t i c u l a r l y ,  load 

changes producing a more rear-biased loading on the t r a c t o r  ax les ,  cause a 





Axle Load/l000 1b Understeer Gradient at Ay = .25 C (Deg/G) 

Figure 15. Influence of Variations in Axle Load and Gross Weight on Understeer Level 

I 



dec l ine  i n  the  veh ic le ' s  understeer l e v e l .  For example, t h e  two combina- 

t ions involving f  ive-axle t r ac to r - semi t ra i l e r s  (T3-TR6 and T5-TR6) show 

s u b s t a n t i a l  reductions i n  understeer l e v e l  with the change i n  gross weight 

from 80,000 to  88,000 l b s  (36.3 to 39.9 m tons) (see cases C 1  vs .  C2). Some- 

what l a r g e r  reductions i n  understeer a r e  observed, f o r  the  basel ine  l e v e l  of 

gross weight, when the  load is  simply r e d i s t r i b u t e d  among the  a x l e  s e t s  

(see cases C 1  vs .  C3 f o r  both of the  f ive-axle t r ac to r - semi t ra i l e r  

combinations). 

Moreover, the  general ly  meaningful impl icat ion here is t h a t  rear-  

b ias ing of the  ax le  loads on the  power u n i t  causes a reduction i n  understeer 

l e v e l .  Since increases  i n  e i t h e r  a x l e  load o r  gross  weight allowances w i l l  

t yp ica l ly  be implemented wi thin  the  trucking indust ry  by the  imposition of 

g r e a t e r  load on the  non-steering ax les ,  it  can be concluded from these  t e s t  

da ta  t h a t  changes i n  e i t h e r  type of weight allowance w i l l  influence the  

understeer l e v e l  of vehic les .  

I n  addi t ion t o  v a r i a t i o n s  i n  loading condi t ions ,  the  da ta  i n  Figure 

15 a l so  show the  influence of a t i r e  mix condit ion upon the  understeer l e v e l .  

The t i r e  mix condit ion simply involved the  mounting of s tee l -bel ted rad ia l -  

ply t i r e s  on the  s t ee r ing  ax le  while r e t a i n i n g ,  a t  the  other  axle pos i t ions ,  

the  bias-ply t i r e s  with which a l l  o ther  t e s t i n g  was conducted. The t i r e  

mix cases were included i n  the  t e s t  matrix f o r  the  purpose of providing some 

s c a l e  of reference f o r  the i n t e r p r e t a t i o n  of the  inf luence of s i z e  and 

weight va r iab les  on the  understeer c h a r a c t e r i s t i c .  That is, s ince  the  t i r e  

mix condit ion is known t o  occur i n  s e r v i c e  and produces a s u b s t a n t i a l  

decl ine  i n  understeer l e v e l ,  it was seen a s  a convenient means of obtaining 

a degraded l e v e l  of understeer f o r  comparison with loading-induced 

degradations.  

The reader should note  t h a t  d i f f e r i n g  loading condit ions were involved 

i n  the  t i r e  mix case with d i f f e r i n g  vehic les .  For example, t o  assess  the  

influence of the  t i r e  mix condit ion,  per s e ,  on understeer l e v e l ,  one should 

compare the  data obtained under the  following cases with the indicated 

vehic les  : 



S t r a i g h t  t ruck ,  ST2, -- cases C 1  vs .  C4 

Three-axle tractor-semi,  TI-TR1 -- cases  C2 vs .  C3 

Five-axle tractor-semi,  T3-TR6 and T5-TR6 -- cases C3 vs .  C4 

We s e e  t h a t  the  da ta  show the  understeer l e v e l  t o  be reducing i n  the  case  

of the  t i r e  mix condi t ions  employed on tlae top th ree  veh ic les  i n  Figure 15 

and s taying e s s e n t i a l l y  unchanged i n  t h e  case  of t h e  four th  v e h i c l e  ( the  

T5-TR6 combination). The l a r g e s t  reduct ion i n  understeer l e v e l  due to  the  

t i r e  mix i s  seen i n  the  case  of the  s t ra , igh t  t ruck f o r  wnich a 1.6 deg/g 

l o s s  i n  understeer i s  observed. 

Results  showing a degraded l e v e l  of understeer i n  the  case  of the  

mixed t i r e  i n s t a l l a t i o n  had been a n t i c i p a t e d ,  of course,  although the  ex ten t  

of t h e  degradation was l e s s  than expected. It appears, however, t h a t  the  

less-than-anticipated inf luence can be t raced t o  an anomaly of the t e s t  pro- 

cedure. That is, t e s t s  using t h e  t i r e  mix condit ion on s p e c i f i c  veh ic les  

were conducted a t  t h e  conclusion of the  o t h e r  t e s t  cases  on t h a t  vehic le .  

A t  t h a t  po in t ,  the  bias-ply t i r e s  which had been i n s t a l l e d  a s  new t i r e s  on 

the  veh ic le  a t  t h e  beginning of the t e s t  s e r i e s  were a t  l e a s t  half-worn. 

The radia l -ply  t i r e s  which were put on the s t e e r i n g  a x l e  to  e f f e c t  the  "mix" 

condi t ion were e s s e n t i a l l y  new t i r e s  having neg l ig ib le  treadwear. Since 

t h e r e  i s  a s t rong  inf luence of t h e  t read depth of t ruck t i r e s  on t h e i r  

cornering s t i f f n e s s  property ( see ,  f o r  example, Reference [ l o ] ) ,  the  mix 

condi t ion provided only a minor dis turbance i n  the  cornering s t i f f n e s s  a t  

the f r o n t  ax le .  That i s ,  the mix condi t ion a c t u a l l y  represented a combina- 

t i o n  of fu l l - t r ead  r a d i a l s  and half-tread b i a s  t i r e s .  The c o n t r a s t  i n  the  

est imated [ l o  ,111 cornering s t i f f n e s s  l e v e l s  involved is  a s  follows : 

Tire  
7 

Cornering S t i f f n e s s  - 
Xew b i a s  (Fires tone T-1) 565 lb/deg (2568 N/deg) 

1/2-worn b ias  (Fires tone T-1) 745 lb /deg (3382 ~ / d e g )  

New r a d i a l  (Michelin XZA) 790 lb/deg (3586 N/deg) 

Accordingly, the  mix condit ion t h a t  appears t o  have a c t u a l l y  prevai led 

i n  nost  of the four cases shown i n  Figure 15 nay have involved a narrow 



range of corner ing  s t i f f n e s s  l e v e l s  between t h e  r a d i a l  and b i a s  t i r e s  which 

were i n s t a l l e d .  I n  r e t r o s p e c t ,  t he  test sequence should have been re-  

arranged such t h a t  t h e  mixed t i r e  cond i t ion  was run  a s  t he  f i r s t  ca se  i n  

t h e  s e r i e s ,  whi le  t h e  bias-ply t i r e s  were s t i l l  a t  t h e i r  f u l l - t r e a d  depth.  

Yaw r a t e  response  time. Shown i n  Figure  1 6  a r e  t h e  v a l u e s  of yaw 

r a t e  response time obta ined  i n  t h e  t r apezo ida l - s t ee r  t e s t s  w i t h  t h e  va r ious  

cases  of load v a r i a t i o n .  The f i g u r e  shows e s s e n t i a l l y  an i n v e r s e  in f luence  

from t h a t  i l l u s t r a t e d  i n  t h e  unde r s t ee r  d a t a  presented  above. That i s ,  

inc reases  i n  l oad ing ,  and s p e c i f i c a l l y ,  i n c r e a s e s  i n  t he  r ea r -b i a s  of load 

d i s t r i b u t i o n  on a t r u c k  o r  t r a c t o r  w i l l  cause  t h e  yaw r a t e  response time 

measure t o  i nc rease .  Although t h e  i n c r e a s e s  due t o  load  changes a r e  sub- 

s t a n t i a l ,  they a r e  s een  t o  be modest i n  c o n t r a s t  wi th  t h e  spread of va lues  

among the  va r ious  v e h i c l e s  i n  t h e i r  b a s e l i n e ,  C1, cond i t ion .  

Rollover  threshold .  Shown i n  F igu re  17  a r e  t h e  r o l l o v e r  t h re sho ld  

va lues  obta ined  over t h e  v a r i o u s  c a s e s  of loading .  O f  course ,  we s e e  t h a t  

t h e  r o l l o v e r  t h re sho ld  d e c l i n e s  s t r o n g l y  wi th  increased  loading .  It should 

be noted,  however, t h a t  i n c r e a s e s  i n  l oad ing  were implemented, i n  each 

case ,  by means of t h e  water  t anks  desc r ibed  i n  Sec t ion  2 . 1 . 2 . 2 .  The f i l l i n g  

of t h e  upper tanks  t o  achieve  t h e  inc reased  load  l e v e l s  in t roduced an 

i n c r e a s e  i n  t h e  he igh t  of t h e  payload c e n t e r  of g r a v i t y  a s  well. S ince  t h e  

geometry of t h e  tank  a r r a y  was f i x e d ,  t h e  r e s u l t i n g  a r b i t r a r y  v a r i a t i o n  i n  

payload c.g. h e i g h t  was r e l a t i v e l y  l a r g e  i n  cases  such a s  T1-TR1-C2, 

T3-TR6-C2, T5-TR6-C2, and T1-TR1-TR2-C2, wh i l e  a r e l a t i v e l y  smal l  change i n  

payload c.g. he igh t  was e f f e c t e d  i n  t h e  "high c.g,"  c a s e s  i d e n t i f i e d  i n  t h e  

next  s ec t ion .  

The d a t a  i n  F igure  17  thus  show r e l a t i v e l y  l a r g e  r educ t ions  i n  r o l l  

s t a b i l i t y  f o r  t h e  given v a r i a t i o n s  i n  a x l e  loading  and g ross  weight .  X1- 

though many common loading  s c e n a r i o s  might involve  somewhat l e s s e r  r educ t ions  

i n  r o l l  s t a b i l i t y  r e s u l t i n g  from an increased  load  al lowance,  d i scuss ions  

presented i n  Volume I c i t e  t h e  g r e a t  v a r i e t y  of loading  s i t u a t i o n s  which 

may occur--some producing g r e a t e r  d i s tu rbances  i n  payload c . g . he igh t  than  

those  represented  i n  t h e  t a s t  c a s e s ,  and some producing l e s s .  



Figure 16. Influence of Variations in Axle Load and Gross Weight on Yaw Rate Response Time 





Rearward ampl i f i ca t ion .  Two cases  of t h e  f  ive-axle  doubles combina- 

t i o n  permi t  examination of t h e  i n f l u e n c e  of g ros s  weight l e v e l  on t h e  r ea r -  

ward a m p l i f i c a t i o n  of t h e  v e h i c l e  i n  t h e  s inuso ida l - s t ee r  maneuver. L i s t ed  

below a r e  t h e  two t e s t  cases  of i n t e r e s t ,  both of  which produced the  same 

nominal rearward a m p l i f i c a t i o n  response.  

Although only one t e s t  ca se  was examined f o r  i n d i c a t i n g  t h e  nominal i n f l u -  

ence of g ros s  weight l e v e l  on rearward a m p l i f i c a t i o n ,  t h e  d a t a  confirm t h e  

generally-known r e s u l t ;  namely, t h a t  gro:ss weight changes have a - n e g l i g i b l e  

i n f luence  on rearward ampl i f i ca t ion .  

Axle & Gross Loadsli000 l b s  

2 . 2 . 2 . 2  Var ia t ions  i n  payload c . g p  h e i g h t .  Tes t  r e s u l t s  showing 

the  in f luence  of payload c.g. h e i g h t ,  pel: s e ,  on t h e  dynamic performance 

of heavy v e h i c l e s  a r e  sunrmarized below i n  terms of  t h e  fo l lowing response 

measures : 

Case Code Axle So. 

-Stopping d i s t a n c e  

-Understeer g rad ien t  

-Rollover t h re sho ld  

1 / 2  / 3 / 4 / 5 // GVW h p l i f  i c a t i o n  Rat io  
I 

The two v e h i c l e  types  upon which changes i n  payload c .g .  he igh t  were 

examined were the  three-axle  s t r a i g h t  t r u c k  and one of t h e  f ive-axle  t r a c t o r -  

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

Stopping d i s t a n c e .  Braking t e s t s  involv ing  cases  wi th  e l eva ted  pay- 

load l o c a t i o n  were done on the  wet pavement only .  Shown i n  Figure  18 a r e  

t h e  s topping  d i s t a n c e  va lues  obta ined  f o r  ca ses  i n  which a c e r t a i n  payload 

weight was loca t ed  a t  t h e  b a s e l i n e  and e l eva ted  h e i g h t s .  With both v e h i c l e s ,  
t h e  payload represented  a nominally ful l-gross-weight  load .  
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We see  t h a t  the  increased c.g. height  condi t ion causes the  stopping 

d i s t ance  t o  increase .  This r e s u l t  is  explained by observing t h a t ,  even i n  

t h e i r  base l ine  loading s t a t e s ,  the  vehic:Les i n  quest ion a r e  l imi ted  i n  

stopping d i s t ance  c a p a b i l i t y  on t h i s  wetted su r face  by the  lockup of t h e i r  

rearmost tandem a x l e  s e t s .  Thus, when the  c.g. pos i t ion  i s  e levated f u r t h e r ,  

the  dynamic load t r a n s f e r  occurring during braking causes these  rearmost 

ax les  t o  unload even more, such t h a t  r e a r  wheel lockup occurs a t  a lower 

dece le ra t ion  l e v e l  than i n  the  base l ine  cases .  

Understeer gradient .  Shown i n  Figure 19 a r e  the t e s t  r e s u l t s  showing 

the  inf luence of payload c.g. height  on unders teer  l e v e l .  We see  t h a t  

increased c.g. height causes the  unders t~ te r  l e v e l  t o  reduce. I n  the  case ,  

C4, of the  f ive-axle t r a c t o r - s e m i t r a i l e r ,  T7-TR6, the  e levated c.g. height  

a t  the gross weight l e v e l  of 88,000 l b s  (39.9 m tons) has so degraded r o l l  

s t a b i l i t y  t h a t  the  unders teer  measure cannot be meaningfully character ized.  

A s  w i l l  be shown i n  the  following d a t a  concerning r o l l  s t a b i l i t y ,  t h i s  case  

is  v i r t u a l l y  unstable  i n  r o l l  a t  the  0.2.5 g l e v e l  of l a t e r a l  acce le ra t ion  a t  

which the  unders teer  measure is  evaluated here.  

The b a s i c  t rend indicated by the  two veh ic le  cases shown i n  Figure 19 

confirms the  r e s u l t  which would be predil-ted by t h e o r e t i c a l  considera t ions .  

Namely, the  increased c.g. height  causes a g r e a t e r  degree of l a t e r a l  load 

t r a n s f e r  during cornering,  thus f u r t h e r  increas ing the  d i f fe rence  between t h e  

loads borne on l e f t -  and r igh t - s ide  t i r e s .  Since the  s t rong trend toward a 

decreasing l e v e l  of understeer i n  heavy trucks a s  l a t e r a l  acce le ra t ion  

increases  depends pr imar i ly  upon the  l e f t  / r i g h t  d i f  ferences  i n  t i r e  loading,  

increases  i n  payload c.8. height  should 'be genera l ly  expected t o  f u r t h e r  

reduce the  unders teer  l e v e l .  

Rollover threshold .  Shown i n  Figure 20 a r e  the  r o l l o v e r  threshold 

values exhibi ted  by t e s t  vehic les  operat1.d with d i f f e r i n g  values of c .g .  

he ight .  Clear ly ,  the re  is a profound reduct ion i n  r o l l  s t a b i l i t y  with the  

l e v e l s  of payload height  inc rease  represented here.  Nevertheless,  the  

represented cases should not  be looked upon a s  being unusual. Rather, these  

cases  represent  conservative values of payload c .g .  height f a l l i n g  w e l l  





Figure 20. Influence of Payload C.G. Height on Rollover Threshold 



within  the  nominal range of loading condi t ions  occurring i n  s e r v i c e  every 

day as  a consequence of d i f fe rences  i n  payload dens i ty .  

2.2.2.3 P a r t i a l  unloading. One case  of p a r t i a l  unloading was 

covered i n  t h e  t e s t  matrix.  Shown i n  Figure 21 a r e  t e s t  d a t a  i l l u s t r a t i n g  

the  inf luence on stopping d i s tance  of t h e  p r a c t i c e  of unloading ha l f  of the  

payload from the  r e a r  of a 45-foot (13.7-m) s e m i t r a i l e r  i n  a f ive-axle 

t r a c t o r - s e m i t r a i l e r  combination. The stopping d i s tances  a r e  seen t o  increase  

due t o  the  reduction i n  loading of t h e  t r a i l e r  r e a r  axle .  That i s ,  the  

l i g h t e r  r e a r  a x l e  load permits lockup of the  wheels on the  t r a i l e r  ax les  a t  

a dece le ra t ion  l e v e l  which is l e s s  than t h a t  achieved before lockup i n  the  

basel ine  case. Of course, the  s p e c i f i c  l e v e l  of inf luence which might be 

measured on a given veh ic le  i n  t h i s  type of t e s t  w i l l  depend e n t i r e l y  upon 

t h e  d i s t r i b u t i o n  of brake torques achieved a t  the  var ious  ax les  involved. 

A s  expounded upon i n  Volume I ,  t h e  brake torques generated on heavy t rucks  

vary widely due t o  d i f fe rences  i n  design,  maintenance, and inherent ly  non- 

s t a t i o n a r y  p roper t i e s .  Thus, while the  bas ic  nature  of the  observed r e s u l t  

can be explained f a i r l y  r e a d i l y ,  i t  must be recognized t h a t  a broad range of 

apparent inf luences  of the  " p a r t i a l  unloading" condi t ion could be observed 

i f  a l a r g e  number of veh ic les  were t e s t e d .  

2.2.2.4 Types of veh ic le  combinations. The t e s t  program included 

var ious  types of veh ic le  combinations, ranging from t rac to r - semi t ra i l e r s  

t o  t r i p l e s .  Two ca tegor ies  of veh ic le  maneuvering condi t ions  were examined 

by means of f u l l - s c a l e  t e s t s .  The two ca tegor ies  i n  question involve stopping 

d i s tance  and rearward ampl i f ica t ion performance. Although c e r t a i n  of the  

var ious  veh ic les  were a l s o  subjected t o  unders teer  and r o l l  s t a b i l i t y  evalua- 

t i o n s ,  these  t e s t s  were not conducted over the  whole matrix of veh ic les  f o r  

purposes of d i s t ingu i sh ing  the  inf luences  of veh ic le  type,  per se.  Of course,  

the  s e l e c t i o n  of the  t e s t  condi t ions  t o  be covered was based upon hypotheses 

concerning the  performance ca tegor ies  which were l i k e l y  t o  have t h e  g r e a t e s t  

s e n s i t i v i t y  t o  the  type of combination. 

For example, t h e  unders teer  measure was not  of  general  i n t e r e s t  i n  t h i s  

regard s ince  it desc r ibes  a response property of the  t r a c t o r  i n  a combination 

vehic le .  While the  at tached s e m i t r a i l e r ,  and p a r t i c u l a r l y  i t s  loading,  does 





play  a r o l e  i n  de termining  t h e  t r a c t o r ' s  unde r s t ee r  q u a l i t y ,  t h e  a d d i t i o n  

of  f u l l  t r a i l e r s  t o  t h e  r e a r  of  t h e  f i r s t  s e m i t r a i l e r  i s  of no consequence 

t o  t h e  t r a c t o r ' s  yaw behavior .  This  obse rva t ion  is  based upon t h e  well- 

known p r i n c i p l e  t h a t  t h e  convent ional  d o l l y  which couples f u l l  t r a i l e r s  i n  

m u l t i p l e - t r a i l e r  combinations is  incapab le  of t r a n s m i t t i n g  s i g n i f i c a n t  l e v e l s  

of e i t h e r  l a t e r a l  f o r c e  o r  r o l l  moment through i ts  at tachment a t  t h e  p i n t l e  

h i t c h .  Accordingly,  t h e  c o n f i g u r a t i o n  of t h e  combination a f t e r  t h e  f i r s t  

s e m i t r a i l e r  has no i n f l u e n c e  on e i t h e r  t h e  r o l l  o r  yaw behavior  of t h e  

t r a c t o r - s e m i t r a i l e r  p o r t i o n  of t h e  combination. 

Stopping d i s t a n c e .  Tes t  d a t a  addres s ing  t h e  i n f l u e n c e  of combination 

type  on t h e  braking performance of  d i f f e r i n g  v e h i c l e s  a r e  shown i n  Figure  

22.  The primary ques t ion  addressed i n  t h e s e  d a t a  i s  "What is  t h e  i n f l u e n c e  

of a d d i t i o n a l  t r a i l e r s  on t h e  s topp ing  performance of a v e h i c l e  combination?" 

The t e s t  d a t a  show d i f f e r i n g  i n f l u e n c e s  among t h e  v e h i c l e  combinations 

r ep resen ted .  

I n  t h e  case  of t h e  combinations involv ing  t h e  long,  45-foot (13.7-m) 

t r a i l e r s ,  we s e e  t h a t  t h e  a d d i t i o n  of ano the r  t r a i l e r  t o  t h e  r e a r  of t h e  

f ive-axle  t r a c t o r - s e m i t r a i l e r  causes  t h e  s topping  d i s t a n c e  t o  i n c r e a s e  

markedly. I n  cases  involv ing  t h e  s h o r t ,  27-foot (8.3-a) t r a i l e r s ,  we s e e  

s topping  d i s t a n c e  f i r s t  dec reas ing  w i t h  t h e  a d d i t i o n  of one t r a i l e r  ( thereby 

producing a double)  and, subsequent ly ,  i n c r e a s i n g  moderately w i t h  t h e  addi-  

t i o n  of ano the r  t r a i l e r  ( so  a s  t o  c o n s t i t u t e  a t r i p l e s  combinat ion).  Again, 

s i n c e  t h e  t e s t  d a t a  i nvo lves  such a l i m i t e d  number of samples, t h e  r eade r  

is advised  t o  i n t e r p r e t  t h e  r e s u l t s  c a u t i o u s l y .  It is suspected  t h a t  t h e  

t e s t  r e s u l t s  obta ined  i n  bo th  cases  a r e  more r e f l e c t i v e  of t h e  in f luence  of  

combining p a r t i c u l a r  v e h i c l e  specimens than  of t h e  g e n e r i c  i n f l u e n c e  of com- 

b in ing  a d d i t i o n a l  t r a i l e r s  t o  c o n s t i t u t e  l onge r  combinations. 

For example, t h e  case  invo lv ing  t h e  a d d i t i o n  of another  long t r a i l e r  

t o  c o n s t i t u t e  a " turnpike  double" c o n f i g u r a t i o n  adds a tandem a x l e  d o l l y  

and a tandem a x l e  s e m i t r a i l e r  t o  t h e  o r i g i n a l  f ive-axle  combination. No 

a d d i t i o n a l  experiments  were conducted t o  a s s e s s  t h e  brake  torque  l e v e l s  of  

e i t h e r  of t h e s e  a d d i t i o n a l  elements  i n  t h e  combination. Given t h a t  such 

l a r g e  inc reases  i n  s topping  d i s t a n c e  a r e  observed wi th  t h e  a d d i t i o n  of t he  





d o l l y  and e x t r a  s e m i t r a i l e r ,  it i s  suspected  t h a t  t h e s e  added u n i t s  a r e  

simply d e f i c i e n t  i n  t o rque  capac i ty .  This  s u p p o s i t i o n  is  based upon examina- 

t i o n  of t h e  r e s u l t s  presented  e a r l i e r ,  i n  F i g u r e  14 ,  showing t h a t  t h e  T3- 

TR6-C1 c o n f i g u r a t i o n  (which was t h e  b a s e l i n e  t r a c t o r - s e m i t r a i l e r  combination 

from which t h e  tu rnp ike  double was assembled) e x h i b i t e d  t h e  s h o r t e s t  

s topp ing  d i s t a n c e  of  a l l  t h e  combinat ion v e h i c l e s  t e s t e d ,  e s p e c i a l l y  on t h e  

d r y  su r f ace .  Thus, s i n c e  t h e  T3 t r a c t o r  and TR6 s e m i t r a i l e r  were seen  t o  be 

unusual ly  h i g h  i n  braking  c a p a b i l i t y ,  when coupled a s  a " s i n g l e , "  i t  seems 

r easonab le  t o  assume t h a t  t h e  lowered l e v e l  of performance seen  i n  t h e  

t u r n p i k e  double is a t t r i b u t a b l e  l a r g e l y  t o  d e f i c i e n t  t o rque  o u t p u t s  from 

t h e  added u n i t s .  

Conversely,  t h e  two-axle t r a c t o r ,  T I ,  i s  seen  a s  having brakes  which 

a r e  low i n  to rque  c a p a c i t y  such t h a t  a v e r y  long s topp ing  d i s t a n c e  is  seen  

i n  t h e  s i n g l e  s e m i t r a i l e r  c o n f i g u r a t i o n .  Subsequently,  when one a d d i t i o n a l  

t r a i l e r  i s  coupled t o  form t h e  double,  TI-TRI-TR2, s topping  d i s t a n c e s  on 

t h e  wet and d ry  s u r f a c e s  dec rease .  This  r e s u l t  sugges t s  t h a t  t h e  nominal 

" torque de f i c i ency"  of t h e  two-axle t r a c t o r  i s  being "overcome1' w i t h  t h e  

h igher  c a p a c i t y  braking  systems on t h e  t r a i l e r  and d o l l y  a x l e s .  The 

moderate i n c r e a s e  i n  t h e  s topp ing  d i s t a n c e  of t h e  t r i p l e ,  w i th  r e s p e c t  t o  

t h a t  a t t a i n e d  by t h e  double,  i s  then  i n d i c a t i v e  of  e i t h e r  a "genuine" mul t i -  

u n i t  combination e f f e c t  (such a s  i nc reased  a i r  t r ansmis s ion  t imes)  o r  is due 

to  an  anomalously l o v e r  t o rque  c a p a c i t y  among t h e  brake  systems on t h e  

t h i r d  s e m i t r a i l e r  and i t s  d o l l y .  

Moreover, such a l a r g e  number of a x l e s  a r e  involved i n  t h e  long 

combinations examined he re  t h a t  a l a r g e  range  of s topping  performance l e v e l s  

a r e  thought t o  be a t ta inable- -s imply  on t h e  b a s i s  of t h e  widely-ranging 

to rque  ou tpu t  l e v e l s  of commercial v e h i c l e s  i n  s e r v i c e  [12,13,14].  The 

r eade r  should note  t h a t  t h e  o v e r a l l  i s s u e  of t h e  i n f l u e n c e  of  combination 

type  on s topping  c a p a b i l i t y  is addressed  i n  Volume I. 

Rearward ampl i f i ca t ion .  Shown i n  F igu re  23 a r e  t h e  v a l u e s  of t h e  

rearward a m p l i f i c a t i o n  measure ob ta ined  i n  t h e  s i n u s o i d a l  steer t e s t  w i t h  

each of s i x  d i f f e r i n g  v e h i c l e  combinations. The f i g u r e  ranks  t h e  v e h i c l e s  

from t h e  lowest  a m p l i f i c a t i o n  l e v e l  t o  t h e  h i g h e s t .  S ince  t h e  a m p l i f i c a t i o n  

phenomenon is s t r o n g l y  s e n s i t i v e  t o  speed,  t h e  l e v e l s  of response  shown 





here  f o r  a  t e s t  speed of 45 mph (72  km/h) a r e  s u b s t a n t i a l l y  lower than  t h e  

va lues  which would occur i n  a maneuver a t ,  s ay ,  t h e  n a t i o n a l  speed l i m i t  

of 55 mph (88 km/h). Never the less ,  t h e  r e s u l t s  c l e a r l y  d i s c r i m i n a t e  among 

t h e  d i f f e r i n g  veh ic l e s .  Fu r the r ,  t h e s e  r e s u l t s  l i n e  up r a t h e r  w e l l  wi th  

t h e o r e t i c a l  cons ide ra t ions  which show t h a t  a m p l i f i c a t i o n  l e v e l  i n c r e a s e s  

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

dec reases  [15] .  

We s e e  t h a t  t h e  two top  v e h i c l e s  i n  t h e  f i g u r e  a c t u a l l y  produce an 

a t t e n u a t e d  l a t e r a l  a c c e l e r a t i o n  response  ( i .  e . ,  a  va lue  l e s s  than  1 . O )  a t  

t h e  r e a r  t r a i l e r  w i t h  r e s p e c t  t o  t h e  t r a c t o r  i n  t h i s  t e s t  maneuver. The 

v e h i c l e  combinations c o n s t i t u t e d  of t h e  s h o r t  27-foot (8.2-m) t r a i l e r s  

e x h i b i t  t h e  l a r g e r  l e v e l s  of a m p l i f i c a t i o n  and, f u r t h e r ,  t h e s e  l e v e l s  

i n c r e a s e  s t r o n g l y  wi th  t h e  a d d i t i o n  of more t r a i l e r s .  

Moreover, t h e  t e s t  r e s u l t s  show t h a t  t h e  convent ional  f ive-axle  double 

and t h e  seven-axle t r i p l e  e x h i b i t  r e l a t i v e l y  l a r g e  l e v e l s  of a m p l i f i c a t i o n  

wh i l e  t h e  f  ive-axle t r a c t o r - s e m i t r a i l e r  , t u rnp ike  double ,  and Rocky Mountain 

double v a r i e t i e s  e x h i b i t  minor l e v e l s  of t h i s  a m p l i f i c a t i o n  measure. 

2 . 3  Comparison of Tes t  and Simula t ion  Resu l t s  

The t a s k  of  comparing t e s t  and s imula t ion  r e s u l t s  i n  t h i s  s tudy  

s u f f e r s ,  t o  a  l a r g e  degree,  from t h e  "apples and oranges" syndrome. That 

is ,  f o r  a  number of reasons ,  t h e  v e h i c l e s ,  maneuver cond i t ions ,  and d a t a  

formats  used i n  connect ion  w i t h  f u l l - s c a l e  t e s t i n g  do no t  correspond d i r e c t l y  

w i t h  t h e  v e h i c l e s ,  maneuvers, and d a t a  formats  adopted i n  t h e  s imu la t ion  

e f f o r t .  Never the less ,  t h e r e  is  a s u f f i c i e n t  "overlap" i n  t h e s e  two respec-  

t i v e  d a t a  s e t s  t o  enab le  a  meaningful comparison of r e s u l t s .  I n  f a c t ,  t h e  

l e v e l  of agreement found upon comparing t h e s e  sets of r e s u l t s  was deemed 

s u f f i c i e n t  t o  warrant  t h e  use of  t h e  more comprehensive s imu la t ion  r e s u l t s  

a s  t h e  b a s i s  f o r  p re sen t ing  t h e  s t u d y ' s  f i n d i n g s  i n  Volume I.  F u r t h e r ,  

t he  t e s t  and s imula t ion  f i n d i n g s  were both  seen  t o  be  broadly  supported by 

the  e x i s t i n g  s t a t e  of knowledge i n  t h e  f i e l d  of t h e  mechanics of heavy-duty 

t rucks .  

Moreover, i t  was concluded p r i o r  t o  t h e  s imu la t ion  p o r t i o n  of t h e  

s tudy t h a t  t h e o r e t i c a l  unders tandings  had been confirmed by t e s t  r e s u l t s  t o  



such an e x t e n t  t h a t  t h e  s imu la t ion  e f f 0 r . t  could be designed simply t o  provide  

t h e  maximum coverage of  t h e  s i z e  and wei,ght i s s u e s  wi thout  assuming t h e  

c o s t l y  burden implied by t h e  t a s k  of prelcisely "matching" t h e  t e s t  ca ses .  

Having organized t h e  s imu la t ion  s tudy  w i t h  t h i s  o b j e c t i v e ,  i t  i s  t h e  purpose 

of t h i s  s e c t i o n  t o  examine t h e  e x t e n t  of agreement between t h e  b a s i c  

f i n d i n g s  ob ta ined  i n  t h e  test and s i m u l a t i o n  t a s k s .  It should be noted  

t h a t  t h i s  e x e r c i s e  does n o t  c o n s t i t u t e  a  "va l ida t ion"  a c t i v i t y  i n  t h e  

c l a s s i c a l  s ense  s i n c e  t h e  p r e c i s e  "matching" of v e h i c l e  and cond i t ion  

v a r i a b l e s ,  a s  mentioned, was n o t  underta'ken. 

The v e h i c l e  p a r t  of t h e  "mismatch" d e r i v e s ,  i n  p a r t ,  from t h e  simple 

f a c t  t h a t  t h e  measurement of t h e  mechanical p r o p e r t i e s  of t he  t e s t  v e h i c l e  

components c o n s t i t u t e s  a v e r y  l a r g e  t a s k  which was beyond t h e  scope of t h e  

s tudy.  Thus, t h e  e x t e n t  of  t h e  s i m i l a r i t y  between t h e  mechanical p r o p e r t i e s  

of b rakes ,  suspens ions ,  s t e e r i n g  systems,  e t c . ,  on t h e  t e s t  and s imula t ion  

v e h i c l e s  i s  l a r g e l y  unknown. In o t h e r  r e s p e c t s ,  c e r t a i n  d i f f e r e n c e s  between 

t h e  r e s p e c t i v e  d a t a  s e t s  r e s u l t e d  d i r e c t l y  from t h e  des ign  of t h e  t e s t  and 

s imula t ion  e x e r c i s e s  and thus  can be  i d e n t i f i e d .  These d i f f e r e n c e s  w i l l  be 

d i scussed  i n  Sec t ion  2.3.1, below. 

To t h e  e x t e n t  t h a t  t h e  test v e h i c l e s  and t e s t  procedures do ove r l ap  

w i t h  those  r ep resen ted  i n  t h e  s imu la t ion  e f f o r t ,  performance measures w i l l  

be  compared i n  S e c t i o n  2.3.2. 

2.3.1 D i s t i n c t i o n s  i n  t h e  Vehic les  and Operat ing Condi t ions .  The 

v e h i c l e s  examined through t e s t  and s imula t ion  a r e  'known t o  have d i f f e r e d  i n  

t h e  fo l lowing a s p e c t s :  

1 )  The brake systems on t h e  t e s t  v e h i c l e s  were g e n e r a l l y  low i n  

maximum to rque  c a p a c i t y  r e l a t i v e  t o  t h e  s i n u l a t e d  v e h i c l e s .  The brakes on 

t h e  t e s t  v e h i c l e s  were thus  unable to  achieve  wheel lockup under t h e  ma jo r i ty  

of t h e  load ing  cond i t ions  which were of  i n t e r e s t .  The s imula ted  v e h i c l e s ,  

on t h e  o t h e r  hand, were conf igured  wi th  brakes whose to rque  c a p a c i t i e s  were 

s i z e d  and propor t ioned among d i f f e r i n g  a x l e s  according  t o  a  scheme which is  

seen  a s  r e f l e c t i n g  t h e  modern des ign  p r a c t i c e s  of brake engineers .  This  

scheme is def ined  i n  Volume I. These systems were g e n e r a l l y  capable  of 

achieving  wheel lockup under v i r t u a l l y  a l l  of t he  loading  cond i t ions  examined. 



2 )  As was mentioned in  Section 2 .2 ,  the t e s t  condition involving a 

mixed in s t a l l a t i on  of radial- and bias-ply t i r e s  on the front  and rear  axles,  

respectively, of t e s t  t r ac to r s  was disturbed by a t i r e  wear problem. Thus, 

the difference i n  e f fec t ive  f ront  and rear  cornering s t i f fnesses  accruing 

under these t e s t  cases was l e s s  dramatic than planned. The simulated cases 

i n  which the t i r e  mix condition was represented, on the other hand, involved 

not only full-tread t i r e s ,  but a lso the select ion of rear-placed (bias-ply) 

t i r e s  such tha t  a very low value of cornering s t i f fnes s  prevailed a t  the 

rear ,  That i s ,  the spec i f ic  bias-ply t i r e  selected for  the rear  positions 

i n  these special  simulation cases involved a lug-type tread design yielding 

a cornering s t i f fnes s  l eve l  which represents a more extreme, but very r e a l ,  

case among those found i n  actual  service.  

Shown in  Figure 23 is a plot  of the cornering s t i f fnes s  charac te r i s t ics  

of the tested and simulated tires-with an estimation of the range of values 

for  the test-worn bias-ply t i r e s .  The estimations a r e  based upon data 

provided i n  Reference [ lo  1, showing the in£  luence of treadwear on cornering 

s t i f fnes s .  

3) The t e s t  and simulation cases were distinguished by d i f fe r ing  

baseline levels  of the height of the payload center of gravity.  .Also, the 

increment by which the payload c.  g. height was elevated upon increasing 

the gross weight leve l  was d i f fe ren t  between t e s t  and simulated cases. The 

baseline level  of payload c o g .  height employed i n  the t e s t  cases was 

approximately 70 inches (178 cm) , while the corresponding simulated value 

was an average of 83 inches (211 cm). The baseline t e s t  condition was 

limited by the dimensions of avai lable  loading racks. The simulated value 

of the baseline payload c.g. height was selected to  provide a reference 

value of  80 inches (203 cm) fo r  the c.g. height of the composite mass ( i . e . ,  

the t r a i l e r  sprung mass plus the payload). The 80-inch value has been 

ident i f ied in  other research as a reasonable estimate of the median freight  

density c o n d i t i o ~ a n d  a condition which is useful for  re la t ing  vehicle 

charac te r i s t ics  to rollover accident data [27 1. 
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The increment by which the  payload mass center  was ra i sed  upon 

increas ing the  gross weight l e v e l  was determined i n  the  t e s t  cases by the  

physical  layout of the  water tank assembly. For t r ac to r - semi t ra i l e r  cases 

involving 45-foot (13.7-m) t r a i l e r s ,  the  achievement of a gross  weight l e v e l  

of 88,000 l b s  ( 3 9 * 9  m tons) resu l t ed  i n  a nominal 9-inch (22.8-cm) r i s e  i n  

the  payload center  of g rav i ty  over t h e  pos i t ion  which prevai led i n  the  

basel ine  case,  with a gross  weight of 80,000 l b s  ( 3 6 . 3  m t o n s ) .  For t h e  

corresponding simulation case, the  payload c.g. height was ra i sed  by only 

5 inches (12.7 cm), according t o  a scheme by which a constant-density- 

f r e i g h t  condit ion i s  assumed. Thus, while both t h e  t e s t  and simulated cases 

imposed a r b i t r a r y  cons t ra in t s  upon t h e  base l ine  and incremental values used 

in  loca t ing  the  payload center  of g rav i ty ,  t h e  a c t u a l  f re ight- loading 

scenar ios  which might correspond t o  t h e  two approaches a r e  s i g n i f i c a n t l y  

d i f f e r e n t .  

I n  addi t ion t o  t h e  above items, t h e  t e s ted  and simulated vehic les  

d i f f e r e d  i n  unknown ways wi th  regard t o  t h e  s t i f f n e s s ,  coulomb f r i c t i o n ,  

free-play, and kinematic c h a r a c t e r i s t i c s  of suspensions, the  s t i f f n e s s  and 

kinematics of s t e e r i n g  systems (as  they inf luence understeer l e v e l ) ,  and i n  

t h e  e f f e c t i v e  t o r s i o n a l  s t i f f n e s s e s  of frames and h i t c h  assemblies. 

With regard t o  the  operat ing condi t ions  and control  inpu t s ,  the  t e s t  

and simulation cases d i f f e r e d  a s  follows: 

1) The t e s t s  were run under two pavement condi t ions;  namely, dry 

asphal t  and wet, coated, asphal t  su r faces .  While the  t e s t  and simulation 

r e s u l t s  obtained on t h e  dry surfaces  should not d i f f e r  s i g n i f i c a n t l y  from 

one another f o r  reasons of t h e  t i r e / r o a d  t r a c t i o n  limits, i t  is c l e a r  t h a t  

d i f ferences  i n  t h e  wet surface  condit ions were s u f f i c i e n t  t o  cause marked 

di f ferences  i n  r e s u l t s .  The wet su r face  employed i n  t e s t s  involving 

s t r a i g h t - l i n e  braking and braking i n  a tu rn  was seen to  y i e l d  high l eve l s  of 

"peak" t r a c t i o n  r e l a t i v e  t o  the  l e v e l s  achieved i n  the  locked-wheel condit ion.  

In  f a c t ,  t e s t  da ta  presented i n  Volume I11 show t h a t  average decelera t ion 

l e v e l s  achieved by trucks stopping on the  wetted sur face  from 25 mph (40 

km/h) were very near ly  the  same a s  t h e  dece le ra t ion  l e v e l s  achieved on the  



dry su r face  from 45 mph ( 7 2  km/h). Simulations representing stopping on a 

low-frict ion su r face ,  however, produced much lower dece le ra t ion  l e v e l s  than 

those achieved .under the simulated "dry ," o r  h igh- f r i c t ion  su r face  

condit ion.  

2) Test  speeds were a l l  lower than simulated speeds. The lower 

values of t e s t  speed were pr imar i ly  due t o  the  layout of t h e  t e s t  f a c i l i t y  

and the p r a c t i c a l  i n a b i l i t y  t o  acce le ra te  the  heavily-loaded t e s t  vehic les  

up to  the  f u l l  l e v e l  of highway speeds. Thus, a l l  t e s t s  on t h e  dry su r face  

were conducted a t  a  nominal speed condit ion of 45  mph ( 7 2  km/h) . Test  

s a f e t y  considera t ions  l e d  t o  the  s e l e c t i o n  of 25 mph ( 4 0  km/h) a s  the  

i n i t i a l  speed f o r  conducting braking t e s t s  on the wetted pavement. A l l  

s imulations,  on the  o t h e r  hand, represent  veh ic le  opera t ion a t  the n a t i o n a l  

speed limit value  of 55 mph (88 km/h). The d i f fe rences  i n  t e s t  versus 

simulated speeds have t h e  obvious e f f e c t  on the  stopping d i s t ance  measures 

and a l s o  upon t h e  rearward ampl i f ica t ion behavior of mult iple-unit  

combinations. 

3) S tee r  input  condi t ions  d i f f e r e d  s u b s t a n t i a l l y  i n  c e r t a i n  cases.  

The two cases i n  which d i f fe rences  i n  the  s t e e r  input  condit ion a r e  most 

notable a r e  t h e  t rapezoidal  and s inuso ida l  s t e e r  t e s t  maneuvers. The 

t r apezo ida l  t e s t  provides f o r  an approximately s teady-s ta te  cornering 

response, a f t e r  the  i n i t i a l  t r a n s i e n t  responses have died out .  The under- 

s t e e r  l e v e l s  character ized from the  r e s u l t i n g  s teady-s ta te  data  have been 

analyzed and a r e  reported a s  t h e  key measure which speaks t o  the  yaw 

s t a b i l i t y  of the  various t e s t  cases.  I n  the  corresponding s imulat ions ,  an 

a l t e r n a t i v e  approach was taken i n  which the  s t e e r i n g  was applied a s  a 

l inear ly- increas ing ramp of steering-wheel angle.  This method was chosen 

f o r  t h e  g rea t  improvement i n  e f f i c i ency  offered by the "sweep" of s t e e r  input  

l e v e l .  The r e s u l t i n g  understeer measure obtained from s imulat ions ,  however, 

is d i s t i n c t l y  non-steady s t a t e  i n  charac te r ,  although i t  can be used very 

e f f e c t i v e l y  to  i l l u s t r a t e  the r e l a t i v e  inf luence of changes i n  veh ic le  

parameters, such a s  i n  t h i s  study of s i z e  and weight v a r i a t i o n s .  The under- 

s t e e r  l e v e l  determined from ramp-steer-type maneuvers i s  always seen 

to  be h ighe r  than the  corresponding l e v e l  observed i n  a s teady-s ta te  tu rn  

condit ion [14].  Thus, a s  w i l l  be shown, the simulation-derived understeer 

values f a l l  well  above those obtained from f u l l - s c a l e  t e s t s .  



The second maneuvering case f o r  which s i g n i f i c a n t l y  d i f f e r e n t  s t e e r  

inputs  were applied involved the  s inusoidal-s teer  t e s t  procedure-in 

con t ras t  t o  the  closed-loop obstacle-avoidance maneuver conducted by means 

of simulation.  Although the bas ic  time period over which t h e  primary por t ion 

of the  s t e e r  inputs  were applied was 2.0 seconds i n  both cases ,  the  closed- 

loop maneuver can involve a more complex s t e e r i n g  waveform than the  t e s t  

case. Note i n  t h e  example of Figure 24 t h a t  t h e  closed-loop s t e e r i n g  input 

t y p i c a l l y  involves add i t iona l  zero-crossings a s  the  simulated "driver" 

fine-tunes the  veh ic le ' s  heading t o  a r r i v e  p rec i se ly  i n  the  t a r g e t  lane .  

These d i f fe rences  i n  s t e e r  input w i l l  have some e f f e c t  on the rearward 

ampl i f ica t ion behavior of multiple-unit  vehic le  combinations. 

4 )  A s  s t a t e d  e a r l i e r ,  t h e  means of iden t i fy ing  the  r o l l  i n s t a b i l i t y  

point  was d i f f e r e n t  i n  t h e  t e s t  and simulation cases.  The touchdown of the  

outr igger  cons t i tu ted  the  occurrence which i d e n t i f i e d  an approximate r o l l  

i n s t a b i l i t y  point  i n  the  case of the  t e s t  vehic les .  This p r a c t i c e  was 

"approximate" insofa r  as  each vehic le  s t i l l  possessed a c e r t a i n  add i t iona l  

ro l lover  res i s t ance  a t  the  touchdown condit ion s ince  t h e  outr igger  was 

adjusted on each vehic le  t o  touch the  ground a t  a value of t r a i l e r  angle 

which resu l t ed  i n  t h e  t r a i l e r  wheels l i f t i n g  off  of t h e  ground by some 4-8 

inches (10-20 cm) . I n  t h i s  condi t ion,  a l l  of the  t r a c t o r  t i r e s  were 

typ ica l ly  s t i l l  i n  contact  with t h e  pavement, although the  ins ide  s e t  of 

t i r e s  on the  t r a c t o r  d r ive  ax le ( s )  were t y p i c a l l y  on the  verge of l i f t o f f .  

Clearly,  t h e  extent  of t h e  consistency of the  outr igger  touchdown c r i t e r i o n  

as an ind ica to r  of ro l lover  threshold depends upon the  d i f fe rences  i n  the  

various vehic le  proper t ies  which inf luence the  t i r e  l i f t o f f  sequence. More- 

over, t h i s  t e s t  methodology produces an approximation of the  ro l lover  

threshold value, i n  g ' s  of l a t e r a l  acce le ra t ion ,  which is  always somewhat 

l e s s  than the  a c t u a l  ro l lover  threshold l e v e l .  The simulation,  on the  

o ther  hand, d i r e c t l y  measures the  peak l e v e l  of l a t e r a l  acce le ra t ion  which 

t h e  vehic le  can t o l e r a t e  without r o l l i n g  over. 



Figure  24.  D i s t i n c t i o n s  between s t e e r  i n p u t  time 
h i s t o r i e s  used i n  t e s t  v s .  s imulated 
s tudy of emerlgency l a n e  change-l ike 
maneuvers . 



2 . 3 . 2  Comparison of Results .  Test and simulation r e s u l t s  can be 

d i r e c t l y  compared i n  regard t o  the  following categor ies  of s i z e  and weight 

va r ia t ion :  

-Combined var ia t ions  i n  ax le  loading and gross vehic le  weight 

-Payload c. g. height  

- P a r t i a l  loading 

-Type of combination veh ic le  

P l o t s  showing the  corresponding r e s u l t s  w i l l  be presented below, together 

with comments on the  extent  of t h e  agreement indicated.  

2.3.2.1 Combined ax le  and gross weight va r ia t ions .  

Stopping Distance - Shown i n  Figure 25 a r e  stopping dis tance values 

representing t e s t  and s imulat ion r e s u l t s  f o r  four d i f f e r i n g  vehic les .  Note 

t h a t  f o r  each vehic le ,  t h e r e  is  one base l ine  and one increased-load case. 

The simulation r e s u l t s  r e f l e c t  stopping dis tances  from an i n i t i a l  speed of 

55 mph (88 km/h) on both wet and dry pavements. The t e s t  da ta  represent  

stopping dis tances  from (a) 45 mph ( 7 2  km/h) on a dry pavement and (b) 25 

mph (40 km/h) on a wetted pavement. Since the  t e s t  condit ions d i f f e r  so 

g rea t ly ,  the  da ta  a r e  use fu l  only f o r  i l l u s t r a t i n g  the  t rends  ( i . e . ,  s lopes)  

i n  the  influence of the loading var iab les .  

As was discussed i n  Sect ion 2 . 2  and a l s o  i n  Volume I ,  the t rend of 

the  inf luence of increased loading on stopping d i s tance  can be e i t h e r  

p o s i t i v e  o r  negat ive ,  depending upon the  torque capac i t i e s  of the  brake 

systems which a r e  involved. The f i g u r e  shows t h a t  e s s e n t i a l l y  opposi te  

t rends  were present  i n  t h e  simulated and t e s t  cases ,  although both da ta  s e t s  

do include examples of  both p o s i t i v e  and negative s lopes  i n  the  s e n s i t i v i t i e s  

to  increased loading. 

Moreover, the  two da ta  s e t s  c e r t a i n l y  do not agree ,  although the  

disagreement is seen a s  t raceable  t o  d i f fe rences  i n  the  brake systems of 

t h e  simulated and t es ted  veh ic les .  It is known t h a t  both "types" of brake 

systems a r e  r e a l i s t i c  and do e x i s t  commonly i n  today's t rucks .  The 





determination of which type (involving the proportioning of torques among 

axles and the overa l l  l eve ls  of torque capacity a t  each axle)  is more 

representat ive is beyond the scope of t h i s  project .  One can cer ta in ly  say 

tha t  vehicles such a s  those represented by the t e s t  vehicles  de f in i t e ly  

ex i s t  in serv ice  and thus would exhibi t  longer stopping distances when loaded 

to increased leve ls  of axle  load o r  gross weight allowance. Further,  such 

a r e s u l t  agrees completely with theore t ica l  considerations,  fo r  vehicles 

having sucn braking systems. 

Understeer Level - Shown i n  Figure 26 is a comparison of t e s t  and 

simulation measures of the influence of loading variables  on understeer 

leve l .  In both cases, the understeer measure is defined fo r  a l a t e r a l  

accelerat ion levef of 0.25 g s s .  We see,  f i r s t l y ,  tha t  the simulation r e s u l t s  

l i e  above the values found through t e s t i ng  ( t h a t  is, a t  higher values of 

understeer leve l ) .  This contrast  is i n  l i n e  with the d i s t i nc t ion  i n  s t ee r -  

ing input procedure c i t ed  above. The r q - t y p e  input of s teer ing  applied 

in the simulation causes the vehicle  to exhibi t  a higher l e v e l  of understeer. 

It is in te res t ing  t o  observe tha t  the s t r a i g h t  truck, ST2, shows under- 

s t e e r  leve ls  from simulation which a re  nearer to  the t e s t  values than a r e  

those for  the a r t icu la ted  vehicles.  This feature is a l so  i n  l i n e  with 

observations made i n  Reference [ 2 8 ] ;  namely, tha t  a primary cause of the 

difference between the understeer leve ls  obtained with t rac tor -semi t ra i le rs  

i n  a ramp-steer versus steady-turn condition derives from the lag  i n  the 

response of the semi t ra i le r .  Since the s t r a igh t  truck includes no such l ag  

mechanism, i ts  rarrrp-steer and steady-state-derived understeer l eve l s  a r e  

more nearly the same. 

With regard to trends, the influences of load changes on the under- 

s t e e r  l e v e l  a r e  very s imi la r  i n  the t e s t  and s h u l a t i o n  r e su l t s .  We see 

tha t  a l l  of the increased-load cases caused understser leve l  to decl ine 

with respect to the basel ine condition. Listed below a re  the nominal 

decrements i n  understeer l eve l  obtained i n  the c i ted  t e s t  and simulation 

cases. 





Understeer Decrements, deg/g , 
Condition Due t o  Increased Loading 

Vehicle Codes Test Simulation 

Truck, ST2 C2 - C 1  -1.5 -1.4 

Tractor-Semi, T1-TRI C2 - C 1  -0.8 -0.7 

Tractor-Semi, T3-TR6 C2 - C1 -0.5 

C3 - C1 -0.8 

Double, T1-TR1-TR2 C2 - C 1  -1.3 -0.6 

The tabula ted decrements show a remarkable degree of agreement be tween 

t e s t  and s imulat ion r e s u l t s .  Indeed, given a l l  of the  unknown proper t i e s  

of t h e  t e s t  veh ic les ,  the  ex ten t  of t h i s  agreement seems r a t h e r  coincidenta l .  

Nevertheless, the  t e s t  and s imulat ion d a t a  q u i t e  reasonably confirm t h a t  

increased loading,  and p a r t i c u l a r l y  rear-biasing of ax le  load d i s t r i b u t i o n ,  

cause d i s t i n c t  reductions i n  the  unders teer  l e v e l s  of heavy veh ic les .  

Also i n  Figure 26 one notes t h a t  t h e  decrement i n  unders teer  l e v e l  

accompanying the  r a d i a l / b i a s  t i r e  mix cases a r e  very d i f f e r e n t  i n  the  simu- 

l a t i o n  and t e s t  r e s u l t s .  The simulated cases a r e  seen t o  produce decrements 

on the  order of 4 deg/g due t o  the t i r e  mix condi t ion,  while the t e s t  cases  

y i e l d  decrements from 0.4 t o  1.6 deg/g. As discussed above, t h i s  d i f fe rence  

i n  r e s u l t s  is  a t t r i b u t e d  t o  the  g rea t  d i f fe rence  i n  the  a c t u a l  t i r e  proper- 

t i e s  which prevai led i n  the  t e s t  and simulated cases.  While t h e  simulated 

t i r e  mix condit ion involved a l a r g e  spread i n  e f f e c t i v e  cornering s t i f f n e s s e s  

on the  f r o n t  and r e a r  ax les  of the  veh ic les  involved, the  t e s t  vehic les  

a c t u a l l y  achieved only a small spread i n  t i r e  p roper t i e s  a s  a r e s u l t  of 

test-induced treadwear on the  rear-mounted bias-ply t i r e s .  

Rollover Threshold - Shown i n  Figure 2 7  a r e  the  r o l l o v e r  threshold 

values obtained through s imulat ion and t e s t  a t  var ious  loading condi t ions .  

The f i g u r e  shows t h a t  increased loading resu l t ed  i n  a decreased ro l lover  

threshold i n  a l l  t e s t  and s imulat ion data .  We see  a l s o  t h a t :  

a) The t e s t  values of r o l l o v e r  threshold always l i e  above the 

values obtained i n  s i m u l a t i o ~ r e f l e c t i n g  the  s u b s t a n t i a l l y  







lower va lues  of payload c .g ,  h e i g h t  employed i n  t h e  t e s t  

v e h i c l e s ,  as was d i scussed  above. 

b) The incrementa l  r educ t ions  i n  r o l l o v e r  t h re sho ld  d e r i v i n g  

from t h e  inc reased  load  s t a t e s  a r e  g e n e r a l l y  l a r g e r  i n  t h e  

t e s t  ca ses  than  i n  t h e  s imula ted  results-again r e f l e c t i n g  

the  g r e a t e r  incrementa l  change i n  payload c .g ,  h e i g h t  

employed i n  conjunct ion  w i t h  t h e  inc reased  load  l e v e l  i n  t h e  

t e s t  ca ses  ( v i z , ,  a 9-inch (23-cm) i n c r e a s e  i n  t h e  t e s t  

ca ses  ve r sus  a  5-inch (13-cm) i n c r e a s e  i n  t he  s i m u l a t i o n ) .  

L i s t e d  below a r e  t h e  decrements i n  r o l l o v e r  t h re sho ld  observed due t o  

loading  i n  t h e  t e s t  and s imula ted  cases .  

Rollover  Threshold Decrement 
Due t o  Inc reased  Loading, g's 

Vehic le  Cases Tes t  S imula t ion  

Truck, ST2 C2 - C1 -. 085 -. 035 

Tractor-Semi, TI-TRl C2 - C 1  - ,080 -. 035 

Tractor-Semi, T3-TR6 C2 - C 1  -. 075 -. 035 

C3 - C 1  -. 020 +. 010 

Tractor-Semi, T5-TR6 C2 - C 1  -. 050 -. 035 

C3 - C 1  -. 010 -. 020 

Double, T1-TRl-TR;! C2 - C 1  -. 075 -.035 

Over a l l  of t h e  e n t r i e s  above c i t i n g  changes i n  l oad ing  l e v e l ,  namely, 

cases  C2 - C 1 ,  t he  decrement i n  r o l l o v e r  t h re sho ld  measured i n  f u l l - s c a l e  

t e s t s  is an average  of 2.08 times t h e  decrement observed through s imula t ion .  

These decrements d e r i v e  p r imar i ly  from t h e  i n c r e a s e  i n  payload c .g .  h e i g h t s  

which accompany t h e  inc reased  load ing  cond i t ion .  I f  we r a t i o  t h e  payload 

c.g.  h e i g h t s  p r e v a i l i n g  i n  t h e  C2 ve r sus  C 1  cond i t ions ,  we s e e  t h a t  t h e  t e s t  

v e h i c l e  payloads inc reased  i n  h e i g h t  by 9 /70  = .13 whi le  t h e  payload c .g .  

he igh t s  i n  t h e  s imula ted  v e h i c l e s  i nc reased  by 5 /83  = .06 .  That i s ,  t h e  



t e s t  v e h i c l e s  experienced i n c r e a s e s  i n  payload c.g. he igh t  which were 

g r e a t e r  by a f a c t o r  of 2.13 than  those  incu r red  i n  t h e  corresponding simula- 

t i o n  cases .  Accordingly, t h e  observed va lue  of  2.08 which was c i t e d  above 

a s  t he  c o n t r a s t  i n  t e s t  ve r sus  s imula ted  decrements i n  r o l l o v e r  t h re sho ld  

i s  seen  t o  compare very  favorably  w i t h  t h e  2.13 d i f f e r e n c e  i n  t h e  correspond- 

i n g  changes i n  payload c.g. h e i g h t ,  

Rearward Ampl i f ica t ion  - The doubles conf igu ra t ion ,  T1-TR1-TR2, was 

t e s t e d  wi th  g ros s  weight  l e v e l s  of  80,000 and 88,000 l b s  (36.3 and 39.9 

m t o n s ) .  I n  Sec t ion  2.2, t h e  rearward a m p l i f i c a t i o n  l e v e l  measured i n  t h e s e  

two t e s t  ca ses  was r epor t ed  t o  be v i r t u a l l y  ident ica l - indica t ing  t h a t  a  

10% change i n  t h e  g ros s  weight  on such v e h i c l e s  has  a  n e g l i g i b l e  i n f l u e n c e  

on rearward ampl i f i ca t ion .  I n  Volume I ,  a set of s imu la t ions  was repor t ed  

i n  which g ross  weight v a r i a t i o n s  had been made on t h e  same type  of conven- 

t i o n a l  double. Ampl i f ica t ion  r a t i o  was seen  t o  change i n  t h e s e  s imu la t ion  

cases  by approximately 3% a s  a  r e s u l t  of t h e  g ros s  weight change from 

80,000 t o  88,000 l b s  ( 3 6 . 3  t o  39.9 m t o n s ) .  

Thus, s imu la t ion  and t e s t  d a t a  confirm t h a t  modest i n c r e a s e s  i n  g r o s s  

weight do no t  have a s i g n i f i c a n t  i n f l u e n c e  upon t h e  rearward a m p l i f i c a t i o n  

behavior  of v e h i c l e s  of t h i s  type .  T h e o r e t i c a l  c o n s i d e r a t i o n s  sugges t  

t h a t  t h i s  f i n d i n g  should apply  r a t h e r  broadly  t o  o t h e r  convent ional  mul t ip le-  

t r a i l e r  con f igu ra t ions  , a s  we l l .  

2.3.2.2 Var i a t ions  i n  payload c.g. h e i g h t .  Very l i m i t e d  samples of 

d a t a  a r e  a v a i l a b l e  comparing t h e  i n f l u e n c e  of payload c.g.  he igh t  v a r i a t i o n s  

on dynamic behavior .  Tes t  c a s e s  employing c.g. he igh t  v a r i a t i o n s ,  alone- 

wi thout  accompanying changes i n  load  level-included only one t r a c t o r -  

s e m i t r a i l e r  and one s t r a i g h t  t ruck .  S imula t ion  cases  inc luded only  t h e  

t r a c t o r - s e m i t r a i l e r  and t h e  convent ional  doubles conf igu ra t ion .  Thus, t he  

only  over lap  between t e s t  and s imula t ion  c a s e s  showing t h e  in f luence  of 

payload c.g. he igh t  a r e  t hose  involv ing  t r a c t o r - s e m i t r a i l e r  combinations. 



Stopping Distance - Shown i n  Figure 28 a r e  the  stopping d i s t ances  

obtained i n  the  t e s t  and simulation cases f o r  70 and 95 inches (178 and 

241 cm) values of payload c.g.  height .  Both of these  cases were examined 

a t  the payload weight condi t ion y ie ld ing  a gross weight l e v e l  of 80,000 

l b s  (36.3 m tons ) .  Again, note t h a t  the  very d i f f e r e n t  pavement and speed 

condit ions involved r e s u l t  i n  gross d i f fe rences  i n  the  absolute  l e v e l  of 

stopping dis tances  achieved. We see  t h a t  stopping d i s t ances  increase  i n  

both the t e s t  and simulation cases with increased height of the  payload 

center  of gravi ty .  Of course, a s  s t a t e d  e a r l i e r ,  the  d i f f e r e n t  na tu re  of 

the respect ive  braking systems on t h e  t e s t  and simulated veh ic les  makes 

q u a n t i t a t i v e  comparison unwarranted. Nevertheless, s ince  the  t e s t  veh ic le  

was capable of locking t h e  t r a i l e r  wheels on the  wet su r face  i n  the  "low 

c.g." condi t ion,  i t  was c e r t a i n l y  expected t h a t  stopping d i s t ance  would 

increase  when t h e  payload c.g.  i s  raised--as the  simulated cases a l s o  

ind ica te .  

Understeer Level - Shown i n  Figure 29 a r e  t e s t  and simulation r e s u l t s  

showing the inf luence of payload c.g. height  on the  understeer l e v e l .  We 

see  t h a t  the  e levated c.g.  case causes a dec l ine  i n  understeer l e v e l  i n  

both cases,  although the  reduction is approximately th ree  times a s  g rea t  

i n  the  case  of the  t e s t  r e s u l t s  ( a t  a  gross weight l e v e l  of 80,000 15s 

(36.3 m t o n s ) ) .  Since a l a r g e  number of s t e e r i n g ,  suspension, and t i r e  

p roper t i e s  can inf luence t h i s  p a r t i c u l a r  s e n s i t i v i t y  funct ion,  the  minimal 

d e f i n i t i o n  of the  t e s t  v e h i c l e ' s  ?arameters leaves  l i t t l e  b a s i s  f o r  commenting 

upon t h e  d i f fe rence  observed here.  

Rollover Threshold - Shown i n  Figure 30 a r e  values of ro l lover  

threshold obtained i n  th ree  cases of t e s t  and simulated response. The same 

two cases c i t e d  above a r e  augmented with another case involving an elevated 

payload which gives a gross weight l e v e l  of 88,000 l b s  (39.9 m tons ) .  

(This l a t t e r  condi t ion was a l s o  examined. f o r  understeer behavior but  was 

discarded because the  understeer measure was inval idated by the  impending 

ro l lover  condit ion accruing i n  the v i c i n i t y  of the  0.25 g l e v e l  of l a t e r a l  

acce le ra t ion  a t  which the  understeer measure is def ined. )  
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Figure 30. Influence of Payload C.G. Height on Rollover Threshold 
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We s e e  t h a t  very good agreement is  obtained between the  t e s t  and 

s imulat ion results--suggesting t h a t  when i d e n t i c a l  payload c.g.  placements 

and loading values  a r e  considered,  the  T7-TR6 t e s t  v e h i c l e  and the  simulated 

f ive-axle  t r a c t o r - s e m i t r a i l e r  behave very s i m i l a r l y  i n  t h e i r  r o l l  response. 

This r e s u l t  depends upon a reasonable  match i n  the  r o l l - r e l a t e d  p roper t i e s  

of t h e  respec t ive  suspensions,  e s p e c i a l l y  those  i n s t a l l e d  a t  the  r e a r  of t h e  

t r a c t o r  and on t h e  s e m i t r a i l e r  ax les .  

2.3.2.3 P a r t i a l  loading. Only one s e t  of corresponding t e s t  and 

s imulat ion d a t a  a r e  a v a i l a b l e  which speak t o  t h e  inf luence of p a r t i a l  loading 

on veh ic le  response. Shom i n  Figure  31 a r e  r e s u l t s  present ing the  in f luence  

of t h e  examined p a r t i a l  load case on stopping d i s t ance .  Again, the  d i f f e r -  

ences i n  absolute  value  stem from d i s t i n c t i o n s  i n  speed and su r face  condi t ions .  

The f i g u r e  shows t h a t  the  removal of ha l f  of t h e  payload from the  r e a r  of 

the  s e m i t r a i l e r  causes t h e  stopping d i s t ances  t o  inc rease  i n  a l l  cases ,  

al though t h e  simulated v e h i c l e  exhibi ted  a much g r e a t e r  s e n s i t i v i t y  t o  t h i s  

loading change than d id  the  t e s t  veh ic le .  The d i f fe rences  i n  s e n s i t i v i t y  

can c e r t a i n l y  be a t t r i b u t e d  i n  p a r t  t o  the  more aggress ive  brake systems 

involved i n  t h e  simulated cases ,  by which the  more l i g h t l y  loaded t r a i l e r  

ax les  a r e  prematurely locked i n  the  p a r t i a l  load case.  Xevertheless,  t h e  

very low l e v e l  of s e n s i t i v i t y  seen i n  the  t e s t  d a t a  was not a n t i c i p a t e d  and 

cannot be explained i n  any d e t e r m i n i s t i c  way. Apparently, the  brakes on 

t h e  c r u c i a l  t r a i l e r  a x l e  loca t ions  produced s u f f i c i e n t l y  low l e v e l s  of 

brake torque t h a t  the  half- load case  d i d  not i n c i t e  wheel locking a t  the  

much lower l e v e l  of dece le ra t ion  t h a t  was expected. 

2.3.2.4 Type of m u l t i p l e - t r a i l e r  combinations. Dif fer ing types of 

m u l t i p l e - t r a i l e r  combinations were of i n t e r e s t  i n  the  t e s t  matr ix  pr imar i ly  

i n  terms of the rearward ampl i f i ca t ion  behavior exh ib i t ed .  Although braking 

t e s t  d a t a  were a l s o  presented i n  Sect ion 2.2, the  corresponding s imulat ions  

were not  produced. 

Shown i n  Figure 32 a r e  rearward ampl i f i ca t ion  values obtained through 

t e s t  and simulation.  The f i g u r e  shows th ree  s e t s  of rearward ampl i f i ca t ion  

values  f o r  each of s i x  veh ic le  combinations. The veh ic les  a r e  ranked on the  







f igure  from the lowest to  highest leve l  of rearward amplification measured 

i n  ful l -scale  tes t s .  The t e s t  procedure which was employed i n  producing 

these amplification values involved one cycle of a s teer ing waveform 

approximating a s ine  wave, with the vehicle traveling a t  4 5  rnph ( 7 2  kmlh). 

The simulation resu l t s  exhibiting the highest values of amplification r a t i o  

were obtained i n  an obstacle-avoidance maneuver which was run a t  a simulated 

speed of 55 mph (88 km/h). These basic maneuver conditions were discussed 

ea r l i e r .  

We see that  the amplification r a t i o s  obtained from these calculations 

reg is te r  considerably higher than the values measured in  the similar t e s t  

runs made a t  4 5  rnph ( 7 2  km/h) . The d is t inc t ions  shown i n  the f igure between 

the t e s t  data  a t  45  rnph ( 7 2  km/h) and the simulated r e su l t s  a t  55 rnph 

(88 kmlh) are  not surprising, however. In f a c t ,  the basic observation that  

amplification r a t i o  goes up dramatically with vehicle speed i s  well known 

and has been documented by various researchers (e .g . ,  [ 5 , 3 7 ] ) .  In order to  

more eas i ly  assess the agreement between the t e s t  and simulation methods in  

regard to t h i s  measure, however, an additional s e t  of simulations was run 

using a speed condition which matched the t e s t  speed of 45  rnph ( 7 2  kmlh). 

This extra  simulation e f fo r t  which attempted to match the t e s t  conditions 

was thought to be warranted here because it  i s  known tha t  the rearward 

amplification behavior i s  primarily sens i t ive  to length parameters which 

could be accurately matched between t e s t  and simulated cases. 

The simulation r e su l t s  obtained a t  a speed of 45  rnph ( 7 2  kmlh) are  

seen to agree rather  well with the t e s t  r e su l t s .  In the case of the t r i p l e ,  

the actual  agreement is s l i gh t ly  be t te r  than indicated since the t e s t  runs 

on t h i s  vehicle were conducted a t  a speed of approximately 4 3  rnph (69 km/h) 

rather  than the target  value of 45  mph ( 7 2  km/h) as a r e su l t  of an inab i l i t y  

to reach the target  speed in  the distances available.  

Xoreover, the simulation r e su l t s  a r e  seen to  be reasonably confirmed 

by the t e s t  measurements which were made on the s i x  vehicle combinations 

shown. 



CHAPTER 3 

ANALYTICAL METHODS 

I n  Volume I of t h i s  r e p o r t ,  a  broad set of f i n d i n g s  concerning t h e  

i n f l u e n c e  of  s i z e  and weight v a r i a b l e s  on t h e  s t a b i l i t y  and c o n t r o l  of heavy 

v e h i c l e s  was presented .  These f i n d i n g s  were based e s s e n t i a l l y  upon t h e  

r e s u l t s  of s imu la t ion  a c t i v i t i e s  conducted du r ing  t h e  p r o j e c t .  A v a r i e t y  

of s imu la t ion  models were employed i n  conducting t h e s e  ana lyses .  I n  t h i s  

c h a p t e r ,  t h e s e  s imu la t ion  models w i l l  be i d e n t i f i e d  and t h e  b a s i c  schemes 

f o r  r e p r e s e n t i n g  t h e  v e h i c l e  w i l l  be d i scussed .  I n  t h e  c a s e s  i n  which t h e  

s imu la t ion  model e x i s t e d  p r i o r  t o  i t s  a p p l i c a t i o n  i n  t h i s  r e s e a r c h  e f f o r t ,  

t h e  model is  only  b r i e f l y  in t roduced and t h e  r eade r  i s  r e f e r r e d  t o  publ i shed  

documents f o r  a  more complete p r e s e n t a t i o n  of t h e  b a s i c  formula t ion .  Simpli- 

f i e d  models which were developed i n  t h e  cour se  of t h i s  s tudy  a r e  o u t l i n e d  

i n  more d e t a i l .  

The models w i l l  each be d i scussed  i n  t u r n ,  beginning w i t h  those  which 

had been developed p rev ious ly .  

3 .1  Previously-Developed Yodels 

The s tudy  made use  of  f o u r  simu1at:ion models which had been developed 

a t  The Un ive r s i ty  of Michigan's  Transpor , ta t ion  Researcn I n s t i t u t e  f o r  t h e  

a n a l y s i s  of t h e  dynamic behavior  of heaqy v e h i c l e s .  These models a r e  t h e  

fo l lowing:  

-Linear  Yaw Plane  Node1 (documented i n  Reference 1161) 

- S t a t i c  Ro l l  Model (documented i n  Reference 1171) 

-Yaw/Roll Model (documented i n  Reference [18] ) 

-Comprehensive Braking and Handling Model - Phase IV (documented 
i n  Reference [19])  



Each model was employed t o  perform a d i f f e r e n t  p o r t i o n  of  t h e  i n v e s t i g a t i o n .  

The r e s p e c t i v e  t a s k s  performed w i t h  each model w i l l  be i d e n t i f i e d  below, 

t o g e t h e r  w i th  a b r i e f  o u t l i n e  of t h e  f e a t u r e s  of t h e  mathematical  f o r n u l a t i o n .  

3.1.1 Linear  Yaw Plane  Model. This  model was employed f o r  e v a l u a t i n g  

t h e  rearward a m p l i f i c a t i o n  of mu l t ip l e -un i t  v e h i c l e  combinat ions i n  t hose  

c a s e s  i n  which a l oad  b i a s  e x i s t e d  such  t h a t  t h e  f ron t -  and r ea r - loca t ed  

t i r e s  were not  being loaded uniformly.  I n  g e n e r a l ,  t h e  model provides  f o r  

e v a l u a t i o n  of t h e  dynamic yaw response  of v e h i c l e  combinat ions having up t o  

f o u r  i n d i v i d u a l  u n i t s ,  such as i n  a convent ional  doubles conf igu ra t ion .  The 

model has  t h e  fo l lowing f e a t u r e s  and assumptions:  

1 )  The model r e p r e s e n t s  t h e  v e h i c l e  by a system of l i n e a r  

equa t ions  r e p r e s e n t i n g  t h e  d i r e c t i o n a l  dynamics of 

a r t i c u l a t e d  v e h i c l e s  which a r e  assumed t o  behave a s  

r i g i d  bodies  i n  t h e  h o r i z o n t a l  plane.  

2)  The degrees  of freedom a r e  l i m i t e d  t o  t h e  l a t e r a l  v e l o c i t y  

and yaw r a t e  of t h e  t r a c t o r ,  and t h e  a r t i c u l a t i o n  motions 

i n  t h e  h o r i z o n t a l  p l ane  of each  of t h e  va r ious  elements  of 

t h e  v e h i c l e  combination. 

3)  The co rne r ing  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 - road  i n t e r f a c e  a r e  assumed t o  be l i n e a r  func t ions  of 

t h e  s i d e s l i p  ang le  of t h e  t i r e .  

4 )  A r t i c u l a t i o n  ang le s  a r e  small such t h a t  small-angle 

approximat i o n s  apply.  

5 )  The s u r f a c e  i s  assumed t o  have uniform f r i c t i o n a l  

p r o p e r t i e s .  

6) Braking and t r a c t i v e  f o r c e s  of t h e  t i r e  a r e  assumed t o  

be n e g l i g i b l e .  

7 )  P i t c h  and r o l l  motions of  t h e  sprung mass a r e  neg lec t ed .  

8) A l l  j o i n t s  a r e  assumed t o  be 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  

of t h e s e  j o i n t s  t akes  p l a c e  about v e r t i c a l  axes.  



9) Steer ing input  i s  assumed t o  b e  applied d i r e c t l y  t o  the 

f r o n t  wheels, wi th  no " s tee r ing  system" i n t e r a c t i o n .  

10) Gyroscopic forces  due t o  r o t a t i n g  wheels a r e  neglected.  

The model was employed i n  t h i s  study a t  a f ixed value  of forward 

v e l o c i t y ,  wi th  a s inuso ida l  s t e e r i n g  input  appl ied  i n  an examination of the  

r e l a t i v e  amplitudes of the  l a t e r a l  acce le ra t ion  responses a t  the  t r a c t o r  and 

a t  each of the  v e h i c l e ' s  elements along t:he combination. The r e s u l t s  repre- 

s e n t  f i r s t - o r d e r  es t imates  of rearward a n ~ p l i f i c a t i o n  behavior. The p r i n c i p a l  

shortcomings of the  model a r i s e  when the  maneuver s e v e r i t y  causes t i r e  s l i p  

angles  t o  become l a r g e  (say,  g r e a t e r  than 3-4 degrees) and when the l a t e r a l  

acce le ra t ion  condi t ion causes l a rge  changes i n  the  v e r t i c a l  loads being 

borne on l e f t -  and r igh t - s ide  t i r e s .  

3.1.2 S t a t i c  Rol l  Model. The s t a t i c  r o l l  model provides f o r  a 

nonlinear t r e a t a e n t  of the  r o l l i n g  motiori of a veh ic le  comprised of a maximum 

of th ree  "lumped" suspension systems. 111 i t s  b a s i c  formulation,  the model 

was constructed t o  represent  the  r o l l  behavior of t r a c t o r - s e m i t r a i l e r s  i n  

which the  t r a c t o r  s t e e r i n g  ax le ,  the  t r a c t o r  r e a r  a x l e ( s ) ,  and the  t r a i l e r  

a x l e ( s )  cons t i tu ted  the  t h r e e  lumped suspension assemblies. The model i s  

employed t o  evaluate  the  s t a t i c  ro l lover  t h r e s h o l d - t h a t  i s ,  the value  of 

s teady l a t e r a l  acce le ra t ion  beyond which the  veh ic le  s u f f e r s  a divergent 

r o l l  response. 

I n  t h i s  model, the  veh ic le  is  assumed t o  c o n s t i t u t e  r i g i d  bodies except 

t h a t  t h e  t r a c t o r  is s p l i t  i n t o  two r i g i d  elements connected by a t o r s i o n a l  

spr ing which represen t s  the  c e n t r a l  sect:Lon of the v e h i c l e ' s  frame. This 

centra l ly- located frame s e c t i o n  i s  assigned a t o r s i o n a l  spr ing r a t e  and pro- 

v ides  f o r  a r o l l  moment t o  be t ransmit ted  between the  cab sec t ion  of the  

t r a c t o r  and the  f i f t h  wheel and r e a r  suspension sec t ion .  Also, a t o r s i o n a l  

compliance parameter r e f l e c t i n g  the  combined compliance of the  f i f t h  wheel 

connection and the  a t tached s e m i t r a i l e r  i s  represented.  

Addit ional  f ea tu res  and assumptions of t h i s  model a r e  a s  follows: 

1) The a r t i c u l a t i o n  angles a r e  small so  t h a t  the  e f f e c t  of a r t i c u l a -  

t i o n  angle on the  ro l lover  threshold can be neglected.  



2 )  The r e l a t i v e  r o l l  motion between t h e  sprung mass and the  ax les  

is  assumed t o  t ake  place about r o l l  cen te r s  which a r e  a t  f ixed  d i s tances  

beneath t h e  sprung mass. The suspension spr ings  a r e  assumed t o  remain 

perpendicular t o  t h e  a x l e  cen te r s  and t o  transmit  only compressive o r  

t e n s i l e  forces .  Fur ther ,  a l l  ax le  forces  which a c t  along the  ax le  center-  

l i n e  a r e  assumed t o  a c t  through the  r o l l  cen te r .  

3) Suspension n o n l i n e a r i t i e s  such a s  backlash and progress ively  

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

input  format. The suspension fo rces  and t h e  spr ing r a t e s  a t  any given 

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

4 )  The t o t a l  v e r t i c a l  load c a r r i e d  by each composite ax le  is  assumed 

t o  remain constant during the  r o l l o v e r  process.  I n  order t o  accommodate 

any pi tching motion t h a t  might take  place during r o l l o v e r ,  the  sprung mass 

is  permitted t o  take up d i f f e r e n t  v e r t i c a l  d e f l e c t i o n s  a t  each of the  th ree  

a x l e  locat ions .  

5 )  The v e r t i c a l  load c a r r i e d  by t h e  t i r e s  is  assumed t o  a c t  through 

the  midpoint of the  t r ead  width. The e f f e c t  of camber angle and the  e f f e c t  

of the  l a t e r a l  compliance of t h e  t i r e  tend t o  have opposing e f f e c t s  on the  

l a t e r a l  t r a n s l a t i o n  of t h e  centroid  of the  normal pressure  d i s t r i b u t i o n  a t  

the t ire-road i n t e r f a c e .  Since these  e f f e c t s  a r e  small and tend t o  cancel 

ou t ,  t h e  l a t e r a l  t r a n s l a t i o n  of t h e  normal load reac t ion  i n  t h e  t i r e  is 

neglected.  

6 )  The r o l l  angles of the  sprung mass and the  ax les  a r e  small ,  such 

t h a t  the  small angle assumptions apply. I n  t h i s  s tudy,  a l l  ro l lover  threshold 

values were calcula ted using t h e  s t a t i c  r o l l  model except f o r  those cases 

involving l a t e r a l l y - o f f s e t  payloads. 

3.1.3 Yaw/Roll Model. The Yaw/Roll Model is  a time-domain mathe- 

mat ical  simulation capable of simulating the  yaw/rol l  response of multiple- 

a r t i c u l a t e d  vehic les .  The model was formulated f o r  the  purpose of analyzing 

the  combined d i r e c t i o n a l  and r o l l  behavior of t rucks ,  t r a c t o r - s e m i t r a i l e r s ,  

and doubles combinations during dynamic maneuvers which approach the  ro l lover  

l i m i t .  The model is  l imi ted  t o  a maximum of four  veh ic le  u n i t s  and 11 axles ,  



and the ax les  can be d i s t r i b u t e d  a s  des i red  among t h e  veh ic le  u n i t s .  

Vehicles equipped wi th  a  v a r i e t y  of h i t ch ing  mechanisms can a l s o  be s tudied 

by making simple modifications t o  the  computer code. 

The equations of motion of the  veh ic le  a r e  formulated by t r e a t i n g  each 

of t h e  sprung masses a s  a  r i g i d  body with f i v e  degrees of freedom, namely: 

l a t e r a l ,  v e r t i c a l ,  yaw, r o l l ,  and p i t ch .  The long i tud ina l  degree of freedom 

i s  not  included, s i n c e  the  forward v e 1 o c i . t ~  of the  l ead  u n i t  (or  t r a c t o r )  is 

assumed to  remain constant  during the  marieuver. The ax les  a r e  t r e a t e d  a s  

beam ax les  which can r o l l  and bounce with respect  t o  the  sprung masses to  

which they a r e  a t tached.  The t o t a l  number of degrees of freedom, Nd, of a  

mul t ip le -a r t i cu la ted  veh ic le  with Ns sprung masses and Na ax les  is  the re fo re  

given by the  expression:  Nd = 5Ns + 2Na. 

The s impl i fy ing assumptions made i n  the  process of der iv ing the  

equations and the  e s s e n t i a l  f e a t u r e s  of rhe model a r e  given below: 

1) The veh ic le  is assumed t o  t r a v e l  on a  hor izon ta l  surface  with 

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

2 )  The p i t c h  motion of the  sprung masses a r e  assumed to  be small such 

t h a t  the  small angle  approximations hold t rue .  

3) The r e l a t i v e  r o l l  angle between the  sprung masses and the ax les  a r e  

assumed t o  be small  so t h a t  the  same approximations may be appl ied  to  the r o l l  

de f l ec t ions  between the  sprung and unsprung masses. 

4 )  The r e l a t i v e  r o l l  motion between the  sprung and unsprung masses i s  

assumed t o  take  place  about a r o l l  cen te r  which is  a t  a  f ixed height beneath 

the sprung mass. In  order  t o  s impl i fy  the  equations,  the  suspension sp r ings  

a r e  assumed t o  remain perpendicular  t o  the  ax le  cen te r s  and to  t ransmit  only 

compressive o r  t e n s i l e  forces .  Fur ther ,  a l l  ax le  forces  which a c t  along the  

axle  c e n t e r l i n e  a r e  assumed t o  a c t  through the r o l l  cen te r .  a  r e l a t i v e  

r o l l  motion takes p lace  between the  sprung mass and the  ax les  of a  l ea f -  

spring-type suspension, the  l e a f  spr ings  tend to  be twisted i n  the  r o l l  plane 

and hence produce an add i t iona l  r o l l - r e s i s t i n g  moment. This e f f e c t  is  repre- 

sented i n  the  model by an a u x i l i a r y  r o l l  s t i f f n e s s  parameter. 



5 )  Suspension n o n l i n e a r i t i e s  such a s  backlash  a r e  r ep resen ted  by 

us ing  a t a b u l a r  l oad -de f l ec t ion  i n p u t  format.  

6 )  The model permi ts  t h e  s imu la t ion  of  v e h i c l e s  equipped wi th  a wide 

v a r i e t y  of h i t c h i n g  mechanisms. The equa t ions  a r e  formulated such t h a t  t h e  

equa t ions  of motion a r e  independent of t h e  c o n s t r a i n t  equa t ions .  Hence, 

t h e  v e h i c l e s  equipped w i t h  any g iven  h i t c h i n g  mechanism can be analyzed by 

simply a l t e r i n g  t h e  c o n s t r a i n t  equa t ions .  

7 )  The non l inea r  co rne r ing  f o r c e  and a l i g n i n g  torque  c h a r a c t e r i s t i c s  

of t h e  t i r e s  a r e  r ep resen ted  a s  t a b u l a r  f u n c t i o n s .  The t i r e  f o r c e s  and 

moments a r e  computed by a double t a b l e  look-up f o r  t h e  g iven  v e r t i c a l  load  

and s i d e s l i p  angle .  

8) The f o r c e s  a c t i n g  on each a x l e  a r e  t r e a t e d  independent ly ,  i . e . ,  no 

i n t e r a x l e  l oad  t r a n s f e r  e f f e c t s  a r e  i nco rpora t ed  i n  t h e  model. 

9 )  Simula t ions  can b e  performed i n  t h e  closed-loop o r  open-loop modes. 

I n  t h e  open-loop mode, t h e  time h i s t o r y  of  t h e  s t e e r i n g  i n p u t  is provided a s  

i n p u t  t o  t h e  model. I n  t h e  closed-loop mode, t h e  t r a j e c t o r y  t o  be followed 

by t h e  v e h i c l e  is  s p e c i f i e d  and t h e  " d r i v e r  model" computes t h e  s t e e r i n g  

inpu t  t h a t  is necessary  t o  accomplish t h e  maneuver. I n  t h i s  s t u d y ,  t h e  

model was used i n  t h e  open-loop mode t o  s tudy  v e h i c l e  response t o  t r a p e z o i d a l  

s t e e r i n g  i n p u t  and i n  t h e  closed-loop mode t o  examine rearward a m p l i f i c a t i o n  

occu r r ing  when t h e  "dr iver"  s t e e r e d  t h e  v e h i c l e  t o  c l e a r  a f ixed-width 

o b s t a c l e .  

3.1.4 Comprehensive Braking and Handling Model (Phase I V ) .  The 

Phase I V  program i s  a time-domain mathematical  s imu la t ion  of a t r u c k /  t r a c t o r ,  

a s e m i t r a i l e r ,  and up t o  two f u l l  t r a i l e r s .  The v e h i c l e s  a r e  r ep resen ted  

by d i f f e r e n t i a l  equa t ions  de r ived  from Newtonian mechanics t h a t  a r e  so lved  

f o r  success ive  time increments  by d i g i t a l  i n t e g r a t i o n .  

The program is w r i t t e n  i n  a gene ra l i zed  f a s h i o n  t o  a l low s imula t ion  of 

a l a r g e  number of  v e h i c l e  conf igu ra t ions .  The f i r s t  v e h i c l e  is  t h e  power u n i t  

and may be a t r u c k  o r  t r a c t o r ,  bo th  of which may c a r r y  payload. A s  a s i n g l e  

u n i t  w i t h  no payload,  t h e  v e h i c l e  i s  equ iva len t  t o  an  empty t r u c k  o r  b o b t a i l  

t r a c t o r .  With payload,  i t  is  a t ruck ,  which, w i th  a s e m i r r a i l e r  a s  w e l l ,  



s imulates  a ca r  hau le r ,  dromedary t r a c t o r ,  e t c .  The second u n i t  is  always 

a s e m i t r a i l e r  ( i . e . ,  the  cur ren t  ve r s ion  of t h i s  model does not include a 

t ruck  with f u l l  t r a i l e r ) .  The t h i r d  and four th  u n i t s  a r e  f u l l  t r a i l e r s  

cons i s t ing  of s e m i t r a i l e r s  on e i t h e r  a f:Lxed o r  conver ter  d o l l y .  Separate 

payload may be s p e c i f i e d  f o r  each t r a i l e r .  

The t r u c k l t r a c t o r  u n i t  is  d i s t ingu i shed  by the  f a c t  t h a t  i t  can have 

only a s i n g l e  f r o n t  ax le  wi th  s i n g l e  t i r e s ,  and can be a r b i t r a r i l y  s t ee red .  

A l l  o the r  ax les  on the  v e h i c l e  combination can be represented a s  s i n g l e  o r  

tandem ax les  wi th  s i n g l e  o r  dual  wheel s e t s .  

The mathematical model incorporates  up t o  7 1  degrees of freedom. The 

number of degrees of freedom a r e  dependent on the  veh ic le  conf igurat ion and 

de r ive  from t h e  following: 

- S i x  degrees of freedom ( t h r e e  t r a n s l a t i o n a l  and th ree  r o t a t i o n a l )  

f o r  the t r u c k l t r a c t o r  sprung mass 

-Three degrees of freedom f o r  the  s e m i t r a i l e r  ( t h e  t h r e e  o the r  

degrees of freedom of the  semit ra : i ler  a r e  e f f e c t i v e l y  el iminated 

by dynamic c o n s t r a i n t s  a t  the  h i t c h )  

-Five degrees of freedom f o r  each of the  two f u l l  t r a i l e r s  

allowed 

-Two degrees of freedom ( v e r t i c a l  ,and r o l l )  f o r  each of the  13  

ax les  allowed 

-A wheel r o t a t i o n a l  degree of freedom f o r  each of the  26 wheels 

allowed. 

The not ion of each of the  sprung masses is  determined from the  summa- 

t i o n  of forces  and moments upon it  z r i s i i ~ g  from the  t i r e s  ( ac t ing  through 

the  unsprung mass of the  ax le  and suspen:jion), g r a v i t y ,  and the h i t c h  point  

c o n s t r a i n t s .  S m a l l  angle assumptions arc? made i n  the  implementation of the  

mathematical equations so t h a t  the  s imul i~ t ion  can be v a l i d l y  appl ied  up to 

a maneuver l i m i t  a t  which wheel l i f t - o f f  occurs.  



The Phase I V  model i nc ludes  t h e  b a s i c  f e a t u r e s  of t h e  so-cal led 

T3DRS:Vl model which was repor t ed  t o  t h e  Fede ra l  Highway Adminis t ra t ion  i n  

Reference [ 2 0 ] .  Perhaps t h e  comprehensiveness of t h e  Phase I V  model can 

be b e s t  desc r ibed  by o u t l i n i n g  t h e  types  of  v e h i c l e s  and performance charac- 

t e r i s t i c s  which can be s tud ied .  The model can be used,  f o r  example, t o  

s imu la t e  t h e  fo l lowing v e h i c l e  conf igu ra t ions :  

S t r a i g h t  t ruck ,  empty and loaded 

Bob ta i l  t r a c t o r  

T r a c t o r - s e m i t r a i l e r  ( 3  t o  5 a x l e s ) ,  empty and loaded 

T r a c t o r - s e m i t r a i l e r - f u l l  t r a i l e r  (5  t o  9 a x l e s ) ,  empty 
and loaded 

T r a c t o r - s e m i t r a i l e r - f u l l  t r a i l e r - f u l l  t r a i l e r  (7  t o  1 3  
a x l e s ) ,  empty and loaded 

For s imu la t ion  of braking  performance, t h e  program inco rpora t e s  s t a t e -  

of - the-ar t  r e p r e s e n t a t i o n  of t r u c k  a i r  brake  systems,  a n t i l o c k  wheel c o n t r o l  

systems,  and t i r e - road  f r i c t i o n  models. Typica l  examples of braking  s t u d i e s  

f o r  which i t  can be  o r  h a s  been used a r e :  

1) Stopping d i s t a n c e  performance 

2 )  E f f e c t s  of brake  t iming 

3) Dynamic behavior  i n  braking 

4 )  Comparisons of a n t i l o c k  wheel c o n t r o l  l o g i c  

5 )  In f luence  of t i r e - road  f r i c t i o n  coupl ing  

6 )  S p l i t  f r i c t i o n  s u r f a c e s  

7 )  Brake p ropor t ion ing  

8) Tandem-axle e f f e c t s  on braking  limits 

For s imu la t ion  of co rne r ing  performance behavior ,  t he  program incor-  

p o r a t e s  s ta te -of - the-ar t  r e p r e s e n t a t i o n s  of t r u c k  t i r e  l a t e r a l  f o r c e  

c h a r a c t e r i s t i c s  (w i th  r o l l - o f f  e f f e c t s  du r ing  combined b rak ing ) ,  and v e h i c l e  

suspension p r o p e r t i e s  of s i g n i f i c a n c e  t o  co rne r ing  behavior .  Typica l  

examples of s t u d i e s  involv ing  co rne r ing  a r e  a s  fo l lows:  



1 )  Unders t e e r l o v e r s t e e r  p r o p e r t i e s  of commercial veh ic les  

2) Determining cornering limits 

3) Assessing tandem-axle e f f e c t s  on cornering 

4)  Jackknife p red ic t ion  

5 )  E f f e c t s  of suspension propertitzs on cornering and 
cornering limits 

6 )  Accident s imulat ion 

I n  a d d i t i o n  t o  t h e  above, t h e  prog:cam can be operated open-loop (defined 

s t e e r  angle inpu t s )  o r  closed-loop (defined path i n p u t ) ,  and on roads of 

s p e c i f i e d  grade o r  cross-slope.  

The Phase IV program is  uniquely app l i cab le  i n  d i r e c t i o n a l  response 

s t u d i e s  i n  which the  inf luence of the  fo.Llowing items a r e  t o  be considered 

i n  d e t a i l :  

I )  Spring f o r c e l d e f l e c t i o n  c h a r a c . t e r i s t i c s  ( h y s t e r e s i s  
and f  ree-play) 

2) Brake " f a d e H - b r a k e  temperature 

3) Brake h y s t e r e s i s  

4 )  Load-leveler a c t i o n  i n  tandem suspensions 

5 )  Brake proportioning algori thms 

6) Steer ing system compliance ( inputs  a t  the s t e e r i n g  wheel) 

7 )  Frame t o r s i o n a l  s t i f f n e s s  

13 t h i s  study,  the  Phase N program was employed only i n  a l imi ted  capaci ty .  

The one s p e c i a l  app l i ca t ion  involved eva lua t ion  of the  dynamics of t r a c t o r  

jackknife  during braking i n  a tu rn .  



3 . 2  Simpl i f i ed  Xethod of Analyzing Vehic le  Braking Performance 

A s i m p l i f i e d  method of  c a l c u l a t i n g  braking  performance was de r ived  i n  

o r d e r  t o  provide  a means of o b t a i n i n g  a f i r s t - o r d e r  e s t i m a t e  of t h e  s topping  

d i s t a n c e  behavior  of  a  g r e a t  number of v e h i c l e s  under d i f f e r i n g  s i z e  and 

weight c o n s t r a i n t s .  This  method f o r  ana lyz ing  braking performance assumes 

t h a t  t h e  v e h i c l e  is making a cons t an t  d e c e l e r a t i o n  s t o p .  The i n p u t  t o  t h e  

c a l c u l a t i o n  is t h e  l e v e l  of braking ,  F occu r r ing  a t  each  a x l e  of t h e  
B i '  

v eh ic l e .  I n  t h i s  s tudy  f i x e d  p ropor t ion ing ,  t y p i c a l  of t h a t  employed i n  

c u r r e n t  v e h i c l e s ,  has  been used. For f i x e d  p ropor t ion ing ,  t h e  braking  f o r c e s ,  

FBi, a r e  c a l c u l a t e d  f o r  p re s su res  ranging  from 10 t o  100 p s i  i n  increments  

of 10 p s i .  

The response  t o  t h e  app l i ed  b rak ing  f o r c e s  is  desc r ibed  i n  terms of 

t h e  l o n g i t u d i n a l  d e c e l e r a t i o n ,  X, and t h e  v e r t i c a l  l oads ,  FZi, c a r r i e d  by 

each a x l e .  These q u a n t i t i e s  a r e  found by so lv ing  t h e  equa t ions  of motion 

p e r t a i n i n g  t o  each u n i t  of t h e  combination v e h i c l e  dur ing  a cons t an t  

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

I n  t h i s  s i m p l i f i e d  a n a l y s i s ,  t h e  i n f l u e n c e  of v e r t i c a l  load  on t i r e -  

road f r i c t i o n  is no t  cons idered .  F u r t h e r ,  f o r  each l e v e l  of braking  i n p u t ,  

t h e  "minimum" va lue  of f r i c t i o n  needed t o  avoid wheel lockup i s  determined. 

Under t h e  assumptions of t h i s  a n a l y s i s ,  t h e  wheels on t h e  a x l e  wi th  t h e  

l a r g e s t  r a t i o  of F t o  F w i l l  l ock  up f i r s t .  That i s ,  t h e  maximum r a t i o  
B i  z  i 

of FBi/Fzi r e p r e s e n t s  t h e  f r i c t i o n  c o e f f i c i e n t ,  u r equ i r ed  t o  perform a 
P' 

wheels-unlocked s t o p  a t  t h e  c a l c u l a t e d  l e v e l  of d e c e l e r a t i o n ,  X .  

The formula t ion  of t he  equa t ions  of motion is a s t r a i g h t f o r w a r d  

process  except  f o r  t h e  t rea tment  of tandem suspens ions  having i n t e r - a x l e  

l oad  t r a n s f e r .  The method used t o  r e p r e s e n t  i n t e r - a x l e  load  t r a n s f e r  depends 

upon a s p e c i a l  parameter ,  Pi+l,i, t h a t  is used t o  d e s c r i b e  t h e  load  t r a n s f e r  

between t h e  ith and itlst a x l e s  i n  a tandem p a i r  ( s e e  Figure  3 3 ) .  This 

parameter no t  only  d e s c r i b e s  t h e  amount of load t r a n s f e r ,  b u t  a l s o  the  

p i t c h  moment r e a c t e d  by t h e  sprung mass ( s e e  Figure  3 3 ) .  

Having adapted a means f o r  t r e a t i n g  tandem suspens ions ,  t he  same 

gene ra l  approach is used i n  formula t ing  t h e  equat ions  of motion f o r  a l l  of 



where FmI= FZtt FZ3 

- v  

and the system v 

Notes : 
I )  For a walking beam the 

load on the front is increased, 
ie. R .SO. 

1*1,1 

is replaced by this system 

. Faz -- 

2) F o r a 4 s p r i n g :  F! 40. 
I + I , I  

The term sPS(FBptFg3) needs to be added to the appropriate 
pitch moment equation. 

Figure 33. Approxi mate Representat ion of lnteraxle 
Load Transfer. 



the  combination vehic les  s tudied i n  t h i s  p ro jec t .  The general  approach w i l l  

be i l l u s t r a t e d  here  by developing t h e  equations of motion f o r  a f ive-axle 

t r ac to r - semi t ra i l e r .  The parameters and v a r i a b l e s  used i n  t h e  equations 

a r e  presented i n  Figure 34. Free-body diagrams f o r  the  t r a c t o r  and semi- 

t r a i l e r  a r e  developed a s  shown i n  t h e  f igure .  F i r s t ,  the  long i tud ina l  

acce le ra t ion  of t h e  t o t a l  veh ic le  i s  determined (see  Eq .  ( 1 ) ) .  Then longi-  

tud ina l ,  p i t c h ,  and v e r t i c a l  equations descr ibing a constant dece le ra t ion  

s top  a r e  formulated f o r  the  l a s t  u n i t  ( i n  t h i s  case ,  the  s e m i t r a i l e r ) .  See 

Equations ( 2 )  through ( 4 ) .  Then the  p i t c h  and v e r t i c a l  equations ( ( 5 )  and 

( 6 ) )  a r e  w r i t t e n  f o r  the  t r a c t o r .  F ina l ly ,  expressions ( (7)- (10))  f o r  i n t e r -  

a x l e  load t r a n s f e r  a r e  included. Note t h a t  Equations (1) through (10) a r e  

a simultaneous s e t  of l i n e a r  a lgebra ic  equations t h a t  can be solved 

sequen t ia l ly  (using the  r e s u l t s  from the  previous equation t o  solve  the  next 

one) . 
Zquations (1) through (10) may be expressed i n  vector  matr ix  no ta t ion  

as  follows: 

where 

The s o l u t i o n  t o  (11) i s  

2. -1 + 
X = [ A ]  D 

This equation is shown i n  
complete form i n  Figure 35 

I n  t h i s  study, the  a r rays  [A], [B],  and were entered i n t o  a d i g i t a l  

computer program t h a t  solves  f o r  ?. Then the  q u a n t i t i e s  F /F . a r e  cal-  
B i  zl 

cula ted and p r in ted  out along with X (XDD) f o r  var ious  l e v e l s  of pressure .  

(see  Table 3 ) .  



A) Longitudinal equations 

(m, t m2) 1 = F t F + FB + Fg4 + Fg 
9~ ~2 3 5 

9) Semitrailer citch about the 5th wheel and vertical eauations 

C )  Tractor pitch about front tlre/road contact and vertical equat~ons 

D l  Interaxle load transfer 

Figure 34. Example : 5- Axle Semi, 2 Tandem Sets 
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Using the process described above, comparable models were developed 

for  the following vehicles: 

-two-axle s t r a igh t  truck 

-three-axle s t r a igh t  truck 

-three-axle t ractor-semitrai ler  (2-S1) 

-four-axle t ractor-semitrai ler  (2-S2) 

-five-axle t ractor-semitrai ler  (3-S2) 

-five-axle double (241-2) 

-seven-axle t r i p l e  (2-S1-2-2) 

In a l l  of the cases involving f u l l  t r a i l e r s ,  the do l l i e s  were converter 

do l l ies .  The equations for  these do l l i e s  a re  s imilar  to  those for  a 

semitrai ler .  

3.3 Simplified Method fo r  Analyzing Rearward Amplification Level 

Frequency response methods have been applied in  t h i s  study to develop 

an understanding of the influence of s i ze  and weight parameters on the 

d i rec t iona l  performance of combination vehicles employing f u l l  t r a i l e r s .  

Transfer functions have been used t o  calculate  the contributions of f u l l  

t r a i l e r s ,  trucks, and t ractor-semitrai lers  to  the rearward amplification 

between the l a t e r a l  accelerations of the towing and l a s t  un i t s  in  truck- 

f u l l  t r a i l e r s ,  doubles, and t r i p l e s  combinations. These t ransfer  functions 

show how (a) the frequency content of the s teer ing input,  (b) the forward 

veloci ty  of the vehicle,  (c)  the distances between p in t l e  connections and 

center of gravity locat ions,  and (d) t i r e  cornering coeff icients  influence 

rearward amplification. 

The equations used i n  making these calculations were derived in  SAE 

Paper No. 821259 [15]. The primary simplifying assumptions used in  tha t  

analysis a re  (1) the l a t e r a l  forces a t  p in t l e  hi tch connections on f u l l  

t r a i l e r s  a r e  small compared to t i r e  s ide forces,  (2) t i r e  s ide  forces may be 

represented as l inear  functions of t he i r  s l i p  angles, (3)  the vehicle i s  

traveling a t  a constant forward veloci ty ,  and ( 4 )  f u l l  t r a i l e r s  have approxi- 

mately equally loaded axles and s imilar  t i r e s  a l l  around the uni t .  The 



o v e r a l l  rearward ampl i f i ca t ion  of l a t e r a l  a c c e l e r a t i o n  between t h e  leading 

and t r a i l i n g  u n i t s  of a  combination vehic:le may be est imated by c a l c u l a t i n g  

the  product of the  ampl i f i ca t ion  f a c t o r s  ( t r a n s f e r  funct ions)  f o r  each of 

t h e  u n i t s  comprising t h e  veh ic le .  Figures 36 through 39 de f ine  and i l l u s -  

t r a t e  the  symbols used i n  the  a n a l y t i c a l  express ions  descr ib ing rearward 

ampl i f i ca t ion .  Tables 4 through 7 summarize the  t r a n s f e r  funct ions  employed 

i n  determining the  frequency dependence of the  ampl i f i ca t ion  f a c t o r s  

corresponding t o  the  var ious  types of v e h i c l e  u n i t s  examined i n  t h i s  s tudy.  

Low-Speed Off t racking Calcula t ion 

A computerized c a l c u l a t i o n  method tras developed f o r  a s sess ing  the  

o f f t r a c k i n g  path of any v e h i c l e  conf igura t ion  i n  a  r e a l i s t i c ,  non-steady- 

s t a t e ,  low-speed maneuver. 

A t r a n s i e n t  o f f t r ack ing  maneuver was defined by which a  point  on the  

s t e e r i n g  a x l e  of the  towing veh ic le  was caused t o  follow a  s p e c i f i c  "input" 

t r a j e c t o r y .  The o f f t r ack ing  response would then be defined i n  terms of the  

path t raced by some second fixed point  located on the  c e n t e r l i n e  of the  

reannost a x l e  group i n  the  combination. Of course i t  was necessary t h a t  t h e  

s p e c i f i c  path layout  t o  be used a s  t h e  input  f o r  the  s t e e r i n g  a x l e  of the  

towing veh ic le  could,  i n  f a c t ,  be followed by a l l  of the  v e h i c l e  combinations 

to  be s tudied.  The following a r e  t h e  main physical  parameters se lec ted  a s  

c o n s t r a i n t s  f o r  the  model: 

a )  The longest  wheelbase of t h e  lead v e h i c l e  was chosen t o  

be 30 f e e t  (9.15 m). 

b) The o v e r a l l  width of a l l  u n i t s  was 8 f e e t  (2 .44  m). 

c )  The maximum front-wheel s t e e r i n g  angle was l imi ted  t o  

-45 degrees ( i n s i d e  lock) .  

d )  Xo t i r e  mechanics o r  v e h i c l e  dynamics a r e  accounted f o r ,  

so  t h a t  only pure Ackennan s t e e r i n g  kinematics apply 

throughout the  maneuver. 

The maneuver i t s e l f  was chosen to  be a  constant  r ad ius  90-degree t u r n ,  

with s t r a i g h t  e n t r y  and e x i t  input  t r a j e c t o r i e s  tangent t o  the  ends of the  



u = forward veloci ty  

X = distance from c.g. to  p in t l e  h i tch  
P C  

Xli = distance from the c.g. to the ith axle 

= t o t a l  cornering s t i f f n e s s  of a l l  t i r e s  on 
'li the i t h  axle 

zCa 
sum of the cornering s t i f fnes ses  for  a l l  
axles = fCll 

zx2ca = damping i n  yaw = i zx2 li C li 

m 3 mass of the truck 

I 3 yaw moment of i n e r t i a  

A = l a t e r a l  accelerat ion of the c.g. 
YC 

A = l a t e r a l  acceleration of the p in t l e  h i tch  
YP 

Figure 36 .  Symbols Describing a Straight  Truck 
(Towing Unit) 



u = forward veloci ty  

X = distance from c.g. to p in t l e  hi tch 
PC 

XZi 
distance from c.g. to ith axle 

24 
= distance from c.g. to  the f i f t h  wheel 

m2 = mass of the semi t ra i le r  

I2 = yaw moment of i n e r t i a  

= t o t a l  cornering s t i f f n e s s  for  a l l  t i r e s  on the 
"2.1 j th axle  

A = l a t e r a l  acceleration of the c.g. 
YC 

A - l a t e r a l  acceleration of the p in t l e  hi tch 
YP 

Figure 3 7 .  Symbols Describing a Semitrailer (Towing Unit) 



u = forward velocity 

S = distance from c.g. t o  p i n t l e  h i tch  
P C  

XBT = distance Prom c.g. to  turntable  o r  f i f t h  wheel 

CCa = summation of the cornering s t i f fnesses  of a l l  
t i r e s  mounted on the t r a i l e r  

damping i n  yaw fo r  i axles 

m = mass of the t r a i l e r  T 

IT = yaw moment of i n e r t i a  

A = l a t e r a l  accelerat ion of the c.g. 
YC 

X l a t e r a l  accelerat ion of the p in t l e  hi tch 
YP 

Figure 38. Symbols Describing a Ful l  Tra i le r  (Towing Unit) 



A = u = forward v e l o c i t y  

XBA = d o l l y  tongue l eng th ,  d i s t a n c e  from p i n t l e  h i t c h  
t o  t u r n t a b l e  o r  f i f t h  wheel 

XgT = d i s t a n c e  from c o g .  t o  t u r n t a b l e  o r  f i f t h  wheel 

T C  a TCai  = sum of t h e  co rne r ing  s t i f f n e s s e s  o f  a l l  
a i t h e  t i r e s  mountecl on t h e  t r a i l e r  

y = mass of t h e  t r a i l e r  

A = l a t e r a l  a c c e l e r a t i o n  of  t h e  c .g.  
YC 

A = l a t e r a l  a c c e l e r a t i o n  of t h e  p i n t l e  h i t c h  
Y P 

F igure  39. Symbols Describing a  Fu.11 T r a i l e r  (Towed Uni t )  



TABLE 4 

Towing Unit: S t r a i g h t  Truck 

Rearward ampl i f i ca t ion  between t h e  c.g. of a 

s t r a i g h t  t ruck and its p i n t l e  h i t ch .  

where 

w =  frequency, rad/sec 



TABLE 5 

Towing Unit: Tractor-Semitrailer 

a. Rearward amplification between the c.g. of a 

semitrailer and its pintle hitch connection to the 

unit being towed. 

where 

&A = 

j =Gi 
w = frequency , rad/sec 

b. Note that for typical tractor-semitrailers, the rear- 

ward amplification between the c.g. of the tractor and 

the c.g. of the semitrailer may range from a maximum of 

approximately 1.2 to a minimum of approximately 0.8 in 

the frequency range from 0 to 3.5 radlsec. Vehicies 

with short semitrailers tend to have maximu- amplifica- 

tion factors greater than 1.0 at frequencies in the range 

from 1 to 4 rad/sec. Vehicles with longer semitrailers 

tend to have amplification factors of 1.0 at low frequencies 

with their amplification factors falling off to approximately 

0.8 in the neighborhood of 3 radfsec. For first-order 

estimates of overall rearward amplification, a reasonable 

compromise is to assign an amplification factor of 1.0 

between the c.g. of the tractor and the c.g, of the semi- 

trailer if this amplification factor is not known from 

prior work. 



TABLE 6 

Towing Unit: Full Trailer 

Rearward amplification between the c.g. of a full 

trailer and the pintle hitch connection to the unit 

it is towing. 

where 

w = frequency, rad/sec 

(The amplification factor for a towed full trailer 

is given next in Table 7. ) 



TABLE 7 

Towed Unit: Ful l  Tra i le r  

Rearward amplification between the p in t le  hi tch 

connection to the towing unit  and the c.g. of the  

f u l l  t r a i l e r .  

where 



90-degree a r c .  This  composite t r a j e c t o r y  was t o  be t r aced  by t h e  outermost  

po in t  on t h e  o u t s i d e  f r o n t  t i r e .  A cons t an t  r a d i u s  of 35 f e e t  (10.7 m) was 

determined t o  be t h e  smallest va lue  of c i r c u l a r  r a d i u s  t o  comply wi th  t h e  

above c o n s t r a i n t s .  

3.4.1 Mathematical Model and So lu t ion  Method. A s  shown i n  Figure  40 ,  

t h e  inpu t  t r a j e c t o r y  is  r ep resen ted  on t h e  x-y p lane  a s  an  a r c  of r a d i u s  

R 35 f e e t  (10.7 m), whose c e n t e r  is loca t ed  a t  po in t  (35 ,35) ,  followed by 

t h e  tangent  pa th  l y i n g  a long t h e  y  a x i s .  This  t r a j e c t o r y  is seen  t o  s t a r t  

a t  po in t  (35,0), w i t h  t h e  whole combination a l igned  wi th  i t s  l e f t  edge on 

t h e  x a x i s ,  and headed towards t h e  o r i g i n .  The inpu t  t r a j e c t o r y  thus  

fo l lows t h e  i n d i c a t e d  a r c ,  and, from po in t  (0 ,35 ) ,  t h e  p o s i t i v e  y  a x i s .  

The output  t r a j e c t o r y  w i l l  then be some quasi-hyperbolic-shaped curve,  

a sympto t i ca l ly  approaching t h e  y  a x i s  a t  i n c r e a s i n g  y  ( see  Fig .  41) .  Each 

v e h i c l e  u n i t  of t h e  combination i s  def ined  by v i r t u e  of i t s  s e p a r a t e  yaw 

degree  of freedom, such t h a t ,  f o r  example, a f u l l  t r a i l e r  d o l l y  is  considered 

a s  one u n i t ,  and t h e  "remaining" s e m i t r a i l e r  a s  a  s e p a r a t e  u n i t .  A s  shown 

i n  Figure  42, each u n i t  "it' is rep resen ted  on t h e  x-y p l ane  a s  a  s t r a i g h t  

segment comprising the  l o n g i t u d i n a l  c e n t e r l i n e ,  wi th  p o i n t s  (Fiy Ri9  Fi+l) 

denot ing  a x l e  p o s i t i o n s  and h i t c h  ( o r  a r t i c u l a t i o n )  p o i n t s .  Xote t h a t  an  

a r t i c u l a t i o n  po in t  may c o n s i s t  of  e i t h e r  a f i f t h  wheel, a  d o l l y  t u r n t a b l e ,  

o r  a  p i n t l e  hook. An a r t i c u l a t i o n  j o i n t  can be loca t ed  w i t h i n  t h e  wheelbase 

o r  behind t h e  r e a r  a x l e  of t h e  u n i t .  

The p o i n t ,  I ,  on t h e  towing v e h i c l e  which fo l lows the  i n p u t  t r a j e c t o r y  

is def ined  i n  t h e  model a s  a  f i x e d  p o i n t  on t h e  f r o n t  a x l e  c e n t e r l i n e ,  fou r  

f e e t  (1.22 m) t o  t h e  l e f t  of t h e  u n i t ' s  l o n g i t u d i n a l  c e n t e r l i n e .  The po in t  

i n s c r i b i n g  the  extreme o f f t r a c k e d  t r a j e c t o r y  (2)  is  de f ined  a s  a  f i xed  

po in t  on t h e  c e n t e r l i n e  of t h e  rearmost  a x l e  group of t he  combination-four 

f e e t  (1.22 m) t o  t h e  r i g h t  of t h e  l a s t  u n i t ' s  l o n g i t u d i n a l  c e n t e r l i n e ,  

fo l lowing t h e  a r b i t r a r i l y - a d o p t e d  " tu rn  t o  t h e  r i g h t "  ca se .  

The tu rn ing  process  i s  s imula ted  by means of a  geometric  c o n s t r u c t i o n  

which i d e n t i f i e s  i n s t an taneous  tu rn ing  c e n t e r s  ( s e e  F ig .  43). The essence  

of t h i s  approach i s  a s  fo l lows:  





A - Sample Doubles Train 

0 - Reference Curve 
(Input Trajectory) 

MSPW- Maximum Swept 
Path Width 

( F T )  0. 10. 20. 30. 40. 50. 60. 70 

OFFeTRACKING 90 DEGREE TURN, 35 FOOT RADIUS 

Figure 41. Definition of Maximum Swept Path Width, as 
Compared to Some Local Swept Path Widths 







The inpu t  t r a j e c t o r y  is  broken down i n t o  a  f i n i t e  number 

of small, incrementa l  s t e p s ,  each lone being de f ined  i n  terms 

of  p o i n t s  l y i n g  a long t h e  t r a j e c t o r y .  Assuming some g iven  

p o s i t i o n  of  t h e  whole combination a t  t h e  end of s t e p  ( i ) ,  t h e  

p o s i t i o n  of  each  u n i t  a t  t h e  end o.f s t e p  ( i + l )  w i l l  be uniquely 

determined by t h e  p o s i t i o n  of i ts  l ead ing  a r t i c u l a t i o n  j o i n t  

a f t e r  s t e p  ( i + l )  . The p o s i t i o n  of t h i s  p o i n t  i s ,  i n  t u r n ,  

determined by the  p o s i t i o n  of t h e  preceding  v e h i c l e  u n i t  a t  t he  

end of s t e p  ( i + l ) ,  and s o  on. 

Hence, t he  incrementa l  p o s i t i o n  of t h e  l ead ing  u n i t  has  t o  be computed 

f i r s t  by c a l c u l a t i n g  t h e  " ins tantaneous  ru rn ing  r ad ius"  and i t s  c e n t e r  p o i n t ,  

which a r e  assumed t o  be p a r t i c u l a r  t o  each incrementa l  s t e p  and t o  remain 

f i x e d  "throughout" t h e  s t e p  . The method of computing t h e  in s t an taneous  

tu rn ing  c e n t e r s  and r a d i i  a f t e r  s t e p  ( i )  f o r  t he  f i r s t  and second u n i t s  of 

a  combination is demonstrated i n  F igu re  43  r e p r e s e n t i n g  t h e  ope ra t ions  of 

t h e  towing v e h i c l e  on t h e  c i r c u l a r  r a d i u s  segment of t h e  maneuver. In 

Figure  44,  t h e  s t r a i g h t  e x i t  segment of t h e  inpu t  t r a j e c t o r y  i s  i l l u s t r a t e d ,  

cons ide r ing  t h e  f i r s t  u n i t  only.  

3 . 4 . 2  Of f t r ack ing  Q u a n t i f i c a t i o n .  Unlike t h e  s imp le r  ca se  of 

s t e a d y - s t a t e  o f f t r a c k i n g ,  o f f t r a c k i n g  i n  a  90-degree t u r n  cannot be charac- 

t e r i z e d  by t h e  d i f f e r e n c e  between t h e  inrlermost and outermost ( o r  minimum 

and maximum) pa th  r a d i i  i n s c r i b e d  by t h e  combination s i n c e  a t  no p o i n t  do 

these  t r a j e c t o r i e s  s h a r e  a  common t u r n  c e n t e r .  Rather ,  t h e  whole i n p u t  

t r a j e c t o r y ,  a long both  i ts  curved and s t r a i g h t  p a r t s ,  a c t u a l l y  produces 

cont inuous ly-var j ing  response t r a j e c t o r i e s  f o r  t h e  towing and t r a i l i n g  u n i t s .  

Thus, t h e  o f f t r a c k i n g  performance was q u a n t i f i e d  he re  by means of a  

measure c a l l e d  " the  maximum swept pa th  wFdth," def ined  a s  shown i n  Figure  4 1 ,  

and desc r ibed  a s  fo l lows:  

I f  a  perpendicular  t o  t he  tangent  of t he  o f f t r a c k e d  t r a j e c -  

t o r y  is cons t ruc t ed  a t  every  po in t  on t h a t  t r a j e c t o r y ,  then t h e  

l o c a l  swept pa th  width  w i l l  be def ined  a s  t h e  d i s t a n c e  measured 

along t h i s  perpendicular  between t h e  inpu t  and o f f t r a c k e d  t r a j e c -  

t o r i e s .  The g r e a t e s t  va lue  of t he  swept pa th  width dimension i s  

def ined  a s  t h e  maximum swept pa th  width.  





It can be proven geometrically tha;: the perpendicular  containing the  

"maximum swept path width1' w i l l  occur a t  one unique point  a t  which t h i s  

perpendicular  l i n e  segment is a l s o  perpendicular  t o  the  tangent of the input 

t r a j e c t o r y .  This point  w i l l  thus i d e n t i f y  the  only perpendicular  to  the  

"off tracked" t r a j e c t o r y  which passes through the  cen te r  of the  input t r a j  ec- 

t o r y  a r c  (point  35,35). These p roper t i e s  a r e  used i n  the  a c t u a l  computation 

of the  maximum swept path width from a  known off t racked t r a j e c t o r y .  In  

simple terms, t h i s  measure w i l l  d i r e c t l y  r e f l e c t  the  extent  to  which a 

combination w i l l  cu t  to  the ins ide  of the  negotiated corner .  

The a c t u a l  method of computation used t o  generate the  off t racked 

t r a j e c t o r y  and t o  c a l c u l a t e  the  maximum :;wept path width is  d i r e c t  numerical 

incrementation, followed a t  each s t e p  by the  ca lcu la t ion  of the  l o c a l  swept 

path width and i t s  comparison t o  the  previous value.  The generated o f f -  

tracked t r a j e c t o r y  is s to red  a s  a  sequence of x-y coordinates sampled once 

every f ixed number of s t e p s ,  so  a s  t o  c r e a t e  p l o t t i n g  da ta  of reasonably 

l imi ted  s i z e ,  without degrading the  computational accuracy of the method. 

After  some experimenting wi th  d i f f e r e n t  "window" s i z e s ,  the  f i n a l  window 

f o r  p l o t t i n g  the  simulated off t racked t r a j e c t o r y  was s e t  t o  be 2Rix2R 
i 

(0 - < x, y  2 70 f e e t ) .  The leading vehic:Le u n i t  keeps incrementing along 

the input  t r a j e c t o r y  ( the  y  ax i s )  u n t i l  !:he point  Z on the  l a s t  u n i t  

insc r ib ing  the  off t racked t r a j e c t o r y  c l e a r s  the  window (yE > 70).  

High-Speed Offtracking Calcula t ion 

The high-speed o f f t r ack ing  c h a r a c t e r i s t i c  of veh ic les  was examined by 

means of a  s impl i f ied  ana lys i s  of the kiriematics of the  steady-turn condi- 

t ion .  The ana lys i s  was based upon a  l i n e a r  de r iva t ion  given i n  Reference 

[ 2 6 ]  f o r  a  vehic le  u n i t  which t r a i l s  behind a  point  which is tracking a  

c i r c u l a r  curve of spec i f i ed  radius ,  R. This ana lys i s  assumes a  l i n e a r  

r e l a t ionsh ip  between t i r e  l a t e r a l  fo rce  and s l i p  angle and f u r t h e r  appl ies  

to  curved paths i n  which the  radius  of curvature  g r e a t l y  exceeds the  wheel- 

base of the  veh ic le  u n i t .  I t  a l so  assumcrs t h a t  t i r e  a l ign ing  moment e f f e c t s  

a r e  neg l ig ib le  and t h a t  zero r o l l  s t e e r  :is present .  



The u n i t  vehic le  is t rea ted  as  developing a  c e r t a i n  l e v e l  of t i r e  

s l i p  i n  achieving the  c e n t r i p e t a l  acce le ra t ion  l e v e l  which is  associa ted 

with the  defined values of turn  radius  and ve loc i ty .  The magnitude of the 

l a t e r a l  s l i p  r e s u l t  is, of course, dependent upon the  cornering s t i f f n e s s  

l e v e l  of the  i n s t a l l e d  t i r e s ,  given the  prevai l ing t i r e  loads.  Given the  

veh ic le ' s  wheelbase, t h i s  s l i p  condit ion determines the outboard off  tracking 

dimension, X,  of the  axle cen te r  po in t ,  A ,  as  seen i n  Figure 45.  This 

off t racking dimension is given i n  Reference [ 2 6 ]  by the  r e l a t i o n :  

where 

L = the  wheelbase of  t h e  vehic le  un i t  (measured to  the  
center  of the  s i n g l e  ax le  o r  t o  the geometric center  
of a  tandem) 

U = ve loc i ty  

R = path radius 

g = acce le ra t ion  of g rav i ty  
- 
Ca = t o t a l  cornering c o e f f i c i e n t  f o r  the  ax le  s e t  on the  

u n i t ,  defined by: 

with 

CCa = sum of the cornering s t i f f n e s s  l e v e l s  
of the  t i r e s  i n s t a l l e d  on the ax le  s e t  
and, 

ZF = t o t a l  load borne on the  ax le  s e t  i n  z 
quest  ion 

To determine the t o t a l  o f f t rack ing  of a  multi-unit vehic le  combination, 

one must determine the  o f f t rack ing  achieved a t  each of the coupling points .  

The t o t a l  high-speed o f f t rack ing  of the  combination is  then defined a s  the 

sum of the  off t racking dimensions achieved a t  the h i t c h  points connecting 



Wheel base Overhang 
L Ll v 

I- 

Figure 45. Layout of High Speed Offtracking Geometry 
for a Single Trailing Unit. 



i n t e rmed ia t e  v e h i c l e s  p l u s  t he  o f f t r a c k i n g  achieved a t  t h e  r e a r  a x l e  cen te r  

of t h e  reannos t  element i n  t h e  v e h i c l e  t r a i n .  Looking aga in  a t  F igure  45, 

we see t h a t  t h e  o f f t r a c k i n g  of a  h i t c h  po in t  l oca t ed  a t  t h e  overhang dimen- 

s i o n ,  V, a f t  of t he  r e a r  a x l e  of any t r a i l i n g  u n i t  d e r i v e s  from two 

c o n t r i b u t i o n s ,  Y and Z. The Y dimension i s  simply def ined  by t h e  r e l a t i o n :  

The Z dimension de f ines  t h e  a d d i t i o n a l  d i s t a n c e  t o  t h e  r e fe rence  pa th ,  

i t s e l f ,  by t h e  r e l a t i o n :  

The o f f t r a c k i n g  of t h e  h i t c h  p o i n t ,  B ,  wi th  r e s p e c t  t o  t h e  pa th  being 

followed by t h e  forward h i t c h  p o i n t ,  0 ,  is  thus  given by t h e  sum of 

(Y + Z) .  

For t h e  mul t ip le-uni t  combination, t h e  forward h i t c h  p o i n t  on each 

t r a i l i n g  u n i t  i s  assumed t o  t r a c k  on t h e  outboard pa th  e s t a b l i s h e d  by t h e  

r e a r  h i t c h  po in t  of t he  preceding u n i t .  Never the less ,  t h e  p a t h  r a d i u s ,  R ,  

i s  considered t o  be so  l a r g e  r e l a t i v e  t o  t h e  o f f t r a c k i n g  va lues  t h a t  i t  is 

presumed t o  be he ld  f i x e d  i n  t h e  c a l c u l a t i o n  of t he  X o f f t r a c k i n g  dimension 

(above) f o r  each t r a i l i n g  u n i t .  

I n  t h i s  s tudy,  t he  high-speed o f f t r a c k i n g  of va r ious  v e h i c l e  combina- 

t i o n s  was c a l c u l a t e d  f o r  a  p a t h  r a d i u s  of 600 f e e t  (183 m) and a  v e h i c l e  

v e l o c i t y  of 55 mph (88 km/h). A l l  v e h i c l e s  were assumed t o  employ r a d i a l -  

p ly  t i r e s  having a  corner ing  s t i f f n e s s  l e v e l  of 650 lb ldeg  (2951 Xldeg) a t  

a  load l e v e l  of h250 l b s f t i r e  (1.93 m t o n s l t i r e ) .  



3 . 6  Conventions fo r  Fixing Typical Veh:icle Parameters 

This sect ion defines the pr incipal  baseline parameters used to describe 

the vehicles examined within the compute:: simulation study. Equivalent 

parameters used i n  the simplified model s tudies  were derived from the base- 

l i n e  parameters l i s t e d  here. Also included i n  t h i s  section a re  the major 

"rules of thumb" used to  modify each parameter whenever var iat ions away from 

baseline values were required. References [ l l ,  21, 22, 23, 24, 251 have been 

used as  primary sources for  many of the parameter values appearing i n  t h i s  

sect  ion. 

Tires - The standard t i r e  used on each vehicle was a re la t ive ly  s t i f f  - 
rad ia l  (XZZ Michelin) taken from Reference [ l l ]  . Tire cornering s t i f fnesses  

for  loads greater  than 6,000 lbs  (26,700 N) were based on the r ad i a l  t i r e  

aeasurements shown i n  Figure 3.1 of Reference [21].  Tire  data used fo r  

representing the lug t i r e  var iat ion was also taken from Reference [ I l l .  The 

selected t i r e  was a Firestone Transport 200, representing the low end of the 

range of cornering s t i f fnesses .  

Hasses and Ine r t i a s  - The following nass and i n e r t i a  values were 

assumed fo r  the baseline vehicles : 

Tractor f ront  axle unsprung weight 

Tractor rear  axle  unsprung weight 

Tra i le r  f ront / rear  axle unsprung weight 

Tractor sprung weight 

2300 l b  
(1043 kg) 

1500 l b  
(680 kg) 

9700 lb  
(4400 kg) 

27-foot (8.2-a) t r a i l e r  sprung weight (empty) 4500 1'0 
(2041 kg) 

45-foot (13.7-m) t r a i l e r  sprung weight (empty) 9000 l b  
(4082 kg) 

For any t r a i l e r  of length ( f t ) ,  x ,  ( 2 7  < x < 45),  the assumed empty weight 

( lbs )  of the t r a i l e r  sprung mass varied ].inearly as  given by the following 

formula: 



weight = 4500 + (x-27) f4500/ (45-27)] 

S ing le  a x l e  d o l l y  weight 

Tandem a x l e  d o l l y  weight 

Whenever v a r i a t i o n s  i n  v e h i c l e  mass and l e n g t h  were r equ i r ed ,  p i t c h  

and yaw moments of i n e r t i a  were increased  (decreased) by t h e  f a c t o r  

2 2 (m,L, I /  ( m o L o  I 

The v a r i a b l e s  appearing i n  t h e  above express ion  a r e  def ined  t o  be 

m o  - t he  b a s e l i n e  v e h i c l e  mass va lue  

L o  - t he  b a s e l i n e  v e h i c l e  ( t r a i l e r  body) l eng th  

m, - t h e  "new" (modified) v e h i c l e  mass va lue  

L, - t h e  "new" (modified) v e h i c l e  ( t r a i l e r  body) l eng th  va lue  

Ro l l  moments of i n e r t i a  were v a r i e d  i n  d i r e c t  p ropor t ion  t o  v e h i c l e  mass 

changes. 

Dimensions - The fo l lowing s t anda rd  dimensions were ass igned t o  the  

b a s e l i n e  v e h i c l e  conf igu ra t ions :  

Two-axle t r a c t o r  wheelbase 

Three-axle t r a c t o r  wheelbase 

27-f oot  t r a i l e r  wheelbase 

45-foot t r a i l e r  wheelbase 

Trac to r  sprung mass c .g .  he igh t  above ground 

121 i n  
(307 cm) 

144 i n  
(366 cm) 

252 i n  
(640 cm) 

432 i n  
(1097 cm) 

44 i n  
( 1 1 2  cm) 

T r a i l e r  sprung mass (body) c .g.  he igh t  above ground 60 i n  
(152 cm) 

T r a i l e r  sprung mass (body C payload) he igh t  
above ground 80 i n  

(203 cm) 

T r a i l e r  loading  bed he igh t  above ground 54 i n  
(137 cm) 



Trac to r  f r o n t  a x l e  t r a c k  80 i n  
(203 cm) 

Trac to r  r e a r / t r a i l e r  t r a c k  

Trac to r  f r o n t  a x l e  s p r i n g  spac ing  

Trac to r  r e a r / t r a i l e r  s p r i n g  spac ing  

. W e  he igh t  above ground 

Trac to r  f r o n t  suspens ion  r o l l  centlar h e i g h t  

T rac to r  r e a r / t r a i l e r  r o l l  c e n t e r  h e i g h t  
above ground 

Trac to r  r e a r  suspension l a s h  

T r a i l e r  suspension l a s h  

S t e e r i n g  gea r  r a t i o  

72 i n  
(183 cm) 

32 i n  
(81  cm) 

38 i n  
(97 cm) 

19.5 i n  
(50 cm) 

23 i n  
(58 cm) 

29 i n  
(74 cm) 

1 i n  
(2.59 cm) 

1.5 i n  
(3.8 cm) 

28 : l  

Payloads - Payloads were assumed t o  be d i s t r i b u t e d  uniformly over t h e  

l e n g t h  of t he  t r a i l e r  body. The h e i g h t  of t h e  s t anda rd  payload was determined 

by t h e  requirement t o  f i x  t h e  composite c .g .  (body + payload) h e i g h t  above 

ground a t  80 inches  (203 cm) f o r  t h e  b a s e l i n e  v e h i c l e .  Depending upon t h e  

v e h i c l e  and i t s  GVW, t h e  payload weight  would t y p i c a l l y  be l o c a t e d  i n  t h e  

81-83 inch  (206-211 cm) range.  For load  v a r i a t i o n s  away from t h e  b a s e l i n e  

c o n f i g u r a t i o n ,  m a t e r i a l  of t h e  same d e n s i t y  was assumed t o  have been added 

t o  o r  removed from t h e  top  l a y e r  of t h e  b a s e l i n e  payload. 

Suspensions - Suspension v e r t i c a l  : ra te  d a t a  were obta ined  p r i a a r i l y  

from Reference [22] .  Front  a x l e  suspens:ion c h a r a c t e r i s t i c s  were assumed t o  

behave a s  shown i n  Figure  A-1 of Ref e rence  [22] , whereas r e a r  suspension 

p r o p e r t i e s  were assumed equal  t o  "scaled-up" ( s t i f f e r )  suspens ions  def ined  

q u a l i t a t i v e l y  by the  fo rce -de f l ec t ion  c h a r a c t e r i s t i c s  s een  i n  F igures  A-5, 

A-6 of [22 ] .  The nominal v e r t i c a l  sprinj; r a t e s  ( l o c a l  s l o p e  of t h e  force-  

d e f l e c t i o n  t a b l e )  under s t a t i c  ( f u l l  g ros s  weight)  load  cond i t ions  a r e :  



Tractor front axle 

Two-axle t r ac to r ,  rear suspension 

Three-axle t rac tor ,  rear  suspension 

Single axle t r a i l e r  

Tandem axle t r a i l e r  

Tire ve r t i ca l  spring r a t e  

Auxiliary r o l l  s t i f fnes s  a t  each axle was assumed equal to 10% of the r o l l  

s t i f fnes s  deriving from the springs alone. 



CHAPTER 4 

DYNAMIC WHEEL LOAD 

Use of t h e  p u b l i c  road system by heavy commercial v e h i c l e s  is  known 

t o  a c c e l e r a t e  d e t e r i o r a t i o n  of t h e  roadway s t r u c t u r e  a s  a r e s u l t  of t h e  

g r e a t e r  wheel l oads  imposed. The understanding of t h e  load ing  a s p e c t s  of 

road /veh ic l e  i n t e r a c t i o n s  is a p r e r e q u i s i t e  f o r  developing sound p r a c t i c e s  

i n  bo th  the  engineer ing  and use  of highways. This  p o r t i o n  of t he  r e p o r t  

documents a l i m i t e d  exper imenta l  s tudy  of t h e  a c t u a l  wheel l oads  produced 

by commercial v e h i c l e s  on t y p i c a l  roads .  

The load  experienced between t i r e  and road is  t h e  sum of two components: 

t h e  s t a t i c  l oad ,  a s  measured when the  t r u c k  is p laced  on a weight s c a l e ;  and 

a dynamic l o a d ,  caused by t h e  i n t e r a c t i o n  between road roughness and t h e  

dynamic p r o p e r t i e s  of t h e  v e h i c l e  a s  i t  t r a v e l s  a t  normal speeds.  Pioneer-  

ing  r e sea rch  on t h i s  s u b j e c t  i n  A u s t r a l i a  [ 2 9 ]  and England [30] has ind i -  

ca t ed  t h a t  t h e  dynamic component of i n s t an taneous  load ing  produced by 

commercial v e h i c l e s  v a r i e s  a s  a func t ion  of t h e i r  des ign  and ope ra t ing  condi- 

t i o n s .  Fu r the r ,  t h e  dynamic components a r e  high enough i n  c e r t a i n  cases  t o  

sugges t  t h e  need t o  recognize  t h e s e  v e h i c l e  d i f f e r e n c e s  i n  eva lua t ion  of 

pavement damage. The A u s t r a l i a n  s tudy ,  r epor t ed  by P. Sweatman, covered t h e  

fo l lowing v a r i a b l e s :  tandem and t r i p l e  suspens ion  des ign;  ope ra t ing  speed;  

road roughness ( a s  measured on t h e  A u s t r a l i a n  roughness s c a l e ) ;  a x l e  s t a t i c  

l oad ;  and t i r e  i n f l a t i o n  p r e s s u r e ,  Suspension type ,  roughness,  and speed 

were t h e  ou t s t and ing  f a c t o r s  i n  determining t h e  magnitude of  dynamic load ing .  

The tandem suspension found t o  be t h e  "worst ,"  from t h e  viewpoint  of pavement 

l oad ing ,  was t h e  "walking-beam" type,  used p r imar i ly  f o r  d r i v e  a x l e s  on 

t r a c t o r s ,  popular  i n  t h e  United S t a t e s  f o r  i t s  d u r a b i l i t y .  The "best"  des ign  

was a tors ion-bar  suspension wi th  hydrau l i c  shock abso rbe r s .  The popular  

four- leaf  t r a i l e r  suspension was found t o  have per fornance  l y i n g  somewhere 

i n  t h e  middle. 



A s i m i l a r  s tudy was undertaken i n  t h i s  p r o j e c t  t o  measure and analyze  

t h e  dynamic wheel loads produced by a loaded t r a c t o r - s e m i t r a i l e r  v e h i c l e ,  

covering t h e  extremely good and poor combinations i d e n t i f i e d  by Sweatman. 

While t h e  experimental  scope of t h e  s tudy was more l i m i t e d  than  t h a t  of t h e  

Aus t r a l i an  one, more ex tens ive  analyses  were app l i ed  i n  o r d e r  t o  b e t t e r  

exp la in  t h e  observed r e s u l t s .  For t h e  experimental  measurements, a wheel- 

fo rce  t ransducer  b u i l t  f o r  FHWA by Maritime Dynamics, Inc . ,  was used along 

wi th  a d i g i t a l  d a t a  a c q u i s i t i o n  system b u i l t  f o r  FHWA by Systems Technology, 

Inc .  In tending  t o  provide a "quick look" a t  t h e  problem of dynamic wheel 

loads  imposed by c o m e r c i a 1  v e h i c l e s ,  t h e  s tudy had t h e  o b j e c t i v e s :  

1. to  c a l i b r a t e  t h e  wheel-force t ransducer  owned by FHWA and 

determine i t s  a b i l i t y  t o  measure dynamic wheel l oad ,  and 

2 .  t o  co r robora t e  t h e  major p o i n t s  i n  Sweatmanvs f i n d i n g s .  

Af t e r  performing a number of l abo ra to ry  and park ing- lo t  t e s t s  of t h e  

equipment, t h r e e  t r a c t o r - s e m i t r a i l e r  v e h i c l e s  were t e s t e d  on t h r e e  roads ,  a t  

two t e s t  speeds.  I n  each v e h i c l e  t e s t  con f igu ra t ion ,  t he  wheel-force t r ans -  

ducer was mounted on t h e  leading  a x l e  of a tandem suspension on t h e  d r i v e r ' s  

s i d e  of t h e  veh ic l e .  The wheel-force t r ansduce r ,  which inc ludes  a d u a l  

wheel assembly, was equipped w i t h  two Hichel in  XZX 10R20 t i r e s  f o r  t h e  

c a l i b r a t i o n  and a l l  t e s t s .  One suspension i n s t a l l e d  a t  t h e  d r i v e  a x l e s  of a 

t r a c t o r  was a Hendrickson "walking beam." This  suspension incorpora ted  

mul t i - leaf  s p r i n g s  and was comparable t o  t h e  u n i t  measured by Sweatman and 

i d e n t i f i e d  by him a s  the  "worst" type. The second was a Fruehauf four-spr ing  

on a t r a i l e r  tandem ax le ,  s i m i l a r  t o  t h e  one considered " typ ica l "  by 

Sweatman. The t h i r d  a s  a Kenworth tors ion-bar  suspension mounted on a 

t r a c t o r  d r i v e  a x l e ,  i d e n t i f i e d  by Sweatman a s  t h e  "best ."  The t h r e e  road 

s i t e s  had roughness l e v e l s  nominally equ iva len t  t o  smooth, moderate, and 

rough. 

4 . 1  Measurement of Dynamic Wheel Load 

The dynamic wheel-load t ransducer  b u i l t  by Maritime Dynamics is a 

s train-gauged s t r u c t u r e  which b o l t s  d i r e c t l y  t o  a hub rneant f o r  mounting 

disc-type wheels. The t r ansduce r ,  i t s e l f ,  suppor ts  t i r e / r i m  assemblies  such 

a s  convent ional ly  smployed on cast-spoke wheels. The t ransducer  is i n s t r u -  , 

mented f o r  measurement of v e r t i c a l ,  l a t e r a l ,  and l o n g i t u d i n a l  f o r c e s ,  

126 



designated as  A, B ,  and T. The 0r ienta t : ions  of the  A and B sensors  r o t a t e  

with t h e  wheel, such t h a t  these  sensors a c t u a l l y  measure a  fo rce  vector  

r o t a t i n g  through the  v e r t i c a l  and the  long i tud ina l  d i r e c t i o n s .  The instan- 

taneous A and B s i g n a l s  a r e  the re fore  funct ions  of the  wheel r o t a t i o n a l  

pos i t ion  as wel l  as the v e r t i c a l  and long i tud ina l  fo rce  components. The T 

( t ransverse)  s i g n a l  is  intended t o  represent  the  l a t e r a l  fo rce  transmitted 

between t i r e  and road. 

Preliminary check-outs of the  wheel-load transducer by i t s  manufacturer 

indicated t h a t  a  s i g n i f i c a n t  cross-coupling could occur between the  v e r t i c a l  

load input  and r e s u l t i n g  bending of the  transducer. This f inding suggested 

t h a t  t h e  c a l i b r a t i o n  methods should be performed under r e a l i s t i c  loading 

condit ions.  For t h i s  purpose, the  t i r e /  transducer /wheel assembly was mounted 

on a  t ruck t i r e  t e s t  machine a t  UMTRI which allowed c a l i b r a t i o n  with con- 

t r o l l e d  loads input  through t h e  t i r e s .  'fie se tup is shown i n  Figure 46. 

The c a l i b r a t i o n  consisted of measuring the  gains  and cross- ta lk  e f f e c t s  of 

t h e  two r o t a t i n g  load c e l l  channels (designated A and B) under the  same 

loading condit ions t h a t  occur on t h e  road. 

The wheel-force transducer includei3 a  s in /cos  potentiometer (pot)  and 

an e l e c t r o n i c  fo rce  reso lver ,  t h a t  resolve  t h e  s i g n a l s  from the  A and B 

load c e l l s  i n t o  v e r t i c a l  and 1ongitudina:L fo rces .  I n i t i a l  t e s t s  indicated 

many p o t e n t i a l  a reas  i n  which e r r o r s  were an t i c ipa ted  such a s :  l i m i t a t i o n s  

i n  t h e  accuracy and l i n e a r i t y  of t h e  analog m u l t i p l i e r ;  inaccurate  S I N  and 

COS waveforms produced by the  s in /cos  pot ;  a  tendency of t h e  load c e l l  

s i g n a l s  t o  d r i f t ;  and a  requirement t h a t  the  s i n l c o s  pot be accurate ly  

posit ioned t o  maintain the  cor rec t  phase re la t ionsh ip  between t h e  S I N  and COS 

s i g n a l s ,  r e l a t i v e  t o  the  A and B s i g n a l s .  A l l  of these f a c t o r s  can be 

evaluated and to some extent  con t ro l l ed ,  ye t  because l a t e r  analyses  were to 

be performed with a  d i g i t a l  computer, i t  was more s t ra ightforward to  simply 

record the raw transducer s igna l s  and resolve  the  v e r t i c a l  and long i tud ina l  

fo rces  l a t e r  with t h e  computer. This approach of performing a l l  poss ible  

da ta  processing d i g i t a l l y  r e s u l t s  i n  g r e a t e r  accuracy and much l e s s  c r i t i c a l  

setup f o r  t e s t i n g .  Based on the  experience gained,  the methodology used can 

be recommended f o r  f u t u r e  work i n  t h i s  f i e l d .  

Figure 47 shows t h a t  t h e  "raw" A and B s i g n a l s  have s i g n i f i c a n t  off-  

s e t s .  These were found t o  change slowly with time as the  e l e c t r o n i c  



Figure 46. Laboratory c a l i b r a t i o n  of wheel-force t ransducer .  
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Figure 4 7 .  Example on-road measurements from wheel-f orce t r ansduce r .  



a m p l i f i e r s  " d r i f t . "  Thus, t h e  f i r s t  s t e p  i n  process ing  t h e  d a t a  by computer 

t o  r e s o l v e  t h e  A and B s i g n a l s  i n t o  v e r t i c a l  and l o n g i t u d i n a l  f o r c e s  is 

s u b t r a c t i o n  of t h e  o f f s e t s  which o therwise  would produce major e r r o r s  i n  

t h e  process of t h e  s i n l c o s  t ransformat ion .  These e r r o r s  occur  because any 

o f f s e t  i n  t he  A and B channels  i s  m u l t i p l i e d  by a  s i n e  f u n c t i o n ,  thus  y i e l d i n g  

a f a l s e  s i n u s o i d a l  f o r c e  v a r i a t i o n  p ropor t iona l  t o  t h e  o f f s e t .  (Note t h a t  

t h i s  e r r o r  source is a  major impediment t o  use  of t h e  analog r e so lv ing  

system provided wi th  t h e  t r ansduce r . )  Next, t h e  computer performs a  "ca l i -  

b r a t i o n , "  us ing  Four i e r  t ransforms of t h e  s i g n a l s ,  t o  determine t h e  phase 

r e l a t i o n s h i p  between t h e  A channel  and t h e  S I N  s i g n a l  from t h e  s i n f c o s  pot .  

iln e r r o r  i n  phase angle  between t h e  s i g n a l s  and t h e  computed sine and cos ine  

func t ions  w i l l  i n t roduce  bo th  s i n u s o i d a l  v a r i a t i o n s  and an  o f f s e t  i n t o  t h e  

c a l c u l a t e d  FZ and FX s i g n a l s .  I n  p r a c t i c e ,  i t  is  very  d i f f i c u l t  t o  c o n t r o l  

t h i s  phase angle ,  mechanical ly,  from one t e s t  sample t o  t h e  nex t ,  due t o  

t h e  n a t u r e  of heavy t r u c k  suspensions.  That i s ,  t h e  " s t a t o r "  element of 

t h e  t r ansduce r  cannot be he ld  p r e c i s e l y  f i x e d  i n  s p a c e t h u s  pe rmi t t i ng  some 

s h i f t  i n  t he  zero-reference needed i n  e s t a b l i s h i n g  t h e  s u b j e c t  phase angles .  

The descr ibed  method of a n a l y s i s  compensates f o r  any change i n  t h e  r e l a t i v e  

angular  p o s i t i o n  of t h e  pot  between t e s t  samples and e l i m i n a t e s  t h e  need 

f o r  manual alignment. E s s e n t i a l l y ,  t h e  computer program sea rches  f o r  t h e  

maximum s t a t i c  f o r c e ,  d e f i n i n g  it a s  "down." The A and B s i g n a l s  a r e  then 

combined, w i t h  s i n  and cos va lues  computed d i g i t a l l y  us ing  t h e  p o s i t i v e  

zero c ros s ings  of t h e  S I N  s i g n a l  a s  r e f e r e n c e  po in t s .  F igure  48 shows the  

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

s i g n a l s ,  des ignated  "FZ" and "FX," r e s p e c t i v e l y ,  which a r e  c a l c u l a t e d  from 

t h e  "raw" A and B s i g n a l s  shown e a r l i e r  in Figure  47 .  

Even wi th  t h e s e  d a t a  process ing  se thods ,  t he  e r r o r s  a r e  s i g n i f i c a n t  

f o r  t h e  FX computation because t h e  computation process r e q u i r e s  t h e  subt rac-  

t i o n  of two l a r g e  numbers t o  o b t a i n  a  sma l l  one. b small r e l a t i v e  e r r o r  i n  

t h e  l a r g e  numbers can cause a  l a r g e  r e l a t i v e  e r r o r  i n  t h e  r e s u l t .  For t h e  

same reasons ,  FZ measurements a r e  no t  a c c u r a t e  a t  t h e  wheel r o t a t i o n  f r e -  

quency, which means t h e  wheel-force t ransducer  should not  be used to  t r y  t o  

d i s c e r n  f o r c e  v a r i a t i o n s  caused by t i r e / w h e e l  nonuni formi t ies  from those  

caused by road roughness. (This  l i m i t a t i o n  has  almost  no e f f e c t  on measure- 

ment of dynamic loading ,  except  f o r  very smooth roads and very  nonuniform 

t i r e / w h e e l  assembl ies .  ) 
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Also note that  the T s ignal  in  Figure48 shows a l a t e r a l  force 

rapidly osc i l l a t i ng  with an amplitude of more than 1000 lbs  (4540 N). 

From knowledge of truck tire/wheel force variat ion obtained in  other research, 

i t  i s  believed that  t h i s  force nagnitude i s  unrea l i s t ica l ly  high. The error  

i s  most l ike ly  caused by cross-talk (mechanical and/or e lec t ronic) ,  and 

could perhaps be removed by a more complete cal ibrat ion procedure. Inasmuch 

as  t h i s  force direct ion was not of primary in t e re s t  i n  the experimental study, 

no e f fo r t  was made to ident i fy the cross-talk source or to correct the data. 

For now we can only s t a t e  that  "as is," the wheel-force transducer should 

not be considered as a proven means fo r  measuring dynamic variat ions i n  

l a t e r a l  force. 

Overall, the wheel-force transducer can be considered su i tab le  for  

measuring the random portion of the dynamic ve r t i ca l  (FZ) forces as  well as 

the s t a t i c  ve r t i ca l  forces. The accuracy of the l a t e r a l  and longitudinal 

force measurements, and of cycl ic  (or wheel-rtation-synchronous) force 

variat ions in  e i ther  of the X and Z direct ions is l e s s  cer tain.  I f  accurate 

measures of these small var iat ions were needed from t h i s  type of transducer, 

fur ther  development of tes t ing and data processing procedures might be 

warranted. 

Actual forces transferred between vehicle and road must be measured 

a t  the t i re l road  interface to accurately r e f l ec t  the instantaneous load. 

In the Maritime Dynamics design, the wheel-force transducer attempts to 

approach th i s  ideal  by minimizing the mass between the sensor and the road. 

Yet because the mass of the t i r e s  and outer portion of the transducer s t i l l  

l i e s  between the load sensors and the road, not a l l  of the pavement force 

i s  transmitted to the transducer. Instead, some of the force i s  absorbed in  

acceleration of t h i s  mass, which i s  about 500 lbs  (227  k g ) .  When avai lable ,  

accelerometer measurements on the axle were obtained so that  the data could 

be corrected for  t h i s  error .  Figure 49 shows the axle acceleration for the 

example t e s t ,  along with the "corrected" ve r t i ca l  force, designated as  FZ+. 

The peak-to-peak acceleration levels  of 2 5 g ' s  t rans la te  to  forces of 

+ 2,500 lbs  (11,350 N) "missed" by the wheel-force transducer. - 
Most of the t e s t  resu l t s  reported by others have been reduced to some 

so r t  of "normalized" s t a t i s t i c ,  such as the Dynamic Index (standard 

deviation of force divided by mean force) .  The FHWA wheel-force transducer, 
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by i t s e l f ,  produces a s t a t i c  l oad  measure t h a t  is  too low by an  amount 

equa l  t o  t h e  weight between t h e  senso r  and t h e  road.  I f  t h e  d a t a  were no t  

c o r r e c t e d  f o r  t h i s  s t a t i c  l oad  d i f f e r e n c e ,  t h e  normalized dynamic f o r c e  

( t h e  dynamic index) would be i n  e r r o r  on t h e  h igh  s i d e .  S i m i l a r l y ,  f a i l u r e  

t o  t a k e  t h e  mass / acce l e ra t ion  mechanism i n t o  account  w i l l  y i e l d  a measured 

dynamic component which is too  low, a s  shown f o r  t h e  example t e s t  i n  F igu res  

47-49. S ince  t h e  e r r o r  i n  t h e  dynamic component may be much g r e a t e r  than  

i n  t h e  s t a t i c  component, t h e  r e s u l t i n g  dynamic index is  l i k e l y  t o  be i n  

e r r o r  on t h e  low s i d e .  I n  g e n e r a l ,  t h e  two e r r o r s  tend t o  compensate f o r  

each o t h e r  on v e h i c l e s  dominated by "low-frequency" dynamic behavior ,  wh i l e  

t h e  dynamic index w i l l  be underes t imated  on v e h i c l e s  w i t h  dynamic load  

f l u c t u a t i o n s  which a r e  dominated by "high-frequency'' v i b r a t i o n s .  ( I n  t h i s  

s tudy ,  t h e  la t ter  ca tegory  was a s s o c i a t e d  w i t h  t h e  g r e a t e s t  dynamic load 

v a r i a t i o n s ,  meaning t h a t  t h i s  measurement e r r o r ,  i f  uncor rec t ed ,  is g r e a t e s t  

f o r  t h e  cond i t ions  of most i n t e r e s t .  ) 

O f  t h e  t h r e e  suspens ions  t e s t e d ,  two were instrumented t o  o b t a i n  the  

a x l e  a c c e l e r a t i o n .  The "walking-beam" type  experienced a c t u a l  normalized 

dynamic loads ,  when c o r r e c t e d ,  t h a t  were.5-33% l a r g e r  than  measured d i r e c t l y  

w i t h  t h e  wheel-force t r ansduce r .  On t h e  o t h e r  hand, t h e  four- leaf  type  

experienced normalized dynamic loads  ranging  from 7% sma l l e r  t o  only  2% 

bigger .  F igu re  50 compares t h e  c o r r e c t e d  and uncorrec ted  f o r c e  measurements 

f o r  t h e  same t e s t  cond i t ions  used i n  t h e  previous  examples. The to r s ion -  

b a r  suspens ion  was no t  ins t rumented  f o r  measurement of a c c e l e r a t i o n s ,  bu t  

was seen  t o  exper ience  v i b r a t i o n s  q u a l i t a t i v e l y  s i m i l a r  t o  those  seen  f o r  t h e  

fou r - l ea f .  Thus t h e  normalized f o r c e s  r epor t ed  h e r e  f o r  t h e  tors ion-bar  

suspens ion  can be assumed t o  be margina l ly  h ighe r  than  t h e i r  t r u e  va lue .  

4 . 2  Road Tes t  S i t e s  

Tes t s  were conducted a t  t h r e e  s i t e s ,  whose roughness p r o p e r t i e s  a r e  

summarized i n  F igu re  51. I n  an  e a r l i e r  p r o j e c t  f o r  FHWA [ 3 1 ] ,  t h e  longi -  

t u d i n a l  p r o f i l e s  of  both wheel t r a c k s  were measured wi th  an i n e r t i a l  

p ro f i lome te r .  These p r o f i l e s  were processed through a qua r t e r - ca r  s imu la t ion  
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t o  evaluate  the  road 's  e f f e c t i v e  "roughness" a s  would be perceived by a 

t r ave rs ing  passenger ca r .  The s imulat ion represen t s  a "Reference" Response- 

Type Road Roughness Measurement System (RTRRMS) a s  i s  commonly used f o r  

roughness measurement worldwide [ 3 2 , 3 3 ] .  The roughness is quan t i f i ed  by 

the  RARV (equivalent  t o  the  Average Rec t i f i ed  Velocity of the  suspension 

motions f o r  the  Reference vehic le)  which is c lose ly  r e l a t e d  t o  the  v ib ra t ion  

l e v e l s  produced i n  road-using vehic les  [31,32]. Because the  e f f e c t i v e  

roughness of a road v a r i e s  wi th  t h e  t r a v e l  speed, the  quar ter -car  s imulat ion 

was performed a t  each speed used by the  t e s t  veh ic les  t o  determine the  

e f f e c t i v e  roughness f o r  each speed. The roughness values obtained f o r  each 

s i t e  a r e  shown i n  the  f i g u r e  f o r  the  t e s t  speeds of 4 5  and 5 5  mph (72 and 

88 km/h) used i n  t h i s  experiment. 

Along with the  roughness numerics, Figure 51 presents  p l o t s  of the  

s p e c t r a l  content  of t h a t  roughness i n  t h e  form of Power Spec t ra l  Densi t ies  

(PSDs) of s lope p r o f i l e  f o r  each s i t e .  The smoothest ( S i t e  / /I)  and roughest 

( S i t e  #2) r evea l  almost uniform s t r e n g t h  over the mid-portion of the  wave 

number range (wave number = l /wavelength) ,  which is  the  primary source of 

v i b r a t i o n  e x c i t a t i o n  t o  t r ave rs ing  veh ic les .  Because of t h i s  uniformity 

i n  roughness content ,  t h e  frequency d i s t r i b u t i o n  of the  ax le  load var ia-  

t i o n s  t h a t  w i l l  be seen on t h e  t e s t  veh ic les  can be a t t r i b u t e d  s o l e l y  t o  

the dynamic response p roper t i e s  of t h e  veh ic les  involved. S i t e  i t h e l e c t e d  

because some t rucks  have been observed to  "tune in1' and v i b r a t e  excess ively  

on t h i s  s u r f a c e - a l s o  shows an o v e r a l l  roughness t h a t  is evenly d i s t r i b u t e d ,  

along with s p e c i f i c  "peaks" occurr ing a t  wave numbers t h a t  a r e  harmonics 

of 0.075 c y c l e / f t  (0.075, 0.15, 0.225, . . . ) .  Peaks such a s  these ind ica te  

a per iodic  element wi thin  t h e  otherwise random p r o f i l e ,  wi th  the period 

corresponding t o  the f i r s t  harmonic (0.075 c y c l e / f t  = wavelength of 

approximately 13  f e e t  ( 4  a ) ) .  

4.3 Results  

The r e s u l t s  of the  measurements of dynamic wheel load a r e  summarized 

i n  Figures 52-54 f o r  S i t e s  i l l ,  # 2 ,  and ?/3, r e spec t ive ly .  For each of the  

t e s t  condi t ions ,  the  following information is provided: 
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1. The Power S p e c t r a l  Densi ty (PSD) of t h e  a x l e  l oad .  

2 .  The mean ( s t a t i c )  v e r t i c a l  load .  

3.  s - Dynamic Index ( t h e  s t anda rd  d e v i a t i o n  of t h e  load  

normalized by i ts  mean va lue ) .  

4 .  DS - Dynamic Pavement S t r e s s  Fac to r  ( t h e  average  va lue  of 

t h e  in s t an taneous  load  t o  t h e  f o u r t h  power, d iv ided  by the  

f o u r t h  power of t h e  mean l o a d ) .  Based on t h e  r u l e  t h a t  

pavement damage is  p r o p o r t i o n a l  t o  t h e  f o u r t h  power of t h e  

app l i ed  load ,  t h i s  parameter i s  then t h e  r a t i o  of a c t u a l  

damage t o  t h a t  p red ic t ed  on t h e  b a s i s  of s t a t i c  a x l e  load .  

I f  t h e  loads  a r e  random wi th  a  Gaussian (normal) d i s t r i b u -  

t i o n ,  DS can a l s o  be c a l c u l a t e d  a s :  

The va lues  obta ined  by t h e  two c a l c u l a t i o n  methods were 

u s u a l l y  s i m i l a r ,  i n d i c a t i n g  t h a t  t h e  loads  a r e  approximately 

Gaussian i n  t h e i r  d i s t r i b u t i o n ,  a s  was a l s o  found i n  England 

[301 Q 

Inasmuch a s  a l l  exper imenta l  t e s t s  were r e p l i c a t e d ,  two va lues  a r e  

shown f o r  each s t a t i s t i c ,  g iv ing  t h e  reader  an i n d i c a t i o n  of t h e  degree  

of r e p e a t a b i l i t y  obta ined  i n  t h e  t e s t i n g .  

The PSD's show t h e  d i s t r i b u t i o n  of t h e  dynamic wheel l oads  i n  t h e  

frequency spectrum. They a r e  c h a r a c t e r i z e d  by a  number of "peaks" repre-  

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

dynamic load .  P l o t t e d  a s  they a r e ,  i n  l i nea r -L inea r  format ,  t he  t o t a l  a r e a  

under t h e  PSD is  equal  t o  t he  mean squar. dynamic f o r c e  ( a f t e r  t he  s t a t i c  

load is s u b t r a c t e d ) .  The he igh t  of  any ,?eak is not  e s p e c i a l l y  s i g n i f i c a n t ,  

a s  i t  w i l l  va ry  w i t h  t h e  d a t a  process ing  methods used. However, t h e  r e l a t i v e  

a r e a  under any peak does provide an a c c u r a t e  p i c t u r e  of how much t h a t  v ib ra -  

t i o n  mode c o n t r i b u t e s  t o  t h e  o v e r a l l  dynamic loads  produced by t h a t  v e h i c l e .  

For example, F igure  53  shows t h a t  most oE t h e  dynamic wheel l oads  inposed 

on t h i s  s i t e  by t h e  tors ion-bar  suspens ion  occur near  2 Hz ( a s  a r e s u l t  of 

rigid-body bounce modes). On the  o t h e r  nand, t h e  much l a r g e r  dynamic load 



v a r i a t i o n s  w i t h  t h e  walking-beam suspens ion  a r e  concen t r a t ed  i n  t h e  10 Hz 

resonance range ( a s s o c i a t e d  w i t h  a x l e  mode v i b r a t i o n s ) .  Thus t h i s  

v i b r a t i o n  mode i s  p r i m a r i l y  r e s p o n s i b l e  f o r  t h e  pavement damage caused on 

t h i s  s i t e  by dynamic load ing  from t h i s  v e h i c l e .  

4.4 Corrobora t ion  w i t h  Sweatmans s Findings  

By and l a r g e ,  t h e  r e s u l t s  ob ta ined  i n  t h i s  s tudy  suppor t  Sweatman's 

f i nd ings  i n  A u s t r a l i a  when t h e  t e s t  c o n d i t i o n s  were r epea ted .  (Yote, 

however, t h a t  t h i s  s tudy  d i d  no t  cover  t h e  wide range of v e h i c l e  types  

s t u d i e d  by Sweatman, no r  t h e  e f f e c t s  of t i r e  i n f l a t i o n  p r e s s u r e  and v e h i c l e  

l oad ing . )  Close  numerical  comparison of  t h e  r e s u l t s  i s  n o t  p o s s i b l e  

because t h e  A u s t r a l i a n  measure of  road roughness is  not  i n t e r n a t i o n a l l y  

t r a n s f e r a b l e  a t  t h i s  time. (Comparison of  t h e  dynamic i n d i c e s  r epor t ed  h e r e  

and by Sweatman would i n d i c a t e  t h a t  "rough1' i n  t h i s  r e p o r t  i s  nominally 

equ iva len t  t o  "medium-rough" i n  A u s t r a l i a . )  S p e c i f i c  comments fo l low,  made 

i n  t h e  con tex t  of Sweatman's p rev ious ly  r epor t ed  f i n d i n g s .  

4 .4 .1  E f f e c t  of Road Roughness on Dynamic Index. The d a t a  from 

t h i s  experiment a r e  summarized i n  F igu re  55, showing Dynamic Index,  s ,  a s  

a func t ion  of roughness. (Approximate l e v e l s  of t he  P resen t  S e r v i c e a b i l i t y  

Index (PSI)-an o l d e r  measure l e s s  p r e c i s e  than  RARV-are a l s o  i n d i c a t e d  

because t h e  PSI  s c a l e  is more f a m i l i a r  t o  many highway eng inee r s . )  Two of 

t h e  v e h i c l e s  show simple r e l a t i o n s h i p s  between roughness and s ,  a l though 

t h e  t h i r d  ( four- leaf  suspens ion)  shows l i t t l e  d i f f e r e n c e  i n  response t o  t h e  

"medium" s i t e  112 and "rough" s i t e  83. 

The dynamic index is no t  s imply p r o p o r t i o n a l  t o  roughness,  f o r  even 

when the  roughness is n e a r l y  zero  (obta ined  by conducting t e s t s  on a smooth 

road a t  a  speed l e s s  than  5 mph (8 km/h), t h e  dynamic index is about  t h e  

same a s  found on s i t e  # I .  

Q u a l i t a t i v e l y ,  t h e s e  r e s u l t s  a g r e e  w i t h  those  of Sweatman. The over- 

a l l  magnitudes of dynamic index a r e  a l s o  suppor ted  by t h e  TRRL re sea rch  

i n  England involv ing  s ing le -ax le  suspens ions .  The non l inea r  r e l a t i o n s h i p  

between roughness and dynamic loads  h a s  a l s o  been p red ic t ed  a n a l y t i c a l l y  

134,351. 
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4.4 .2  Effec t  of Suspension Type on Dynamic Index. Figure 55 a l s o  

shows t h a t  the  ranking of suspension type agrees with t h a t  of Sweatman: 

the  to r s ion  bar  produces the  l e a s t  dynamic loading,  while t h e  walking beam 

produces the  most. It may be concluded t h a t  the  dynamic loads imposed on 

the  highways by t rucks  w i l l  be  a t  l e a s t  5% (equivalent  dynamic index) on 

the  smoothest roads. The dynamic loads increase  with roughness t o  15-30%, 

depending on the  suspension type on the t ruck ,  a t  roughness l e v e l s  asso- 

c i a ted  with paved roads i n  need of r e p a i r  (approximately 2PSI). 

The inf luence of suspension type a s  observed i n  the  Austra l ian  study 

is probably understated because the  a x l e  acce le ra t ion  e f f e c t s  were not 

taken i n t o  account i n  t h e  da ta  reduction.  From t h e  measurements made here ,  

i t  is est imated t h a t  the dynamic loads observed f o r  the  walking-beam 

suspension i n  the  Austra l ian  study would be underestimated by around 30%, 

while not  s e r i o u s l y  inf luencing the  measures f o r  the four-leaf and torsion- 

bar  suspensions. 

4.4.3 Effec t  of Vehicle Speed on Dynamic Index. A s  speed inc reases ,  

so  does the  e x c i t a t i o n  imposed on a veh ic le  by a road. Hence, any measure 

of dynamic response, including dynamic pavement loading,  w i l l  a l s o  increase.  

I n  the  d a t a  reported by Sweatman, the  change i n  dynamic index wi th  speed 

included both the  e f f e c t s  of changing e x c i t a t i o n  from the  road (as  a con- 

sequence of the way i n  which roughness was quan t i f i ed ) ,  and the  changing 

dynamic response of the vehic le .  I n  c o n t r a s t ,  t h e  r e s u l t s  from these  t e s t s  

take i n t o  account the  way i n  which t h e  roughness, a s  perceived by a veh ic le ,  

changes wi th  t r a v e l  speed. The s i x  roughness l e v e l s  i d e n t i f i e d  i n  Figure 55 

correspond to  th ree  t e s t  s i t e s  and two t r a v e l  speeds. I n  comparison, on the  

Austra l ian  s c a l e  o r  the PSI  s c a l e  only th ree  roughness l e v e l s  would be 

defined. By using a roughness d e f i n i t i o n  based on t h e  a c t u a l  t r a v e l  speed, 

the  dynamic loads a s  repor ted  here  can be v a l i d l y  a t t r i b u t e d  s o l e l y  to  

veh ic le  dynamic p roper t i e s .  



4 .4 .4  Effec t  of Inter-Axle Load Transfer .  Truck tandem suspensions 

a r e  designed with t h e  genera l  i n t e n t  of providing load shar ing between the 

ax les  of the  tandem s e t .  These goals  a r e  achieved wi thin  reason i n  t h e  

s t a t i c  s i t u a t i o n ,  al though i t  has been observed t h a t  the  mean loads "on- 

road" w i l l  vary wi th  d r iv ing  o r  braking f o r c e s ,  veh ic le  a t t i t u d e ,  o r  o t h e r  

f a c t o r s .  While an accurate  measure of in te r -ax le  load t r a n s f e r  r equ i res  

t h a t  both ax les  in a tandem suspension be instrumented,  the  load t r a n s f e r  

can be est imated by comparing the  mean load measured during t e s t i n g  wi th  i t s  

supposed " s t a t i c "  value (one-half of the  suspension load measured s t a t i c a l l y  

on t ruck  a x l e  s c a l e s ) .  Sweatman est imated load t r a n s f e r  by t h i s  method, 

and repor ted  f i g u r e s  ranging from 5% to  20%, wi th  the  range 5%-10% being 

" typ ica l  ." Sweatman's c a l c u l a t i o n s  were based on the  assumption t h a t  a l l  

load v a r i a t i o n s  between wheels a r e  n e g l i g i b l e  compared t o  the  in te r -ax le  

t r a n s f e r  i n  tandem (and t r i p l e )  suspensions.  Given the  r e l a t i v e l y  small  

changes noted, and the l a r g e  number of o t h e r  poss ib le  e f f e c t s  (change i n  

p i t c h  o r  r o l l  angle of veh ic le  between s c a l e s  and road; movement of suspen- 

s i o n  due t o  free-play i n  l inkages;  random v a r i a t i o n s  due t o  f r i c t i o n  

h y s t e r e s i s ) ,  t h e  ca lcu la ted  load t r a n s f e r s  might conta in  s i g n i f i c a n t  rneasure- 

ment e r r o r s .  Figures 52-54 show t h a t  t h e  v a r i a t i o n  i n  the  f i e l d  between 

t e s t s  is  on t h e  o rde r  of 5 % ,  and t h a t  t h e r e  a r e  no obvious t rends  between 

roughness and s t a t i c  load f o r  the t h r e e  vehic les  t e s t e d  i n  t h i s  survey.  

Overal l ,  e r r o r s  caused by assuming ax le  loads  t h a t  a r e  not  a c t u a l l y  

transduced could poss ibly  cause the  apparent  in te r -ax le  load t r a n s f e r  

reported by Sweatman. The s ign i f i cance  of in te r -ax le  load t r a n s f e r  r e l a t i v e  

t o  dynamic loading is discussed l a t e r .  

4 . 4 . 5  Effect  of T i r e  I n f l a t i o n  Pressure  on Dynamic Index. One of 

the  l e s s  s i g n i f i c a n t  (but  nost  s u r p r i s i n g )  observat ions  i n  the  Austra l ian  

study i s  t h a t  dynamic loads a r e  increased by lowering t i r e  pressure .  This 

observation i s  a t  odds with what might g~oneral ly  be expected from the  

a n a l y t i c a l  understanding of roadlvehic le  i n t e r a c t i o n s  and is a l s o  contrary  

t o  experimental r e s u l t s  repor ted  i n  Engl'and [30].  Decreasing t i r e  i n f l a t i o n  

pressure  w i l l  decrease  t i r e  s t i f f n e s s ,  winich under most circumstances lowers 

the dynamic loads .  Only when t h a t  change i n  s t i f f n e s s  al lows a p a r t i c u l a r  



v e h i c l e  t o  "tune" one of  its dynamic modes t o  a s p e c i f i c  t e s t  cond i t ion  

would inc reased  loads  be expected. I n  t h e  Aus t r a l i an  s tudy ,  t h i s  l a t t e r  

anomaly could have p reva i l ed  on t h e  t e s t  v e h i c l e s  used;  however, i t  is  a l s o  

p o s s i b l e  t h a t  t h e  absence of c o r r e c t i o n s  f o r  a x l e  a c c e l e r a t i o n s  would 

er roneous ly  i n d i c a t e  an i n c r e a s e  i n  load  l e v e l  a t  t h e  lower i n f l a t i o n  

p re s su re .  The decrease  i n  a x l e  resonant  frequency a t  t h e  lower va lues  of 

i n f l a t i o n  p re s su re  would decrease  t h e  magnitude of t h e  t i r e  load  component 

which was being "absorbed" through a c c e l e r a t i o n  of t h e  outboard mass, thus  

causing t h e  load  c e l l  t o  "see" a g r e a t e r  p o r t i o n  of t he  t o t a l  t i r e  loading ,  

Such a l i n e  of reasoning could e x p l a i n  why Sweatman observed an apparent  

i n c r e a s e  i n  dynamic load  when t i r e  i n f l a t i o n  p re s su re  was reduced. 

4.5 R e l a t i v e  Importance of  Dynamic Loads t o  Pavement Damage 

The primary mot iva t ion  f o r  i n v e s t i g a t i n g  t h e  dynamic wheel l oads  of 

heavy v e h i c l e s  i s  t h a t  a c c e l e r a t e d  pavement d e t e r i o r a t i o n  can occur because 

of a c t u a l  i n s t an taneous  loads  t h a t  a r e  h ighe r  than  would be expected from 

t h e  s t a t i c  wheel l oads  measured on t r u c k  a x l e s .  I n  a s t a t i s t i c a l  s ense ,  

occas iona l  h igh  loads  a r e  compensated by corresponding low loads  (what goes 

up must come down). But based on t h e  c u r r e n t  understanding t h a t  pavement 

s t r e s s  i s  p ropor t iona l  t o  t h e  f o u r t h  power of l oad ,  t h e  i n c r e a s e  i n  damage 

during in s t ances  o f  h igh  load  is  n o t  completely cancel led  dur ing  t h e  

per iods  of low load.  The dynamic s t r e s s  f a c t o r ,  DS, used by Sweatman is  

the  r a t i o  of t he  ins tantaneous  load  t o  t h e  f o u r t h  power, d iv ided  by t h e  

mean load  t o  t h e  f o u r t h  power. A s  such, it is a measure of  t h e  p ropor t iona l  

i n c r e a s e  i n  pavement damage caused by t h e  dynamic load  v a r i a t i o n s .  When 

t h e  f o r c e s  a r e  random and Gaussian,  DS is  a func t ion  of t h e  dynamic index,  

s ( s t anda rd  d e v i a t i o n  of load ,  d iv ided  by mean load) , a s  shown 

e a r l i e r .  

A second f a c t o r ,  when mul t i -ax le  suspensions a r e  i n  use ,  is an i n t e r -  

a x l e  load  t r a n s f e r  t h a t  prevents  t h e  suspension load  from being equa l ly  

d i s t r i b u t e d  among the  a x l e s .  Using t h e  same concept of t h e  DS, t h e  "equiva- 

l e n t  damage" can be q u a n t i f i e d  from t h i s  e f f e c t  a s  a Load Transfer  Pavement 

S t r e s s  Fac tor  LS: 



where 

d = (Mean load - S t a t i c  l o a d ) / S t a t i c  load 

The above expression can be expanded and rewr i t t en :  

The expression f o r  LS is very s i m i l a r  t o  t h a t  f o r  DS, d i f f e r i n g  only i n  

t h e  fourth-order term. For the  range of condi t ions  covered i n  t h i s  s tudy,  

the e f f e c t  of t h i s  d i f f e r e n c e  is l e s s  than 4% f o r  the  h ighest  v a r i a t i o n  

observed. Thus, i n  one sense,  the  pavement damaging e f f e c t s  of in te r -ax le  

load t r a n s f e r  c lose ly  p a r a l l e l  those  of dynamic loading.  For example, a  

dynamic index of 15% has the  same e f f e c t  a s  an ax le  load-sharing imbalance 

of - + lj%, except t h a t  t h e  load-sharing imbalance c o n s t i t u t e s  a s t a t i c  force 

which i s  continuously applied to  t h e  road. 

Although dynamic index and in te r -ax le  load t r a n s f e r  ( s  and d) a r e  

seen t o  be equivalent  i n  the  above s t a t i s t i c a l  sense,  they descr ibe  d i f f e r e n t  

mechanisms t h a t  a r e  not  completely interchangeable.  The major d i f fe rence  

is  t h a t  d ,  the  in te r -ax le  load t r a n s f e r ,  i s  approximately constant  f o r  

d i f f e r e n t  road inpu t s ,  whereas s ,  the  dynamic index, involves the  d i r e c t  re- 

sponse of the  veh ic le  to  road inputs .  O n  very smooth roads ,  the dynamic index 

w i l l  be about 5%. In te r -ax le  load imbalances g r e a t e r  than t h i s  (say,  10% or  

more), w i l l  be the  main source of "extra" damage not accounted f o r  by 

regula ted  s t a t i c  loads.  But on rougher roads,  the  dynamic index of 15-30% 

w i l l  be the primary e x t r a  f a c t o r  i n  road damage, overwhelming the  smal ler  

in te r -ax le  inbalance. (Note t h a t  s i n c e  in te r -ax le  load t r a n s f e r ,  d ,  can 

r e s u l t  from the reac t ion  of d r ive  torque,  the value of d can a l s o  be seen 

t o  depend upon the roughness l e v e l  i n s o f a r  a s  increased d r i v e  torque i s  

needed t o  maintain speed on rougher roads. Xevertheless,  t h i s  e f f e c t  is  

expected to be weak compared t o  the  d i r e c t  inf luence of roughness on the  

dynamic index.)  



Another d i s t i n g u i s h i n g  c h a r a c t e r i s t i c  of dynamic loading  is  t h a t  it 

is  t h e  d i r e c t  r e s u l t  of road p r o f i l e .  Although summary s t a t i s t i c s  a r e  

most e a s i l y  used t o  quan t i fy  t h e  magnitude of t h e  excess l oads ,  t he  a c t u a l  

i n s t an taneous  loads  a r e  t h e  r e s u l t  of t h e  p r o f i l e  geometry " feeding  back'' 

through t h e  mechanism of v e h i c l e  response.  F igure  56 i n d i c a t e s ,  f o r  

example, t h a t  a l l  t h r e e  of t h e  t e s t  v e h i c l e s  show a minimum dynamic loading  

approximately 14 seconds i n t o  t h e  example t e s t  s e c t i o n ,  and then  d i s p l a y  a 

maximum loading 3-4 seconds l a t e r .  Regardless of t h e  s t a t i s t i c a l  s e a s u r e  

f o r  t h a t  one-mile s e c t i o n ,  t he  pavement a r e a  corresponding t o  approximately 

17  seconds i n t o  t h e  t e s t  t akes  an  extreme b e a t i n g  from a l l  of t h e  v e h i c l e s .  

This  e f f e c t  is  mainly ampl i f ied  by t h e  dynamic responses of t h e  v e h i c l e s ,  

r a t h e r  than  by t h e  load-sharing performances of t h e  suspensions.  

4.6 The Role of  Vehicle Dynamics i n  Pavement Load 

Figures  56 and 57 i l l u s t r a t e  t h e  d i f f e r e n c e s  i n  v e h i c l e  response  t o  

i d e n t i c a l  road e x c i t a t i o n  by comparing t h e  a c t u a l  measured wheel f o r c e s  of 

t h e  t h r e e  t e s t  v e h i c l e s  on t h e  roughest  t e s t  s i t e .  We s e e  i n  F igure  56 

t h a t  t he  responses of  t he  r e s p e c t i v e  v e h i c l e s  s h a r e  l i t t l e  i n  cormnon 

o v e r a l l .  

On t h e  o t h e r  hand, t he  PSD p l o t s  shown e a r l i e r  i n  F igu res  52-54 shed 

some l i g h t  on how d i f f e r e n c e s  i n  suspension des ign  cause  va r ious  l e v e l s  of 

dynamic loading .  I n  every c a s e ,  t h e  PSDs c o n t a i n  most of t h e  dynamic loading  

w i t h i n  a  few narrow "peaks." Peaks such a s  t hese ,  when obta ined  i n  response 

to  broad-band road inpu t s  a s  shown i n  Figure  51,  i n d i c a t e  t h a t  l i g h t l y -  

damped modal resonances account f o r  most of t h e  dynamic loading .  The 

resonances tend  t o  b e  concent ra ted  w i t h i n  two bands, one i n  t he  2-4 Hz range  

f o r  a l l  v e h i c l e s ,  and one cen te red  around 10 Hz f o r  the  v e h i c l e  w i t h  t h e  

walking-beam tandem suspension.  F igure  57 shows how t h e s e  modal v i b r a t i o n s  

appear  a s  time h i s t o r i e s .  Although t h e  modal resonance p r o p e r t i e s  of t h e  

test v e h i c l e s  were not  i n v e s t i g a t e d  i n  t h i s  work, t h e  knowledge of t ruck  

v i b r a t i o n  p r o p e r t i e s  a v a i l a b l e  from o t h e r  r e s e a r c h  can sugges t  what 

resonance modes may be involved.  
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Figu re  56.  Comparisons of t h r e e  v e h i c l e  r e sponses  t o  t h e  same road i n p u t  

(Note: s i g n a l s  a r e  n o t  a c c u r a t e l y  synch ron i zed ) .  
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Resonances i n  t h e  2-4 Hz range w i t h  heavy commercial v e h i c l e s  a r e  

almost exc lus ive ly  rigid-body v i b r a t i o n  modes invo lv ing  bounce and/or  p i t c h  

of  t he  t r a c t o r  and t r a i l e r .  These a r e  c o n t r o l l e d  by t h e  s t i f f n e s s  of 

suspens ion  systems and tires, t h e  general mass p r o p e r t i e s ,  and t h e  o v e r a l l  

s i z e s  ( l eng ths )  of t h e  t r a c t o r  and t r a i l e r .  Although suspension des ign  is 

but  one of  many v e h i c l e  v a r i a b l e s ,  e f f e c t s  of  o t h e r  v a r i a b l e s  a r e  he ld  some- 

what i n  check because a l l  of t h e  test v e h i c l e s  used t h e  same t r a i l e r  and 

were loaded s o  t h a t  t h e  instrumented a x l e s  always c a r r i e d  t h e  same (maximum 

r a t e d )  load.  The rigid-body modes a r e  ev iden t  i n  t h e  s p e c t r a  f o r  a l l  t h r e e  

v e h i c l e s  under a l l  c o n d i t i o n s ,  al though t:hey do no t  always dominate on t h e  

t r a c t o r  w i t h  the  walking-beam suspens ion .  The tors ion-bar  suspension i s  

c l e a r l y  b e s t  i n  t h i s  mode, being l e a s t  re!sponsive i n  caus ing  dynamic load ing  

t o  occur.  The four- leaf  suspens ion  tends1 t o  be s l i g h t l y  worse than t h e  

walking.  beam i n  t h e s e  modes, a 1  though the! f a c t  t h a t  t h e  four- leaf  suspension 

was i n s t a l l e d  on a s e m i t r a i l e r ,  wh i l e  the! walking-beam was i n s t a l l e d  on a 

t r a c t o r ,  may s t r o n g l y  i n f l u e n c e  t h e  re1at : ive magnitudes observed ( i .  e. , 
t h e  dynamic d i f f e r e n c e s  between t h e  t r a c t o r  and t r a i l e r  may be more s i g n i -  

f i c a n t  i n  t h i s  ca se  than  t h e  d i f f e r e n c e s  between suspens ion  t y p e s ) .  

Resonances a t  10 Hz and above involve  e i t h e r  a x l e  resonances o r  

s t r u c t u r a l  modes of t h e  v e h i c l e  (frame-bending modes, e t c . ) .  The combined 

s t i f f n e s s  of t h e  t i r e s  and suspension system w i l l  normally r e s u l t  i n  an a x l e  

r e sonan t  frequency of 15 Hz and above. However, i n  t h e  s p e c i a l  ca se  of t h e  

walking-beam type of suspens ion ,  t h e r e  is  a v i b r a t i o n  mode which does no t  

involve  d e f l e c t i o n  of t h e  suspens ion ,  t h u s  r e s u l t i n g  i n  a  n a t u r a l  frequency 

nea r  10  Hz w i t h  t r a c t o r  d r i v e  ax le s .  This  mode, o f t e n  c a l l e d  t h e  "tanaem- 

hop" mode, occurs  when t h e  f r o n t  and r e a r  a x l e s  of t h e  tandem p a i r  bounce 

o u t  of  phase. The mode may be e x c i t e d  by t h e  passage of road bumps f i r s t  

under t h e  f r o n t  and then  under t h e  r e a r  a-xle. With a  10 Hz resonance f r e -  

quency, f o r  example, t h i s  mode w i l l  be d i r e c t l y  e x c i t e d  when t h e  time de lay  

of road bumps pass ing  under t h e  f r o n t ,  and then  r e a r ,  a x l e s  is 1 /20  of a  

second. With c l o s e l y  spaced tandem-axle s e t s  ( t y p i c a l l y  4 t o  4 . 5  f e e t  

(1.22 m t o  1.37 m) a p a r t ) ,  e x c i t a t i o n  of t h i s  mode can r e a d i l y  occur a t  

normal highway speeds ( say ,  80 f t l s e c  (24 m/sec))  . On t h e  roughes t  road 

s i t e  ( s e e  Figures  53 and 5 7 ) ,  t h i s  mode is  seen  t o  be w e l l  exc i t ed  and 

dominates a s  a  sou rce  of dynamic load ing  f o r  t h i s  v e h i c l e .  



4 . 7  Conclusions 

The s tudy on dynamic wheel l oads  genera ted  by loaded tractor-semi-  

trailers has  cor rabora ted  e a r l i e r  f i nd ings  by P. Sweatman i n  A u s t r a l i a ,  

confirming t h a t  ins tantaneous  l o a d s  can be l a r g e  enough t h a t  a c c e l e r a t e d  

pavement d e t e r i o r a t i o n  may be expected ,  and t h a t  t h e  magnitude of those  

loads  is  inf luenced by road roughness and v e h i c l e  suspension des ign .  Of 

t h e  t h r e e  suspension des igns  r ep resen ted ,  dynamic loading  was l e a s t  w i th  a 

tors ion-bar  des ign  and g r e a t e s t  w i t h  a walking-beam type.  A convent ional  

t r a i l e r  four- leaf  suspens ion  f e l l  i n  t h e  middle. The d i f f e r e n c e  i n  dynamic 

pavement l oad ing  between the  four-spring and t h e  walking-beam can be 

a t t r i b u t e d  i n  t h i s  example t o  high-frequency (10 Hz) a x l e  v i b r a t i o n s ,  

p re sen t  wi th  t h e  walking-beam b u t  no t  t h e  four-spring suspension.  

Although dynamic wheel l oads  imposed by a v e h i c l e  u s u a l l y  i n c r e a s e  

wi th  "roughness," t h e  responses of i n d i v i d u a l  v e h i c l e s  a r e  o f t e n  d i f f e r e n t  

enough t h a t  one might " tune in"  t o  a p a r t i c u l a r  road,  r e s u l t i n g  i n  h igh  

loads ,  wh i l e  another  might be r e l a t i v e l y  unresponsive t o  t h a t  same road.  The 

r e l a t i o n s h i p  between dynamic wheel load  and roughness i s  gene ra l ly  non l inea r .  

For example, dynamic loads  of about  5% e x i s t  even on very smooth roads f o r  

t h e  v e h i c l e s  t e s t e d  i n  t h i s  s tudy.  

Dynamic wheel loads  a s s o c i a t e d  w i t h  a veh ic l e / road  combination 

g e n e r a l l y  i n c r e a s e  wi th  speed,  bu t  t h i s  e f f e c t  is due mainly t o  t h e  increased  

apparent  roughness of t he  road w i t h  speed. When t h e  roughness measurements 

a r e  made a t  t h e  same speed a s  used by t h e  t r u c k  according t o  t h e  procedures 

recommended i n  8CHR.P Report 228,  t h e  speed is  no longer  a primary v a r i a b l e .  

Rather ,  t h e  t ruck  response and t h e  corresponding dynamic loads  a r e  seen  t o  

be only a func t ion  of roughness f o r  a s p e c i f i c  veh ic l e .  

A wheel-force t ransducer  owned by FHWA was c a l i b r a t e d ,  eva lua t ed ,  and 

found t o  be s u i t a b l e  f o r  measurement of dynamic loads  a s  they in f luence  

pavement s t r e s s ,  a l though a d d i t i o n a l  i n s t rumen ta t ion  t o  measure v e r t i c a l  

a c c e l e r a t i o n  of t h e  t r ansduce r  is  a l s o  recommended. Without t h i s  e x t r a  

i n s t rumen ta t ion  (and subsequent d a t a  p rocess ing ) ,  measures of dynamic loads  

can be  up t o  30% too low. This  is  p a r t i c u l a r l y  important  because t h e  l a r g e s t  
d 

e r r o r s  occurred when t h e  dynamic loading  was g r e a t e s t  and t h e r e f o r e  most 



c r i t i c a l .  I n  t h e  A u s t r a l i a n  r e sea rch ,  a s i m i l a r  t ransducer  was used wi thout  

t h e  e x t r a  i n s t rumen ta t ion ,  wi th  t h e  r e su . l t  t h a t  t h e  worst  r epo r t ed  dynamic 

loads  may a c t u a l l y  be too low. 

So f a r ,  measurements have been processed t o  y i e l d  s imple summary 

s t a t i s t i c s  t h a t  a r e  i n d i c a t o r s  of average  pavement s t r e s s  and r e s u l t i n g  

d e t e r i o r a t i o n .  I n  t r e a t i n g  t h e  d a t a  t h i s  way, the  dynamic wheel l oads  a r e  

assumed t o  be e s s e n t i a l l y  random, occu r r ing  wi th  equal  l i k e l i h o o d  anywhere 

along a road. Yet t h e  cause-ef fec t  r e l a t i o n s h i p  between roughness and 

dynamic loads  seen  i n  t h i s  d a t a  would sugges t  t h a t  t he  "randomness" f e a t u r e  

is not  a r e a l i s t i c  p i c t u r e  of pavement l oad ing  mechanisms r e l e v a n t  t o  pave- 

ment d e t e r i o r a t i o n .  Espec ia l ly  on the  rougher roads ,  where dynamic loading  

has  been i d e n t i f i e d  a s  a much g r e a t e r  problem, t h e  dynamic loads  a r e  not  

random, bu t  a r e  t h e  s p e c i f i c  r e s u l t  of an i n t e r a c t i o n  between road p r o f i l e  

and t h e  dynamic response of t h e  pass ing  v e h i c l e s .  The peak loads  (which 

i n f l i c t  t h e  most damage) r e s u l t i n g  from s p e c i f i c  road roughness f e a t u r e s  

w i l l  t h e r e f o r e  occur  r epea ted ly  i n  t he  same gene ra l  l o c a t i o n s  on t h e  

pavement ( j u s t  downstream from each roughness f e a t u r e )  w i t h  a l l  t r a f f i c .  

For example, PCC s l a b s  respond t o  v e h i c l e  loading  by t i l t i n g ,  and they always 

t i l t  according  t o  t h e  d i r e c t i o n  of v e h i c l e  t r a v e l ,  w i th  t h e  l ead ing  edge 

being pushed down. Obviously, t h i s  sys t ema t i c  p a t t e r n  cannot happen wi th  

dynamic loads  t h a t  a r e  completely random i n  t h e i r  d i s t r i b u t i o n .  I n s t e a d ,  

t h e  d i s c o n t i n u i t y  between s l a b s  Iff eeds back, I' causing p a r t i a l l y  d e t e r m i n i s t i c  

and asymmetric l oad ing  responses from t h e  moving v e h i c l e s  t r a v e r s i n g  t h e  

road. The r epea tab le  asymmetry of  t he  load ing  h i s t o r y  even tua l ly  t i l t s  the  

s l a b ,  thereby i n c r e a s i n g  t h e  d i s c o n t i n u i t y  and a c c e l e r a t i n g  t h e  e f f e c t .  

S imi l a r  e f f e c t s  can be expected t o  e x i s t  w i th  o t h e r  d i s c o n t i n u i t i e s ,  such a s  

potholes  o r  s e t t l e n e n t s  a t  b r idge  approaches. Thus t h e  cause-effect  

r e l a t i o n s h i p  demonstrated h e r e  should add new i n s i g h t s  t o  t h e  mechanisms of 

pavement d e t e r i o r a t i o n  i f  app l i ed  a p p r o p r i a t e l y .  

Then measurements of dynamic loadii lg a r e  presented  i n  t h e  form of 

average summary s t a t i s t i c s ,  such a s  s t anda rd  d e v i a t i o n  and "dynamic pavement 

s t r e s s  f a c t o r , "  very high peak l e v e l s  a r e  averaged i n  wi th '  lower "background" 

l e v e l s  t h a t  more c l o s e l y  f i t  t h e  concept of random v i b r a t i o n s .  Yet wi th  

dynamic index va lues  ( s tandard  deviation:;) approaching 30%, assuming a 



Gaussian d i s t r i b u t i o n ,  1% of the  road su r face  must s e e  dynamic loads  a s  

high a s  170% of the  s t a t i c  value,  wi th  four th  power s t r e s s  f a c t o r s  g rea te r  

than 8; while the extremes, found t o  exceed 250% (see  Figure 56 f o r  the  

"walking-beam") of the  s t a t i c  load l e v e l  i n  t h i s  study,  y ie ld  s t r e s s  f a c t o r s  

near 40. By the  above reasoning, t h e  pavement loca t ions  seeing these high 

s t r e s s  l e v e l s  a r e  not  randomly d i s t r i b u t e d  along the  length ,  but  because of 

truck dynamic behavior, w i l l  occur repeatedly  j u s t  downstream of the 

prominent roughness f ea tu res .  

Increases  i n  pavement s t r e s s  due t o  dynamic veh ic le  response were 

compared conceptually wi th  increases  due t o  in ter -axle  load t r a n s f e r  i n  

tandem suspensions. When normalized by s t a t i c  load,  the  two v a r i a t i o n s  a r e  

seen t o  be s t a t i s t i c a l l y  i d e n t i c a l  i n  terms of pavement s t r e s s ,  al though 

occurring i n  d i f f e r e n t  pa t t e rns  on the  road surface .  On very smooth roads, 

the in ter -axle  load t r a n s f e r  may be a more i d e n t i f i a b l e  f a c t o r  i n  pavement 

s t r e s s ,  but on rougher roads i n  which d e t e r i o r a t i o n  is accelera ted  by "feed- 

back" of roughness through veh ic le  response, the  dynamic loading should be 

of g rea te r  concern. 

4.8 Recommendations 

Having taken t h i s  b r i e f  look a t  dynamic pavement loading by heavy 

commercial veh ic les ,  many p o t e n t i a l l y  f r u i t f u l  areas  f o r  f u r t h e r  investiga- 

t i o n  become obvious. The needs f a l l  i n t o  two categor ies :  inves t iga t ion  of 

the  road su r face  response t o  heavy t r a f f i c  t o  b e t t e r  understand the mechan- 

isms of d i s t r e s s ,  and inves t iga t ion  of the  dynamic behavior of heavy veh ic les  

to  c l a r i f y  the  dynamic loading phenomena and the  inf luence of pavement and 

veh ic le  proper t ies  on pavement loading. 

4.8.1 Road Surface Response. The pioneering e f f o r t  a t  quantifying 

the  roadway d i s t r e s s  caused by heavy veh ic le  t r a f f i c  occurred i n  the M H O  

2oad Tests  i n  the l a t e  1950's. From t h i s  and subsequent work have emerged 

the  formulas r e l a t i n g  roadway d e t e r i o r a t i o n  t o  equivalent  ax le  loads.  These 

equations f o r  est imating pavement damage, however, have been developed with- 

out  benef i t  of the  current  knowledge of how the  dynamic loadings a r e  a f fec ted  

Sy choice of veh ic le ,  o r  the  roughness1 speed inf luences .  Thus, the equations 



a r e  l i k e l y  t o  y i e l d  s i g n i f i c a n t  e r r o r s  i n  p r e d i c t i n g  t h e  road-damaging 

e f f e c t s  of t r u c k  a x l e  loading  wi th  changes i n  t h e  primary v a r i a b l e s .  Over 

t h e  yea r s :  

1. t r u c k  t i r e  and suspension des igns  go through normal 

evo lu t iona ry  changes,  

2 .  road roughness l e v e l s  and mean t r a f f i c  speeds change, 

3 .  f l e e t s  respond t o  changing road cond i t ions  i n  new v e h i c l e  

s p e c i f i c a t i o n s  (e .g . ,  s p e c i f y i n g  more rugged suspens ion  

systems a s  t h e  roads  d e t e r i o r a t e ) ,  

4 .  t r u c k  conf igu ra t ions  (wheelbases, number of t r a i l e r s ,  

a x l e  l o c a t i o n s ,  e t c . )  change wi th  new road-use laws,  and 

5. t h e  technology i n  new highway c o n s t r u c t i o n  ( f o r  example, 

i n f luenc ing  i n i t i a l  roughness) improves. 

With t h e  p r e s s u r e  f o r  improving thle e f f i c i e n c y  of commercial highway 

t r a n s p o r t  by l i b e r a l i z i n g  t h e  s i z e  and weight r e s t r i c t i o n s ,  a  more complete 

understanding of t h e  damage caused by t r u c k  a x l e  l oads  is e s s e n t i a l  i f  

highway c o s t s  a r e  t o  b e  f a i r l y  a s ses sed  and d i s t r i b u t e d .  

More r e c e n t  r e s e a r c h  on road s u r f a c e  f a i l u r e  a r i s i n g  from t r a f f i c  

loads  [36]  provides  i n s i g h t s  on t h e  mechanisms of f a i l u r e ,  which, i f  

combined wi th  t h e  understanding of road /veh ic l e  l oad  i n t e r a c t i o n s ,  can pro- 

v i d e  more comprehensive models f o r  t h e  equa t ions  r e l a t i n g  road d e t e r i o r a t i o n  

to  v e h i c l e  l oad ings .  For example, t h e  s imple cumulat ive d e f l e c t i o n  models 

developed by Harr  [36] could be combined w i t h  s t o c h a s t i c  s o d e l s  of v e h i c l e  

dynamic behavior  t o  y i e l d  s imple ,  y e t  powerful ,  models f o r  p r e d i c t i n g  road 

d e t e r i o r a t i o n ,  perhaps even e x t ~ n d i n g  t o  p r e d i c t i o n  of i t s  l o c a t i o n  on the  

highway. Such models would provide valu,able c o n t r i b u t i o n s  i n  t he  develop- 

ment of  more r a t i o n a l  s t r a t e g i e s  f o r  s e l e c t i v e  maintenance a c t i o n s  i n  

modern pavement management systems.  

4 .8 .2  Vehicle Response. Inasmuc:? a s  v e h i c l e  des ign  and ope ra t ing  

v a r i a b l e s  have been shown to  havk a  dominating in f luence  on t h e  dynamic l o a d s  

imposed on pavements, a d d i t i o n a l  r e s e a r c h  i n  t h i s  a r e a  would be i n  t h e  d i r e c t  



interests of the FHWA. A more comprehensive understanding of the variables 

and mechanisms responsible for accentuating dynamic loads would not only 

provide a rational basis for truck load regulation, but will provide 

incentive to truck manufacturers and users to adopt more desirable vehicles. 

In either of these research areas, the instrumentation systems the 

E'HWA has acquired are suitable as primary experimental tools. Knowing that 

instantaneous loads can reach levels 250% higher than the static loads, an 

important step is to determine when and where these extremely damaging forces 

arise. Research is needed to determine how existing pavement features 

interact with the different types of heavy vehicles on the road to result 

in high instantaneous loads ''down the road." Unlike load cells fixed in 

the road, the FHWA wheel-force transducer offers flexibility by permitting 

force measurements to be taken continuously over the entire length of a 

test site, along with the option to include many different sites with no 

additional instrumentation requirements. 

Since the instrumentation needed for measuring dynamic load and 

longitudinal profile are both mounted in vehicles, a viable approach would 

be to test vehicles instrumented to measure load and profile simultaneously. 

This would allow easy identification of those aspects of road profile that 

induce the highest loads "down the road" through the medium of heavy vehicles, 

over all types of road disturbances. 
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APPENDIX A 

DATA PROCESSING PROGRAM DESCRIPTION 

Presented below are out1 ines of the four subprograms employed in 
processing raw data tapes obtained in the braking-in-a-turn, trapezoidal - 
s teer ,  double-lane-change, and sinusoidal-steer t e s t s .  A summary of the 
subprogram for processing the straight-l ine braking data was presented 
in the text under Section 2 .1 .4  "Data Processing." 

** Subprogram #2 (Braking-in-a-Turn) ** 

-Dupl icates f i r s t  three i tems under Subprogram #I .  

-Calculates the fol 1 owing numerics over the maneuver interval : 

a )  In i t ia l  vehicle velocity, VO ( f t / sec )  

b )  Average brake l ine pressure, PB (ps i )  

c )  Stopping distance from integration of forward 
velocity, corrected for in i t i a l  velocity variations, D* ( f t )  

d )  Average longitudinal deceleration, AX ( g  Is) 

e )  In i t ia l  lateral  acceleration prior to brake 
application, AYO ( g ' s )  

f )  Stopping distance from double integration of longi- 
tudinal acceleration, corrected for in i t i a l  
velocity v a r ~ a t ~ o n s ,  DAX ( f t )  

g )  Stopping time, T (sec) 

h )  Tractor yaw rate peak, R I P  (deg/sec) 

i )  Last t r a i l e r  yaw rate peak, RNP (deglsec) 

j )  Peak t rac to r l t r a i l e r  articulation angle, GAMl (deg) 

k )  Peak articulation angle of l a s t  dolly w i t h  respect 
to the lead t r a i l e r  (pintle hook angle), GAM2 (deg) 



1 )  Peak articulation angle of las t  dolly with respect 
t o  the las t  t ra i le r ,  GAM3 (deg) 

m )  Wheel lock indicator 0.0 (no )  or 1 .0  (yes) and the 
corresponding vehicle velocity a t  which i t  occurred. 
For wheel speeds, u2,  u 4 $  u69 u10 

W19 u39 W ~ Y  W ~ Y  W 9  

-Writes a header record containing run number, f i l e  number, and maneuver 
l'nformation on the o u t p u t  tape. 

-Writes the above numerics t o  b o t h  the 1 ine printer and the o u t p u t  
tape. 

-Writes the following variables vs. time histories t o  b o t h  the line 
printer and the o u t p u t  tape: 

a )  time, T (sec) 

b)  forward velocity, V5 (mph) 

c )  tractor longitudinal deceleration, AX1 ( g ' s )  

d )  tractor lateral acceleration, A Y 1  (g ' s )  

e )  suspension deflections of tractor a t  wheel 
locations 1 4 ,  Z1+Z6 (inches) 

f )  tractor yaw rate, R l  (deg/sec) 

g )  brake 1 ine pressure, PB (psi)  

-Writes a tape mark on the output tape, closing the o u t p u t  tape f i le .  

-Returns t o  Main program. 

Figure A . 1  shows an example printout for Subprogram B2 
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Subprogram #3 (Trapezoidal Steer) 

-Dupl icates f i r s t  two i terns under Subprogram Xl . 
-Detection of s tar t  and end of tes t  maneuver (steer application/ 

5 seconds of tes t  data after steer application). 

-Calculates the following numerics over the maneuver interval : 

a) Initial vehicle velocity, VO ( f t /sec)  

b) Average steady-state steering-wheel angle, DSW (deg ) 

c) Average steady-state lateral acceleration of tractor, AYl SS ( g  Is) 

d )  Average steady-state yaw rate of tractor, R 1  SS (deg/sec) 

e) Tractor yaw rate response time (50% of steer t o  90% of 

s. s. yaw rate) TRESP (sec) 

f )  Length of time of processed test  data, T (sec) 

g )  Tractor peak lateral acceleration, AYlP (g' s )  

h )  Last t ra i ler  peak lateral acceleration, AY2P (g ' s )  

(Tractor and 1 ast t ra i ler  lateral acceleration time histories were 
corrected for contributions deriving from roll motions. ) 

i )  Tractor peak yaw rate, R I P  (deg/sec) 

j) Tractor peak roll angle, PHlP (deg) 

k )  Last t ra i ler  peak roll angle, PHNP (deg) 

(Tractor and 1 ast  t ra i ler  roll angles obtained from integration 
of roll rates.) 

1 ) Peak tractor-trailer articulation angle, GAMl (deg) 

m )  Peak articulation angle of las t  d o l l y  with respect t o  
lead t rai ler  (pintle hook angle), GAM2 (deg) 

n )  Peak articulation angle of las t  dolly with respect t o  
last  t ra i ler ,  GAM3 (deg) 



-Writes a header record containing run number, f i l e  number, and maneuver 
information on the o u t p u t  tape. 

-Writes the above numerics t o  b o t h  the line printer and the o u t p u t  tape. 

-Writes the following variables as time histories t o  both the line 
printer and the o u t p u t  tape: 

a )  time, T (sec) 

b )  steering-wheel angle, DSW (deg) 

c )  tractor lateral acceleration, A Y 1  ( g  ' s )  

d )  las t  t ra i le r  lateral acceleration, A Y N  ( g ' s )  

e) tractor roll angle, PHI1 (deg) 

f )  last  t ra i ler  roll angle, PHIN (deg) 

g)  tractor yaw rate, R1 (deg/sec) 

h )  las t  t ra i ler  yaw rate, RN (deg/sec) 

i )  l e f t  front tractor suspension deflection, Z1 (inches) 

j) l e f t  rear (single or leading tandem) tractor suspension 
deflection, 23 (inches) 

-Writes a tape mark on the o u t p u t  tape, closing the o u t p u t  tape f i l e .  

-Returns t o  Main program. 

Figure A . 4  shows an example printout for Subprogram # 3 .  
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** Subprogram #4 (Double Lane Chanae) ** 

-Duplicates f i r s t  two items under Subprogram #I .  

-Detection of s t a r t  and end of maneuver (steer  appl ication/lO seconds 
after  steer application). 

-Calculates the fol lowing numerics over the maneuver interval : 

a )  Ini t ial  vehicle velocity, VO ( f t / sec )  

b )  Peak steering-wheel angle, DSWP (deg) 

c )  Lag between steering-wheel angle input and tractor yaw 
rate response corresponding to the maximum cross- 
correlation, TAU (sec) 

d )  Value of the cross-correlation function fop TAU 

val ue, CORR (deg2/sec) 

e )  Length of time of processed t e s t  data, T (sec) 

f )  Tractor and 1 as t  t r a i l e r  peak 1 ateral accelerations, 
AYlP, AYPP ( g ' s )  

(Lateral acceleration time h i  s tories were corrected for contri - 
butions deriving from roll motions.) 

g )  Peak yaw rate of t rac tor ,  RIP (deg/sec) 

h) Peak roll angles of tractor and l as t  t r a i l e r ,  PHlP, PHNP (deg) 

(Roll angle time histories were obtained by integration of roll 
rate signals.) 

i ) Peak t rac tor l t ra i  1er articulation angle, GAMl (deg) 

j) Peak articulation angle of l a s t  dolly w i t h  respect t o  
the lead t ra i l e r  (pintle hook angle), GAM2 (deg) 

k )  Peak articulation angle of l a s t  dolly w i t h  respect t o  
the l a s t  t r a i l e r ,  GAM3 (deg) 



Computation of the X (forward) - Y ( l a t e r a l )  path trajectories 
of tractor rear axle center-line and l a s t  t r a i l e r  rear axle 
center-1 ine (shown below) are obtained by integration of the ax1 e 
location 1 ateral accelerations and forward velocities. I n p u t  
parameters B1, BN, and XACC, printed next, are dimensions between 
tractor c.g. / last  axle, l a s t  t r a i l e r  c .g. / last  axle, and tractor 
c.g. / last  t r a i l e r  c.g. used in the X - Y  trajectory calculations. 

-Writes a header record containing run number, f i l e  number, and maneuver 
information on the output tape. 

-Writes the above numerics t o  both the 1 ine printer and the o u t p u t  tape. 

-Writes the following variables as time histories to both the l ine 
printer and the o u t p u t  tape: 

a )  time, T (sec) 

b )  s teeri ng-wheel angle, DSW (deg ) 

c )  tractor lateral acceleration, AY1 ( g ' s )  

d )  l a s t  t r a i l e r  lateral  acceleration, A Y N  ( g ' s )  

e )  tractor roll angle, PHI1 (deg) 

f )  l a s t  t r a i l e r  roll angle, PHIN (deg) 

( g )  
tractor rear axle longitudinal displacement, XI ( f t )  .- 

k \ h )  tractor rear axle lateral  displacement, Y1 ( f t )  Cc, 
Y u 

2.g a ) i )  l a s t  t r a i l e r  rear axle longitudinal displacement, X N  ( f t )  

j )  l a s t  t r a i l e r  rear axle lateral displacement, Y N  ( f t )  

k )  tractor yaw rate,  R1 (deglsec) 

1 )  l a s t  t r a i l e r  yaw ra te ,  RN (deg/sec) 

-Writes a tape mark on the o u t p u t  tape, closing o u t p u t  tape f i l e .  

-Returns t o  Main program. 

Figure A.  5 shows an example printout for Subprogram 94. 







** Subprogram #5 (Sinusoidal Steer) ** 

-Duplicates f i r s t  two items under Subprogram # l .  

-Determines s tar t  and end of tes t  maneuver (steer appl ication/ 
5 seconds after steer appl icati o n ) .  

-Calculates the following numerics over the maneuver interval : 

a )  Initial vehicle velocity, VO ( f t lsec)  

b )  Peak steering-wheel angle, DSWP (deg) 

c) Lag between steering-wheel angle input and tractor yaw 
rate response corresponding t o  the maximum cross- 
correlation, TAU (sec) 

d )  Value of the cross-correlation function for TAU 

value, CORR (deg2/sec) 

e)  ~ength of time of processed test  data, T (sec) 

f )  Tractor and last  t ra i ler  peak lateral accelerations 
A Y I P ,  AYZP (g ' s )  

(Lateral accelerations were corrected for contributions 
deriving from roll motions.) 

g )  Peak yaw rate of tractor, R1 P (deg/sec) 

h )  Peak roll angles of tractor and last  t ra i ler ,  PHlP, PHNP (deg) 
(Roll angles were obtained by integration of roll rate signals.) 

i ) Peak tractor/trailer articul ation angle, GAMl (deg) 

j) Peak articulation angle of las t  dolly with respect t o  
lead t rai ler  (pintle hook angle), GAM2 (deg) 

k) Peak articulation angle o f  last  dolly with respect 
t o  las t  t ra i ler ,  GAM3 (deg) 

1 )  Ratio of tractor peak lateral acceleration t o  last  t ra i ler  
peak lateral acceleration, AMPLIF. RATIO 



m )  Period of dr iver ' s  "sine-wave" steering-wheel input, PERIOD (sec) 

n )  Measure of the quality of the manually-applied steering sine 
wave, defined as 

SINBAL = ~7 DSW d t  , (deg) 
f 0 

where DSW = steering-wheel input. 

-Writes a header record containing run number, f i l e  number, and maneuver 
information on the o u t p u t  tape. 

-Writes the above numerics t o  b o t h  the l ine printer and the output 
tape. 

-Writes the following variables as time histories t o  both the l ine 
printer and the o u t p u t  tape: 

a )  time, T (sec) 

b )  steering-wheel angle, DSW (deg) 

c )  tractor lateral  acceleration, i\Y1 ( g  Is) 

d )  l a s t  t r a i l e r  lateral acceleration, AYN ( g  Is) 

e )  tractor roll angle, PHI1 (deg) 

f )  l a s t  t r a i l e r  roll angle, PHIN (deg) 

g)  t ractor yaw ra te ,  R1 (deg/sec) 

h )  l a s t  t r a i l e r  yaw rate,  R N  (deg/sec) 

i ) t ractor l e f t  front suspension cfeflection, Z1 (inches) 

j )  tractor l e f t  rear (single axle11 eading tandem) 
suspension deflection, 23 (inches) 

-Writes a tape mark on the o u t p u t  tape, [:losing o u t p u t  tape f i l e .  

-Returns to Main program. 

Figure A.6 shows an example printout for Subprogram $5. 





I . , . . , .  
- - C  - - - c o c a  
I I I I I I I  




