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1 . 0  INTRODUCTION 

The purpose of t h i s  volume i s  t o  p rov ide  a  source  of d a t a ,  d e s c r i b i n g  

t h e  mechanical  p r o p e r t i e s  of heavy v e h i c l e  suspens ions .  P r o p e r t i e s  of 

i n t e r e s t  h e r e i n  a r e  t h e  compliance,  k i n e m a t i c ,  and Coulomb f r i c t i o n  p r o p e r t i e s  

which a r e  o f  i n t e r e s t  i n  t h e  s t u d y  of v e h i c l e  r i d e ,  hand l ing  and /or  braking.  

This  document c o n t a i n s  d a t a  d e r i v e d  from t h e  measurement of some 23 

heavy v e h i c l e  suspens ions .  A l l  measurements were made us ing  t h e  UMTRI 

Heavy Vehic le  Suspension Measurement F a c i l i t y .  The f a c i l i t y  i s  d e s c r i b e d  

i n  [ I ] .  Data d e s c r i b i n g  t h e  p r o p e r t i e s  of t r u c k  and t r a c t o r  f r o n t  and r e a r  

suspens ions ,  t r a i l e r  suspens ions ,  and d o l l y  suspens ions  a r e  inc luded .  Tandem 

and s i n g l e  a x l e  suspens ions  a r e  inc luded  a s  a r e  suspens ions  us ing  a  v a r i e t y  

of s p r i n g i n g  e lements  and l i n k a g e  arrangements .  

A l l  of t h e  d a t a  provided h e r e i n  r e p r e s e n t  measurements of - s u s j e n s i o n  .- 

c h a r a c t e r i s t i c s  a l o n e  and do n o t  i n c l u d e  t i r e  c h a r a c t e r i s t i c s .  That i s ,  

r e f e r e n c e d  l i n e a r  (e .g . ,  v e r t i c a l  d i sp lacement )  and a n g u l a r  ( e . g . ,  r o l l  a n g l e )  

d i sp lacements  a r e  motions o f  t h e  suspens ion ,  wheel,  o r  a x l e  ( a l l  measured 

suspens ions  a r e  of s o l i d  a x l e  c o n f i g u r a t i o n )  motion r e l a t i v e  t o  t h e  v e h i c l e  

frame. They a r e  - n o t  measurements of body o r  frame motions r e l a t i v e  t o  t h e  

ground p l a n e .  

A l l  d a t a  p r e s e n t e d  h e r e i n  were ga thered  w i t h  t h e  v e h i c l e  frame 

p a r a l l e l  t o  t h e  ground p l a n e  ( i n  p i t c h  and r o l l )  u n l e s s  o t h e r w i s e  no ted .  

S t e e r i n g  a x l e  d a t a  was ga thered  a t  a  nominal ly  z e r o  s t e e r  a n g l e  u n l e s s  

o therwise  no ted .  

S e c t i o n  2.0 o f  t h i s  document c o n t a i n s  a  d i s c u s s i o n  of measurement and 

d a t a  r e d u c t i o n  t echn iques .  The r e a d e r  i s  encouraged t o  r e a d  and unders tand 

t h i s  m a t e r i a l  p r i o r  t o  making u s e  of t h e  d a t a  p r e s e n t e d .  

I n  S e c t i o n  3.0 o f  t h i s  document, t h e  a v a i l a b l e  suspens ion  d a t a  i s  

p r e s e n t e d  i n  a  suspension-by-suspension format .  For each suspens ion ,  a  

"summary s h e e t "  i s  provided wherein  s i m p l i f i e d  numerics d e s c r i b i n g  t h e  

suspens ion  performance a r e  given.  Th is  p r e s e n t a t i o n  i s  made i n  o r d e r  t o  

p rov ide  t h e  r e a d e r  w i t h  d a t a  i n  a  conven ien t ,  r e a d i l y  u s e a b l e  form. The 

r e a d e r  must be  aware,  however, t h a t  a  g r e a t  d e a l  of in fo rmat ion  r e g a r d i n g  

t h e  behav ior  of t h e  suspens ion  i s  l o s t ,  when raw measurement d a t a  i s  reduced 



t o  t h e  s imple  ( u s u a l l y  l i n e a r  approximat ion)  numerics provided i n  S e c t i o n  

3.0. Accordingly ,  f o r  each suspens ion ,  t h e  summary s h e e t  i s  followed by 

d a t a  i n  unreduced, g r a p h i c a l  form a s  ob ta ined  d i r e c t l y  from t h e  measure- 

ment f a c i l i t y .  Th i s  p r e s e n t a t i o n  r e t a i n s  a l l  of t h e  complex, n o n l i n e a r  

b e h a v i o r a l  c h a r a c t e r i s t i c s  of t h e  measured suspensions .  



2.0 MEASUREMENT AND DATA REDUCTION PROCEDURES 

A l l  of t h e  d a t a  provided h e r e i n  r e p r e s e n t  measurement of suspens ion  

c h a r a c t e r i s t i c s  a l o n e  and do n o t  i n c l u d e  t i r e  c h a r a c t e r i s t i c s .  That i s ,  

r e f e r e n c e d  l i n e a r  (e .g .  v e r t i c a l  d i sp lacement )  and a n g u l a r  (e .g .  r o l l  a n g l e )  

d i sp lacements  a r e  motions of t h e  suspens ion ,  wheel,  o r  a x l e  ( a l l  measured 

suspens ions  a r e  o f  s o l i d  a x l e  c o n f i g u r a t i o n )  motion r e l a t i v e  t o  t h e  v e h i c l e  

frame. They a r e  - n o t  measurements of body o r  frame motions r e l a t i v e  t o  t h e  

p lane  of t h e  road.  

A l l  d a t a  p r e s e n t e d  h e r e i n  were ga thered  w i t h  t h e  v e h i c l e  frame p a r a l l e l  

t o  t h e  ground p l a n e  ( i n  p i t c h  and r o l l )  u n l e s s  o t h e r w i s e  noted.  S t e e r i n g  

a x l e  suspens ion  d a t a  were ga thered  a t  a  nominal ze ro  s t e e r  c o n d i t i o n  u n l e s s  

o t h e r w i s e  noted.  

2.1 Loads 

Where a p p l i c a b l e ,  r e f e r e n c e d  suspens ion  l o a d s  a r e  d e f i n e d  i n  accor-  

dance w i t h  t h e  d e f i n i t i o n s  of "TIRE FORCES AND MOMENTS" g iven  by t h e  SAE 

i n  [ 2 ] .  That i s ,  t h e  t e r n s  v e r t i c a l  l o a d ,  l a t e r a l  f o r c e ,  brake f o r c e ,  and 

a l i g n i n g  moment a l l  r e f e r  t o  t i r e  f o r c e s  and moments. I n  p a r t i c u l a r ,  w i t h  

r e s p e c t  t o  compliance s t e e r  p r o p e r t i e s ,  t h e  measurements p r e s e n t e d  d e r i v e  

from f o r c e s  and moments a p p l i e d  r e l a t i v e  t o  SAE t i r e  a x i s  system (and n o t  

n e c e s s a r i l y  r e l a t i v e  t o  t h e  k ingp in  a x i s  f o r  s t e e r i n g  s u s p e n s i o n s ) .  

F i n a l l y ,  where d u a l  t ires a r e  invo lved ,  each d u a l  t i r e  p a i r  i s  cons idered  

a s  one t i r e ,  f o r  purposes  of a p p l y i n g  t h e  SAE d e f i n i t i o n s .  The excep t ion  

t o  t h i s  g e n e r a l  r u l e  is "Rol l  Moment." R o l l  moment a p p l i e d  t o  a given a x l e  

is t h e  sum of (1 )  t h e  coup le  d e r i v e d  from t h e  d i f f e r e n c e  i n  v e r t i c a l  l o a d s ,  

s ide - to - s ide ,  p l u s ,  (2)  t h e  over tun ing  moments p r e s e n t  a t  each t i r e  of t h e  

a x l e .  

2 . 2  V e r t i c a l  Rate and Coulomb F r i c t i o n  

F igure  2 .1  p r e s e n t s  a  q u a l i t a t i v e  f a c s i m i l e  of t h e  d a t a  d e r i v e d  from 

a  v e r t i c a l  r a t e  t e s t .  The o r d i n a t e  i s  t h e  average  ( i . e . ,  pe r  wheel) v e r t i c a l  

load  a p p l i e d  t o  t h e  suspension.  The a b s c i s s a  i s  t h e  average  v e r t i c a l  

d e f l e c t i o n  of t h e  wheel s p i n d l e s  of t h e  suspens ion .  The t e s t  i s  conducted 

under c o n d i t i o n s  o f  e q u a l  s ide - to - s ide  l o a d i n g  and z e r o  t i r e  s h e a r  f o r c e s  

and moment. As impl ied by t h e  f i g u r e ,  t h e  suspens ion  i s  e x e r c i s e d  c y c l i c a l l y  
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F i  gure 2.1 Typi c a l  l e a f  s p r i  ng v e r t i c a l  r a t e  performance. 



over  v a r i o u s  l e v e l s  of v e r t i c a l  s t r o k e  a t  v a r i o u s  nominal v e r t i c a l  l o a d s .  

E x e r c i s i n g  t h e  suspens ion  c y c l i c a l l y  over  i ts  f u l l  r ange  of s t r o k e  i n  a  

s i n g l e  c y c l e  g e n e r a t e s  t h e  " o u t e r  envelope1'  curve .  (The " t a i l "  a t  t h e  r i g h t  

end of t h e  curve  i n d i c a t e s  c o n t a c t  w i t h  t h e  a x l e  bump s t o p s . )  E x e r c i s i n g  

t h e  suspens ion  over  s h o r t e r  s t r o k e s  produces t h e  s m a l l e r  h y s t e r e t i c  l o o p s .  

The numerics r e p o r t e d  a s  " v e r t i c a l  r a t e "  and "Coulomb f r i c t i o n "  on 

t h e  summary s h e e t s  a r e  d e r i v e d  from t h e  f u l l  s t r o k e ,  " o u t e r  envelope" d a t a .  

The v e r t i c a l  r a t e  numeric is t h e  average  s l o p e  of t h e  upper and lower curves  

( i n  pounds p e r  i n c h ) .  Coulomb f r i c t i o n  i s  one h a l f  of t h e  o r d i n a t e  d i s t a n c e  

between t h e  upper and lower curves  ( i n  pounds) .  These summary numerics a r e ,  

then ,  a p p r o p r i a t e  o n l y  f o r  d e s c r i b i n g  t h e  l a r g e  s t r o k e  performance of t h e  

suspension.  They a r e  n o t  a p p r o p r i a t e  f o r  s h o r t  s t r o k e  behavior  ( e . g . ,  a s  

may be invo lved  i n  r i d e  v i b r a t i o n s ) .  Reference [ 3 ]  d e s c r i b e s  two u s e f u l  

methods f o r  d e r i v i n g  r e p r e s e n t a t i v e  numerics from t h e  g r a p h i c a l  d a t a .  

2 .3  R o l l  Ra te  

F igure  2 .2  i s  an  example of d a t a  d e s c r i b i n g  suspens ion  r o l l  r a t e .  The 

o r d i n a t e  r e p r e s e n t s  a x l e  r o l l  moment ( i n  inch-pounds).  The a b s c i s s a  g i v e s  

a x l e  r o l l  d isplacement  ( i n  d e g r e e s ) .  R o l l  moment d a t a  i s  p r e s e n t e d  on a  

p e r  a x l e  b a s i s  whether  t h e  suspens ion  is  s i n g l e  o r  tandem a x l e .  

T e s t  c o n d i t i o n s  under which such d a t a  a r e  ga thered  i n c l u d e  (1) a  

c o n s t a n t  v a l u e  o f  a p p l i e d  v e r t i c a l  l o a d  on t h e  suspens ion ,  and (2) ze ro  

v a l u e s  o f  t i r e  s h e a r  f o r c e s  and moment. 

The example graph shows t h a t  suspens ion  r o l l  performance c o n t a i n s  much 

of t h e  h y s t e r e t i c  q u a l i t y  shown i n  suspens ion  v e r t i c a l  performance.  Although 

no t  apparen t  from t h i s  example, i t  should b e  noted t h a t  t r u c k  suspens ions  

o f t e n  e x h i b i t  s i g n i f i c a n t l y  g r e a t e r  r o l l  s t i f f n e s s  t h a n  would be impl ied by 

a  s imple  model u s i n g  t h e  v e r t i c a l  s p r i n g  s t i f f n e s s  and t h e  l a t e r a l  s p r i n g  

spac ing  [ l ] .  The example d a t a  does show t h e  i n f l u e n c e  of s p r i n g  l a s h .  That 

i s ,  t h e  p o r t i o n s  of t h e  curve  showing v e r y  low r o l l  r a t e  a r e  t h e  r e s u l t  of 

t h e  l i g h t l y  loaded suspens ion  s p r i n g  p a s s i n g  through l a s h  a s  i t  goes from 

compression t o  t e n s i o n  [ 4  ] . 
The r o l l  r a t e  numeric r e p r e s e n t s  t h e  average s l o p e  of t h e  upper and 

lower ,  l a r g e  d e f l e c t i o n  c u r v e s ,  t aken  a t  t h e  ze ro  r o l l  c o n d i t i o n .  





2.4 Rol l  Center Height 

Rol l  cen te r  he ight  is  measured under t he  same t e s t  condi t ions described 

f o r  r o l l  r a t e .  It is  presented only a s  a numeric on t h e  summary shee ts .  The 

numeric presented l o c a t e s  t he  i n s t a n t  cen te r  of t he  a x l e  and frame a t  t he  zero 

r o l l  angle  condit ion.  I n  most cases ,  the  r o l l  cen ter  he ight  i s  given r e l a t i v e  

t o  t he  top su r f ace  of t h e  veh ic l e  frame r a t h e r  than r e l a t i v e  t o  t h e  ground 

i n  order  t o  avoid the  need t o  t r ack  r o l l  cen te r  height  a s  a funct ion of t i r e  

r o l l i n g  r ad ius .  I n  t h e  absence of s p e c i f i c  da t a ,  t he  reader  might assume 

frame he ight  t o  be approximately 42 inches above the  ground. 

2.5 Rol l  S teer  

Roll  s t e e r  da t a  is co l l ec t ed  under t he  same t e s t  condi t ions  a s  noted 

f o r  r o l l  r a t e .  The graphica l  p re sen ta t ions  p l o t  road wheel s t e e r  angle  vs .  

ax l e  r o l l  angle .  For s t e e r i n g  ax le s ,  s epa ra t e  presenta t ions  a r e  made f o r  

l e f t  and r i g h t  wheels. For non-steering a x l e s ,  only one p re sen ta t ion  is 

made, assuming t h a t  both wheels of an ax le  s t e e r  equal ly.  For tandem sus- 

pensions, s epa ra t e  presenta t ions  a r e  made f o r  each ax le .  In  t he  summary 

da ta ,  t h e  numeric given represents  t he  average s lope  of t h e  graphical  da t a  

a t  t h e  zero r o l l  angle  condit ion.  

2.6 Compliance S tee r s  

Data descr ib ing  s t e e r  response t o  t h ree  t i r e  shear  loads ,  v i z  (1) 

a l i gn ing  moment, ( 2 )  l a t e r a l  force ,  and (3) brake fo rce  a r e  given i n  

Sect ion 3.0. The following condit ions p r e v a i l  f o r  t e s t s  of each of t hese  

s t e e r  responses.  The spec i f i ed  t o t a l  suspension v e r t i c a l  load is e s t ab l i shed  

wi th  equal v e r t i c a l  load side-to-side. Henceforth, the v e r t i c a l  and r o l l  

pos i t i ons  of t he  suspension a r e  held f ixed  (average v e r t i c a l  and r o l l  pos i t i ons  

of t he  two ax le s ,  f o r  tandem suspensions) t o  avoid contamination of t he  da t a  

by kinematic s t e e r  e f f e c t s .  The shear  plane load of i n t e r e s t  i s  appl ied  

equal ly  a t  a l l  wheels of t he  suspension while  a l l  o ther  shear  plane loads 

a r e  maintained a t  zero. 

2.6.1 Aligning Moment S teer .  Aligning moment s t e e r  da t a  is presented 

g raph ica l ly  i n  p l o t s  of road wheel s t e e r  angle  ( i n  degrees) vs.  appl ied a l ign ing  

moment ( i n  inch-pounds per  wheel). For s t e e r i n g  a x l e s ,  da t a  i s  presented 



f o r  l e f t  and r i g h t  s i d e s .  For nons teer ing  ax le s ,  i t  is  assumed t h a t  r i g h t  

and l e f t  wheels s t e e r  equal ly ;  however, da t a  i s  presented sepa ra t e ly  by a x l e  

f o r  tandem suspensions. 

The d a t a  is genera l ly  well-behaved f o r  nonsteer ing ax le s ,  i n  t h a t  i t  i s  

q u i t e  l i n e a r  and shows l i t t l e  in f luence  of v e r t i c a l  load. S teer ing  a x l e  

response t o  a l i gn ing  moment tends t o  be nonl inear  due t o  h y s t e r e s i s  and t h e  

inf luence  of s t e e r i n g  system l a s h  around zero appl ied  moment. The summary 

shee t  numeric f o r  a l i gn ing  moment s t e e r  is  t h e  approximate s lope  of t h e  

graphica l  da t a ,  ignoring t h e  inf luence  of l a sh .  

2 . 6 . 2  L a t e r a l  and Brake Force Compliance S tee r s .  It must be  candidly 

noted t h a t  t h e  measurement of shear  fo rce  compliance s t e e r s  is extremely 

d i f f i c u l t  t o  accomplish wi th  a  high degree of accuracy. Shem dance campfiance 

a t e m  data pmwzted  hme in  (and elsewhere) bhadd  be treceived and employed 
ulith caution. 

The experimental d i f f i c u l t y  de r ives  from t h e  fol lowing:  (1) a l i gn ing  

moment compliance s t e e r  mechanisms ( p a r t i c u l a r l y  f o r  s t e e r i n g  ax le s )  i s  

genera l ly  q u i t e  "sof t"  r e l a t i v e  t o  shear  fo rce  s t e e r  mechanisms, and 

(2)  t he  accu ra t e  maintenance of t h e  o r i e n t a t i o n  of t h e  appl ied  shear  fo rce  

vec tor  a long t h e  r e f e rence  a x i s  of i n t e r e s t  ( i n  t h i s  case ,  t h e  SAE t i r e  

x- o r  y-axis) throughout t h e  experiment i s  extremely d i f f i c u l t .  That is,  

s i n c e  a l ign ing  moment e f f e c t s  tend t o  genera te  l a r g e r  s t e e r  responses than 

do shear  fo rce  e f f e c t s ,  t h e  experiment must t ake  e x t r a  c a r e  t o  applying 

shear  fo rces  i n  t h e  complete absence of a l i gn ing  moment ( i . e . ,  t he  appl ied  

shear  fo rce  must be  o r i en t ed  on t h e  re ference  a x i s  of i n t e r e s t ) ,  t o  avoid 

contamination of t h e  response da ta .  However, s i n c e  the  a p p l i c a t i o n  of t he  

shear  fo rce  i t s e l f  generates  s t e e r  and t r a n s l a t i o n a l  motions of t h e  road 

wheel, t h e  necessary shear  fo rce  o r i e n t a t i o n  is  d i f f i c u l t  t o  maintain,  l e t  

a lone e s t a b l i s h  i n i t i a l l y .  

Shear fo rce  compliance s t e e r  da t a  is presented g raph ica l ly  i n  p l o t s  

of s t e e r  angle  ( i n  degrees) vs .  appl ied  shear  f o r c e  ( i n  pounds per  wheel). 

Lef t  and r i g h t  s i d e  da t a  a r e  presented f o r  s t e e r i n g  a x l e s  and t h e  d a t a  is  

presented on a  per  a x l e  b a s i s  f o r  tandem suspensions. Brake fo rce  s t e e r  

i s  not  measured f o r  nonsteer ing ax les .  The summary shee t  numeric is  the  

l i n e a r  approximation of t h e  s lope  of t h e  graphica l  da ta .  



2 . 7  Tandem Suspension P rope r t i e s  

The following two suspension 

only. 

p rope r t i e s  apply t o  tandem a x l e  suspensions 

2.7.1 I n t e r a x l e  Load Leveling. The major i ty  of tandem a x l e  suspensions 

inc lude  a mechanism intended t o  maintain equal  v e r t i c a l  loading on t h e  two 

ax le s  of t he  suspension. Data descr ib ing  t h i s  i n t e r a x l e  load l e v e l i n g  

func t ion  is gathered under t he  same condi t ions  descr ibed f o r  v e r t i c a l  r a t e ,  

and i s  presented i n  t he  form of p l o t s  of lead ing  a x l e  v e r t i c a l  load 

( i n  pounds) vs .  t r a i l i n g  ax le  v e r t i c a l  load ( i n  pounds) f o r  both r i g h t  

and l e f t  s ides .  "Perfect" load l e v e l i n g  would then be represented by a 

s lope  of un i ty .  No summary numeric is presented.  

2 . 7 . 2  I n t e r a x l e  Load Transfer .  The same tandem a x l e  mechanisms which 

provide load l e v e l i n g  under f r e e  running genera l ly  induce t h e  t r a n s f e r  of 

load from one a x l e  of t he  tandem s e t  t o  t he  o the r  during t h e  app l i ca t ion  

of l ong i tud ina l  t i r e  shear  fo rce  (braking o r  d r iv ing ) .  Data descr ib ing  

i n t e r a x l e  load t r a n s f e r  due t o  braking is  gathered i n  t h e  following manner. 

The spec i f i ed  t o t a l  suspension load i s  appl ied  with equal  (average) load 

d i s t r i b u t i o n  side-to-side and these  condi t ions  a r e  maintained throughout 

t he  t e s t .  Brake forces  a r e  then appl ied ,  equal ly  a t  a l l  four  wheels of t h e  

suspension. Graphical da t a  i s  gathered i n  which t r a i l i n g  a x l e  v e r t i c a l  

wheel load ( i n  pounds) is p l o t t e d  on t h e  o rd ina t e ,  and appl ied  brake fo rce  

per  wheel ( i n  pounds) i s  p l o t t e d  on the  absc issa .  Since t o t a l  and side-to- 

s i d e  v e r t i c a l  loading a r e  held cons tan t ,  v e r t i c a l  load changes a t  t h e  

t r a i l i n g  a x l e  a r e  known t o  be mirrored a t  the  leading ax le .  Data i s  

gathered f o r  r i g h t  and l e f t  s i d e s  separa te ly .  The summary shee t  numeric 

i s  the  r ep re sen ta t ive  s lope  of t he  graphica l  da t a  i n  v e r t i c a l  load t r ans fe r r ed  

per  s i d e  (pounds), per  brake fo rce  appl ied per  wheel (pounds). 



3.0 SUSPENSION DATA 

This s e c t i o n  p re sen t s  measured suspension p r o p e r t i e s  i n  reduced and 

graphica l  forms. The numerics presented a r e ,  i n  most cases ,  l i n e a r  approxi- 

mations of system performance, a t  s p e c i f i c  opera t ing  po in t s  a s  defined by 

t o t a l  suspension load. More complete desc r ip t ions  of measurement and da t a  

reduct ion techniques a r e  given i n  Sect ion 2.0.  The reader  i s  encouraged t o  

read and understand these  d iscuss ions  p r i o r  t o  making use of the  d a t a  presented 

i n  t h i s  s ec t ion .  
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