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ABSTRACT 

T h i s  r e p o r t  documents and p r e s e n t s  t h e  r e s u l t s  o f  an i n t e n s i v e  

s tudy  o f  response- type r o a d  roughness measur ing  (RTRRM) systems f o r  t h e  

purpose o f  d e v e l o p i n g  methods f o r  c a l i b r a t i o n  and c o r r e l a t i o n .  The road  

me te r  i n s t r u m e n t s  and v e h i c l e s  used i n  such systems were i n v e s t i g a t e d  t o  

de te rm i  ne t h e i r  per fo rmance c h a r a c t e r i s t i c s  and t h e  necessary  c o n d i t i o n s  

f o r  c a l i b r a t i o n .  The s p e c i f i c  roughness measures y i e l d e d  by systems a r e  

p r i m a r i l y  dependent on t h e  c h o i c e  o f  roughness s t a t i s t i c ,  1 i m i t a t i o n s  o f  

t h e  meters,  v e h i c l e  response,  and n o n u n i f o r m i t i e s  o f  t h e  t i r e s  and 

wheels. A c c o r d i  n g l y ,  c a l  i b r a t i  on methods were deve loped and t e s t e d  f o r  

e l i m i n a t i n g  s y s t e m a t i c  d i f f e r e n c e s  between RTRRM systems. 

A s t a n d a r d  measure o f  r o a d  roughness was deve loped f o r  c a l i b r a t i o n  

purposes. The s t a n d a r d  i s  d e f i n e d  i n  t e rms  o f  t h e  s t a t i s t i c  measured 

and t h e  dynamics o f  t h e  system used f o r  i t s  measurement. F o r  p r i m a r y  

c a l i b r a t i o n ,  s t a n d a r d  roughness measurements a r e  o b t a i n e d  f o r  a c t u a l  

roads by s i m u l a t i o n  o f  t h e  r e f e r e n c e  RTRRM system on  t h e  p r o f i l e s  as 

measured by a p r o f i  l ome te r .  The c a l i b r a t i o n  i s  o b t a i n e d  by c o r r e l a t i o n  

of measurements by an RTRRM system a g a i n s t  t h e  s t a n d a r d  measures. Thus 

c a l  i b r a t e d ,  RTRRM systems a r e  capab le  o f  roughness measurements i n 

s t a n d a r d  u n i t s  w i t h  an accuracy o f  about  10 p e r c e n t  f o r  t h e  i n d i v i d u a l  

measurements. 

A secondary c a l i b r a t i o n  method based on p r e p a r a t i o n  o f  an 

a r t i f i c i a l  r oad  s u r f a c e  was deve loped t h a t  does n o t  r e q u i r e  a 

p r o f i l o m e t e r .  The method was s u c c e s s f u l  f o r  most o f  t h e  p a r t i c i p a t i n g  

systems, b u t  f u r t h e r  development i s  needed. 





SUMMARY OF F I ND I NGS 

The use o f  response- type road  roughness measur ing systems (RTRRM 

systems) f o r  road  roughness su rveys  i s  compromised by a l a c k  o f  

unde rs tand i  ng o f  t h e i r  measurement f u n c t i o n  and means f o r  c a l  i b r a t i o n  t o  

o b t a i n  measurements w i t h  d e f i n a b l e  accuracy and c o n s i s t e n c y .  The 

resea rch  i n  t h i s  p r o j e c t  was d i r e c t e d  toward  answer ing  t h o s e  needs. 

A n a l y s i s  o f  Mays- and PCA-meter-based systems, and compar ison 

aga i n s t  o t h e r  r o a d  roughness measurement systems show t h e y  measure 

d i f f e r e n t  c h a r a c t e r i s t i c s  o f  r o a d  roughness. The c o r r e l a t i o n  among t h e  

d i v e r s e  systems i s  a measure o f  t h e  c o r r e l a t i o n  between t h e  d i  f f e r e n t  

road  roughness s p e c t r a l  c h a r a c t e r i s t i c s .  The simp1 e measure o f  accrued 

axle-body m o t i o n  on wh ich  t h e  I n c h e s / M i l e  s t a t i s t i c  i s  based, i s  t h e  

p r e f e r r e d  roughness measure ( i  n de fe rence  t o  t h e  PCA mete r  s t a t i s t i c )  

because o f  i t s  more d i r e c t  r e l a t i o n s h i p  t o  s e r v i c e a b i l i t y  and l e s s e r  

s e n s i t i v i t y  t o  v e h i c l e  v a r i a b l e s .  A more d i r e c t  v e r s i o n  o f  t h e  Inches /  

M i l e  s t a t i s t i c ,  t h e  Average R e c t i f i e d  V e l o c i t y  (ARV), i s  recommended as 

t h e  a p p r o p r i a t e  measure o f  t h i s  m o t i o n  on RTRRM systems. The ARV i s  a 

d i r e c t  measure o f  v e h i c l e  response t o  road  roughness r e g a r d l e s s  o f  

o p e r a t i n g  speed and can be c o n v e r t e d  t o  Inches/Mi  l e  when des i red .  

Flany sources  o f  measurement v a r i a t i o n  a r e  i d e n t i f  i ed. The road  

me te r  i n s t r u m e n t s  e x h i b i t  h y s t e r e s i s  and q u a n t i z a t i o n  e f f e c t s ,  which i f  

e l i m i n a t e d  reduce sources  o f  v a r i a t i o n .  The v e h i c l e s  i n  wh ich  t h e s e  

meters a r c  i n s t a l l e d  c o n t r i b u t e  many p o t e n t i a l  sources  o f  v a r i a t i o n .  

Rear suspens ion  damping (shock abso rbe r  s t r e n g t h ) ,  t i  r e  pressure ,  t i  r e /  

wheel n o n u n i f o r m i t i e s  and v e h i c l e  w e i g h t  changes a r e  n-ajor sources  o f  

v a r i a t i o n  t h a t  n e c e s s i t a t e  c a r e f u l  o p e r a t i n g  and maintenance procedures.  



Recommended p r a c t i c e s  i n  t h e  use of RTRKM systems a r e  p rov ided ,  b u t  

u l t i m a t e l y  more p r e c i s e  and f r e q u e n t  c a l  i b r a t i o n s  a r e  needed t o  improve 

accuracy and cons i s tency .  

V a r i o u s  c a l i b r a t i o n  methods were e v a l u a t e d  t o  i d e n t i f y  t h o s e  t h a t  

would v a l i d l y  s c a l e  on-road measurements. A s tandards  c a l i b r a t i o n  s c a l e  

was f o r m u l a t e d  u s i n g  t h e  ARV roughness measurement d e r i v e d  f r o m  a  

r e f e r e n c e  RTRRM system w i t h  d e f i n e d  dynamic response c h a r a c t e r i s t i c s .  

The e f f o r t s  t o  i d e n t i f y  s imp le ,  i n e x p e n s i v e  c a l i b r a t i o n  methods- - in  t h e  

n a t u r e  o f  s i m p l e  mechanical  t e s t s ,  o r  a u x i l i a r y  i n s t r u m e n t a t i o n  wh ich  

c o u l d  be i n s t a l  l e d  t e m p o r a r i l y  f o r  c a l  i b r a t i o n - - p r o v e d  d i s a p p o i n t i n g .  

Due t o  t h e  h i g h  degree o f  non-1 i n e a r i t y  i n  t h e  systems, e s p e c i a l  l y  i n  

t h e  road  me te r  i n s t r u m e n t s ,  c a l i b r a t i o n  can o n l y  be accompl ished by 

means o f  a  f u l l  spec t rum e x c i t a t i o n  as occu rs  on a  road. T h e r e f o r e  t h e  

most r i g o r o u s  c a l i b r a t i o n ,  des igna ted  as t h e  p r i m a r y  method, i s  o b t a i n e d  

by c o r r e l a t i o n  o f  on-road measurements o f  an RTRRM system a g a i n s t  t h e  

s tandard .  The most p r a c t i c a l  means f o r  o b t a i n i n g  t h e  s tanda rd  A R V  

roughness measurement c o n s i s t s  o f  r e a s u r i  ng t h e  t h e  r o a d  p r o f  i 1 es w i t h  a  

GMR-type p r o f i l o m e t e r  and i n p u t t i n g  t h e s e  p r o f i l e s  t o  a  s i m u l a t i o n  o f  

t h e  r e f e r e n c e  RTRRM system. Yet  t h i s  ne thod  emerges f rom t h e  resea rch  

f i  ndi  ngs as t h e  l o g i c a l  and i n e v i t a b l e  c h o i c e  once one has 

s y s t e m a t i c a l  l y  i d e n t i f i e d  a1 1  t h e  f a c t o r s  t h a t  must be accornrnodated i n  

t h e  c a l i b r a t i o n  process.  Thus, t h e  resea rch  has p a i d  o f f  i n  j u s t i f y i n g  

t h e  need f o r  t h i s  t y p e  o f  c a l i b r a t i o n  equipment, and i n  r e f i n e m e n t  o f  

t h e  method r e l a t i n g  t o  t h e  e f f e c t s  o f  speed, t h e  c h o i c e  o f  s t a t i s t i c ,  

and t h e  c h o i c e  o f  a r e f e r e n c e  q u a r t e r - c a r  s i m u l a t i o n .  The p r i m a r y  

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

" C o r r e l a t i o n  Program" and found  s a t i s f a c t o r y .  A second ne thod  o f  



c a l  i b r a t i o n ,  which uses road  bumps e q u i v a l e n t  t o  two s t a n d a r d  roughness 

l e v e l s ,  was a l s o  eva lua ted .  The method p roved  e f f e c t i v e  f o r  most o f  t h e  

v e h i c l e s  p a r t i c i p a t i n g  i n  t h e  C o r r e l a t i o n  Program, b u t  some problems 

rema i n. 

R e s u l t s  o b t a i n e d  w i t h  t h e  v e h i c l e s  used i n  t h e  C o r r e l a t i o n  Program 

show RTRRM systems t o  be capab le  of measur ing r o a d  roughness on t h e  

s tandard  ARV s c a l e  w i t h  a  nomi n a l  accuracy  of 10 pe rcen t  a f t e r  p r i m a r y  

c a l i b r a t i o n .  The d e g r a d a t i o n  o f  t h a t  accuracy w i t h  t i m e  w i  11 depend on 

t h e  s p e c i f i c  RTRRM system and t h e  o p e r a t i n g  c a r e  e x e r c i s e d  by each user .  

The l i m i t s  on accuracy  r e s u l t  f r o m  random e r r o r s  due t o  t h e  i n d i v i d u a l  

dynamic c h a r a c t e r i s t i c s  o f  each system respond ing  t o  t h e  road.  The 

random e r r o r  has no s e r i o u s  e f f e c t  on highway network surveys i n  wh ich  

i t  w i l l  average away i n  t h e  summary s t a t i s t i c s  d e s c r i b i n g  t h e  highway 

network c o n d i t i o n .  However, i t  does 1  i m i  t t h e  u t i  1  i ty  o f  measurements 

on i n d i v i d u a l  road  s e c t i o n s  as may be needed f o r  maintenance d e c i s i o n s  

o r  e v a l u a t i n g  t h e  q u a l i t y  o f  new c o n s t r u c t i o n .  

F i n a l  l y ,  i t  i s  conc luded ( f r o m  t h e  a v a i l a b l e  d a t a )  t h a t  t h e  

measurement o f  s t a n d a r d  ARV w i t h  p r o p e r l y  c a l  i b r a t e d  RTRRM systems i s  

r e l a t e d  t o  pavement s e r v i c e a b i  li ty.  A l though  t h e  p r e c i s e  r e l a t i o n s h i p  

i s  not  e s t a b l i s h e d ,  t h e  s tandard  ARV can be used as a  n a t i o n a l  s t a n d a r d  

f o r  t h e  o b j e c t i v e  measurement of road  s u r f a c e  roughness i n  1  i e u  o f  t h e  

Pavement S e r v i  ceab i  1  i ty  Ra t ing .  

U l t i m a t e l y ,  i t  i s  c l e a r  t h a t  even though roughness measurements f r o m  

RTRRM systems r e l a t e  t o  s e r v i c e a b i  1  i t y ,  t h e  a t t a i n a b l e  accuracy  i s  n o t  

s u f f i c i e n t  f o r  many pavement management needs. Hence i t  i s  recommended 

t h a t  highway agenc ies  encourage research  t o  b e t t e r  re1  a t e  pavement 



s e r v i c e a b i l i t y  t o  t h e  s p e c i f i c  a m p l i t u d e  and wave length  c o n t e n t  o f  road  

roughness, and encourage deve l  opment o f  1 ow-cost p r o f  i 1 e measurement1 

p r o c e s s i n g  systems needed f o r  t h e  more p r e c i s e  measurement o f  t h e  

e s s e n t i a l  r oad  roughness p r o p e r t i e s .  



CHAPTER 1 
INTRODUCTION AND RESEARCH APPROACH 

INTRODUCTION 

A p r i m a r y  respons i  b i  1  i ty  o f  s t a t e  h i  ghway departments and 

t r a n s p o r t a t  i o n  agencies i s  maintenance o f  t h e  highway surface.  T h i s  

1 
a c t i v i t y  i s  a  c r i t i c a l  f u n c t i o n  wh ich  by a  r e c e n t  e s t i m a t e  ( 1 )  - was 

expected t o  consume rnore t h a n  $30 b i 1  l i o n  o v e r  a  20-year  p e r i o d ,  O f  t h e  

t o t a l  number of d e s i r e d  su r face  q u a l i t i e s ,  road  roughness has a  s t r o n g  

i n f l u e n c e  on t h e  judgment o f  i t s  s e r v i c e a b i l i t y  by t h e  u s i n g  p u b l i c .  I n  

t h e  AASHO Road Tes t ,  t h e  concept  of pavement s e r v i  ceab i  li t y  (2) was 

dev ised  as a  temporal  measure o f  pavement performance.  I n  t h o s e  t e s t s ,  

pavement roughness ( q u a n t i f i e d  as  t h e  mean v a l u e  o f  t h e  p r o f i l e  s l o p e  

v a r i a n c e  measured by a  CHLOE-type p r o f i l o m e t e r )  was found t o  be t h e  

p r imary  c o r r e l a t e  o f  t h e  P resen t  S e r v i c e a b i  l i t y  Index.  Today, many 

s t a t e  highway departments and t r a n s p o r t a t i o n  agencies measure o n l y  road  

roughness f o r  e s t i m a t i n g  t h e  P resen t  S e r v i  ceabi  li t y  Index.  

An o b j e c t i v e  measurement o f  r o a d  roughness can s e r v e  seve ra l  

f u n c t i o n s :  

1 )  As a  means o f  m o n i t o r i n g  t h e  o v e r a l l  c o n d i t i o n  o f  t h e  road  

network 

2 )  As i n f o r m a t i o n  needed f o r  d e c i s i o n s  on a1 l o c a t i o n  o f  

maintenance funds. 

3 )  As a  measure o f  t h e  q u a l i t y  o f  new c o n s t r u c t i o n .  

1 
Under1 i ned numbers i n  parentheses r e f e r  t o  re fe rences  1  i s t e d  a t  

t h e  end. 



4)  As a h i s t o r i c a l  measure o f  pavement per formance t h a t  can be 

used i n e v a l u a t i o n  o f  a1 t e r n a t e  c o n s t r u c t  i o n  des igns.  

On a n a t i o n a l  b a s i s ,  t h e  measurement o f  road  roughness (as  an 

i n f o r m a t i o n  base f o r  d e t e r m i n i n g  t h e  a1 l o c a t i o n  of Highway T r u s t  Funds 

f o r  r e s u r f a c i  ng, r e h a b i  1 i t a t i o n  and r e c o n s t r u c t  i o n )  r e q u i r e s  t h a t  

comparable means be used f o r  assess ing  s u r f a c e  roughness i n  t h e  

d i  f f e r e n t  s t a t e s .  

A number o f  d i f f e r e n t  systems f o r  measur ing  road  roughness have 

been deve loped ( 3 ) .  - They genera l  l y  f a 1  1 i n t o  two c lasses- -sys tems 

which measure a 1 ongi  t u d i  n a l  p r o f i l e  c h a r a c t e r i  s t i c  d i  r e c t l y ,  and 

systems wh ich  measure a v e h i c l e ' s  response t o  t h e  l o n g i  t u d i  na1 p r o f i  l e .  

The l a t t e r  t y p e ,  g e n e r a l l y  c l a s s i f i e d  as  response- type road  roughness 

measure systems (RTRRM systems) ,  i n c l u d e  t h e  BPR Roughorxeter ( 4 ) ,  - t h e  

Mays Me te r  ( 5 )  - and t h e  PCA Mete r  ( 6 ) .  - The BPR Roughometer i s  a s i n g l e -  

wheel t r a i l e r  on wh ich  an accumulated measure o f  t h e  d i sp lacemen t  o f  t h e  

road  wheel r e l a t i v e  t o  t h e  sprung body o f  t h e  t r a i l e r  se rves  t o  i n d i c a t e  

t h e  roughness of t h e  road. The Mays and PCA meters a r e  commerc ia l l y  

a v a i l a b l e  i n s t r u m e n t s  (see F i g .  I ) ,  which a r e  i n s t a l l e d  i n  a 

c o n v e n t i o n a l  passenger c a r  and d e t e r m i n e  roughness f r o m  a measure o f  t h e  

d i  splacement between t h e  r e a r  a x l e  hous ing  and t h e  body o f  t h e  

automobi 1 e. 

PROBLEM STATEMENT AND OBJECTIVES 

RTRRM systems a r e  used by many s t a t e  highway and t r a n s p o r t a t i o n  

agencies t o  p e r f o r m  r o a d  roughness surveys.  The main  advantages o f  

t hese  systems a r e  t h e i r  r e l a t i v e l y  low c o s t ,  s i m p l i c i t y  o f  o p e r a t i o n ,  
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Figure 1.  Two coa~mercial road meters. 



and h i g h  measur ing speed. One of t h e i r  d i sadvan tages  i s  t h e  d i f f i c u l t y  

o f  c o r r e l a t i n g  t h e  measurements made by s i m i l a r  and d i s s i m i l a r  systems, 

a n o t h e r  i s  t h e i r  s u s c e p t i b i l i t y  t o  changes wh ich  a f f e c t  t h e i r  t i m e  

s t a b i l i t y .  Most use rs  a t t e m p t  t o  m i n i m i z e  t h e  e f f e c t  of t h e s e  changes 

by p e r i o d i c  c a l i b r a t i o n .  

P r e s e n t l y  used c a l i b r a t i o n  procedures  t y p i c a l l y  c o n s i s t  o f  d r i v i n g  

t h e  measur ing  system o v e r  roads t h a t  have p r e v i o u s l y  been accepted as 

r e f e r e n c e  su r faces .  The measurements o b t a i n e d  a r e  t h e n  compared t o  t h e  

roughness va lues  o f  t h e  r e f e r e n c e  su r faces .  Based on t h e s e  compar isons,  

a r e l a t i o n s h i p  i s  o b t a i n e d  wh ich  can be a p p l i e d  t o  measurements on o t h e r  

roads. The re  a r e  two problems w i t h  t h i s  c a l i b r a t i o n  method: (1) t h e  

roughness va lues  o f  t h e  r e f e r e n c e  s u r f a c e s  a r e  d i f f i c u l t  t o  de termine,  

and ( 2 )  once determined,  t h e s e  roughness va lues  change w i t h  season, 

roadway age, and roadway use. 

C l e a r l y ,  t h e r e  i s  a need f o r  a l t e r n a t i v e  methods o f  c a l i b r a t i n g  

RTRRM systems. Some methods t h a t  have been suggested a r e :  

1) The use o f  a p r o f i l e  measur ing  system as a r e f e r e n c e .  T h i s  

method o f  c a l i b r a t i o n  i s  f e a s i b l e  i f  a r e f e r e n c e  i n s t r u m e n t ,  

such as GMR p r o f i l o m e t e r ,  i s  a v a i l a b l e ,  o r  c o u l d  be made 

a v a i l a b l e  t o  a l l  agencies.  

2 )  The use  o f  a " shake r - t ype "  d e v i c e  t h a t  c o u l d  be programnied t o  

reproduce road  p r o f  i 1 e i npu ts  o f  v a r y i  ng degrees o f  roughness. 

These i n p u t s  c o u l d  be used as s tandards  and ~ o u l d  be 

independent  o f  seasonal v a r i a t i o n s  and changes due t o  

d e t e r i o r a t i o n  o f  t h e  roadway s u r f  ace. 



3 )  A n  enhancement of the present method by establishing specia l ly  

constructed standard reference surfaces. Research woul d be 

needed t o  determine how, and i  n what way, standard surfaces 

could be b u i l t  and maintained t o  ensure non-varying roughness 

character is t ics .  

The objective of the research reported herein was the development 

and ver i f ica t ion of re1 a t i  vely rapid and i nexpensive methods (procedures 

and development or adaptation of associ ated equipment) f o r  the  

cal ibra t ion and corre la t ion of response-type roughness measuring 

systems, as used f o r  rneasuri ng the  roughness of pavements. 

Imp1 ementati on of the procedures should resu l t  in definable accuracy and 

consistency of measurements over time, under varying conditions, and 

between di f ferent  road sections. 

The motivation of t h i s  study derives from the  fac t  that  R T R R M  

systems const i tu te  the  most practical  method f o r  s t a t e  highway and 

transportat ion agencies t o  routinely monitor the  roughness conditions of 

the  road network within t h e i r  purview. However, the development of 

these systems has been largely empirical,  with only an i n tu i t i ve  link 

exist ing between the roughness ~iieasurement and the subjective judgment 

of se rv iceab i l i ty .  The fac t  that  the system depends o n  an automobile 

and the  dynamics of i t s  r i de  tuning, means tha t  RTRRM system performance 

i s  not consistent  with time and may change abruptly with a turnover in 

f l e e t  vehicles. Hence, a  need f o r  ef fect ive  cal ibra t ion ex i s t s .  Yet 

the  methods i n  use are  unsatisfactory both from the  standpoint that  they 

are  complex n o t  demonstrably consistent .  



C a l i  b r a t i  on imp1 i e s  s c a l  i ng t h e  roughness measurements o f  an RTRRM 

system t o  t h a t  o f  a  s tandard .  The p r e f e r r e d  s t a n d a r d  i s  t h e  P resen t  

S e r v i c e a b i  1  i ty R a t i n g  (PSR) , normal l y  d e t e m i  ned f r o m  s u b j e c t i v e  

e v a l u a t i o n s  o f  t h e  road  s u r f a c e  by a  q u a l i f i e d  pane l .  Yet ,  because i t  

i s  a  s u b j e c t i v e  measure, i t  i s  an i m p r e c i s e  and ambiguous s tanda rd  f o r  

c a l i b r a t i o n .  Thus an e s s e n t i a l  aspec t  o f  t h e  development o f  c a l  i b r a t i o n  

methods i s  t h e  d e t e r m i n a t i o n  o f  an o b j e c t i v e  ineasure o f  roughness t o  

serve  as t h e  s tandard .  

A t  t h e  same t ime ,  o t h e r  fundamental  q u e s t i o n s  a r i s e .  G iven  t h e  

a l t e r n a t i v e  s t a t i s t i c s  t h a t  can be measured and t h e  d i f f e r e n t  ways i n  

which roughness can be we igh ted  by t h e  dynamic response o f  t h e  v e h i c l e ,  

what s t a t i s t i c  b e s t  serves  as a  p r e d i c t o r  o f  s e r v i c e a b i l i t y ,  o r  what 

v e h i c l e  b e s t  se rves  t o  mi n i m i  ze measurement v a r i  a b i  1  i t y ?  Beyond t h e s e  

ques t i ons ,  one must ask whe the r  t h e  same c a l  i b r a t i o n  methods and 

s tandards  can be used w i t h  d i f f e r e n t  systems? 

T h i s  r e p o r t  i s  i n t e n d e d  t o  p r o v i d e  i n s i g h t s  and answers t o  t h e  

s p e c i f i c  and everyday concerns  w i t h  t i m e  s t a b i  li ty,  c o r r e l a t i o n ,  

c a l i b r a t i o n  and s e r v i  ceab i  li ty, as r e f l e c t e d  i n  t h e  p r e v i o u s  s e c t  i o n ,  

Problem Sta tement  and O b j e c t i v e s .  Many o f  t h e  q u e s t i o n s  r e g a r d i n g  day- 

t o -day  v a r i a t i o n s  i n  per fo rmance and o v e r a l l  p r e c i s i o n  a r e  s p e c i f i c  t o  

each RTRRM system. As such, no u n i v e r s a l  r u l e s  f o r  c o n t r o l l i n g  o r  

c o r r e c t i n g  f o r  v a r i a t i o n s  can be a p p l i e d  t o  a l l  RTRRM systems. However, 

by a p p l y i n g  t h e  f i n d i n g s  p resen ted  here ,  each agency can deve lop  

procedures  f o r  c o n t r o l l i n g  t h e  v a r i a t i o n s  w i t h i n  t h e i r  own systems, o r  

c o n s i d e r  t h e  p o t e n t  i a1 advantages o f  a1 t e r n a t e  systems. 



RESEARCH APPROACH 

The r e s e a r c h  approach adopted i n  t h e  p r o j e c t  was based on  t h e  

premise t h a t  a  t ho rough  f u n c t i o n a l  u n d e r s t a n d i n g  o f  a1 1  o f  t h e  

components o f  an RTRRM system i s  a  necessary p r e r e q u i s i t e  t o  d e s i g n i n g ,  

d e v e l o p i n g  and t e s t i n g  c a l i b r a t i o n  methods. (Less  r i g o r o u s ,  e m p i r i c a l  

approaches t o  t h e  prob lem t r i e d  i n  t h e  p a s t  by t h e  u s e r  community had 

no t  ach ieved  t o t a l l y  s a t i s f a c t o r y  r e s u l t s . )  The resou rces  used i n  t h i s  

s tudy  i n c l u d e d  i n f o r m a t i o n  f r o m  t h e  p u b l i  shed 1  i t e r a t u r e ,  a n a l y t i c  and 

computer  s i m u l a t i o n  methods, t e s t i n g  o f  t y p i c a l  systems i n  t h e  

l a b o r a t o r y  and on t h e  road,  and c o o p e r a t i v e  t e s t i n g  w i t h  o t h e r  use rs .  

A t  t h e  o u t s e t  o f  t h e  program, a  1 i m i  t e d  su rvey  o f  t y p i c a l  u s e r s  

was made t o  i n d i c a t e  t h e  measurement systems t o  be cons ide red ,  and t o  

c o n f i r m  t h e  sources  o f  v a r i a b i l i t y  t h a t  have been i d e n t i f i e d .  The 

i d e n t i f i e d  systems were analyzed,  u s i n g  a v a i l a b l e  know1 edge o f  (1) 

roadway c h a r a c t e r i s t i c s ,  ( 2 )  au tomot i ve  v e h i c l e  response 

c h a r a c t e r i  s t i c s ,  and (3 )  t h e  a d v e r t i s e d  f u n c t i o n a l  c h a r a c t e r i s t i c s  o f  

t h e  road  meters,  i n  o r d e r  t o  i d e n t i f y  t h e  roughness s t a t i s t i c s  t h a t  a r e  

measured, how t h e  d i f f e r e n t  s t a t i s t i c s  a r e  r e l a t e d ,  and how each may be 

r e 1  a t e d  t o  pavement s e r v i  ceab i  1 i t y  . 

I n  o r d e r  t o  deve lop  t h e  i n f o r m a t i o n  needed t o  unde rs tand  t h e  

f u n c t i o n a l  per formance o f  RTRRM systems as a c t u a l  1y occu rs  i n  p r a c t i c e ,  

i n  c o n t r a s t  t o  what occu rs  i n  t h e o r y ,  each component o f  a  t y p i c a l  system 

was s y s t e m a t i c a l  l y  i n v e s t i g a t e d .  A p r e c i s e l y  c o n t r o l  l e d  se rvo -hyd rau l  i c  

a c t u a t o r  was used t o  p r o v i d e  d i sp lacemen t  i n p u t s  t o  sample Mays and P C A  

meters  t o  de te rm ine  t h e i r  performance c h a r a c t e r i s t i c s  and l i m i t a t i o n s .  

A t  a  l a t e r  d a t e ,  t h e s e  road  meters  were i n s t a l l e d  i n  a  passenger ca r ,  



together \ ~ i t h  auxi l iary  instrumentation, t o  c rea te  a t e s t  vehicle that  

served as a primary research tool .  

The t e s t  vehicle was ins ta l l ed  on a hydraulic road simulator a t  

the U .S. Army Tank Automotive Research and Devel oprnent Command 

( T A R A D C O M ) ,  making i t  possible t o  expose the  vehicle t o  both periodic 

and random (road p ro f i l e )  exci ta t ion (see Fig. 2 ) .  Via these t e s t s ,  i t  

was possible t o  (1) determine the  role of front-axle i n p u t s  i n  the  

roughness measurement process, ( 2 )  quantify the  e f f ec t s  of vehicle and 

suspension parameters and ( 3 )  quant i ta t ively  verify the  physical 

mechanisms i  nvol ved i  n road roughness measurements. The t e s t s  a1 so 

provided i nformation needed t o  assess the potential f o r  ca l ib ra t ing  

R T R R M  systems on a  hydraulic road simulator or  shaker system. 

Vibration sources inherent t o  the vehicle can c rea te  disturbances 

which make the  road appear rougher than i t  rea l ly  i s .  Accordingly, the 

t e s t  vehicle was operated on a drum r o l l e r  system t o  quantify the  

e f fec t s  of t i  re/wheel imbalance and radi a1 nonuniformi ty . These t e s t s ,  

i n  par t ,  provided i nformation needed t o  assess the potential f o r  

ca l ibra t ing R T R R M  systems on a drum r o l l e r  device. 

Field t e s t s  were conducted on 1 ocal roads t o  exami ne the 

performance of R T R R M  systems as actually used i n  the  f i e l d .  The t e s t s  

served t o  generate findings with respect t o  t e s t - t o - t e s t  repeatabi 1 i t j ,  

e f f ec t s  of speed, t i r e  pressure changes t o  be expected i n  operation, 

typical on-road shock absorber temperatures, e tc .  

As new information was developed i n  the  t e s t i ng  a c t i v i t i e s ,  i t  Nas 

integrated in to  the  analyt ic  nodels representing the process by which 





RTRRM systems a c t u a l l y  f u n c t i o n .  Due t o  t h e  c o m p l e x i t y  added by t h e  

non l  i near  performance c h a r a c t e r i  s t i c s  o f  t hese  i nst ruments ,  computer 

s i m u l a t i o n  models were r e q u i r e d  t o  i n v e s t i g a t e  c e r t a i n  per formance 

v a r i a b l e s ,  such as meter  h y s t e r e s i s  and q u a n t i z a t i o n  s i z e .  A lso ,  t h e  

i n f l u e n c e  o f  t i r e / w h e e l  nonun i fo rm i  t i e s  c o u l d  be i n v e s t i g a t e d  more 

s y s t e m a t i c a l  l y  and p r e c i s e l y  by computer s i m u l a t i o n  t h a n  by road  t e s t s .  

Because o f  t h e  unknowns i n  t h e  problem, t h e  resea rch  approach 

adopted a t  t h e  o u t s e t  p r o v i d e d  f o r  f l e x i b i l i t y .  U l t i m a t e l y ,  as t h e  

f u n c t i o n a l  e l  ements o f  RTRRM systems were i n v e s t i  ga ted and unders tood,  

t h e  necessary c o n d i t i o n s  f o r  c a l i b r a t i o n  became obvious.  The proposed 

methods and new concepts  were rev iewed t o  de te rm ine  t h e i r  adequacy and 

p r a c t i c a l i t y .  From t h e s e  a1 t e r n a t i  ves, two v i  a b l e  methods were 

i d e n t i f i e d  and t e s t e d  by a c t u a l  RTRRM systems use rs  i n  a  C o r r e l a t i o n  

Program f r o m  which i t  was p o s s i b l e  t o  e s t i m a t e  t h e  q u a l i t y  o f  t h e  

methods and t h e  accuracy l e v e l  t o  be expected. 

U l t i m a t e l y ,  t h e  f u n c t i o n  o f  RTRRM systems i s  t h e  measurement o f  

pavement s e r v i  ceabi  1  i ty. The i n - d e p t h  unders tand i  ng o f  RTRRM systerns 

when combined w i t h  r e s u l t s  f rom resea rch  i n  v e h i c l e  r i d e  p e r c e p t i o n  

g i v e s  i n s i g h t  i n t o  t h e  measurement o f  s e r v i  ceabi  1  i ty w i t h  RTRRM systems. 

P S I  e v a l u a t i o n s  by t h r e e  o f  t h e  s t a t e  p a r t i c i p a n t s  i n  t h e  C o r r e l a t i o n  

Program, and by a  s i m u l a t e d  CHLOE, on a  s e l e c t i o n  o f  road  s u r f a c e s  

p r o v i d e d  a  d a t a  base a g a i n s t  wh ich  t o  t e s t  t h e  r e l a t i o n s h i p  between 

s e r v i  ceabi  1 i t y  and t h e  RTRRM system measures o f  road  roughness. 



CHAPTER 2 
FINDINGS 

Response-type road  roughness measur ing systems r e p r e s e n t  a d i v e r s e  

spect rum o f  equipment, i n  terms o f  c o n s t r u c t i o n ,  response 

c h a r a c t e r i s t i c s ,  and u l  t i r n a t e l y  , i n  t h e  roughness r ~ i l ~ n e r i c  ob ta ined .  

Neve r the less ,  t h e  measurements tend  t o  c o r r e l a t e  w i t h  s e r v i c e a b i  1 i ty,  

w i t h  a p o t e n t i a l  e x i s t i n g  f o r  improvements i n  p r e c i s i o n  by use o f  p r o p e r  

c a l i b r a t i o n  methods and i nformed o p e r a t i  ng personne l  . The c a l  i h e r  o f  

t h e  roughness m o n i t o r i n g  program i n any s t a t e  highway and t r a n s p o r t a t i o n  

agency i s  d i r e c t l y  r e l a t e d  t o  t h e  l e v e l  o f  unde rs tand ing  grasped by t h e  

personne l  i n v o l v e d .  A c c o r d i n g l y ,  t h i s  c h a p t e r  ( F i  n d i  ngs)  beg ins  w i t h  a 

d i s c u s s i o n  of t h e  t h e o r y  o f  o p e r a t i o n  o f  RTRRM systerns. T h i s  d i s c u s s i o n  

i s  recommended r e a d i n g  f o r  a1 1 t h o s e  i n v o l v e d  e i t h e r  i n  t h e  o p e r a t i o n  o f  

RTRRM systems o r  i n  u s i n g  roughness d a t a  genera ted by  t h e s e  sources. 

The remainder  o f  t h e  c h a p t e r  i s  devoted t o  p r e s e n t i n g  ( 1 )  t h e  f i n d i n g s  

o b t a i n e d  w i t h  r e s p e c t  t o  t h e  e f f e c t s  o f  system v a r i a b l e s  on  t h e  

measurement o f  roughness s t a t i s t i c s  and ( 2 )  t h e  c a l  i b r a t i o n  schemes 

deve loped as a r e s u l t  o f  t h e  resea rch  t h a t  was performed. 

THEORY OF OPERATION 

Measurements made by RTRRM systems a r e  t h e  r e s u l t  o f  t h e  

i n t e r a c t  i ons  o f  t h r e e  b a s i c  components--the road,  t h e  v e h i c l e ,  and t h e  

road  me te r  i n s t r u m e n t .  I n  o r d e r  t o  unde rs tand  t h e  s i g n i f i c a n c e  o f  t h e  

measured roughness s t a t i s t i c s ,  t h e  c o n t r i b u t i o n  o f  each component must 

be known. Appendix C c o n t a i n s  t h e  a n a l y t i c  development needed t o  assess 

t h e s e  c o n t r i b u t i o n s  and t h e  mathemat ica l  f o u n d a t i o n  f o r  t h e  f o l l o w i n g  

d i s c u s s i o n .  



The qua l i t i e s  of a road tha t  affect  the perceived "roughness" a r e  

almost completely contained in the average vert ical  p rof i l e  of the right 

and l e f t  wheel tracks. Since the prof i le  i s  random i n  nature, i t s  

s t a t i  s t i ca l  properties can be conveniently represented by i t s  spectral 

density. The spectral density i s  the dis t r ibut ion of prof i le  variance 

(mean square of elevation = variance when mean elevation = 0) as a 

function of wave number (where wave number = llwavelength, c y c l e l f t ) .  

Roads, l i ke  many surfaces, have character is t ic  trends i n  the 

d is t r ibut ion of roughness w i t h  wave number. Figure 3 shows spectral 

densi t ies  f o r  a number of d i f ferent  roads. Note that  the roughness 

content i s  much higher a t  low wave numbers (long wavelengths) f o r  a l l  of 

the roads. The general shape of the spectral densi t ies  i s  s imilar ,  with 

rougher roads having a higher amp1 itude over the ent i  re range of wave 

numbers. O n  the average, roads have the charact eri s t i  c prof i 1 e 

elevation spectral density shape indicated by the two dashed l ines  tha t  

correspond t o  "average bituminous" roads and t o  "average Port land cement 

concrete" ( P C C )  roads. Both "averages" a re  f o r  similar  levels of 

overall roughness, although the b i  tumi nous construction tends t o  have 

more roughness i n  the  low wave number (long wavelength) ranges and less  

i n  the h i g h  wave number (short wavelength) ranges than the P C C  road. 

The f igure also shows that  none of the real roads have exactly the same 

spectral density shape as the average, and i t  i s  doubtful tha t  a road 

ex i s t s  which perfectly matches the average road. Nevertheless, the  

"average" road concept provides a convenient and important basis on 

which t o  compare the  performance of R T R R M  systems. 



Wave Number (cyc le / f t )  

Figure 3. Typical spectral densi t ies  of pavement elevation (average 
of two t racks) .  



For the purpose of explaining R T R R M  system performance, however, 

i t  i s  convenient t o  think of the  road p rof i l e  i n  terms of i t s  slope 

charac te r i s t i c s  as well a s  elevation.  For as will be seen l a t e r ,  the  

roughness nieasurements produced by R T R R M  systems a re  more di rect ly 

related t o  p rof i l e  slope charac te r i s t i c s .  Figure 4 shows t ha t  the  road 

slope i s  a  more "broad band" type of variable (amp1 i tude changes l e s s  

w i t h  wave number). Slope spectral  densi t ies  are re la ted  t o  elevation 

spectral densi t ies  in t ha t  the  former i s  the derivative of the l a t t e r ,  

Vehicle 

When the  road i s  traversed a t  a constant speed, the  road slope i s  

perceived as a  velocity i n p u t  t o  the  wheel. Similarly,  the  elevation 

spectral tlerisity becomes a  function of temporal frequency ( H z )  ra ther  

than a  function of a  spat ia l  frequency (wave number). 

The response of the  vehicle t o  the  road roughness i s  dependent on 

speed, vehicle propert ies,  and t he  roughness content of the road. The 

in teract ion of the to ta l  system i s  i l l u s t r a t ed  i n  Figure 5. The vehicle 

i s  not equally responsive a t  a l l  frequencies; ra ther ,  i t  amplifies or  

at tenuates the  road exci ta t ion i n  the general manner shown in the center  

p l o t .  This response plot characterizes the dynamic e f fec t  of the 

vehicle i n  road roughness measurement by a gain which re la tes  the road 

prof i le  input t o  the  axle-body motion ( r ea r  axle r e l a t i ve  t o  the  ca r  

body) t h a t  i s  sensed by the  road meter. Thus the vehicle response ac t s  

t o  weight, or  f i l t e r ,  the  roughness transmitted t o  the road meter. 

At very low frequency, vir tual  ly no response occilrs because the 

body of the car  moves u p  and down w i t h  the axle. A t  a  frequency i n  the 



Wave Number ( c y c l e l f t )  

F i g u r e  4, T y p i c a l  s p e c t r a l  d e n s i t i e s  o f  pavement s l o p e  (average o f  
two t r a c k s )  



range of 1 t o  2 Hz ,  body resonance on t h e  suspens ion occurs .  Thus road  

roughness co r respond i  ng t o  t h i  s  f requency  i s  anpl  i f  i ed by t h e  bou n c i  ng 

o f  t h e  c a r  body. The a m p l i f i c a t i o n  f a c t o r  a t  t h i s  resonance depends on 

t h e  damping i n  t h e  v e h i c l e  suspens ion and t y p i c a l l y  ranges f rom 1.5 t o  

3. A t  s t i l l  h i g h e r  f r e q u e n c i e s ,  i n  t h e  range o f  8-12 Hz, a  second 

resonance e x i s t s .  The a x l e  and wheels o f  t h e  c a r ,  as suspended between 

t h e  s t i f f  s p r i n g s  of t h e  t i r e s  and t h e  suspens ion system, t e n d  t o  

exaggera te  t h e  roughness f e a t u r e s  o f  t h e  road  a t  t h i s  h i g h e r  f requency 

by a  s i m i l a r  f a c t o r  o f  a p p r o x i m a t e l y  1.5 t o  3. Above t h i s  f requency,  

t h e  a m p l i t u d e  of t h e  road  roughness i s  a t t e n u a t e d  b y  t h e  i n a b i l i t y  o f  

t h e  a x l e  t o  f o l l o w  t h e  road  roughness i n p u t ,  and i t  i s  s i m p l y  absorbed 

by t h e  d e f l e c t i o n s  o f  t h e  t i r e s .  

F i n a l  ly ,  t h e  random r o a d  i n p u t ,  a f t e r  b e i n g  we igh ted  by t h e  

response o f  t h e  v e h i c l e ,  r e s u l t s  i n  a  random ax le-body mot ion .  T h i s  

m o t i o n  may a l s o  be c h a r a c t e r i z e d  by i t s  s p e c t r a l  d e n s i t y  and i s  d i r e c t l y  

r e l a t e d  t o  t h e  road  i n p u t  by t h e  square  o f  t h e  g a i n  o f  t h e  v e h i c l e  

response f u n c t i o n ,  i f  t h e  v e h i c l e  behaves as a  l i n e a r  dynarnic system--a 

c o n d i t i o n  approx imated by r e a l  v e h i c l e s .  

As seen i n  F i g u r e  5 ,  t h e  v e l o c i t y  spect rum o f  t h e  axle-body m o t i o n  

i s  i n f l u e n c e d  by l ow  f requency  body resonance as w e l l  as t h e  h i g h  

f requency a x l e  resonance. P a r t  o f  t h e  convenience o f  d e s c r i b i n g  RTRRH 

system per formance i n  t h i s  f a s h i o n  i s  t h a t  t h e  area under  t h i s  clArve 

r e p r e s e n t s  t h e  mean square  o f  ax le-body ve l  o c i  t y  , w i  t h  t h e  cu rvi! i t s ~ l  f 

p r o v i d i n g  a  p i c t u r e  o f  t h e  sou rce  o f  t h e  measured roughness. Roughness 

measures r e l a t e d  t o  the ax le-body v e l o c i t y  shown h e r e  i n c l u d e  

s i g n i f i c a n t  c o n t r i b u t i o n s  f rom b o t h  1  ow and h i g h  f requency r o a d  





roughness. On t h e  o t h e r  hand, F i g u r e  6,  wh ich  has a  s i m i l a r  

r e p r e s e n t a t i o n  f o r  t h e  d i sp lacemen t  v a r i a b l e ,  shows t h a t  v i r t u a l l y  a1 1  

o f  t h e  d i sp lacemen t  between a x l e  and body occu rs  i n  t h e  1-2 Hz body 

resonance range. 

Road Meters  

Road meters  a r e  i n s t a l l e d  i n  v e h i c l e s  w i t h  a t r a n s d u c e r  l o c a t e d  

between t h e  m i d d l e  o f  t h e  a x l e  and t h e  body o f  a  passenger c a r  o r  

t r a i l e r .  The road  m e t e r  a c t s  t o  process t h e  i n f o r m a t i o n  c o n t a i n e d  i n  

t h e  axle-body m o t i o n  and reduce  i t  t o  a  s i n g l e  summary s t a t i s t i c - - a  

numeric t h a t  i d e a l l y  d e s c r i b e s  r o a d  roughness. Two t y p e s  of summary 

s t a t i s t i c s  a r e  cornmonly used t o  q u a n t i f y  roughness, namely, t h e  i riches/ 

m i l e  and t h e  PCA me te r  s t a t i s t i c .  

Inches/Mi  l e  (I/M) - T h i s  s t a t i s t i c  i s  a  measure o f  accrued a x l e  

t r a v e l  p e r  m i l e  o f  highway t r a v e l ,  o b t a i n e d  from a  d i sp lacemen t  

t r a n s d u c e r  t h a t  d e t e c t s  s m a l l  i ncrements o f  a x l e  moven~ent r e l a t i v e  t o  

t h e  body. Each increment  o f  movement, whether ? o s i t i v e  o r  n e g a t i v e ,  

produces a  p o s i t i v e  i nc remen t  o f  t h e  measured s t a t i s t i c .  T h i s  i s  t h e  

roughness measure n o r m a l l y  a s s o c i a t e d  w i t h  t h e  Mays M e t e r  and BPR 

Roughometer and may be o b t a i n e d  f rom PCA meters  t h a t  d i s p l a y  t h e  coun ts  

accumulated i n  each r e g i s t e r .  The Mays Me te r  (see F i g .  1) advances a  

s t r i p  c h a r t  ( w i t h  a  s t e p p e r  m o t o r )  1/64 i n .  f o r  each d e t e c t e d  a x l e  

movement o f  1 /10  i n .  A t  t h e  end o f  a  t e s t ,  t h e  l e n g t h  o f  t h e  paper  t h a t  

was advanced i s  m u l t i p l i e d  by 6.4, g i v i n g  i nches  o f  ax le-body t r a v e l .  

The o r i g i n a l  BPR Roughometer had a  r a t c h e t  mechanism t h a t  advanced a  

marker  when t h e  ax le-body t r a v e l  was p o s i t i v e ,  b u t  d i d  n o t  move t h e  

marker  when t h e  ax le-body t r a v e l  was n e g a t i v e .  A t  t h e  end of a  t e s t ,  
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t h e  marker  t r a v e l  was m u l t i p l i e d  by a mechanical s c a l e  f a c t o r ,  and t h e n  

by 2 ,  t o  account  f o r  t h e  unmeasured n e g a t i v e  a x l e  t r a v e l .  The PCA- 

Wiscons in  me te r  ( d e s c r i b e d  below i n  more d e t a i l )  has a bank o f  c o u n t i n g  

r e g i  s t e r s .  Each increment  o f  ax le-body m o t i o n  ( t y p i c a l  l y  118 i n c h )  

causes one o f  t h e  r e g i s t e r s  t o  i n c r e a s e  i t s  coun t  by one. A t  t h e  end o f  

t h e  t e s t ,  t h e  t o t a l  number o f  coun ts  may be m u l t i p l i e d  by t h e  r e s o l u t i o n  

of t h e  t r a n s d u c e r  ( i  .e., 118 i n )  t o  g i v e  t h e  t o t a l  a x l e  t r a v e l .  I n  each 

case, t h e  i nches  o f  a x l e  t r a v e l  i s  t h e n  n o r m a l i z e d  by d i v i d i n g  by t h e  

l e n g t h  o f  t h e  t e s t  s e c t i o n  t o  g i v e  t h e  s t a t i s t i c ,  I/M. Mathematically, 

t h e  " t r u e "  measure o f  t h e  I / M  s t a t i s t i c  ( i n  t h e  absence o f  n o n l i n e a r  

me te r  e f f e c t s )  i s  t h e  average r e c t i f i e d  v e l o c i t y  (ARV) o f  t h e  ax le-body 

mot ion ,  m u l t i p l i e d  by t h e  t i m e  needed t o  t r a v e l  one m i l e  a t  t h e  t e s t  

speed. ( I n  o t h e r  words, t h e  i nches  accrued i n  a m i  1 e a r e  p r o p o r t i o n a l  

t o  t h e  r a t e  a t  wh ich  axle-body d isp lacement  changes.) ARV (and hence 

t h e  I / M  s t a t i s t i c )  i s  p r o p o r t i o n a l  t o  r o o t  mean square (RMS) ax le-body 

v e l o c i t y  on roads f o r  wh ich  t h e  roughness i s  b o t h  u n i f o r m l y  d i s t r i b u t e d  

a long  i t s  l e n g t h  ( s t a t i s t i c a l l y  s t a t i o n a r y )  and Gaussian. Then t h e  

s p e c t r a l  d e n s i t y  o f  t h e  axle-body v e l o c i t y  i n d i c a t e s  t h e  f requency  

c o n t e n t  o f  t h e  square  o f  t h e  I/M s t a t i s t i c .  From F i g .  5 i t  can be seen 

t h a t  t h e  mean square  v e l o c i t y  i s  c o n t a i n e d  o v e r  t h e  f a i r l y  b road  

f requency range o f  1-15 Hz. S p e c i f i c a l l y ,  about  50 p e r c e n t  o f  t h e  mean 

square  v e l o c i t y  i s  i n  t h e  f requency  range of 0-4 Hz (body resonance) ,  

w h i l e  t h e  r e m a i n i  ng 50 p e r c e n t  d e r i v e s  f rom f requenc ies  above 4 :lz ( a x l e  

resonance).  On t h e  o t h e r  hand, 90 p e r c e n t  o f  t h e  mean square 

d isp lacement  i s  c o n t a i n e d  i n  t h e  narrow f requency range 3-1.8 Hz. 

PCA Me te r  S t a t i s t i c  ( o f t e n  c a l l e d  t h e  "PCA sum-of-squares") - T h i s  

2 s t a t i s t i c  i s  a we igh ted  sum o f  c o u n t s  w i t h  t h e  u n i t s  o f  i n  / m i l e ,  o r  



sometimes c o u n t s / m i l e .  The PCA-Wisconsin me te r  i s  t h e  name o f  a  r o a d  

me te r  des igned by M.P Brokow ( 6 )  - o f  t h e  P o r t l a n d  Cernent A s s o c i a t i o n  and 

f i r s t  used b y  t h e  S t a t e  o f  Wiscons in .  The PCA meter ,  l i k e  t h e  o t h e r  

road  meters ,  has a  t r a n s d u c e r  f i x e d  between t h e  v e h i c l e  a x l e  and body 

t h a t  d e t e c t s  t h e  p o s i t i o n  o f  t h e  a x l e  r e l a t i v e  t o  i t s  e q u i l i b r i u m  

p o s i t i o n .  The a x l e  p o s i t i o n  i s  i d e n t i f i e d  as b e i n g  a  c e r t a i n  number o f  

i nc remen ts  ( t y p i c a l  l y  1 / 8 t h  i nch) f r o m  t h e  equi  li b r i u m  p o s i t i o n .  The 

t r a n s d u c e r  i s  connected t o  a  bank o f  c o u n t i n g  r e g i s t e r s ,  such t h a t  each 

r e g i s t e r  i s  connected t o  a  d i f f e r e n t  p o s s i b l e  p o s i t i o n .  When t h e  a x l e  

moves f rom one p o s i t i o n  t o  an  a d j a c e n t  p o s i t i o n ,  t h e  r e g i s t e r  a s s o c i a t e d  

w i t h  t h e  "new" p o s i t i o n  adds one count .  Thus, i f  t h e  a x l e  moves f ro in  

-318" t o  +1/2" ,  one coun t  w i l l  be added t o  t h e  r e g i s t e r s  -2,  -1, 0 ,  1, 

2, 3, and 4. If t h e  a x l e  moves back t o  -3 /8 " ,  a  coun t  w i l l  be added t o  

r e g i s t e r s  3, 2 ,  1, 0 ,  -1, -2 ,  and -3. I n  p r a c t i c e ,  r e g i s t e r s  1 and -1 

a r e  o f t e n  connected t o  t h e  same c o u n t e r ,  as a r e  2 ,  -2  and a1 1  o t h e r  

p a i r s .  The 0 p o s i t i o n  i s  t h e n  n o t  connected t o  a  r e g i s t e r .  The PCA 

m e t e r  s t a t i s t i c  i s  c a l c u l a t e d  as: 

N 

d2 xi e ~ i  PCA S t a t i s t i c  = 

i = l  

where d = i nc remen t  s i z e ,  D  = d i s t a n c e  t r a v e l e d ,  i = r e g i s t e r  number, N 

2  
= number o f  r e g i s t e r s ,  and R i  = c o u n t s  i n  r e g i s t e r  i, When t h e  d t e r n  

i s  o m i t t e d ,  t h e  measure of roughness w i l l  have t h e  u n i t s  c o u n t s l m i .  

D u r i n g  t h e  development of t h e  PCA mete r ,  Brokow ( 6 )  showed t h a t  when t h e  - 
mete r  i s  g i v e n  a  s i g n a l  t h a t  s t a r t s  a t  zero ,  i n c r e a s e s  t o  an a m p l i t u d e  

A, and t h e n  r e t u r n s  t o  ze ro ,  w i t h  o n l y  one r e v e r s a l  ivhen t h e  

d i sp lacemen t  = A ,  (a  s i n e  wave f i t s  t h i s  d e s c r i p t i o n )  t h e  PCA s t a t i s t i c  



2 i s  equal  t o  A  . The a n a l y s i s  has o f t e n  been i n c o r r e c t l y  assumed t o  

a p p l y  t o  t h e  random ax le-body m o t i o n  t h a t  occu rs  on  t h e  road,  l e a d i n g  t o  

t h e  er roneous c o n c l u s i o n  t h a t  t h e  PCA mete r  s t a t i s t i c  i s  p r o p o r t i o n a l  t o  

some c o n v e n t i o n a l  mean-square s t a t i s t i c .  i-lowever,  hen t h e  d a t a  fro111 i 

road  t e s t  accumulated i n  a  P C A  me te r  a r e  reduced a c c o r d i n g  t o  E q .  (I), 

t h e  r e l a t i o n  between t h e  s t d t i s t i c  and t h e  v e h i c l e  response i s  f a i r l y  

comp l i ca ted .  Under t h e  i d e a l  case when t h e  q u a n t i z a t i o n  s i z e  i s  

n e g l i g i b l e ,  t h e  a c t u a l  s t a t i s t i c  o b t a i n e d  i s  a  f u n c t i o n  o f  t h e  j o i n t  

p r o b a b i l i t y  d i s t r i b u t i o n  o f  t h e  ax le -body d i  splacement and v e l o c i t y .  

When t h e  e x c i t a t i o n  i s  s t a t i o n a r y  and Gaussian, and ax le -body 

d isp lacement  and v e l o c i t y  a r e  u n c o r r e l a t e d ,  t h e  PCA meter  s t a t i s t i c  i s  

p r o p o r t i o n a l  t o  t h e  p r o d u c t  o f  RMS ax le-body v e l o c i t y  and RMS ax le-body 

d isp lacement .  Due t o  t h e  dependence o f  t h e  PCA mete r  s t a t i s t i c  on ?MS 

d i  splacement,  i t s  s t a t i s t i c  i s  s t r o n g l y  dependent on t h e  1  ow f requency 

(body resonance) p o r t i o n  o f  t h e  v e h i c l e  f requency  response and t o  t h e  

a1 ow wave number roughness c o n t e n t  o f  t h e  road.  

Comparison o f  D i f f e r e n t  Road Roughness M e a s u r e ~ n t  Systems 

D i f f e r e n t  RTRRM systems t h a t  measure t h e  same s t a t i s t i c  use 

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

Thus t h e  ax le -body mo t ions  genera ted by d i f f e r e n t  systems a r e  ~ e i g h t e d  

somewhat d i f f e r e n t l y  and d e r i v e  f r o m  s l  i g h t l y  d i f f e r e n t  p o r t i o n s  o f  t h e  

road  roughness f requency spect  r ~ ~ l n .  Yerice, as a  m i  nimum, t h e  agreement 

between RTRRM systems i s  1  i m i  t e d  by t h e  c o r r e l a t i o n  between t h e  road  

s p e c t r a l  d e n s i t y  va lues  a t  d i f f e r e n t  wave numbers. I f  a l l  roads had 

i d e n t i c a l  s p e c t r a l  c h a r a c t e r i s t i c s ,  o r  a1 1  RTRRM sys te~ns  had i d e n t i c d l  

response c h a r a c t e r i s t i c s ,  p e r f e c t  c o r r e l a t i o n  wou1 d  be observed. 



S i m i l a r  RTRRM systems a r e  expec ted  t o  have good, b u t  i m p e r f e c t  

c o r r e l a t i o n  because o f  t h e  d i f f e r e n c e s  i n  t h e i r  response e l i c i t e d  by t h e  

p a r t i c u l a r  roughness c h a r a c t e r i s t i c s  o f  each road.  

On t h e  o t h e r  hand, RTRRM systems t h a t  employ d i f f e r e n t  t y p e s  o f  

r o a d  meters,  such as t h e  Mays and PCA meters ,  a r e  s e n s i t i v e  t o  d i f f e r e n t  

p o r t i o n s  o f  t h e  roughness spect rum t h a t  a r e  s u b s t a n t i a l l y  d i f f e r e n t ,  

w i t h  t h e  r e s u l t  t h a t  d i f f e r e n t  t y p e s  o f  road  me te r  s t a t i s t i c s  w i l l  

c o r r e l a t e  more p o o r l y .  I n  a d d i t i o n ,  t h e  d i f f e r e n c e s  between v e h i c l e s  

w i l l  have g r e a t e r  impac t  w i t h  rneters t h a t  p roduce o u t p u t s  wh ich  depend 

on d i f f e r e n t  resonance c h a r a c t e r i s t i c s ;  t h e r e f o r e  t h e  c o r r e l a t i o n  

between d i f f e r e n t  t y p e s  o f  RTRRM systems w i  11 suF fe r  f u r t h e r .  S i n c e  t h e  

c o r r e l a t i o n  depends on  s p e c i f i c  response c h a r a c t e r i s t i c s  o f  t h e  v e h i c l e s  

and t h e  s t a t i s t i c a l  p r o p e r t i e s  o f  t h e  r o a d  roughness, no c o n s i s t e n t ,  

u n i v e r s a l  r e l a t i o n s h i p  can be expected.  Wh i l e  some c o r r e l a t i o n  can be 

observed expe r imen ta l  l y  , t h e r e  i s  no p r a c t i c a l  method by wh ich  t h e  

o b s e r v a t i o n  can be v a l i d l y  ex tended t o  o t h e r  RTRRY systems o r  even o t h e r  

road  systems. 

I n  o r d e r  t o  compare RTRRM systems w i t h  o t h e r  roughness measur ing  

systems, t h e  response c h a r a c t e r i s t i c s  of t h e  o t h e r  systems must be 

known. Appendix C p r o v i d e s  ana lyses  of a l l  o f  t h e  measurement systems 

d i  scu s  sed be 1  ow. 

BPR Roughometer - As no ted  above, t h e  BPR roughometer  p r o v i d e s  an 

accrued a x l e  t r a v e l ,  I / M  s t a t i s t i c .  The main  d i f f e r e n c e s  between t h e  

roughometer  and passenger -ca r  based RTRRM systems measur ing  t h e  1/?4 

s t a t i s t i c  a r e  t h a t :  



1) The f requency response of t h e  BPR t r a i l e r  can d i f f e r  

s u b s t a n t i a l l y  f rom t h a t  of a normal passenger c a r .  F i g u r e  7  

shows t h e s e  d i f f e r e n c e s  i n  terms of t h e  response f u n c t i o n  g a i n  

f o r  a  passenger c a r  s i m u l a t i o n  used by H S R I  ( t h e  ? l o t  marked 

" r e f e r e n c e " ) ,  a l o n g  w i t h  t h e  g a i n  f u n c t i o n  e x h i b i t e d  by a  BPR 

r o u g h o m e t e r l q u a r t e r - c a r  s i m u l a t i o n  based on a  t r a i l e r  owned by 

t h e  s t a t e  o f  N i c h i g a n  ( 7 ) ,  - and t h e  g a i n  f u n c t i o n  f o r  a BPR 

s i m u l a t i o n  t h a t  i s  implemented on t h e  Kentucky  p r o f  il ometer 

(8) .  - (Appendix C i n c l u d e s  d e t a i l s  o f  t h e  BPR rougho~ne te r  

s i m u l a t i o n s  t h a t  d e f i n e  t h e  response f u n c t i o n s  shown i n  t h e  

f i g u r e .  ) 

2 )  The o p e r a t i n g  speed of t h e  3PR roughorneter i s  29 inph, i n  

c o n t r a s t  t o  t h e  50-mph speed n o r m a l l y  used f o r  o t h e r  RTRRM 

systems. A t  50 mph, t h e  1-10 Hz f requency  range  cor responds 

t o  t h e  wave number range o f  ,014-.14 c y c l e l f t  (wave lengths  o f  

73-7.3 f t / c y c l e ) ,  b u t  a t  20 mph, t h e  same f requency  range 

cor responds t o  t h e  wave number range o f  ,034- .34 c y c l e / f t  

(wave length  o f  29  t o  2.9 f t l c y c l e ) .  T h i s  e f f e c t  i s  

i l l u s t r a t e d  i n  F i g u r e  8, wh ich  shows response f u n c t i o n s  

p l o t t e d  as f u n c t i o n s  o f  wave nuniber ( i n s t e a d  o f  t h e  more 

c o n v e n t i o n a l  c y c l e s / s e c )  f o r  a number o f  d i f f e r e n t  s j s  t m s .  

I n  e f f e c t ,  t h e s e  d i f f e r e n c e s  mean t h a t  t h e  32R roughometer, w h i l e  

measur ing  a  s i m i l a r  s t a t i s t i c ,  d e r i v e s  i t  f rom a d i f f e r e n t  p a r t  o f  t h e  

road  spectrum w i t h  a  d i f f e r e n t  f requency  w e i g h t i n g ,  as shown i n  F i g u r e  

8. Thus, w h i l e ,  on t h e  average, t h e  BPR rougholneter can be c o r r e l a t e d  



F i g u r e  7. Comparison o f  two state-owned BPR roughometer s i m u l a t i o n s  
and r e f e r e n c e  ca r .  



Figure 8. Comparison of weighting functions inherent in various road 
roughness measuring systems. 



w i t h  i t s  c l o s e s t  e q u i v a l e n t ,  t h e  Mays meter ,  on i n d i v i d u a l  roads a 

s i g n i f i c a n t  random e r r o r  w i l l  r e s u l t .  

CHLOE P r o f i l o m e t e r  - The CHLOE i s  an a b s o l u t e  measur ing  d e v i c e  

( n o t  a  response- type system) t h a t  h o l d s  an i m p o r t a n t  p l a c e  i n  t h e  

deve l  opment o f  t h e  pavement s e r v i  ceab i  1  i ty concept  (9) .  - The measured 

s t a t i s t i c  o f  t h e  CHLOE i s  c a l l e d  " s l o p e  va r i ance , "  wh ich  i s  c a l c u l a t e d  

c o n v e n t i o n a l l y  f r om a  measured a p p r o x i m a t i o n  o f  t h e  t r u e  s l o p e  o f  t h e  

road.  The CHLOE measures t h e  d i f f e r e n c e  i n  ang les  between a srnal l  beam 

w i t h  two wheels, 9 i n c h e s  a p a r t ,  and t h e  much l o n g e r  CHLOE t r a i l e r ,  

measur ing  25.5 f e e t  i n  l e n g t h .  I n  o r d e r  t o  e l i m i n a t e  any dynamic 

phenomena, t h e  CHLOE must be towed a t  a  l o w  speed, t y p i c a l l y  2 - 3  mph. 

The r e l a t i o n s h i p  between t h e  s l o p e  o f  t h e  p r o f i l e  and t h e  measured s l o p e  

can be d e s c r i b e d  by t h e  wave number response f u n c t i o n ,  F i g u r e  8 shows 

t h a t  f o r  t h e  CHLOE, t h e  g a i n  i s  nea r  1 f o r  wave numbers between .02 and 

3 0  c y c l e / f t  (wave lengths  f r o m  50 t o  3 f t / c y c l e ) .  F o r  wave numbers 

beyond t h i s  range,  t h e  measurement i s  s m a l l e r  t h a n  t h e  a c t u a l  s l o p e  of 

t h e  p r o f i l e .  O v e r a l l ,  t h e  CHLOE measures r o a d  s l o p e  p r o p e r t i e s  o v e r  a 

much d i f f e r e n t  wave number range and w i t h  a  much d i f f e r e n t  w e i g h t i n g  

t h a n  i s  o b t a i n e d  w i t h  RTRRM systems. 

GMR P r o f i l o m e t e r  - The GMR P r o f i l o m e t e r  (10 )  - i s  a  d e v i c e  t h a t  has 

been developed t o  measure t h e  p r o f i l e  o f  one o r  two road t r a c k s  a t  

speeds cornparable t o  t h e  speed o f  highway t r a f f i c .  A smal l  f o l l o w e r  

wheel i s  h e l d  i n  t h e  t r a c k  b e i n g  p r o f i l e d  w i t h  a  1  oad o f  s e v e r a l  hundred 

pounds. A d i sp lacemen t  t r a n s d u c e r  measures t h e  d i s t a n c e  between ground 

and t h e  v e h i c l e  s u p p o r t i n g  t h e  f o l l o w e r  wheel,  and an  acce le romete r  

measures t h e  v e r t i c a l  m o t i o n  o f  t h e  body of t h e  v e h i c l e .  The 7 r o f i l e  i s  



obtained by doubly i ntegrat i  ng the  accelerometer signal a n d  then 

subtracti  n~ the displacement signal t o  el imi nate vehicle motion frorn the 

measurement. The wave number content of the measured p rof i l e  i s  1 irni ted 

a t  the low end, i n  par t ,  by the d i f f i c u l t i e s  of obtaining a  re l i ab le  

measure of the very low accelerat ions correspondi ng t o  long wavelengths. 

I n  practice,  these low frequency signals are in tent ional ly  limited by a  

h i g h  pass f i l t e r  selected t o  keep the p rof i l e  amp1 itude within the range 

of the instrumentation. The high wave number content i s  limited by the 

dynamic response of the fol lower wheel (which typical ly resonates near 

100 Hz) and by the  geometric e f fec t s  of wheel curvature. Even with 

these l imi ta t ions ,  G M R  profi l  ometers can measure prof i les  w i t h  accurate 

wave number content over the  range of .001 t o  1  cyc l e l f t  (1000-1 f t  

waves), a  range much broader than the  range measured by any of the above 

systems, and much broader than the  range that  normally e f fec t s  vehicle 

ride. No standard ex i s t s  for  processing measured ? ro f i l e s  t o  y ie ld  a  

roughness numeric, b u t  some methods tha t  a re  i n  use are :  

1 )  Spectral densi t ies  - 2oad prof i le  spectral densi t ies  are  used 

by the  automotive industry and the  research community f o r  

studying vehicle r ide  and vibration. Roads can be rated by 

f i t t i n g  the measured spectral density t o  a  model spectral 

density and using one o f  the model parameters as the numeric. 

Road prof i le  spectral densi t ies  are  not routinely computed, a t  

present, by s t a t e  road agencies. 

2 )  Mean square (o r  RMS) s t a t i s t i c s  - Measured prof i les  have been 

used t o  ca lcula te  mean-square s t a t i s t i c s  of the elevation or 

slope. However, the resultant  s t a t i s t i c s  depend strongly o n  



t h e  f requency  response o f  t h e  p r o f i l  ometers and on any 

f i l t e r i n g  done d u r i n g  t h e  d a t a  p rocess ing .  !As F i g u r e  3 shows, 

e l  e v a t i  on s p e c t r a l  d e n s i t y  i ncreases t remendous ly  f o r  low wave 

numbers. Thus measured mean-square e l e v a t i o n s  w i  11 va ry  

d i r e c t l y  w i t h  t h e  c u t - o f f  f r equency  o f  t h e  h i g h  pass 

f i l t e r .  F i g u r e  4 shows t h a t  t h e  s l o p e  s p e c t r a l  d e n s i t y  i s  

r o u g h l y  c o n s t a n t  f o r  h i g h  YJave nunbers and i n c r e a s e s  w i  ti1 very  

l ow  wave numbers. T h e r e f o r e ,  a  measured s l o p e  v a r i a n c e  w i l l  

a l s o  depend on t h e  l o w  f requency  c u t - o f f  p o i n t  o f  t h e  h i g h  

pass f i l t e r ,  as w e l l  as t h e  upper  f requency  c u t - o f f  p o i n t ,  

a r i s i n g  f r o m  l i m i t a t i o n s  o f  t h e  f o l l o w e r  wheel.  C u r r e n t l y ,  

t h e  M i c h i g a n  Department  o f  T r a n s p o r t a t i o n  (MDOT) uses a  

we igh ted  mean square  e l e v a t i o n  as a  roughness numer ic  (11). - 

The p r o f i l e  i s  f i l t e r e d  by a f o u r t h - o r d e r  band-pass f i l t e r ,  

w i t h  c u t - o f f  f r e q u e n c i e s  s e t  t o  co r respond  w i t h  wave numbers 

.02 and .5 c y c l e / f t  (wave lengths  50-2 f t )  as shown i n  F i g u r e  

8, t h u s  c r e a t i n g  a  w e l l - d e f i n e d  s t a t i s t i c  t h a t  i s  independent  

o f  t h e  measur ing  system. The s t a t i s t i c  i s  t h e n  ?ised t o  

p r e d i c t  a  R i d e  Qua1 i ty  Index  based on c o r r e l 3 t i o n s  deve loped 

by MDOT i n  a  s tudy  which c o l l e c t e d  r o a d  p r o f i l e s  and 

a s s o c i a t e d  r i d e  r a t i n g s .  

S i m u l a t e d  RTRRM system ineasurements - A simulated v e h i c l e  

response t o  a  measured p r o f i l e  can he ~ b t a i n e d  by imp lemen t ing  

a  v e h i c l e  model,  c h a r a c t e r i z e d  by d i f f e r e n t i a l  equa t i ons ,  on 

an ana log  o r  d i g i t a l  computer .  The s i m u l a t e d  v e h i c l e  i s ,  o f  

course,  c o n s t a n t  ! v i t h  t i m e  and can be t a i l o r e d  t o  match any 

d e s i r e d  dynamic model. The m o d e l ' s  response can t h e n  be 



summarized by any d e s i r e d  s t a t i s t i c  such as I/Y. Kentucky  dnd 

West V i r g i n i a  now use a s i m u l a t e d  BPR roughometer  based on 

d i f f e r e n t i a l  equa t i ons  t h a t  cor respond t o  t h e  response 

f u n c t i o n  shown i n  F i g u r e  7 and r e - p l o t t e d  i n  F i g u r e  8. d e s t  

V i r g i n i a  a l s o  has a s i m u l a t i o n  wh ich  employs t h e  v e h i c l e  model 

developed i n  t h i s  resea rch  as a r e f e r e n c e  v e h i c l e  t o  be used 

as a s tanda rd  i n  t h e  c a l i b r a t i o n  o f  RTRRM systerns. 

A l l  o f  t h e  systems d e s c r i b e d  above produce a roughness s t a t i s t i c  

t h a t  d e r i v e s  f rom a we igh ted  wave number range o f  t h e  t o t a l  r oad  

roughness. F i g u r e  8 shows t h a t  no t  o n l y  do t h e  w e i g h t i n g  f u n c t i o n s  have 

d i f f e r e n t  shapes, b u t  t hey  o f t e n  cove r  d i f f e r e n t  wave number ranges. I t  

can be expected t h a t  c o r r e l a t i o n s  between measurements t a k e n  w i t h  t h e  

v a r i o u s  systerns w i l l  be p o o r e s t  f o r  t h o s e  systems wh ich  respond t o  wave 

number ranges t h a t  o v e r l a p  t h e  l e a s t .  

A l t hough  F i g u r e  8 i 1 l u s t r 3 t e s  t h e  r e l a t i v e  wave number f i l t e r i n g  

e f f e c t  a s s o c i a t e d  w i t h  each t y p e  o f  roughness measur ing systerii, t h e i r  

compara t i ve  per fo rmance a l s o  depends on t h e  measured s t a t i s t i c  o b t a i n e d  

f rom each. T a b l e  1 summarizes t h e  numer ics measured by t h e  d i f f e r e n t  

systems. The u n i t s  o f  t h e  v a r i o u s  measures suggests  t h e  t y p e  o f  

r e l a t i o n s h i p  t h a t  s h o u l d  be expected between d i  ss imi  1 a r  systerns o p e r a t e d  

a t  s tanda rd  speeds. The ?CA mete r  and CHLOE produce roughriess numer ics 

t h a t  a r e  average squared measures. They a r e  t h u s  i d e a l l y ,  l i n e a r l y  

r e l a t e d  t o  each o t h e r ,  and q u a d r a t i c a l l y  r e l a t e d  t o  t h e  i/M. B u t  s i n c e  

any p a r t i c u l a r  road  w i l l  have i n d i v i d u a l  p e c u l i a r i t i e s ,  t h e  

r e l a t i o n s h i p s  between d i f f e r e n t  s t a t i s t i c s  w i l l  be s u b j e c t  t o  random 

e r r o r s ,  o r  s c a t t e r .  A t  b e s t ,  t h e  u n i t s  o f  t h e  ~ i xasu remen ts  shown 





suggest  t h e  p r o p e r  r e g r e s s i o n  form t h a t  s h o u l d  he used ivhen exper i rnenta? 

c o r r e l a t i o n  between two systerns i s  r e q u i r e d .  F i g u r e  9 i 1  l u s t r a t e s  t h e  

u n d e r l y i  ng q u a d r a t i c  r e l a t i o n  between t h e  I/?4 and P C A  me te r  s t a t i s t i c s .  

The two t y p e s  o f  measurements were b o t h  produced by a  PCA me te r  and were 

made s imu l taneous ly .  

?TRRM SYSTEM VARIABLE SENSITIVITIES 

Unders tand ing  t h e  e f f e c t s  o f  systern v a r i a b l e s  on t h e  measured 

roughness s t a t i s t i c s  i s  necessary b o t h  t o  e s t a b l i s h  good procedures  f o r  

t h e  r o u t i n e  day-to-day use o f  RTRRM systems and t o  unders tand  t h e  r o l e  

o f  t h e  c a l i b r a t i o n  process i n  t h e  u t i l i z a t i o n  of t hese  systems. The 

t o p i c s  covered h e r e  i n c l u d e  t h e  i m p o r t a n t  e f f e c t s  d e r i v i n g  f r o m  t h e  road  

meters ,  o p e r a t i n g  c o n d i t i o n s  and v e h i c l e s .  S p e c i a l  a t t e n t i o n  i s  g i v e n  

t o  t h e  s u b j e c t  o f  v e h i c l e  damping, as t h e  i n f o r m a t i o n  p resen ted  on t h i s  

t o p i c  p r o v i d e s  t h e  b a s i s  f o r  recommendations ( g i v e n  l a t e r  i n  t h i s  

r e p o r t )  w i t h  r e s p e c t  t o  t h e  shock absorbers  used on veh ic7es 

c o n s t i t u t i n g  t h e  v e h i c l e  p a r t  o f  an RTRRM system. 

Road Mete r  Nonl i n e a r i  t i e s  

The d i s c u s s i o n  o f  RTRRFll sysems t h a t  was j u s t  p resen ted  assumed 

" i d e a l "  road rneters t h a t  employ t r a n s d u c e r s  cdpab lc  o f  sens ing  the  a x l c -  

body m o t i o n  e x a c t l y .  In p r a c t i c e ,  t h e  t ransducers  used w i t h  Mays and 

PCA meters  a r e  n o t  " i d e a l  " b u t  o n l y  f o l l o w  t h e  gross  m o t i o n  w i t h  t h e  

s i g n a l  be ing  m o d i f i e d  by v a r i o u s  e f f e c t s  as d i scussed  i n d i v i d u a l l y  

below. I n  o r d e r  t o  de te rm ine  t h e  p r o p e r t i e s  o f  road  ~ n e t e r s ,  t h r e e  

commercial rneters were p rocu red  f o r  l a b o r a t o r y  t e s t i n g  a l o n g  w i t h  a  

f o u r t h  me te r  (see Appendix B )  wh ich  was f a b r i c a t e d  a t  HSRI and i s  
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Figure 9 .  Quadratic relation between PCA meter and I/M statistics 
measured simultaneously with a PCA meter. 



i d e n t i f i e d  i n  Tab le  2 as " E l e c t r o n i c . "  T a b l e  2 summarizes t h e  magn i tude 

o f  each e f f e c t  t o  be d i scussed  i n  d e t a i l  below. 

Q u a n t i z a t i o n  - F i g u r e  10 compares t h e  o u t p u t  o f  an i d e a l  

t r a n s d u c e r  t h a t  c o n t i n u o u s l y  senses p o s i t i o n  t o  t h a t  o f  a  t r a n s d u c e r  

wh ich  q u a n t i z e s  t h e  p o s i t i o n  i n  d i s c r e t e  s teps .  As shown, t h e  

t r a n s d u c e r  i s  capab le  o f  sens ing  mo t ion  f r o m  one i n t e r v a l  o f  p o s i t i o n  t o  

another ,  b u t  cannot  d e t e c t  any m o t i o n  w i t h i n  an i n t e r v a l .  Modern road  

rneters u s u a l l y  d e t e c t  m o t i o n  by employ ing  an o p t i c a l  s w i t c h  t h a t  i s  

t r i g g e r e d  by moving an opaque f i l m  w i t h  r e c t a n g u l a r  windows p a s t  a  

l i g h t .  The q u a n t i z a t i o n  l e v e l  i s  t h e n  t h e  c e n t e r - t o - c e n t e r  d i s t a n c e  

between t h e  r e c t a n g u l a r  windows. Because t h e  ax le -body m o t i o n  i s  

random, t h e  e f f e c t  o f  q u a n t i z a t i o n  on t h e  measurement o f  ro~ ryhness  

numer ics can be deterrn i  ned by c a l c u l a t i n g  t h e  ex7ected number o f  

c r o s s i n g s  o f  each o f  t h e  q u a n t i z a t i o n  t h r e s h o l d s ,  f r o m  r e l a t i o n s  used i n  

random s i g n a l  a n a l y s i s .  The mathemat ics a r e  c o n t d i n e d  i n  Appendix C and 

show t h a t  changes t o  b o t h  I / M  and PCA me te r  s t a t i s t i c s  a r e  f u n c t i o n s  o f  

t h e  RMS ax le -body d isp lacement ,  t h e  s w i t c h  i n t e r v a l ,  and t h e  equ i  1 i b r i u m  

p o s i t i o n  o f  t h e  a x l e .  F u r t h e r ,  b o t h  s t a t i s t i c s  a r e  independent  o f  RMS 

ax le -body v e l o c i t y .  F i g u r e  11 shows t h e  range o f  e r r o r  between t h e  

measured s t a t i s t i c  and t h e  " i d e a l "  s t a t i s t i c  as a  f u n c t i o n  o f  t h e  r a t i o  

o f  t h e  q u a n t i z a t i o n  i n t e r v a l  t o  ?;\.IS d isp lacement .  Note  t h a t  

q u a n t i z a t i o n  has no e f f e c t  on t h e  I/M s t a t i s t i c  when t h e  RMS axle-body 

d isp lacement  i s  a t  l e a s t  g r e a t e r  t h a n  o n e - h a l f  o f  t h e  i n t e r v a l  s i z e .  

B u t  an e r r o r  deve lops  when t h e  m o t i o n  i s  l ess .  The p o l a r i t y  o f  t h e  e r r o r  

depends on t h e  a x l e  e q u i l i b r i u m  p o s i t i o n ,  w i t h i n  t h e  c e n t e r  i n t e r v a l .  

I f  t h e  p o s i t i o n  i s  n e a r  t h e  edge o f  t h e  i n t e r v a l ,  t h e  measured s t a t i s t i c  

w i l l  be t o o  h i g h ,  b u t  i f  t h e  e q u i l i b r i u m  p o s i t i o n  i s  i n  t h e  rn idd le  o f  



Table 2. Measured Nonlineari t ies  of Four Road Meters. 

Mays Meter 

*Note: The Mays meter has 2 s tepper  motors and the  20 in/sec l i m i t  i s  f o r  the  motor t h a t  dr ives  the  
paper. The o the r  motor, t h a t  moves a  pen, has a  l i m i t  near 15 in/sec.  Occasionally, a t  high 
v e l o c i t i e s ,  the  motor t h a t  dr ives  the  paper would reverse i t s e l f ,  thereby reducing the  accu- 
mulated inches measurement. 

Modern PCA Meter I Old PCA Meter I Electronic Meter 
I I 

Manufacturer 

Quantization 

Hysteresi s  

Velocity 
Limit 

D i  spl acement 
Limit (Total ) 

Supply Voltage 
Effect  on 
Velocity Limit 

Interference 
from C B ,  
Igni t ion Noi s e ,  
e t c .  

Rainhart, Inc. 

0.10 in.  

0.03 in.  

20 in/sec* 

5.5 in.  

No e f f e c t  when 
supply > 11 
vo l t s  

No e f f e c t  noted 

S o i l t e s t ,  Inc. 

0.125 i n .  

0.10 i n .  

Greater than the  
l i m i t s  of the  t e s t  
machine (50 in /sec)  

3.0 in. 

No e f f e c t  when supply 
> 8 vo l t s  (auto-null  
motor needed 10.5 v o l t s )  

May have occasional ly 
ruined t e s t s  

S o i l t e s t ,  Inc. 

0.125 i n .  

.01-.03 i n .  
Depends on wear of 
r o l l e r  wheel and 
switch p la t e s  

9 in/sec @ 14 v o l t s  
supply overa l l ;  indi -  
vidual counters had 
d i f f e r e n t  1  imi t s  

2.125 in.  

Lost 1/2 of counts 
with input  ve loc i ty  
a t  9 in/sec and 
voltage reduced t o  
12 vo l t s  

No e f f e c t  

Negligible 

Negligible 

Adjustable - 
nominally 50 in /sec  

4-inch 1  inear  
range on LVDT 

Not measured 
(used s t a b i l  ized 
power supply) 

Added t o  roughness 
measurement 
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F i g u r e  10. I1 1  u s t r a t i o n  o f  meter  q u a n t i z a t i o n .  
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Figure 1 1 .  Effect o f  meter quantization on roughness measurement. 
I 



t h e  i n t e r v a l ,  t h e  measured s t a t i s t i c  w i l l  be t o o  low. The e q u i l i b r i u m  

p o s i t i o n  depends on so many v a r i a b l e s  t h a t  i t s  l o c a t i o n  w i t h i n  a  s ina l l  

i n t e r v a l  i s  random, and t h e r e f o r e  t h e  q u a n t i z d t i o n  e r r o r  i s  a l s o  random, 

It may be conc luded fro111 t i l e  f i g u r e  t h a t  lneter  q u a n t i z a t i o n  

r e s u l t s  i n  random e r r o r s  i n  measurement of I /?4  s t a t i s t i c s  wh ich  e r r o r s  

a r e  s i g n i f i c a n t  on smooth roads c a u s i n g  a  s ina l l  RMS ax le -body 

d isp lacement .  I n  p r a c t i c e ,  t h i s  means t h a t  roughness s t a t i s t i c s  d e r i v e d  

f rom mot ions  l i m i t e d  t o  b u t  3 o r  4 coun t  i n t e r v a l s  shou ld  be cons ide red  

i n a c c u r a t e .  Fur thermore ,  t h e  random e r r o r s  a r e  even g r e a t e r  when t h e  

t e s t  s e c t i o n  l e n g t h  i s  s h o r t .  

F i g u r e  11 a l s o  shows t h a t  t h e  PCA me te r  s t a t i s t i c  i s  a f f e c t e d  much 

more by q u a n t i z a t i o n  t h a n  t h e  I / M  s t a t i s t i c ,  and t h a t  q u a n t i z a t i o n  

a lways r e s u l t s  i n  an  i n c r e a s e  of t h e  measured s t a t i s t i c ,  a l t h o u g h  t h e  

amount o f  t h e  i n c r e a s e  depends on t h e  (random) e q u i l i b r i u m  p o s i t i o n .  I n  

summary, me te r  q u a n t i z a t i o n  must be  v iewed as a  n e g a t i v e  a t t r i b u t e  

r e p r e s e n t i n g  an unnecessary sou rce  o f  random e r r o r .  I t s  e x i s t e n c e  i s  a  

r e s u l t  o f  t h e  approach used i n  t h e  des ign  o f  t h e  c u r r e n t l y  p o p u l a r  

meters,  which approach serves  no i d e n t i f i a b l e  f u n c t i o n  and can be 

e l  i m i  na ted by u s i n g  t r a n s d u c e r s  t h a t  gene ra te  a cor i t  i r-~uous measure o f  

ax le -body mot ion .  

H y s t e r e s i s  - F i g u r e  12 shows t h e  o u t p u t  r e p r e s e n t i  ng ax le -body 

d i sp lacemen t  as genera ted by a r e a l  r o a d  m e t e r  ( S o i l t e s t  ;(ode1 ML 500E 

iii scons in  Road Me te r ) .  The q u a n t i z a t i o n  i n t e r v a l s  f o r s  , Iecreas i  ng 

d i  splacenient a r e  o f f s e t  f r o m  t h e  i n t e r v a l s  f o r  i n c r e a s i n g  c l i  s p l  acernent 

by an amount tenned h e r e  as " h y s t e r e s i s . "  I n  t h i s  p a r t i c u l a r  

i n s t r u m e n t ,  t h e  h y s t e r e s i s  l e v e l  i s  t h e  gap between t h e  windows i n  t h e  
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Figure 12. I1 lustration of meter hysteresis. 



o p t i c a l  p i c k  up. No te  t h a t  i t  i s  p o s s i b l e  f o r  t h e  t r a n s d u c e r  t o  no t  

d e t e c t  m o t i o n  o v e r  an i n t e r v a l  wh ich  can be as l a r g e  as t h e  sum o f  t h e  

q u a n t i z a t i o n  and h y s t e r e s i s  l e v e l s .  F u r t h e r ,  t h e  t r a n s d u c e r  can never  

d e t e c t  m o t i o n  l e s s  t h a n  t h e  h y s t e r e s i s  l e v e l .  The f i g u r e  a l s o  shows 

a n o t h e r  form of h y s t e r e s i s  t h a t  c o u l d  be p r e s e n t  w i t h  a  t r a n s d u c e r  wh ich  

has p e r f e c t  r e s o l u t i o n  (as  can happen, f o r  example, as a  r e s u l t  o f  f r e e -  

p l a y  i n  t h e  l i n k a g e  between t h e  a x l e  and t r a n s d u c e r ) .  S i n c e  h y s t e r e s i s  

p r e v e n t s  t h e  d e t e c t i o n  o f  mo t ion ,  i t s  presence w i l l  c l e a r l y  a c t  t o  

reduce t h e  v a l u e  o f  measured roughness numer ics.  F i g u r e  13 demonst ra tes  

t h e  e f f e c t  e x p e r i m e n t a l l y  by showing measured roughness numer ics 

o b t a i n e d  f rom t h r e e  road  meters  i n s t a l l e d  i n  t h e  same v e h i c l e ,  each w i t h  

a  d i f f e r e n t  amount o f  h y s t e r e s i s .  The r e f e r e n c e  measurement (on  t h e  

a b s c i s s a )  i s  o b t a i n e d  f r o m  c a l c u l a t i o n s  i n v o l v i n g  a  s i m u l a t e d  i d e a l  

RTRRM system assumed t o  t r a v e r s e  t h e  sane road p r o f i l e s  as measured by ~ 

GMR p r o f i l o m e t e r .  The genera l  o f f s e t  i n  t h e  da ta  fr-orn each rneter i s  

a t t r i b u t a b l e  t o  h y s t e r e s i s ,  and i s  seen to i n c r e a s e  d i t h  t h e  h y s t e r 2 s i s  

magnitude. 

The i n f l u e n c e  o f  h y s t e r e s i s  on roughness meas~rrerrlent was 

q u a n t i f i e d  more u n i v e r s a l l y  by means o f  a  computer  s i m u l a t i o n  o f  an 

RTRRM system. By d o i n g  t h e  s tudy  w i t h  a  s i m u l a t i o n ,  i t  was p o s s i b l e  ito 

va ry  road roughness, v e h i c l e  response c h a r a c t e r i s t i c s ,  and t h e  l e v e l s  of 

q u a n t i z a t i o n  and h y s t e r e s i s  i n  t h e  meter .  T h i s  s tudy  i n d i c a t e d  t h a t  t h e  

l o s s  i n  t h e  roughness s t a t i s t i c  depends p r i m a r i l y  on t h e  r a t i o  o f  t h e  

h y s t e r e s i s  r e l a t i v e  t o  2% axle-body d isp lacement ,  as shown i n  F i g u r e  

14. The s i m u l a t i o n  i n c l u d e d  q u a n t i z a t i o n  e f f e c t s  as we1 1 as h y s t e r e s i s .  

The s c a t t e r  seen i n  t h e  ? l o t  . is an i n d i c a t i o n  t h a t  i i y s t e r e s i s  and 

q u a n t i z a t i o n ,  i n  comb ina t i on ,  i n t r o d u c e  random e r r o r s  t h a t  a r e  l a r g e r  



ul 
\ 
s 

'I- - 

i 
A h y s t e r e s i s  = 0 

h y s t e r e s i s  = .03" 

0 h y s t e r e s i s  = . l o "  

Reference Roughness Measurement ( i n / s e c )  

F i g u r e  13 .  E f f e c t  o f  me te r  h y s t e r e s i s  on measured roughness 
s t a t i s t i c s  f o r  18 roads.  



Ratio o f  Hysteresis Leve l  to RMS Displacement ( - )  

Figure 14. Effect of meter hysteresis on measurement of ARV (and 1/11), 



t h a n  t h e  random e r r o r s  d e r i v i n g  o n l y  f r o m  q u a n t i z a t i o n  ( F i g .  1 1 ) .  The 

i n f l u e n c e  o f  h y s t e r e s i s  i s  q u i t e  s i g n i f i c a n t ,  s i n c e  t h e  i d e a l  I/M 

d e r i v e s  f r o m  t h e  RMS v e l o c i t y  ( t e c h n i c a l l y ,  t h e  ARV) whereas t h e  l o s s  i n  

c o u n t s  depends on  t h e  RMS ax le-body d isp lacement .  Thus, changes i n  

v e h i c l e  response c h a r a c t e r i s t i c s  o r  an unusual  s p e c t r a l  c o n t e n t  o f  t h e  

road  wh ich  m i g h t  a f f e c t  ax le -body d i sp lacemen t ,  b u t  n o t  t h e  ARV, w i l l  

t h e r e f o r e  a f f e c t  t h e  measured I / : v l .  S i n c e  mean-square d isp lace inent  and 

mean-square v e l o c i t y  d e r i v e  f r o m  d i  f f e r e n t  f r equency  ranges,  t h e  

v e h i c l e - m e t e r  o u t p u t  w i l l  be d i f f e r e n t  f o r  broad-band and s ine-wave- type 

e x c i t a t i o n s .  

V e l o c i t y  L i m i t  - Some r o a d  meters  $will n o t  respond i f  t h e  

magni tude o f  t h e  ax le -body v e l o c i t y  exceeds sorne l i m i t .  The r e s u l t  i s  a  

decrease i n  t h e  measured s t a t i s t i c  when t h e  r o a d  i s  rough enough t o  

exceed t h i s  l i m i t  f o r  a  s i g n i f i c a n t  p o r t i o n  o f  t h e  run.  T h i s  

per formance 1  i m i  t was a  ? a r t i c u l a r  p rob lem ~i t h  t h e  e a r l y  PCA me te rs  

wh ich  depended on  e l e c t r o - m e c h a n i c a l  c o u n t e r s  t o  r e c o r d  t h e  ax le -body 

mot ions .  (See T a b l e  2.) T y p i c a l  ax le -body v e l o c i t i e s  may aqproach 10 

i n / s e c ,  i f  t h e  c a r  i s  equ ipped w i t h  heavy-duty  shock absorbers ,  and 20 

i n/sec  w i t h  OEM shock absorbers .  T h e r e f o r e ,  d i  s p a r i  t i e s  i n  ineasurements 

between e a r l y  models and l a t e r  s o l i d - s t a t e  models a r e  o f t e n  observed,  

Though t h e  e f f e c t  i s  somewhat s y s t e m a t i c ,  t h i s  t y p e  o f  an e r r o r  source  

(dependent  on such f a c t o r s  as s u p p l y  v o l t a g e ,  v e h i c l e  respons iveness ,  

and t h e  t y p e  o f  c o u n t e r )  i s  i n a p p r o p r i a t e  g i v e n  t h e  c u r r e n t  s t a t e - o f -  

t h e - a r t  i n  s o l i d - s t a t e  e l e c t r o n i c s .  i ience, t h e  use of any t j p e  o f  r o a d  

m e t e r  w i t h  an e l e c t r o - m e c h a n i c a l  c o u n t e r  s i i o l ~ l d  be avo ided  wherever 

p o s s i b l e .  



Displacement Limit - The road meter transducer should a1 low f o r  

f u l l  axle-body displacement ~i thout exceeding i t s  scale.  I n  practice,  

approximately 1.5 inches of motion about the equilibrium point i s  

required. Since the  equilibrium point wil l  vary with load, and the  

motion extremes may be larger  with poorly damped vehicles, more rang2 

may be necessdry in cer ta in  vehicles than i n  others. 

Supply Voltage - The voltage available t o  operate the road rneter 

i s  usually 13-14 vo l t s ,  b u t  can vary with di f ferent  operating 

conditions. ilectro-mechanical meters can have velocity 1 imi t s  that  are  

affected by supply voltage. I f  these l i ln i  t s  d re  low enough t o  af fect  

rneasurements taken over a range of roads, a loss  i n  the supply voltage 

wi 1 1  lower the  vel oci ty 1 imi t ,  and thereby decrease the measured 

s t a t i s t i c .  As Table 2 shows, modern road meters a re  insensi t ive  t o  

normal variations i n  the supply voltage. 

Mechanical Attachments - Mechanical linkages connect the axle and 

the transducer ins ta l l ed  o n  the  vehicle body. Excessive compliance a t  

any point (nay resul t  i n  vibrat ions which contribute t o  measurement 

errors.  The transducer should be attached t o  a firm body panel tha t  i s  

f r e e  from vibration. The connecting linkage t o  the axle should have 

positive action ( i . e . ,  f r ee  from looseness, which adds  to hysteres is ,  

and f ree  from compliances such ds springs o r  cables ~vhich may v ib ra te ) .  

Missing Counter - Many P C A  meters, by design, have the center 

interval a t  the nomi nal equil i brium point disconnected from the counters 

because t h i s  data point does not contribute t o  the calculated P C A  meter 

s t a t i s t i c .  However, f o r  reasons detai led i n  Chapter 3 ,  the i/M 

s t a t i s t i c  i s  a be t t e r  measure of roughness than the P C A  meter s t a t i s t i c .  



PCA meter  d a t a  can be conver ted  t o  t h e  I / M  t y p e  of s t a t i s t i c  by r e d u c i n g  

t h e  d a t a  as d e s c r i b e d  i n  t h e  Theory o f  O p e r a t i o n  s e c t i o n .  Ji t h  t h e  

m i s s i n g  coun te r ,  however, a  p o r t i o n  of t h e  roughness da ta  i s  l o s t .  An 

a n a l y s i s  i n  Appendix C shows t h a t  t h e  percentage e r r o r  depends on t h e  

(random) e q u i l i b r i u m  p o s i t i o n  w i t h i n  t h e  c e n t e r  s w i t c h  i n t e r v a l .  T h i s  

e r r o r  i s  v e r y  s i m i l a r  t o  t h e  e f f e c t  of h y s t e r e s i s .  Most PCA meters  w i t h  

d i sconnec ted  c e n t e r  c o u n t e r s  can be e a s i l y  m o d i f i e d  by w i r i n g  t h e  sensor 

t o  an a r b i t r a r y  r e g i s t e r ,  t h e r e b y  e l i m i n a t i n g  t h i s  e r r o r  i n  f u t u r e  work. 

I n t e r f e r e n c e  f r o m  Ext raneous E l  ec t ro -Magne t i c  R a d i a t i o n  - Meters  

u s i n g  e l e c t r o n i c  components can r e a c t  t o  e l e c t r o - m a g n e t i c  r a d i a t i o n  

(EMR) genera ted by power l i n e s ,  CB r a d i o s ,  and o t h e r  sources. The 

e f f e c t  on t h e  measurement depends on t h e  e l e c t r o n i c  component t h a t  

" r e c e i v e s "  t h e  i n t e r f e r e n c e .  The e l e c t r o n i c  meter  designed and 

f a b r i c a t e d  i n  t h i s  ~ r o j e c t  added t h e  i n t e r f e r e n c e  t o  t h e  t r u e  

measurement, r e s u l t i n g  i n  s l  i g h t l y  h i g h e r  o u t p u t  numerics. 
* 

Occasional  l y ,  t h e  YL 500B Wiscons in  S o i l t e s t  rneter would produce an 

i n a p p r o p r i a t e l y  l a r g e  number o f  coun ts  i n  one o r  inore r e g i s t e r s  wh ich  

may have been due t o  €MR. The prob lem of ex t raneous ENR i s  u s u a l l y  

c o r r e c t e d  by s  h i  e l  d i  ng t h e  a f f e c t e d  c i  r c u  i t s. 

Summary o f  Me te r  V a r i a b l e s  

Tab le  3 s u m m r i z e s  t h e  e f f e c t s  o f  road  me te r  v a r i a b l e s  on t h e  

s t a t i s t i c s  produced by a  RTRRM system, as d i scussed  above. The I / M  

s t a t i s t i c  i s  a c t u a l l y  a no rma l i zed  v e r s i o n  o f  ARV ( t h e  average r e c t i f i e d  

v e l o c i t y  of a x l e  r e l a t i v e  t o  body).  S i n c e  t h e  A R V  i s  t h e  more b a s i c  

s t a t i s t i c ,  t h e  e f f e c t s  t h a t  were d i s c u s s e d  a r e  r e l a t e d  d i r e c t l y  t o  t h i s  

v a r i a b l e .  W i t h  r e s p e c t  t o  t h e  modern s o l i d - s t a t e  road  meters t h a t  a r e  





available,  quantization and hysteresis  e f fec t s  should be the primary 

variables with which the user must contend. When the  ixasured numeric 

i s  I/M or A R V ,  t he  quantization adtls ci random error  t o  the  measurement, 

whereas the  hysteres is  adds a bias e r r 3 r  that  lowers the measureriient. 

The re la t ive  magnitudes of these errors  a r e ,  in turn,  most s ignif icant  

on smooth roads. 

Speed Effects  

The roughness numerics measured by an R T R R M  system and normalized 

t o  a  "roughness/cnifl s t a t i s t i c  a r e  affected by speed through two separate 

mechani sms, namely: 

1)  the  time required t o  t raverse  one mile changes w i t h  speed, and 

2 )  the  nature and the  level of the road prof i le  exci ta t ion t o  the 

vehicle changes with speed. 

m 

Speed e f fec t s  could, of course, be completely eliminated by always 

measuring the roughness a t  a standard speed, such as 50 mph. B u t  i f  the 

measurement rethodology i s  t o  include c i ty  roads w i t h  reduced speed 

l imi t s ,  a  s ingle  standard speed i s  not p rac t i ca l ,  and an understanding 

of the speed e f fec t  i s  a  prerequis i te  f o r  the engineer who wishes to 

re1 a t e  measurements made a t  d i f fe ren t  speeds. 

The f i r s t  of the two speed e f f ec t s  c i ted  above derives from the  

current convention of nomal iz i  ng the  roughness measurement by the  

length of the t e s t  section.  Obviously, more time i s  needed t o  t ravel  

one mile a t  a  1 owered speed, and therefore ,  the measured I/?,! and P C A  

meter s t a t i s t i c s  a re  decreased proportionately w i t h  speed i f  the 



s t a t i s t i c s  o f  t h e  v e h i c l e  m o t i o n  (RMS passenger a c c e l e r a t i o n ,  e t c .  ) a r e  

unchanged. The re fo re ,  t h e  roughness measurements made a t  d i f f e r e n t  

speeds must be mu1 t i p 1  i e d  by t h e  measurement speed i n  o r d e r  t o  cornpare 

them i n  terms o f  t h e  a c t u a l  roughness expe r ienced  by  t r a f f i c  a t  t h e  

d i f f e r e n t  speeds. F o r  example, i f  road  A i s  t r a v e r s e d  a t  25 mph and 

road  B a t  50 rnph by t h e  same RTRRM system, and b o t h  r e s u l t e d  i n  a  

measured numer ic o f  100 i n/mi , t h e n  t h e  a c t u a l  roughness exper ienced,  

i .e.,  t h e  " r i d e , "  must be t w i c e  as rough on road 8 as on  road  A. 

Converse ly ,  i f  road  A a t  2 5  mph and road  B a t  50 mph b o t h  e x c i t e  t h e  

same l e v e l  o f  r i d e  mot ions ,  r o a d  A w i l l  y i e l d  a  roughness s t a t i s t i c  

t w i c e  as l a r g e  as road  2, as a  v e h i c l e  w i l l  t a k e  t w i c e  as l o n g  t o  cove r  

t h e  same d i  s tance  on road  A as on road  2. 

The speed e f f e c t  d e s c r i b e d  h e r e  has g r e a t  impact  on  t h e  

mean ingfu lness  o f  r o a d  roughness as c o n v e n t i o n a l  l y  n o r m a l i z e d  by 

d i s t a n c e .  T h i s  c o n v e n t i o n  i s  t h e  r a t i o n a l  c h o i c e  f o r  t h e  d i r e c t  and 

a b s o l u t e  measure o f  pavement p r o p e r t i e s  such as t h e  CHLOE s l o p e  

va r i ance .  However, w i t h  t h e  RTRRM systems, t h e  measured roughness 

p r o p e r t i e s  depend on speed, and r e q u i r e  a  c o n v e r s i o n  t o  n o r m a l i z e  t o  

d i s t a n c e .  S i n c e  t h e  measured response ( i nches /sec  o r  A R V )  t h a t  i s  

y i e l d e d  by RTRRM systems i s  a  d i r e c t  i n d i c a t i o n  o f  " r i d e "  mot ions ,  t h e  

c o n v e r s i o n  t o  t h e  I / t l  s t a t i s t i c  i s  supe r f l uous .  iierlce, i t  i s  

recommended t h a t  c o n s i d e r a t i o n  be g i v e n  t o  t h e  a d o p t i o n  o f  t h e  ARV 

( i  .e., i n c h e s l s e c )  s t a t i s t i c .  T h i s  a p p r o p r i a t e l y  d i s t i n g u i s h e s  i t  as an 

RTRRM s t a t i s t i c  i n  c o n t r a s t  t o  an a b s o l u t e ,  unweighted measure o f  t h e  

pavement s u r f a c e  such as c o u l d  be o b t a i n e d  w i t h  a  p r o f i l o m e t e r .  G iven 

t h a t  speed de te rm i  nes t h e  measured roughness 1 eve1 , a  t e s t  speed shou ld  



be a s s o c i a t e d  w i t h  r e p o r t e d  roughness s t a t i s t i c s ,  as f o r  example, by a 

s u b s c r i p t  s i m i l a r  t o  t h a t  used i n  r e p o r t i r i g  s k i d  nuirl:~ers. 

Note t h a t  ARV i s  t h e  fundamental  i n c h e s l t i m e  rneasure o f  t h e  

v e h i c l e ' s  r i d e  response r e l a t a b l e  t o  t h e  I / M  s t a t i s t i c .  I t  s p e c i f i c a l l y  

q u a n t i f i e s  response ampl i t u d e .  S i n c e  road  meters a r e  n o n l i n e a r  w i t h  

response ampl i tude,  i t  i s  more p r e c i s e  t o  d e s c r i b e  t h e i r  per formance 

u s i n g  t h e  ARV s t a t i s t i c .  Hence fo r th  i n  t h i s  r e p o r t ,  t h e  ARV s t a t i s t i c  

w i  1 1 be used i n  1 i eu of I / M .  The r e a d e r  i s  remi nded t h a t  t h e  I /M 

s t a t i s t i c  i s  o b t a i n e d  by s imp ly  d i v i d i n g  ARV by t h e  t e s t  speed w i t h  an 

a p p r o p r i a t e  u n i t s  convers ion ,  

The second speed e f f e c t  d e r i v e s  from t h e  f requency c o n t e n t  o f  t h e  

road  which  serves as a  dynamic e x c i t a t i o n  t o  t h e  2T2RM system, as 

d e s c r i b e d  above under  Theory o f  Opera t ion .  As speed inc reases ,  t h e  

e x c i t a t i o n  i nc reases  due t o  ( 1 )  t h e  g r e a t e r  ampl i  t ude  a s s o c i a t e d  w i t h  

e v e r  s m a l l e r  wave numbers ( l o n g e r  wave lengths)  and ( 2 )  a  speed e f f e c t  

a r i s i n g  f rom t h e  f a c t  t h a t  f o r  a  g i v e n  road  s lope,  t h e  i n p u t  v e l o c i t y  

i n c r e a s e s  p r o p o r t i o n a t e l y  w i t h  speed. The e x p l a i n a t i o n  f o r  t h e s e  

e f f e c t s  comes from t h e  a n a l y s i s  and equa t ions  p r o v i d e d  i n  Appendix C. 

On t y p i c a l  roads (see F i g u r e s  3 and 4 ) ,  mean square ax le-body 

d isp lacement  and v e l o c i t y  s h o u l d  a lways i nc rease  w i t h  speed. F i g u r e  15 

shows t h e  e f f e c t  of speed on roughness measurement as p r e d i c t e d  f r o m  t h e  

a n a l y s i s ,  a1 ong ~i t h  v e r i f i c a t i o n  f r o m  exper imen ta l  data.  S p e c i f i c a l  ly ,  

t h e  f i g u r e  shows t h e  RMS v e l o c i t y  ( l a b e l  l e d  ARV i n  t h e  f i g u r e ) ,  and t h e  

p roduc t  of RMS d isp lacement  and RMS v e l o c i t y  ( l a b e l  l e d  PCA i n  t h e  

f i g u r e )  as f u n c t i o n s  o f  speed f o r  t h e  re fe rence  v e h i c l e  ( d e s c r i b e d  i n  

F i g u r e s  5 and 6 )  t r a v e r s i n g  t h e  "average" b i t u m i  nous r o a d  d e f i n e d  i n  
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speed on roughness measurements. 



F i g u r e s  3  and 4. The exper imen ta l  p o i n t s  were o b t a i n e d  w i t h  a  r e a l  c d r  

mounted on t h e  TARADCOM road  s i m u l a t o r .  The numerics genera ted by t h e  

l a y s  and PCA meters  i n s t a l l e d  i n  t h i s  ca r ,  when " d r i v e n "  o v e r  f o u r  

d i f f e r e n t  road  p r o f i l e s  a t  f i v e  d i f f e r e n t  speeds, a r e  seen t o  s u ; ) ~ o r t  

t h e  e x p l a n a t i o n s  o f  RTRRM system i n t e r a c t i o n s  p resen ted  up t o  t h i s  

p o i n t .  I d e a l l y ,  t h e  Mays me te r  shou ld  produce t h e  ARV s t a t i s t i c ,  and 

t h e  da ta  p o i n t s  would be s c a t t e r e d  ?bou t  t he  A2Y c u r v e  w i t h  t h e  s c j t t e r  

due o n l y  t o  t h e  d i f f e r e n c e  between r e a l  arid "average" roads.  However, 

t h e  meter  l o s e s  coun ts  due t o  h y s t e r e s i s  (0.03 i n c h e s )  and, as F i g u r e  14 

shows, t h i s  1 oss decreases when RMS d isp lacement  i nc reases .  Thus, when 

speed inc reases ,  t h i s  a d d i t i o n a l  mechanism w i  t h i n  t h e  me te r  a c t s  t o  

i n c r e a s e  t i l e  s t a t i s t i c  measured by t h e  :lays meter ,  and t h e  a c t u a l  

s e n s i t i v i t y  t o  speed i s  g r e a t e r  t h a n  t h e  serisi t i  v i  ty o f  an " i d e a l "  

meter .  An " i d e a l "  PCA mete r  s h o u l d  produce d a t a  p o i n t s  s c a t t e r e d  about  

t h e  PCA curve,  b u t  t h e  a c t u a l  rneter has a  0.125-i  nch q u a n t i z a t i o n  

increment  t h a t  a c t s  t o  i n c r e a s e  t h e  i ~ l e d ~ : i t ~ ? d  s t a t i s t i c ,  and a  0 .10- i  nch 

h y s t e r e s i s  l e v e l  t h a t  a c t s  t o  decrease t h e  measured s t a t i s t i c .  Thus, on 

some roads t h e  me te r  s e n s i t i v i t y  t o  speed i s  g r e a t e r  t h a n  t h a t  o f  an 

i d e a l  meter ,  and on o t h e r  roads i t  i s  l e s s .  There  i s  l i t t l e  hope o f  

p r e d i c t i n g  t h i s  e f f e c t  u n l e s s  one has a  d e t a i l e d  knowledge o f  t h e  

s p e c t r a l  c h a r a c t e r i s t i c s  o f  t h e  pavement p r o f i l e  b e f o r e  hand. 

P i t c h  and R o l l  E f f e c t s  

Road mete r  t r a n s d u c e r s  a r e  connected t o  t h e  t o p  o f  t h e  r e a r  a x l e  

midway between t h e  two wheels. Nhen t h e  v e h i c l e  r o l l s ,  w i t h  t h e  a x l e  

rema in ing  s t a t i o n a r y ,  i t  r o l l s  about  a  c e n t e r  ( t h e  " r o l l  c e n t e r " )  

de termined by t h e  k i n e m a t i c s  of t h e  suspens ion system. A road  meter  



t r a n s d u c e r  connected t o  t h e  a x l e  a t  t h i s  p o i n t  w i l l  e x p e r i e n c e  no m o t i o n  

d u r i n g  r o l l .  I t  j u s t  so happens t h a t  n e a r l y  a1 1  ca rs  w i t h  s o l i d  r e a r  

a x l e s  have t h e i r  r o l l  c e n t e r s  l o c a t e d  near  t h e  most conven ien t  ,Jo in t  o f  

a t tachment  o f  t h e  road  me te r  t r a n s d u c e r .  As a  r e s u l t ,  measured 

roughness s t a t i s t i c s  a r e  v i  r t u a l  l y  u n a f f e c t e d  by r o l l  mo t i ons  as caused 

by d i f f e r e n c e s  i n  t h e  e l e v a t i o n s  of t h e  r i g h t  and l e f t  t r a c k s .  F o r  

example, a  s i n e  wave i n p u t ,  w i t h  t h e  i n p u t  on t h e  l e f t  and r i g h t  s i d e  

b e i n g  180 deg o u t  o f  phase, produced o n l y  a  min imal  response i n  TARADCOM 

t e s t s  as compared t o  t h e  response produced when these  i n p u t s  were i n  

phase (see, e. g., F i g u r e  D-10 o f  Appendix D ) .  On t h e  o t h e r  hand, meters 

t h a t  a r e  i n s t a l l e d  o f f - c e n t e r  i n  v e h i c l e s  w i l l  be e x c i t e d  by r o l l  

dynarci cs, such t h a t  roughness numer ics o b t a i n e d  w i  t h  t h e s e  R T R R M  systerrls 

w i l l  no t  c o r r e l a t e  w e l l  v ! i t h  RTRRM systems t h a t  have t h e  me te r  i n s t a l l e d  

p r o p e r l y .  

E x c i t a t i o n  f rom t h e  f r o n t  a x l e  can a f f e c t  t h e  axle-body m o t i o n  a t  

t h e  r e a r ,  b u t  t h i s  e f f e c t  i s  u s u a l l y  sma l l .  The i n f l u e n c e  o f  f r o n t - a x l e  

e x c i t a t i o n  depends on t h e  r e l a t i o n s h i p  o f  t h e  rno1nen.t o f  i n e r t i a  o f  t h e  

body i n  p i t c h  t o  t h e  w e i g h t  and l o c a t i o n  o f  t h e  c . ~ .  ( c e n t e r  o f  g r a v i t y )  

o f  t h e  body. Roughness e x c i t a t i o n  a t  t h e  f r o n t  a x l e  w i l l  e i t h e r  arnpl if;/ 

o r  a t t e n u a t e  t h e  r e a r  ax le -body mot i o n ,  depen:!i rig on f requency.  G iven 

t y p i c a l  roadway e x c i t a t i o n ,  t h e  f requency  c o n t e n t  of t h e  mean square 

axle-body v e l o c i t y  and d i  splacernent a r e  changed, b u t  ga i r i s  a t  one 

f requency a r e  o f f s e t  by l o s s e s  a t  ano the r .  The ne t  e f f e c t  i s  t i n y  w i t h  

s t a n d a r d  s i z e d  American-made ca rs ,  b u t  s e n s i t i v e  t o  p e c u l i a r i t i e s  o f  t h e  

p a r t i c u l a r  road. i iowever, w i t h  t h e  c u r r e n t  t r e n d  o f  down-s i z i  ng c a r s ,  

f r o n t - a x l e  i n p u t s  may become more i m p o r t a n t  i n  t h e  f u t u r e .  The t e s t s  ( j t  

TARADCOM showed t h a t  removal o f  t h e  e x c i t a t i o n  at t h e  f r o n t  a x l e  i n  t h e  



road  s i m u l a t i o n s  caused t h e  roughness measurement t o  change by a  

n e g l i g i b l e  amount. 

I n  a  s i m i l a r  manner, RTRRM systems i n s t a l l e d  on s i n g l e - a x l e  

t r a i l e r s  shou ld  be made i n s e n s i t i v e  t o  mo t ions  o f  t h e  h i t c h  p o i n t  on t h e  

t o w i n g  v e h i c l e .  Whether t h i s  can be done i n  a  p r a c t i c a l  manner has n o t  

been i n v e s t i g a t e d  i n  t h i s  ? a r t i c u l a r  s tudy .  Of fhand,  i t  wou ld  see!n t in t  

such a  t r a i l e r  s h o u l d  have i t s  c.g. l y i n g  on o r  near  6 v e r t i c a l  p l a n e  

pass ing  th rough  t h e  ax le .  However, a  t r a i l e r  w i t h  ze ro  v e r t i c a l  l o a d  

a c t i n g  a t  t h e  h i t c h  can be u n s a t i s f a c t o r y  i n  t h a t  t he  t r a i l e r  w i l l  t e n d  

t o  sway i f  d i s t u r b e d  s i n c e  t h e  darnpiny r a t i o  o f  t h e  s o - c a l l e d  " t r a i l e r  

swing mode" d ill be ve ry  sma l l .  I r r e s p e c t i v e  o f  whether  i t  proves t o  be 

p r a c t i c a l  t o  o p e r a t e  a  t r a i l e r  des igned such as t o  decoup le  t h e  v e r t i c a l  

m o t i o n  o f  t h e  h i t c h  f rom t h e  mot ions  a t  t h e  t r a i l e r  a x l e ,  t h e  absence o f  

t h i s  f e a t u r e  w i  11 mean t h a t  mot ions  o f  t h e  t o w i n g  v e 3 i c l e  w i l l  add t o  o r  

s u b t r a c t  from t h e  roughness n u ~ n e r i c  genera ted b y  t i l e  t r a i l e r  ~nounted 

RTRRM system, dependi ng on c.g. l o c a t i o n ,  geometry, and f requency.  

V a r i a t i o n s  i n  V e h i c l e  C h a r a c t e r i s t i c s  

Any v a r i a t i o n  i n  t h e  mechanical  and i n e r t i a l  p r o p e r t i e s  o f  t he  

v e h i c l e  used i n  a RTRRM system w i l l  a f f e c t  i t s  f requency response 

f u n c t i o n ,  and t h e r e f o r e  t h e  ax le-body m o t i o n  t h a t  d r i v e s  t h e  road meter. 

Many o f  t hese  v a r i a t i o n s ,  as d e r i v e  e i t h e r  f r o m  t h e  i n i t i a l  d e s i g n  o r  

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

response f u n c t i o n  i n  ways t h a t  a r e  w e l l  unders tood,  as i l l u s t r a t e d  i n  

Appendices C and D. 



RTRRM system performance i s  a f f e c t e d  most by changes i n  t h e  

p r o p e r t i e s  o f  t h e  r e a r  suspens ion .  T a b l e  4 p r o v i d e s  an e s t i m a t e  o f  t h e  

e f f e c t  on t h e  " i d e a l  " meter  s t a t i s t i c s - -  ARV and PCA mete r  s t a t i s t i c .  

The e s t i m a t e d  e f f e c t  o f  each parameter  change was o b t a i n e d  f r o m  ana lyses  

i n v o l v i n g  t y p i c a l  v e h i c l e s  t r a v e r s i n g  t h e  "average" r o a d  model, w i t h  

t h e s e  r e s u l t s  b e i n g  backed up by expe r imen ta l  measurements on t h e  

TARADCOM f a c i  1  i ty.  Two ranges o f  parameter  v a r i a t i o n  a r e  shown--the 

" l o n g  te rm"  wh ich  a p p l i e s  t o  t h e  l i f e  o f  t h e  v e h i c l e  (ever1 w i t h  a  

c o n s c i e n t i o u s  maintenance program) and t h e  " s h o r t  te rm" ,  c o n s t i t u t i ~ g  

t h e  u n c o n t r o l l e d  day- to-day v a r i a t i o n .  These e f f e c t s  can even be 

g r e a t e r  t h a n  shown i n  t h e  t a b l e ,  i f ,  f o r  example, t h e  roadway shou ld  

have a  p e c u l i a r  s p e c t r a l  c o n t e n t .  The f i g u r e s  shown i n  T a b l e  4 a r e  

mere l y  i n t e n d e d  t o  i n d i c a t e  average w o r s t  case changes i n  roughness 

numer ics t h a t  wou ld  be encountered o v e r  a  l a r g e  number o f  roads.  

The f i r s t  t h r e e  parameter  changes shown i n  t h e  t a b l e  a r e  

s t r a i g h t f o r w a r d .  " V e h i c l e  l o a d i n g "  r e f e r s  t o  i n s t r u m e n t a t i o n ,  

passengers, e x t r a  s u p p l i e s ,  and g a s o l i n e .  The - +5 p e r c e n t  f i g u r e  

cor responds t o  go ing  f rom a  f u l l  t ank  o f  gas t o  a q u a r t e r  t a n k ,  w i t h  

e v e r y t h i n g  e l s e  k e p t  t h e  same. V e h i c l e  l o a d i n g ,  a l o n g  w i t h  suspens ion  

s p r i n g  r a t e  and f r i c t i o n ,  de tenn i  nes t i l e  eq:ri i i l ~ r i u m  p o s i t i o n  o f  t h e  

a x l e  r e l a t i v e  t o  t h e  body, and a change i n  t h e  e q u i l i b r i u m  p o s i t i o n  

i n t r o d u c e s  an a d d i t i o n a l  e r r o r  i n t o  t h e  PCA mete r  s t a t i s t i c .  

T i r e  s p r i n g  r a t e  changes w i t h  i n f l a t i o n  p ressu re ,  and t h e  - +3 

percen t  s h o r t - t e r m  v a r i a t i o r i  siiown i n  t h e  t a b l e  cor responds t o  a  change 

i n  p r e s s u r e  o f  - + 1/2 p s i .  T i r e  s p r i n g  r a t e  i s  t h e  p r i m a r y  d i s t i n c t i o n  

between r a d i a l  and b i a s - p l y  t i r e s  d i  t h  r e g a r d  t o  t h e i r  i n f l u e n c e  on 



Table 4. Summary o f  Known Veh ic le  E f f e c t s  on RTRRM System Measurements. 

*With Auto-Nul l .  Much l a r g e r  changes can occur w i t h o u t  t h e  Auto-Nul l  f ea tu re .  

Parameter 

Vehic le  Loading 

I n f l a t i o n  Pressure 

New T i  res 

Suspension Sp r i ng  Rate 

F r i c t i o n  

Average E f f e c t  o f  Maximum Change (Percent )  

Long Term 

Shock Absorbers Replace- 
men t 

Parameter 
Change 

+ 25% - 

- + 5 p s i  

- + 25% 

- + 50 l b  

Shor t  Term 

-20 +30 + 20 - 
- 

Temp. 
E f f e c t s  

-50 + I00  

ARV 

+ 9% - 

2 3  

+ 5-10 - 

- + - 5  

+ 10 - 

PCA Meter 
S t a t i s t i c  

- + 20%* 

+ 1 - 

+ 10 - 

Parameter 
Change 

- + 5% 

+ l p s i  - 

PCA Meter 
S t a t i s t i c  

- + 100% 

+ 5 - 

+ 5-10 - 

+ 20 - 

- + 20 

ARV 

- + 2% 

5 1  



RTXRM systems. B i a s - p l y  t i r e s  tend  t o  be 30-50 p e r c e n t  s t i f f e r  t h a n  

r a d i a l  t i r e s  (12 )  - w i t h  g r e a t e r  i n f l u e n c e  f r o ~ n  speed and i n f l a t i o n  

p ressu re .  T i r e  p r e s s u r e  i n c r e a s e s  r o u g h l y  by 0-6  p s i  f r o m  t b ?  " c o i d "  

p r e s s u r e  l e v e l  d u r i n g  normal o p e r a t i o n .  S i n c e  t h e  dynamic response o f  

t h e  v e h i c l e  depends on  t h e  " h o t "  t i r e  p ressu re ,  c a r e  must be t a k e n  t o  

m a i n t a i n  a  c o n s t a n t  " h o t "  p r e s s u r e  l e v e l .  

The suspens ion  s p r i n g  r a t e  i s  no t  l i k e l y  t o  va ry  o v e r  t h e  s h o r t  

te rm,  b u t  can change o v e r  t h e  l i f e  o f  t h e  c a r ,  

Damping C h a r a c t e r i s t i c s  

The damping f o r c e s  e x i s t i n g  w i t h i n  an au tomot i ve  suspens ion  a r e  

much more compl i c a t e d  i n  t h e i r  c a u s e - e f f e c t  r e l a t i o n s h i p  t o  RTRRM system 

performance t h a n  i n d i c a t e d  by T a b l e  4. The shock abso rbe r  (a 

comp l i ca ted  h y d r a u l i c  mechanis i~ l  w i t h  a  p i s t o n ,  va lves ,  and o r i f i c e s  

which a c t  t o g e t h e r  t o  p r o v i d e  a  f o r c e  t h a t  i s  a  f u n c t i o n  o f  i n p u t  

a m p l i t u d e  and v e l o c i t y )  i s  t h e  p r i m a r y  source  o f  damping o f  b o t h  body 

and a x l e  mot ion .  i i g u r e  16 shows f o r c e l v e l o c i t y  cu rves  f o r  a t y p i c a l  

au tomot i ve  shock abso rbe r  (13) .  - It i s  seen t h a t  shock absorbers  a r e  

asymmetric i n  t h e i r  b e h a v i o r  and a l s o  e x h i b i t  a  h y s t e r e s i s  t h a t  i s  

f requency dependent. Thus t h e  au tomot i ve  shock abso rbe r  i s  n o t  a  s i m p l e  

li near  v i  scous damper b u t  i s  r a t h e r  a  complex, n o n l i n e a r  ;nechanisrn. 

Even i f  shock absorbers  were t h e  simp1 e, we1 1-unders tood 1  i near  

dampers t h a t  t h e y  a r e n ' t ,  i t  wou ld  s t i l l  be necessary t o  address  o t h e r  

nonl  i near sources  o f  v e h i c l e  damping. A1 1 v e h i c l e s  have a  c e r t a i n  

amount o f  d r y  f r i c t i o n  i n  t h e i r  suspens ion  systeins t h a t  r e s i s t s  a x l e -  

body movement. L e a f  s p r i n g s  e x h i b i t  anywhere f r o m  30-200 pounds ( t o t a l )  
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Rebound Compression 

P i s t o n  V e l o c i t y  ( i n / s e c )  

F i g u r e  16 . Comparison o f  shock absorber f o r c e - v e l o c i t y  diagrams 
r u n  w i t h  s i n u s o i d a l  e x c i t a t i o n  a t  v a r i o u s  f requenc ies .  

Note: Numbers i n d i c a t e  s i n u s o i d a l  f requency,  i n  Hz. 



o f  f r i c t i o n  fo rce ,  a  l e v e l  t h a t  can vary  o v e r  t h e  l i f e  o f  t h e  c a r  and 

o v e r  t h e  s h o r t  terrn as w e l l ,  as a  f u n c t i o n  o f  m o i s t u r e ,  t empera tu re ,  dn:1 

exposure t o  t h e  envi ronment.  C o i l  s p r i n g s  e x h i b i  t n e g l i g i b l e  f r i c t i o n ,  

b u t  t y p i c a l l y  r e q u i r e  g u i d i n g  l i n k s  w i t h  p i v o t s  t h a t  have f r i c t i o n - -  

usua l  l y  f rom 10-40 1  bs measured a t  t h e  wheel . 

The r u b b e r  bush ings  t h a t  a r e  i n s t a l  l e d  between suspens ion  

components ( i n  p a r t i c u l a r ,  t h o s e  connec t i ng  t h e  shock absorbers  t o  t h e  

a x l e  and body) a r e  a l s o  a  c o n t r i b u t o r  t o  suspension damping. These 

r u b b e r  components a r e  v i s c o e l a s t i c ,  n o n l i n e a r ,  and e x h i b i t  f r e e - p l a y  

when worn. 

As i n d i c a t e d ,  suspens ion  damping f o r c e s  d e r i v e  m a i n l y  f r o m  t h e  

shock absorbers.  The b i g g e s t  change t h a t  can be inade t o  a  v e h i c l e  wh ich  

w i l l  a l t e r  t h e  response o f  an RTRRM system i s  a  shock abso rbe r  

replacement.  F i g u r e  17 shows t h e  change i n  t h e  response f u n c t i o n  

measured ( a t  TARADCOM) f o r  a  v e h i c l e  equipped w i t h  " s o f t "  and " s t i f f "  

shock absorbers .  (No te  t h a t  t h e  names g i v e n  d i f f e r e n t  shocks by t h e  

manu fac tu re r  can be m is lead ing .  I n  t h i s  case, t h e  shocks c a l l e d  

"Grabbers,"  by Monroe, p roved  t o  have t h e  l e a s t  dainping. The s t i f f  

shocks were 1  abe l  ed "Monroe-mat i cs. " )  The most i m p o r t a n t  o b s e r v a t i o n s  

t o  be drawn f r o m  by t h e  f i g u r e  a r e  t h a t  

1 )  The v e h i c l e  w i t h  " s o f t "  shocks 2 x h i b i t s  a  h i g h e r  g a i n  w i t h i n  

t h e  1 t o  11 Hz f requency band, a r l d  

2 )  t h e  v e h i c l e  w i t h  " s o f t "  shocks " tunes  i n "  t o  road roughness 

e x c i t a t i o n  co r respond i  ng t o  spec i  f i c f r e q u e n c i e s ,  i n  t h i s  

case, 1.4 Hz and 9 Hz. 



---- S t i f f  Shock Absorbers 

S o f t  Shock Absorbers 

F i g u r e  17. E f f e c t  o f  d i f f e r e n t  shock absorbers on measured v e h i c l e  
response f u n c t i o n ,  



The second o b s e r v a t i o n  c o n s t i t u t e s  t h e  s t r o n g e s t  argument f o r  

e q u i p p i n g  RTRRM system v e h i c l e s  w i t h  t h e  s t i f f e s t  shocks a v a i l a b l e .  

Damping tends t o  "de tune"  a v e h i c l e  g i v i n g  i t  a inore un i fo r rn  response t o  

roughness. A l t hough  RTRRM systems mounted on two d i f f e r e n t ,  b u t  w e l l -  

damped, v e h i c l e s  wou ld  n o t  respond i d e n t i c a l l y ,  t hey  would, however, 

t e n d  t o  average o u t  t h e  peaks and t r o u g h s  i n  t h e  s p e c t r a l  d e n s i t y  o f  t h e  

road  roughness (see F i g .  4 ) .  On t h e  o t h e r  hand, i f  one systerii, i v i  t ?  

l ow  damping, t unes  i n  on t h e  roughness very  Tear 3. ~ j a v e  number peak, i t s  

,neasurement wou ld  be h i g h e r  t h a n  t h e  "average," ~ h i l e  a second l i g h t l y  

damped system t h a t  t unes  i n  on roughness nea r  a wave nurnber t r o u g h  wou ld  

g i v e  a l o w  measurement. L i g h t l y  damped systems have t h e  p o t e n t i a l  t o  

y i e l d  g r e a t e r  measurement d i  f f e rences  t h a n  we1 1-damped systems. The 

unders tand ing  o f  RTRRM systems t h a t  has been developed t o  t h i s  p o i n t  

n e c e s s i t a t e s  t h e  c o n c l u s i o n  t h a t  c o r r e l  a t  i on between d i f f e r e n t  systems 

w i l l  improve when " s t i f f "  shock abso rbe rs  a r e  used. T h i s  c o n c l u s i o n  i s  

v e r i f i e d  by t h e  f i e l d  d a t a  p resen ted  i n  t h e  d i s c u s s i o n  o f  t h e  

C o r r e l a t i o n  Program. The q u e s t i o n  t h u s  a r i s e s  as t o  how an  RTRRY systern 

u s e r  can e v a l u a t e  t h e  e f f e c t i v e  suspens ion  damping l e v e l  t h a t  e x i s t s  on 

a system. No adequate t e s t  i ~ e t h o d s  a r e  commercial l y  1 2 v a i l a b l e .  

The re fo re ,  t h e  u s e r  i s  u rged  t o  compare t h e  respons i veness  of h i s  system 

t o  t h e  r e f e r e n c e  used i n  t h e  c a l i b r a t i o n  methods d i s c u s s e d  i n  a l a t e r  

sec t  i o n  o f  t h i s  r e p o r t .  General  l y ,  dampi ng t o  ach ieve  roughness 

measurements l e s s  t h a n  o r  equal  t o  t h a t  o f  t h e  r e f e r e n c e  systern i s  

recommended. 

A1 though shock absorbers  a r e  cornpl ex mechani siiis, t h e y  a r e  o f t e n  

t h e  most e a s i l y  c o n t r o l l e d  source  o f  v e h i c l e  darnpirig. The e f f e c t s  on 



response f rom o t h e r  damping sources such as t h e  suspens ion bush ings,  

e t c . ,  a r e  reduced p r o p o r t i o n a t e l y  when s t i f f  shocks a r e  used. 

8ecause suspens ion damping i s non l  i near ,  v e h i c l e  response w i  11 

change w i t h  t h e  t y p e  and l e v e l  o f  e x c i t a t i o n .  F i g u r e  1 8  shows t h e  

response g a i n  measured i n  t h e  TARADCOM l a b o r a t o r y  f o r  a  v e h i c l e  

s u b j e c t e d  t o  f o u r  l e v e l s  o f  roadway roughness and v a r i o u s  l e v e l s  of 

s i  ne-wave e x c i t a t i o n .  The response f u n c t i o n s  a p p l i c a b l e  t o  e x c i t a t i o n  

f rom road  p r o f i l e s  were o b t a i n e d  w i t h  a  commercial two channel s p e c t r u ~ i i  

ana lyze r .  The s i n u s o i d a l  response f u n c t i o n s  were o b t a i n e d  by t h e  

c l a s s i c a l  method o f  r a t i o i n g  t h e  measured o u t p u t  ampl i tude  t o  t h e  known 

i n p u t  amp l i t ude ,  and t h e n  p l o t t i n g  t h e s e  r a t i o s  as a  f u n c t i o n  o f  

f requency.  The measured response f u n c t i o n  g a i n  a t  t h e  resonant  

f r e q u e n c i  es i s g r e a t e r  when t h e  e x c i  t a t i o n  l e v e l  i s i ncreased,  

i n d i c a t i n g  a  decrease i n  t h e  e f f e c t i v e  damping. Note  t h a t  a  response 

f u n c t i o n  measured by t h e  c l a s s i c a l  s i n u s o i d a l  t e s t  method w i l l  n o t  

p r o v i d e  t h e  response f u n c t i o n  t h a t  i s  c o r r e c t  f o r  t h e  t y p e  o f  e x c i t a t i o n  

p r o v i d e d  by a  roadway u n l e s s  t h e  s i n e  wave ampl i tude  i s  changed f o r  each 

f requency.  F i g u r e  1 8  i n d i c a t e s  t h a t  a  s i n e  wave amp l i t ude  o f  112 i n c h  

i s  a p p r o p r i a t e  nea r  1 Hz t o  ach ieve  a  res7onse g a i n  e q u i v a l e n t  t 3  on- 

road,  b u t  w i l l  r e s u l t  i n  a  l a r g e ,  u n r e a l  i s t i c  resonance near  10 Hz. 

Wear 10 Hz ,  t h e  e x c i t a t i o n  amp l i t ude  would  have t o  5 2  reduced t o  about 

1/16 i n c h  t o  be r e p r e s e n t a t i v e .  

The most i m p o r t a n t  d a y - t  o-day change i n  shock abso rbe r  dampi ng 

d e r i v e s  f rom tempera tu re  e f f e c t s  on t i l e  i r1i;ernal f l ? r i d  and t h e  rubber  

bushings.  The o p e r a t i n g  tempera tu re  o f  a  shock abso rbe r  i s  a  f u n c t i o n  

o f  ambient  temperature ,  under -ca r  h e a t  b u i l  d-up, h u m i d i t y  and road  



F i g u r e  18. E f f e c t  of d i f f e r e n t  road  roughness l e v e l s  on measured 
v e h i c l e  response f u n c t i o n .  



roughness l e v e l s .  The tempera tu re  of a shock abso rbe r  (as  measured 

e x t e r n a l l y )  w i l l  t y p i c a l l y  r u n  20 deg F above ambient on r e l a t i v e l y  

smooth roads and may h e a t  up an a d d i t i o n a l  10-20 d z g  on rough roads. 

Even h i g h e r  tempera tu res  rnay be found  under  v e h i c l e s  w i t h  c a t a l y t i c  

c o n v e r t e r s ,  e s p e c i a l l y  when i d l i n g  o r  moving s l o w l y .  I n  genera l ,  shock 

abso rbe r  damping l e v e l s  have a  non l  i near  dependence on tempera tu re  

th rough  i t s  e f f e c t  on t h e  v i s c o s i t y  o f  t h e  f l u i d ,  and a r e  e s p e c i a l  1: 

s e n s i t i v e  t o  f l u i d  tempera tu res  t h a t  f a 1  1 below 60 deg F.  The o p e r a t i n g  

tempera tu re  o f  shock abso rbe rs  i s  s p e c i f i c  t o  a  g i ven  v e h i c l e  as w e l l  as 

b e i n g  dependent upon o p e r a t i n g  c o n d i t i o n s .  I t  i s  f o r  t h i s  reason t h a t  a  

r e l i a b l e  c a l i b r a t i o n  method ( f r e q u e n t l y  app l  i e d )  i s  so v i t a l  t o  RTRRM 

system use. A c o n t r o l l e d  s tudy  o f  t h e  tempera tu re  s e r i s i L i v i  i : j  : I F  

i ndi  v i  dua l  RTRRM systems, espec i  a1 l y  under 1  ow arnb.i e n t  temperatures ,  i s  

always h i g h l y  recommended. M o n i t o r i n g  shock abso rbe r  s u r f a c e  

tempera tu re  on RTRRM systems i s  a  means t o  d i s c o v e r  t h e  s i g n i f i c a n t  

t empera tu re  v a r i a t i o n s .  The M i  nco Model S39A Thermal R ibbon (14)  - 

t r a n s d u c e r  has been used s u c c e s s f u l l y  i n  t h i s  research  f o r  measur ing 

shock abso rbe r  temperature .  

Road C o n s t r u c t i o n  

Due t o  t h e  n o n l i n e a r i t i e s  p resen t  i n  v e h i c l e s  and road  meters ( o f  

t h e  c u r r e n t  t y p e ) ,  t h e  response o f  an RTRRM system i s  dependent on t h e  

t y p e  of e x c i t a t i o n  t h a t  t h e  v e h i c l e  r e c e i v e s  From t h e  road.  F i g u r e s  3 

and 4 show t h a t  "average" b i t u m i n o u s  roads have a  h i g h e r  p r o p o r t i o n  o f  

t h e i r  roughness c o n t a i n e d  a t  low wave numbers t h a n  i s  t h e  case f o r  P C C  

roads.  Cons ide r  two roads,  one b i tum inous  and one P C C ,  t h a t  a r e  

" e q u i v a l e n t "  i n  t h e i r  roughness i n  t h a t  t h e y  b o t h  genera te  t h e  same 



i d e a l  ARV s t a t i s t i c .  The roughness meas~nrement produced by t h e  

b i  tumi  nous road  w i  11 d e r i v e  more f r o m  1  ow f requency  body d i  s p l  acement. 

On a c t u a l  meters ,  due t o  t h e  presence o f  h y s t e r e s i s ,  more coun ts  w i l l  be 

l o s t  on t h e  PCC road  t h a n  on t h e  b i t u m i n o u s  road,  and t h e  measured 

roughness w i  11 t h e r e f o r e  be l o w e r  f o r  t h e  P C C  road  t h a n  f o r  t h e  

b i t um inous  road. I n  a d d i t i o n ,  t h e  PCA meter  s t a t i s t i c ,  wh ich  i s  more 

dependent on l o w  wave number road roughness ( t h rough  i t s  p r o p o r t i o n a l i t y  

t o  t h e  p r o d u c t  o f  RMS d i sp lacemen t  and v e l o c i t y )  w i l l  be b i a s e d  toward  a 

much h i g h e r  roughness f i g u r e  f o r  t h e  b i t um inous  r o a d  t h a n  f o r  t h e  

" e q u i v a l e n t  " PCC road.  Thus, t h e  a c t u a l  percentage d i f f e r e n c e  between 

measurements t a k e n  on " e q u i v a l e n t "  roads t h a t  have d i f f e r e n t  

c o n s t r u c t i o n s  i s  s p e c i f i c  t o  a  p a r t i c u l a r  v e h i c l e - ! r i t t e r  comb ina t i on  arid 

t o  t h e  r e l a t i v e  roughness o f  t i l e  road. F u r t h e r ,  t h e  d i f f e r e n c e s  due t o  

meter  h y s t e r e s i s  a r e  more s i g n i f i c a n t  on smooth roads t h a n  on rough 

roads. 

T i  re/Wheel N o n u n i f o m i  t i  es 

RTRRM systems respond t o  any r e l a t i v e  m o t i o n  between body and a x l e  

i r r e s p e c t i v e  o f  t h e  source  o f  t h i s   notion. I n  a d d i t i o n  t o  t h e  

e x c i t a t i o n  d e r i v i n g  f r o m  t h e  road  p r o f i l e ,  t h e  a x l e  i s  a l s o  e x c i t e d  by 

t i  r e  and wheel nonun i fo rm i  t i e s .  Th ree  k i n d s  o f  n o n u n i f o r m i t y  e x i s t ,  

namely: 

1) S t a t i c  imba lance:  A s t a t i c a l l y  unbalanced t i r e / w h e e l  assembly 

produces a  s i n u s o i d a l  v e r t i c a l  f o r c e  on t h e  a x l e  a t  t h e  

r o t a t i o n a l  f requency o f  t h e  ivheel.  The response o f  t h e  

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

and f requency f, where 



and 

A  = A m p l i t u d e  ( i n . )  

F = Frequency (Hz)  

W = Weight  o f  imba lance (02 . )  

r = D i s t a n c e  f r o m  s p i n d l e  t o  ba lance  w e i g h t  ( i n . )  

V = V e l o c i t y  (mph) 

Rt = T i r e  r o l l i n g  r a d i u s  ( i n . )  

Kt = T i r e  r a d i a l  s t i f f n e s s  ( l b / i n )  

2 )  Cynan.i c  i ~ b a l a n c e :  A s t a t i c a l  l y  ba lanced t i  re /whee l  assembly 

slay s t i l l  be dynarl:i c a l  l y  unbalanced.  I f  so, t h e  t i  re /whee l  

assembly produces a  c y c l i c  r o l l  (and yaw) mcment about  t h e  

wheel c e n t e r .  A l t h o u s h  t h i s  t y p e  o f  i ~ b a l a n c e  can cause 

s t e e r a b l e  f r o n t  wheels t o  v i b r a t e ,  i t  has an i n s i g n i f i c a n t  

e f f e c t  on a  s o l i d  r e a r  a x l e ,  such t h a t  a  p r o p e r l y  rricunted r o a d  

me te r  w i l l  be t o t a l l y  unaf fec ted  by t h i s  i nba lance .  

3 )  T i r e l w h e e l  assembly r u n o u t :  A t i r e / w h e e l  assembly n;ay have a  

d i n e n s i o n a l  r u n o u t  and a  " r o l l i n 2  r u n o u t " ,  which r u n o u t s  a r e  

no t  e q u i v a l e n t .  E c c e n t r i c i t y  i n  t h e  mount ing  o f  t h e  wheel ,  as 

w e l l  as e c c e n t r i c i t y  i n  t h e  mount ing  of t h e  t i  r e  on t h e  idheel 

c r e a t e s  a  d i n e n s i o n a l  r u n o u t  c o n d i t i o n .  I n  a d d i t i o n ,  t h e  t i r e  

i s  an e l a s t i c  body wh ich  r a y  e x h i b i t  a  v a r i a t i o n  i n  s p r i n g  

r a t e  around i t s  c i r c u m f e r e n c e  (namely, a  v a r i a t i o n  i n  

d e f l e c t i o n  under  l o a d )  t h a t  may have l i t t l e  r e l a t i o n s h i p  t o  



t h e  d i i i iens iona l  runou t .  Bo th  o f  t hese  e f f e c t s  combine i n  a  

random f a s h i o n  when t h e  wheel and t i r e  a re  assembled and 

mounted on t h e  v e h i c l e .  

E f f e c t  on Roughness Measurerrent - Wheel unba lance and r u n o u t  

p roduce a  p e r i o d i c  ( r e p e a t i n g )  d i s t u r b a n c e  t o  t h e  v e h i c l e  bdith each 

wheel r e v o l i ~ t i  on. The d i s t u r b a n c e  has a  fundamental  f r equency  a t  t h e  

t i r e  r o t a t i o n a l  f r equency  (Eq. ( 2 ) )  due t o  imbalance and r u n o u t ,  p l u s  

nu1 t i p l e  harmonics o f  t h e  runou t .  

At norrral highway speeds, a1 1 e x c i t a t i o n  f r e q u e n c i e s  o t h e r  t h a n  

t h e  f i r s t  tiarrnonic a r e  above t h e  s e n s i t i v i t y  range o f  v e h i c l e - m e t e r  

systems, and t h u s  do no t  a f f e c t  t h e  ax le -body ~ o t i o n  ( a l t h o u s h  a t  l o w e r  

speeds, t h e  second and even t h i r d  harn;onics o f  t i r e  n o n u n i f o r m i t y  can 

cor resqond t o  f r e q u e n c i e s  1  ow enough t o  a f f e c t  ax le-body response) .  The 

t o t a l  e x c i t a t i o n  f r o m  one t i r e l w h e e l  assenb ly  i s  t h e  v e c t o r  surr o f  t h e  

c o n t r ~ i b u t i o t ~ s  f ro r r  t h e  i rcbalance and r u n o u t  n o n u n i f o m i t i e s  ( t h a t  i s ,  

t h e  nonun i fo rm i  t i e s  nlay add o r  cance l ,  depending on t h e i r  r e l a t i v e  

phas ing ) .  S i m i l a r l y ,  t h e  t o t a l  a x l e  e x c i t a t i o n  i s  t h e  v e c t o r  sun; o f  t h e  

f o r c e s  produced by t h e  r i g h t  and l e f t  wheels. However, t h e  phase 

r e l a t i  cnsh ip  b e t ~ ~ e e n  t h e  two wheels v a r i e s  on t h e  road  due t o  ( 1 )  

s l i g h t l y  d i f f e r e n t  r o l l i n g  r a d i i  and ( 2 )  t h e  d i f f e r e n t  pa ths  t r a v e l e d  i~ 

r u r n s .  T h e r e f o r e ,  t h e  e x c i t a t i o n  t o  t h e  road me te r  caused by t i r e  

n o n u n i f o r r r ; i t i e s  w i l l  s l o w l y  vary  f r o m  a  r n i n i ~ u r n  l e v e l  (when t h e  two 

t i r e s  a r e  180 deg o u t  o f  phase) t o  a  paximum l e v e l  (when t h e y  a r e  i n  

phase). The d i  s tance t r a v e l e d  by  t h e  v e h i c l e  d u r i n g  which t h e  ?base 

goes f r o m  0 deg t o  180 deg and back t o  0 deg can be r a t h e r  l o n g  (e.g.,  

one m i l e ) ,  and t h e r e f o r e  repea ted  r u n s  on one s u r f a c e  can p rcduce  



d i f f e r e n t  roughness nunieri cs t h a t  r e f l e c t  t h e  r e l a t i v e  phas ing  o f  t h e  

r i g h t  and l e f t  t i r e s .  Hence, i n  a d d i t i o n  t o  t h e  s y s t e m a t i c  e r r o r  t h a t  

can be caused by t i  re /whee l  nonun i fo rm i  t i e s ,  t h i s  mechanism w i  11 add t o  

t h e  r a n d o r  e r r o r s  o f  RTRRill systems, e s p e c i a l l y  on s h o r t  t e s t  s e c t i o n s .  

The response o f  t h e  R T R R M  s y s t e r  t o  t i r e  and wheel n o n u n i f o r m i t i e s  

i s  e f f e c t i v e l y  independent  o f  i t s  response t o  r o a d  rcughness.  

The re f  o re ,  t h e  n e t  e f f e c t  i s  g i  ven by t h e  square  r o o t  o f  t h e  sun  o f  t h e  

Kean square f o r  t h e  r o a d  o n l y  and t h e  mean square  f o r  t h e  t i r e / v ~ t i e e l  

o n l y .  The e f f e c t  can be d e s c r i b e d  m a t h e m a t i c a l l y  f o r  t h e  AKV as 

No such e x p r e s s i o n  can be  c o n t r i v e d  f o r  t h e  P C A  r re te r  s t a t i s t i c  because 

o f  i t s  c o m p l e x i t y .  (A l t hough  t h e  PCA meter  s t a t i s t i c  i s  yene ra l  l y  

t rea-ced i n  t h i s  r e p o r t  as b e i n g  t h c  p r o d u c t  of RMS d i  s p l  accrcenr, and 

v e l o c i t y ,  t h i s  r e p r e s e n t a t i o n  i s  an a p p r o x i m a t i o n  u h i c h  i s  i n v a l i d   hen 

a p p l i e d  t o  t i r e / w h e e l  n o n u n i f o r n i t i e s .  F lever the less  e f f e c t s  s i m i l a r  t o  

t h a t  which w i l l  be shown f o r  t h e  ARV may be expected. )  

The i n f l u e n c e  o f  wheel n o n u n i f o r n i t i e s  on ARV depends on v e h i c l e  

speed, as shown i n  F i g u r e  13. The response t o  r u n o u t  i s  d i r e c t l y  

r e l a t e d  t o  t h e  response f u n c t i o n  o f  t h e  RTRRM system v e h i c l ?  s i n c e  t h e  

wheel r e v o l u t i o n  f requency  changes w i t h  speed. l ihee l  imba lance has a  

s i m i l a r  e f f e c t ,  a l t h o u g h  t h e  f c r c i n g  r a g n i t u d e  Trows : ~ i t h  t h e  square  o f  

t h e  vel  o c i t y  as i n d i c a t e d  e a r l i e r .  

The s i g n i f i c a n c e  o f  t h i s  e r r o r  i n  roushness n e a s u r e ~ e n t  depends, 

o f  course ,  on t h e  roughness of t h e  road  under  t e s t .  F i g u r e  20 shows t h e  





r e a s u r e d  v a l u e  o f  ARV v e r s u s  t h e  t r u e  ARV o f  t h e  r o a d  when d i f f e r e n t  

l e v e l s  o f  t i r e / e ~ h e e l  r u n o u t  p r e s e n t .  (The  c u r v e s  sho\iln a r e  based on  

c a l c u l a t i o n s  w h i c h  a s s u r e  t h e  same r u n o u t  o n  b o t h  whee l s  o f  t h e  a x l e ,  

w i t h  r i g h t  and l e f t  r u n o u t  i n  phase.  F o r  a  t e s t  r u n  i n  w h i c h  p h a s i n g  

v a r i e d  r e p e a t e d l y ,  t h e  e f f e c t  w o u l d  be o n l y  a b o u t  70 p e r c e n t  o f  t h a t  

shown.) The t y p i c a l  r u n o u t  o r  e q u i v a l e n t  f o r c e  v a r i a t i o n  on a  ?assenge r  

v e h i c l e  t i r e l w h e e l  assemb l y  may be as l a r g e  as .040 i n c h  (15). - Use o f  

%ler ; i i  shed  t i r e s ,  p o o r  n o u n t i  ng p r o c e d u r e s ,  damaged 4fvheels ,  b r a k e  s k i d s ,  

and o t h e r  c a r e l e s s  t r e a t r e n t  may r e s u l t  i n  e v e n  g r e a t e r  r u n o u t  l e v e l s .  

! d i t h  good m a i n t e n a n c e  and c o r r e c t i o n  as d e s c r i b e d  i n  t h e  n e x t  s e c t i o n ,  

r u n o u t  n a g n i t u d e s  s m a l l e r  t h a n  ,010 i n c h  a r e  p c s s i 5 l e .  Even so, t h e  

? c c u r a t e  i x a s u r e n ~ e n t  o f  s ~ o o t h  r oads  r a y  be  s e v e r e l y  c o ~ p r o i ~ ; i s e d  by 

t h e s e  e f f e c t s .  As a  mi ninufi!, r e p e a t e d  t e s t s  s h o u l d  be c o n d u c t e d  t o  

e n s u r e  t h a t  t i r e  p h a s i n g  h a s  been  randomized .  F u r t h e r ,  t h e  s y s t e m  

s h o u l d  be t h o r o u s h l y  c a l i b r a t e d  on  a  number o f  s r o o t h  r o a d s  a t  t h e  same 

t e s t  speed. 

M a i n t e n a n c e  and C o r r e c t i o n  - Zecause o f  t h e  p o t e n t i a l  f o r  

n o n u n i f o r m  t i r e s  and whee l s  t o  i n f l u e n c e  t h e  measured v a l u e  o f  

roughness ,  s c o d  ma in tenance  p r a c t i c e s  a r e  e s s e n t i  a1 . '//hen p o s s i b l e ,  

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

t i  r e ,  wheel  and  b r a k e  drum. E a l a n c i n g  t o  w i t h i n  one cunce  i s  e a s i l y  

p o s s i b l e  and s h o u l d  be a c h i e v e d  on  a1 1  whee ls .  The  r e a r  whee l s  a r e ,  o f  

c o u r s e ,  r o s t  c r i t i c a l  and  imp rovemen ts  i n  o v e r a l l  a c c u r a c y  and  

r e p e a t a b i  1  i ty  wi  11  d e r i v e  i f  even  b e t t e r  t o l e r a n c e s  can  be n a i  n t a i  ned. 

The t o t a l  r u n o u t  o f  t h e  assembly  depends o n  t i r e s ,  \ / h e e l s  and 

~ ~ o u n t i n g .  I n  t h e  p a s t  decade,  v e h i c l e  m a n u f a c t u r e r s  have p l a c e d  s r e a t  



Figure 20. Effect o f  various levels o f  tire/wheel runout on 
measured road roughness . 



emphasis  on  p r o d u c t i o n  i r p r o v e m e n t s  i n  t h i s  a rea .  Because o f  t h i s  

e f f o r t  o r i g i n a l  e q u i p r e n t  whee l s  a r e  p r o b a b l y  m r e  c c n s i s t e n t l y  u n i f o r r ,  

t h a n  r e p l a c e v e n t  whee l s  o r  t h e  s p e c i a l  s t y l e d  o r  s p o r t  whee l s  a v a i l a b l e  

i n  t h e  a f t e r i r a r k e t .  Hence, t h e  OEi4 whee ls  s h o u l d  a l w a y s  be u s e d  on  

RTRRM systems.  

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

~ a g n i  t u d e  o f  t i  re /whee l  n o n u n i f o r m i  t i e s  i n  a  r e a s o n a b l y  e f f e c t i v e  

r a n n e r .  T i r e  m a c h i n i n g  t o  e n s u r e  t h a t  t h e  t o t a l  assembly  l o o k s  r o u n d  

( d i r r e n s i o n a l  l y )  i s  o n l y  p a r t i a l  l y  e f f e c t i v e ,  o f t e n  i n c o n s i s t e n t ,  and  

u s u a l l y  s h o r t - t e r m  i n  i t s  b e n e f i t  ( 1 6 ) .  - R a t h e r ,  o n - t h e - c a r  t i r e  

g r i n d i n g  i s  t h e  p r e f e r r e d  c u r e .  By t h i s  p r o c e s s ,  t h e  r a d i u s  v a r i a t i o n s  

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

s h o u l d e r  t o  a c h i e v e  a  t i r e / w h e e l  a s s e n b l y  t b a t  " r o l l s "  u n i f o r m l y  (16,  - 

7 1 The 7 r o c e s s  i s  p e r f c r m e d  o n  t h e  v e h i c l e  w i t h  each t i r e  - - 
c a r r y i  n3 i t s  n o r r a l  l oad .  T h i s  txethod has been  p r o v e n  r o r e  e f f e c t i v e  

(16) t h a n  t i r e  m a c h i n i n g ,  and  i s  r o u t i n e l y  used as  a  q u a l i t y  c o n t r o l  

c o r r e c t  i o n  by t h e  r a j o r  t i  r e  ~ a n u f a c t u r e r s .  T h i s  p r o c e s s  c o r r e c t s  f o r  

t h g  t o t a l  r u n o u t  of  t h e  t i r e / w h e e l  assemhly .  

The use  o f  q u a l i t y  t i r e s  i s  mos t  i m p c r t a n t .  The premium q u a l i t y  

t i r e  i s  u s u a l l y  b e s t  w i t h  r e s p e c t  t o  i t s  u n i f o r m i t y  q u a l i t i e s .  The 0E.i 

t i r e s  p r ~ v i d e d  on nekl v e h i c l e s ,  and t i r e s  m e t i n g  t h e  T i r e  

Pe r f o rmance  C r i t e r i a  ( 1 9 )  - a r e  s p e c i f i e d  and  g raded  t o  possess  h i g h  

l e v e l s  o f  u n i f o r m i t y .  Under  no c i r c u m s t a n c e s  s h o u l d  t h e  ASTM E5Ol t i  r e  

be c o n s i a e r e d  f o r  u s e  w i t h  RTRRM sys tems,  as t h i s  t i r e  i s  c o n t r o l l e d  f o r  

i t s  t r a c t i o n  q u a l i t y  r a t h e r  t h a n  i t s  r i d e  q u a l i t y .  



D r i v e t r a i n  V i b r a t i o n s  

;lie1 1  -mai n t a i  ned Fassenger  c a r s  s h o u l d  have  no t r o u b l e  k r i  t h  e n g i  ne 

o r  d r i v e t r a i n  v i b r a t i o n s  a f f e c t i n g  measured r oughness  s t a t i s t i c s .  

Ho\vever, d e g r a d a t i o n  o f  t h e  components,  such as a  worn  o r  i v b a l a n c e d  

d r i v e l  i ne, o r  a  b r o k e n  e n s i n e  mount,  can  cause  v e h i c l e  v i b r a t i o n  t h a t  

c o u l  d  c o n c e i v a b l y  add  t o  t h e  ~ e a s u r e d  s t a t i s t i c .  Good mai n t enance  

j r a c t i c e  and o p e r a t o r s  a l e r t  t o  u n u s u a l  v i b r a t i o n  sou rces  s h o u l d  be 

s u f f i c i e n t  f o r  p r e v e n t i n g  p rob l ems  o f  t h i s  k i n d .  

Wind 

Road rouzhness  s h o u l d  o b v i o u s l y  n o t  be measured w i t h  an RTRRY 

s y s t e n  d u r i n g  a  g a l e ,  b u t  a mode ra te  w i n d  i s  o f t e n  an  u n a v o i d a b l e  f a c t  

c f  l i f e .  A g u s t  o f  w i n d  f r o m  t h e  s i d e  can  cause t h e  body t~ r o l l  and 

l i f t .  A l t h o u z h  body r o l l  w i l l  have  a  n e g l i g i b l e  e f f e c t  on  ~ e a s u r e d  

roughness  s t a t i s t i c s  i f  t h e  t r a n s d u c e r  i s  p r o p e r l y  mounted, v e r t i c a l  

r o t i o n  o f  t h e  body eii 11 c l e a r l y  add  t o  t h e  measured s t a t i s t i c .  T h i s  

s t u d y  d i d  n o t  a t t e r p t  t o  add ress  t h e  i n f l u e n c e  c f  ~ i n d  on r oughness  

n e a s u r e ~ i ~ e n t s  e x p e r i m e n t a l  l y ,  a1 t hough  t h e  s i m p l e  examp1 e  be low 

demonstrates t h a t  g u s t s  o f  w i n d  w i l l  have  a  s i g n i f i c a n t  e f f e c t  o n  t h e  

PCA rce te r  s t a t i s t i c ,  b u t  n o t  on ARV. 

C o n s i d e r  a  y s t  o f  w i n d  t h a t  l a s t s  20 seconds,  w i t h  t h e  e f f e c t  of 

r a i s i n g  t h e  v e h i c l e  1 / 2  i n c h ,  and t h e n  d r o p p i n s  i t  back.  The e f f e c t  on 

t h e  ARV s t a t i s t i c  i s  a  s i m p l e  i n c r e a s e  o f  one i n c h ,  d i v i d e d  by t h e  t i t f ie  

o f  t h e  t e s t .  Over  one m i l e ,  t h i s  i s  an e r r o r  o f  1 p e r c e n t  on a  

m o d e r a t e l y  rough  road .  The PCA m e t e r  s t a t i s t i c  i s  a f f e c t e d  i n  two  ways: 

(1 )  s i x  s p u r i o u s  c o u n t s  a r e  added t o  t h e  r e g i s t e r s  ( t h r e e  u p ,  t h r e e  



down),  ( 2 )  t h e  e q u i l i b r u n  p o s i t i o n  i s  s h i f t e d  by  112 i n c h  d u r i n g  t h e  

g u s t ,  o r ,  f o r  one m i l e  a t  V=Si) mqh, t h e  ave rage  e q u i l i b r i u r r  p o s i t i o n  i s  

s h i f t e d  by .14 i n c h .  T h i s  l a t t e r  e f f e c t  w o u l d  s e r v e  t c  i n c r e a s e  t h e  PCA 

n e t e r  s t a t i s t i c  ( o n  a  m o d e r a t e l y  r ough  r o a d )  by n e a r l y  40 p e r c e n t .  

EVALUATION OF C A L I B R A T I O N  METHODS 

illi t h  so many v a r i a b l e s  i n f l u e n c i n g  t h e  r o u ~ h n e s s  m e a s u r e r e n t s  o f  

RTRRM systems,  a c c u r a t e  and f r e q u e n t  c a l  i b r a t i  o n  i s  t h e  o n l y  p r a c t i c a l  

means o f  o b t a i n i n g  c o n s i s t e n t  p e r f o r m a n c e  f r o m  t h e s e  d e v i c e s .  T h i s  

s e c t i o n  p r e s e n t s  t h e  f i n d i n g s  f r o m  t h e  e v a l u a t i o n  and deve lopmen t  9f 

a p p r o p r i a t e  c a l i  O r a t i o n  v e t h o d s  f o r  RTKFFI s y s t e m .  C a l i  S r a t i  on o f  an 

i n s t r u r r e n t  i s  n o r ~ ~ a l l y  p e r f o r r r e d  by rcleasuring an  i n ~ u t  w i t h  a  known 

a b s o l u t e  n u m e r i c  a s s o c i a t e d  l i r i t h  i t. B u t  p r i o r  t o  t h i s  r e s e a r c h ,  

n e i t h e r  a  " s t a n d a r d  r o a d , "  r.ri t h  a n  e s t a b l i s h e d  roughness  1  eve1 , n o r  a  

method  f o r  a s s i ~ n i n g  a  s t a n d a r d  r oughness  n u ~ e r i c  t o  a  measured p r o f i l e  

ivas a v a i l  a b l e .  A c c o r d i  n 3 l y ,  a  s t a n d a r d  r oughness  measurecient "vas 

d e v e l o p e d  t h a t  i s  a  r i  y o r o u s l y  d e f i n e d  p r o p e r t y  o f  t h e  p r o f i  1 e  o f  a  

pavenlent,  and has  an  a c c u r a c y  l i m i t e d  o n l y  by t h e  a c c u r a c y  c f  t h e  

?ref il e ~ e a s u r e m e n t .  I n  a d d i t i o n ,  t h e  " s t a n d a r d  r o a d "  c o n c e p t  ,/as 

pu r sued ,  w i t h  t h e  r e s u l t  t h a t  a n  a r t i f i c i a l  s u r f a c e  t h a t  has an 

a s s o c i  a t e d  r oughness  v a l u e  bras d e s i g n e d  and  f a b r i c a t e d .  C a l i  b r a t i c n  

v e t k o d s  u s i n s  s t a n d a r d  n e a s u r e ~ e n t s  o f  e x i  s t i n g  pavements and u s i n g  

a r t i f i c i a l  s u r f a c e s  we re  t h e n  d e v i s e d  and  t e s t e d  o n  i n - u s e  RTRI714 s y s t e r s  

f r o m  va ri ou s  agenc i  es. 

Eecause t h e  d e f i n i t i o n  o f  a  s t a n d a r d  r oughness  Reasure  i s  t h e  

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

f i r s t  add resses  t h i s  need and  d i s c u s s e s  a  s u s g e s t e d  r o u ~ h n e s s  s t a n d a r d .  



K e x t ,  t h e  r e s ? a r c h  f i n d i n g s  on  t h e  reasons  t h a t  RTRRM s y s t e m  behave as 

t h e y  do a r e  used t o  d e f i n e  t h e  scope  t h a t  a  c a l i b r a t i o n  p r o c e d u r e  n u s t  

c o v e r .  I n  t h i s  d i s c u s s i o n ,  many c a l i b r a t i o n  methods s u s g e s t e d  i n  t h e  

p a s t  a r e  seen t o  be  i n a p p r o p r i a t e  and t h e  number o f  v a l i d  c a l i b r a t i o n  

approaches i s  v a s t l y  reduced .  F i n a l l y ,  t h e  deve lopment  o f  two  

c a l i b r a t i o n  r e t h o d s  i s  p r e s e n t e d ,  a l o n g  w i t h  t h e  nlore s i g n i f i c a n t  

f i n d i n g s  o f  t h e  t e s t i n g  o f  i n - u s e  systems a p p l y i n g  t h e s e  methods. F o r  a  

d e t a i l e d  d e s c r i p t i o n  o f  t h e  t w o  methods,  t h e  r e a d e r  i s  r e f e r r e d  t o  

Append ix  A. 

S t a n d a r d  RTRRM Sys tem Measurement 

The s t a n d a r d  f o r  RTRRF.1 sys tem c a l i b r a t i o n  wou ld  i d e a l l y  be t h e  

P r e s e n t  S e r v i c e a b i l i t y  R a t i n g  deve loped  w i t h  t h e  AASHO Aoad T e s t s  ( 2 ) .  - 

Ho\vever, t h a t  rr,easurc i s  o b t a i n e d  f r o m  t h e  s u b j e c t i v e  e v a l u a t i o n  o f  r o a d  

roughness  by a r a t i n g  p a n e l  and i s  n e i t h e r  c o n v e n i e n t  t o  o b t a i n  n o r  

amenable t o  p r e c i s e  d e t e r m i n a t i o n .  The u s e  o f  such a s t a n d a r d  w o u l d  

i ience f a c t o r  a  ran do^ e r r o r  i n t o  t h e  c a l i b r a t i o n  p r o c e s s ,  r e d u c i  ns  t h e  

? r e c i s i o n  w i t h  w h i c h  i t  can  be p e r f o r m e d  and r e d u c i n g  i t s  e f f e c t i v e n e s s  

as a rceans o f  mai n t a i  n i  ng c o n s i s t e n t  p e r f  or r~ iance f r o i n  RTRiiiii s ys ten !~ .  

The s l  ope v a r i a n c e  as measured by t h e  CHLOE i s a second c a n d i d a t e  l~i t h  

h i s t o r i c a l  r o o t s  t h a t  v e r i  t i t s  c o n s i d e r a t i  on. However,  t h e  CHLOE 

roughness  r~easu remen t  has been  f o u n d  t o  d e r i v e  f r o m  a ban6 o f  p r o f i l e  

wave numbers much b r o a d e r  t h a n  i s  s i g n i f i c a n t  t o  a n  a u t o m o t i v e  v e h i c l e  

and as a r e s u l t  i n t r o d u c e s  a random e r r c r  t h a t  degrades  t h e  a g r e e v e n t  

be tween RTRRI,! sys tem measurements and t h e  CHLOE s t a t i  s t  i c .  C o r r e l a t i o n s  

between PSI ( d e r i v e d  f r o r r  a  s i r r u l a t e d  CHLOE) and AR'J r e a s u r e r e n t s  f r o r r  

v a r i o u s  RTERP systems a r e  p r e s e n t e d  i n  Append i x  3 ,  and g e n e r a l l y  shcv~ 



r a n d o n  e r r o r s  be tween P S I  and ARV t h a t  a r e  t ? / i c e  as l a r g e  as r a n d o s  

e r r o r s  betb.reen ARV measurements o b t a i n e d  f rom d i f f e r e n t  RTXRM sys tems.  

F o r  maximum u t i l i t y ,  t h e  s t a n d a r d  RTRRM sys tem roughness  s t a t i s t i c  

s h o u l d  be s e l e c t e d  t o  b e s t  a g r e e  w i t h  ~ e a s u r e m e n t s  t a k e n  by t h e  d i v e r s e  

p o p u l a t i o n  o f  2TRRM sys tems.  A d d i t i o n a l  l y ,  t h e  rceasure o f  r oughness  

s h o u l d  c l o s e l y  r e f l e c t  t h e  r oughness  f e a t u r e s  most c r i t i c a l  t o  t h e  

? u b l i c l s  judgment  o f  t h e  road.  

P u b l i s h e d  d a t a  i n d i c a t i n g  t h e  r e 1  a t i v e  i n p o r t a n c e  o f  r oughness  

wave number on t h e  r i d e  a c c e p t a b i l i t y  o f  a  roadway a r e  spa rse .  A  

cori.,prehensive s u b j e c t i v e  r i d e  s t u d y  was c o n d u c t e d  by t h e  rli c I i i 3 a n  

C e p a r t r e n t  o f  T r a n s p o r t a t i o n  w i t h  t h e  p u r p o s e  o f  i d e n t i f y i n g  t h e  

r e l a t i v e  i m p o r t a n c e  o f  wave nurcber on r i d e  p e r c e p t i o n  (11). - I n  t h e  

s t u d y ,  3 2  r o a d  s u r f a c e s  we re  s u b j e c t i v e l y  e v a l u a t e d  by 35 s u b j e c t s  i n  a  

v a r i e t y  o f  v e h i c l e s ,  a n s w e r i n g  t h e  q u e s t i o n  "How i s  t h e  r o a d ? "  The 

r?easured r o a d  p r o f i l e s  we re  t h e n  a n a l y z e d  t o  d e t e r m i n e  a  idave number 

, v e i g h t i n g  f u n c t i o n  t h a t  c o u l d  be  used  t o  p r o v i d e  a  w e i g h t e d  r e a n - s q u a r e  

e l e v a t i o n  s t a t i s t i c  t h a t  b e s t  c o r r e l a t e s  i v i t h  s u b j e c t i v e  r a t i n c ; .  The 

r e s u l t s  i n d i c a t e d  t h a t  t h e  r oughness  c o n t a i n e d  i n  t h e  wave n u r b e r s  

r a n g i n g  ce tween .02  and 0.5 c y c l e l f t  (1.5-37 Hz a t  50 ~ p h )  c o r r e l a t e d  

t h e  s t r o n g e s t  w i t h  s u b j e c t i v e  r a t i n g .  These  d a t a  sugcjest t h a t  t h e  

h i g h e r  f r e q u e n c y  v i b r a t i o n  t h a t  i s  a s s o c i a t e d  w i t h  t h e  a x l e  r esonance  

s h o u l d  be r e f l e c t e d  i n  t h e  r oughness  s t a t i s t i c ,  i n  o r d e r  t o  b e s t  a g r e e  

iili t h  r i d e  p e r c e p t i o n .  F u r t h e r ,  human s e n s i t i v i t y  t o  v e r t i c a l  v i b r a t i o n  

i s  s u s p e c t e d  t o  be r ; lax i i r ,u~ i n  t h e  r ange  o f  5 - 6  Hz, d e c r e a s i n s  a-c h i g h e r  

and l o w e r  f r e q u e n c i e s .  F i g u r e  21  shows a  t y p i c a l  a c c e l z r a t i o n  s p e c t r u r ,  

~ e a s u r e d  on a  passenge r  c a r  by S r i t h  ( 2 0 )  - i n  a  s u b j e c t i v e  r i d e  s t u d y ,  
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Figure 21. Comparison of measured spectral density of passenger 
acceleration with IS0 vibration standards. 



a l o n g  d i t h  r i d e  c o ~ f o r t  b o u n d a r i e s  t h a t  have been  a d o p t e d  by t h e  

I n t e r n a t i o n a l  S t a n d a r d  O r g a n i z a t i o n  (21). - T y p i c a l l y ,  v i b r a t i o n s  i n  t h e  

r e g i o n  o f  t t i e  a x l e  r esonance  f r e q u e n c y  most  c l o s e l y  and  b r o a d l y  enc roach  

on t h e  c o m f o r t  bounda ry  w h i c h  i s  a  f i n d i n g  t h a t  s u p 9 o r t s  t h e  Y4DOT 

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

r reasure o f  r o a d  r oughness  must  s u b s t a n t i a l  l y  r e f l e c t  h i ~ h  f r e q u e n c y ,  

( h i g h  ?lave number)  roughness  c o n t e n t .  O f  t h e  t ~ o  q o p u l a r  ?T?RY systei;: 

r oughness  s t a t i s t i c s  i n  use ,  o n l y  t h e  ARV ( o r  I /F i )  s t a t i s t i c  meets  t h i s  

r e q u i  rement .  

A  r e f e r e n c e  RTXRM s y s t e n  m e a s u r i n g  t h e  ARV s t a t i s t i c  was t h e r e f o r e  

adop ted  as a  c a l i b r a t i o n  s t a n d a r d  f o r  t h i s  p r o j e c t ,  and i s  f u r t h e r  

reccr;lri:ended as a  pavement s e r v i c e a b i l i t y  s t a n d a r d  i n  C h a p t e r s  3 and  4. 

The r e f e r e n c e  sys tem i s  d e f i n e d  i n  t e r n s  o f  i t s  dynamic responsc- 

c h a r a c t e r i s t i c s ,  mak ing  i t  i n v a r i a n t  w i t h  t i r e ,  and a  ,veil d e f i n e d  

( a l t h o u g h  ccrxpl i c a t e d )  f u n c t i o n  o f  pavement g r o f  il e. I t s  p r e c i s i o n  i s  

l i m i t e d  o n l y  by t h e  f i d e l i t y  be tween t h e  p h y s i c a l  implementation o f  t h e  

sys tem and i t s  s p e c i f i c a t i o n s .  The  e s s e n t i a l  components  and r e s p o n s e  

c h a r a c t e r i s t i c s  a r e  shown i n  F i g u r e  22. The sys tem i s  1  i n e a r  and 

c o n s i s t s  o f  a  s p r u n g  and  u n s p r u n g  m i s s  w i t h  s u s p e n s i o n  and  t i r e  s p r i n g s  

and suspens ion  damping. The ave rage  o f  t h e  l e f t  and r i c j h t   heel t r a c k  

p r c f i l e s  i s  t h e  i n p u t ,  w h i l e  t h e  a x l e - b o d y  ~ o t i o n  i s  t h e  o u t p u t .  T f i i s  

"IISKI r e f e r e n c e "  systen:  c o u l d  be imp lemen ted  i n  h a r d y ~ a r e  b u t ,  as i s  r h e  

case w i t h  e x i s t i n g  RTRRM sys tems,  wou ld  p r e s e n t  d i f f i c u l t i e s  i n  

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

v e i i i c u l  a r  corcponents c o n s t i t u t e  t h e  m a j o r  p r o b l e m ,  as t h e  m e t e r  p c r t  i o n  

i t s e l f  c o u l o  b e  xade  as p e r f e c t  and i d e a l  as  d e s i r e d  by use  c f  
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AXLE-BODY RESPONSE FUNCTION OF HSRI REFERENCE SIMULATIC'\! 
Figure 22.  Dynamics o f  reference road roughness measurement system. 



e l  e c t  r o n i c  ccmponents  ( s e e  Appendi  x B ) .  I n  p r a c t i c e ,  t h e  HSRI r e f e r e n c e  

i s  most  e a s i l y  i ~ p l e m e n t e d  a s  a  s y s t e m  s i r u l a t i o n  l i n k e d  t o  a c t u a l  

p r o f i l e  r c e a s u r e ~ e n t s ,  i n  w h i c h  c a s e  t h e  a c c u r a c y  o f  a  r e f e r e n c e  ARV 

(RARV) measurerrent i s  l i m i t e d  by t h e  a c c u r a c y  o f  t h e  p r o f i l e  

measurement.  RARV i s ,  i n  f a c t ,  a  c o m p l e t e l y  d e f i n e d  p r o p e r t y  o f  a  

p a v e ~ e n t  p r o f i l e ,  and canno t  a c t u a l l y  be neasu red  by  a  n o r ~ a l  RTRRM 

s y s t e r  7 1 i t h  d i f f e r e n t  r e s p o n s e  p r o p e r t i e s .  R a t h e r ,  t h e  RTRRN s y s t e r  

p roduces  r e a s u r e m e n t s  t h a t  c o r r e l a t e  s t r o n s l y  enough w i t h  RARV 

s t a t i s t i c s  t h a t  t h e y  can  be c o r r e c t e d  t o  y i e l d  C a l i  b r a t e d  ARV (CARV) 

s t a t i s t i c s  t h a t  s h o u l d  a g r e e  w e l l  w i t h  t h e  " t r u e "  RARV v a l u e s .  

T h i s  t y p e  o f  r e f e r e n c e  s y s t e m  i s  n o t  new. I n  f a c t ,  i t  i s  s i m i l a r  

t o  t h e  q u a r t e r - c a r  s i m u l a t i o n s  o f  BPR roughome te r s  o r  passenge r  c a r s ,  

as used v i i t h  p r o f i l o i r e t e r s  i n  t h e  p a s t  (3) .  - However,  t h e  p e r f o r ~ a n c e  

c h a r a c t e r i s t i c s  o f  t h e  HSKI r e f e r e n c e  have  been s e l e c t e d  so  as t o  

p i  n i r n i ze  d i f f e r e n c e s  be tween RARV v a l u e s  and CARV ~ i e a s u r e m e n t s  t a k e n  

:.,ith e x i s t i n g  2TRR:II systems.  ? lo re  i m o o r t a n t l y ,  i t s  q u a l i t y  as  a  

r e f e r e n c e  f o r  d e f i n i n g  s t a n d a r d  r oughness  v a l u e s  has been t e s ~ e d  and 

f o u n d  s u ? e r i o r  t o  a1 1  o t h e r  p roposed  o r  e x i s t i n g  s y s t e ~ s ,  as i s  

d i s c u s s e d  l a t e r .  W h i l e  i t  i s  t r u e  t h a t  RARV measurements w i l l  have  solfie 

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

i n  :IS€, d i f f e r e n t  r cughness  s t a t i s t i c s  d e s c r i b e  d i f f e r e n t  qua1 i t i c s  o f  

2avenen t  p r o f i l e  and a r e  n o t  d e t e r r i n i s t i c a l  l y  r e l a t e d .  Faced  w i t h  a  

~ u l t i  t u d e  o f  r oughness  s t a t i s t i c s ,  t h e  n o s t  s t r a i g h t f o r w a r d  and l o g i c a l  

s t e p  t o w a r d s  p r o n o t i  ng agreement  be tween measurements made by d i f f e r e n t  

agenc ies  i s  t o  a d o p t  t h e  b e s t  o f  t h e  e x i s t i n g  s t a t i s t i c s ,  and abandon 

usacje c f  t h e  r e s t  f o r  p r e s e n t  and f u t u r e  work.  A t  t h i s  t i r e ,  t h e  FIAR'I 

appears  t o  be t h e  b e s t  s t a t i s t i c ,  a l t h o u g h  i t  i s  l i k e l y  t h a t  f u t u r e  



r e s e a r c h  w i  11 7 roduce  a  b e t t e r  s t a t i s t i c  t h a t  can  t h e n  be  adop ted .  

Consequen t l y ,  e f f o r t s  we re  d i r e c t e d  o n l y  t o w a r d s  c a l i b r a t i n g  RTRRI"1 

s y s t e m  m a s u r i  ng ARV. 

C o n d i t i o n s  R e q u i r e d  f o r  Ca l  i b r a t i o n  

A c a l i b r a t i o n  i s  n o t  v a l i d  u n l e s s  i t  demons t ra tes  t h e  r e l a t i o n s h i p  

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

encompassi ng t h e  f u l  1  i n tended  measurement range,  

The e a r l i e r  d i s c u s s i o n  o f  KTRRPI s y s t e m  v a r i a b l e s  i d e n t i f i e s  t h e  

r;,etcrs and r e a r  s u s p e n s i o n  corrponents  as t h e  e le rnen ts  d i  r e c t l y  

i n f  l u e n c i  ng t h e  measurement o f  r o a d  roughness .  Hence t h e i r  p r o p e r t i e s  

must be q u a n t ~ f i e d ,  i n  t e r n s  o f  A2V measurement,  d u r i n g  c a l i b r a t i o n .  

P r i o r  t o  t h i s  r e s e a r c h ,  t h e r e  e x i s t e d  hope arnons RT?Rh systen:  l i s e r s  t h a t  

there m i g h t  be  s i m p l e  t e s t s  t h a t  a d e q u a t e l y  c h a r a c t e r i z e  t h e  systen:  

response.  F o r  example,  can  r esponse  measures o b t a i n e d  on s i n l p l e  

e c c e n t r i c  drum d e v i c e s  o r  can  s e p a r a t e  t e s t s  o f  shock a b s o r b e r  damping 

ans i / e r  t h e  need? 

Response t e s t s  s i m i l a r  t o  t h a t  wh i ch  w o u l d  be p e r f o r ~ e d  w i t h  

e c c e n t r i c  drum r o l l e r s  o r  a  s i m p l e  h y d r a u l i c  e x c i t e r  we re  conduc ted  a t  

t h e  TARADCOM f a c i  1 i t y  . However,  t h e  u n d e r s t a n d i  ng o f  R T ? R M  sys tem 

f u n c t i o n  a c h i e v e d  o v e r  t h e  c o u r s e  o f  t h i s  r e s e a r c h  has p o i n t e d  o u t  t h e  

d i f f i c u l t i e s  o f  u s i n g  t h e s e  s i m p l e  methods. F i r s t ,  v e h i c l e  r esponse  i s  

n c n l  i nea r ,  depend ing  on t h e  f r e q u e n c y  and ampl i t u d e  o f  t h e  roughness  

i n p u t  as was shown i n  F i g u r e  18. Hence,  t e s t i n g  s u f f i c i e n t  t o  

c h a r a c t e r i z e  t h e  v e h i c l e  r esponse  f u n c t i o n  n u s t  c o v e r  a  r a g e  c f  

arcpl i t u d e s  a t  a  j i  ven f r e q u e n c y  , \;ri t h  t h e  a p p r o p r i a t e  ampl i t u d e  r a n s e  



changi  ng 1:ii t h  f r equency .  A t  t h e  ax le - resonance  f requency ,  amp1 i tudes  

must be as spa11 as 1/16 i n c h  o r  l e s s  t o  be r e p r e s e n t a t i v e  o f  r e a l  

roads.  A l t hough  t h e  measurement o f  t h e  v e h i c l e  response f u n c t i o n  w i l l  

q u i c k l y  i d e n t i f y  any changes i n  t h e  v e h i c l e  p o r t i o n  o f  an RTRRM system 

(and i t  i s  i n e v i t a b l e  t h a t  changes w i l l  be observed) ,  t h e  e f f e c t  on 

roughness m e a s u r e ~ e n t  on- road i s  no t  e a s i l y  ob ta ined .  ( T e s t s  a t  

TAKAUCOP1, and measurements o f  s e p a r a t e  v e h i c u l a r  corcponent p r o p e r t i e s ,  

showed t h a t  respose  t e s t s  used t o g e t h e r  w i t h  a  q u a r t e r - c a r  irodel a r e  - n o t  

adequate f o r  a c c u r a t e l y  p r e d i c t i n g  changes i n  on-road roughness 

measurements. As a  minimum, a  more cor ip lex v e h i c l e  model wou ld  be 

needed.) Second ly ,  r o a d  me te r  i nst run ien ts ,  as p r e s e n t l y  1  i r r i  t e d  by 

h y s t e r e s i s  and q u a n t i z a t i o n  e f f e c t s ,  a r e  i nadequa te  f o r  measur ing 

v e h i c l e  response a t  t h e  ?ow  a r p l  i tudes  needed w i t h  s i  n u s o i d a l  

e x c i  t a t i  on. A d d i t i o n a l  i n s t r u m e n t a t i o n  i n  t h e  n a t u r e  o f  d isplacet i rent  

t r a n s d u c e r s  and r e c o r d e r s  wou ld  be r e q u i r e d .  

U l t i m a t e l y ,  i t  i s  t h e  e n t i r e  range o f  r o a d  roughness,  a c t i n s  

s i m u l t a n e o u s l y ,  t h a t  nake t h e  systems f u n c t i o n  as t h e y  do. i-lencc, f u l l  

spec t  r u r  roughness e x c i t a t i o n  i s  a  necessary  c o n d i t i o n  f o r  c a l i b r a t i o n .  

The n o s t  s t r a i g h t f o r w a r d  approach t h a t  guarantees  f u l l  s p e c t r u ~  

e x c i t a t i o n  t o  an RTRRM system i s  s i ~ p l y  t h e  use  o f  r e a l  roads f o r  

c a l i c r a t i o n .  I d e a l l y ,  one rough road  and one s x o o t h  road  wou ld  be 

s u f f i c i e n t ,  b u t  i n  p r a c t i c e  such a  s m a l l  number i s  s u r e  t o  b i a s  t h e  

c a l i b r a t i o n .  Even a f t e r  t h e  b e s t  c a l i b r a t i o n ,  d i f f e r e n t  RTKKF! s y s t e m  

t r a v e r s i n g  a  road  ( t h a t  was n o t  i n c l u d e d  i n t h e  c a l  i b r a t i o n  e x e r c i s e )  

w i l l  y i e l d  a  range of roughness ireasures f o r  t h a t  road.  T h i s  i s  because 

d i  i f e r e n c e s  i n  t h e  response c h a r a c t e r i s t i c s  o f  t h e  P,TRRN s y s t e m  ccriibi ne 



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

a  d i f f e r e n c e  be tween r o u ~ h n e s s  n7easurements. The p e c u l i a r i t i e s  a r e  

u n i q u e  t o  each s e c t i o n  o f  pavement,  hence t h e  r e s u l t i n g  d i f f e r e n c e s  i n  

~ e a s u r e m e n t  appea r  as random e r r o r s .  I n  o r d e r  t o  q r e v e n t  t h i s  t y p e  o f  

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

s y s t e r ~ a t i c  e r r o r  when n:easurernents a r e  c o r r e c t e d  a c c o r d i  ng t o  t h e  

c a l  i S r a t i  o n - - t h e  c a l  i b r a t i  on s h o u l d  i n c l u d e  a  number o f  r e a l  r oads .  

G i v e n  t h e  e x i s t e n c e  o f  a  r a n d o r  e r r o r  a f t e r  c a l i b r a t i o n ,  i t  i s  n o t  c o s t  

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

be r educed  t o  a  l e v e l  t h a t  i s  i n s i g n i f i c a n t  r e l a t i v e  t o  t h e  r a n d o r  

e r r o r .  F o r  t h i s  purpose ,  a b o u t  t e n  r c a d s  of one  c o n s t r u c t i o n  t y p e ,  

s ~ r e a d  o v e r  t h e  roughness  r a n g e  o f  t h e  c a l i b r a t i o n ,  appea r  t o  be 

adequa te  based on t h e  l i m i t e d  d a t a  a c q u i r e d  d u r i n g  t h e  p r o j e c t .  

I f  s y s t e m  were  t o  be u s e d  e x c l u s i v e l y  a t  50 rnph, c a l i b r a t i o n  a t  

t h a t  speed o n l y  w o u l d  be s u f f i c i e n t .  However ,  t h e y  a r e  f r e q u e n t l y  used  

a t  o t h e r  speeds such t h a t  t h e  c o n t r i b u t i o n  o f  r o u ~ h n e s s  f r o m  t i  re/;vheel 

n o n u n i f o r m i  t i e s  w i  1 1  v a r y ,  as  w i  11 t h e  p e r c e i v e d  f r e q u e n c y  c o n t e n t  o f  

t h e  r o a d  e x c i t a t i o n .  T h e r e f o r e ,  c a l i b r a t i o n  s h o u l d  encompass n o t  o n l y  a  

range  o f  r oughness  c o n d i t i o n s ,  b u t  a l s o  a  r ange  o f  speed c o n d i t i o n s .  

A second v a l i d  c a l i b r a t i o n  approach  i s  t o  e x c i t e  t h e  RTRRl.1 syster;: 

ir i  t h  f u l l  s p e c t r u r  r oughness  f r o m  a  s o u r c e  o t h e r  t h a n  a c t u a l  r e a l  roads .  

Here ,  t h e  f i r s t  q u e s t i o n  t h a t  n u s t  be addressed  i s  "wha t  sqec t ru rn  s h o u l d  

be used?"  d h i l e  r e a l  r oads  have roughness  p r o p e r t i e s  t h a t  a r e  

c h a r a c t e r i z e d  by u n i q u e  s p e c t r a l  d i s t r i S u t i o n s ,  Append i x  A shows t h a t  

t h e r e  i s  a  cocmonal i ty t o  roads  t h a t  p r o v i d e s  t h e  b a s i s  f o r  an  "ave rage  

r o a d "  concep t  (a1  b e i  t t h e  " a v e r a g e  b i  t u n 1  ncus r o a d "  d i f f e r s  sl i g h t l y  



froi;: the  "averase P C C  road" ) ,  as discussed e a r l i e r  in  the  sec t ion  t i t l e d  

Theory of Operation. In theory,  cal ibra t ion  could be achieved u i t h  jus t  

several "average roads" because unknown errors  r e su l t  i ng from 

peculi a r i  t i e s  of actual i ndividual roads would be el in:i nated. 

Because RTRRM system xeasurements are increased by t h e  response t o  

tirelwheel ncnuniforrni t i e s ,  systematic e r ro r s  can be introduced i f  the  

cal i brat ion excludes o r  di s t o r t s  these e f f e c t s  by causins tile wheels t o  

ro ta te  a t  a r a t e  d i f f e ren t  from the  ro ta t ional  frequency during normal 

use (see  Figure 1 9 ) .  A n  example of t h i s  type of ca l ib ra t ion  i s  the  use 

of hydraulic shakers t o  provide exc i t a t ion ,  which cal i bration requires 

tha t  the  wheels not ro ta te  a t  a1 1 .  These e r ro r s  have been shown t o  be 

more s ign i f i can t  on smoother roads ( see  Figure 20) ,  hence such a 

ca l ib ra t ion  could be val id  on ~ e d i u m  and rough  roads, b u t  nct on s ~ o o t h  

roads. 

Various Cal i bration Methods 

Local Reference Surfaces - A s e r i e s  of local road surfaces are  

con~monly i n  use today f o r  running cal i bration checks of KTRRril  s y s t e m .  

The method i s  q u i t e  convenient b u t  involves a n  uncertainty since actual 

roads are constantly charigi ng with time. For example, s l ab  curl on P C C  

surfaces has been demonstrated t o  vary even over a one-day period ( 7 ) .  - 

Ultimately, t h i s  irethod su f fe r s  a t  present from the i n a b i l i t y  t o  assi3n 

a 9rec ise  standard value of roughness t o  the  s u r f a c a  a t  any point in 

t i c e ,  although an e f fec t ive  sc lu t ion  t o  t h i s  qroblem i s  t o  assign R A ? V  

values t o  the  roads periodi cal l y  vii t h  a prof i 1 orreter/quarter-car 

simulation. 3ased on t h i s  so lu t ion ,  three  s l i g h t l y  d i f fe ren t  

ap7licat ions of t h i s  method a r e  described i n  Chapter 3. 



C e n t r a l  C a l i b r a t i o n  S i t e  - A s e r i e s  cf s u r f a c e s  a t  a  c e n t r a l  

c a l i b r a t i o n  s i t e  has been p roposed .  T h i s  scheme w o u l d  p a r a 1  l e l  t h e  A rea  

i i e g i  onal  Re fe rence  C e n t e r  approach  t o  s k i d  t e s t e r  c a l i b r a t i o n .  However,  

t h e  s u r f a c e s  w o u l d  be s u b s t a n t i a l  l y  r o r e  e x p e n s i v e  t h a n  s u r f a c e s  \ v i  t h  

s t a n d a r d i z e d  s k i d  numbers and t h e  1  o g i  s t i c a l  p r o b l e m  o f  g o i n g  t o  t h e  

c a l i b r a t i o n  c e n t c r  w o u l d  p r e c l u d e  c a l i b r a t i o n  as f r e q u e n t l y  as  d e s i r e d  

o r  needed. A l l  i n  a l l ,  t h i s  ~ e t h o d  does n o t  appea r  t o  be c o s t  e f f e c t i v e  

i n  t h a t  t h e  n e c e s s a r y  f u n d i n g  w o u l d  be b e t t e r  spen t  on o b t a i n i n y  

p r o f  il ome te r  c a l  i b r a t i o n  equ ipment .  

H y d r a u l  i c  Road S i r u l a t o r  - The h y d r a u l  i c  r o a d  s i m u l a t o r  ( o r  

" s h a k e r  sys tem" )  i s  p o t e n t i a l l y  a  v e r y  p r e c i s e  m a n s  o f  s u b j e c t i n g  an  

ATRRI4 sys tem t o  s p e c i f i c  r o a d  i n p u t s  krhich c o u l d  be e i t h e r  a  v a r i e t y  o f  

r e a l  r o a d  p r o f i l e s  o r  s e v e r a l  " a v e r a g e  r o a d "  p r o f i l e s .  An adequa te  

system, however ,  i s  p o t e n t i a l  l y  e x p e n s i v e  ($30,C00-550,000 j u s t  f o r  t h e  

ha rdwa re )  and r e q u i r e s  t r a i n e d  o p e r a t i n g  p e r s o n n e l .  C a l i  b r a t i  on c o u l d  

be  o b t a i n e d  b y  compa r i ng  RTRKI4 sys tem r o u r ~ h n e s s  r e a s u r e n e n t s  t o  t h e  

known roughness  l e v e l s  o f  r e c o r d e d  s u r f a c e s .  However,  t h e  method i s  n o t  

f o o l p r o o f  i n  t h a t  t h e  dynamic s t i f f n e s s  and n o n u n i f o r x i  t y  

c h a r a c t e r i s t i c s  o f  r o l l i n g  t i r e s  a r e  n o t  r e p l i c a t e d .  T h i s  method  was 

n o t  t e s t e d  because  t h e  needed f a c i l i t i e s  were  n o t  a v a i l a b l e  f o r  d a y - t o -  

day c a l i b r c i t i o n .  The h i g h  c o s t  a s s o c i a t e d  : v i t h  a  h y d r a u l i c  s h a k e r  

s y s t e ~  f o r c e d  t h e  c o n c l u s i o n  t h a t  cheape r  r e t h o d s ,  i f  deve loped ,  wou ld  

be more a c c e p t a b l e  t o  t h e  h i ghway  comvun i t y .  

Drum R o l l e r s  - Drum r o l l e r s  c a n  be used  t o  g e n e r a t e  e x c i t a t i o n  a t  

v,any f r e q u e n c i e s  w i t h  amp1 i t u d e s  s e l e c t e d  t o  b e s t  r e p r e s e n t  r o a d  

e x c i  t a t i c n ,  and i n c l u d e  r o l  li ng t i r e  e f f e c t s .  The 1  owest  f r e q u e n c y  



c o r p o n e n t  i s  d e t e r m i n e d  by t h e  r o t a t i o n a l  speed o f  t h e  drur;:, w i t h  t h e  

o p p o r t u n i t y  f o r  a d d i n g  components  of roadway roughness  a t  each mu1 t i p 1  e  

o f  t h a t  f r e q u e n c y  by c h o i c e  o f  t h e  a c t u a l  s u r f a c e  p r o f i l e  o f  t h e  drum. 

O f  cou rse ,  t o  r e p l i c a t e  50 mph o p e r a t i o n  w i t h  t h e  n e c e s s a r y  1 H z  body 

r esonance  e x c i t a t i o n ,  drums 70 f e e t  i n  c i r c u m f e r e n c e  (22  f e e t  i n  

d ia t -ce te r )  w o u l d  be r e q u i r e d .  On t h e  o t h e r  hand, t o  r e d u c e  t h e  drum s i z e  

w h i l e  r e t a i n i n g  t h e  1  ow f r equency  p o r t i o n  of t h e  s p e c t r u m  i ~ p l  i es 

t e s t i n g  a t  l o w e r  speeds. O p e r a t i o n s  a t  l o w  speed a r e  l i m i t e d ,  however ,  

by t h e  phenonenon o f  " t i  r e  enve lopr r (en tH o f  h i g h  f r e q u e n c y  r oughness  

caused by t h e  " s w a l l o w i n g "  o f  s m a l l  bumps w i t h i n  t h e  t i r e  c o n t a c t  2 a t c h .  

The p r a c t i c a l  l i m i t  on  minimum t e s t  speed was f o u n d  i n  Append i x  A t o  be 

a p p r o x i m a t e l y  15 mph, t h u s  r e q u i r i n g  a  drum a t  l e a s t  7 f e e t  i n  d i a m e t e r .  

A t  t h i s  l o w  speed,  e f f e c t s  o f  t i r e / w h e e l  n o n u n i f o r m i t i e s  a r e  d i s t o r t e d ,  

b u t  t h e  most  f u n d a r e n t a l  p r o b l e m  w i t h  t h i s  method  i s  t h a t  t h e  r o t a t i n g  

drum p r o v i d e s  a  s t r i c t l y  p e r i o d i c  e x c i t a t i o n ,  and  t h e  adequacy of t h i s  

t y p e  o f  e x c i t a t i o n  f o r  r e p r e s e n t i n g  r o a d  e x c i t a t i o n  i s  ~ n k n o w n .  The 

response  o f  t h e  v e h i c l e  w i  11 be o v e r l y  s e n s i t i v e  t o  t h e  r e l a t i o n  be tween 

t h e  body r esonance  f r e q u e n c y  and  t h e  drum r o t a t i o n a l  f r e q i l e n c y ,  and 

w h e t h e r  c r  n o t  a  p r o c e d u r e  c a n  be  d e v i s e d  t h a t  r educes  t h i s  s e n s i t i v i t y  

i s  u n c e r t a i n .  T h i s  n e t h o d  was n o t  p u r s u e d  because i t s  success  bias n o t  

gua ran teed ,  and because  7 - f o o t  drums w e r e  n o t  a v a i l a b l e  f o r  t e s t i n g  : . ~ i t h  

r e a l  2T2;livl systems.  Mo t2  t h a t  e a r l i e r  a t t e m p t s  i n v o l v e d  o n l y  a  s i n g l e  

ha rmon i c  (e.g. ,  Neal  ( 2 2 )  - t r i e d  a n  e c c e n t r i c  drum a r r a n g e m e n t )  and 

f a i l e d  because  t h e y  c a n n o t  b e  r e l a t e d  t o  t h e  f u l l - s p e c t r u n :  e x c i t a t i o n  

p r o v i d e d  by roads .  

A r t i f i c i a l  S u r f a c e s  - C a l i b r a t i o n  c a n  be a c h i e v e d  by a d d i n g  a 

known p r o f i l e  ( ~ i t h  a known R A R V  v a l u e )  t o  an e x i s t i n g  r o a d  s u r f a c e .  



C o n c e p t u a l l y ,  t h i s  method i s  s i n i l a r  t o  t h e  d r u n  r o l l e r  method 1 , ~ i t h  t h e  

drum s u r f a c e  "unwrapped"  and  ? l a c e d  on  a smooth s u r f a c e .  A drawback 

w i t h  t h i s  approach  i s  t h a t  e x i s t i n g  ~ a v e m e n t s  a r e  n o t  as smooth as 

drums, b u t  t h i s  method has  t h e  i m p o r t a n t  advan tage  t h a t  t h e  l e n g t h  o f  

t h e  s u r f a c e  need n o t  b e  l i m i t e d .  T h i s  method a l s o  r e q u i r e s   lo^ 

c a l  i b r a t i o n  speeds, because  t h e  roughness  o f  t h e  u n d e r l y i n g  pavernent 

t h e n  becomes l e s s  s i g n i f i c a n t .  Thus t i r e l w h e e l  n o n u n i f o r i x i  t i e s  a r e  n o t  

p r o p e r l y  compensated by t h e  c a l i b r a t i o n .  E a r l i e r  a t t e ~ p t s  a t  

c a l i b r a t i n g  R T R R M  systems by r u n n i n g  t h e  sys tem o v e r  o b j e c t s  a t t a c h e d  t o  

a pavement (23 ,  - - 2 4 ) ,  such  as p i p e s ,  r u b b e r  pads, e t c . ,  were i n a d e q u a t e  

because t h e  bumps d i d  n o t  p r o v i d e  f u l l  s p e c t r u m  e x c i t a t i o n  t h a t  i s  

r e p r e s e n t a t i  ve o f  r e a l  roads .  Even r e c o g n i z i  ng t h a t  a 1 ow-speed 

a r t i f i c i a l  s u r f a c e  c a l i b r a t i o n  i s  n o t  e f f e c t i v e  f o r  roughness  

neasurements  o f  smooth roads ,  i t s  p o t e n t i a l  as  a l o w - c o s t  method o f  

p e r f o r r i  ng a c a l i b r a t i o n  m e r i t e d  i t s  e x a m i n a t i o n  i n  t h i s  s t u d y .  

E v a l u a t i o n  o f  Two C a l i  b r a t i o n  Methods  

Based on  t h e  e v a l u a t i o n  o f  d i f f e r e n t  approaches  t o  c a l i b r a t i o n  

c o n s i d e r e d  above, two  methods o f  c a l  i b r a t i o n  were  s e l e c t e d  f o r  t e s t i n g  

i n  t h e  p r o j e c t .  C a l i b r a t i o n  by c o r r e l a t i o n  o f  2TRRll systern ARV 

measurements a g a i n s t  s i m u l t a n e o u s  RARV measurenen ts  on a c t u a l  r o a d s  i s  

t h e  f i r s t  method. The second w t h o d  i s  c a l i b r a t i o n  by t r a v e r s i n ?  

a r t i f i c i a l  bumps t h a t  have knorin a b s o l u t e  R A R V  roughness  va l ues .  4 t e s t  

o f  t h e s e  methods was o b t a i n e d  i n  t h e  C o r r e l a t i o n  Program ( see  Append ix  

3 ) .  B o t h  methods a r e  deve loped  i n  Append i x  A ,  and t h e  c a l i b r a t i o n  

p rocedu res  a r e  d e s c r i b e d  i n  t h e  ASTM f o r m a t  f o r  s t a n d a r d  t e s t  methods. 



C a l i b r a t i o n  A g a i n s t  a  P r o f i l o m e t e r  - The b a s i c  p r o c e s s  o f  

c a l  i b r a t i  ng a g a i n s t  RARV rneasurernents p r o v i d e d  by a  SP9R p r o f  i 1  ome te r  

w i t h  t h e  HSRI r e f e r e n c e  s i m u l a t i o n  i s  s t r a i g h t f o r w a r d  and  has  a l r e a d y  

been  d e s c r i b e d .  The m a j o r  deve lopmen t  biork c o n s i s t e d  o f  s e l e c t i n g  t h e  

ARV s t a t i s t i c  as  a  s t a n d a r d  and  s e l e c t i n g  t h e  r esponse  ? r o p e r t i e s  o f  t h e  

r e f e r e n c e  s i r u l a t i o n .  Subsequen t  on - road  t e s t i  ng s e r v e d  t o  p r o v i d e  d a t a  

t h a t  q u a n t i f i e s  t h e  adequacy o f  t h e s e  s e l e c t  i o n s .  

E i g h t  RTRKM s y s t e m  and t h e  new West V i r g i n i a  ? r o f i l o r ; ; e t e r  we re  

b r o u g h t  t o  HSRI i n  o r d e r  t o  c o n d u c t  a  C o r r e l a t i o n  Program. The West 

V i r g i n i a  p r o f  il ome te r  was a r e c e n t  a c q u i s i t i o n  f r om  K.J. Law Eng i  f l ee rs ,  

I n c .  (Model 690D) and  c o n s i s t e d  o f  a  c o n v e n t i o n a l  v e h i c l e - m o u n t e d  

p r o f  i l o m e t e r  w i t h  t w o  r o a d - f o l  l o w e r  whee l s  used  t o  sense  t h e  r o a d  

p r o f i l e  i n  t h e  l e f t  and r i g h t  wheel  t r a c k s .  The s y s t e m ' s  p e r f o r ~ a n c e  i s  

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

i n  t h e  d i g i t a l  r a t h e r  t h a n  a n a l o g  f o rm .  The  d i g i t a l  s y s t e r i  was 

programmed w i t h  t h e  H S R I  r e f e r e n c e  s i m u l a t i o n  d e f i n e d  e a r l i e r .  

R e g a r d l e s s  o f  p r o f  il ome te r  speed,  t h e  t r a v e r s a l  speed  o f  t h e  q u a r t e r - c a r  

s i m u l a t i o n  Idas a l w a y s  s e t  a t  t h a t  p r e s c r i b e d  f o r  RTRRM s y s t e m  t o  

p r o d u c e  t h e  p r o p e r  ( speed  dependen t )  RARV s t a t i s t i c  f o r  each o f  24 r o a d  

t e s t  s i t e s .  (The  s i m u l a t i o n ,  as i r r ip lemented,  a c t u a l  l y  p r o d u c e d  t h e  

t o t a l  c u r u l a t i  ve a x l e - b o d y  d i  sp l acemen t ,  w h i c h  was 1 a t e r  c o n v e r t e d  t o  

t h e  RARV s t a t i s t i c  by  d i v i d i n g  by t i ~ e  needed t o  t r a v e r s e  each s e c t i o n  

a t  t h e  s p e c i f i c  speed.) 

The g e n e r a l  a g r e e n e n t  be tween  t h e  RTRRM t e s t  s y s t e m  and t h e  

s t a n d a r d  KARV rceasurenen ts  f r c m  t h e  p r o f  i 1  o a e t e r / q u a r t e r - c a r  s i ~ u l  a t i  on 

i s  shown i n  F i y r e  23, w h i c h  i s  a  p l o t  o f  t h e  nean  and  s p r e a d  o f  t h e  ARV 



RARV ( i  n/sec) 

Figure 23. Comparison of measured ARV from e igh t  uncalibrated RTRRM 
systems t o  t he  standard ( 2 4  su r faces ) .  



m e a s u r e ~ e n t s  o f  t h e  e i s h t  RTRRM s y s t e m  v e r s u s  RARV. A w e l l - d e f i n e d  

r e l a t i o n s h i p  e x i s t s  up t h r o u g h  RARV l e v e l s  o f  2.75 i n / s e c .  Above t h i s  

l e v e l ,  t h e  d i f f e r e n c e s  i n c r e a s e ,  and t h e  RARV measurements t e n d  t o  be 

h i g h e r  t h a n  t h o s e  o f  t h e  a c t u a l  RTFRi4 systems.  The  cause  o f  t h i s  e f f e c t  

i s  u n c e r t a i n .  Bounce o f  t h e  p r o f  il o m e t e r  f o l  l owe r -whee l  on t h e s e  

r o u g h e r  s u r f a c e s  was o r i g i n a l l y  s u s p e c t e d  a s  a  cause,  b u t  l a t e r  r e t e s t s  

a t  l o w e r  speeds d i s p r o v e d  t h i s  ~ e c h a n i s m .  The suspec ted  r e a s o n  i s  t h a t  

t h e  HSRI r e f e r e n c e ,  as  i r p l e m e n t e d  does n o t  i n c l u d e  t i r e  e n v e l o p i n g  

e f f e c t s .  F o r  a  v a r i e t y  o f  t e c h n i c a l  r easons ,  o u t l i n e d  i n  Append i x  2 ,  

t h e  d a t a  t a k e n  we re  n o t  s u f f i c i e n t  t o  d e t e r m i n e  w h e t h e r  o r  n o t  t i r e  

e n v e l  o p i n g  caused  t h e  d i  s c r e p a n c i  es shown i n  t h e  f i g u r e .  

N o t c i i t h s t a n c i i  ng t h i s  l i m i t a t i o n ,  t h e s e  r e s u l t s  a r e  t a k e n  s s  an 

i n d i c a t i o n  t h a t  t h e  RARV s t a t i s t i c s  c a n  be o b t a i n e d  v a l i d l y  bv i th  a 

p r o f  il o m e t e r l q u a r t e r - c a r  s i ~ u l a t i o n  and  t h e n  used  a s  a  b a s i s  f o r  

c a l i b r a t i n g  RTKRM systems.  The  v a l i d i t y  i s  l i r n i  t e d  t o  t h e  roughness  

r ange  o f  0  t o  2.75 i n l s e c  RARV w i t h  t h e  f u r t h e r  c o n d i t i o n  t h a t  t h e  

2 p r o f i l o m e t e r  be o p e r a t e d  a t  r e d u c e d  speeds as n e c e s s a r y  o n  t i l e  r o u g h e r  

s u r f  aces t o  a v o i d  f o l l  ower-wheel  bounce. The  p r a c t i c a l  consequences o f  

t h e  l i m i t e d  r oughness  r a n g e  a r e  n e g l i g i  S l e  i n  t h a t  t h e  2 .75  i n / s e c  RARV 

( e q u i v a l e n t  t o  200 i n c h e s l m i l e  a t  50 mph) i s  a t  t h e  r e a s o n a b l e  l i m i t  o f  

r oushness  a c c e p t a b l e  t o  t h e  ~ o t o r i n g  p u b l i c  f o r  h i g h - s p e e d  h ighways.  

O i  f f e r e n c e s  be tween roughness  ~ e a s u r e m e n t  s  p roduced  by an RTgRI1 

sys tem and t h e  r e f e r e n c e  a r e  due t o  b o t h  d i f f e r e n c e s  i n  t h e  b a s i c  

r e s ? o n s e  f u n c t i o n s  and t o  p e c u l i a r i t i e s  i n  t h e  ~ r o p e r t i e s  o f  i n d i v i d u a l  

 h hi s  i s  reduced  p r o f  i 1  omete r  n ieasure l rent  speed, n o t  r educed  
s i m u l a t e d  H S R I  r e f e r e n c e  speed. 



s e c t i o n s  of pavement.  Thosc  d i f f e r e n c e s  t h a t  a r e  due s o l e l y  t o  

d i f f e r e n c e s  i n  t h e  RTRRP4 sys tem r e s p o n s e  p r o p e r t i e s  a r e  s y s t e m a t i c ,  and 

can  h o p e f u l l y  be c o m p l e t e l y  c o r r e c t e d  by c a l i b r a t i o n .  B u t  t h e  

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

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

and a r e  n o t  e l  i n i  n a t e d  by c a l  i b r a t i o n .  E i f f e r e n c e s  be tween t h e  s t a n d a r d  

?A2V n u ~ e r i c s  and t h e  c o r r e c t e d  r oushness  numer ics  t h a t  a r c  d e r i v e d  f r o s t  

P,T2[?FI s y s t e m  a r e ,  o f  cou rse ,  t h e  c r r o r s  i n  t h e  RT?KM sys tem 

veasurements ,  and t h e  magn i t ude  o f  t h e s e  e r r o r s  d e f i n e s  t h e  ? r e c i s i o n  o f  

t h e  RTRRPl system. The ~ a g n i t u d e  o f  t h e s e  ran do^ e r r o r s  a l s o  s e r v e  t o  

show t h e  q u a l i t y  o f  t h e  r e f e r e n c e  n u ~ e r i c .  b J h i l e  t h e  t o t a l  e l i m i n a t i o n  

o f  t h e  r andon  e r r o r s  a s s o c i a t e d  w i t h  RTRRM sys te r r  rneasurenlent i s  

i r r p o s s i  b l  e, g i v e n  t h a t  no two  F?TR!?f4 s y s t e m  have i d e r l t  i c a l  r esponse  

p r o p e r t i e s ,  t h e  j u d i c i o u s  s e l e c t  i o n  o f  t h e  r e f e r e n c e  can  mi n i r i z e  t h e s e  

e r r o r s .  

Each RTRRP1 sys tem t h a t  p a r t i c i p a t e d  i n  t h e  C o r r e l a t i o n  Pros ram was 

c a l i b r a t e d  by 1  i n e a r l y  r e g r e s s i n g  t h e  ARV measurements o f  t h e  systen- 

,v i  t h  t h e  c o r r e s p o n d i n g  RHRV neasurenients .  The r e g r e s s i o n  1 i ne was t h e n  

used t o  c o r r e c t  t h e  A K V  measurements, y i e l d i n g  CARV n u v e r i c s .  F i g u r e  24 

i l 1 u s t r a r ; e s  t h e  accu racy  o f  RTRRM systems c a l i b r a t e d  i n  t n i s  f a s h i o n ,  5y 

s h o ~ v i  nr: t h e  ,rean v a l u e s  and s t a n d a r d  d e v i a t i o n s  o f  t h e  c a l  i b r a t c d  

measurer::ents f r o r , ~  t h e  e i g h t  systems v e r s u s  SARV f o r  t h e  13 s u r f a c e s .  

Compar ing t h i s  ? l o t  t o  F i g u r e  2 3  shows t h e  improver ren t  o b t a i n e d  f r o r r  t h e  

c a l i b r a t i o n .  F i g u r e  24  r e v e a l s  an i m p o r t a n t  p o i n t  a b ~ u t  t h e  e r r o r s  

o b t a i n e d  even a f t e r  c a l i b r a t i o n .  T h a t  i s ,  t h a t  t h e  e r r o r s  t e n d  t o  be 

c o n s i s t e n t  i n  n a g n i t u d e  o v e r  t h e  e n t i  r e  roughness  rance .  As a  r e s ~ l t ,  

t h e y  t e n d  t o  be p e r c e n t a g e - w i s e  ~ u c h  p o r e  s i g n i f i c a n t  on smoo the r  roads.  



1 2 

RARV ( i  n/sec) 

Figure 24. Comparison of measured ARV from eight cal ibrated RTRRM 
systems to the standard (18 surfaces) .  



I n  analyzing the  r e su l t s  t o  determine the adequacy of the i i S R 1  

reference, each of the RTRR?l sys tem was t rea ted  as a candidate 

reference, thus defining ca l ib ra t ion  by the  l inea r  regression 

correlat ion of the  candidate reference with each other  systcm. The 

averase random e r r o r  using the  HSRI reference bias near the  lowest of 

those produced, indicat ing tha t  the HSRI reference i s  a good choice f o r  

a n  RTKRtVi reference. This finding i s  a lso  supported oy the  f igure ,  which 

sho~is nost of the  Kean values of the correlated measurenents agreeing 

well with the R A R V  measurement. ( I n  addit ion,  l a t e r  analysis  using the  

reasured road prof i les  with a l t e rna t ive  sirrulation ~ o d e l s ,  f o r  purposes 

of developing an even be t t e r  reference system, yielded no substantial  

reduction in the  random e r ro r s . )  

The R T R R M  systess were each cal i brated by a 1 i  near regression of 

t h e i r  ~easurernents against the standard values f o r  the  18 t e s t  surfaces 

of l e s s  than 2 . 7 5  R A R ' I .  The regression process eliminates the  averase 

(or systematic) e r r o r  between the R T R R N  systen measurements a n d  the  

standard, a1 though a random e r r o r  remains. quadratic regressions were 

t r i e d  as a ca l ib ra t ion ,  b u t  yielded no  s igni f icant  reduction in the  

random errors .  

The effect iveness of the cal ib ra t i  on on  the  i  ndi vi dual 2TilRI.I 

systems i s  quantif ied in  Table 5 ,  which l i s t s  the average a n d  'ii4S errors  

f o r  each systen: uncal ibra ted ,  as ca l ibra ted  here asa ins t  the 

prof i l  ometer/quarter-car simulation, and  as cal ibrated by the  a r t i f i  ci a1 

road bump nethod described in the  following sub-section. The average 

(systercatic) e r r o r  i s  the difference between A R V  a n d  R A R V  averaged over 

the 13 t e s t  surfaces. The Rr4S e r ro r  i s  a rreasure of the to ta l  



Table 5. Effectiveness of Calibration Methods. 

Ave. Error 

U = Uncal i brated 

P = Primary (Profilometer) Cal ibration 

AB = Artificial Bump Calibration 

RtlS Error 

Sy s tern 

Georgia Car 

Georgia Trailer 

H S R I  Mays 

H S R I  PCA 

H S R I  El ec. 
1 Kentucky Mays 

Wisconsin Mays 

W. Virginia Mays 

(in/sec) (in/sec) 

U 

-. 25 

- .50  

- .24 

-.60 

.02 

- .26  

.21 

-. 06 

U 

.26  

.51 

.26  

. 63  

- 1 2  

.27 

.24 

.21 

P 

0 

0 

0 

0 

0 

0 

0 

0 

P 

- 0 9  

. I 0  

. I 1  

.15 

.12 

. I 0  

. I 2  

. I 5  

AB 

.25 

.23  

.04 

- .02 

-.01 

.05  

- .06 

.I4 

A B 

.29 

.27 

. I 2  

. I 5  

.I3 

- 1 1  

- 1 5  

.22 



( s y s t e r r a t i c  and random) e r r o r .  The ave rage  e r r o r  i s  r educed  t o  z e r o  by 

t h i s  c a l i b r a t i o n  method s i n c e  a l l  18 s u r f a c e s  were used  f o r  t h e  

c a l i b r a t i o n ,  t h u s  t h e  ;i;t~S e r r o r  i s  a l s o  a  i reasure  o f  t h e  randorr e r r o r  

t h a t  canno t  be e l i m i n a t e d  by c a l i b r a t i o n .  I n  a b s o l u t e  u n i t s ,  t h e  

averzcje o f  t h e  EMS e r r o r  f o r  t h e  e i g h t  s y s t e r s  i s  0.12 i n / s e c  

( c o r r e s p o n d i n g  t o  a b o u t  9 I/i4 a t  50 mph).  I t  i s  i v o r t h  n o t i n g  f r o r  T a b l e  

5 t h a t  t h e  RT;IRM s y s t e m  w i t h  t h e  s m a l l e s t  e r r o r s  a f t e r  c a ?  i b r a t i o n  t e n d  

t o  be t h o s e  sys tems w i t h  t h e  most  h e a v i l y  darnped r e a r  suspens ions .  

D e s p i t e  t h e  c u r r e n t  s c a r c i t y  o f  a v a i l a b l e  p r o f  il o ~ e t e r  systems,  

t h i s  p r o c e d u r e  n u s t  be  c o n s i d e r e d  t h e  p r i m a r y  c a l i b r a t i o n  method f o r  

RT2RbI systems.  The p roposed  s t a n d a r d  measurement o f f e r s  t h e  o n l y  

a v a i l a b l e  method f o r  o b t a i n i n g  an a b s o l u t e  and p r e c i  se r e f e r e n c e  a g a i n s t  

wh ich  a c t u a l  RTRRM s y s t e m  c a n  be c a l i b r a t e d .  ( C a l i b r a t i o n  o f  t h e  

p r o f  i? omete r  i t s e l f  i s  s t r a i g h t f o r w a r d  and  p r o c e d u r e s  a r e  d e s c r i b e d  by 

t h e  m a n u f a c t u r e r .  ) 

A r t i f i c i a l  Road Eu rp  C a l i b r a t i o n  

9y t r a v e r s i n g  on a  roughness  p r o f i l e  e q u i v a l e n t  t o  an  averaGe 

road ,  a  c a l i b r a t i o n  ~ o i n t  i s  o b t a i n e d  w h i c h  i s  e q u i v a l e n t  t o  t h e  Rean 

t h a t  wou ld  be o b t a i n e d  f r o m  a  number o f  r e a l  r o a d s ,  a l l  l t i i t h  t h e  save  

2 A R V  l e v e l .  The "ave rage  r o a d "  i s  d e f i n e d  i n  t e rms  of i t s  s p e c t r a l  

d e n s i t y  (izli t h  t h e  f u r t h e r  r e q u i  r e r ~ e n t  t h a t  t h e  p r o f i l e  be s t a t i o n a r y ) .  

S i n c e  any n u ~ b e r  o f  i n d i v i d u a l  p r o f i l e s  c a n  be g e n e r a t e d  w i t h  a  

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

c o n s i s t i n g  o f  a r t i f i c i a l  burnps p l a c e d  on a  snlooth e x i  s t i n g  p a v e r e n t ,  

c o u l d  be d e s i g n e d  f o r  t h e  ?u rpose  o f  c a l i b r a t i o n .  



To m a ~ e  t h e  a t t e n p t  p r a c t i c a l ,  i t  was n e c e s s a r y  t h a t  t h e  d e s i g n  c f  

a r t i f i c i a l  r o a d  b u ~ p s  be  t a i l o r e d  t o  a  l o w  t e s t  speed i n  o r d e r  t h a t  t h e  

1enl;th ( a n d  n a t e r i a l s  r e q u i r e d )  n o t  be  e x c e s s i v e .  A lo:./ speed  i s  a l s o  

necessa ry  t o  e n s u r e  t h a t  t h e  r cughness  o f  t h e  base  s u r f a c e  ( o n  ; ~ h i c h  t h e  

bumps a r e  emp laced)  i s  i n s i g n i f i c a n t .  T e s t s  o f  t h e  e n v e l o p i n g  

? r o p e r t i e s  o f  t i r e s  d i c t a t e d  a nom ina l  minimum speed c f  15  mph, i f  t h e  

h i g h e r  f r e q u e n c y  f e a t u r e s  o f  t h e  r oughness  lV4/ere t o  be r e p l i c a t e d  

r e a s o n a b l y  we1 1. 

The a r t i f i c i a l  b u ~ p  s u r f a c e  was d e s i g n e d  ( s e e  Append i x  A )  t o  have  

t h e  s t a t i s t i c a l  p r o p e r t i e s  o f  an  "ave rage  b i t u m i  nous r o a d "  a t  50 mph, 

when a c t u a l l y  t r a v e r s e d  a t  15 mph. Even  a t  15  nph, t i r e  e n v e l o p i n s  

a t t e n u a t e s  sone o f  t h e  r oughness  a t  h i g h  wave nur ,bers ,  t h u s  t h e  s p e c t r a l  

d e n s i t y  o f  t h e  a r t i f i c i a l  s u r f a c e  was b o o s t e d  t o  c c n p e n s a t e  f o r  t h i s  

e f f e c t .  The  d e s i s n  p r o c e d u r e  s t a r t s  ~ l i t h  t h e  g e n e r a t i o n  o f  c a n d i d a t e  

p r o f i l e s  c o n s i s t i n 2  o f  a summation of p r o p e r l y  s c a l e d  s i n e  waves b i i t h  

random phase r e l a t i o n s .  S m a l l e r  p o r t i o n s  o f  t h e s e  p r o f i l e s  t h a t  

a p j e a r e d  p romi  s i n g ,  i n  t e r m s  o f  b e i n 5  easy t o  b u i l d ,  were  n o d i f i e d  t o  

b e g i n  and end a t  z e r o  e l e v a t i o n ,  and !were q u a n t i z e d  t o  1 1 8 - i n c h  changes 

i n  e l e v a t i o n  so  t h a t  t h e y  c o u l d  be f a b r i c a t e d   fro^ f l a t  s t o c k  ~ a t e r i s l .  

The d e s i g n  r e s u l t e d  i n  t h e  t w o  i n d i v i d u a l  b u ~ p s  shown i n  F i g u r e  25.  

i l l t i r c a t e l y ,  f o u r  c o p i e s  o f  each Sump we re  f a b r i c a t e d  f r o v  ply!fi/003 and  

r a s o n i t e  f o r  i n s t a l l a t i o n  i n  t h e  l a y o u t  shown a t  t h e  b c t t o m  o f  t h e  

f i g u r e .  F i g u r e  26 shows t h e s e  bumps i n s t a l  l e d  on a  s r o o t h  s h o u l d e r  

s e c t i o n  o f  a  r o a d  w h i c h  had y e t  t o  be opened t o  t r a f f i c  and a c c o r d i n g l y  

was a v a i l a b l e  f o r  u s e  i n  t h i s  s t u d y .  
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F i g u r e  26. C a l i b r a t i o n  s u r f a c e  w i t h  a r t i f i c i a l  bumps. 



A c a l i b r a t i o n  p o i n t  c o r r e s p o n d i n g  t o  t h e  t r a v e r s a l  o f  a r ough  r o a d  

i s  o b t a i n e d  by  d r i v i n g  a n  RTRHM systerc a t  c o n s t a n t  speed o v e r  t h e  bumps 

i n  t h e  r i g h t  and l e f t  wheel t r a c k s  as shown i n  t h e  f i g u r e s .  The r o a d  

m e t e r  i s  a c t i v a t e d  j u s t  p r i o r  t o  r e a c h i n g  t h e  bumps, and i s  t u r n e d  o f f  

a f t e r  t h e  v e h i c l e  l e a v e s  t h e  b u r p s  and t h e  body r o t i o n  has ceased. The 

accumula ted  i n c h e s  of ax le -body  t r a v e l  a r e  t h e n  no ted .  Repeat  t e s t s  a r e  

conduc ted ,  w i t h  t h e  speed p u r p o s e l y  v a r i e d  t o  " s r e a r "  t h e  spectrun:,  

c o ~ p e n s a t i  ng f o r  i n i p e r f e c t i o n s  i n  t h e  s p e c t r a l  d e n s i t y  t h a t  d e r i v e  f ro rn  

t h e  s h o r t  l e n g t h  and s i m p l e  c o n s t r u c t i o n  o f  t h e  t e s t  s e c t i o n .  A t  t h e  

l ow  c a l i b r a t i o n  speed, t h e  RTRRM sys tem i s  o v e r l y  s e n s i t i v e  t o  t i r e  

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

c a r e f u l l y  m o n i t o r e d  and k e p t  a t  32  - + . 5  p s i  ( h o t )  t h r o u g h o u t  t h e  

c a l i b r a t i o n  a c t i v i t i e s .  

An a r t i f i c i a l  s u r f a c e  w i t h  l e s s  roughness  s h o u l d  be p r e p a r e d  t o  

p r o v i d e  a  second c a l i b r a t i o n  p o i n t .  F o r  reasons  o f  economy, t h i s  l e s s e r  

roughness  c o n d i t i o n  was a c h i e v e d  by  r u n n i n g  t e s t s  s i m i l a r  t o  t h e  3bove 

w i t h  o n l y  t h e  l e f t  o r  r i g h t  whee ls  p a s s i n g  o v e r  t h e  bumps and t h e r e f o r e  

t h e  r e f e r e n c e  roughness  v a l u e  was dec reased  by  112. The Sumps \were r e -  

p o s i t i o n e d ,  as shown i n  F i g u r e  25,  t o  p r o v i d e  a  l o n 7 e r  s u r f a c e .  

A t  t h e  t i r e  o f  t h e  C o r r e l a t i o n  ?rogram, a  t h i r d  c a l i b r a t i o n  ; o i n t  

was e s t a b l i s h e d  a t  t n e  e q u i v a l e n t  o f  z e r o  r 'easured  r o u ~ h n e s s ,  r e f l e c t i n s  

t h e  o f f s e t  t h a t  d e r i v e s  f r o m  p e t e r  h y s t e r e s i s  ( s e e  F i g u r e  1 4 ) .  

However, subsequent  a n a l y s i s  has shown t h a t  t h e  roughness  added t o  t 5 e  

s y s t e ~  by t i r e / w h e e l  n o n u n i f o r ~ i t i e s  on a c t u a l  v e h i c l e s  i s  o f t e n  s o  

s i g n i f i c a n t  t h a t  t h i s  c a l i b r a t i o n  p o i n t  i s  u n r e l i a b l e  and i s  nc l o n g e r  

sugges ted  as ? a r t  o f  t h e  a r t i f i c i  a1 s u r f a c e  c a l i b r a t i o n .  



T a b l e  5 i n d i c a t e s  t h e  e x t e n t  t o  w h i c h  t h e  a r t i f i c i a l  b u r p  

c a l i b r a t i o n  method  i s  e f f e c t i v e .  N o t e  t h a t  t h e  burcp method rdas 

a p p a r e n t l y  s u c c e s s f u l  i n  c a l i b r a t i n g  f i v e  o f  t h e  e i  s t i t  RTRKM s y s t e r : ~ ,  

b e i n g  n e a r l y  as  good as  t h e  p r i m a r y  ( p r c f i l  o m e t e r )  c a l i b r a t i o n  method. 

A l t h o u g h  s y s t e m a t i c  ( a v e r a g e )  e r r o r s  we re  n o t  e l  i m i  na ted ,  t h e y  were  

r e d u c e d  t o  ~ u c h  l e s s  t h a n  t h e  no rma l  random e r r o r ,  such  t h a t  t h e  t o t a l  

RMS e r r o r  a f t e r  c a l i b r a t i o n  was i n c r e a s e d  o n l y  s l i g h t l y .  The method  

p r o v e d  i n e f f e c t i v e  f o r  t h e  t w o  sys tems p r o v i d e d  by  t h e  S t a t e  o f  G e o r g i a ,  

as s y s t e n a t i c  ( a v e r a g e )  e r r o r s  n e a r  0.25 i n /sec  we re  i n t r o d u c e d .  The 

reasons  f o r  t h i s  f i n d i n g  we re  n o t  d e t e r ~ i n e d ,  s i n c e  t h e  C o r r e l a t i o n  

Program was conduc ted  a t  t h e  end o f  t h e  r e s e a r c h  p r o j e c t .  However,  

t h e s e  t w o  v e h i c l e s ,  as  c a l i b r a t e d ,  had  n e a r l y  i d e n t i c a l  e r r o r s  w i t h  t h e  

r e s u l t  t h a t  t h e  method d i d  an  e x c e l l e n t  j o b  o f  " c a l i  b r a t i n y "  t h e  

v e h i c l e s  t o  each o t h e r .  T h i s  r e s u l t  1  eads t o  s p e c u l a t i o n  t h a t  b o t h  

v e h i c l e s  we re  a f f e c t e d  by  t h e  same unknown ?henomenon w h i c h  cay ,  o r  may 

n o t ,  be r e l a t e d  t o  t h e  c a l i b r a t i o n  d e s i g n .  The ~ e t h o d  i s  a l s o  seen t o  

have  been i n e f f e c t i v e  i n  c a l i b r a t i n g  t h e  RTRRM sys tem p r o v i d e d  by  t h e  

S t a t e  o f  $Jest V i r g i n i a .  D u r i n g  t h e  d e s i g n ,  i t  was r e a l i z e d  t h a t  t h e  

bump n e t h o d  w o u l d  n o t  irlork p e r f e c t l y  f o r  a l l  v e h i c l e  t y p e s ,  and  t h e  

f i n a l  d e s i g n  ?/as t a i  1  o r e d  t o w a r d s  v e h i c l e s  p o s s e s s i  ng h e a v y - d u t y  shock 

a b s o r b e r s .  S i r u l a t i o n s  showed t h a t  e r r o r s  of t h e  ~ a g n i t u d e  i n t r o d u c e d  

t o  t h e  idest  V i r g i n i a  sys tem c a n  be e x p e c t e d  ,$/hen l i g h t l y  damped v e h i c l e s  

a r e  c a l i b r a t e d  w i t h  t h i s  method ( s e e  d e t a i l s  i n  Append i x  A ) ,  and t h a t  

e q u i p p i n g  a  v e h i c l e  kv i t h  h e a v y - d u t y  shock a b s o r b e r s  i s  l i k e l y  t o  i i r ip rove 

t h e  c a l i b r a t i o n .  

A l l  i n  a l l ,  t h e  a r t i f i c i a l  bump c a l i b r a t i o n  method,  a t  i t s  c u r r e n t  

s t a t e  o f  deve lopment ,  l a c k s  t h e  c o n f i d e n c e  o f  t h e  prii;;ary c a l i b r a t i o n .  



I l e v e r t h e l e s s ,  i t  can  s e r v e  s e v e r a l  u s e f u l  r o l e s  i n  t h e  n ia in t f -nance o f  

2TRRM systems : 

1') as a  method f o r  ~ o n i t o r i n g  systerr: pe r f o rmance  between p r i c a r y  

c a l  i b r a t i  ons , 

2 )  as  a n  i n t e r i ~ r !  c a l i b r a t i o n  p r o c e d u r e  b e f o r e  p r i ~ a r y  

c a l i b r a t i o n s  can  be a v a i l a b l e ,  

3 )  a s  a  t i m e - s t a b l e ,  s t a n d a r d  s u r f a c e  f o r  q u a n t i f y i n g  t h e  l o n g -  

t e r m  s t a b i l i t y  o f  an RTRRi4 s y s t e ~ ,  and 

4) as a  s t a n d a r d  s u r f a c e  f o r  i n v e s t i g a t i n g  t h e  s e n s i t i v i t y  o f  

i n d i v i d u a l  RTRRM s y s t e m  t o  v a r i a b l e s  o t h e r  t h a n  t i r e  e f f e c t s .  

D e t a i l s  f o r  t h e  c o n s t r u c t i o n  and use  o f  t h e  a r t i f i c i a l  bumps i s  9 r o v i d e d  

i n  Append i x  A, i n  t h e  f o r m a t  o f  an  ASTN t e s t  p rocedu re .  



CHAPTER 3 
APPLICATION OF RESEARCH RESULTS 

Given t h a t  roads e x i s t  t o  se rve  t h e  t r a v e l i n g  p u b l i c ,  highway 

agenci  es have been i n c r e a s i  n g l y  concerned i n r e c e n t  y e a r s  about  b e i n g  

a b l e  t o  q u a n t i f y  tilt! s e r v i c e a b i l i t y  o f  a road t o  i t s  users .  G e n e r a l l y ,  

t h e  r i d e  q u a l i t y  o f  a r o a d  i s  f o remos t  i n t h e  p u b l i c  judgment o f  

s e r v i  ceab i  1 i t y  . Hence t h e  p r i m a r y  goal  o f  agencies who measure r o a d  

roughness w i  t h response- type road roughness measurement (RTRRM) systems 

i s  t h a t  o f  o b t a i n i n g  i n f o r m a t i o n  w i t h  r e s p e c t  t o  t h e  q u a l i t y  o f  r o d d ~ a y s  

d e f i n e d  as "pavement s e r v i c e a b i l i t y . "  T h i s  o b j e c t i v e  i s  impacted by 

concerns i n  many areas :  

1) Which RTRRM systems lrieasirre roliglir iess ? r o p ? r t  i es th(3 t d r ?  ,nos t 

reasonab ly  re1  a t e d  t o  j d r v i  ceabi  1 i t y ?  

2 )  How do t h e  RTRRM and d i  ssirni  1 arm s;~si;i?lll:; :::,:npare ( c o r r e l a t e )  i n 

roughness measurements? 

3 )  What c a l i b r a t i o n  methods can be used f o r  RTR2iy1 systems and 

what accuracy rnay be expected? 

4 )  d h a t  a r e  t h e  a p p r o p r i a t e  a p p l i c a t i o n s  and l i m i t a t i o n s  o f  

c u r r e n t l y  a v a i l  a b l e  RTRRM systems? 

5 )  What improvements i n  roughness measurement can be immed ia te l y  

implemented, and what f u t u r e  developments can be a n t i c i p a t e d ?  

T h i s  c h a p t e r  summarizes t i l e  f i n d i n g s  and sugges t i ons  ( d e r i v i n g  f r o m  t h e  

resea rch  pe r fo rmed  i n  t h i s  s t u d y )  t h a t  p r o v i d e  answers t o  t h e  q u e s t i o n s  

posed above. 



PAVEMENT SERVICEABILITY 

Roadway roughness spans a broad range o f  wave numbers (wave niirnber 

= l / w a v e l e n g t h ) ,  b u t  o n l y  a sma l l  p o r t i o n  a f f e c t s  t h e  r i d e  exper ienced 

by a u s e r  o f  t h e  road  i n  h i s / h e r  v e h i c l e .  T h i s  p o r t i o n  i s  a f u n c t i o n  o f  

t h e  dynamic p r o p e r t i e s  and speed o f  t h e  v e h i c l e  and t h e  f requency  

s e n s i t i v i t y  o f  human s u b j e c t s  t o  v i b r a t i o n .  I d e a l  l y ,  a road  roughness 

measur ing systern responds t o  t h e  sarne p o r t i o n  o f  t h e  t o t a l  roughness and 

w i t h  t h e  same w e i g h t i n g  t h a t  de termines  a t y p i c a l  " r i d e . "  As seen i n  

F i g u r e  21, v e h i c l e  v i b r a t i o n  on-road i s  b road  band. The low f requency 

v i b r a t i o n s  expe r ienced  f r o m  9-20 Hz a r e  caused p r i m a r i  l y  by t h e  uneven 

road p r o f i l e .  Above t h i s  f requency range, t h e  v i b r a t i o n s  tend t o  be 

caused by e x c i t a t i o n s  o t h e r  t h a n  what i s  c r e a t e d  by t h e  macroscopic 

p r o f i l e  of t h e  road,  f o r  example, t h e  engine,  t h e  d r i v e  t r a i n ,  e t c .  

RTRRM systems, b e i n g  based on passenger v e h i c l e s ,  a c c o r d i n g l y  respond t o  

t h a t  p o r t i o n  o f  t h e  roughness spectrum t o  which passenger c a r  occupants  
e 

a r e  exposed. The a c t u a l  range and " w e i g h t i n g "  o f  t h e  r o ~ ~ g h n e s s ,  though 

i n f l u e n c e d  by v e h i c l e  response, i s  do~ i i i  n a n t l y  e s t a b l  i shed by t h e  c h o i c e  

o f  measured s t a t i s t i c ,  Deve lop ing  a system t h a t  vrould be e x a c t l y  

e q u i v a l e n t  t o  t h e  t o t a l  r i d e  p rocess  v ~ h e r e i n  a judgment i s  made i s  w e l l  

beyond t h e  c u r r e n t  unde rs tand ing  o f  human response t o  v i b r a t i o n  and t h u s  

was not  an o b j e c t i v e  o f  t h i s  research,  However, t h e  a??surement 

per formance o f  e x i s t i n g  RTRRM systems was examined i n  t h e  1 i g h t  o f  what 

i s  known about  r i d e  judgment, i n  o r d e r  t o  ach ieve  b e t t e r  c o r r e l a t i o n  t o  

pavement s e r v i  ceab i  1 i ty. 

The f i n d i n g s  f rom t h e  s tudy  have e s t a b l i s h e d  t h a t  two b a s i c a l l y  

d i f f e r e n t  s t a t i s t i c s  a r e  measured by 2TRRII systenls. T i l e  ' lays meter  



measure i s  used t o  y ie ld  an approxi~nation of Inches/Mile (I/?\) where the 

"inches" re fe r  t o  to ta l  accumulated axle motion re la t ive  t o  the  car  
2 body. The P C A  meter measures a unique s t a t i s t i c  with uni ts  Inches /Mi, 

which i s  amplitude weighted. No determinist ic  relat ionship ex i s t s  

between these s t a t i s t i c s  o r  with most of the many other roughness 

measurements now i n use. S t a t i  s t i ca l  correlat ions exi s t  between them 

because of the corre la t ion between the various portions of the overall 

road roughness measured by each ty je  of system. I n  other words, h i g h  

roughness content i n  one wave number range tends t o  be acco~np~nied I): 

h i g h  roughness content in another wave number range. (This relat ionship 

i s ,  however, only a trend a n d  i s  no t  consistently the case.)  Vhereas 

RTRRM systems a re  sensi t ive  only t o  the wave number range that  a f fec t s  

the vehicles of the using public, the CdLOE measures over a much broader 

range. O n  the  other hand, the range of the low speed BPR roughometer i s  

offse t  t o  higher wave numbers because it  operates below normal t r a f f i c  

speeds. 

Given the multitude of roughness s t a t i s t i c s  now i n  use t o  estimate 

pavement servi ceabi 1 i  ty , and gi ven the lack of perfect agreement between 

them, the most practical f i r s t  s tep towards meeting the goals of t h i s  

Frogram i s  the selection of the best measure f o r  use by everyone and the  

abandonment of the res t .  The recornmended measure should be the one that  

best r e f l ec t s  pavement se rv iceab i l i ty ,  b u t  a t  the sarne time, can be 

adopted by agencies using other measures, w i t h  a mininum of e f fo r t .  

Recommended Roughness S t a t i s t i c  

The s t a t i s t i c  measured by the :days meter i s  derived f r o ~ r ,  a 

re la t ively  uniform weighting of frequencies i n  the range of 0-20 Hz,  as 



shaped by t h e  response o f  t h e  v e h i c l e .  The 2CA m e t e r  s t d t i s t i c  i s  

d o m i n a n t l y  a  measure of l ow  f requency (0-2 H z )  response t o  r o a d  

roughness. O f  t h e  two s t a t i s t i c s ,  t h e  I / M  t y p e  o f  s t a t i s t i c  i s  t h e  inore 

r a t i o n a l  c h o i c e  as a  measure o f  r o a d  roughness c l o s e l y  r e l a t e d  t o  

s e r v i  ceab i  1  i t y  because i t  i n c l u d e s  t h e  h i g h e r  f r e q u e n c i e s  known t o  

i n f l u e n c e  t h e  judgment and r e a c t i o n  of t h e  r o a d  use r .  F o r t u i t o u s l y ,  i t  

a l s o  appears l e s s  s e n s i t i v e  t o  v e h i c l e  v a r i a b l e s .  F , l r t h e r ,  t h i s  

s t a t i s t i c  can a l s o  be measured by a  2 C A  rneter  by simp1 i f y i n g  t h e  manner 

i n  wh ich  t h e  roughness d a t d  i s  s111n1ned (as  d e s c r i S e d  i n  t i l e  I n c h e s / M i l e  - 

p o r t i o n  o f  Theory o f  - O p e r a t i o n  .--- i n  C t !a l~ te r  2 i'1:l :,?so i i  4ppendix C ) .  

The I / M  s t a t i s t i c  d e r i v e s  f ro in  e d r l y  e f f o r t s  t o  d e s c r i b e  road  

roughness by summing t h e  v e r t i c a l  d e v i a t i o n s  p e r  u n i t  o f  l e n g t h .  d i  t h  

t h e  a d o p t i o n  o f  RTRRM systerns, t h e  inore a p p r o p r i d t ?  ,i;:li;i 5 ; ;  it: i s  

Average R e c t i f i e d  V e l o c i t y  ( X V )  o f  t h e  axle-body 11,)t i o n ,  t ~ h i c h  

s t a t i s t i c  i s  a  comparable measure o f  i nches  ( o f  t h e  ax le -body m o t i o n )  
m 

p e r  u n i t  t i m e  r a t h e r  t h a n  p e r  u n i t  d i s t a n c e .  The ARV d i v i d e d  by t e s t  

speed, w i t h  a p p r o p r i a t e  u n i t  c o n v e r s i o n  f a c t o r s ,  i s  equa l  t o  I / M .  The 

ARV s t a t i s t i c ,  as produced by RT2RM systems, i s  a  p r e f e r r e d  s t a t i s t i c  

f o r  a  number o f  reasons:  

1) A R V  i s  a  d i r e c t  measure o f  t h e  amp1 i tude  o f  v e h i c l e  response 

and i s  hence r e l a t e d  t o  r i d e .  

2 )  ARV measurements inade a t  d i f f e r e n t  speeds ;tr-e ~ o i ~ l o a r a b l e ,  

u n l i k e  I/M measurements t a k e n  a t  d i f f e r e n t  speeds. ( A  l o w e r  

ARY measurement a lways i n d i c a t e s  b e t t e r  r i d e ,  w h i l e  I!:{ i s  

b o t h  a  f u n c t i o n  o f  r i d e  and t h e  t i m e  needed t o  t r a v e l  9rle ,ni 1c 

a t  t h e  m e a s ~ l r i n g  speed. ) 



3 )  V e h i c l e  m o t i o n  r esponse  i s  t i rne -  n o t  d i  s tance-based .  S c a l  i ng 

t h e  v e h i c l e  r esponse  f o r  c a l i b r a t i o n  inust  be  a c c o m p l i s h e d  a t  

t h e  l e v e l  o f  ARV r a t h e r  t h a n  1/14, 

I t  i s  recommended t h a t  t h e  PCA m e t e r  s t a t i s t i c  be abandoned 

because  o f :  

1) i t s  s e n s i t i v i t y  t o  v a r i a t i o n s  i n  v e h i c l e  p r o ; ~ e r t i e s  

2 )  t h e  absence o f  s e n s i t i v i t y  t o  h i g h - f r e q u e r i c y  r o d d  roughness  

3 )  i t s  n o n l  i n e a r  p r o p e r t i e s  

4 )  i t s  o b s c u r e  r e l a t i o n s h i p  t o  o t h e r  r e c o g n i z e d  s t l j t i s t i c s .  

Commerc ia l  PCA m e t e r s  cat1 be  u s e d  t o  measure A R V ,  u s d a l l y  w i t h  l e s s  

e f f o r t  t h d n  needed f o r  t i l e  PCA m e t e r  s t a t i s t i c .  Hence, o l d  ? C A  m e t e r  

d a t a  c a n  be c o n v e r t e d  t o  y i e l d  ARV numer i c s  t o  p r o v i d e  c o n t i n u o u s  

r e c o r d s ,  t h r o u g h  t h e  y e a r s ,  o f  pavement r oughness  l l v e l s  f o r  p a r t i c u l a r  

r oads .  I n  t h e  e v e n t  t h a t  t h e  o l d  raw d a t a - - t h e  c o u n t s  i n  t h e  i n d i v i d u a l  

r e g i s t e r s - - a r e  n o t  a v a i l a b l e ,  t h e  o l d  2 C A  m e t e r  s t a t i s t i c s  w 0 ~ 1 1  1 r1e,3d t 3  

be c o n v e r t e d  t o  ,1?V v i a  an e m p i r i c a l  r e g r e s s i d 1 1  e: l I1nt ion t h a t  w o u l d  be 

d e t e r m i n e d  by t h e  agency f o r  i t s  p d r t i : : [ ~ l  a t  R T ? R M  sys tem,  c o v e r i n c j  i t s  

normal  r ange  o f  o p e r a t i o n .  

R e l a t i o n s h i p  t o  S e r v i c e a b i l i t y  -- - 

The c u r r e n t  measure of pavement s e r v i c t ? d i ) i l i t y  i s  a  " P r e s e n t  

S e r v i  c e a b i  1  i ty R a t i  ng"  ( P S ? )  o b t a i n e d  by a me thodo logy  d e v e l  oped by 

AASHO i n  t h e  1 9 5 0 1 s ,  wh i ch  method  r e q u i r e s  a pane l  o f  h ighway  u s z r s  t o  

i n d i v i d u a l l y  3 s s i g n  PSR v a l u e s  t o  a  s p e c i f i c  r o a d  s e c t i o n .  The  r e l a t i v ?  



e r r o r  ( t a k e n  as s t a n d a r d  d e v i a t i o n  o f  panel  r a t i n g s ,  d i v i d e d  by mean 

panel  r a t i n g )  i n  t h e  PSR s t a t i s t i c s  genera ted i n  t h e  AA5HO r o a d  t e s t s  

averaged 19 p e r c e n t ,  i n d i c a t i n g  t h a t  PSR has b a s i c  l i r n i  t a t i o n s  i:) i 1;s 

 recision. 

I n  t h e  AASHO program, t h e  PSR f i g u r e s  were i o ~ ~ n d  t o  c o r r e l a t e  

we1 1, b u t  n o t  p e r f e c t l y ,  w i t h  t h e  s l  OjIt? v r i r i ance  measured by A4520 

q r o f i l o m e t e r  ( s i r n i l a r  t o  t h e  CHLOE p r o f i l o m e t e r )  and, t o  a  l e s s e r  

e x t e n t ,  w i t h  o t h e r  p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  roads.  These 

c o r r e l a t i o n s  d e r e  ?rsed t o  d e f i n e  a  ?re$et) i ;  S e r v i c a b i l i t y  I ndex  (PS I )  

based m a i n l y  on t h e  CliLOE veasurernent, t h a t  can be used t o  e s t i m a t e  t i l e  

PSR w i t h  a  r e l a t i v e  e r r o r  o f  15 pe rcen t .  T h e o r e t i c a l  l y ,  RTRRM systems 

can (now) be c o r r e l a t e d  w i t h  t h e  CI-ILOE s l o p e  v a r i a n c e  and r e l a t e d  t o  PSI 

and PSR t h r o u g h  t h e  c o r r e l a t i o n  c u r v e s  deve loped by AASi13. B u t  t h e  

sepa ra te  c o r r e l a t i o n s  a r e  s u f f i c i e n t l y  i m p e r f e c t  t h a t  the  degree o f  

c o r r e l a t i o n  between Jn ?TRRM system ineasureqent d i d  2SI  i n v o l  ves . 
s i g n i f i c a n t  u n c e r t a i n t y .  

F i g u r e  27 shows t h e  PSI va lues  de te rm ined  f o r  18 r o a d  s e c t i o n s  by 

(1) two  o f  t h e  s t a t e  agenc ies  p a r t i c i p a t i n g  i n  t h e  C o r r e l a t i o n  Prograin 

~ h o  c o n v e r t e d  t h e i r  RTRRM s t a t i s t i c s  t o  ?S I  and ( 2 )  a  c o n v e r s i o n  o f  

CHLOE s l o p e  v a r i a n c e  t o  PSI by t h e  .4ASHO f o m u l a  where s l o p e  v a r i a n c e  

Nas o b t a i n e d  f r o m  a  s i m u l a t i o n  o f  t h e  CHLOE p r o f i l o m e t e r  t r a v e r s i n g  t h e  

p r o f i l e s  measured by t h e  West V i r g i n i a  p r o f i l  ometer. The r e s u l t a n t  

i n d e x  has been p l o t t e d  as a  f u n c t i o n  o f  t h e  Referents A?': (RA?' I I )  y i e l d e d  

by t h e  r e f e r e n c e  RTRRM system suggested as a  c a l i b r a t i o n  s tandard .  The 

s c a t t e r  between PSI and RARV e v i d e n t  he re  i s  much g r e a t e r  t h a n  t i l e  
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s c a t t e r  be tween C a l i b r a t e d  (CARV) rr ,easurerner~ts made w i  t h  d i  f f e r e n t  ?T22i,l 

sys tems ( s e e  Append i x  8). 

N o t w i t h s t a n d i n g  t h i s  s c a t t e r ,  F i g u r e  27 a l s o  shows a  Inore o r  l e s s  

l i n e a r  t r e n d  be tween PSI and ?ARVy a  f i n d i n g  t h a t  s u g g e s t s  t h a t  RARV i s  

more o r  l e s s  a  1  i n e a r  f u n c t i o n  o f  s e r v i c e a b i  1 i ty  and t h e r e f o r e  a  

r e a s o n a b l e  s t a t i s t i c  t o  b e  u s e d  u n t i l  a  b e t t e r  measure i s  deve loped ,  1: 

s h o u l d  be n o t e d  t h a t  s t u d i e s  o f  r i d e  p e r c e p t i o n  (20 )  - have  i n d i c a t e d  a  

1  i n e a r  r e l a t i  o n s h i p  be tween s u b j e c t i v e  r d t i  qgs and Rrv1S a c c e l e r a t i o n  o v e r  

t h e  norma l  r a n g e  o f  v e h i c l e  v i b r a t i o n  amp1 i t u d e s .  Hence a l i n e a r  

r e l a t i o n s h i p  be tween  PSI and RARV : ~ o u l d  be  expec ted .  

The r e d u c t i o n  o f  r oughness  ineasurements t o  c o r r e c t e d  s t a t i s t i c s  by 

t h e  means o f  t h e  c a l i b r a t i o n  p r o c e d u r e s  d e v e l o p e d  i n  t h i s  p r o j e c t  w i l l  

p r o v i d e  a  common b a s i s  f o r  cornrnunicat ion a n o n y s t  t i l e  v a r i o u s  

p r a c t i t i o n e r s .  The p e r f e c t  r o a d  ( i  .e., 2SI=5) i s  c l e a r l y  e q u i v a l e n t  t o  

a  RARV o f  ze ro .  F i g u r e 2 7  s u g g e s t s  t h a t  a m a r g i n a l  r o a d  (e.g., a  P S I  o f  

2.0) w i l l  y i e l d  a  RARV o f  a b o u t  2.4 ( 170  I / M  a t  50 mph).  A l t h o u g h  an 

e x a c t  r e l a t i o n s h i p  be tween  PSI and 4ARV c a n n o t  b e  d e f i n e d  on LI.12 b d s i s  

o f  t h e  d a t a  a v a i l a b l e  d t  t h i s  t i m e ,  i t  i s  e x p e c t e d  t h a t  common 

n~easurernerl t  l anguage  and a  corninon c a l  i b r a t i o n  p r o c e d u r e  w i l l  y i a l  d a  

T I  b e t t e r  r e l a t i o n s h i p ,  as  u s e r  e x p e r i e n c e  a c c r  res. I . \e ! ) pac t  i c e  o f  r o a d  

r m g h n e s s  ~neasurement ,  however ,  flee: 11ot ; ~ i f f e r  i n  t o e  neant iirlu, ( j s  ' ' I ?  

R A i l V  s t a t i s t i c  appE?dfS 'to be adequa te  f o r  r a n k i n g  rmds k ~ i  t i) r e s p e c t  t ' ~  

t h e i r  r oughness  l e v e l  and  n o  s i g n i f i c a n t  a d v a n t a g e  i s  g a i n e d  f r o m  t h e  

a d d i t i o n a l  c o n v e r s i o n  t o  PSI e x c e p t  as a  1  i n k  t o  p a s t  da ta .  



CORRELATIONS 

RTRRM Systems M e a s u r i n g  ARV 

The agreernent be tween i n d i  v i  d u a l  i ns t r i lmen t  s  i neasu r i  ng t h e  sd ,~ i c  

2 h y s i c a l  p a r a m e t e r  i s n e v e r  p e r f e c t - - b e c a u s e  t h e  i n s t r u m e n t s  c a n  n e v e r  

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

good enough such  t h a t  randoin e r r o r s  do  n o t  deg rade  the pr.e!;ision needed 

by  t h e  u s e r .  Measurement e r r o r s  a s s o c i  a t e d  w i t h  4TRRM sys tems measu r i  rig 

t h e  ARV s t a t i s t i c  a r e  c u r r e n t l y  h i g h  due  t o  t h e  i n d i v i d u a l i t y  o f  t h e  

systems.  E r r o r s  o f  .10 i n / s e c  (approximately 10 p e r c e n t  o f  t h e  RARV 

magn i t ude  o f  a  m o d e r a t e l y  r ough  r o a d )  appea r  t o  be  t h e  minimum t h a t  can  

be e x p e c t e d  a f t e r  c a l i b r a t i n g  t y p i c a l  systems now i r i  i . ~ ~ e .  ( C o r r e l a t i o n s  

p e r f o r m e d  be tween systerns ~ n e a s u r i  i ly d i s s i m i l a r  s t a t i s t i c s  a r e  worse. )  

These e r r o r s  d e r i v e  f r o m  t h e  i n d i v i d u a l  n a t u r e  o f  r oads  and o f  RT2RM 

sys tems and  a r e ,  i n  essence,  t h e  random e r r o r s  t h a t  r e m a i n  a f t e r  

s y s t e m a t i c  e r r o r s  have  been, h o p e f u l  l y ,  removed by a  c a l  i b r a t i o n  p r o c e s s  

i n v o l v i n g  a  s t a n d a r d  r e f e r e n c e .  I t  i s  u n l i k e l y  t h a t  t w o  l?T?RM sys tems 

w i l l  y i e l d  comparab le  r e s u l t s  i f  changes i r i  o p e r a t i  ng  c o n d i t i o n s  ( t i r e  

p r e s s u r e ,  a i r  t e m p e r a t i i r e ,  e t c . )  a r e  n o t  accoun ted  f o r  by f r e q u e n t  

ca 1  i b r a t  i on. 

The agreement  be tween two 9TRRM sys tems c:,,ri ! ' ) ?  i l ' l ~ r o v e d  i f  312 

v e h i c l e  r esponse  c h a r a c t e r i s t i c s  drlcl 1iei.er r ~ o n l i n e ~ r i  t i e s  posszssr?d 'I;/ 

b o t h  systems a r e  v?de 5 i  i i l j r .  l o w e v e r ,  t h e  rus,)gr1se c ! i a r a c t e r i s t i c s  

r r of v e h i c l e s  a r e  a f f e c t e d  by so ~nany o p e r a t i n g  v a r i a b l e s  i ; ; l i l ,  ':I,: ) r t s  

r e q u i r e d  t o  change t h e  dynamic  b e h a v i o r  o f  on; v - ' ~ i c l z  t o  match  t h a t  o f  

a n o t h e r  a r e  f a r  beyond t h e  p r a c t i c a l  capab i  1  i t i e s  o f  t h e  a g e n c i e s  t h a t  

u s e  RTRX1 systerns. I n  t h i s  p a r t i c u l a r  c o n t e x t ,  shock  absorber.^ 



c o n s t i t u t e   he most  i m p o r t a n t  e l e m e n t s  a f f e c t i n g  v e h i c l e  response .  3 0 t h  

e x p e r i r i e n t s  and  c a l c u l a t i o n s  have  s h o w  t h e  ag ree r>en t  Set;.reen any t1:/c 

RT?i?lil sys tems i s  i ~ i ) r o v e d  when s t i f f e r ,  h e a v y - d u t y  shock a b s o r b e r s  a r e  

i n s t d ' l l e d  on  v e i i i c l e s .  F u r t h e r ,  t h e  s y s t e r s  becorne l e s s  s e n s i t i v e  t o  

u n a v o i d a b l e  changes  i n  o p e r a t i n g  c o n d i t i o n s  (e .g . ,  t i  r e  p r e s s u r e ) .  

h e v e r t h e l e s s ,  o p e r a t o r s  o f  RTRRlv1 sys tems a r e  somet imes  r e l u c t a n t  t o  u s e  

s t i f f  shock a b s o r b e r s  because  t h e  s e n s i t i v i t y  o f  t h e  sys ten i  t o  r o a d  

r oughness  i s  1  owered. O v e r a l l ,  t h e  r e s e a r c h  f i n d i  ngs show t h a t  

i n s t a l  l a t i o n  o f  s o f t  shock  a b s o r b e r s  i n c r e a s e s  e r r o r s  i n  rceasurepe fc  o f  

r o a d  r oughness ,  and  s h o u l d  be  d i s c o u r a g e d .  

A second  i m p o r t a n t  cause  o f  p o o r  agreerzent  be tween 2TgRM s y s t e ~ s  

i s  p e t e r  h y s t e r e s i s .  H y s t e r e s i s  r e s u l t s  i n  a  r e d u c t i o n  of t h e  r ~ e a s u r e d  

r oughness  s t a t i s t i c ,  t h e  e x t e n t  o f  w h i c h  i s  n a i n l y  s e n s i t i v e  t o   lo^ 

f r e q u e n c y  bounc inc :  o f  t h e  v e h i c l e ,  :vhich a c c o u n t s  f o r  l i t t l e  o f  t h e  

t o t a l  A R V  measurement.  E 1  i m i  n a t i  on o f  r ce te r  h y s t e r e s l  s  s h o u l d  i ~ p r o v e  

t h e  c o r r e l  a  t i  o n  be tween d i f f e r e n t  s ys tems ,  nar re ly  , r e d u c i  ng t h e  p e r c e n t  

r e l a t i v e  e r r o r  f r o m  1U p e r c e n t  t o  5 p e r c e n t  ( o n  a  ~ o d e r a t e l y  r o u ~ h  

r o a d ) .  The causes  and amounts  o f  m e t e r  h y s t e r e s i s  a r e  g e n e r a l l y  

s p e c i f i c  t o  p a r t i c u l a r  i n s t r u n e n t  mode ls .  C o n s e q u e n t l y ,  a g e n c i e s  sbou l  d 

examine  t h e i r  e x i s t i n g  m e t e r s  and, i n  c o n s u l t a t i o n  w i t h  t h e  

manu fac t  ~ r e r s ,  c o n s i d e r  a1 t e r i  ng t h e  rne te r  t o  r e d u c e  i ~ y s t e r e s i  s. :]hen 

~ u r c h a s i n g  new ~ e t e r s ,  h y s t e r e s i s  l e v e l s  s h o u l d  be s p e c i f i e d  and  

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

I t  i s  recormended t h a t  a g e n c i e s  abandon any e f f o r t s  t o  c o r r e l a t e  

r oughness  ; I ieasurements rrade a t  d i f f e r e n t  speeds. R a t h e r ,  ~ e a s u r e i r e r i t s  

s h o u l d  a l w a y s  be made a t  a  s?eed r e p r e s e n t a t i v e  c f  n o r p a l  mean t r a f f i c  



speeds, because i t  i s  the  r ide  obtained by the  users a t  n o r ~ a l  ~ r a f f i c  

speeds tha t  de temi  nes the  servi ceabi 1 i  ty of the ?avenlent. S i  nce ARV , 

and r ide ,  chancje with speed, the  measurement speed should be noted as 

part of the roughness nurneri c ,  p e r h a ~ s  as a  subscri , ~ t .  ;4easurernents 

tha t  a re  made with the  o l d  BPR roughometer ( a t  20 mpii )  or ,rith other  

R T I ? K I ~  systems a t  reduced speeds, shoul d n o t  be expected t o  co r re la t e  

well with FTRFIF! system reasurernents made a t  higher speeds because 

d i f fe ren t  portions of the overall roughness spectrum a r e  excit in2 the  

system. 

Different Svstems 

The corre la t ion  between the  A R V  s t a t i s t i c  and CHLOE slope v2riance 

i s  of special i n t e r e s t  because of the  h i s to r i ca l  ro le  of the C~LJE i n  

the  development of road roughness measuring systems, a n d  a1 sc  becaus? 

CklL3E slope variance i s  a d i r ec t  measure of road p ro f i l e .  Idea l ly ,  t h e  

re la t ionship  between A R V  and CHLOE i s  quadratic.  (See Theory of 

Operation in  Chapter 2 and Appendix C f o r  ideal re la t ions  between 

diss imi lar  systems.) Since l e s s  than 50 percent of the roughness 

measured by the  C H L O E  i s  measured by an R T R R I v I  syster;,, the  r e l a t ive  

e r ro r  yielded by a corre la t ion  of these devices i.~i 1 1  general ly be no 

be t t e r  t h a n  20 percen1. 

The corre la t ion  between A R V  and the  ideal P C A  r:;eter s t a t i s t ' c  

should also be quadrat ic ,  I n  p rac t i ce ,  the  P C A  ~ e t e r  s t a t i s t i c  i s  a l so  

influenced by meter nonl i neari t i e s ,  a n d  i  s  i t s e l f  srrct: a corry~! i cated 

ion1 i near function of road roughness t h a t  the exact corrz la t ion  

r e l ~ t i o n s h i p  i s  unknown. 



CAL IBRATIOM 

The c a l i b r a t i o n  o f  an RTRRifl s ys tem has  n o t  been a  s t r a i g h t f o r w a r d  

u n d e r t a k i n g  i n  t h a t  t h e r e  a r e  no s u r f a c e s  o f  s t a n d a r d  r ougnness  t h a t  can  

be used  t o  e x c i t e  t h e  sys tem t o  check  i t s  Reasurement  e r r o r .  A t  b e s t  

t h e  RTRRM sys tem c a n  b e  exposed  t o  a  r o a d  w i t h  a  known p r c f i l e  and i t s  

o u t p u t  compared t o  a  w e l l  d e f i n e d  s t a t i s t i c a l  p r o p e r t y  o f  t h e  p r c f i l e .  

I n  c o r r e l a t i n g  t h e  o u t p u t  o f  2TSRI1 sys tems ltii t h  a  r e f e r e n c e  r oughness  

n u n e r i c ,  s y s t e m a t i c  e r r o r s  c a n  be e l i m i n a t e d  such t h a t  ( o v e r  a  b r o a d  

range  o f  r o a d s )  roughness  numer i c s  o b t a i n e d  by a  c a l i b r a t e d  RTRRM s y s t e n  

\ g i l l  be n e i t h e r  h i g h  n o r  l o w  on t h e  average .  On t h e  o t h e r  hand ,  

c a l  i b r a t i  on canno t  e l  in i  n a t e  t h e  random e r r o r s  bet:veen a  g i  ven  RTRRkI 

sys tem and t h e  r e f e r e n c e  s t a t i s t i c .  Mo te  t h a t  a  m a j o r  o b s t a c l e  t o  

a c h i e v i  ng a  ? r e c i  se c a l  i b r a t i o n  o f  QTRRM sys tems has been  t h e  a ~ b i g u o u s  

r e l a t i o n s h i p  Setr ieen r oughness  s t a t i s t i c s  anc t h e  a v a i l a b l e  s t a n d a r d s  

(?St? ,  CHL9E s l o p e  v a r i a n c e ,  e t c . ) .  A s i g n i f i c a n t  r e s u l t  o f  t h i s  

r e s e a r c h  has been t n e  deve lopmen t  o f  a  s t a n d a r d  o f  r oughness  d e f i n e d  i n  

te rn is  o f  a  r e f e r e n c e  2TRRM s y s t e n  and  t h e  s t a t i s t i c  t o  be measured. 

A d a i t i o n a l l y ,  a s t a n d a r d  r o a d  f o r  c a l i b r a t i o n  o f  t?TRRY sys tems was a l s o  

deve loped  t o  meet  t h e  needs o f  a g e n c i e s  w i t h  no i m e d i a t e  access  t o  a 

p r o f i l o m e t e r ,  who n e v e r t h e l e s s  w ~ s h  t o  c a l i b r a t e  t h e i r  s y s t e m  t o  a  

s t a r ~ d a r d .  

Good c a l  i b r a t i o n  p r a c t i c e  s e r v e s  two  ends. F i r s t ,  u s e r s  o f  RT?gfi',' 

systerns c a n  compare measurements made by d l  f f e r e n t  a ~ e r l c i  es z i i  :h 

d i f f e r e n t  systems.  F o r  example,  r o a d s  i n G e o r 5 i ~  can  be c o ~ ? a r e d  t o  

r oads  i n  C a l i f o r n i a .  S e c o n d l y ,  ana j u s t  as i m p o r t a r t ,  c s e r s  c f  ? T ? W  

syster rs  can  d e t e r n i n e  t h e  s e n s i t i v i t i e s  o f  t n e i r  s y s t e v  t o  a i r  



t e m p e r a t u r e  and  o t h e r  o p e r a t i n g  v a r i a b l e s .  F u r t h e r ,  t h e y  can  r e f i n e  t h e  

senera1  n e t h o d o l o g i e s  d e s c r i b e d  i n  t h i s  r e p o r t  t o  s u i t  t h e i r  own 

r e q u i r e m e n t s .  R o u t i n e  c a l i b r a t i o n  a c t i v i t i e s  w i l l  e n a b l e  sys tem 

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

a p a r e c i  a t i o n  o f  t h e  a c c u r a c y  o b t a i n a b l e  w i t h  such syster i is.  

2 e f e r e n c e  Sys tem 

A r e f e r e n c e  RTRRM s y s t e m  f o r  c a l  i b r a t i o n  s h o u l d  p r o d u c e  

~ ~ e a s u r e n e n t s  t h a t  b e s t  r e f l e c t  s e r v i  c e a b i l  i ty ,  and a t  t h e  same t i n e ,  

c o r r e l a t e  as we1 1  a s  p o s s i b l e  w i t h  e x i s t i n g  syster i is t o  r e d u c e  random 

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

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

t h e  ~ e a s u r e ~ e n t  s t s t i  s t i c  was d e v e l o p e d ,  ) v i  t h  t h e  r e f e r e n c e  b e i n g  

s e l e c t e d  so as t o  ini n i r n i z e  t h e  random e r r o r s .  

The r e f e r e n c e  sys tem i s  a  l i n e a r  q u a r t e r - c a r  model o f  3 

r e p r e s e n t a t i v e  passenge r  c a r .  T h i s  model ,  d e f i n e d  by f o u r  p a r a m e t e r  

v a l u e s ,  s i r u l a t e s  t h e  a x l e - b o d y  [ n o t i o n  caused  by t h e  t r a v e r s a l  o f  a  

r o a d  t o  y i e l d  t h e  A R V  s t a t i s t i c .  The  f r e q u e n c y  r e s p o n s e  o f  t h e  

r e f e r e n c e  v e h i c l e / s i m u l a t i o n  ( t h e  s o - c a l l e d  HSRI r e f e r e n c e )  i s  t y p i c a l  

o f  7assenge r  c a r s  e q u i p p e d  w i t h  h e a v y - d u t y  shock a b s c r b e r s .  Because  t h e  

response  c h a r a c t e r i s t i c s  o f  t h e  ::ode1 a r e  e x a c t ,  t h e  ?A?\/  i s  3 

cc r? l  e t e l y  d e t e r m i  n i  s t i c  f u n c t i o n  o f  t h e  a v e r a g e  paverrent  p r o f  i 1  e o f  t h e  

r i s h t -  and  l e f t - h a n d  whee l  t r a c k s ,  and i t s  p r e c i s i o n  i s  l i m i t e d  o v l y  by 

t h e  p r e c i s i o n  of t h e  p r o f i l e  Reasurement .  

An a n a l y s i s  o f  t h e  d a t a  o b t a i n e d  i n  t h e  C o r r e l a t i o n  Program,  :v i i ich 

i n c l  uded  t h r e e  p r o f  i 1  ome te r s  and e i g h t  RTRFI.1 sys tems,  has  de r i l ons t r a t ed  



( s e e  Append i x  3 )  t h a t  t h e  HSKI r e f e r e n c e  i s  a  b e t t e r  c n o i c e  t h a n  t h e  

CriLOE s l o p e  v a r i a n c e  o r  t h e  o l d  1969 Impa la  q u a r t e r - c a r  s i m u l a t i o n ,  and  

? r o v i d e d  ~ e a s u r e m e n t s  t h a t  c o r r e l a t e d  v e r y  we1 1  u i  t h  rrleasilrernents fror.; 

t h e  p a r t i c i p a t i n g  RT9KFI systems.  I n  t h e  end, t h e  c o r r e l a t i o n  b e t w e n  

RARV and AKV measurements f r o m  t h e  o t h e r  s y s t e n s  )/as g e n e r a l l y  b e t t e r  

t h a n  t h e  c o r r e l a t i o n  be tween any t w o  o f  t h e  R T R R I 4  s y s t e n s .  

The R A R V  o f  a  s u r f a c e  can  o n l y  be c a l c u l a t e d  i f  i t s  p r o f i l e  i s  

known. W h i l e  ARV measurements t a k e n  a i t h  RTRRM s y s t c ~ s  c a n  be c o r r e c t e d  

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

as p r e c i s e .  Hence, c o r r e c t e d  ARV n;easurements a r e  d e s i  gna tea  as  CAR\/. 

Cal i b r a t  i on Met  hods 

C a l i b r a t i o n  w i t h  a  F r o f i l o m e t e r  - The c a l i b r a t i o n  method f o u n d  t o  

work b e s t  i s  t h e  c o r r e l a t i o n  ( v i a  l i n e a r  r e g r e s s i o n )  a g a i n s t  a  

p r o f i l  omete r  w i t h  t h e  HSRI r e f e r e n c e .  The roads  s h o u l d  i n c l u a e  a1 1 

l e v e l s  o f  r oughness  and t y p e s  o f  c o n s t r u c t i o n  t h a t  w i l l  be r a t e d  N i t h  an 

RTRRX system. A s e p e r a t e  c a l i b r a t i o n  nay be needed f o r  roads  of 

d i  f f e r e n t  c o n s t r u c t i o n  and f o r  d i  f f e r e n t  r r easu re ren t  speed, as t h e  9T?Ri' 

sys tem v e h i c l e  w i  11 r espond  d i f f e r e n t l y  t o  each. The c a l i b r a t i o n  c u r v e  

o b t a i n e d  g e n e r a l l y  does n o t  pass t h r o u g h  z e r o  due t o  excess  measured 

roughness  d e r i v i n g  f r o m  t i r e l r r l h e e l  n o n u n i f o r r i  t i e s  a n d l o r  1  osses ; n  t h e  

measured s t a t i s t i c  caused by  h y s t e r e s i s .  

T h i s  c a l i b r a t i o n  ~ e t h o d  i s  n o t  new, b u t ,  as d e v e l o p e d  h e r e ,  i s  t h e  

n o s t  e f f e c t i v e  rnethod c u r r e n t l y  s v a i l a b l e .  F o r  t h i s  r e a s o n ,  i t  i s  

r e f e r r e d  t o  as  t h e  " p r i ~ a r y "  c a l i b r a t i o n .  C l e a r l y ,  t h e  pr i i ; -ary  

c a l i b r a t i o n  s h o u l d  be u s e d  r o u t i n e l y  by an  agency t h a t  has a  



p r o f i l  ome te r  a v a i l a b l e .  I n  a g e n c i e s  where  a  p r o f i l  o ~ e t e r  i s  n o t  ali-/a;~s 

a v a i l a b l e ,  o t h e r  p r o c e d u r e s  nay  be  used.  P c s s i  b l e  p r o c e d u r e s  and e r r o r  

s o u r c e s  a r e  c o n s i d e r e d  be l ow  and  compared t o  t h e  p r i m a r y  c a l i b r a t i o n  i n  

T a b l e  6. Ove r  t h e  l o n g  t e r m ,  a  p r o f i l e  measurerrent c a p a b i l i t y  ~ u s t  b e  

a c q u i r e d  by a g e n c i e s  s e r . i o u s l y  i n t e n d i n g  t o  measure r o a d  r ou9hness  on  a  

s c a l e  t h a t  i s  u n i v e r s a l  1y  ~ e a n i n g f u l  . 

Secondary  V e h i c l e  Ca l  i b r a t i o n -  The simp1 e s t  f o r r r  o f  secondary  

c a l i b r a t i o n  t h a t  c o u l d  be used  as  an  i n t e r i i n  ~ o u l d  i n v o l v e  t h e  

o c c a s i o n a l  c a l i b r a t i o n  o f  one RTRRR s y s t e n  and u s i n g  i t  as a r e f e r m c e  

f o r  o t h e r  RTR2M systems,  i n  more  f r e q u e n t  c a l i b r a t i o n s .  Any agency 

u s i n g  t h i s  p r a c t i c e  s h o u l d  be aware o f  two  s h o r t c o m i n g s :  

3 1) Measurement e r r o r s  w i l l  be i nc reased  by 4U p e r c e n t  due t o  

a d d i t i o n a l  random e r r o r s .  

2 )  U n d e t e c t e d  changes i n  t h e  seconda ry  r e f e r e n c e  sys tem v l i l l  

cause s y s t e m a t i c  e r r o r s  i n  t h e  c a l i b r a t i o n  o f  o t h e r  s y s t e r l s .  

C a l i b r a t i o n  w i t h  L o c a l  Roads - Two c a l i b r a t i o n  p r o c e d u r e s  t % a t  ao 

n e t  r e q u i r e  c o n t i n u a l  a c c e s s  t o  a  p r o f i l o m e t e r  and use  l o c a l  r oads  may 

be c o n s i d e r e d .  The  f i r s t  p r o c e d u r e ,  l o c a l  r o a d  c a l  i b r a t i o n ,  r e q u i r e s  

s e l e c t i n g  a  t e s t  r o u t e  i n v o l v i n g  l o c a l  r oads  w i t h  v a r i o u s  l e v e l s  o f  

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

? r o f i l o ~ e t e r  and r e f e r e n c e  s y s t e m  s i m u l a t o r .  The roughness  n u n e r i c  f o r  

each r o a d  i s  r e c o r d e d ,  and t h e s e  f i g u r e s  a r e  used  f o r  subsequen t  

'Assuming t h e  ~ e a s u r e m e n t  e r r o r s  f r o n  each  sys tem a r e  
i ndependen t ,  t h e  exgec ted  :?IS e r r o r  i s  t h e  o r t hoc ;ona l  v e c t c r  SUE o f  t h e  
t t ~ o  e r r o r s .  And i f  t h e y  a r e  equa l  i n  ~ a g n i t u d e ,  t h i s  amounts t c  an 
i q c r e a s e  by t h e  r a t i o  o f  i .e. , 40 ? e r c e n t .  
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secondary  c a l  i S r a t i o n s  w i t h o u t  t h e  p r o f  il o ~ x e t e r ,  T n i  s  n ie thod appea rs  t o  

be b e s t  f o r  a g e n c i e s  t h a t  have  1 i m i  t e d  access  t o  a  p r o f i l o n e t e r .  

P e r i o d i c a l l y ,  t h e  p r o f i l o n e t e r  mus t  be  b r o u g h t  back t o  check t h e  r o a d s  

f o r  1  ong-tern: changes. C l e a r l y ,  t h e  success  o f  t h i s  p r o c e d u r e  depends 

on t h e  s t a b i l i t y  o f  t h e  s e l e c t e d  s u r f a c e s .  A t  t h e  t i m e  o f  t h e i r  

s e l e c t i o n ,  t h e  s u r f a c e s  s h o u l d  be 1i:oni t o r e d  e x t e n s i v e l y  w i t h  a  

p r o i i l  omete r  t o  i d e n t i f y  t h e  magn i t ude  o f  v a r i a b i  1 i t y  r e s u l ~ i n g  f r o v  

d a i l y  and seasona l  t e m p e r a t u r e  chanqes, t a i l o r i n g  t h e  s e l e c t i o n  t o  

mi n i  mi z e  t h e s e  e r r o r s .  

The n e x t  p r o c e d u r e  u t i l i z e s  "Average  Roads"  as a  means o f  

r;,i nini z i  ng t h e  c a l  i b r a t i  on t i n e  b u t  i t  r e q u i  r e s  o c c a s i o n a l  access  t o  

b o t h  a  p r o f i l o m e t e r  and a  compu te r  w i t h  s p e c t r a l  anal;/sis so f t l v i a re .  The 

use  of an a r b i t r a r y  s e l e c t i o n  o f  l o c a l  roads  r e q u i r e s  a  f a i r  nunbe r  c f  

roads  i n  o r d e r  t o  a v e r a g e  o u t  t h e  u n i q u e  p e c u l  i a r i  t i e s  o f  each roadway,  

wh i ch  p e c u l i a r i t i e s  c o u l d  b i a s  t h e  c a l i b r a t i o n .  Two o r  t h r e e  r o a d  
D 

s e c t i o n s  c o u l d  be  used  f o r  c a l i b r a t i o n  pu rposes ,  i f  i t  can  be de te r r n i  l e d  

t h a t  t h e s e  t w o  s e c t i o n s  have  "ave rage "  p r o p e r t i e s ,  narcely,  t h e y  meet t h e  

f o l  1 owi ng t h r e e  cond i  t i  ons:  

1) t h e y  c o v e r  t h e  roughness  r ange  o f  i n t e r e s t  t o  t h e  u s e r  ( a s  a 

r i n i m u m ,  one r c u g h  r o a d  and one f a i r l y  good r o a d ) ,  

2 )  t h e y  have  s p e c t r a l  d e n s i t i e s  t h a t  a r e  c l o s e  t o  t h e  "a\iera!e," 

w i t h i n  t h e  r ange  o f  wave numbers t h a t  i n f l u e n c e  t h e  r oughness  

s t a t i s t i c  g e n e r a t e d  by a n  R T R R b l  system, and 

3 )  t h e y  a r e  b o t h  s t a t i s t i c a l l y  s t a t i o n a r y ,  such t h a t  t h e  

roughness  w i l l  be e v e n l y  d j s t r i b u t e d  a l o n g  t h e  s e c t i o n  l ? n $ h .  



? a t u r a l  l y  , t h e  s e c t i o n s  must  be  checked  p e r i o d i c a l l y  f o r  change. 

C a l i b r a t i o n  w i t h  an  A r t i f i c i a l  S u r f a c e  - ,417 a r t i f i c i a l  s u r f a c e  has 

two  t y p e s  of r o u g h n e s s - - t h e  d e s i g n  r oughness  t h a t  d e r i v e s  f r o r  t h e  

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

i m p r e c i s i o n  o f  f a b r i c a t i o n .  The  a d d i t i o n a l  roug t lness  i s  an  unknown 

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

s m a l l  compared t o  t h e  d e s i g n  roughness .  The  d i f f i c u l t i e s  o f  f a b r i c a t i n g  

a  p r e c i  s i  on f u l l - s c a l e  r o a d  we re  bypassed  by d e s i g n i  ny t h e  s u r f a c e  f o r  

low-speed  use, such  t h a t  t h e  e x c i t a t i o n  p r o v i d e d  by t h e  s u r f a c e ,  a t  a  

l ow  speed, i s  i d e n t i c a l  t o  t h e  e x c i t a t i o n  p r o v i d e d  by an " a v e r a g e  r o a d "  

a t  s. t y p i c a l  o p e r a t i n g  speed (e.g.,  50 mph).  C o s t  i s  l o x e r e d  by (1)  

r e d u c i n g  t h e  o v e r a l l  l e n g t h  o f  t h e  s e c t i o n  and ( 2 )  e x a g g e r a t i n g  t h e  

d e s i g n  ~ r o f i l e  geome t r y  so  t h a t  f a b r i c a t i o n  t o l e r a n c e s  need n o t  be  

u n r e a s o n a b l e .  The  l o w  speed  t e s t  c o n d i t i o n  means t h a t  t h e  s u r f a c e  c a n  

be made by l a y i n g  s p e c i a l l y  shaped  " b u r p s "  o n  an e x i s t i n g  smooth  

pavement.  The n o n c o n t r o l  l e d  a d d i  t i  o n a l  r oughness  d e r i v e s  f r o m  

i ~ p r e c i s i o n  i n  t h e  bump f a b r i c a t i o n  ( a n  i m p r e c i s i o r  t h a t  c a n  e a s i l y  b e  

h e l d  t o  n e g l i g i b l e  l e v e l s )  and  fr-or;: t h e  r oughness  o f  t h e  u n d e r l y i n g  

pavement.  A t  t h e  same t i m e ,  l o w  speed  causes  t h e  t i  r e  e n v e l o p ~ r ~ e n t  o f  

spa1 1  bumps t o  a t t e n u a t e  a  p o r t i o n  o f  t h e  r o a d  r oughness  t h a t  a f f e c t s  

t h e  A2V measurement and  i n t r o d u c e s  s i g n i f i c a n t  e r r o r s .  T h i s  r e s e a r c h  

has shown t h a t  c a l i b r a t i o n  can  be accom?l  i s h e d  a t  15 n p h  w i t h  c a r e f u l  

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

C a l i  b r a t i o n  > ~ i  t h  a r t i f i c i a l  bumps l a i d  00  s n o o t h  pavement  was t h e  

second c a l i b r a t i o n  method  p u r s u e d  d u r i n g  t h i s  p r o j e c t .  I n  o r d e r  t o  

a p p l y  t h i s  c o n c e p t ,  bunps were  d e s i g n e d ,  w i t h  co rcpu te r  a i d ,  t o  s i n u l a t c  



an "ave rage "  b i t u m i n o u s  r o a d  a t  50 nph ,  when t r a v e r s e d  a t  15 nph. 2 a t a  

t a k e n  d u r i n g  t h e  C o r r e l a t i o n  Progran:  demons t ra ted  t h a t  a r t i f i  c i a 1  b u r p s  

c o u l d  be used  s u c c e s s f u l l y  f o r  c a l i b r a t i o n  o f  some K T R R M  sys tems b u t  

y i e l d e d  u n p r e d i c t a b l e  e r r o r s  w i t h  o t h e r s .  An a d d i t i o n a l  d i  sadvan tage  i s  

t h a t  e f f e c t s  o f  t i  r e l w h e e l  n o n u n i f o r ~ i  t i e s  t h a t  add  appa ren t  roughness  

d u r i n g  normal  o p e r a t i o n  a t  f u l l  speed, e s p e c i a l l y  on  smooth r c a d s ,  a r e  

n o t  i n c l u d e d  i n  t h e  1  on-speed c a l i b r a t i o n .  C o n s e q u e n t l y ,  t h e  

c a l i b r a t i o n  i s  n o t  v a l i d  f o r  s ~ o o t h  r oads .  

Cal i b r a t i o n  ~ii t h  H y d r a u l  i c  Shake rs  - C a l i  b r a t i  ns t h e  RT2Ri4 sys tem 

by p l a c i n g  t h e  r e a r  t i r e s  on  h y d r a u l i c  s h a k e r s ,  t h a t  p r o v i d e  v e r t i c a l  

e x c i  t a t i  on r e p r e s e n t a t i v e  o f  r e a l  r oads ,  i s  a p rom i  s i  ng p r o c e d u r e  f o r  

agenc ies  w i t h  t h e  r e q u i  r e d  f a c i  1 i t i e s ,  C a l i  b r a t i o n s  c o u l d  b e  p e r f o r ~ e d  

q ~ r i c k l y  by p l a y i n g  t a p e s  i n t o  t h e  sys tem t h a t  a r e  based on ave rage  r o a d  

p r o p e r t i e s  as d e f i n e d  i n  (Appendices A and C .  T e c h n i c a l  d rawbacks  w i t h  

t h i s  n e t h o d  a r e  t h a t  (1) t i r e  s p r i n g  r a t e  i s  n o t  n e c e s s a r i l y  t h e  same 

idhen t h e  t i r e  i s  r o l l i n g  and when i t  i s  n o t  r o l l i n g  a n d  ( 2 )  e f f e c t s  o f  

t i  re/;vheel nonun i f o r r n i  t i e s  t h a t  add  a p p a r e n t  roughness  on t h e  r o a d  a r e  

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

f c r  smooth roads.  

Hcwever ,  t h e  r na j o r  drzwback f o r  most  RTRP,!?! systen; o p e r a t o r s  i s  

economic,  s i n c e  h y d r a u l i c  s h z k e r  f a c i l  i t i e s  a r e  e x 3 e n s i v e  t o  b u i l d  and  

r a i n t a i r l .  ,4n agency t h a t  i s  c o n s i d e r i n g  s e t t i n g  up such a  f a c i l i t y  i s  

a d ~ i  sed  t o  c o n s i d e r  p u r c h a s i n g  a  p r o f i l c m e t e r  i n s t e a d  and  use  one o f  t h e  

o t h e r  methods t h a t  do n o t  have  t h e  t d o  t e c h n i c a l  j r o b l e m s  c i t e d  ~ b o v e .  

C a l i b r a t i o n  w i t h  Drum R o l l e r s  - A c a l  i b r s t i o n  r re thod  based on drury 

r o l l e r s  was c o n s i d e r e d  d u r i n g  t h e  p r o j e c t ,  b u t  \:/as n o t  p u r s u e d  because  



a n  adequate f a c i l i t y  was not avai lable  f o r  evpi r ica l  t e s t i n s ,  together  

:vi ti1 the  f a c t  tha t  technical problem e x i s t  tha t  can only he ;~lorked ou: 

empirical ly.  Even so,  a drum r o l l e r  ca l ib ra t ion  i s  vie:~ed as  having 

limited ? r a c t i c a I i t y .  I n  e f f ec t  i t  shares the  major shortcor~ings o f  the  

a r t i f i c i a l  surface  method--ti r e  enveloping l imi ta t ions  and f a i l u r e  t o  

include tire-wheel nonuniformity effects--while requiring a drum s i z e  of 

a t  l e a s t  seven f e e t  in diameter. Fur ther ,  the  drum i s  l i n i t e d  L O  

aeriodic exc i t a t ion  t o  the vehicle with sinusoidal harnionics only a t  

multiples of the  ro ta t ion  frequency. The question of whether o r  n o t  a 

nethod usins t h i s  ty?e of exc i t a t ion  could be developed t o  the  point of 

achieving a  val id ca l ib ra t ion  can only be answered by building a system 

a ~ d  t ry ing t o  make j t  work. However, problen~s Tore ser ious  t h a n  rhose 

experienced with the  a r t i f i c i a l  bump method ~ r o u l d  be ant ic ipa ted .  

Further Development of Cal ibra t ion  Methods - The ;r~rimary 

c ~ l  ib ra t ion ,  using a SMR-type profilometer tose ther  with the  !is21 

reference system, provides the  standard on which the other  nlethods a re  

based, and has been s a t i s f a c t o r i l y  t e s t e d  i n  the  f i e l d ,  ' i o  f u r t h e r  

development appears vrarrantec a t  t h i s  time. The a r t i f i c i a l  surface 

ca l ib ra t ion  has seen subs tant ia l  development a n d  was t e s t ed  duriny the  

Correlation Program a n d  found t c  be accurate f o r  sorile, t h o u g h  not a l l ,  

of the  pa r t i c ipa t ing  R i R R i ' ?  systems. Accordi rigly, f u r t h e r  de \~e lop~ieq t  i s  

susgested, 1,qi th the  aim of ref in ing the  t e s t  method, and es tab l i  shin3 

i t s  in-use r e l i a b i l i t y .  I n  t he  meantime, the  a r t i f i c i a l  bums can Cle 

i;sed as time invariant  surfaces L O  e s t ab l i sh  i n t e r i z  ca l ib ra t ion  a o d  t o  

quantify changes i n  RTi?ER systems ~ a i i  t h  time a n d  cpera t i  n: condi r i  ons 

tha t  ? r e  not re la ted  t o  t i r e  ? roper t i e s  o r  speed ( i . ? . ,  shock absorbers,  

load,  a i r  tenpera ture ,  e t c . ) .  F ina l ly ,  the  three  methods cf local 



" ave rage  r o a d "  c a l  i S r a t i o n ,  h y d r a u l  i c  s h a k e r  c a l  i b r a t i o n ,  and d r u ~ n  

r o l  l e r  c a l  i b r a t i o n ,  have  n o t  been t e s t e d .  A1 t hough  t h e s e  t h r e e  ne thods  

do n o t  have as much p o t e n t i a l  f o r  p r o v i d i n g i  i n e x p e n s i v e  and a c c u r a t e  

c a l i b r a t i o n  as t h o s e  t e s t e d ,  any e f f o r t  f o r  d e v e l o p i n g  them ~ i o u l d  

b e n e f i t   fro^ t h e  f i n d i n g s  o f  t h i s  r e s e a r c h  (Append ices  A and C). 

USES OF RTRRM SYSTEMS 

C u r r e n t  RTRRM sys tems - - i  f we1 1  m a i n t a i n e d  and r o u t i  r e l y  

c a l  i b r a t e d - - a r e  c a p a b l e  o f  t xeasur ing  roughness  l h i i  t h  an  accu racy  o f  abou t  

9.13 i n / s e c  (0.2 P S I ) .  G i v e n  t h e  l o w  c o s t  and s i r p l i c i t y  o f  ?TRRF! 

s y s t m s ,  i t  appears  t h a t  RTRRM systems w i  11 r e t a i n  t h e i r  p o p u l a r i t y ,  

even t hough  t h e  1  ong- te rm c o s t  and e f f o r t  r e q u i r e d  t o  n i a i n t a i n  ther;; i 7 

c a l i b r a t i o n  n i g h t  ,veil b a l a n c e  t h e  h i g h  i n i t i a l  c o s t  o f  a  GXR 

p r o f i l  omete r .  I n  t h a t  case ,  t h e  q u e s t i o n  i s- -what  a r e  t h e  a p p r o p r i a t e  

ap? l  i c a t i o n s  o f  t h e s e  systercs? 

* 

1) Road C o n d i t i o n  S u r v e y s  - RTRRFl systems a r e  adequa te  f o r  

r o u t i n e  moni t o r i  ng o f  t h e  h ighway  ne two rk  and  p r o v i  d i  ncj a  

g e n e r a l  i n d i c a t i c n  o f  i t s  s e r v i  ceab i  1  i ty. The h iy t iway  

o f f i c i a l  i s  p r o v i d e d  w i t h  an  o v e r a l l  p i c t u r e  o f  t h e  c o n d i t i o n  

o f  t h e  r o a d  ne t i vo rk  w i t h  an i n d i c a t i o n  o f  t h e  c u r r e n t  devand 

f o r  ma in tenance .  The l a r g e  random e r r o r  e x h i b i t e d  by RTR?v 

s y s t e m  w i l l  n o t  a f f e c t  such  assessments o f  a  t o t a l  n iyh i l iay  

ne twork .  lh i i th c a r e f u l  c a l i b r a t i o n  i n  t e r m s  o f  a  seandard  

s t a t i s t i c ,  t h e  compa r i son  o f  ave rages  f r o m  d i f f e r e n t  r e s '  i o n s  

o r  d i f f e r e n t  t i m e s  w i l l  be q u i t e  v a l i d .  



2j R a i n t e n a n c e  P r e d i c t i o n  and A1 l o c a t i o n  - S i n c e  t h e  randor;: e r r o r  

o f  an RT2Rbi s ys tem i s  r e l a t e d  t o  t h e  s p e c i f i c  f e a t u r e s  o f  an 

i n d i v i d u a l  r o a d ,  i t s  a p p l i c a t i o n  i n  m o n i t o r i  ng t h e  cond i  t i  on 

o f  an i n d i v i d u a l  r o a d  canno t  be  e s t a b l i s h e d  d i  r e c t l y  f r o i l l  t h e  

r e s e a r c h  f i n d i n g s .  The  a d o p t i o n  o f  t h e  s t a n d a r d  R A R V  

s t a t i s t i c  and c a l  i b r a t i o n  methods p r e s e n t e d  i n  t h i s  r e p o r t  

p r o v i d e  t h e  means now t o  c l a r i f y  t h i s  q u e s t i o n  e r ; : p i r i c a l  l y .  

U n t i l  such  c l a r i f i c a t i o n  has  been nade, pavenen t  manageren t  

d e c i s i o n s  t h a t  p i v o t  on  d i f f e r e n c e s  i n  R A R V  l e s s  t h a n  0.10 i n /  

sec ( a p p r o x i m a t e l y  0.2 P S I )  s h o u l d  be s u p p o r t e d  by a  second 

o p i n i o n  f r o m  a n o t h e r  c a l i b r a t e d  R T R R N  s y s t e ~  o r  a 

?ref i l o n e t e r .  

3 )  ~IEW C o n s t r u c t i o n  Acce? tance  - RTRRM sys tems have  r e c e n t l y  seen 

u s e  i n  t h e  r a t i n g  o f  new h i ghway  c o n s t r u c t i o n ,  f o r  t h e  F u r p o s e  

o f  a c c e p t i n g  o r  r e j e c t i n g  a  c o n t r a c t o r ' s  work i n c l u d i n g  t i l e  

d e t e r m i  n a t i o n  o f  bonuses  o r  p e n a l  t i e s .  RTFR?l sys tems,  as t h e y  

now e x i s t ,  a r e  c h a l l e n g e d  beyond t h e i r  c a p a c i t y  i n  t h i s  

a p p l i c a t i o n .  The random e r r o r  o f  an  2TRR!4 sys tem does n o t  

c jenera l  l y  d e c r e a s e  on smoo the r  r oads .  The  m a i n  causes  a r c  

t i r e j w h e e l  n o n u n i f o r ~ i  t i e s  and m e t e r  h y s t e r e s i s ,  w h i c h  b e c o w  

n o r ?  s i g n i f i c a n t  o n  smooth r oads  t h a n  on r ough  roads .  E f f e c t s  

o f  t i r e l w h e e l  n o n u n i f o r m i t i e s  c a n  be ~ i n i r n i z e d  by f r e q u e l t  

c a l i b r a t i o n  u s i n g  one  o f  t h e  n e t h o d s  l i s t e d  i n  T a b l e  5 t h a t  

a r e  p e r f o r r e d  a t  no rma l  speeds on  e x i s t i n g  r oads .  ' " u l t i 7 l e  

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

measurement o f  t h e  r o a d  r oughness  t o  r e d u c e  t h e  e f f e c t s  o f  

t i r e  p h a s i n g .  CIeter h y s t e r e s i s  s h o u l d  be r educed  o r  



e l  irili n a t e d  by inodi f y  i ng t h e  t r a n s d u c e r  t o  i m g r o v e  t h e  a c c u r a c y  

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

FUTURE IPIIPRGVEMEi\rTS TO RTRRitl SYSTERS 

T h i s  c h a p t e r  has  s u g g e s t e d  s e v e r a l  p r a c t i c e s  t h a t  ~ o u l  d e n a b l e  

RTR2i4 s y s t e r ~ ~ s  t o  measure  p a v e r e n t  s e r v i  c e a b i  1 i ty  lii t h  i i np roved  1  eve1 s  

o f  a c c u r a c y .  The methods  f o r  l o n g - t e r m  improvement  i n  t e c h n o l o g y  f o r  

pavement  r oughness  e v a l u a t i o n  a r e  r e a d i l y  e n v i s i o n e d .  

I n  t h e  i m m e d i a t e  f u t u r e ,  e x i s t i n g  RTRRR s y s t e n s  c a n  b e  i r p r o v e d  

1) E n s u r i n g  t h e  sys tem i s  w e l l  darnped by t h e  p r o ? e r  c h o i c e  and 

n a i  n t e n a n c e  o f  shock a b s o r b e r s ,  

2 )  X i  n i m i z i n g  e r r o r s  f r on i  t i r e l w h e e l  n o n u n i f o r r r i  t i c s  by mass 

b a l a n c i n g  and g r i n d i n g  t i r e s  ( o n  t h e  c a r )  t o  r e d u c e  f o r c e  

v a r i a t i o n s .  

3 )  Y i n i m i z i n g  h y s t e r e s i s  and i m p r o v i n ~  t h e  r e s o l u t i o n  o f  ?ays  and 

PCA m e t e r s  by a p p r o p r i a t e  m o d i f i c a t i o n s  o r  by r e s o r t i n g  t o  

s i v p l e  e l e c t r o n i c  e q u i v a l e n t s .  

4 )  S t a n d a r d i z i n g  v e h i c l e s  w h e r e v e r  p o s s i b l e .  (The c u r r e n t  

i n t e r e s t  i n  two-whee l  , t r z i  1 e r - t y ~ e  r o a d  c e t e r s  o f f e r s  :he 

o p p o r t u n i t y  t o  ; I rog ress  i n  t h i s  d i r e c t i o n .  D e f i n i t i o n  of a  

s t a n d a r d  v e h i c l e  u n d e r  t h e  a u s p i c e s  o f  t h e  AST? w o ~ l d  r a k e  i t  

p r a c t i c a l  t o  s t a n d a r d i z e  on  shock a b s o r b e r s ,  t i r e s  and o t h e r  

s e m i  t i v e  components  i n  RTRRM systems.  ) 



5 )  C o n d u c t i n g  c a l  i b r a t i o n s  a g a i n s t  a  s t a n d a r d  r oughness  n c r e r i c  

(RARV) o n  a  r e g u l a r  b a s i s .  

To r e c a p i t u l a t e ,  RTP,RIYI sys tems c o n s t i t u t e  a  s i n p l e  r;;eans o f  

o b t a i n i n g  a  ~ t / e i g h t e d  rceasure o f  pavement r oughness  o v e r  a  g i v e n  band o f  

:Jaw numbers. The  accu racy  o f  RTRP.f.1 sys tems i s  1  i m i  t e d  by ( 1 )  t h e  

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

o p e r a t i n g  c o n d i t i o n s ,  ( 2 )  t h e  e x i s t e n c e  o f  on -boa rd  v i b r a t i o n  s o u r c e s - -  

p r i m a r i l y  t h e  t i r e s  and whee l s ,  and ( 3 )  t h e  i n a d e q u a c i e s  o f  e l e c t r o -  

n ~ e c h a n i c a l  measurement d e v i  ces. The  e q u i v a l e n t  f u n c t i o n  i s  e a s i  l y  

a c c o m p l i s h e d  i n  a  more p e r f e c t  f a s h i o n  by  a  p r o f i l o m e t e r  w i t h  a  s i n j p l e  

q u a r t e r - c a r  s i n i u l  a t i  oil. Y e t  comn ie rc ia l  p r o f  i 1  orceters  a r e  o v e r l y  

s o p h i s t i c a t e d  and  e x p e n s i v e  f o r  t h i s  a p p l i c a t i o n  because  o f  ( 1 )  t h e i r  

ca;abi 1  i ty f o r  p r e c i  s i o n  neasurement  o f  b roadband  roughness ,  ( 2 )  t h e i r  

s o p h i s t i c a t e d  d a t a  p r o c e s s i n 2  and r e c o r d i n g  e q u i p f i e n t ,  and  ( 3 )  t h e  

cus tom i n s t a l  l a t i o n  o f  r o a d - f o l l o w i n g  w h e e l s  and o t h e r  h a r d w a r e  e l emen ts  

on each v e h i c l e .  N i  t h  t h e  d e v e l o p r e n t  o f  a  n o n c o n t a c t i n g  ? r o b e  t o  

r e p l a c e  t h e  f o l l o w e r  w h e e l ,  i t  w i l l  become f e a s i b l e  t o  d e v e l o p  a  s r i a l l  

p r o f i l  omete r  i n s t r u m e n t a t i o n  package  t h a t  w o u l d  r e p 1  i c a t e  t h e  RTRI?F 

sys tem f u n c t i o n ,  Such a  d e v i c e ,  i f  p r o v i d e d  o n l y  w i t h  t h e  n e c e s s a r y  

c a p a b i l i t y ,  s h o u l d  be r e l a t i v e l y  i n e x p e n s i v e  and amenable t o  s i m p l e  

i n s t a l l a t i o n  i n  a v a i l a b l e  v e h i c l e s .  A t  t h a t  p o i n t ,  a c c u r a c y  on  t h e  

o r d e r  c f  a  f ew  p e r c e n t  s h o u l d  be a t t a i n a b l e  w i t h  t h e  c e r t a i n t y  o f  l c n g -  

t e r m  s t a b i l i t y .  U l t i m a t e l y ,  w i t h  t h e  e v e n t u a l  d e v e l ~ p m e n t  o f  more 

m e a n i n s f u l  ways t o  w e i g h t  t h e  i ~ p o r t a n t  r oughness  c h a r a c t e r i s t i c s  o f  

r o a d s ,  t h e s e  s y s t e n s  c o u l d  be u p d a t e d  w i t h  no  more e f f o r t  t h a n  a chanse  

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



CHAPTER 4 
CONCLUSIONS AND RECOP?4ENDATIO?iS 

D u r i n g  t h i s  s t u d y ,  RTRRM systems have  been s t u d i e d  b o t h  

a n a l y t i c a l  l y  and e x p e r i m e n t a l  l y  t o  a c h i e v e  an u n d e r s t a n d i  ng o f  ,t/hi j t  t h e y  

measure and wha t  v a r i a b l e s  i n f l u e n c e  t h a t  measurement. 

-A r e f e r e n c e  RTRRM s y s t e n  has been  d e v i s e d  t o  s e r v e  as a  s t a n d a r d  

measurement o f  r oughness ,  t h e r e b y  p r o v i d i n g  t h e  a b s o l u t e  roughness  

f i g u r e  t h a t  i s  needed t o  c a l i b r a t e  RTRRM systems.  

-The measurement pe r f o rmance  o f  r e p r e s e n t a t i v e  i n - u s e  systems was 

e v a l u a t e d  i n  a  C o r r e l a t i o n  P r o g r a n  i n  w h i c h  t h e s e  systems were  

c a l i b r a t e d  by each  c f  two methods d e v i s e d  i n  t h i s  r esea rch .  

S p e c i f i c  c o n c l u s i o n s  and recommendat ions a r e  s e t  f o r t h  be1 ow, 

f i r s t ,  as t h e y  a p p l y  t o  c u r r e n t  p r a c t i c e  and, second ,  as t h e y  a p p l y  t o  

f u t u r e  improvements  and d e v e l  cpments i n t h e  neasure inent  o f  r o a d  

roughness.  

CO;tlCLUSIOP.IS AND RECOMMENDATIONS RELATED TO CURREFIT PRACTICE 

-The d i v e r s e  t y p e s  o f  r o a d  roughness  f i i easur in?  systems ('4ays 

Roadre t t? rs ,  PCA ' o a d r e t e r s ,  CHLOE, BPR R o u g h o ~ e t e r ,  CiiilR-type 

P r o i i  1or;;eter and o t h e r s )  each measure q u a l i t i e s  o f  a  r ~ a d  t h a t  

c o n s t i t u t e  d i  f f e r e n t  a s p e c t s  o f  r o a d  r o u ~ h n e s s .  The measured 

c o r r e l a t i o n  between t h e  d i f f e r e n t  t y p e s  o f  s y s t e r x  i s  l a r g e l y  a  r reasure 

o f  t h e  c o r r e l a t i o n  o f  t n e  r oughness  i n  d i f f e r e n t  wave number ranges  on  

t h e  r oads  t e s t e d  (wave number = l / w a v e l e n s t h ) .  Y ~ ~ h i l e  t h e  v a r i o u s  

s y s t e n s  p r o v i d e  m e a s u r e r e n t s  t h a t  a r e  r e 1  a t e d  t o  each o t h e r ,  c o n t i n u e d  



use  o f  t h e  d i f f e r e n t  sys tems impedes p r o g r e s s  t o w a r i s  o b t a i  n i  ng 

comparab le  rneasurenents  o f  r o a d  r oughness  by t h e  d i f f e r e n t  u s e r s .  

Recormendat  i o n :  S i m i  l a r  sys tems s h o u l d  be a d o p t e d  by a1 1  u s e r s .  

A l t h o u g h  t h e  I n c h e s I M i l e  n u m e r i c  i s  t h e  b e s t  c h o i c e  o f  t h e  s t a t i s t i c s  

now used  (because  o f  i t s  c l o s e r  r e l a t i o n s h i ?  t o  s e r v i c e a b i  1  i ty  and l c w e r  

s e n s i t i v i t y  t o  RTRRiq1 s ys tem v a r i a b l e s ) ,  Average  R e c t i f i e d  \ / e l  o c i  t y  ( A P V )  

o f  a x l e - b o d y  r c o t i o n  i s  a  r o r e  a p p r o p r i a t e  s t a t i s t i c  fcr r o a d  roughness  

qeasurement  w i t h  RTRKM s y s t e m .  The ARV,  as  c o r r e c t e d  by  c a l  i b r a t i o n  

and d e s i g n a t e d  as  C A R V ,  i s  recormended as  t h e  n a t i o r l a l  i neasurenen t  s c a l e  

f o r  r o a d  roughness .  

- A d o p t i n g  t h i s  cornmon usage  o f  RT;IP,M sys tems  ill r e s u l t  i n  a1 1  

u s e r s  a t t e m p t i n g  t o  measure  niore o r  l e s s  t h e  same r o a d  roughness 

q u a l i t i e s .  S t i l l ,  d i f f e r e n c e s  i n  measu reven t  v i i  11 r e s u i  t frcri: t h e  

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

a l t h o u g h  t h e s e  d i f f e r e n c e s  can  be  mi n i n i i z e d  by t h e  u s e  o f  good p r a c t i c e s  

and c a l  i b r a t i  on p r o c e d u r e s  as d e s c r i b e d  be1 ow. 

-The n;any e s o t e r i c  a s p e c t s  o f  R T E R M  sys tem ?er fo r rnance  exami ned i n 

t h i s  s t u d y  p o i n t  t o  many a r e a s  where  improvements  can  be rnade i n  t h e  

d e s i g n  and  o p e r a t i o n  o f  t h e s e  sys tems.  Thcugh t h e  d e m o n s t r a t e d  

c a l i b r a t i o n  methods c a n  do much t o  i m p r o v e  t h e  accu racy  of n;easurcment,  

nany systern v a r i a b l e s  n u s t  b e  c o n t r o l  l e d  t o  m a i n t a i n  c a l  i b r a t e d  

pe r f o rmance .  U n f o r t u n a t e l y ,  t h e  e f f e c t s  o f  niost v a r i a b l e s  on  i n d i  v i  5ua l  

R T R R i l  sys tems a r e  s ? e c i f i c  t o  t h e  dynamics  o f  t h e  systern, p r e c l u d i n g  t h e  

d e v e l o p n e n t  o f  u n i v e r s a l  c o r r e c t i o n  f a c t o r s  t h a t  can  be s h a r e d  by a ?  l 

u s e r s .  I n  a d d i t i o n ,  t h e  t i m e - s t a b i  1 i t y  o f  i n d i v i d u a l  ?T=RM s y s t e r s  i s  a 

f a n c t  i o c  o f  t h e  c a r e  t h e y  r e c e i v e  i n  r a i n t e n a n c e  and  use. 



Reconmendat ion:  Use rs  r u s t  l e a r n  t h e  i d i  o s y n c r a c i e s  o f  t h e i r  

i n d i v i d u a l  systems,  becomi ng  aware o f  i t s  s e n s i t i v i t i e s  and t h e  

r e s u l t a n t  i m p a c t  on  a c c u r a c y  i n  use. 

-The a v a i l a b l e  Mays and P C A  m e t e r  systems i n c l u d e  h y s t e r e s i s  and 

q u a n t i z a t i o n  e f f e c t s  t h a t  compromi se t h e i r  accu racy  o f  measurement.  

Recormendat ion :  H y s t e r e s i s  s h o u l d  be r educed  o r  e l  i r i i i  ~ a t e d ,  ,!/here 

? o s s i b l e ,  i n  e x i s t i n g  me te r s .  Q u a n t i z a t i o n  s h o u l d  be e l i n l i  n a t e d  i n  

f u t u r e  a e t e r  des i gns .  

-The o t h e r  p r i r a r y  v a r i a b l e s  a f f e c t  i ng t h e  n a g n i  t u d e  and 

c o n s i s t e n c y  o f  measurement a r e  a s s o c i a t e d  w i t h  t h e  h o s t  v e h i c l e .  The 

dynamics o f  t h e  r e a r  a x l e  dom ina te  t h e  measurement o f  r o a d  roughness .  

I n b a l a n c e  and r u n o u t  o f  r e a r  whee ls  add a  random e r r o r  t o  measu re ren t ,  

n e c e s s i  t a t i  ng good wheel  and t i r e  ma in tenance  p r a c t i c e s .  The changes i n  

t i  r e  s t i f f n e s s  v ~ i  t h  v a r i a t i o n s  i n  i n f l a t i o n  p r e s s u r e  r e q u i r e  c a r e f u l  

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

Recorn renda t ion :  Rea r  t i r e  and wheel  a s s e m b l i e s  s h o u l d  be 

r o u t i  n e l y  ba lanced .  On-t .he-car ~ r i  n d i  ng o f  t i  r e s  s h o u l d  be p e r f o r m e d  

q e r i o d i c a l  l y  t o  ni n i m i z e  r u n o u t .  T i r e  o r e s s u r e  s h o u l d  be r a i n t a i n e i  

w i t h i n  1 p s i  ( h o t )  when mak ing  r o a d  roughness  rneasurer;ents. 3E;4 wheel 

e q ~ i : n e n t  p r o v i d e d  by t h e  v e h i c l e  m a n u f a c t u r e r  s h o u l d  be iused t o s e t h e r  

w i t h  prerniurr: q u a l i t y  t i r e s .  The E 501-76 s t a n d a r d  t i r e  s h o u l d  n o t  be 

c o n s i d e r e d  f o r  u s e  w i t h  RTiif?M systems.  

-2amping i s  t h e  m a j o r  s u s p e n s i o n  sys tem p r o p e r t y  i n f l u e n c i  ng the  

roughness  measurer;:ent. Shock a b s o r b e r s  a r e  t h e  r r a j o r  s o u r c e  c f  d a v o i n n  

f o r c e .  Heavy -du t y  shock a b s o r b e r s  p r o v i  d i  ng 1  a r g e  darcpi ng f o r c e s  



improve t h e  c o r r e l a t i o n  t h a t  c a n  be o b t a i n e d  be tween ?T9?:? s y s t e i ; ~ ~ .  

Shock a b s o r b e r  f l u i d  a n d  r u b b e r  n o u n t i n g  b u s h i n g s  have  an i n f l u e n c e  i n  

da r t p i  ng t h a t  i s  s e n s i t i v e  t o  t e m p e r a t u r e .  Hence, damping  l e v e l s  v a r y  

w i t h  a m b i e n t  t e m p e r a t u r e  ( e s p e c i a l l y  be l ow  50 d e ~  F )  i n  a  f a s h i o n  

i n d i v i d u a l  t o  each KTRRM sys tem,  depend i  ng on t h e  p r e v a i  1  i n9 u n d e r - c a r  

t e m p e r a t u r e s  and  t h e  dynam ics  o f  t h e  v e h i c l e .  

Recommendat ion:  H e a v y - d u t y  shock a b s o r b e r s  shou 1  d be used on 

RTRRM systems.  P e r i o d i c  c a l i b r a t i o n s  s h o u l d  be c o n d u c t e d  t o  cornpensate 

f c r  t h e  e f f e c t s  o f  shock a b s o r b e r s  o n  i n d i v i d u a l  2TRRPl sys tems.  Shock 

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

e x e r c i  ses s h o u l d  be  p e r f o r m e d  s e a s o n a l l y  t o  d i  s c o v e r  s e n s i t i v i t i e s  t o  

ambi e n t  t e m p e r a t u r e  c o n d i  t i  ons, 

-The v e h i c l e  body i n t e r a c t s  w i t h  t h e  d y n a n i c s  o f  r o u 9 h n e s s  

~ e a s u r c m e n t  v i a  i t s  w e i g h t  and inass d i  s ~ r i b u t i o n .  ! d e i ~ h t  v a r i a t i o n s  due 

t o  f u e l  consump t i on ,  n u ~ b e r  o f  passenge rs ,  e t c . ,  t h o u s h  t h e y  r e s u l t  i n  

l a r g e  e r r o r s  i n  t h e  PCA m e t e r  s t a t i s t i c ,  have  a  rninin:al  e f f e c t  on  t h e  

At?\/ . 

-An unnecessa ry  speed e f f e c t  i s  e l i r r i n a t e d  by  n o r m a l i z i n g  t h e  r o a d  

r c e t c r  measurement  by t i m e ,  t o  p r o d u c e  t h e  A R V  s t a t i s t i c  i n  u n i t s  o f  i ~ /  

sec. i io: /ever,  a  f u n d a m e n t a l  s e n s i t i v i t y  t c  speed r e g a i  ns. 

Recoimriendat ion: Foughness ~ e a s u r e m e n t s  s h o u l d  a l w a y s  be :naile a t  

speeds r e p r e s e n t a t i v e  o f  no rma l  mean t r a f f i c  speeds. The  r o u g h ~ e s s  

n u m e r i c ,  e.g. AR\J ,  s h o u l d  be s u b s c r i p t e d  w i t h  t h e  m e a s u r i n g  s?eed. 



-2T?RI.I systerns c o n s i s t i n g  o f  a  r o a d  r e t e r  r rounted on a  two-wheel  

t r a i l e r  a r e  becorrii ng p o p g l a r  as a  way t o  a v o i d  p r o o l m s  :v i  tii chanses i n  

f l e e t  v e i i i c l e s  and t h e  f u t u r e  d o w n - s i z i n g  o f  c a r s .  

Flany o f  t h e  r ca j o r  s o u r c e s  o f  v a r i a t i o n  p r e s e n t  i n  p a s s e n g e r - c a r  

based RTRRR systems c a n  be r educed  w i t h  t h e  c a r e f u l  d e s i g n  o f  t r a i l e r -  

t y p e  systems. T y p i c a l  d e s i g n  f e a t u r e s  t o  be  a t t e n d e d  t o  a r e :  

1) w e i g h t ,  w e i g h t  d i s t r i b u t i o n ,  t i r e s  and shock a b s o r b e r s  

2 )  s h r o u d i n g  a s  may i n f l u e n c e  aerodynamic  e f f e c t s  and under -  

v e h i c l e  h e a t  b u i l d - u p  

3 )  b r a k e  systems w h i c h  c a n  l o c k  n h e e l s  and f l a t - s p o t  t i r e s .  

The p r o l i f e r a t i o n  o f  t r a i  1  e r s  w i t h o u t  c o n s i d e r a t i o n  o f  t h e  p h y s i c s  w h i c h  

i n f l u e n c e  t h e  measurement o f  r o a d  roughness  can  l e d  t o  3 rew p o p u l a t i c t i  

o f  v e h i c l e s  w i t h  o l d  ? rob lems.  

Reconri iendat ion: C o n v e r s i o n  t o  t r a i l  e r - t y p e  RTRRIfi s y s t e m  shod1 d be 

d e f e r r e d  u n t i l  an  ASTM s t a n d a r d  can  be f o r n u l a t e d  t o  g u i d e  t h e i r  d e s i g n .  

-RTRRM systems a r e  u n a b l e  t o  d i  s c r i n i  n a t e  between a x l e - ~ o d y  

mot i o n s  caused by r o a d  roughness  and m o t i o n s  caused by ~ o n u n i f o r m i  3 e s  

o f  t h e  t i  r e s  and ;{heels. D i f f e r e n c e s  between measured roushness  

s ~ a t i  s t i c s  and r e f e r e n c e  r oughness  s t a t i s t i c s  a t t r i ~ u t a b l e  t o  t i  r e  a ~ d  

: /heel nonun i  f o r n i  t i e s  a r e  most s i g n i f i c a n t  on smooth r oads .  The p u r e l y  

random e r r o r s  t h a t  e x i s t  ( even  a f t e r  c a l i b r a t i o n )  a r e  abou t  t h e  sarre 

magn i t ude  f o r  a l l  l e v e l s  o f  r o a d  roughness ;  t h u s ,   when t h e y  a r e  

exp ressed  as pe r cen tage  e r r o r s ,  t h e y  a r e  g r e a t e s t  f c r  s n o c t h  roads .  

:<:zter non l  i n e a r i  t i e s  a l s o  have  t h e i  r g r e a t e s t  e f f e c t  on smooth roads .  



Reconinendat i  on:  KTRR;II sys tems s h o u l  d n o t  be  i l sed  t o  a s s e s s  tie:.:ly 

c o n s t r u c t e d  r oads .  I f  t h e y  a r e  d s e d  f o r  t h i s  ;3urpose, ti?e;j n1ust be  

c a l  i b r a t e d  a g a i  n s t  a p r o f  i 1 orneter  on a number o f  nevr r o a d s ,  as d e s c r i  bed 

i n  t h i s  r e p o r t .  The a r t i f i c i a l  bump method,  as d e s c r i b e d  h e r e i n ,  i s  

i nadequa t c  f o r  c a l  i b r a t i o n  a t  1 ow roughness  1 e v e l s .  

-Deve lopment  o f  c a l  i b r a t i  on methods f o r  RTRRljl sys tems has  been  

hampered by l a c k  o f  a w e l l  d e f i n e d ,  a b s o l u t e  measure  o f  r oughness  t h a t  

i s  c o r z p a t i b l e  i.~i t h  RTRRM sys tem measurenients .  The r e f e r e n c e  RTRRY 

sys tem d e v e l o p e d  i n  t h e  r e s e a r c h  s a t i s f i e s  t h i s  need v e r y  e f f e c t i v e l y  by 

?r -oduc ing a R e f e r e n c e  ARV (RARV) s t a t i s t i c  t h a t  i s  we1 1 d e f i n e d ,  and  

whose a c c u r a c y  i s  l i m i t e d  o n l y  by t h e  a c c u r a c y  o f  t h e  p r o f i l e  

measurement.  C a l i b r a t e d  a g a i n s t  t h i s  s t a n d a r d ,  t h e  n o r i  n a l  a c c u r a c y  

a c h i e v e d  by  RTRRM sys tems i s  a b o u t  0.10 i n / s e c  o f  RARV ( a p p r o x i n a t e l y  

0.2 P S I ) .  

Recommendat ion:  A1 1 RTRRM sys tems s h o u l d  be g i v e n  a p r i m a r y  

c a l i b r a t i o n  by  c o r r e l a t i n g  t h e i r  o u t p u t  a g a i n s t  t h e  RAKV m e a s u r e ~ e n t s  

o b ~ a i n e d  ( f r o m  a p r o f i l o m e t e r  i n  c o n j u n c t i o n  k ~ i t h  a s i n l u l a t i o n  o f  t h e  

r e f e r e n c e  RTRKI sys tem)  o n  a number o f  r o a d s  r e p r e s e n t i n g  a r a n g e  o f  

a ~ p r o q r i a t e  r oughness  c o n d i t i o n s .  C a l i  b r a t i o n s  shou l  d be c o n d u c t e d  a t  

speeds and a m b i e n t  t e m p e r a t u r e  c o n d i t i o n s  a t  \ vh ich  t h e  RT9R)l s ysevs  a r e  

t o  De used .  I n i t i a l  l y ,  c a l i b r a t i o n s  s h o u l d  be p e r f o r r e d  as  f r e q i i e n t l ; ~  

as once 3 e r  mon th  w i t h  a n  RTRRM s y s t e m  u n t i l  such  t i v e  as i t s  i n d i v i d u d l  

t i n e  s t a b i l i t y  j u s t i f i e s  l o n g e r  i n t e r v a l s .  

- E a s i l y  f a b r i c a t e d  a r t i f i c i a l  Sumps r e p r e s e n t i n g  a n  a h s o l u t e  

r o ~ ~ g h n e s s  l e v e l  c a n  be d e v i s e d  t o  s e r v e  as a s e c o n d a r y  c a l i b r a t i o n  



s t a n d a r d .  A1 t hough  t h e  e r r o r s  caused  by t i  re l v i hee l  n o n u n i f o r m i  t i e s  a t  

h i g h  speeds a r e  n o t  r e p l i c a t e d  when t r a v e r s i n g  t h e  bunps a t  l o w  speeds,  

t h i s  s che re  p r o v e d  t o  be a good c a l i b r a t i o n  s t a n d a r d  f o r  some o f  t h e  

RTREX systems. Whether  o r  n o t  t h i s  method can  be f u r t h e r  d e v e l o p e d  and  

v a l i d a t e d  as an a b s o l u t e  roughness  s t a n d a r d ,  i t  s t i l l  p r o v i d e s  a means 

t o  assess  t h e  adequacy o f  s u s p e n s i o n  damping on FITFIR!.? systems,  and  

c o n s t i t u t e s  a  t i r e  i n v a r i a n t  s u r f a c e  f o r  sys tem c! iecks.  The a r t i f i c i a l  

burnp r re thod  appears  t o  y i e l d  a b o u t  t h e  s a f e  p o s t - c a l  i b r a t i o n  measurc i rent  

accu racy  as a  p r i m a r y  c a l i b r a t i o n  on  scn;e sys tcms,  a l t h o u 5 h  i t  i s  n o t  

equa l  l y  (and  p r e d i c t a b l y )  e f f e c t i v e  w i t h  a1 1 systems.  

Recommendat ion: A r t i f i c i a l  r o a d  bumps s h o u l d  be used  as a 

c a l i b r a t i o n  check c f  an RTRRM syster;. \ /hen a  ~ r o f i l o m e t e r  i s  n o t  

a v a i l a b l e  o r  when a  p r i m a r y  c a l i b r a t i o n  wou ld  t a k e  t o o  much t i m e .  The 

r e t h o d  o f f e r s  p o t e n t i a l  f o r  c a l i b r a t i n g  RTRRII systems o v e r  t h e  [nodera te  

t o  rough  range  o f  t h e  roughness  s c a l e ,  b u t  f u r t h e r  r e s e a r c h  i s  needed t o  

f u l  l y  v a l i d a t e  i t s  usage. 

-The ax l e -body  ~ o t i o n  sensed on RT?RM systems i s  c l e a r l y  r e l a t e d  

t o  t h e  r i d e  v i b r a t i o n  r esponse  o f  passenger  c a r s .  The a v a i l a b l e  

i n f o r m a t i o n  f a v o r s  t h e  use o f  t h e  R A R V  s t a t i s t i c  as t h e  s i m p l e s t  w a s u r e  

o f  t b a t  m o t i o n  v ~ h i c h  i s  ~ o s t  c l o s e l y  r e l a t e d  t o  t h e  f a c t o r s  i n f l u e n c i ~ r j  

t h e  p u b l i c ' s  judgment  o f  r i d e  v i b r a t i o n s  caused  by r o a d  roughness,  3 n  

t h e  b a s i s  o f  l i m i t e d  d a t a ,  RARV measurements appear  w e l l  r e l a t e d  tc  

s e r v i c e a b i l i t y .  D a t a  g a t h e r e d  d u r i n g  t h i s  s t u d y  showed t h a t  i n-use 

?T?RR s y s t e m  c o r r e l a t e  ~ u c h  b e t t e r  w i t h  RAEV t h a n  \ v i t h  P S I .  'dhereas 

PSI i s  d e f i n e d  o n l y  i n  t e rms  o f  an e m p e r i c a l  r e g r e s s i o n  e q u a t i o n  f o u n d  



by ,AASHO t o  r e l a t e  C Y L O E  s l o p e  v a r i a n c e  t o  PSR, RARV i s  a  r i g o r o u s l y  

d e f  i ned p r o p e r t y  o f  pavement  p r o f  i 1 e. 

Recommendat ion:  The RARV s t a t i s t i c  s h o u l d  be a d o p t e d  a s  an 

o b j e c t i v e  measurement o f  r o a d  r oughness  i n  l i e u  o f  PS I .  

CONCLUSIONS AND RECOMMENDATIONS RELATED TO FUTURE I~4PROVEMENTS 

-RTRRbI sys tems m e a s u r i n g  ARV have  been f o u n d  t o  be c a p a b l ?  o f  

m e a s u r i  ny r o a d  r o u ~ h n e s s  p r o p e r t i e s  r e 1  a t e d  t o  s e r v i  c e a b i  1  i ty  a f t e r  t h e y  

a r e  c o r r e c t e d  by a c a l i b r a t i o n  p r o c e d u r e .  The ARV s t a t i s t i c  appea rs  

adequa te  and a p p r o p r i a t e  f o r  t h e  d e y r e e  o f  a c c u r a c y  a v a i l a b l e  w i t h  

c u r r e n t  RTRRil systems.  However ,  i n  o r d e r  t o  advance  r o a d  r o u g h n e s s  

rceasurenent  t e c h r i o l  ogy t h e  r e 1  a t i  o n s h i  p b e t ~ e e n  r o a d  p r o f  i 1 e and 

s e r v i  ceab i  1  i ty needs t o  be e s t a b l  i shed i n a r i  go rous  manner,  

C o n s i d e r i  ny t h e  i ~ p o r t a n c e  o f  t h i s  roadway qua1 i ty  t o  t h e  u s i n g  ; , ~ b l  i c  

and t h e  m a s s i v e  f u n d i n g  a1  l o c a t e d  f o r  h i ghway  ~ a i n t e n a n c e  a n n u a l l y  on 

t h e  b a s i s  o f  r o a d  r oughness  measurements,  a  more  p r e c i s e  r e 1  a t i o n s h i p  

s h o u l d  be e s t a b l i s h e d .  

Recommendat ion:  Research  s h o u l d  be u n d e r t a k e n  t o  i d e n t i f y  t h e  

r e 1  a t i  c n s h i p  o f  t h e  wave1 e n g t  h  and amp1 i t u d e  c o n t e n t  o f  r o a d  r oughness  

on t h e  s u b j e c t i v e  j u d y c e n t  o f  t h e  d r i v i n g  p u b l i c .  The r e s e a r c h  s h o u l d  

i n c l  dde b o t h  passenge r  c a r s  and conmerc i  a1 v e h i c l e s ,  a n d  s h c u l  d r e s u l t  

i n  a  c a r e f u l l y  d e f i n e d  w e i g h t i n g  f o r m u l a  by w h i c h  r o a d  r oughness  c a n  be 

i n t e r p r e t e d  on  a n a t i o n a l  s t a n d a r d  r o a d  r oughness  s c a l e .  

-The measu renen t s  p roduced  by RTRRPI sys tems,  i? l i g h t  o f  t h e i r  

dependence on t h e  dynamics  o f  t h e  h o s t  v e h i c l e ,  a r e  p r o n e  t o  s i g n i f i c a n t  

e r r o r .  S y s t e m a t i c  e r r o r s  c a n  be r e d u c e d  o r  e l  i r ; . i  n a t e d  by c a l  i o r a t i o n ,  



b u t  t h e  number and s e n s i t i v i t y  of veh ic le  va r i ab l e s  d i c t a t e s  a  need f o r  

very f requent  cal  i  S ra t ion .  Cali  b ra t ion  i s  a  t i~e-consumi ng endeavor 

with RTRRT.?  s y s t e m  because i t  n:ust be e f f e c t i v e l y  equ iva len t  t o  a 

c cn t ro l l ed  road t e s t .  A f t e r  c a l i b r a t i o n ,  a  s i g n i f i c a n t  random e r r o r  

rerr,ains because of the  va r i a t i ons  i n  dynamic response p e c u l i a r  t o  each 

system. This  random e r r o r  i s  nonc r i t i c a l  i n  road network surveys s i nce  

i t  should average away i n  t h e  development of sumrr.ary s t a t i s t i c s  t o  

descr ibe  t h e  condi t ions  of t h e  road network. Hovrever, in  t h e  more 

c r i t i c a l  func t ions  of eva lua t ing  s ec t i ons  of i  ridi viduzl roads 

(especi  a1 l y  t h e  r e l a t i v e l y  sn~ooth sur faces  represented by new 

c o n s t r u c t i o n ) ,  t h e  ren~a in i  ng random e r r o r  1 irri t s  t h e  usefu lness  of R T R R r 4  

systems. Accordi nrjly, f u r t h e r  d e v e l o p ~ e n t  of t he se  systems i s  not 

merited.  The level  of e f f o r t  and operat ional  c o n s t r a i n t s  t h a t  ~ roa ld  be 

required t o  f i ~ r t h e r  control  o r  compensate f o r  t he  many confounding 

va r i ab l e s  i n  operat ion wculd e l im ina t e  a l l  advantages in  cos t  and 

sim?l i c i  t y .  

-!In e a s i l y  cal i b r a t ed ,  t ime-s tab le  equ iva len t  of an ?TRRM s;~stem 

~easu remen t  i s  e a s i l y  obtained by means of e l e c t r o n i c  process ing of road 

?ref i l e  measurements. The cu r r en t  high cos t  of s c p h i s t i c a t e d  rosd 

p r o f i l e  ceasurenlent equipment i s  an inpediinent t o  t h i s  p r a c t i c e .  'Yet a  

sys tev  can be envis ioned,  which ( 1 )  i s  i n s t a l  led i n  a passenger c a r ,  ( 2 )  

uses a  non-contacting probe t c  neasure  body t o  ground d i s t a n c e ,  and ( 3 )  

i s  l imi ted  t o  rep1 i c a t i o n  of R T R R M  system measurenents. Such a  system, 

produced in  reascnable  numbers, should be ob ta inab le  a t  only a  f r a c t i o n  

of t h e  cos t  of modern prof i l cmete rs .  Add i t i ona l l y ,  such s y s t e m  could 

be modified and updated by :r,inor changes i n  e lec t ro r i i c  c i r c u i t r y  :\/hen 

nez a n d  x t t e r  measures of road roughness a r e  i d e n t i f i e d .  



?ecom~endat i on: Federal a n d  s t a t e  highway acjenci es shoul d 

encourage the  development of 1 ow-cost p ro f i l e  measurement/~rocessi ng 

systems e i t h e r  through sponsored research o r  procurenent of experimental 

systems. 
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A P P E N D I X  A 
RTRRM SY STE;'4 CAL IBRATIGi4 PIETI-IODS 

INTRODUCTION 

Two c a l  i b r a t  i o n  methods f o r  r e s p o n s e - t y p e  r o a d  r oughness  m e a s u r i n g  

s y s t e m  (RTRRFl sys tems )  have  been d e v i s e d  and  t e s t e d .  The f i r s t  

c a l i b r a t i o n  ~ e t h o d  i s  based  on c o r r e l a t i o n  o f  an  RTRRM sys tem t o  

s t a n d a r d  r oughness  measurements o n  a  s e l e c t i o n  o f  a v a i l a b l e  r oads .  T h i s  

n e t n o d  r e q u i r e s  t h e  u s e  o f  a  GMR-type p r o f i l o ~ e t e r  t o  measure  r o a d  

p r o f  i 1  es wh i ch  a r e  s u b s e q u e n t l y  p r o c e s s e d  t h r o u g h  a  q u a r t e r - c a r - t y ? e  

s i r c u l a t i o n  o f  t h e  r e f e r e n c e  RTRRN s y s t e m  t o  o b t a i n  s t a n d a r d  r oughness  

>va lues  f o r  t h e  t e s t e d  r oads .  Recommended p r o c e d u r e s  f o r  t h i s  

c a l i b r a t i o n  have been  p r e p a r e d  i n  t h e  f o rma t  o f  an  ASTY t e s t  f i e thod  

c o n t a i n e d  i n  t h i s  append i x .  

GMP, p r o f  il ometers  a r e  c u r r e n t l y  u n a v a i l a b l e  t o  p o s t  RT;I?'1 u s e r s ,  

so a c a l  i b r a t i o r i  method  t h a t  does n o t  r e q u i r e  t h e i r  usage  was deve lo9ed .  

T h i s  method s u b j e c t s  t h e  RTRKfil sys tems t o  e x c i t a t i o n  t h a t  has an  

a s s c c i a t e d  a b s o l u t e  l e v e l  o f  r oughness ,  p r o v i d e d  by e a s i l y  f a b r i c i i t e d  

a r t i f i c i a l  r o a d  bumps whose roughness  l e v e l s  a r e  d ~ f i n e d  by t h e i r  

g e o r e t r y .  A  c a l i b r a t i o n  method  based on  t h e s e  bumps, a l s o  p r e p a r e d  i n  

t h e  f o r r , a t  o f  an ASTbI t e s t  method ,  i s  p r e s e n t e d  i n  t $ i s  append i x .  

As an  a i d  t o  u s e r s  o f  t h e  a r t i f i c i a l  s u r f a c e s ,  t h e  a n a l y s i s  

s u 7 9 o r t i n g  t h e i r  d e s i g n  i s  p r o v i d e d  i n  a  s e c t i o n  w h i c h  d i s c u s s e s  t h e  

? r o p e r t i e s  t h a t  such  a  t y p e  o f  e x c i t a t i o n  s h o u l d  have,  and  s o r e  o f  t n e  

d e s i g n  t r a d e - o f f s  t h a t  a r e  r e q u i r e d  t o  imp lemen t  t h i s  method. T h i s  

s e c t i o n  d e v e l o p s  t h e  c o n c e p t  o f  an  " a v e r a g e  r o a d ,  " p r e s e n t s  r e s e a r c h  

f i  ndi nss  c c n c e r n i  ng  t i  r e  e n v e l  o p i n g  ( a  phenomenon t h a t  ~ u s t  be  add ressed  



);/hen consideri ng 1 ow-speed cal ibra t ion  procedures) ,  and tnen di scusses 

the  process of designins a n  a r t i f i c i a l  surface (with a n  associated k n o v l n  

roughness l e v e l )  t o  be used f o r  ca l ib ra t ing  RTRRM systems. Also, t h e  

r e s u l t s  a re  presented f o r  a var ie ty  of con3uter simulations t h a t  were 

conducted t o  a n t i c i p a t e  the  s e n s i t i v i t y  of the ca l ib ra t ion  t o  

unavoidable d i f ferences  in the  dynanii cs of vehicles used i  n R T R R M  

s y s t e ~ i s .  And f i n a l l y ,  suggestions are  provided f o r  the  f u r t h e r  

devel opment of the  met hod .  

STANDARD FIETHOD F O R  PRIMARY CALIBRATION O F  RTRRi31 S Y S T E P S  

1. Scope 

1.1 This method cons t i tu tes  the  prirrary means t o  c a l i b r a t e  the  

?avement roughness measurement of a  response-type road rou$~ness 

measuring system ( R T R R M  sys ten)  t o  a standard roughness sca le .  

1.2 A n  R T R R Y  system i s  defined as  an automobi l e  o r  two-wheel 

t r a i l e r  with a so l id  ax le ,  with instrumentation t o  neasure the  

accutilulated axle di spl acement r e l a t i v e  t o  the  vehicle body caused by 

road roughness, a n d  t h e  time required t o  t r ave r se  a t e s t  sec t ion .  The 

roughness rneasurernent obtained i s  the  r a t i o  of the  t!~o measurenents and 

i s  the  Averaye Rectif ied Velocity ( A R V )  i  n un i t s  of Inches/Second. The 

A R ' I  s t a t i s t i c  i s  re la ted  t o  the conventional Inches/bqile s t a t i s t i c  

accordi ng t o  the  re la t ionship:  

where V = t e s t  speed, in  mi l e s  per hour. 

1.3 The standard sca le  i s  the  ARV obtained by prccessins the  t r u e  



pavement p r o f  i 1  e  t h r o u g h  t h e  r e f e r e n c e  RTRRM sys tem s i m u l a t i o n  d e f i n e d  

h e r e i n .  I t  i s  d e s i g n a t e d  a s  R e f e r e n c e  ARV (RARV). 

2.  Su i ina ry  o f  Method  

2.1 The t e s t  a p p a r a t u s  c o n s i s t s  o f  a  G;,lR-type r o a d  p r o f i l o r r e t e r ,  

c a p a b l e  o f  measu r i r l g  l e f t  and r i g h t  whee l  p r o f i l e s ,  and a  s i m u l a t i o n  o f  

t h e  r e f e r e n c e  RTRRM sys tem d e s c r i  bed h e r e i  n. 

2.2 The p r o f i l o n i e t e r  i s  o p e r a t e d  o v e r  a  s e l e c t i o n  o f  r o a d  

s u r f a c e s ,  c o n c u r r e n t l y  w i t h  t h e  RTRRM s y s t e m  b e i n g  c a l  i b r a t e d ,  t o  r e c o r d  

t h e  r o a d  p r o f i l e s .  

2.3 The r o a d  9 r o f i l e s  arc p r o c e s s e d  t h r o u g h  t h e  r e f e r e n c e  ATRR?.i 

s i n i u l a t i o n  a t  t h e  speed e q u i v a l e n t  t o  t h e  nom ina l  RTRR;/I syster , ;  t e s t  

speed on each r o a d ~ r a y  t o  p r o d u c e  t h e  ?ARV s t a t i s t i c  f o r  t h e  t e s t  

s e c t  i o n .  

7.4 The c a l i b r a t i o n  i s  o b t a i n e d  by 1  i n e a r  r e g r e s s i o n  o f  t h e  ~TRR; , I  

s y s t e ~  ARV Reasurements  a g a i n s t  t h e  RARV measurements.  

2.5 The pavement roughness  measured i n  ARV u n i t s  by t h e  RT%,9iA 

t e s t  s y s t e m  o n  a c t u a l  r oads  i s  c o r r e c t e d  v i a  t h e  c a l i b r a t i o n  o b t a i n e d  

above t o  e s t i m a t e  RARV. The c o r r e c t e d  v a l u e s  a r e  d e s i  c jnated C a l i b r a t e d  

,X\J ( C A i i V ) ,  and s h o u l d  i ~ c l u d c  t h e  fileasureii:ent speed a s  a s u b s c r i ; ? t .  

3. A p p a r a t u s  

3.1 P r o f i l o m e t e r  - The p r o f i l o n e t e r  s n a l l  be c a p a b l e  o f  I n e a s u r i n s  

t h e  r e a d  p r o f i l e  i n  t h e  l e f t  and r i g h t  wheel  t r a c k s  o v e r  a  f r e q u e n c y  

Sand o f  U . 5  t o  2 5  H z  a t  s i m u l a t e d  c a l i b r a t i o n  speeds. A t  n o r x a l  



operating speed, the  p r o f i l e  measureflents in t h i s  bandwidth shal l  be 

obtained with a resolut ion of .O1 inch, a  hys teres is  not t o  exceed .JC1 

inch, and a gain accuracy of 1  percent of the  f u l l - s c a l e  a ~ p l  i tude. 

Calibrat ion of the  profilometer sha l l  be confirmed a t  the  beginning of 

each s e r i e s  of road t e s t s .  

3.2 Simulation - The simulation of the reference rlTRt?Fi syste111 

shal l  be a  quar ter -car  inodel a s  shown in Figure ,I-1, c.ri t h  the  pararreter 

values indicated there in .  I n p u t  t o  the  siwulation shal l  be the  avcrage 

elevation of the  l e f t  and r i g h t  wheel t racks .  The simulated speed shal l  

be the  same as the  R T R R M  t e s t  speed. O u t p u t  shal l  be the  ca lcula ted  

accurulated axle-body displacement. The f ina l  value of the  o u t p u t  i s  

divided by t h e  time needed t o  t r ave r se  the  road sec t ion  a t  trle speed 

being simulated t o  y i e l d  t h e  R A R V  f o r  t h a t  sec t ion .  h'hether the  

simulation i s  imp1 ernented di rji t a l  ly or  anal o g ,  t he  frequency response 

function of the  simulation sha l l  be within 1 percent of the  reference 

response function shown in Figure A - 1  over the  frequency range o f  0.5-25 

klz. 

3.3 Test Sections - A t  l e a s t  10  road sect ions of each 

construction type ( i . e . ,  f l e x i b l e ,  r i g i d )  t o  be included in  the  

ca l ib ra t ion  shal l  be se lec ted  in the  local v ic in i ty  such :hat a1 1 can be 

tes ted  i n  the  pericd of one day. A l l  t e s t  sect ions shal l  be 3.5 rililes 

o r  grza ter  i n  length u i t h  the  beginning and ending points c l ea r ly  

ident i f ied  by landmarks o r  temporary rr!arkers. The road sec t ions  shal l 

be substantial  ly s t r a i g h t ,  and homogeneous both 1 o n g i  t u d i  nal ly a n d  

l a t e r a l  ly i  n roughness c h a r a c t e r i s t i c s .  The 10 roads shal l  represetit a 

ranQe of roughness levels  from t h e  snoothest avai lable  t o  the  roughest 



AXLE-BODY RESPONSE FUNCTION OF HSRI REFERENCE SIMULATICX 
Figure A- 1 .  Dynamics of reference road roughness measurement system. 
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ex t r eme  t o  be c a l i b r a t e d  a t  t h e  s e l c c t e d  t e s t  speed, b u t  n o t  e x c e e d i n g  a 

2 A R V  l e v e l  o f  2 .75 i n / s e c .  

4. Ca l  i b r a t i  on P r o c e d u r e  

4.1 Speed - C a l i b r a t e  t h e  R T R R M  t e s t  v e h i c l e  speed i n d i c a t o r  a t  

t h e  t e s t  speeds by t r a v e r s i n g  a n  a c c u r a t e l y  neasu red  pavement  o f  a  

l e n g t h  a p p r o p r i a t e  f o r  t h e  method  o f  t i m i n g .  The  r o a d  s h o u l d  be 

r e a s o n a b l y  l e v e l  and  s t r a i g h t ,  and  speed s h o u l d  be  he13 c o n s t a n t .  Load  

t h e  v e h i c l e  t o  i t s  n o r ~ a l  o p e r a t i n g  w e i g h t  and s e t  a1 1  t i r e s  a t  t h e  

normal  o p e r a t i n g  i n f l a t i o n  p r e s s u r e  l e v e l .  O t h e r  methods o f  e q u i v a l e n t  

a c c u r a c y  may be used.  

4.2 P r e p a r a t i o n  - T u r n  on a l l  e l e c t r o n i c  e q u i p v e n t ,  a l l o w  t i r e  

f o r  warn-up,  and check t h e  c a l i b r a t i o n s  and t h a t  a l l  sys tems are  

f ~ n c t i o n i n g  p r o p e r l y .  garm u ?  t h e  RTRRI.1 sys tem by d r i v i n g  on  t h e  

h igh~way  a t  ~ o m a l  speeds f o r  a  d i s t a n c e  of a t  l e a s t  5 c l i l e s .  

4.3 T e s t  S e c t i o n s  - F r o c e e d  t o  each t e s t  s e c t i o n  w i t h  t h e  ?TRR:d 

t e s t  s ys tem and  t h e  p r o f i l  omete r ,  e n s u r i n g  t h a t  t h e  2T;ZRPI s y s t m  has  been  

warmed up on  t h e  r o a d  p r i o r  t o  t e s t  and has n o t  s e t  s t a t i o n a r y  i c r  inore 

t h a n  a  f ew  m i n u t e s  be tween  warm-up and t h e  a c t u a l  t e s t .  

4.3.1 t?TRR:5 Sys tem - Check a n d  r e s e t  t i r e  p r e s s u r e  as necessa ry  

p r i o r  t o  each t e s t  t o  t h e  n c m i n a l  o p e r a t i n g  p r e s s u r e ,  p l ~ s  o r  m i w s  one  

s i .  P roceed  o v e r  t h e  t e s t  s e c t i o n  a t  t h e  p r e s c r i b e d  t e s t  speed 

r z c o r d i  ng t h e  accumul a t i  on o f  a x l e - b o d y  d i  s p l  aceri lent f r o m  t h e  b e g i  n n i  ng 

t o  t h e  end o f  t h e  t e s t  s e c t i o n .  A t  t h e  end o f  t h e  t e s t  s e c t  i o n  r e c o r d  

t h e  t e s t  s?eed, t h e  a c c u ~ u l a t e d  i n c h e s  o f  a x l e - b o d y  d i s p l a c e m e n t ,  t h e  

t i m e  t o  t r a v e r s e  t h e  t e s t  s e c t i o n ,  and  t h e  amb ien t  w e a t h e r  c o n d i  t i o n s .  



Proceed  t o  t h e  o t h e r  t e s t  s e c t i o n s  and r e p e a t  t h i s  p r o c e s s .  

4.3.2 P r o f i l o m e t e r  - P roceed  o v e r  t h e  t e s t  s e c t i o n  m e a s u r i n g  t h e  

p r o f i l e s  a n d / o r  a c c u ~ u l  a t i  on o f  t h e  s i m u l a t e d  a x l e - b o d y  cli s p l  acer ien t  

f r o m  t n e  b e s i n n i n g  t o  t h e  end o f  t h e  t e s t  s e c t i o n .  A t  t h e  end o f  t h e  

t e s t  s e c t i o n ,  d e t e r m i n e  t h e  RARV by t a k i n g  t h e  r a t i o  o f  accu inu l a t ed  

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

t e s t  s u r f a c e  i s  r ough ,  such  t h a t  bounce  o f  t h e  r o a d - f o l l o w e r  wheel c o u l d  

o c c u r ,  r e p e a t  t h e  t e s t  f o r  t h e  safle s i r u l a t e d  speed,  b u t  a t  a  l o w e r  

p r o f  il ome te r  speed, t o  c o n f i r m  t h e  RARV measurement o b t a i n e d .  

5. D a t a  R e d u c t i o n  

5.1 C a l i  b r a t i o n  - F o r  each  t e s t  s e c t i o n  o b t a i n  t h e  R A P V  measured 

by t h e  p r o f i l  o ~ e t e r / s i r u l a t i o n ,  and t h e  A R V  measured w i t h  t h e  ?T?RM t e s t  

system. Ceve l  op t h e  c a l i b r a t i o n  r e l a t i o n s h i p  by a  1  i n e a r  r e s r e s s i o n  o f  

t h e  a p p r o p r i a t e  d a t a  p a i r s .  

5.1.1 Measured ARY - T h i s  q u a n t i t y  i s  o b t a i n e d  by d i v i d i n g  t h e  

a c c u n u l  a t e d  i n c h e s  o f  a x l e - b o d y  d i  s p l  accnlent by t h e  t i m e  needed t o  

t r a v e r s e  -cha-c t e s t  s e c t i o n .  On i'4ays m e t e r  d e v i c e s ,  t h e  i n c h e s  o f  

d i ~ p l a c e i r ~ e n t  a r e  e q u i v a l e n t  t o  6.4 t i m e s  t h e  c h a r t  p a p e r  t r a v e l  

s e n e r a t e d  o v e r  t h e  t e s t  s e c t i o n  l e n g t h .  S P  P C A  m e t e r  d e v i c e s ,  t h e  

i q c h e s  o f  d i  s o l a c e r e n t  are  t h e  sur;: o f  c o u n t s  f ro i r ,  a1 1  r e y i s t e r s ,  

~ u l t i p l i e d  ay t n e  q u a n t i z a t i o n  i n t e r v a l  ( n c r m a l  ly  1 1 8 - i n c h ) ,  O t h e r  

d e v i c e s  :lay r e q u i r e  o t h e r  t y p e s  o f  d a t a  i n t e r p r e t a t i o n .  

5.1.2 L inea r -  ! ? e g r e s s i o n  - The c a l i b r a t i o n  o f  an  RTREP1 systern nay  

v a r y  wi.ti.1 t e s t  speed and  t y p e  o f  roadway ( f l e x i b l e  o r  r i g i d ) .  A t  t h e  

o p t i o n  o f  t h e  u s e r ,  s e p a r a t e  c a l i b r a t i o n s  may b,e d e v e l o p e d  f o r  t h e  



syster;; a t  each i n t e n d e d  t e s t  s ~ e e d  and f o r  each roadway t y p e .  

A l t e r n a t i v e l y ,  one c a l i b r a t i o n  may be  o b t a i n e d  c o v e r i n g  b o t h  f l e x i b l e  

and r i g i d  pavements ~i t h  an  e x p e c t e d  r e d u c t i o n  i n  s t a t e d  p r e c i s i o n  o f  

t h e  RTRRM system. A minimum o f  10 d a t a  p a i r s  a r e  needed t o  e s t a b l i s h  a 

c a l i b r a t i o n .  A c a l i b r a t i o n  a t  each o p e r a t i n g  speed i s  n e c e s s a r y  u n l e s s  

i t  can  be shown t h a t  e q u i v a l e n t  c a l i b r a t i o n s  c a n  be o b t a i n e d  a t  each 

speed. The c a l i b r a t i o n  i s  o b t a i n e d  by  a  l i n e a r  r e g r e s s i o n  o f  t h e  R A R V  

a g a i n s t  t h e  ~ e a s u r e d  A R V ,  r e s u l t i n g  i n  an e q u a t i o n  o f  t h e  f o r m :  RARV = 

C1 + C2 x ARV.  The s t a n d a r d  e r r o r ,  w i t h  t h e  u n i t s  i n / s e c ,  i s  c a l c u l a t e d  

a l o n g  w i t h  t h e  r e g r e s s i o n  e q u a t i o n  and r e c o r d e d  w i t h  t h e  c a l i h r a t i o n  as 

an  i n d i c a t i o n  o f  i t s  accu racy .  

The c a l i b r a t i o n  i s  r e c o r d e d  i n  t h e  f o r m  o f  t h e  above d e r i v e d  

e q u a t i o n ,  s u b s t i t u t i n g  t h e  l e t t e r s  " C A R \ / "  f o r  "RI'IR'I. " The syn~bo l  fill?\/ 

t h e n  deno tes  t h e  c a l  i Ora ted  ARV e s t i m a t e  o f  t h e  r e f e r e n c e  ARV, based on  

neasurements  made w i t h  t h a t  s y s t e m  i n  subsequen t  r o a d  t e s t s .  

The c a l i b r a t i o n  i s  i d e n t i f i e d  by  r e c o r d i n g  t h e  d a t e ,  RT2RPi t e s t  

s ys te r : ,  t i  r e  i n f l a t i o n  p r e s s u r e ,  p r o f i l  o r n e t e r / s i m u l a t i  on sys te i r ,  a c t u a l  

and i n d i c a t e d  t e s t  speed, paven~en t  t y p e ( s ) ,  amb ien t  w e a t h e r  c o n d i  t i c n s ,  

and s t a n d a r d  e r r o r .  The c a l i b r a t i o n  nay be ? l o t t e d  on r e c t i l i n e a r  g raph  

;laper as a  s t r a i g h t  1  i n e  r e l a t i n g  CARV t o  r;-easured A?\ /  f o r  ease i n  

subsequen t  use. 

5.2 P a v e ~ e n t  Roughness ) leasurement - The c a l i b r a t i o n  o b t a i n e d  

above i s  used t o  c o n v e r t  on - road  ARV r oughness  n l easu re ren t s  t o  C, 'R \ l  

u n i x s .  Secause i!TRP,i"iystems may have v a r y i n g  dey rees  o f  s e n s i  t i  VI t y  t o  

t e s t  speed, pavement t y p e ,  and amb ien t  t e v p e r a t u r e ,  c a l i b r a t i o n s  s h c u l ?  

be pe r f o rmed  f r e q u e n t l y  t o  i d e n t i f y  t h e  p a r t i c u l a r  s e n s i t i v i t i e s .  The 



c o n v e r s i o n  o f  o n - r o a d  measurements t o  CARV s h o u l d  t h e n  be  o b t a i n e d  f r o m  

t h e  c a l  i S r a t i o n  mos t  c l o s e l y  r e l a t e d  t o  t h e  o n - r o a d  c o n d i t i o n s .  

STANDARD bIETHOD FOR C A L I B R A T I O N  OF RTRRl? 
SYSTEMS ON AN A K T I F I C I A L  SURFACE 

1. Scope 

1.1 T h i s  method  p r o v i d e s  a  r e a n s  t o  c a l i b r a t e  t h e  pavement  

r oughness  ceasu re r ren t  o f  a  r e s p o n s e - t y  pe r oad - roughness  ~ e a s u r e m e n t  

sys tem ( E T 2 R t l  s ys tem)  t o  a  s t a n d a r d  r oughness  s c a l e .  

1.2 An RTRRI"4 s ys tem i s  d e f i n e d  a s  an  a u t c m o b i l e  o r  two-vrheel  

t r a i l e r  w i t h  a s o l i d  a x l e ,  w i t h  i n s t r u m e n t a t i o n  t o  measure t h e  

accuniul  a t e d  a x l e  d i s p l a c e m e n t  r e l a t i v e  t o  t h e  v e h i c l e  body caused  by 

r o a d  roughness ,  and t h e  t i m e  r e q u i r e d  t o  t r a v e r s e  a  t e s t  s e c t i o n .  The 

r oughness  measurement o b t a i n e d  i s  t h e  r a t i o  o f  t h e  t w o  neasu remen ts  and 

i s  t h e  Average  R e c t i f i e d  V e l o c i t y  ( A R V )  i n  u n i t s  o f  I n c h e s j S e c o n d .  The 

A!?'/ s t a t i s t i c  i s  r e l a t e d  t o  t h e  c o n v e n t i o n a l  I n c h e s / N i l e  s t a t i s t i c  

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

$:/here V = t e s t  speed, i n  m i l e s  per h o u r .  

i . 3  The s t a n d a r d  s c a l e  i s  t h e  A R V  o b t a i n e d  by ~ r o c e s s i n g  t h e  t r u e  

>a\/einent p r o f i l e  t h r o u g h  t h e  r e f e r e n c e  RTRRi4 s ys tem s i m u l  a t i  on d e f i n e d  

i n  t h e  P r i m a r y  C a l i  b r a t i o n  r f lethod. I t  i s  d e s i g n a t e d  a s  R e f e r e n c e  ARV 

(2A,<V ) . 

1.4 The ~ e t h o d  o f  c a l i b r a t i n g  o n  an a r t i f i c i a l  s u r f a c e  i s  an  

i ;-idi r e c t  method  o f  c a l  i b r a t i  ng !./hi ch y i e l d s  an  e s t i m a t e  o f  tihe 



c a l  i b r a t i  or1 t h a t  w o u l d  be o b t a i n e d  by c o r r e l a t i o n  o f  t h e  s u b j e c t  ?T?R;I  

systeri; a g a i n s t  a  p r o f i l o r n e t e r / r e f e r e n c e  RTRRFI  sys tem s i r r u l a t i o n  on a  

l a r g e  sanp l  e  o f  r o a d s  ( i  .e. ,  t h e  p r i ~ a r y  c a l  i o r a t i o n ) .  The  c a l  i b r a t i o n  

on  an a r t i f i c i a l  s u r f a c e  i s  a  means o f  e s t i m a t i n g  t h e  p r i i s a r y  

c a l i b r a t i o n  w i t h  s u f f i c i e n t  a c c u r a c y  t o  be u s e f u l  i n  t h e  absence o f  an 

a v a i l a b l e  p r o f i l c m e t e r  sys tem,  and i s  a  means t o  v o n i t o r  4TRRF4 systerr, 

pe r f o rmance  changes be tween p r i m a r y  c a l  i b r a t i o n s  due t o  changes i n  t i l e  

v e h i c l e ,  e n v i r o n m e n t ,  e t c .  T h i s  c a l i b r a t i o n  method  does n o t  i n c l u d e  

c e r t a i n  e f f e c t s  s p e c i f i c  t o  v e h i c l e  speed and pavement t y p e s  and qence 

has l i m i t e d  a p p l i c a b i l i t y .  

2 .  Summary o f  Method  

2.1 The t e s t  a p p a r a t u s  c o n s i s t s  o f  a  p r e p a r e d  s u r f a c e  f a b r i c a t e d  

f r o m  larni  n a t i o n s  o f  f l a t  s t o c k  m a t e r i a l s  t o  y i e l d  3 d e f i n e d  p r o f i l e  

c o n t a i  p i  ng a  r e l a t i v e  roughness /wave  number c o n t e n t  t h a t  i s  r e l a t e d  t o  

t h e  ave rage  p r o p e r t i e s  o f  a c t u a l  r o a d s .  The p r e p a r e d  s u r f a c e  i s  

d e p l o y e d  on an e x i s t i n g  base  s u r f a c e  i n  a  f a s h i o n  t o  a1 l ow  t h e  RTPRr.1 

sys tem ( t o  be  c a l i b r a t e d )  t o  approach  and a r i v e  o v e r  t h i s  s u r f a c e  w i t h  

e i t h e r  b o t h  l e f t  and r i g h t  whee l s  on  t h e  s u r f a c e  o r  j u s t  t h e  whee ls  c n  

t h e  l e f t  o r  r i g h t  s i d e  on t h e  s u r f a c e .  The base s u r f a c e  i s  s u f f i c i e n t l y  

s;i;ootb t h a t  t h e  r oughness  l e v e l  i n  t h e  approach  a r e a ,  u ~ d e r  t h e  

a r t  i f i  c i a 1  s u r f a c e s ,  and i n  t h e  d e ? a r t u r e  a r e a ,  i s  i n s i g n i f i c a n t  wben 

c o r y a r e d  t o  t h e  roughness  o f  t h e  a r t i f i c i a l  s u r f a c e .  

2 . 2  The R T k R b !  s y s t e m  t o  be  c a l i b r a t e d  i s  d r i v e n  f i v e  t i m s  o v e r  

t h e  t e s t  s i l r f a c e  a t  each  o f  f i v e  speeds by t a o  methods as f o l l o ~ ~ s :  

1) ! . i i t h  b o t h  l e f t  and r i g h t  whee l s  p a s s i n g  o v e r  t h e  a r t i f i c i a l  



s u r f a c e  s i m u l t a n e o u s l y  t o  y i e l d  a  r ough  s u r f a c e  c a l  i b r a t i o n  

~ o i  n t .  

2 )  ! d i t h  a l t e r n a t e l y  t h e  l e f t  whee ls  o n l y  and t h e n  t h e  r i g h t  

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

c a l i b r a t i o n  p o i n t  a t  a  mode ra te  r oughness  l e v e l .  

The i n c h e s  o f  accumu la ted  a x l e - b o d y  d i  s p l  acement ,  a c c r u e d  d u r i  n? t r a v e l  

o v e r  t h e  a r t i f i c i a l  s u r f a c e  and  d u r i n g  t h e  subsequen t  decay o f  v e h i c l e  

bounc i  ng a f t e r  l e a v i  ng t h e  s u r f a c e ,  a r e  r e c o r d e d .  

2.3 A c a l i b r a t i o n  p l o t  f o r  r e l a t i n g  t h e  s u b j e c t  ?TRRM s y s t w  t o  

t h e  s t a n d a r d  s c a l e  i s  deve loped  on  r e c t i l i n e a r  ~ r a p h  p a p e r  by p l o t t i n s  

two  ? o i n t s  w h i c h  a r e  connec ted  by  a  s t r a i g h t  1  i n e .  The two  p o i n t s  a r e :  

1)  The ave rage  measured r oughness  f o r  a1 1  t e s t s  w i t h  b c t k  l e f t  

and r i g h t  whee ls  o n  t h e  a r t i f i c i a l  s ~ r f a c e  cor respond in l ;  t c  a 

g i v e n  RAt?V v a l ~ e .  

2 )  The a v e r a g e  measured roughness  f o r  a11 t e s t s  w i t h  t h e  l e f t  and 

r i g h t  whee ls  i n d i  v i d u a l  l y  on  t h e  a r t i f i c i a l  s u r f a c e  

c o r r e s p o n d i  ng t o  one-ha1 f t h e  g i v e n  ? A R V  v a l u e .  

2 .4  The p a v e r e n t  roughness  r e a s u r e d  i n  A2V u n i t s  by t h e  s u b j e c t  

i?T?R;I t e s t  s y s t e ~  on  a c t u a l  r o a d s  i s  c o r r e c t e d  v i a  t h e  c a l  i b r a t i c n  71 o t  

t o  o b t a i n  c a l  i 5 r a t e d  A R V  ( C A R V )  va l ues .  

3. A p p a r a t u s  

3.1 , A r t i f i c i a l  S u r f a c e s  - The a r ~ i f i c i a l  s u r f a c e  i s  c r e a t e d  by 

~ l a c i n c ;  %:do b a s i c  p r c f i l i .  ? a t t e r n s  on an  e x i s t i n g  s x o ~ t b  ~averrenf , .  TL:e 



t!lfo p a t t e r n s ,  d e s i g n a t e d  A and  E ,  a r e  d e f i n e d  b y  t h e  p r o f i l e  e l e v a t i o n  

v i e \ / s  shown i n  F i ~ u r e  A - 2 .  The s u r f a c e s  ri lust b e  o f  s u f f i c i e n t  w i d t h  t o  

y i e l d  a t  l e a s t  12 i n c h e s  (30 cm) o f  s u r f a c e  t o  t h e  o u t s i d e  o f  t h e  

v e h i c l e  t i r e s  t o  a1  l o w  f o r  t r a c k i n g  v a r i a t i o n s .  The sugges ted  : v i d t h  c f  

t h e  s u r f a c e  i s  96 i n c h e s  (2.44 in); o r  t h e y  may be c o n s t r u c t e d  o f  t7;io 

p i e c e s  c e n t e r e d  on t h e  wheel  t r a c k s  w i t h  a  r e c o m ~ e n d e d  w i d t h  o f  a t  1 2 a s t  

30 i n c h e s  ( 7 6  c n ) .  

3.2 S u r f a c e  I n s t a l l a t i o n  - The a r t i f i c i a l  s u r f a c e  i s  p r e p a r e d  by 

c o n s t r u c t i o n  and i n s t a l l a t i o n  o f  p r o f i l e  segments as shown i n  t h e  l a y o u t  

p a t t e r n  of F i g u r e  A-3.  The s u r f a c e  c o n s i s t s  o f  f o u r  p r o f i l e  s e g r e n t s  i n  

t h e  s e q u e n t i a l  s e r i e s  o f  p a t t e r n s  A-B-A-B w i t h  12 f e e t  ( 3 . 6 5 8  x) o f  

space be tween t h e  end o f  one  and t h e  b e g i n n i n g  o f  t h e  n e x t .  A l l  

segments s h o u l d  be i n s t a l  l e d  w i t h  t h e  l e a d i n g  edges i n  t h e  sane 

d i r e c t i o n ,  a l t h o u g h  t h e  s u r f a c e  nay be used  i n  e i t h e r  d i r e c t i o n  o f  

t r a v e l  bv i th  t h e  satre r e s u l t s  expec ted .  

The base  s u r f a c e  on w h i c h  t h e  a r t i f i c i a l  s u r f a c e  i s  i n s t a l l e d  

s h a l l  be i n  an a r e a  f r e e  of t r a f f i c .  The  base  s u r f a c e  s h a l l  have  1 c ~ i  

roughness  on t h e  a r e a  i n  w h i c h  t h e  a r t i f i c i a l  s u r f a c e  i s  i n s t a l l e d ,  i l  

t h e  approach  and d e p a r t u r e  a r e a s  f o r  a t  l e a s t  100 f e e t  (30.5 is) on 

e i t h e r  end o f  t h e  a r t i f i c i a l  s u r f a c e ,  and i n  t h e  l a n e  on  e i t h e r  s i d e  oF 

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

On s e l e c t i o n  o f  a  t e s t  a r e a ,  t h e  a r e a  s h o u l d  be c l e a n e d  t o  rer:ove 

any l o ~ s e  s r a v e l  o r  o t h e r  p r o t u b e r a n c e s  t h a t  w o u l d  p r e v e n t  t h e  ? r e f i l e  

segrzents f r o m  l y i n g  f l a t  c v e r  t h e i r  e n t i r e  l e n ~ t h  on t i l e  base  s ~ r f a c e .  

The ~ r o f i l e  s e g r e n t s  s h a l l  be e n p l a c e d  and i n s t a l  l e d  s e c u r e l y  on t i7e 

l a s e  s u r f a c e  e i ~ h e r  by 3dk ies ives  o r  f a s t e n e r s  t o  e n s u r e  t h a t  t h e y  
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? r e s e n t  a  f i r m  s u r f a c e  t o  t h e  t i r e s  o f  t h e  v e h i c l e  b e i n g  c a l i b r a t e d .  

3.3 T o l e r a n c e s  - I n  c o n s t r u c t i o n  o f  t h e  p r o f i l e  p a t t e r n s  as shown 

i n  F i g u r e  A - 2 ,  t h e  v e r t i c a l  d imens ions  d i r e c t l y  de te rn i i  ne t h e  e q u i v a l 2 n t  

~ a v e m e n t  r oughness  r e p r e s e n t e d  by t h e  a r t  i f i c a l  s u r f a c e .  F o r  t h e  

d i ~ ~ e n s i o n s  shown, a  f o u r  whee l  t r a v e r s e  o f  t h e  c o n p l e t e  s u r f a c e  a t  t h e  

c a l i b r a t i o n  speed rep1  i c a t e s  a  pavement R A R Y  v a l u e  e q u i v a l e n t  t o  1.98 

i n / s e c  a t  a  t e s t  speed o f  50 mph. To  e n s u r e  c a l i b r a t i o n  a c c u r a c y ,  a l l  

v e r t i c d l  d i r e n s i o n s  s h o u l d  be h e l d  t o  w i t i i i q  1 p e r c e n t  o f  t h o s e  

s p e c i f i e d .  I f ,  however ,  t h e  a v a i  1  a b i  1  i ty o f  r a t e r i a l  s ,  c o n s t r u c t i o n  

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

d imens ions  n u s t  b e  s c a l e d  d i f f e r e n t l y  t h a n  t h a t  shown, t h e  RARV v a l u e  i s  

s c a l 2 d  p r o p o r t i o n a t e l ; / .  I n  no case  s h o u l d  t h e  c o n s t r u c t ~ d  p r o f i l e  oe 

s c a l e d  by r o r e  t h a n  a 10 p e r c e n t  d i f f e r e n c e  f r c m  t h a t  siloc,.rn. 

The l o n g i t u d i n a l  d i ~ e n s i o n s  o f  t h e  p r o f i l e  p a t t e r n  s h o u l d  be  

m a i n t ~ i n e d  w i t h i n  0.25 i n c h e s  (0.64 cm) c f  t h e  d e s i g n  d i n e n s i c n ,  ,As 

emplaced on t h e  base  s u r f a c e  ( F i g .  A - 3 ) ,  a l l  p r o f i l e  e l emen ts  s h c i ~ l d  be 

m a i n t a i n e d  w i t h i n  1.0 i n c h  (2 .54 cm)  o f  t h e  d e s i g n  l o c a t i o n s .  

4, C a l i  b r a t i o n  P r o c e d u r e  

4.1 - Sseed - C a l i b r a t e  t h e  R T R R Y  t e s t  v e h i c l e  speed i n d i c d t o r  a t  

t h e  t e s t  speeds by t r a v e r s i n g  an  a c c u r a t e l y  v e a s u r e d  >averiient o f  s 

l e n g t h  a p p r o p r i a t e  f o r  t h e  method o f  t i m i n g .  The  r o a d  s h o u l d  be 

r e a s o n a s l y  l e v e l  and  s t r a i g h t ,  and speed  s h o u l d  be h e l d  c o n s t a n t .  Load  

t h e  vehicle t o  i t s  n o r m 1  o p e r a t i n g  viei;ht and s e t  a l l  t i r e s  a t  t l - e  

qormal  o p e r a t i n g  i n f  1 a t i  cn p r e s s u r e  l e v e l .  J t h e r  r e t h o d s  o f  e a u i v a l  er l t  

a ccu racy  r a y  be used. 



4.2 A r t i f i c i a l  Surface Tests  - P r i o r  t o  c a l i k r a t i o n  s e t  a l l  t i r e s  

t c  a  28 psi (192 k Pa).  Operate t he  RTR9td s y s t e r  vehicle f o r  a t  l e a s t  5 

fii l e s  ( 8  km) on 1 ocal roads a t  an average speed of about 40  nph (64 .4  

k m / h ) .  Immediately a f t e r  t h i s  precondit ioning,  r e se t  a1 1 t i r e s  t o  an 

i n f l a t i o n  pressure of 32 - +l  psi (220 + 7  I< Pa) .  Align the  vehicle  with 

the  a r t i f i c i a l  surfaces and perform t e s t s  with a1 1 :/heels of the  vehicle  

?ass ins  over the  sur face  siii;ultaneously. Perform 5 t e s t s  each a t  speeds 

of 13, 14,  15, 16  and 17 mph (21 ,  22.5, 24, 25.5, and 2 7  k r n / h )  using t h e  

fo l  1 owing procedure: 

1 )  Align t h e  RTP,RM system vehicle  with the  sur face  and acce l e ra t e  

t o  the  t e s t  speed p r i o r  t o  reaching the  sur face .  

2 )  I n i t i a t e  the  roughness neasurement as the  f r o n t  wheels reach 

t h e  a r t i f i c i a l  sur face .  

3 )  Naintain uniform vehicle speed and path while t r ave r s ing  t h e  

a r t i f i c i a l  sur face  and beyond. 

4) As the  rear  ax le  leaves the  a r t i f i c i a l  su r f ace ,  wait f o r  t he  

vehicle  bouncing t o  subside and then terri:inate t he  roughriess 

neasurement. 

5 )  Xecord t h e  t e s t  number, t e s t  speed and the incbes o f  

accumulated ax1 e-body di spl acevent rseasiired. 

6) Repeat t he  procedure as  necessary unt i l  a1 1 t e s t s  a r e  

corpleted.  Recheck t i  r e  pressures  periodi cal ly t o  ensure 

r;la i  nrenance of the  spec i f i ed  pressure.  

At the completion of t e s t s  u i t h  both wheel t r acks  o n  t he  



a r t i f i c i a l  surface,  repeat t e s t s  i n  the sarre nuvber, s p e e d s ,  and ; ~ i t b  

the sme  orocedures, in lirhich uheels o n  only one s ide  of tne venicle 

pass over the a r t i f i c i a l  surface. Alternate between the l e f t  aqd r i ~ h t  

side wheels of  the vehicle. 

The p rof i l e  patterns are  prescribed fo r  a cean cal i  bration speed 

of 15 mph ( 2 4  k m / h )  ; cal ibra t ion a t  another speed i  s  no t  v a l i d .  

5 .  Data Reduction 

5.1 Calibration - The cal ibra t ion fo r  the  KTRRtql system i s  

obtained by p l  o t t i n s  two points on rect i 1 i near graph paper a n d  passi ns a  

s t ra iyh t  l ine  t h r o u g h  the points. The plot i s  prepared by label i n 2  the  

ordinate 'CARV," a n d  the  abscissa "lkasured A R V . "  A legend fo r  the 

graph should include additional i  nformation, inclcrdi ng the  vehicle 

iden t i f i ca t ion ,  operator,  date ,  e tc .  

From the t e s t  data f o r  four-wheel operation on the a r t i f i c i a l  

surface,  deterini ne the average inches of roughness fo r  a1 1 2 5  t e s t s  ( 5  

t e s t s  each a t  5 speeds). Convert the average inches t o  measured ARY by 

dividing by the  "effect ive  time" f ac to r ,  6 .73  sec. That i s ,  

Measured ARV = average i  nches/6.73 sec. 

P l o t  a p o i n t  o n  the ca l ibra t ion p l o t  corresponding t o  t h i s  vallre :)f 

Yeasured A?V a n d  a  C A 2 V  va 1 ue of (nomi nal 1 y ) 1.98 I n/Sec. 

 fro^ the t e s t  data f o r  two-wheel operation o n  the a r t i f i c i a l  

surface,  de~errni ne the average i nches o f  roughness fo r  a1 1 25 t e s t s  

covering b o t h  l e f t  a n d  r ight  wheel track t e s t s .  Convert t c  reasured ?(?V 

as h o v e  a n d  p l o t  as a  p i n t  corresoonding t o  a C A R V  value cf 



(norr , ina l  l y )  0.99 i n / s e c .  A  s t r a i g h t  l i n e  drawn t h r o u g h  t h e s e  p o i n t s  i s  

t h e  c a l i b r a t i o n .  

5.2 Pavement Roughness ~Yeasure t ren t  - The c a l  i b r a t  i on p l o t  

o b t a i n e d  aoove r a y  be  used  t o  c o r r e c t  t h e  o n - r o a d  ARV ri1easuren;ents o f  

t h e  RTilRI4 sys tem t o  CAKV u n i t s .  No s t a n d a r d  e r r o r  can  be  a s s o c i a t e d  

bvi t h  CARV measurements t h a t  a r e  bzsed  o n  t h i s  c a l i b r a t i c n  method.  

5.3 N o t i c e  o f  P o s s i b l e  E r r o r s  - T h i s  c a l i b r a t i o n  Kay be  used  f o r  

c o r r e c t i n g  on - road  measurements t o  CARV i n  1 i e u  o f  a  p r i n a r y  c a l  i b r a t i o n  

when a  p r o f i l  o m e t e r / s i m u l a t i o n  i s  n o t  a v a i l  a b l e .  However,  t h e  

c a l i b r a t i o n  a c c u r a c y  i s  n o t  assu red .  I n s u f f i c i e n t  damping i n  t h e  r e a r  

s u s p e n s i o n  i s  a  known cause o f  i n a c c u r a c y ,  and i s  i n d i c a t e d  when t h e  

average  accumu la ted  a x l e - b o d y  t r a v e l  i n  a  c a l  i b r a t  i o n  exceeds t h e  1  i ~i t 

shown i n  F i g u r e  A-4. As shown, t h e  1  i m i  t depends on  t h e  l e v e l  of ~ e t e r  

h y s t e r e s i s ,  w h i c h  i s  f o u n d  by i i i easu r i ng  t h e  d i f f e r e n c e  i n  a x l e - b o d y  

p o s i t i o n  when t h e  m e t e r  e n t e r s  a  r e g i s t e r  ( i . e . ,  i t  " c l i c k s ' )  w i t h  

i n o t i o n  i n  one d i r e c t i o n ,  and  l e a v e s  i t  w i t h  n o t i o n  i n  t h e  o t h e r  

d i r e c t i o n ,  The  f i g u r e  i s  v a l i d  f o r  a  s u r f a c e  RARV v a l u e  o f  1.98 I n / S e c ;  

i f  t h e  a c t u a l  s u r f a c e  has a  d i f f e r e n t  RARV v a l u e ,  t h e  o r d i n a t e  s h o u l d  be 

r e - s c a l  ed a c c o r d i  n g l y  . 

U l t i m a t e l y ,  t h e  c a l i b r a t i o n  o b t a i n e d  w i t h  t h i s  n:ethod zay i n  s x e  

cases e x h i b i t  a  s y s t e m a t i c  d i f f e r e n c e  f r o m  t h a t  o b t a i n e d  i n  a  pr in l ,ary  

c a l i b r a t i o n .  i i ence  i t  s h o u l d  be  used  a s  a  seconda ry  c a l i b r a t i o n  p r i o r  

t o ,  o r  between,  p r i n a r y  c a l i b r a t i o n s .  A t  such t i n e  t h a t  a  p r i v a r y  

c a l i b r a t i o n  i s  o b t a i n e d ,  t h e  seccnda ry  c a l  i b r a t i c n  shou? d b e  ~ e r f o r r e d  

c o n c u r r e n t l y ,  t o  e s t a b l i s h  an  i n d i  v i  d u a l  " e f f e c t i v e  t i ; r e H  f a c t o r  f o r  

each RTRPII systenl .  T h i s  c a l i b r a t i o n  does n o t  compensate f o r  t i l e  e f f e c t s  





o f  t i  re /whee l  n o n - u n i i o r r n i  t i e s ,  w h i c h  s t r o n g l y  i n f l u e n c e  r oughness  

rneasurenlents o f  smooth r oads ,  such  as new pavement c o n s t r u c t i o n s .  ;-lence 

t h e  c a l i b r a t i o n  i s  n o t  v a l i d  f o r  r o a d  s u r f a c e s  w i t h  CARV v a l u e s  l e s s  

t h a n  1.0 I n I S e c .  

DEVELOPMENT OF ARTIFICIAL SYRFACE CALIBRATION VETHOU 

The c a l  i b r a t i  on method  p r e s e n t e d  i n  t h e  p r e c e d i  ng s e c t i o n  f o l l  ows 

t h e  b a s i c  n o t i o n  o f  c a l  I b r a t i n g  an  i n s t r u m e n t  by  u s i n g  t h e  i n s t r u r e n t  t o  

measure a  s t a n d a r d  u n i t  o f  roughness .  S i n c e  t h i s  app roach  presumes t h e  

e x i s t e n c e  o f  a  s t a n d a r d  u n i t  o f  measure,  t h e  f i r s t  s t e p  i n  t h e  

deve lopment  o f  t h i s  method was t h e  d e f i n i t i o n  o f  a  " s t a n d a r d  r o a d "  t h a t  

c o u l d  p r o v i d e  t h e  same c a l  i a r a t i o n  as t h e  p r i r na r y  ~ r o f  i 1  o ~ e t e r  n e t b o d  

? r e s e n t e d  e a r l i e r .  The  f a b r i c a t i o n  o f  a s t a n d a r d i z e d  s u r f a c e  i s  

s i m p l i f i e d  i f  t h e  c a l i b r a t i o n  speed i s  r educed ,  such  t h a t  t h e  s u r f a c e  

p r o v i d e s  e x c i t a t i o n  a t  l o w  speed t h a t  i s  t y p i c a l  o f  r e a l  r oads  b e i n g  

t r a v e r s e d  by 4TRRM sys tems a t  t h e i r  no rma l  o p e r a t i n g  speeds.  The  

advan tages  a r e  t h a t  t h e  s u r f a c e  does n o t  have t o  be as l o n g ,  and  a l s o  

t h a t  backg round  roughness  d e r i v i n g  f r o m  t h e  u n d e r l y i n g  s ~ r f a c e  and f r o c  

f a b r i c a t i c n  i m p r e c i s i o n  i s  e a s i e r  t o  m a i n t a i n  a t  n e g l i g i ~ l e  l e v e l s .  i n  

e f f e c t ,  t h i s  i s  a c c o ~ p l  i s h e d  by compress i ng  t i l e  p r o f i l e  i n  p r o p o r t i o n  t o  

t h e  r a t i o :  ( c a l i b r a t i o n  s p e e d ) / ( s i n u l a t e d  o p e r a t i n g  speed) .  

The pneuma t i c  t i r e  i s, however ,  i i n a b l e  t o  c o m p l e t e l y  r e s p o n d  t o  

changes i n  paveri ient e l e v a t i o n  if t h e y  o c c u r  w i t h i n  d i s t a n c e s  t h a t  a r e  

c o r , ? a r a b l e  t o  t h e  l e n g t h  o f  t h e  c o n t a c t  p a t c h  be tween t i r e  and pavement.  

Sma l l  s u r f a c e  f e a t u r e s  a r e  " e n v e l o p e d "  by t h e  t i r e ,  r e s u l t i n ?  i n  l e s s  

f c r c e  b e i n g  t r a n s r n i t t c d  t o  t h e  v e h i c l e .  I f  t h e  c a l i b r a t i o n  s ~ e e i l  i s  t o o  

I s w ,  t h e  t i r e  e n v e l o p i n g  w i l l  a t t e n u a t e  t o o  r w c h  c f  t h e  r cughness  f c r  



t h e  c a l i b r a t i c n  t o  be v a l i d .  Thus t h e  c a l i b r a t i o n  ~ u s t  b e  based on  ar! 

adequa te  u n d e r s t a n a i  ng o f  t i  r e  e n v e l  o p i  no, as we1 1  a s  t h e  u n d e r s t a n d i  ng 

o f  t h e  p r o p e r t i e s  o f  no rma l  r oads .  A c c o r d i  n r j l y ,  t h e  p h e n o ~ e n o n  o f  t i  r e  

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

s e c t i o n .  

The a c t u a l  d e s i g n  o f  an a r t i f i c i a l  s u r f a c e  used  t o  c a l i b r a t e  2 T P W  

sys te r r~s  i s  t h e  r e s u l t  o f  a  nu f ibe r  o f  t r a d e - o f f s .  The r a i n  c o n c e r n  

a u r i n g  t h i s  p r o j e c t  was t o  d e v e l o p  a  s u r f a c e  t h a t  was easy and cheap t o  

f a b r i c a t e ,  and t o  d e v i s e  a  c a l i b r a t i o n  r ~ e t h c d  t h a t  \ /as  s i r np l e  t o  f c l l o l ~  

and r e q u i r e d  no  a u x i l i a r y  i n s t r u m e n t a t i o n ,  o t h e r  t h a n  t h e  r o a d  m e t e r  i n  

t h e  RTRRr.1 systeir,. As a  r e s u l t ,  t h e  c a l i b r a t i o n  zethoc i  i s  s u b j e c t  $0  

e r r o r s .  Because o f  t h i s ,  and t h e  f a c t  t h a t  t h e  r e t h o d  has n o t  Seen 

f l i l l y  d e ~ o n s t r a t e d  i n  t h e  f i e l d ,  some o f  t h e  p r o ? e r t i e s  o f  t h e  b m p s  a r c  

d e s c r i b e d  t o  a i d  t h o s e  u s e r s  o f  RTRRM sys tems who mi .;ht f u r t h e r  d e v e l o p  

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

ii7,i;:edi a t e  d i  r e c t  i o n  t h a t  t h e  f u r t h e r  d e v e l  oprnent s h o u l d  f o l  low.  

? r o ? e r t  i es  o f  t h e  S t a n d a r d  Road 

Pavement e l e v a t i o n  changes r andom ly  a l o n g  t h e  1  e n s t h  o f  most  

r o a d s ,  r e q u i r i n g  t h a t  d e s c r i p t i o n s  o f  p r o f i l e  be s t a t i s t i c a l .  I n  t h e  

F a s t  20 y e a r s ,  s p e c t r a l  ( d e n s i t y  f u n c t i o n s  have been f o u n d  t o  be  u s e f u l  

d e s c r i p t o r s  o f  h ighway  and a i r f i e l d  runway pavements. The s p e c t r a l  

a e n s i t y  o f  an  i n d i v i d u a l  paven;ent s e c t i o n  i s  g e n e r a l l y  u n i q u e ,  b u t   lien 

t h e  s p e c t r a l  d e n s i t i e s  o f  a  l a r g e  n u r ~ b e r  c f  r oads  a r e  compared, t h e y  d r &  

seen t o  have  s i m i l a r  shapes. The uni lqunuss o f  t h e  s p e c t r a i  d e n s i t y  of  

any g i v e n  s e c t i o n  o f  ?averrent  i s  t h e  reasor !  t h a t  i i ieasure~r :ents  ~ a d e  w i t h  

,4c- , I  I T e r e n t  gTRR1I sys tems :!o n o t  a g r e e  ? e r f  e c t l y  , and why a 1 s r z e  number 



o f  r oads  must  b e  i n c l u d e d  i n  an o n - r o a d  c a l i b r a t i o n .  (On t h e  o t h e r  

hand, t h e  commonal i ty  be tween s p e c t r a l  d e n s i t i e s  o f  d i  f f e r e n t  paveven t  

s e c t i o n s  i s  t h e  u n d e r l y i n g  r e a s o n  t h a t  even  d i s s i m i l a r  r oughness  

measurements a r e  c o r r e l a t e d .  ) A c a l  i b r a t  i o n  c o u l  d  be p e r f o r n i e d  w i t h  

j u s t  two s u r f a c e s ,  if b o t h  we re  known t o  have  o n l y  " a v e r a g e "  p r o p e r t i e s ,  

and none o f  t h e  u n i q u e  f e a t u r e s  common t o  r e a l  r o a d s  w h i c h  b i a s  t h e  

c a l i b r a t i o n .  C l e a r l y  t h e  deve1opfi;ent o f  an a r t i f i c i  a1 s u r f a c e  f o r  

c a l i b r a t i o n  o f  RTRRP1 sys tems b e g i n s  : ~ i t h  t h e  q u e s t i o n :  "> /ha t  i s  t h e  

s p e c t r a l  d e n s i t y  o f  t h e  averaGe r o a d ? "  

A n a l y t i c  e x p r e s s i o n s  have  been sugges ted  by v a r i o u s  r e s e a r c h e r s  t o  

use  as a  r o a d  mode l ,  f o r  c a l c u l a t i o n s ,  ahen  measured p r o f i l e s  a r e  n o t  

a v a i l a b l e .  H o u b o u l t  ( 2 5 )  - sugges ted  a  model  f o r  a i r f i e l d  runways  t h a t  i s  

t h e  n o s t  we1 1  known r o a d  mode l ,  and i s  d e f i n e d  as  

e 

where  G z ( v )  i s  t h e  (model  ) r o a d  s p e c t r a l  d e n s i t y ,  v  i s wave number ($:lave 

number = l / w a v e l e n g t h ) ,  and Go, t h e  s o l e  p a r a m e t e r  i n  t h e  mode l ,  i s  a 

s c a l i n g  f a c t o r  t h a t  i n d i c a t e s  t h e  l e v e l  o f  roughness .  As more  h ighway  

qavef i ients we re  p r o f  i 1 ed,  i t  becarce a p p a r e n t  t h a t  r e a l  r o a d  s p e c t r a l  

d e n s i t i e s  have h i g h e r  a n p l i t u d e s  a t  l o w  wave nunbers  t h a n  p r e d i c t e d  by 

t h e  : a d e l .  ?/ lore r e c e n t  x o d e l s  t h a t  have been s u g g e s ~ e a  have  i n c l i i d e d  

a d d i t i o n a l  p a r a m e t e r s ,  t o  p r o v i  de t h e  capab i  1  i ty  f o r  S e t t e r  m a t c h i  ns 

measured s p e c t r a l  d e n s i t i e s .  E u t  p a r a m e t e r  v a l u e s  t h a t  a1 1  ow t h e  i : lodels 

t o  r e p r e s e n t  averacje r oads  have n o t  been e s t a b l i s h e d .  A s u i t a b l e  r;:o:ie'i 

s h o u l d  have J u s t  one  p a r a m e t e r  t h a t  e s t a b l i s h e s  t h e  r oughness ,  and t h e  

izodel s h o u l d  be v a l i d a t e d  by c o m p a r i s o n  w i t h  a  l a r g e  nunlber o f  Yeasurer i  

s p e c t r a l  d e n s i t i e s .  G i v e n  t h a t  h ighway  p e r s o n n e l  have  t r a d i  t i c n a l  l y  



d i f f e r e n t i a t e d  be tween roughness  measurements o f  f l e x i  b l ?  ~ c d  r i 3 i  d 

saver;;ents, i t  i s  l i k e l y  t h a t  s e p a r a t e  mode ls  a r e  needed  f o r  d i f f e r e r l t  

c c n s t r u c t  i o n  t y p e s .  

F i c j u res  A-5 and  A-6 show measured s p e c t r a l  d e n s i t i e s  c f  a  number 

o f  Eu ropean  r o a d s  ( 2 6 ) .  - The f i g u r e s  snow s l o p e  s p e c t r a l  d e n s i t i e s ,  

r a t h e r  t h a n  e l e v a . t i o n  s p e c t r a l  d e n s i t i e s ,  because  s l o p e  s p e c t r a 1  

d e n s i t i e s  d o  n o t  change as much w i t h  wave number and p e c u l i a r i t i e s  o f  

i n d i v i d u a l  s p e c t r a  a r e  t h u s  e a s i e r  t o  d i  s t i  i ~ g u i s h .  Each measured c u r v e  

was n o r m a l i z e d  ( r e - s c a l e d )  i n  t h e  f i g u r e s  t o  b e t t e r  show t h e  cormon 

shape o f  t h e  d i f f e r e n t  cu r ves .  The heavy b l a c k  l i n e s  d e p i c t  an a n a l y t i c  

s p e c t r a l  d e n s i t y  f u n c t i o n  t h a t  was s e l e c t e d  t o  b e s t  r a t c h  t h e  z e a s u r e d  

c u r v e s  and d e f i n e  t h e  a v e r a g e  r o a d  n o d e l .  The e q u a t i o n  o f  each  l i n e  i s  

Gz' ( v )  = G o [ l  + ( v o ~ v ) ~ ]  ( f t / f t ) * f t / c y c l  e  

The o n l y  d i f f e r e n c e  be tween  t h e  mode ls  f o r  ricji d  and  f l e x i b l e  pavements 

i s  t h e  v a l u e  g i v e n  t o  t h e  p a r a m e t e r  vo; a  v a l u e  o f  .C2  c y c l e l f t  i s  

sugges ted  f o r  r i g i d  c o n s t r u c t i o n s  and a  v a l u e  c f  .05 c y c l e l f t  i s  

s u g g e s t e d  f o r  f l e x i b l e  c o n s t r u c t i o n s .  No t r e n d  i s  a p p a r e n t  t h a t  vloul d  

i c d i c a t e  t h a t  t h e  shape o f  t h e  ~ o d e l  s p e c t r a l  d e n s i t y  s h o u l d  be 

d i f f e r e n t  f o r  s inooth and r o u g h  r o a d s ,  t h u s  t h e  s i n s l e  e q u a t i o n  i s  

~ i f e r e d  f o r  a l l  l e v e l s  o f  r ougnness  t h a t  we re  i n c l u d e d  i n  t h e  slrrvey. 

The f iode l  was f o u n d  t o  a l s o  ac;ree i ~ i t h  measured s p e c t r a  f o r  Texas  r o a d s  

( 2 7 1 ,  - and w i t h  t h e  13 Ann A r b o r  r oads  p r o f i l e d  d u r i n g  t h e  C o r r e l a t i o n  

Procjrar:. 

Khcn  a  m a d  i s  t r a l / e r s e d  by a  v e h i c l e ,  i t  i s  ? e r c ? i v e d  a s  a r o v i n g  

. l?var , icn.  $ s t a n d a r d  c a l  i b r a t i o n  e x c i t a t i c n  s h o u l d  ~ r c v i c i e  t h e  sar;,e 



Wave Number (cyc le / f t )  

Figure A - 5 .  Normal ized spectral densi t ies  of European concrete roads. 



F i g u r e  A-6. Normal i z e d  s p e c t r a l  d e n s i t i e s  o f  European b i t uminous  r o a d s .  



i n p u t  t o  t h e  ?TRRI? s ys tem v e h i c l e  as a  r o a d  w i t h  p r o p e r t i e s  s 9 e c i f i e d  by 

t h e  above e q u a t i o n ,  vhen  s a i d  r o a d  i s  t r a v e r s e d  a t  t h e  n o r r a l  KT'iRi! 

sys tem measurecen t  speed. Based on t h e  t r a n s f o r p a t i o n s  i n  Append i x  C ,  

t h e  s p a t i a l  s p e c t r a l  d e n s i t y  o f  t h e  c a l i b r a t i o n  s u r f a c e  s h o u l d  be 

~ v ~ t i e r e  C i s  t h e  r a t i o  o f  t h e  s i m u l a t e d  n e a s ~ r e r r ~ e n t  speed t o  t h e  

c a l i b r a t i o n  speed. 

T i  r e  Enve l  o p i n g  

Background  - A l l  o f  t h e  f o r c e s  t h a t  a c t  on  a  v e h i c l e  i n  r e s p o n s e  

t o  r o a d  r oughness  must  be t r a n s m i t t e d  by  t h e  pneuma t i c  t i r e s ,  s t a r t i n g  

a t  t h e  c o n t a c t  p a t c h  be tween t i r e  and paveri lent. W h i l e  i t  i s  t r u e  t h a t  a 

t i r e  a c t s  nuch  1  i k e  a  1  i n e a r  s p r i n g  when t h e  e n t i r e  c o n t a c t  p a t c h  a r e a  

i s  riioved up and  down, t h e  f o r c e  t r a n s n l i s s i b i l i t y  a c t u a l l y  v a r i e s  

t h r o u g h o u t  t h e  c c n t a c t  p a t c h .  Thus, when t h e  t i r e  r o l l s  o v e r  a  bun:? o r  

o t h e r  pavement f e a t u r e ,  t h e  f o r c e  t r a n s m i t t e d  t o  t h e  s q i n d l e  changes 

w i t h  t h e  p o s i t i o n  o f  t h e  bump w i t h i n  t h e  c o n t a c t  p a t c h .  F i g u r e  A - 7  

i l l u s t r a t e s  t h e  r e l a t i o n s h i p  be tween v e r t i c a l  s p i n d l e  f o r c e  and 

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

t h a t  e x t e n d s  a c r o s s  t h e  w i d t h  o f  t h e  c o n t a c t  p a t c h  ( ? e r p e n d i c u l a r  t o  t h e  

d i r e c t i o n  o f  t r a v e l ) ,  b u t  i s  n a r r o w  c o r y a r e d  t o  t h e  l e n g t h  o f  t h e  

c o n t a c t  pa t ch .  L ippman has shown t h a t  t i r e  e n v e l o p i n s  c a n  be t r e a t e d  as  

a 1  i n e a r  behav i  o r ,  by s u c c ~ s s f u l  l y  p r e d i c t i n g  f o r c e  r es7onses  t c  v a r i o u s  

c l e a t  shapes fro[;; t h e  f o r c e  r esponses  t o  s i x p l e  s t e p  i n p u t s  ( 2 2 ) .  - (The 

r esponse  sho:in h e r e  ~ o u l d  be p r e d i c t e d  by a d d i n s  t h e  r eponse  t o  3. 

p o s i t i v e  s t e p  i n p u t  w i t h  t h e  r esponse  t o  a  n e s a t i v e  s t e p  i n p c t ,  i : i i t h  t h e  



Distance 1 

Figure A-7. I1 lustration of Tire Envelopment. 



tt+io edges o f  t h e  s t e p s  s e p a r a t e d  by t h e  w i d t h  o f  t h e  c l e a t .  ) 

Because t h e  t i  r e  1  i n e a r l y  r e l a t e s  s p i n d l e  f o r c e  t o  d i  s y l  acement 

t h r o u g h o u t  t h e  c o n t a c t  p a t c h ,  t h e  s i n p l e  c o n c e o t  o f  t h e  t i  r e  as a  1  i n e a r  

s p r i n g  need n o t  be  abandoned; r a t h e r  i t  can  be s u p p l e r e n t e d  by t h e  

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

d i s ~ l a c e i n e n t  seen by t h e  s i m p l e  t i r e  s p r i n g  w o u l d  s t i l l  be a  s i n g l e -  

v a l u e d  e l e v a t i o n ,  b u t  i n s t e a d  o f  b e i n g  t h e  pavement e l e v a t i o n  a t  t h e  

c e n t e r  o f  t h e  c o n t a c t  p a t c h ,  i t  w o u l d  be a  w e i g h t e d  a v e r a g e  o f  t h e  

p r o f i l e  u n d e r  t h e  e n t i r e  c o n t a c t  p a t c h .  T h i s  w e i 2 h t i n g  f u n c t i o n  can  be 

measured by r o l l i n g  t h e  t i r e  o v e r  a  c l e a t  n a r r o w  enough t o  a p p r o x i m a t e  

an i m p u l s e  f u n c t i o n  i n p u t ,  as i l l u s t r a t e d  i n  t h e  f i g u r e .  ( A  n o r e  

p r e c i s e  ;,ay o f  m e a s u r i n g  t h e  w e i g h t i n g  f u n c t i o n  i s  by r o l l i n g  t h e  t i  r e  

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

o f  a  s t e p  i n p u t  i s  an  i m p u l s e  f u n c t i o n  ; ~ i t h  a  ~ a 5 n i t u d e  e x a c t l y  e q u a l  t o  

t h e  h e i g h t  o f  t h e  s t e p . )  

T i r e  e n v e l o p i n g  can  a l s o  be c h a r a c t e r i z e d  as  a wave number 

r esponse  f u n c t i o n  t o  b e t t e r  i l l u s t r a t e  how t h e  p h e n o m e ~ o n  a f f e c t s  ZTRRi,, 

sys tem c a l i  b r a t i o n .  The wave number r esponse  f u n c t i o n  i s  e q u i v a l e n t  t o  

a  s ? a t i a l  f r e q u e n c y  r esponse  f u n c t i o n ,  o b t a i n e d  by c a l c u l a t i n g  t h e  

F o u r i e r  t r a n s f o r i n  o f  t h e  i v e i g h t i n y  f u n c t i o n .  F i g u r e  A-3 s h o ~ i s  t h e  !lave 

nurnber r esponse  f u n c t i o n  c a l c u l a t e d  f r o m  t h e  :ve iyh- i in? f u n c t i  or: sho:,n i 

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

a  \ l ave  number o f  z e r o  ( a  f l a t  s u r f a c e ) ,  u n d e r  c ~ h i c h  c o ~ d i  t i o n  changes i n  

v e r t i c a l  s q i n d l e  f o r c e  a r e  s i ~ o l y  t h e  r e s u l t  o f  t b e  t i r e  s p r i n ~  r a t e .  

B u t  f o r  i n c r e a s i n g  (wave numbers, t h e  e n v e l c p i n g  f u n c t i o n  a t t e n u a t e s  t h e  

i n p u t ,  such  t h a t  t h e  amp1 i t u d e  o f  v a r i a t i o n s  i n  :he v e r t i c a l  f o r c e  will 



Wave Number 

Figure A-8. Fourier transform of weighting function shown i n  
Figure A-7.  



be l e s s  t h a n  p r e d i c t e d  by t h e  t i r e  s p r i n g  r a t e .  And a t  c e r t a i n  kvave 

numbers, t h e  e n v e l o p i n g  c o m p l e t e l y  a t t e n u a t e s  t h e  i n p u t ,  such  t h a t  nc 

f o r c e  v a r i a t i o n s  ~ o u l d  be o b s e r v e d  if t h e  t i  r e  we re  r o l l e d  o v e r  a  

s i n u s o i d a l  s u r f a c e  h a v i n g  t h e  " n o d a l "  wave number i n d i c a t e d  i n  t h e  

f i g u r e .  

An a r t i f i c i a l  s u r f a c e  s h o u l d  n o t  be  d e s i g n e d  t o  c o n t a i n  e x c i t a t i o n  

v i t a l  f o r  a  v a l i d  c a l i b r a t i o n  a t  wave numbers n e a r  t h e  f i r s t  node i n  t h e  

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

s h o u l d  be a t  wave numbers t h a t  a r e  l o w  enough t h a t  t h e  e n v e l o p i n g  does 

l i t t l e  t o  a t t e n u a t e  t h e  i n p u t .  A l t e r n a t i v e l y ,  t h e  i n p u t  c a n  be  b c o s t e d  

a t  wave numbers n e a r  t h e  f i r s t  node, a n t i c i p a t i n g  t h e  a t t e n u a t i o n .  Thus 

t h e  v e h i c l e  i s  u l t i m a t e l y  g i v e n  t h e  p r o p e r  e x c i t a t i o n  ~ { h i c h  c o r r e s ~ o n d s  

t o  t r a v e r s i n g  a n  ave rage  r o a d  a t  t h e  n o r p a l  KTRRlvi s y s t e m  n : e a s u r e w n t  

speed. 

The l i t t l e  p u b l i s h e d  i n f o r m a t i o n  on t i r e  e n v e l o p i n g  i s  n o t  

adequa te  t o  q u a n t i f y  t h e  e n v e l o p i n g  mechanism t o  t h e  e x t e n t  needed f o r  

p r o p e r  d e s i g n  of a   lo^ speed  a r t i f i c i a l  s u r f a c e  f o r  P,TRK:I s ys tem 

c a l i b r a t i o n .  ? / leasur i  ng t h e  w e i g h t i n g  f u n c t i o n s  o r  wave number r e s p o n s e  

f u n c t i o n s  f o r  a  s e l e c t i o n  o f  t i r e s  was beyond  t h e  scope  o f  t h e  r e s e a r c t i ,  

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

i n f o r m a t i o n  c c u l d  be o b t a i n e d  w i t h  r e l a t i v e l y  few t e s t s .  

- .  
I l r e  E n v e l o p i n g  T e s t s  - A t i r e  r o l l i n g  o v e r  a  p a v e r e n t  

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

as  a  f u n c t i o n  o f  t i n e .  The w e i ~ h t i n g  f u n c t i o n  and (dave number r e s p c n s e  

f u n c t i o n ,  i l l u s t r . a t , e d  i n  F i g u r e s  (4-7 and A-8, a r e  seen as f u n c t i o n s  o f  

t i ~ e  and f r e q u e n c y ,  and  a r e  r e l a t e d  t o  t h e  s ? a t i a l  f u n c t i o n s  by  t h e  



speed o f  t h e  v e h i c l e .  The f i r s t  noda l  :qave number rleeds t o  be 

e s t a b l i s h e d ,  t o  i n s u r e  t h a t  t h e  c a l i s r a t i o n  speed i s  s e l e c t e d  t o  keep  

t h e  c o r r e s p o n d i n g  f r e q u e n c y  above t h e  e f f e c t i v e  r esponse  1  i r n i  t o f  RTWilM 

s y s t e v s .  

A c c o r d i n g l y ,  a  s e r i e s  o f  t e s t s  was des i gned  and  conduc ted  t o  

l o c a t e  t h i s  node. The I n s t i t u t e  t e s t  v e h i c l e  ( 1 9 7 5  P o n t i a c  s t a t i o n  

wason) ivas i ns t run l en ted  w i t h  necessa ry  r e c o r d i  ng equ ipment ,  a l o n g  lv i  t h  

an a c c e l e r o m e t e r  ~ o u n t e d  on  t h e  r e a r  a x l e ,  n e a r  t h e  r i g h t - h a n d  wheel .  

The c a r  was t h e n  d r i v e n  o v e r  s m a l l  burilps, suc5 as w e l d i n g  r o d s  and 

p i e c e s  o f  a n g l e  i r o n  a t t a c h e d  t o  t h e  paveKent .  The r e s u l t i n s  a x l e  

x o t i o n  was t h e  c o n b i  ned r e s u l t  o f  t h e  dynamic r esponse  t o  t h e  b u ~ p  and 

pave f ien t ,  and o f  t h e  a t t e n u a t i o n  o f  t h e  e x c i t a t i o n  due t o  t i r 2  

e n v e l c p i n g .  The s i g n a l  f rorn t h e  a c c e l e r o m e t e r  ;,as ;recessed by a r e a l -  

t i m e  spec t r um  a n a l y z e r  t o  de te r i r i i ne  t h e  f r e q u e n c y  c o n t e n t  o f  t h e  a x l e  

riot i cn. 

A number o f  t e s t s  we re  conduc ted ,  w i t h  speed (measured w i t h  a  

f i f t h  ~ n e e l )  and t i r e  p r e s s u r e  v a r i e d .  I n  a l l  of t h e  r e s u l t i n g  

f r e q u e n c y  r esponse  p l o t s ,  a  node \ /as  e v i d e n t .  The node v a s  seen t o  he 

a t  t h e  sarxe iqave number when o n l y  t h e  t e s t  speed ?/as v a r i e d - - e v i d e n c e  

t i a t  i c  bias caused  by t i r e  e n v e l o p i n s .  As F i 2 u r e  A-9  shows, t h e  noda l  

: lave nunber  ;~ias s e n s i t i v e  t o  t i r e  p r e s s u r e ,  hence  a  ( h o t )  t i r e  p r e s s u r e  

c i  32  ? s i  was s e l e c t e d  and r ~ a i n t a i n e d  f o r  2TRRY systen l  v e h i c l e s  d v r i n g  

c a l i b r a t i o n .  ( T h i s  c o r r e s ? o n d s  a p p r o x i m a t e l y  t c  a  c o l d  t i r e  p r e s s u r e  o f  

28 ps ' . )  A t  32 p s i ,  t h e  noda l  ) w a v e l e n g t h  i s  0 .95 f e e t .  

T i r e  E n v e l c ? i n g  ;clodel - A model c f  t h e  t i r e  e n v e l o p i n g  a t t e r u a t i o r i  

;p t o  t h e  f i r s t  noda l  wave number was needed f o r  a n a l y s i s  and des i s r ;  o f  
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t h e  a r t i f i c i a l  bumps. The sin;; l le model o f  a  c o n s t a n t  w e i g h t i n g  f u n c t i o n  

shown i n  F i s u r e  A-13 p r o v e d  s u f f i c i e n t .  I n  t h e  fi:odel, t h e  s e n s i t i v i t y  

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

and z e r o  e l sewhe re .  The  f i g u r e  a l s o  shows t h e  wave nurrber r e s p o n s e  

f u n c t i c n  t h a t  i s  a s s o c i a t e d  w i t h  t h i s  assumed w e i g h t i n g  f u n c t i o n .  The 

s d v a n t a g e  of t h i s  model i s  t h a t  i t  i s  c o m p l e t e l y  d e f i n e d  by a  s i n t j l e  

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

wave leng th .  

A n a l y s e s  rvere made t o  e s t i m a t e  t h e  magn i t udes  o f  e r r o r s  t h a t  c o u l d  

be e x p e c t e d  f r o m  u s i n g  t h i s  model  i n  1  i e u  o f  t h e  e x a c t  wave number 

r es ; j onse  f u n c t i o n .  P u b l i s h e d  d a t a  i n d i c a t e  t h a t  a much b e t t e r  rsodel o f  

t h e  t i  r e  e n v e l o p i n g  w e i g n t i  ng f u n c t i o n  - ~ o u l  d  be t h e  d i  f f 2 r e n c e  be tween 

t,,/o u n i f o r m  w e i g h t i  n? f u n c t i o n s .  F i g u r e  A-11 conpa res  t h e  t w o  mode ls  

w i t h  a  r e a l  t i r e  ( 2 8 )  - by show ing  t h e  v e r t i c a l  f o r c e  r e s u l t i n g  when t h e  

t i r e  i s  r o l l e d  o v e r  a s t e p  i n p u t .  The  f i g u r e  a l s o  shows t h e  t h r e e  

w e i g h t i n g  f u n c t i o n s  and t h e  c o r r e s p o n d i  ng wave number r esponse  

f u n c t i o n s .  i5 io te  t h a t  t h e  more  c o n ~ p l e x  model r e q u i r e s  t h r e e  p a r a m e t e r  

v a l u e s ;  t h u s  p e r f e c t  ag reement  be tween t h e  t:vo x o d e l s  i s  i m p o s s i  S l e .  

The f r equency  r e s p o n s e  f l n c t  i ons f o r  a v a r i  e t y  o f  p a r a r e t e r  c o ~ ~ b i  n a t  i on2 

were c a l c u l a t e d ,  and compared i j i t h  t h e  s i m ? l e  mode l .  I t  was f c u n d  t h a t  

\:/hen t h e  c o r r e c t  nod31 w a v e l e n g t h  i s  p r o v i d e d  t o  t h e  s i r r p l e  r o d e l ,  t h e r e  

i s  5003 agreefi:ent f o r  wave nunbe rs  b e l o w  t h e  f i r s t  ncde,  as  shown by t h e  

example  i n  F i g r e  A-11; A c c o r d i n g l y ,  t h e  s i m p l e  model  was used  t o  

? r e d i c t  t i  r e  e n v e l o p i n g  e f f e c t s  when needed d u r i n g  t h e  p r o j e c t .  

(Agreement  be tween t h e  mode ls  s u f f e r s  a t  wave nuf lbers t h a t  a r e  h i s l i e r  

t han  t h e  f i r s t  node, b u t  t h i s  $,rave nur;:ber r ange  has 1  i t t l e  e f f e c t  on  

?i?2,?1: s ys tem ? e r f o r n a n c e .  ) 
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3 e s i g n  o f  A r t i f i c i a l  Bumps - The artificial s u r f a c e  t h z t  was 

deve loped  was i n t e n d e d  t o  s i m u l a t e  a  r ough  b i  turrii nous paver len t  b e i n g  

t r a v e r s e d  a t  50 mph. 3ased  on t h e  t i r e  e n v e l o p i n g  d a t a ,  a  c a l i b r a t i o n  

speed o f  15 mph was s e l e c t e d .  A t  t h i s  speed,  t h e  f i r s t  node i s  a t  23  

Hz, w h i c h  f r equency  i s  g e n e r a l  l y  above t h e  f r e q u e n c y  r a n g e  t h a t  a f f e c t s  

RTRRM s y s t e p  measurements. The m a i n  c o n s i d e r a t i o n  Nas k e e p i n g  t h e  

a t t e n u a t i o n  l e s s  t h a n  50% f o r  f r e q u e n c i e s  l e s s  t h a n  15  Hz, w h i c h  

r e s u l t e d  i n  t n e  mini icum speed o f  1 5  vph. S t i l l ,  50? i s  a  s i g n i f i c a n t  

a t t e n u a t i o n .  A c c o r d i n g l y ,  t h e  model r o a d  s o e c t r a l  d e n s i t y  f u n c t i o n  ,vas 

d i v i d e d  by t h e  t i r e  e n v e l o p i n g  wave number r esponse  f u n c t i o r ;  f o r  wave 

numbers up t o  . 7 5 ,  t h e r e b y  b o o s t i n g  t h e  h i g h  wave number roughness ,  t o  

com>ensate f o r  t h e  i n c r e a s e d  t i r e  e n v e l o p i n g  e f f e c t s  a t  t h e  1  ow 

c a l i b r a t i o n  speed. The  r o a d  r rodel  shows l a r g e  s p e c t r a l  d e n s i t y  

arnsl i t u d e s  a t  v e r y  l o w  :vave nui-ilbers, so  t h e  l o w  f r e q ~ r e n c y  end  +ias 

l i ~ i t e d  f o r  wave numbers l e s s  t h a n  , 023  cycle/?',, a  v a l u e  t h a t  

c o r r e s p o n d s  t o  .i i i z  and i s  b e l o w  t h e  r esponse  l i m i t  c f  ;lT2RY4 sys tem 

v e h i c l e s .  

A s p e c t r a l  d e n s i t y  f u n c t i o n  c o n t a i n s  no phase i n f o r r c a t i o n ,  and  as  

a  r e s u l t  any number o f  p r c f i l e s  c o u l d  be c o n s t r u c t e d  t o  ma tch  t h e  

s p e c i f i e d  s p e c t r a l  d e n s i t y .  A  umber o f  p r o f i l e s  we re  y e n c r a t e d  o n  t h e  

c c r ? u t e r  by sucnring a  s e r i e s  o f  s i n e  waves &~iti7 v e r y  w a l l  a r iu l  i t u d e s  

and ; l i t 5  phase a n g l e s  s e t  randomly .  

I n  o r d e r  t o  s i f l p l i f y  t h e  t a s k  o f  f a b r i c a t i n g  an a r t i f i c i a l  

s u r f a c e ,  t h e  d i  f f e r e n t  s u r f d c e  p r o f  i 1  es  g e n e r a t e d  o n  t h e  compu te r  we re  

e x a n i n e d  f o r  s e c t i o n s  t h a t  c o u l d  be c r e a t e d  by p l a c i n s  b u r p s  gn  an 

e x i s t i n g  smooth pavement.  T h i s  r e q u i r e d  t h a t  t h e  p r o f i l e  b e g i n  and end  



a t  a - in i r<i ;n 2 1 2 ~ ~ a z i o n .  I t  bias a l s o  n e c e s s a r y  t k t  t h e  r oughness  be  

x r e - c r - l e s s  ~ n i f c r x l y  d i s t r i b u t e d  o v e r  i t s  l e n 9 t h .  Fcr i n i t i a l  t e s t s ,  

a  t o t a l  l e n ~ t k ,  o f  50 f e e t  was d e s i r e d .  ease  o f  h a n d l i n g ,  c a n d i d a t e  

s e c t i o n s  t h a t  c o u l d  be  p r o v i d e d  by  t w o  bumps, 20 t o  30 f e e t  1  ong, p l a c e d  

on ;in e x i s t i n g  f l a t  pavement  w e r e  p r e f e r r e d .  To  f u r t h e r  s i m p l i f y  t h e  

t a s k  o f  f a b r i c a t i n g  t h e  Sumps, t h e  d i f f e r e n t  c a n d i d a t e  s e c t i o n s  we re  

q u a n t i z e d  t o  changes  i n  e l e v a t i o n  o f  1/8", so  t h a t  t h e y  c o u l d  be 

c o n s t r u c t e d  f r o n  p l y w o o d  and  masoni  t e ,  o r  o t h e r  f l a t  s t o c k  m a t e r i a l  s. 

An unwanted  r e s u l t  o f  t h e  m o d i f i c a t i o n s  o f  t h e  compu te r  g e n e r a t e d  

s u r f a c e s  i s  t h a t  t h e  a c t u a l  s p e c t r a l  d e n s i t y  o f  t h e  a r t i f i c i a l  bumps 

does n o t  n a t c h  t h e  d e s i g n  s p e c t r a l  d e n s i t y .  I n  e f f e c t ,  t h e  s p e c t r a l  

d e n s i t y  q u a l i t y  has  been  t r a d e d  o f f  t o  p r o v i d e  a  bump d e s i g n  t h a t  i s  

e a s i e r  f o r  t h e  FITKRM s y s t e m  u s e r  t o  d e a l  w i t h .  A v a r i e t y  o f  s i m p l e  

bumps d e s i g n e d  a s  d e s c r i b e d  above  w e r e  a n a l y z e d  t o  s e l e c t  t h e  p a i r  t h a t  

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

P r e l i m i n a r y  t e s t i n g ,  w i t h  j u s t  two  bumps, showed t h a t  measurement 

p r e c i s i o n  was a  p rob l em .  The  s o u r c e  o f  t h i s  p r c b l e m  was t h e  s m a l l  

amount o f  a x l e - b o d y  t r a v e l  a c c u m u l a t e d  i n  a  s i n g l e  pass ,  t o g e t h e r  w i t h  

t h e  q u a n t i z a t i o n  l e v e l s  i n  commerc i a l  r o a d  m e t e r s .  A c c o r d i  n g l y  , a  

second s e t  o f  S u ~ p s  was f a b r i c a t e d ,  t o  d o u b l e  t h e  m a g n i t u d e  o f  t h e  

measurements f r o m  t h e  r o a d  me te r s .  However ,  a  random e r r o r  s t i l l  

e x i  s t s ;  t h u s  x h e  c a l i b r a t i o n  p r o c e d u r e  s u g g e s t e d  i n  t h e  p r e v i  cus  s e c t i o n  

r e q u i r e s  a  number o f  passes  t o  a v e r a g e  o u t  t h i s  e r r o r .  !4ore bumps c o u l d  

be added by u s e r s  p e r f o r m i n g  d a i l y  c a l i b r a t i o n  checks ,  i n  o r d e r  t o  

a c h i e v e  a  sood  c a l i b r a t i o n  w i t h  f e w e r  passes.  K o t e  t h a t  i f  a  l o n g e r  

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



Duriips c o u l d  be des i gned ,  wh i ch  ~ o u l d  match  t h e  d e s i g n  s p e c t r a l  d e n s i t y  

b e t t e r  t h a n  t h e  t w o  bumps d e f i n e d  i n  F i g u r e  A-2 .  

P r o p e r t i e s  o f  t h e  A r t i f i c i a l  Bumps - F i s u r e  A-12 compares t h e  

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

d e n s i t y .  C o p p a r i n g  t h i s  f i g u r e  w i t h  F i g u r e s  A - 5  and A - 6  i n d i c a t e s  t h a t  

t h e  a r t i f i c i a l  burrips d e v i a t e  l e s s  f ron!  t h e  "ave rage  r o a d "  c u r v e  t h a n  do 

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

p e r f e c t .  The  n o t a b l e  p e c u l a r i t i e s  a r e  t h a t  t h e  bumps ? r o v i d e  t c o  much 

e x c i t a t i o n  a t  wave numbers w h i c h  c o r r e s p o n d  t o  f r e q u e n c i e s  o f  . 7 ,  5 ,  11, 

and 13  Hz  ( a t  15  mph).  E u t  t h e  p r o p e r  e x c i t a t i o n  i s  p r o v i d e d  n e a r  t h e  

body r esonance  o f  R T R R M  s y s t e n  v e h i c l e s  (1  - 1.5 H z ) ,  and t h e  excesses  

n e a r  t h e  a x l e  r esonance  a r e  compensated by l e s s  e x c i t a t i o n  a t  a d j a c e n t  

f r e q u e n c i e s  a l s o  n e a r  t h e  a x l e  resonance .  I n  o r d e r  t o  rr , in in: ize t h e  

e f f e c t s  o f  t h e s e  i m p e r f e c t i o n s ,  t h e  s u g g e s t e d  c a l  i b r a t i  on ~ r o c e d u r e  

r e q u i r e s  t e s t i n g  a t  s e v e r a l  speeds,  t o  e f f e c t i v e l y  "smear "  t h e  peaks and 

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

The a c t u a l  r e s p o n s e  o f  t h e  H S R I  r e f e r e n c e  t o  t h e  a r t i f i c i a l  b u r ~ s  

i s  shown i n  F i g u r e  A-13 ( w i t h  t h e  s i m u l a t i o n  c o d i f i e d  t o  i n c l u d e  t h e  

t i r e  e n v e l o p i n g  mode l ) .  The  f i g u r e  a l s o  b r e a k s  d o ~ n  t h e  t o t a l  s i w u l a t e d  

i n c h e s  o f  a x l e - b o d y  t r a v e l ,  as ave raged  o v e r  speeds o f  13 ,  13 ,  1 5 ,  16,  

and i i  q ~ h .  These  v a l u e s  c a n  be  used  t o  c a l c u l a t e  t h e  accumu la ted  

l nc t l es  t h a t  w o u l d  be  s i m u l a t e d  f o r  a d i f f e r e n t  number o f  bunps,  !~i t h  t h e  

r e l a t i o n :  

i n c h e s  o f  t r a v e l  = 5.80 -+ ( n -1 ) x5 .54  

where  n  i s  t h e  number of s e t s  o f  bumps used  ( a l l  spaced  a t  12  f e e t  



F i g u r e  A-1 2.  S p e c t r a l  d e n s i t y  of a r t i f i  c i a 1  surface.  
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i n t e r v a l s ) .  Thus, when two  s e t s  a r e  used,  as s p e c i f i e d  i n  t h e  n r e v i o u s  

s e c t i o n ,  t h e  5SRI r e f e r e n c e  s h o u l d  accunu l  a t e  13.34 i n c h e s  o f  ax l e -body  

t r a v e l .  The d e s i 3 n  ? A R V  v a l u e  f o r  t h e  b u r p s  i s  1 .98 i ~ / s e c .  I n c b e s  of 

acc rued  ax l e -body  t r a v e l  t h a t  a r e  measured w i t h  RTPRM s y s t e m  a r e  

c o n v e r t e d  t o  A R V  by d i v i d i n g  t h e  ~ e a s u r e d  v a l u e  by  an  " e f f e c t i v e  t i ~ e " ,  

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

t h e  ~ S R I  r e f e r e n c e  by t h e  2,lti'J v a l u e .  Fi t i m e  o f  5.73 seconds i s  

o b t a i n e d  when t w o  s e t s  o f  Dumps a r e  used.  

I f  t h e  a c t u a l  d imens ions  o f  t h e  bunips d i f f e r  f r o m  t h e  s p e c i f i e d  

geomet ry ,  t h e  i nches  o f  t r a v e l ,  c a l c u l a t e d  by t h e  above e q u a t i o n ,  and  

t h e  R A R V  v a l u e  s h o u l d  be s c a l e d  a c c o r d i n g l y .  )/hen o n l y  one s i d e  o f  t h e  

v e h i c l e  i s  d r i v e n  o v e r  t 7 e  b u r p s  t h e  R A R V  v a l u e  s h o u l d  he r educea  by 

50%, b u t  t h e  " e f f e c t i v e  t i ~ e "  i s  u n a f f e c t e d .  

;IT?P,Y s y s t e r x  w i  11 d i  s p l a y  a  speed s e n s i  t i  v i  ty vltien oi;er3ter! on 

t h e  bumps. A l s o ,  t h e  ceasurements  w i l l  be r o r e  s e n s i t i v e  t c  t i r e  

s r e s s u r e  t h a n  d u r i n g  o n - r o a d  o p e r a t i o n ,  because t h e  t i r e  p r e s s u r e  n o t  

onl;, a f f e c t s  t h e  t i r e  s p r i n g  r a t e ,  b u t  a l s o  t h e  t i r e  e n v e l o p i n g  

b e h a v i o r .  T a b l e  A-1 shows t h e  s e n s i t i v i t i e s  o f  t h e  HS2I r e f e r e n c e  

s i n j u l a t i o n  t o  b o t h  speed and  t h e  f i r s t  noda l  w a v e l e n g t h  i n  t i l e  

e n v e l o p i n g  [;ode1 d e s c r i b e d  e a r l i e r ,  t o  i n d i c a t e  t h e  s 2 n s i  t i  v i  t i e s  t h a t  

c i n  ue expec ted .  

I n  o r d e r  t o  e s t i m a t e  e r r o r s  t h a t  c o u l d  be o o t a i n e d  by c a l i b r a t i n g  

2TRP?1 systems w i t h  v e h i c l e s  t h a t  do  n o t  have  r esponse  p r o p e r t i e s  

i d e n t i c a l  t o  tCle HSRI r e f e r e n c e ,  a number o f  d i f f e r e n t  v e h i c l e s  were  

s i f i u l a t e d  on t h e  bumps. F i g u r e  1 -14  il l u s t r a t e s  t h e  r e s 3 o ~ s 2  f u n c t i o n s  

o f  ',he d i f f e r e n t  s i n i u l a t e d  v e h i c l e s ,  and a l s o  shows t h e  measu renems  



Table A-1 . Response of HSRI-Reference with Tire Enveloping 
Model to Two Sets of Bumps. 

Accumu 1 a ted 
Calibration 

Inches 

Enveloping Nodal 1 Speed Wave1 ength 
(mph) (ft) 



I 19.69 Inches I 

0 1'0 20 
Frequency (Hz)  

i 1 24.97 Inches I 

T 19.1% Error I 

0 1 0  20 
Frequency (Hz)  

I 

10  2 0 
Frequency (Hz)  

0 10  2 0 
Frequency (Hz) 

n 
I -7 

I 

1 4 . 7 7  Inches 
0 .7% Error I 

Frequency (Hz)  
Figure A-14 .  Response of various simulated vehicles 

t o  a r t i  f i c i a l  surfaces.  



t h a t  w o u l d  be o b t a i n e d ,  a l o n g  w i t h  t h e  p e r c e n t  e r r o r s ,  if t h e y  were 

c a l i b r a t e d  a c c o r d i n g  t o  t h e  method s p e c i f i e d  i n  t h e  p r e v i o u s  s e c t i o n .  

I n  g e n e r a l ,  t h e  f i g u r e  shows t h a t  t i r e  we1 1  daf iped v e r s i o n  o f  each  o f  t h e  

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

2ecor;;nendati ons f o r  F u r t h e r  I ~ p r o v e m e n t s  - C l e a r l y  t h e  a r t  i f i c i  a1 

bump c a l i b r a t i o n  method can  b e n e f i t  f r o m  f u r t h e r  deve lopments .  

B a s i c a l l y ,  t h e r e  a r e  t w o  d i r e c t i o n s  t h a t  can  be  t a k e n .  F i r s t ,  t h e  

a r t i f i c i a l  bump d e s i g n  and c a l i b r a t i o n  method can  be improved .  A b e t t e r  

s u r f a c e  c o u l d  be d e v e l o p e d  by u s i n g  more t h a n  t w o  bump p a t t e r n s ,  w i t h  

t h e  r e s u l t  o f  a  c l o s e r  agreement  be tween t h e  a c t u a l  s p e c t r a l  d e n s i t y  and 

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

i ~ e n e r a t e d  t o  s i ~ u l a t e  P C C  r o a d s  and speeds o t h e r  t h a n  55 rr,?h. The 

second d i r e c t i o n  i s  t o  t a k e  t h e  e x i s t i n g  r; letkod and g a t h e r  a  r ro re  

s u s s t a n t i a l  amount of e x p e r i e n c e  w i r h  i t s  use.  S i v e n  t h e  c u r r e n t  s t a t e  

o f  d e v e l o p v e n t ,  and  t h e  1  i n i  t e d  r e s u l t s  f r o m  t h e  C o r r e l a t i c n  ? ? r o g r a ~ ,  

t h e  l a t t e r  d i r e c t i o n  w o u l d  be more  f r u i t f u l .  Some o f  t h e  q u e s t i c n s  

a b o u t  t h i s  c a l i b r a t i o n  inethod t h a t  can o n l y  be answered by f i r s t - h a n d  

e x q e r i e n c e  i n  t h e  d a i l y  c a l i b r a t i o n  o f  ?TRI?M sys tems a r e :  

1.) What i s  t h e  r e l i a b i l i t y  o f  t h i s  r i ~e thod  w i t h  d i f f e r e n t  RTRK14 

sys tems? Can i t  be  c o u n t e d  on t o  p r o v i d e  t h e  save  c a l i b r a t i o n  

as a  p r g f i l o m e t ? r ?  

2 . )  What i s  t h e  t r a d e - o f f  be tween t h e  number o f  bumps used  d u r i n g  

c z l i  b r a t i o n ,  t h e  number o f  Gasses a t  each s ~ e e d ,  and t h e  

p r e c i s i o n  o f  t h e  c a l i b r a t i o n ?  

3 . )  What img rovenen t  i n  t h e  p r e c i s i o n  i s  o b t a i n e d  by r e d u c i n 9  o r  



e l i m i n a t i o n  m e t e r  n o n - l i n e a r i t i e s ?  

4.) Does t h e  s e l e c t i o n  o f  t i r e s  f o r  t h e  v e h i c l e  ? o r t i o n  o f  t h e  

RT2RM sys tem o v e r l y  i n f l u e n c e  t h e  c a l  i b r a t i o n ?  

U l t i m a t e l y ,  t h e  a r t i f i c i a l  bunjp c a l i b r a t i o n  n e t h o d  i s  p r e s e n t e d  a s  

a  s h o r t - t e r ~  s o l u t i o n ,  f o r  a g e n c i e s  t h a t  have  no access  t o  a  

? r o f i l o n e t e r .  An i n t e n s i v e  e f f o r t  t o  o p t i m i z e  t h e  a r t i f i c i a l  bum3 

c a l i b r a t i o n  method  i s  n o t  recommended, f o r  i t  i s  hoped t h a t  t h e  1  ong- 

t e r m  s o l u t i o n  l i e s  i n  t h e  a v a i l a b i l i t y  o f  r o a d  roughness  measurement 

s y s t e m ,  based on  p r o f i l o r e t e r  t e c h n o l o g y ,  t h a t  !./ill v a k e  i?TP,P,i'.I sys tems 

as t h e y  now e x i s t  o b s o l e t e .  





APPENDIX B 
CORRELATION PROGRAM 

INTRODUCTION 

On Oc tobe r  8, 9, and 10, 1979, a  C o r r e l a t i o n  Program was h e l d  a t  

t h e  Highway S a f e t y  Research I n s t i t u t e  w i t h  t h e  p r i m a r y  o b j e c t i v e  o f  

assess ing  t h e  accuracy  w i t h  wh ich  i n - u s e  response t y p e  road-roughness 

measur ing  (RTRRM) systems c o u l d  be c a l i b r a t e d ,  S i x  s t a t e s  p a r t i c i p a t e d ,  

y i e l d i n g  a  t o t a l  of 10 v e h i c l e s  capab le  o f  14 d i f f e r e n t  measurements o f  

pavement roughness. A  new GMR-type p r o f i l  ometer  system (Model 690D) , 

r e c e n t l y  b u i l t  by K.J. Law f o r  t h e  S t a t e  o f  West V i r g i n i a ,  was one o f  

t h e  p a r t  i c i  p a t  i ng systems and p r o v i  ded r e f e r e n c e  roughness va lues  f o r  

l o c a l  road  s e c t i o n s  t h a t  were used as t e s t  s i t e s .  The p r o f i l o m e t e r  

measured t h e  e l e v a t i o n s  o f  b o t h  r i g h t -  and l e f t - h a n d  wheel t r a c k s ,  and 

bes ides  s i m u l a t i n g  t h e  r e f e r e n c e  v e h i c l e  ( d e s c r i b e d  i n  Appendix A and 

F i g u r e  2 2  i n  Chap te r  2 o f  t h e  r e p o r t )  t h e  system s t o r e d  t h e  p r o f i l e s  on 

d i g i t a l  t a p e  ( w i t h  one e l e v a t i o n  r e a d i n g  eve ry  s i x  i n c h e s )  f o r  

subsequent analyses.  A f t e r  t h e  program was completed,  t h e s e  tapes  were 

used i n  c o n j u n c t i o n  w i t h  computer  models t o  produce measurements o f  

v a r i o u s  sirnul a t e d  systems, such as d i f f e r e n t  r e f e r e n c e  c o n f i g u r a t i o n s ,  

CHLOE, e t c .  

Tab le  B-1  1 i s t s  t h e  p a r t i c i p a t i n g  agenc ies ,  t h e i r  measurement 

systems, and a l s o  systems t h a t  were l a t e r  s i m u l a t e d  u s i n g  t h e  p r o f i l e  

t a p e s  o b t a i n e d  by t h e  West V i r g i n i a  P r o f i l o m e t e r .  One o f  t h e  road  

meters ,  d e s i g n a t e d  " e l e c t r o n i c , "  was f a b r i c a t e d  by H S R I  d u r i n g  t h e  

r e s e a r c h  and i s  d e s c r i b e d  a t  t h e  end o f  t h i s  appendix.  

The program was m a i n l y  concerned ~ i t h  e v a l u a t i o n  o f  t h e  a r t i f i c i a l  
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road  bump and t h e  p r i m a r y  p r o f i l o m e t e r  c a l i b r a t i o n  methods t h a t  a r e  

d e t a i l e d  i n  Appendix A. The f i r s t  day o f  a c t i v i t y  was devo ted  t o  

c a l i b r a t i o n  t e s t s  on t h e  a r t i f i c i a l  r o a d  bumps. Speedometer and 

odometer c a l i b r a t i o n s  were a l s o  per formed. On t h e  second day, t h e  10 

v e h i c l e s  convoyed t o  24 p r e s e l e c t e d  road  s i t e s  a t  wh ich  on-road 

roughness measurements were made. The t h i r d  day was used by each 

p a r t i c i p a n t  t o  reduce t h e  a r t i f i c i a l  bump d a t a  t o  a  c a l i b r a t i o n ,  and 

thence reduce t h e  road t e s t  da ta .  Some r e t e s t i n g  was a l s o  conducted. 

On-road roughness measurements Nere made i n  convoy f a s h i o n  a t  

p r e s e l e c t e d  s i t e s  i n  t h e  v i c i n i t y  o f  Ann A rbo r ,  I l i c h i g a n .  The s i t e s  

i n c l u d e d  19 b i t u m i n o u s  s u r f a c e s  r a n g i n g  f r o m  very  snooth  t o  very  rouylr. 

The rema in ing  5 s u r f a c e s  were P o r t l a n d  cement c o n c r e t e  s l a b  c o n s t r u c t i o n  

r a n g i  ng f rom new s u r f a c e s  t o  o l d e r  c o n s t r u c t i o n  w i t h  c o n s i d e r a b l e  j o i n t  

d e t e r i o r a t i o n ,  The b e g i n n i n g  and end o f  each s i t e  was d e s i g n a t e d  by a  

marker,  and a  common t e s t  speed was used by a l l  response- type measur ing 

systems. 

F o r  v a r i o u s  t e c h n i c a l  reasons, d a t a  f rom t h e  Georg ia  PCA meter ,  

t h e  Wiscons in  PCA meter ,  t h e  Ohio  DOT system, and Kentucky  p r o f i l o m e t e r  

have been excluded.  A d d i t i o n a l  ly ,  t h e  roughness measurements w i t h  t h e  

West V i r g i n i a  p r o f i l o m e t e r  on t h e  ve ry  rough roads c o u l d  n o t  be used, 

due t o  a  damaged t ransduce r .  T h e r e f o r e ,  comparisons t o  t h e  p r o f  i 1  ometer 

were g e n e r a l l y  l i m i t e d  t o  18 s u r f a c e s  and d i d  , l o t  i n c l u d e  ex t reme ly  h i g h  

l e v e l s  o f  roughness. The HSRI e l e c t r o n i c  me te r  was s u s c e p t i b l e  t o  CB 

and o t h e r  RF i n t e r f e r e n c e .  N e v e r t h e l e s s  i t  was i n c l u d e d  i n t h e  

a n a l y s i s ,  a l t hough  one p a r t i c u l a r l y  h i g h  measurement was j udged  t o  be 

i n v a l i d  and was excluded.  



Table  B-2  p r e s e n t s  a1 1  o f  t h e  u n c o r r e c t e d  roughness d a t a  f o r  18 o f  

t h e  24  t e s t  s i t e s .  The u n i t s  o f  roughness a r e  i n / sec ,  and co r respond  t o  

t h e  average r e c t i f i e d  v e l o c i t y  (ARV) o f  t h e  ax le -body m o t i o n  o f  each 

1 
v e h i c l e ,  as measured by t h e  road  meter  . The t a b l e  l i s t s  t h e  roughness 

measurements t a k e n  by each system d u r i n g  t h e  C o r r e l a t i o n  Program, and 

i n c l u d e s  rreasurements f o r  t h e  HSRI- re f2rence system a c q u i r e d  f r o i l  on- 

boa rd  s i m u l a t i o n  on t h e  West V i r g i  n i a  P r o f  i l o ~ n e t e r .  I n  a d d i t i o n ,  road  

p r o f i l e  tapes o b t a i n e d  by t h e  P r o f  i 1 ometer  were pos t -p rocessed  th rough  

o t h e r  s imul  a t i o n s  on t h e  U n i v e r s i t y  o f  M i c h i g a n  computer system. These 

i n c l u d e d  a  recheck w i t h  t h e  HSRI- re ference and t h e  o t h e r  s i m u l a t i o n s  

1  i sted.  Agreement between t h e  HSRI- re ference s i m u l a t i o n s  on t h e  

p r o f i l o m e t e r  and f r o m  t h e  t a p e s  i s  exce l  l e n t  and v a l i d a t e s  t h e  o t h e r  

s i m u l a t e d  measurements t h a t  a r e  based on t h e  p r o f i l e  tapes.  

Three o f  t h e  agencies p r o v i d e d  roughness measurements t h a t  cannot  

be conve r ted  t o  ARV . W i  s cons i  n  and Kentucky  p r o v i d e d  P S I  s t a t i s t i c s  

based on p a s t  c o r r e l a t i o n s  w i t h i n  t h e i r  s t a t e s  and c o r r e l a t i o n s  

developed by AASHO. T h e i r  r e s u l t s  a r e  shown p l o t t e d  i n  F i g u r e  26  i n  t h e  

r e p o r t .  M i c h i g a n  DOT p r o v i d e d  R i d e  Qua1 i t y  Index  ( R Q I )  s t a t i s t i c s  based 

on t h e  we igh ted  e l e v a t i o n  v a r i a n c e  (EV) d e s c r i b e d  i n t h e  r e p o r t .  F i g u r e  

B-1 shows t h e  R Q I  measurements f o r  t h e  18 su r faces .  

CORRELATION BETWEEN DIFFERENT SYSTEMS 

The c o r r e l a t i o n  between measurements o f  t h e  v a r i o u s  systems a r e  

compared i n  t h e  f o l l o w i n g  s e c t i o n s  as a  means t o  i d e n t i f y  t h e  b e s t  

'ARV i s  t h e  roughness s t a t i s t i c  recommended as a  s t a n d a r d  by t h i s  
r e p o r t .  The i ncheslmi  l e  s t a t i s t i c  o f t e n  o b t a i n e d  f r o m  Mays meters  can 
be c a l c u l a t e d  f r o m  A R V ,  v i a  t h e  r e l a t i o n  I n c h e s I M i l e  = 3600 x  ARVIV, 
where V i s  measur ing speed i n  mph. 
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Figure B - 1 .  Comparison of Michigan RQI with reference A R V .  



reference standard against which t o  ca l ib ra te  R T i i R P I  systerns. 

Correlation Between R T R R M  Systems 

The data presented in Tab1 e 8-2 can be processed t o  indicate the 

amount of correlat ion between any two R T R R M  systems by regressing the  

s t a t i s t i c s  measured by one system onto the s t a t i s t i c s  measured by 

another. Ideal ly ,  the re1 ationshi p obtained would perfectly predict the 

s t a t i s t i c  of the  reference system from that  of the second system and 

vice-versa. B u t  i n  f ac t  a random e r ro r  s t i l l  ex i s t s  result ing in  an 

imperfect correlat ion between the two systems. The e r ro r  has a zero 

mean value, by nature of the regression, b u t  has a non-zero standard 

deviation that  in t h i s  case i s  a lso  the  root-mean-square (RMS) error .  

Table 3-3 presents the standard deviation of the er rors  l e f t  a f t e r  

a l inear  regression, normalized by the  standard deviation of 

measurements due t o  d i f ferent  road roughness 1 evels ( i  . e . ,  the standard 

residual e r ro r ) .  All the systems 1 is ted on the t o p  of the t ab le  were 

considered as candidate reference systems, whose responses a re  being 
* 

estimated from the  measurement systems l i s t ed  on the l e f t  s ide of the 

table.  For example, when the Georgia car  i s  used t o  estimate the 

roughness numerics that  would have been measured by the HSRI- reference 

sirnulation, the standard deviation of the e r ro r  i s  19 percent of the 

standard deviation of the overall measurements. I n  t h i s  example, 3.6 

percent (.19x.19=.036) of the to ta l  variance of the estimated 

measurements i s  a random e r ro r ,  and the  other 96.4 percent can be 

7 at t r ibuted t o  a correlat ion between the two systems (t.964 = .98 = 

correlat ion coeff ic ient ,  r ) .  





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

RTRRM systems employ v e h i c l e s  t h a t  a r e  known t o  be n o n l i n e a r .  

The re fo re ,  a  n o n l i n e a r  r e g r e s s i o n  was expected t o  reduce t h e  r e s i d u a l  

e r r o r s .  Q u a d r a t i c  r e g r e s s i o n s  were t r i e d ,  b u t  o f f e r e d  an improvement 

t h a t  was t o o  s l i g h t  t o  j u s t i f y  t h e  h i g h e r - o r d e r  r e g r e s s i o n  o v e r  t h e  

s i m p l e r  l i n e a r  r e g r e s s i o n .  T h i s  o b s e r v a t i o n  may be due t o  t h e  s m a l l  

sample s i z e  (18) and i s  n o t  expected t o  app l y  i n  genera l .  F u t u r e  

resea rch  t h a t  i n v o l v e s  c o r r e l a t i  ng RTRRM systems ~i t h  known 

non l  i n e a r i  t i e s  shou ld  c o n s i d e r  h i g h e r - o r d e r  reg ress ions ,  a1 though 1  i near  

r e g r e s s i o n s  m i  g h t  a g a i n  p r o v e  adequate. 

C o r r e l a t i o n  w i t h  Proposed Reference S i m u l a t i o n s  

Tab le  8-3  shows t h a t  t h e  proposed HSRI- re ference s i m u l a t i o n  

c o r r e l a t e s  n e a r l y  as w e l l  w i t h  a l l  o f  t h e  RTRRM systems as t h e  b e s t  o f  

t h e  a c t u a l  RTRRM systems, and b e t t e r  t h a n  most. Two o t h e r  r e f e r e n c e  

s i m u l a t i o n s  were cons ide red  - t h e  Impa la  and t h e  Band Pass F i l t e r .  The 

response f u n c t i o n s  f o r  each a r e  shown i n  F i g .  8-2 .  (Parameter  va lues  

f o r  t hese  s i m u l a t i o n s  a r e  c o n t a i n e d  i n  T a b l e  C-2, Appendix C.) The 

Impala s i m u l a t i o n ,  t h a t  has been implemented on p r o f i l o m e t e r s  i n  t h e  

p a s t ,  i s  seen t o  be much l e s s  damped t h a n  t h e  r e f e r e n c e  suggested by 

HSRI, Hence, i t  has an exaggera ted s e n s i t i v i t y  t o  t h e  p o r t i o n s  o f  t h e  

o v e r a l l  roughness t h a t  e x c i t e  t h e  body and a x l e  resonances. As a  r e s u l t  

o f  t h i s  " t u n i n g "  e f f e c t ,  t h i s  s i m u l a t i o n  e x h i b i t s  l a r g e  r e s i d u a l  e r r o r s  

when c o r r e l a t e d  w i t h  o t h e r  RTRRM systenis, as seen i n  T a b l e  3-3, and i s  a  

poo r  c h o i c e  f o r  a  re fe rence .  

Another  r e f e r e n c e  s i m u l a t i o n  t h a t  was cons ide red  i s  a  s i m p l e  Band 

Pass F i l t e r  whose response f u n c t i o n  ga in ,  shown i n  F i g u r e  B-2, i s  
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Figure B-2. Response function gains of three possible reference 
simulations. 



s i m i l a r  t o  a  "max imal ly  f l a t "  q u a r t e r - c a r  model, w i t h  l a r g e  amounts o f  

damping. A l though t h e  response f u n c t i o n  o f  t h e  broad pass f i l t e r  does 

not  resemble t h a t  o f  t h e  r e f e r e n c e  s i m u l a t i o n  o r  o f  measured v e h i c l e  

response f u n c t i o n s  very c l o s e l y ,  T a b l e  E -3  shows t h a t  t h e  band pass 

f i l t e r  s i m u l a t i o n  c o r r e l a t e s  w e l l  w i t h  a1 1  o f  t h e  p a r t i c i p a t i n g  RTRRM 

systems, and fu r the rmore ,  c o r r e l a t e s  ex t reme ly  w e l l  w i t h  t h e  r e f e r e n c e  

s i m u l a t i o n .  T h i s  i s  f u r t h e r  ev idence t h a t  agreement between d i  f f e r e n t  

RTRRM systems i s  improved by i n s t d l  l i n g  t h e  s t i f f e s t  shock absorbers  on 

t h e  v e h i c l e  t h a t  t h e  u s e r  can f i n d .  

E f f e c t s  o f  M e t e r  H y s t e r e s i s  on C o r r e l a t i o n  

The r e f e r e n c e  v e h i c l e  employs an " i d e a l "  road  meter ,  i n  t h a t  

q u a n t i z a t i o n  and h y s t e r e s i s  e f f e c t s  a r e  excluded.  S i n c e  q u a n t i z a t i o n  

i n t r o d u c e s  a  random e r r o r  (as  s p e c i f i e d  i n  Appendix C ) ,  t h e r e  i s  c l e a r l y  

no reason t o  i n c l u d e  t h i s  e f f e c t  i n  t h e  r e f e r e n c e .  B u t  h y s t e r e s i s  

i n t r o d u c e s  a more -o r - l ess  d e t e r m i n i s t i c  e r r o r  t h a t  i s  a f u n c t i o n  o f  t h e  

r a t i o  between t h e  h y s t e r e s i s  l e v e l  and t h e  RYS axle-body d isp lacement ,  

as shown i n  F i g u r e  14 i n  Chapter  2 o f  t h e  r e p o r t .  A l t hough  h y s t e r e s i s  

i s  i d e n t i f i e d  as an unwanted f e a t u r e  o f  c u r r e n t  road  meters t h a t  shou ld  

be e l i m i n a t e d  i n  t h e  f u t u r e ,  i t s  e x i s t e n c e  i s  a  f a c t  o f  l i f e  t h a t  shou ld  

no t  be comp le te l y  i gno red .  To address t h i s  e f f e c t ,  two l e v e l s  o f  

h y s t e r e s i s  were added t o  t h e  r e f e r e n c e  v e h i c l e 2 ,  as i n d i c a t e d  i n  Tab le  

B-1, The two l e v e l s  cor respond t o  measured l e v e l s  i n  t h e  Mays and PCA 

meter  i n s t a l  l e d  i n  t h e  HSRI v e h i c l e .  T a b l e  B-3 demonstrates t h a t ,  even 

' ~ ~ s t e r e s i  s  and q u a n t i z a t i o n  a d  t o g e t h e r  t o  i n t roduce  a random 
e r r o r  based on t h e  unknown equilibrium p o s i t i o n  o f  t h e  a x l e  r e l a t i v e  t o  
t h e  c e n t e r  q u a n t i z a t i o n  i n t e r v a l .  T h i s  e r r o r  was e l i m i n a t e d  f r o m  t h e  
r e f e r e n c e  s i m u l a t i o n  by u t i l i z i n g  t h e  average h y s t e r e t i c  l osses  de f i ned  
by t h e  s o l i d  l i n e  i n  F i g u r e  1 4  i n  t h e  r e p o r t .  



though t h e  p a r t i c i p a t i n g  RTRRM systems i n c l u d e  meters  w i t h  h y s t e r e s i s ,  

e r r o r s  due t o  i m p e r f e c t  c o r r e l a t i o n  a r e  n o t  reduced when h y s t e r e s i s  i s  

added t o  t h e  r e f e r e n c e ,  and a d d i t i o n a l  l y ,  r e s i d u a l  e r r o r s  a r e  i n t roduced  

between t h e  r e f e r e n c e  s i m u l a t i o n s  w i t h  and w i t h o u t  h y s t e r e s i s .  A 

s i g n i f i c a n t  e x c e p t i o n  t o  t h i s  t r e n d  was t h e  HSRI-PCA mete r  system, wh ich  

i n c l u d e d  t h e  h i g h e s t  l e v e l  o f  me te r  h y s t e r e s i s .  I n  t h i s  case, t h e  

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

h y s t e r e s i s  i s  t h e  main  c u l p r i t  i n  c a u s i n g  t h e  r e s i d u a l  e r r o r s  w i t h  t h i s  

system. 

A f i n a l  n o t e  on h y s t e r e t i c  e f f e c t s  i s  t h a t  t h e  b e s t  c o r r e l a t i o n  

was between t h e  we1 1-damped r e f e r e n c e  and s i i ~ i p l  e  band pass s i m u l a t i o n s ,  

n e i t h e r  o f  wh ich  i n c l u d e d  me te r  h y s t e r e s i s .  U l t i m a t e l y ,  t h e  p r e c i s i o n  

o b t a i n a b l e  f r o m  c a l i b r a t e d  RTRRM systems m i g h t  be improved f r o m  t h e  20 

p e r c e n t  r e s i d u a l  e r r o r s  shown f o r  t h e  wel l -damped systems ( w i t h  .03 i n  

h y s t e r e s i s )  t o  a p p r o x i m a t e l y  ha1 f t h a t ,  by e l i m i  n a t i  ng me te r  h y s t e r e s i s .  

(The e l e c t r o n i c  me te r  i n s t a l l e d  i n  t h e  H S R I  v e h i c l e ,  and d e s c r i b e d  a t  

t h e  end o f  t h i s  appendix,  had no h y s t e r e s i s ,  bu t  was prone t o  e r r o r s  

f r o m  CB i n t e r f e r e n c e  t h a t  mi t i g a t e d  t h e  improvements ga ined  by 

. e l  i m i n a t i n g  t h e  h y s t e r e s i s .  T a b l e  B - 7  shows t h a t  when t h e  5 smoothest  

pavements, wh ich  have s i g n i f i c a n t  b i a s  due t o  RF i n t e r f e r e n c e  a r e  

exc luded  f r o m  t h e  a n a l y s i s ,  t h e  e l e c t r o n i c  me te r  ;7roduces t h e  l e a s t  

s c a t t e r .  ) 

T i  r e  E n v e l o p i n g  E f f e c t s  

Pneumat ic  t i r e s  t e n d  t o  enve lope  f e a t u r e s  of t h e  pavement t h a t  a r e  

sma l l  compared t o  t h e  c o n t a c t  pa tch .  The n e t  r e s u l t ,  d e s c r i b e d  i n  

d e t a i l  i n  Appendix A, i s  t h a t  t h e  f o r c e  t r a n s m i s s i b i l i t y  o f  t h e  t i r e  i s  



reduced f o r  h i g h  wave numbers, when wave lengths  near  t h e  c o n t a c t  p a t c h  

l e n g t h .  The proposed r e f e r e n c e  s i m u l a t i o n  assumes t h a t  t h e  t i  r e  

c o n t a c t s  t h e  pavement a t  a  s i n g l e  p o i n t ,  and t h e r e f o r e  does n o t  i n c l u d e  

t h e  t i r e  enve lop ing  e f f e c t .  A  t i r e  e n v e l o p i n g  model was added t o  t h e  

HSRI- re ference s i m u l a t i  on t o  exami ne t h e  i n f l u e n c e  on t h e  c a l c u l a t e d  

RARV, and t h e  c a l i b r a t i o n  ob ta ined .  Because o f  t h e  r e l a t i v e l y  l o n g  

d i s t a n c e  between samples on t h e  p r o f i l e  t apes  ( 6  i n c h e s ) ,  and t h e  

absence o f  a n t i - a l i a s i n g  f i l t e r i n g ,  t h e  e f f e c t  o f  e n v e l o p i n g  i s  no t  we1 1  

q u a n t i f i e d  by t h e s e  r e s u l t s .  Neve r the less ,  t h e  r e s u l t s  m e r i t  

p r e s e n t a t i o n .  T a b l e  3-2 i n d i c a t e s  t h a t  when e n v e l o p i n g  i s  added t o  t h e  

r e f e r e n c e  s i m u l a t i  on, t h e  measured ARV i s  reduced, w i t h  t h e  r e d u c t i o n  

b e i n g  g r e a t e r  on rougher  roads. T a b l e  8-3 shows t h a t  i n  some cases t h e  

c o r r e l a t i o n  w i t h  o t h e r  RTRRM systems i s  improved, b u t  t h a t  t h e  

improvement i s  m ino r  and n o t  r e a l l y  s u f f i c i e n t  t o  j u s t i f y  t h e  e x t r a  

comp lex i t y  t h a t  r e s u l t s  f r o m  add ing  t h e  e n v e l o p i n g  t o  t h e  r e f e r e n c e  

s i m u l a t i o n .  The s i x  rougher  s u r f a c e s  which a r e  general  l y  exc luded f r o m  

t h e  C o r r e l a t i o n  Program r e s u l t s ,  were p r o f i l e d  a t  low speed a t  a  l a t ? r  

t ime,  The RARV c a l c u l a t e d  f rom t h e  l4SRI-reference on t h e s e  sur faces  

genera l  l y  exceeds those  measured by a c t u a l  ?T?,?,:,l s j l s t ; ?~~~ ; .  The 1 i k e l y  

reason i s  t h e  absence o f  t h e  t i r e  enve lop ing  e f f e c t  i n  t h e  s i m u l a t i o n .  

I t  i s  suggested t h a t  t h e  i n c l u s i o n  o f  a  t i r e  e n v e l o p i n g  model be 

cons ide red  i n  t h e  event  t h e  r e f e r e n c e  s i m u l a t i o n  i s  t o  be used on roads 

w i t h  R A R V  measurements g r e a t e r  t han  2.75 i n / s e c  (app rox ima te l y  2.0 P S I ) .  

The moving average model, developed i n  Appendix A, i s  a  good approx imate  

model when a  t i r e  c o n t a c t  l e n g t h  o f  0.95 f e e t  i s  used. 



C o r r e l a t i o n  w i t h  CHLOE and PSI 

Due t o  t h e  m a j o r  r o l e  o f  t h e  AASHO (CHLOE) p r o f i l o m e t e r  i n  t h e  

development o f  t h e  pavement s e r v i  ceab i  1  i ty  concept ,  s l  ope v a r i a n c e  

numer ics were p repa red  u s i n g  a  s i m u l a t e d  CHLOE p r o f i l  ometer. I d e a l l y ,  

t h e  CHLOE measures t h e  a n g l e  between a  sho r t -whee l  base arm, 9 i nches 

l ong ,  and t h e  long-wheelbase t r a i l e r  chass i s ,  25.5 f e e t  long.  T h i s  i s  

e x a c t l y  how t h e  p r o f i l e  t apes  were processed,  u s i n g  t h e  average o f  t h e  

r i g h t -  and l e f t - h a n d  t r a c k  e l e v a t i o n s .  The p r o p e r  r e g r e s s i o n  f o r m  

between an RTRRM system and t h e  CHLOE s l o p e  v a r i a n c e  (SV) a t  a g i v e n  

speed i s  q u a d r a t i c  (see Appendix C ) ,  hence, Tab les  8-2 and B-3 p r e s e n t  

numbers based on fl f o r  compar ison t o  t h e  ARV measurements. T a b l e  

8-3 shows t h e  fi s t a t i s t i c  t o  be a  poo r  r e f e r e n c e  f o r  RTRRM systems--a 

c o n c l u s i o n  t h a t  i s  p r e d i c t a b l e  f r o m  t h e  ana lyses  i n  Appendix C i n  which 

i t  i s  found t h a t  o n l y  50 p e r c e n t  o f  t h e  SV d e r i v e s  f rom t h e  p o r t i o n  o f  

road  roughness a f f e c t  i ng t h e  RTRRM system measurements. The PSI f i g u r e s  

d i s p l a y e d  i n  t h e  t a b l e s  d e r i v e  f r o m  l i n e a r  r e g r e s s i o n s  w i t h  fl 

developed i n  Reference ( 2 9 ) .  - D i f f e r e n t  f o rmu las  a r e  used f o r  b i  tumi  nous 

and P C C  c o n s t r u c t i o n  and e x c l u d e  t h e  a d d i t i o n a l  measurements o f  

c r a c k i n g ,  r u t  depth,  e tc . ,  t h a t  a r e  r e q u i r e d  by t h e  o r i g i n a l  AASHO 

3  s tudy  . C o r r e l a t i o n s  between ARV measurernents and CHLOE-based PSI 

measurements a r e  much p c o r e r  t h a n  c o r r e l  a t i  ons between d i  f f e r e n t  RTRHM 

systems measur ing ARV, i n d i c a t i n g  t h a t  t h e  PSI s t a t i s t i c  i s  n o t  a  good 

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

c o n v e r t i n g  t h e  ARV s t a t i s t i c  t o  t h e  PSI s t a t i s t i c .  A s i m i l a r  c o n c l u s i o n  

 he v a r i a b l e  l o g  (SV + 1) has a l s o  been used i n  t h e  p a s t  f o r  PSI 
r e g r e s s i o n s  and has about  t h e  same s t a t i s t i c a l  s i g n i f i c a n c e  as t h e  d g  
v a r i a b l e - - t h e r e f o r e ,  V'V was used i n  t h e  t a b l e s  because o f  t h e  
u n d e r l y i n g  l i n e a r  r e l a t i o n  between f l  and ARV. 



was reached w i t h  t h e  R Q I  s t a t i s t i c  measured by M i c h i g a n  DOT. The R Q I  i s  

i d e a l l y  a l i n e a r  f u n c t i o n  o f  ln (ARV) ,  b u t  t h e  c o r r e l a t i o n  between A R V  

and R Q I  was t h e  same as t h e  c o r r e l a t i o n  between In(ARV) and R Q I - -  

q u a n t i f i e d  by a s tanda rd  e r r o r  o f  0.57. The main causes f o r  t h e  poo r  

c o r r e l a t i o n  a r e  t h e  d i f f e r e n c e  i n  t h e  wave number ranges o f  road  

roughness t h a t  c o n t r i b u t e  t o  each s t a t i s t i c ,  and t h e  f a c t  t h a t  t h e  

M ich igan  system p r o f i l e s  one wheel pa th ,  w h i l e  t h e  West V i r g i n i a  machine 

p r o f i l e s  b o t h  t r a c k s .  

CALIBRATION EFFECTIVENESS 

Havi ng e s t a b l i s h e d  t h a t  t h e  ARV produced by t h e  HSRI-reference 

system ( p r o f i l  ometer w i t h  q u a r t e r - c a r  s i m u l a t i o n ) ,  des igna ted  t h e  RARV, 

c o n s t i t u t e s  a reasonab le  c a l i b r a t i o n  s tandard ,  d i f f e r e n t  methods f o r  

o b t a i n i n g  t h e  c a l i b r a t i o n  o f  an RTRRM system a g a i n s t  t h e  i iSRI - re ference 

can be eva lua ted.  

P r imary  Cal i b r a t i o n  A g a i n s t  a P r o f i l o m e t e r  

The p r i m a r y  c a l i b r a t i o n  cu rve  f o r  an RTRRM system i s  found s i m p l y  

by r e g r e s s i  ng RARV measures f r o m  a p r o f  i 1 ometer w i t h  HSRI- r e f e r e n c e  

s i m u l a t i o n  a g a i n s t  ARV measurements f rom t h e  RTRRM system o v e r  a v a r i e t y  

o f  roads. The r e g r e s s i o n  c u r v e  i s  t hen  used t o  c o r r e c t  t h e  data ,  t o  

p r e d i c t  s tanda rd  measurements t h a t  would have been made by t h e  

re ference.  Tab1 e 8 - 4  1 i s t s  a1 1 o f  t h e  c o r r e c t e d  roughness measurements 

f o r  t h e  8 RTRRM systems on t h e  18 t e s t  s i t e s .  The s c a t t e r  i s  shown f o r  

each s u r f a c e  as t h e  root-mean-square (RMS) e r r o r ,  and as a r e l a t i v e  

e r r o r  ( r a t i o  o f  t h e  ;iMS e r r o r  t o  t h e  s tanda rd  roughness measurement). 

O v e r a l l ,  t h e  average RMS e r r o r  i s  8.11 i n / s e c ,  and t h e  average p e r c e n t  



Tab1 e B-4. Roughness Measure~nents a s  Corrected f o r  Primary Cal i b ra t ion .  

ave. . l l  8.8 

1 

2 

3 

4 

5 

7 

8 

9 

10 

11 
- 

12 

13 

14 

15 

19 

2 2 

23 

2 4 

o 

Georgia 

Car T r a i l e r  

1.81 1.74 

1.31 1.37 

0.99 1.01 

1.51 1.50 

1.31 1.17 

1.73 1.80 

0.71 0.75 

0.61 0.63 

2.24 2.73 

0.88 0.91 

1.73 1.68 

1.42 1.59 

1.86 2.02 

2.21 2.01 

0.91 0.71 

1.69 1.67 

1.22 1.26 

1.34 1.42 

0.48 0.48 

1.92 

1.31 

0.94 

1.65 

1.26 

1.85 

0.68 

0.57 

2.26 

0,88 

1.74 

1.42 

1 . 6  

1.96 

0.88 

1.64 

1.14 

1.50 

0.49 

HSRI 

Mays PCA Elec. 

1.74 1.98 1.81 

1.34 1.43 1.28 

0.97 1.04 

1.48 1.35 1.60 

1.20 1.24 1.15 

1.76 1.81 1.71 

0.76 0.82 0.68 

0.64 0.66 0.72 

2.40 2.42 2.32 

0.99 0.96 1.06 

1.73 1.78 1.64 

1.48 1.52 1.45 

1.91 1 -60  1.91 

2.08 1.96 2.17 

0.93 0.96 0.91 

1.62 1.60 1.67 

1.17 1.17 1.15 

1.25 1.16 1-28  

0.47 0.46 0.47 

, KY 
Mays 

1.89 

1.39 

0.98 

1.54 

1.22 

1.69 

0.70 

0.63 

2.30 

0.87 

1.86 

1.53 

1.85 

2.04 

0.95 

1.60 

1.16 

1.23 

0.48 

Wisc. 
Mays 

2.12 

1.28 

0.87 

1.68 

1.29 

1.68 

0.76 

0.83 

2.31 

0.76 

1.62 

1.46 

1.70 

1.99 

0.99 

1.69 

1.10 

1.37 

0.47 

Ave. Ref. -Ave. 

1.85 .07 

1.32 -. 01 

0.98 - .04 

1.51 .14 

1.25 .01 

1.74 .09 

0.75 - .07 

0.68 -.I1 

2.30 - -04 

0.91 -.03 

1.70 -04 

1.48 -.06 

1.88 -.02 

2.06 - . l o  

0.90 -. 02 

1.63 .O1 

1.17 -.03 

1.31 -19 

0.46 -08 

W. Va. 
Mays 

1.71 

1.20 

0.97 

1.44 

1.46 

1.76 

0.88 

0.70 

2.21 

0.86 

1.59 

1.39 

2.24 

2.02 

0.87 

1.55 

1.16 

1.44 

0.46 

RMS % RMS 
Error  Error  

.16 8 .3  

-08  5.8 

.06 6.5 

.17 10 .3  

.10 8 . 3  

.10 5.6 

.10 14.8 

.13 23.0 

.09 3.8 

.09 10.2 

.10 5.8 

.09 6.3 

.20 10.5 

.13 6.6 

.09 10.0 

.05 3.1 

.06 5.2 

.21 14.3 

.05 4.8 



e r r o r  i s  8.8 pe rcen t .  General  l y ,  t h e  RMS e r r o r  i s  more o r  l e s s  

independent  of roughness, and t h u s  t h e  p e r c e n t  e r r o r  i s  g r e a t e r  on t h e  

smoother roads. O f  t h e  1 8  t e s t  s i t e s ,  o n l y  t h r e e  r e s u l t  i n  b i a s  e r r o r s  

between t h e  s t a n d a r d  and t h e  average o f  8 RTRRM systems t h a t  a r e  g r e a t e r  

t h a n  0.10 i nlsec .  Hence i t  i s  conc luded t h a t  t h e  HSRI- re ference does 

no t  d i s c r i m i n a t e  f o r  o r  a g a i n s t  any s i m p l e  ca tego ry  o f  roads.  The 

s c a t t e r  f o r  each RTRRM system was l i s t e d  i n  Tab le  8-3 ( n o r m a l i z e d  by t h e  

0.487 i n/sec s tanda rd  d e v i a t i o n  o f  t h e  roughness measurements o v e r  t h e  

18 t e s t  s i t e s )  i n  t h e  HSRI- re ference column. The s c a t t e r  i s  l i s t e d  

w i t h o u t  b e i n g  no rma l i zed  i n  Tab le  5 o f  Chapter  2 o f  t h e  r e p o r t .  

C a l i b r a t i o n  w i t h  A r t i f i c i a l  Bumps 

Measurements made d u r i n g  t h e  a r t i f i c i a l  burnp c a l  i b r a t i o n  a re  

summarized i n  Tab le  3-5,  w h i l e  t h e  c a l  i b r a t i o n  procedure  i s  d e s c r i b e d  i n  

Appendix A. The average accumulated i nches  p e r  pass, o v e r  t h e  5 

c a l i b r a t i o n  speeds, was d i v i d e d  by an " e f f e c t i v e  t i m e "  o f  6.73 seconds 

f o r  t h e  rough su r face ,  and 13.34 seconds f o r  t h e  l o n g e r  smooth s u r f a c e ,  

t o  y i e l d  two ARV va lues  w i t h  u n i t s  i n / sec .  These two ARV va lues  a r e  

shown under  t h e  head ing "Bump C a l "  i n  t h e  t a b l e ,  The plywood bumps have 

a  des ign  roughness o f  1.98 i n l s e c  and 0.99 i n / s e c  f o r  t h e  rough and 

smoot h  ve rs ions ,  r e s p e c t i v e l y  , b u t  because t h e  t h i c k n e s s e s  o f  t h e  bumps, 

as f a b r i c a t e d ,  were g r e a t e r  t h a n  t h e  des ign  d imensions,  t h e  a c t u a l  

r e f e r e n c e  va lues  were 2.08 i n l s e c  and 1.04 i n / sec .  The c a l i b r a t i o n  

cu rve  i s  made by p l o t t i n g  t h e  r e f e r e n c e  va lues  a g a i n s t  t h e  measured 

values,  and t h e n  c o n n e c t i n g  t h e  two p o i n t s  w i t h  a  s t r a i g h t  1 i ne .  The 

r e g r e s s i o n s  f rom t h e  p r i m a r y  c a l i b r a t i o n  were used i n  c o n j u n c t i o n  w i t h  

t h e  r e f e r e n c e  va lues  a s s o c i a t e d  w i t h  t h e  two s u r f a c e s  t o  c a l c u l a t e  t h e  





ARV va lues  t h a t  s h o u l d  have been measured by each system on t h e  two 

su r faces .  These two va lues  a r e  l i s t e d  i n  t h e  t a b l e  under  t h e  head ing  

"Pr im. Ca l . "  

D i s c u s s i o n  of C a l i b r a t i o n  Tes ts  - One measure o f  t h e  v a l i d i t y  o f  

t h i s  c a l i b r a t i o n  method i s  t h e  compar ison o f  t h e  ARV v a l u e s  i n  t h e  Bump 

Cal .  and Pr im. Cal. columns i n  t h e  t a b l e .  The t a b l e  shows t h a t  t h e  

method g i v e s  va lues  t h a t  c l o s e l y  match t h o s e  p r e d i c t e d  by t h e  p r i m a r y  

c a l i b r a t i o n  f o r  t h e  t h r e e  H S R I  systems, t h e  Kentucky  Mays me te r  system, 

and t h e  Wiscons in  Mays me te r  system. B u t  t h e  Vest  V i r g i n i a  va lues,  f r o m  

t h e  bumps, a r e  about  1 5  p e r c e n t  t o o  h i g h ,  and t h e  two Georg ia  v e h i c l e s  

respond about  25  p e r c e n t  more t o  t h e  bumps t h a n  t h e y  s h o u l d  f o r  

agreement w i t h  t h e  on-road data .  The upward b i a s  o f  t h e  West V i r g i n i a  

f i g u r e s  i s  n o t  r e a l l y  unexpected as t h e  v e h i c l e  was underdanped. 

Computer s i m u l a t i o n s  had i n d i c a t e d  t h a t  1  i g h t l y  damped v e h i c l e s ,  w i t h  

a x l e  and body resonances a t  f r e q u e n c i e s  d i f f e r e n t  t h a n  t h e  H S R I -  

r e f e r e n c e ,  c o u l d  over - respond t o  t h e  bumps (see  Appendix A ) .  The r e s u l t  

i s  s y s t e m a t i c  e r r o r  i n  t h i s  c a l i b r a t i o n  and g e n e r a l l y  h i g h e r  randorn 

e r r o r  i n  normal use. T h i s  e r r o r  can be reduced by i n s t a l l i n g  s t i f f ,  

heavy-duty shock absorbers  on t h e  v e h i c l e .  

The cause o f  t h e  p o o r  per formance o f  t h e  c a l i  b r 3 t i o n  method f o r  

t h e  two Georg ia  systeriis i ~ d s  n o t  been determined,  and i s  addressed l a t e r  

i n  t h i s  appendix.  

E f f e c t i v e n e s s  - Tab1 e  B-6 p r e s e n t s  t h e  roughness measurements 

t a k e n  by t h e  v a r i o u s  systems o v e r  t h e  18 t e s t  s i t e s ,  a f t e r  c o r r e c t i o n  

v i a  t h e  a r t i f i c i a l  bump method. The t a b l e  shows t h e  method t o  be a 

comple te  success f o r  t h e  t h r e e  dSRI systems and t h e  Kentucky  system. 
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The s y s t e m a t i c  e r r o r s  t h a t  a r e  i n t r o d u c e d  by t h e  c a l i b r a t i o n  method a r e  

much s m a l l e r  t h a n  t h e  normal s c a t t e r  t h a t  e x i s t s  even a f t e r  a  p r i m a r y  

c a l i b r a t i o n ;  t hus ,  t h e  RMS e r r o r s  a r e  i n c r e a s e d  o n l y  s l i g h t l y .  The 

method a l s o  worked f o r  t h e  Wiscons in  system, b u t  t h e  RMS e r r o r  was 

i n c r e a s e d  f r o m  .12 i n / s e c  ( p r i m a r y  c a l i b r a t i o n )  t o  .15 i n / s e c  

( a r t i f i c i a l  bump c a l i b r a t i o n ) .  RMS e r r o r s  f o r  t h e  West V i r g i n i a  system 

were 0.22 i n l s e c ,  and a c t u a l l y  h i g h e r  t h a n  t h e  RMS e r r o r s  ~ i t h o u t  any 

c a l i b r a t i o n  (.21 i n / s e c ) .  The two Georg ia  v e h i c l e s  a r e  b o t h  g i v e n  

b iases  o f  about  t .25  i n / s e c ,  t h a t  r e s u l t  i n  ?MS e r r o r s  o f  t h e  same 

magnitude. B e f o r e  c a l i b r a t i o n ,  b i a s  e r r o r s  were - .25  i n / s e c  f o r  t h e  c a r  

and - -50 i n / s e c  f o r  t h e  t r a i l e r .  (Tha t  i s ,  t h e  a r t i f i c i a l  bump c a l i b r a t i o n  

method e f f e c t i v e l y  c a l i b r a t e d  t h e  two systems a g a i n s t  each o t h e r ,  b u t  

l e f t  a  .25 i n / s e c  e r r o r  between t h e  systems and t h e  r e f e r e n c e .  ) 

Inadequacy o f  t h e  A r t i f i c i a l  Bump C a l i b r a t i o n  on t h e  Georg ia  Systems 

The inadequacy o f  t h e  A r t i f i c i a l  Bump Method t o  c a l i b r a t e  t h e  

Georg ia  systems has n o t  been reso l ved .  F u r t h e r  t e s t i n g  was n o t  p o s s i i ) l e  

a t  t h e  c o m p l e t i o n  o f  t i l e  C o r r e l a t i o n  Program t o  i r i v e s t  i j d  ,c ' , ' I?  

~ n d e r l y i n g  mechanisrns t h a t  may have caused t h e  Georgi  '2 systems t o  over -  

respond on t h e  bumps. Seve ra l  p o t e n t i a l  causes come t o  mind, b u t  

w i t h o u t  any s u p p o r t i n g  data.  

1) V e h i c l e  response i s  more s e n s i t i v e  t o  t i r e  e n v e l o p i n g  d u r i n g  

t h e  c a l i b r a t i o n ,  due t o  t h e  low speeds i nvo l ved .  D i f f e r e n c e s  

between e n v e l o p i n g  c h a r a c t e r i s t i c s  o f  i n d i v i d u a l  t i  res ,  and 

t h e  assumed c h a r a c t e r i  s t  i c s  of t h e  r e f e r e n c e ,  would i n t  roduce 

e r r o r s .  However, computer s i m u l a t i o n s  o f  t h e  r e f e r e n c e  w i t h  

d i  f f e r e n t  e n v e l o p i n g  c h a r a c t e r i  s t i c s  i nd i  c a t e  t h a t  a  



s y s t e m a t i c  e r r o r  due t o  e n v e l o p i n g  wou ld  be u n l i k e l y  t o  exceed 

10 p e r c e n t  ( see  Appendix A ) .  

P i t c h  dynamics o f  t h e  v e h i c l e  a r e  exaggera ted on t h e  

a r t i f i c i a l  bumps, because o f  t h e  low t e s t  speed. The p i t c h  

dynamics do n o t  appear t o  be i m p o r t a n t  f o r  any o f  t h e  o t h e r  

v e h i c l e s ,  and were shown t o  be n e g l i g i b l e  f o r  t h e  H S R I  v e h i c l e  

a t  TARADCOM (see  Appendix D ) .  Nonethe less ,  t h e  3 ' i h j e c t  o f  

p i t c h  dynamics was neve r  examined w i t h  tile s m e  i : l i ; e i s i t y  as 

o t h e r  aspec ts  o f  RTRRM system o p e r a t i o n ,  dn:1 i % i s  c o n c e i v a b l e  

t h a t  a  c e r t a i n  v e h i c l e  t y p e  wou ld  ove r - respond  on t h e  bumps 

due t o  exaggera ted p i t c h  mot ions .  A r e l a t e d  n o t i o n ,  t h a t  an 

u n r e a l  i s t i c  coup1 i ng between t h e  mo t ions  o f  a  t r a i l e r  and 

t o w i n g  v e h i c l e  e x i s t s ,  i s  d i s c o u n t e d  because T a b l e  0 - 5  shows 

t h a t  when t h e  c a l i b r a t i o n  r u n s  were repea ted  by t h e  G e o r g i a  

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

ob ta ined .  

3 )  Due t o  t h e  s i m p l e  c o n s t r u c t i o n  o f  t h e  bumps, t h e  s p e c t r a l  

c o n t e n t  i s  n o t  p e r f e c t l y  smooth and v e h i c l e s  can " t u n e  i n "  and 

measure an o v e r l y  h i g h  roughness. Even so, t h e  t u n i n g  2 f f e c t  

i s  o n l y  s i g n i f i c a n t  w i t h  l i g h t l y  damped v e h i c l e s ,  and t h e  dn- 

road  d a t a  i n d i c a t e  t h a t  t h e  Georg i  a  v e h i c l e s  were :)f:~t? >/e l  1 

damped , 

A l though  t h e  a r t i f i c i a l  bump c a l  i b r a t i o n  method was i nadequa te  f o r  

c a l i b r a t i n g  t h e  two G e o r g i a  systems t o  t h e  HSRI-ref erence,  i t  was 

e x t r e m e l y  s u c c e s s f u l  i n  de te rm i  n i  ng t h e  c o r r e l a t i o n  between them. T a b l e  

B-6 shows t h a t  t h e  c o r r e c t e d  on- road measurements f r o m  t h e  two systems 



a r e  a lways c l o s e  t o  each o t h e r .  O v e r a l l ,  t h e  average d i f f e r e n c e  was 

0.04 i n lsec ,  and t h e  RMS d i f f e r e n c e  was 0.09 i n lsec .  When no rma l i zed  by 

t h e  s tanda rd  d e v i a t i o n  o f  t h e  roads (0.43 f o r  t h e  c a r  and 0.40 f o r  t h e  

t r a i l e r ) ,  t h e  e r r o r  i s  o n l y  s l i g h t l y  h i g h e r  t h a n  t h e  s t a n d a r d  r e s i d u a l  

e r r o r  l e f t  a f t e r  a  1  i near  r e g r e s s i o n  as shown i n  T a b l e  6-3. I n  o t h e r  

words, t h e  c a l i b r a t i o n  method d i d  a  n e a r l y  p e r f e c t  j o b  o f  c a l i b r a t i n g  

t h e  Georg ia  v e h i c l e s  t o  each o t h e r .  T h i s  l eads  t o  t h e  concern  t h a t  some 

t y p e  o f  o p e r a t i o n a l  e r r o r  c o u l d  have been i n v o l v e d  i n  t h e  c a l i b r a t i o n  

procedure  w i t h  t h e s e  v e h i c l e s .  

ELECTRONIC -- ROAD METER 

E a r l y  i n  t h e  research,  t h e  s i g n i f  icanc:? o f  meter  non l  i n e a r i  t i e s  

became apparent .  The two commerci a1 meters purchased f o r  t h i s  p r o j e c t  

had d i f f e r e n t  l e v e l s  o f  q u a n t i z a t i o n  and h y s t e r e s i s  t h a t  c o u l d ,  t o  some 

e x t e n t ,  demonst ra te  t h e  e f f e c t s  o f  t h e s e  two v a r i a b l e s  on  a  r e l a t i v e  

l e v e l .  B u t  a  means f o r  e x p e r i m e n t a l l y  d e t e m i  n i n g  a b s o l u t e  changes i n  

t h e  measured s t a t i s t i c s  due t o  t h e s e  e f f e c t s  was n o t  p o s s i b l e .  Hence, a  

road  me te r  was designed and f a b r i c a t e d  t o  measure t h e  a c t u a l  ARV w i t h o u t  

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

D e s c r i p t i o n  o f  M e t e r  

The meter  was des igned t o  complement e x i s t i n g  i n s t r u m e n t a t i o n  i n  

t h e  v e h i c l e  and would n o t  be s u i t a b l e  f o r  genera l  us?; however, t h e  

genera l  o p e r a t i o n  i s  d e s c r i b e d  h e r e  t o  g i v e  t h e  RTRRM use rs  an i d e a  of 

an i n s t r u m e n t  w i t h o u t  h y s t e r e s i s  and q u a n t i z a t i o n  l i m i t a t i o n s .  

F i g u r e  8-3 shows a s i m p l i f i e d  v e r s i o n  o f  t h e  two  c i r c u i t s  t h a t  

c o n s t i t u t e d  t h e  meter .  The incomi ng v o l t a g e ,  f r o m  t h e  LVDT de- 





modu la to r ,  i s  d i f f e r e n t i a t e d  t o  y i e l d  a  v o l t a g e  p r o p o r t i o n a l  t o  t h e  

axle-body v e l o c i t y .  T h i s  s tage  was needed because t h e  e x i s t i n g  

t r a n s d u c e r  measured d i  sp l  acement, b u t  wou ld  be unnecessary i f  a  v e l o c i t y  

t r a n s d u c e r  were i n s t a l l e d  ( a  recommended s u b s t i t u t i o n  i n  l i g h t  o f  t h e  

f a c t  t h a t  v e l o c i t y  t r a n s d u c e r s  a r e  g e n e r a l l y  cheaper t h a n  LVDT's and 

more d u r a b l e  t h a n  p o t e n t i o m e t e r s ) .  The f i r s t  s tage  a c t e d  l i k e  a  

d i f f e r e n t i a t o r  a t  l ow  f r e q u e n c i e s ,  b u t  had a  u n i t  g a i n  a t  h i g h  

f r e q u e n c i e s  ( t h e  c u t - o f f  f requency was 50 Y z )  t o  a v o i d  s a t u r a t i n g  t h e  

op-amps w t  h  d i  f f e r e n t  i a t e d  no ise .  The second s tage  used s e v e r a l  op-amps 

and d iodes  t o  r e c t i f y  t h e  v e l o c i t y  s i g n a l ,  w h i l e  t h e  t h i r d  s tage  was a  

s imp le  open-loop i n t e g r a t o r .  The o u t p u t  of t h e  i n t e g r a t o r  was read  w i t h  

a  v o l t m e t e r  a t  t h e  end o f  a  t e s t .  The " c l o c k "  was s i m p l y  a  c o n s t a n t  

supp ly  v o l t a g e  f e d  i n t o  an i n t e g r a t o r .  The o u t p u t  o f  t h e  second 

i n t e g r a t o r  was a l s o  read  a t  t h e  end o f  a  run ,  and d i v i d e d  i n t o  t h e  f i r s t  

r e a d i  ng t o  y i e l d  a  r a t i o  p r o p o r t i o n a l  t o  ARV.  

The c i r c u i t  was c o n t r o l l e d  by t h e  o p e r a t o r  w i t h  t h r e e  swi tches .  

The f i r s t  s w i t c h  s e l e c t e d  f o u r  d i f f e r e n t  g a i n  l e v e l s ,  t o  be used f o r  

d i f f e r e n t  roughness l e v e l s  o r  t e s t  t imes .  The second had t h r e e  

p o s i t i o n s  and c o n t r o l  l e d  t h e  mode o f  o p e r a t i o n .  I n  t h e  f i r s t  p o s i t i o n  

a1 1  va lues  a r e  i n i t i a l i z e d  b e f o r e  t e s t  by g round ing  t i l e  i n p u t  and o u t p u t  

v o l t a g e s  o f  each c i r c u i t .  A t  t h e  s t a r t  o f  t e s t  t h e  s w i t c h  i s  moved t o  

t h e  second p o s i t i o n  and t h e  c i r c u i t s  o p e r a t e  as shown i n  t h e  f i g u r e - -  

t h a t  i s ,  t h e  ax le -body m o t i o n  i s  accrued and t h e  " c l o c k "  v o l t a g e  i s  

ramped w i t h  t ime .  A t  t h e  end o f  t e s t  t h e  s w i t c h  was p u t  i n  t h e  t h i r d  

p o s i t i o n ,  t h e  i n p u t s  were grounded, t h e r e b y  " f r e e z i n g "  t h e  o u t p u t  

l e v e l s ,  wh ich  c o u l d  t h e n  be read  w i t h  a  v o l t m e t e r .  The t h i r d  s w i t c h  had 

two p o s i t i o n s ,  and connected one o r  t h e  o t h e r  o f  t h e  two c i r c u i t  o u t p u t s  



t o  an external jack fo r  reading o n  a voltmeter. Another fea ture  of the 

meter was a small speaker tha t  was connected t o  "chirp" whenever a n  op- 

amp saturated.  This indicated t o  the  operator t h a t  the  gain s e t t i ng  was 

too h i g h  f o r  the  current magnit~de of the axle-body motion. 

Effectiveness of Meter 

Tables B-3, B-6,  and Table 5 i n  Chapter 2 of tile report show tha t  

t he  e lec t ronic  meter performed comparably l ~ i t h  the  other road meters. A 

suscep t ib i l i ty  of the  meter t o  interference from C B  and other extraneous 

RF signals was, however, discovered. The s ignals  were received and 

added t o  the  measured axle-body motion of the vehicle, increasing t he  

apparent A R V .  This e f fec t  appeared t o  be s imi lar  t o  the e f fec t  o f  added 

ti  re roughness, and had t he  greates t  e f fec t  on measurements on smooth 

pavements ( see  Figure 13 i n  Chapter 2 ) .  Hence, r esu l t s  on only the 

rougher roads were examined. Table B-7 summarizes resu l t s  f o r  the  13 

rougher surfaces whose reference A R V  values were greater  than 1 . O O  i n /  

sec ,  Over t h i s  range, the  s c a t t e r  f o r  the  HSRI vehicle-electronic neter  

system was l e s s  than tha t  f o r  the  other 7 RTRRM systems. This clearly 

indicates that  the concept of a simple e lec t ronic  road meter i s  

worthwhile, although development i s  needed t o  rnake i t  practical  f o r  

everyday use. 

Note the  close comparison between the reference system d n d  the  

simple band pass f i l t e r ,  shown in Table 8-3. The main d i s t inc t ions  

between these and other systems are  (1) re la t ive ly  high damping levels  

i n  t he  dynamic response functions o f  the "vehicle" a n d  ( 2 )  no 

hysteresis .  Hence fu r the r  development of a road meter w i t h  negl i gi  bl e 

hysteresis  i s  recommended as a means t o  reduce random e r ro r  w i t h  R T R R M  

sys tems . 



Table B-7. S c a t t e r  Between Reference and RTRRM Systems on 13 
Pavements with ARV Values Larger Than 1.0 in / sec .  

1 S c a t t e r  (Af t e r  Linear Rearession) 

Georgia Car 

Georgia T r a i l e r  

HSRI Mays 

HSRI PCA 

Measurement Sys tern RMS Error ( i n / s e c )  I Standard Residual ( - )  

HSRI Elec t ronic  

Kentucky Mays 

Wisconsin Mays 

West Virginia Mays 

-- - -- 

.09 .29 

. I1  .33 

.10 .30 

.15 



APPENDIX C 

THEORY OF OPERATION OF ROAD ROUGHNESS MEASURING SYSTEMS 

INTRODUCTION 

P r i o r  t o  t h e  research documented i n  t h i s  r e p o r t ,  t he  unders tanding 

o f  road  roughness measurement systems was l a r g e l y  i n t u i t i v e  and based on 

d i r e c t  exper ience o f  t h e  users w i t h  t h e i r  systems. The purpose o f  t h i s  

appendix i s  t o  supplement t h e  analyses presented i n  t he  r e p o r t  w i t h  t h e  

t h e o r e t i c a l  f i nd i ngs  t h a t  r e q u i r e  more d e t a i  1 than  cou ld  conven ien t l y  be 

i nc l uded  i n  t h e  main t e x t .  Taken toge ther ,  t h e  analyses can answer such 

ques t ions  as: 

1 )  Exac t l y  what q u a n t i t i e s  a r e  measured by d i f f e r e n t  road  

roughness measurement sys terns? 

2 )  What k inds  of c o r r e l a t i o n s  should  be expected between 

measurements made w i t h  d i f f e r e n t  systems? 

3)  How and why do measurements made w i t h  response-type road 

roughness measuring (RTRRM) systems vary  w i t h  ope ra t i ng  

c o n d i t i o n s  and system v a r i a b l e s ?  

The con ten t  o f  t h i s  appendix i s  more t e c h n i c a l  than  t h a t  of t h e  main 

r e p o r t ,  and i s  geared towards those readers  who would b e n e f i t  most f rom 

g a i n i n g  a so l  i d  and d e t a i l e d  unders tanding o f  t he  va r ious  mechanisms t h a t  

cause road roughness measurement systems t o  behave as they  do. Th is  

appendix i s  in tended  f o r  des igners  of road roughness measurement systems, 

engineers who must use roughness measurements t o  p r e d i c t  r e l a t e d  phys i ca l  

phenomena (e.g., v e h i c l e  r i d e  engineers)  , and opera to rs  o f  road roughness 



measuring systems w h o  desire a more thorough understanding of the behavior 

of their  systems than can be gained through in-use experience or by read- 

ing the main body of this  report. 

The f i r s t  section develops mathematical models of Mays and PCA meters 

and includes assumptions that simp1 ify their  descriptions. The C H L O E  pro- 

filometer i s  also modeled. The next section, covering vehicle and road 

characteristics, discusses vehicle dynamics, the relationship between road 

excitation a n d  motion of the axle relative t o  the vehicle body, and the 

perception of the road profile as excitation by the moving vehicle. The 

"average road model ," developed in Appendix A ,  i s  also included, Correla- 

tion of dissimilar measurements i s  discussed in another section. Most of 

the road meter variables and their  influences on road roughness measurements 

were presented in the report. B u t  two of the effects require a substan- 

t ia l  mathematical development, which i s  included as the final section in 

this  appendix. The remaining sections use the mathematical models t o  

contrast and compare different measurements, and t o  predict their  sensi- 

t iv i  t i e s  t o  system variables. 

Symbols that are used throughout th is  appendix are l is ted and defined 

in Table C - 1 .  

I DEAL ROAD ROUGHNESS MEASUREMENT SYSTEMS 

Mays Meter 

The Mays meter i s  a commercial instrument manufactured by Rainhart, 

Inc., that i s  installed by the user in a passenger car or single-axle 

t r a i l e r .  (Rainhart also manufactures a t r a i l e r  with a Mays meter instal led.) 

A transducer that uses an optical position sensor i s  mounted between the 
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cen te r  o f  t he  s o l i d  r e a r  a x l e  and t h e  body o f  t h e  veh ic le ,  and i s  e l ec -  

t r i c a l l y  connected t o  a  second u n i t  t h a t  produces a  s o r t  o f  s t r i p  cha r t ,  

powered by two s tepper  motors (see F igure  1  i n  t h e  r e p o r t ) .  One motor 

c o n t r o l s  a  pen, causing i t  t o  move back and f o r t h  t o  i n d i c a t e  t he  axle-body 

motion. The reco rd  o f  the  pen movement i n d i c a t e s  t he  magnitude o f  t he  

axle-body mot ion,  b u t  i s  n o t  a c t u a l l y  used as a  road roughness measurement. 

The second motor advances t h e  paper one increment (1/64 i n )  f o r  every de- 

t ec ted  incrementa l  movement o f  the  ax le ,  r e l a t i v e  t o  t he  body (1110 i n  = 

d is tance  between windows i n  opaque f i l m  t h a t  i s  moved pas t  a  1  i g h t  beam), 

i .e., 

paper l eng th  = C a 1 1 d y l  

where C i s  a  sca le  f a c t o r  (116.4) and 6 i s  an increment o f  axle-body 
Y  

mot ion detected by t he  t ransducer .  Whi le t h e  a x l e  moves up and down, 

r e l a t i v e  t o  the  body, t he  paper i s  always advanced, hence t he  abso lu te  va lue 

symbol i n  the  equat ion.  I f  t he  meter i s  " i d e a l  ," i n  t h a t  t he  t ransducer  

q u a n t i z a t i o n  i s  smal l  r e l a t i v e  t o  t h e  general  magnitude o f  t he  s i gna l ,  then 

where T  i s  t he  t ime d u r a t i o n  o f  t h e  t e s t .  The d i r e c t  measure o f  roughness 

i s  t he  average r a t e  t h a t  t he  paper advances, 

I 
p a p e r r a t e  = f J j d t  

The r igh t -hand  s i d e  o f  Eq. ( 3 )  i s  t h e  average o f  l y l ,  o r  t he  average rec -  

t i f i e d  v e l o c i t y  ( A R V )  o f  t h e  axle-body mot ion ( m u l t i p l i e d  by t h e  sca le  



f ac to r ,  C). Cur ren t  p r a c t i c e  i s  t o  norma l i ze  t h i s  measurement by t h e  

l e n g t h  o f  t h e  t e s t  s i t e ,  i n  m i les ,  and by t h e  sca le  f a c t o r ,  C, t o  produce 

a  s t a t i s t i c  w i t h  t he  u n i t s  " inches /mi leU ( r e f e r r e d  t o  i n  t h e  r e p o r t  as 

I/!!) t h a t  i s  t h e  t o t a l  accrued axle-body t r a v e l  pe r  road m i l e .  The r e l a -  

t i o n  between ARV and I I M  i s :  

If the  i n p u t  t o  t he  Mays meter,  t h e  axle-body p o s i t i o n ,  y, i s  a  

random, s t a t i o n a r y ,  Gaussian s i g n a l ,  t h e  ARV i s  p r o p o r t i o n a l  t o  t h e  r o o t -  

mean-square (RMS) va lue  o f  t h e  v e l o c i t y  o f  t he  i n p u t ;  t h a t  i s ,  

ARV = o s  (Gaussian) 
Y 

I f  t h e  i n p u t  i s  s i nuso ida l ,  w i t h  ampl i tude A ( inches)  and frequency f ( H z ) ,  

t h e  ARV i s :  

ARV = 4 - f " A  ( s i c u s o i d a l  ) 

PCA Meter 

The PCA meter c o n s i s t s  o f  a  displacement t ransducer  t h a t  i s  s i m i l a r  

t o  t h e  Mays meter t ransducer ,  and i s  a l s o  f i x e d  between t he  cen te r  o f  t he  

r e a r  a x l e  and t h e  v e h i c l e  body, and i s  e l e c t r i c a l l y  connected t o  a  bank 

o f  counters .  The t ransducer  used i n  e a r l y  models was a c t u a l l y  a  s e r i e s  o f  

swi tches,  c o n s i s t i n g  o f  a  metal  r o l l e r  runn ing  over  copper p l a tes .  Modern 

vers ions  use a  p iece  o f  f i l m  w i t h  t ransparen t  windows moving pas t  a  l i g h t  

beam. The f i l m  i s  l o c a t e d  such t h a t  the  l i g h t  beams through t h e  cen te r  



window when the vehicle i s  in a s t a t i c  equilibrium position. The task of 

relocating the film with changes in the equilibrium position i s  often 

performed automatically by an e lec t r ic  motor (usually called an auto n u 1  1 

feature) that i s  geared t o  have a very slow response time such that i t  

responds t o  changes in vehicle trim due to  loading, b u t  not to axle motion 

caused by road roughness. 

Each window i s  associated with a counting register that i s  actuated 

when the window reads the 1 ight beam. The windows are numbered 0 for the 

center window, - +1 for the window on ei ther  side of the center, - +2 for the 

next pair of adjacent windows, etc.  Usually, the windows on ei ther  side 

of the center activate the same regis ter ,  A t  the end of a t e s t ,  the number 

of counts i n  each regis ter  i s  multiplied by the number o f  the regis ter ,  

and the resulting products are summed, i.e.,  

N 

weighted sum = i R i  
i =  1 

where N i s  the number of regis ters  and R i  i s  the number of counts i n  

regis ter  i . Ideally, each count corresponds t o  a detected motion equal 

t o  the quantization i nterval-that i s ,  the distance between windows, d .  

The actual PCA meter statistic-the so-cal led zD2-is defined as: 

r\l 

PCA meter s t a t i s t i c  = - 
* i - 3600d2 VT ' jRi (8) i= 1 i =l  

with the units in2/mile, where D i s  the road distance in miles. Some users 

delete the d 2  (in2/count) term and use numerics with the units "counts/ 

mile." 



Al though  t h e  PCA mete r  s t a t i s t i c  i s  a  b i t  comp l i ca ted ,  t h e  me te r  

response t o  p e r i o d i c  e x c i t a t i o n  ( s i n e  wave, square  wave, e t c . )  i s  s t r a i g h t -  

forward.  A  p e r i o d i c  i n p u t ,  w i t h  f requency,  f ( H z ) ,  and peak amp l i t ude ,  

A  ( i n ) ,  goes f rom -A t o  +A and back i n  one c y c l e .  The h i g h e s t  r e g i s t e r  

t h a t  i s  a f f e c t e d  i s  t h e  N ~ ~ ,  where N  = A id .  T h i s  r e g i s t e r  i s  a c t i v a t e d  

t w i c e - o n c e  when t h e  i n p u t  h i t s  +A, and once when i t  h i t s  -A. A l l  o f  t h e  

o t h e r  r e g i s t e r s  a r e  a c t i v a t e d  f o u r  t i m e s  ( f o r  example, t h e  ith r e g i s t e r  

i s  incremented once as y goes f r o m  0 t o  A, once when y goes f r o m  A t o  9, 

and then  t w i c e  as t h e  o t h e r  window i n  t h e  t r a n s d u c e r  t h a t  cor responds t o  

t h e  r e g i s t e r  i s  passed when y goes from 0 t o  -A  and back) ,  S ince  t h i s  

happens f t imes/second,  t h e  r a t e  t h a t  t h e  PCA me te r  s t a t i s t i c  accumulates 

i s  

N-1 

r a t e  o f  PCA mete r  s t a t i s t i c  = 2 f  d2(4 + 3 2  i) 

A s i m i l a r  a n a l y s i s  by Brokow showing t h e  PCA mete r  s t a t i s t i c  t o  be 

p r o p o r t i o n a l  t o  A2 ( - 6 ) i s  sometimes m i s t a k e n l y  i n t e r p r e t e d  t o  mean t h e  

PCA me te r  s t a t i s t i c  i s  some s o r t  o f  normal mean square measure, wh ich  i t  

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

The response o f  t h e  PCA me te r  t o  a  random i n p u t ,  t y p i c a l  o f  on-road 

mot ions ,  can be c a l c u l a t e d  f r o m  t h e  j o i n t  p r o b a b i l i t y  d i s t r i b u t i o n  o f  t h e  

i n p u t  d i sp lacemen t  and v e l o c i t y ,  p ( y , j ) .  The number o f  t imes  t h a t  t h e  



i t h  r e g i s t e r  i s  incremented i s  t h e  t o t a l  number o f  t imes  t h a t  e i t h e r  o f  

t h e  two a s s o c i a t e d  windows i n  t h e  t r a n s d u c e r  c r o s s  t h e  1 i g h t  beam. The 

edges o f  t h e  two windows t h a t  t r i g g e r  t h e  i t h  c o u n t e r  a r e  a t  

The expected f requency of  c r o s s i n g  a  p a r t i c u l a r  t h r e s h o l d ,  y=a, w i t h  

p o s i t i v e  s l o p e  ( i .e. ,  y=a - and j, > 0) i s  

The i n p u t  d i sp lacemen t  and v e l o c i t y ,  y and j, shou ld  have z e r o  means and 

have symmetr ic  p r o b a b i l  i t y  d e n s i t y  f u n c t i o n s ,  hence 

and t h e  f requency  t h a t  r e g i s t e r  i i s  incremented i s  t hen  

When t h e  q u a n t i z a t i o n  i n t e r v a l  i s  sma l l ,  

and Eq. (13 )  i s  s i m p l i f i e d  t o  



The summation i n  E q .  (8)  can be replaced by an integral t o  yield 

PCA meter s t a t i s t i c  = v "0° [ y dy [ i p ( y , i ) d i  

Equation ( 1 7 )  i s  too complicated to have a general application, b u t  can 

be solved when y and are Gaussian, uncorrelated, and have zero mean 

values, i .e. ,  

then 

3600 PCA meter s t a t i s t i c  = 20 5 .  (Gaussian) 
Y Y ( 1 9 )  

A useful interpretation of Eq. ( 1 9 ) ,  along with Eqs. ( 4 )  and ( 5 ) ,  

i s  that the PCA meter nieasures the ARV (or  I/M) s t a t i s t i c  multiplied by 

a gain factor proportional t o  a Therefore, any change in the system or 
Y *  

the operating conditions that  affects  the Mays meter s t a t i s t i c  will cause 

the same percentage change in  the PCA meter s t a t i s t i c ,  i n  addition t o  the 

change caused by affecting a 
Y '  

Note that i f  the weighting scheme i s  not used, b u t  instead the counts 

are simply summed and scaled by d in/count, the resul t  i s  

simple sum = d 1 R i  = c l a y l  : A R V  T (20) 

Eq. (20)  demonstrates that  a PCA meter can be used t o  measure the I/M 



(and ARV) s t a t i s t i c ,  a1 t h o u g h  an error i s  introduced i f  the center window 

i s  n o t  connected t o  a counting register ( a n  error that  i s  analyzed l a t e r  

in th i s  appendix). 

CHLOE ( AASHO J Prof i 1 ometer 

The CHLOE profilometer, based on the AASHO profilometer, i s  not a 

direct  subject of th is  research, b u t  an analytical understanding of i t s  

function helps place the RTRRM systems in better perspective. The CHLOE 

profilometer i s  a long t r a i l e r  that  i s  towed a t  low speeds ( - 2  m p h )  t o  pre- 

vent any dynamic responses of the t r a i l e r .  I t  measures the difference in 

slope between a small arm with two wheels and the t r a i l e r  frame (see 

Figure C - 1 ) .  The difference in slopes i s  processed t o  give i t s  variance 

as the roughness numeric. Using the notation shown i n  Figure C-1  , the 

relation between the elevation profile,  z ( x ) ,  and the measured angle, 

e ( x ) ,  i s  

where x i s  the distance traveled from an arbitrary fixed reference point. 

The slope variance ( S V )  i s  then 

6 where D i s  the distance traveled and the 10 factor i s  t radi t ional ly 

included for convenience in scaling. Equation ( 2 2 )  i s  transformed t o  a 

complex spatial  frequency response function by making the substitutions 





where n i s  s p a t i a l  f requency w i t h  u n i t s  r a d i a n l f t  and a i s  an a r b i t r a r y  

d i s tance .  The road  s l o p e  i s  then  

The response f u n c t i o n  between t h e  CHLOE measurement and t h e  a c t u a l  road  

s lope  i s  found by combining Eqs. (21 )  and ( 2 3 ) - ( 2 5 )  t o  y i e l d :  

The g a i n  o f  t h i s  response f u n c t i o n ,  H c l ,  i s  p l o t t e d  i n  F i g u r e  8 i n  t h e  

r e p o r t  as a f u n c t i o n  o f  wave number (wave number, v = n / 2 ~  = l / w a v e l e n g t h ) .  

VEH ICLE-ROAD CHARACTERISTICS 

Veh ic l  e Dynamics 

By d e f i n i t i o n ,  RTRRM systems measure t h e  response o f  a h o s t  v e h i c l e  

t o  road  roughness. The d i f f e r e n t  RTRRM systems a l l  i n v o l v e  a measurement 

of t h e  axle-body mot ion  o f  t h e  v e h i c l e ,  and t h e r e f o r e  c h a r a c t e r i s t i c s  of 

t h e  v e h i c l e  t h a t  a f f e c t  t h i s  m o t i o n  need t o  be i n c l u d e d  i n  ana lyses o f  

RTRRM systems. A v e h i c l e  r i d e  model can have v i r t u a l l y  any conce ivab le  

1 eve1 o f  compl e x i  ty-from t h e  minimal  , s o - c a l l  ed " q u a r t e r - c a r  model 'I w i t h  

two degrees o f  freedom (d.0.f.)  cor responding t o  mot ions o f  a sprung and 

unsprung mass-to a complete f i n i t e  e lement model w i t h  thousands o f  



degrees of freedom, capabl e  of predicting compl i  cated s t ructura l  resonance 

charac te r i s t i c s .  Discussion i n  t h i s  appendix i s  1 imi ted t o  the quarter- 

car model---+ 1 imi t a t ion  j u s t i f i ed  by the fol lowing f ac t s :  

1 ) Tests conducted w i t h  a  real passenger car  in the laboratory 

showed l i t t l e  e f f e c t  of front-axle exci ta t ion or rear-axle 

ro l l  exci ta t ion on road meter measurements ( see  Appendix D ) .  

2 )  A quarter-car simulation, imp1 emented on a  GMR profi lometer, 

provided roughness values t ha t  correlated as strongly with 

measurements from in-use RTRRM systems as the systems 

correlated w i t h  each other (see Appendix B ) .  

3 )  Road meter transducers a re  attached t o  the axle a t  a  point 

t ha t  i s  within inches of the ro l l  center* of v i r t ua l l y  a l l  

vehicles and theoret ica l  ly cannot respond t o  ro l l  movement 

of tha t  axle. 

4 )  A 4 d.0.f. model t ha t  included front-axle excitat ion and 

body pitch motions was adopted e a r l i e r  in the research. 

Predictions from the 4 d.o,f .  model concerning changes in 

measured roughness s t a t i s t i c s  closely matched those from 

the 2 d.0.f.  model. 

The parameters and d i f fe ren t ia l  equations t ha t  cons t i tu te  the quarter- 

car model a re  shown in Figure 22 in the report .  The two d i f fe ren t ia l  

equations a re  integrated numerical l y  fo r  time-based d ig i t a l  computer s tudies ,  

or implemented as a  s imi lar  e lec t ronic  c i r c u i t  fo r  analog computer studies.  

*The ro l l  center i s  a  point,  determined by suspension kinematics, 
t ha t  does not move r e l a t i ve  to the body when the axle i s  rol led.  



The frequency-domain version of the model , namely, the complex response 

functions, are: 

where 

K1 = K t / M s  

K2 = Ks/Ms 

C = C S / ~ l S  

IJ = M U / M s  

and  D = - [ K ~ + K ~ ( ~ + ~ ) ] ~ ~  t K l K 2  + j C u[K1 + ( l t ~ ) w 2 ]  ( 30 )  

I n  following discussions, the response function of the axle-body motion 

i s  designated as H ( u )  or H(f).  The two undamped natural frequencies of 

this  dynamic system are 

where the lower natural frequency i s  usually identified as the body 

resonance and the higher frequency i s  the axle resonance. Table C-2 1 i s t s  

the parameter values that define various simulated vehicles, while their  

response function gains are plotted in Figure B-1 in Appendix B and 

Figure 7 in the report. 





Vehicl e-Road Interactions 

Vehicle ride motions are generally random in nature and thus must be 

described statistically, The statistical description used for most 

engineering applications is the spectral density function, which is the 

partial derivative of the mean-square statistic with respect to frequency. 

The reason that ride motions are random is, of course, that changes in 

pavement elevation, to which the vehicle responds, are random. The basic 

relationship between spectral densities of the input and output of a dynamic 

system is 

In the context of this appendix, Gout(f) is the spectral density of either 

axle-body displacement (G (f)) or of axle-body velocity (G*(f)). Likewise, 
Y Y 

Gin(f) is either the spectral density of the road elevation, GZ(f), or of 

its vertical velocity, G;(f). (In practice, G is usually larger than out 
predicted by Eq. (32) due to nonlinearities in the system and to other 

sources of excitation. The equation is exact for the 1 inear mathematical 

models used in this appendix, however.) Figures 5 and 6 in Chapter 2 of 

the report illustrate Eq. (32) for the case of a simulated vehicle (the 

HSRI reference system) being excited by a measured road profile. 

When variables are defined such that their average values are zero, 

the mean-square statistic is equal to the variance, This is the case for 

axle-body displacement and velocity, hence the symbols a2 and a?, are used 
Y Y 

to designate mean-square ax1 e-body displacement and velocity. Their values 

are calculated via the relations: 



Effect of Speed on Road S t a t i s t i c s  

Since elevation varies with distance,  ra ther  than time, i t s  spectral 

density i s  a function of spat ia l  frequency, V,  normally called wave number, 

with units  cycle / f t .  B u t  when the road i s  traversed by a vehicle, i t  i s  

perceived as an excitat ion changing with time. The transformations of the 

spectral densi t ies  from the spat ia l  t o  the temporal domain are:  

Average Road Characterist ics 

Individual road sections have unique elevation spectral  dens i t i e s ,  

however, the spectral densi t ies  a re  similar .  An analyt ic  spectral density 

function i s  developed in Appendix A to represent "average" road charac- 

t e r i  s t i c s  tha t  a ca1 i bration reference surface should have. Besides the 

usefulness of the average road model for  ca l ibra t ion,  the model i s  helpful 

i n  evaluating average e f fec t s  of operating conditions and vehicle changes 

over a large number of roads. The model developed fo r  the spectral density 

of road slope i s :  



ft 
= Go[l+$] - cyc 1 e 

The model has just two parameter~--4~, a scaling factor, and vo, a cut- 

off wave number. Suggested values for w0 are .05 cycleift for bituminous 

roads, and ,02 cycle/ft for PCC roads. The corresponding model for 

elevation spectral density is simply the integral of Eq. (37), 

G Z b )  = cyc 1 e 

The average road models for both pavement types are illustrated in Figures 

3 and 4 in the report, along with spectral densities of real roads. 

Frequency-domain calculations are strai ghtforward--as Eqs. (37) or 

(38), transformed by Eqs. (34) and (35), are substituted into Eq. (33). 

But when system nonlinearities are included, time-domain simulations are 

required. And in order to perform a simulation involving the average road 

model, an actual profile must be generated with the correct spectral 

density. This is done by using a random number generator to create two 

strings of random numbers with Gaussian probability density functions. The 

first string is numerically integrated and added to the second string to 

provide the elevation velocity, as perceived by the vehicle at speed V 

ft/sec. Integrating this string then gives the elevation as a function of 

time. The standard deviations of the original two strings should be 



where a t  i s  the time interval between the numbers in the string. The 

resultant string i s  a digital  version of a random signal whose spectral 

density i s  also random, b u t  has expected values that are predicted by 

Eq. (38). 

C O R R E L A T I O N  

Measurements made with different instruments can be correlated for 

two reasons, namely: 

1 )  Both instruments measure the same physical quality, 

although the measurement includes a random error due 

t o  the limited precision o f  the instruments. 

2 )  The instruments measure different physical qual i t i e s ,  b u t  

the two qualit ies are correlated over a range of measure- 

ments. 

A simple example of the second reason i s  the strong correlation between 

automobile measurements taken with a scale (vehicle weight) and measure- 

ments taken with a yardstick (wheelbase). Although the two instruments 

that are used have l i t t l e  in common, i t  i s  a fact  that longer automobiles 

tend to kjeigh more, and therefore the measurements are correlated. Similarly, 

various road roughness measuring systems measure different physical quali- 

t i e s ,  and correlation between the different roughness s t a t i s t i c s  i s  largely 

due t o  correlation between the different qual i t i e s  that are measured. 

Appendix A describes the s imilar i t ies  between spectral densities of 

different roads, and then uses them t o  develop the average road models 

described by Eqs. (37 )  and (38).  Such models have validity only  because 

road roughness levels a t  different wave numbers are correlated. That i s ,  



a road with high roughness content in the low wave number range i s  l ikely 

t o  have high roughness content in the high wave number range. The prac- 

t ical  result  of this  tendency i s  that virtually any instrument that produces 

a measurement in some way related t o  road roughness will correlate t o  some 

extent with other systems. 

Although roads have spectral densities similar t o  the model, the 

spectral density of any particular length of pavement i s  s t i l l  unique. A 

characteristics of spectral densities i s  that the variance of a measured 

spectral density function a t  one frequency i s  large, b u t  when the function 

i s  averaged over a frequency interval,  the variance decreases according t o  

the relation: 

G 2 ( f )  variance = . 
where B i s  the frequency bandwidth ( 3 0 ) .  - (This i s  only valid for broad- 

band type variables---a category that includes the elevation and slope of 

most roads.) This characteristic can be observed in the measured spectral 

densities shown in Figures 3 and 4 in the report, and in Figures A-5 

and A-6 in Appendix A. A l t h o u g h  the curves have underlying shapes over 

the ent i re  wave number range, they vary tremendously over limited wave 

number intervals. (The figures do not show this  completely, as some 

frequency averaging had been done prior t o  the plotting of the functions 

t o  reduce the visible "hash" in the curves.) The practical effect of this  

characteristic i s  that measurements that derive from a narrow band of 

wave numbers are more subject t o  these variances, and will correlate more 

poorly with measurements from different sys tems than wi 11  measurements 

deriving from a broader band of wave numbers. 



COMPARISON OF DIFFERENT ROAD ROUGHNESS MEASUREMENT SYSTEMS 

Having presented mathemat ica l  models o f  t h e  d i f f e r e n t  road  meters,  

t h e  CHLOE, and t h e  v e h i c l e ,  t h e  q u e s t i o n  "What q u a n t i t y  i s  measured by 

d i f f e r e n c e  road  roughness measur ing systems?" can be addressed. Tab1 e  C-3 

1  i s t s  t h e  responses o f  t h e  v a r i o u s  systems t o  s i n u s o i d a l  e x c i t a t i o n  and t o  

random, s t a t i o n a r y ,  Gaussian e x c i t a t i o n .  As no ted  above, p e r f e c t  c o r r e l  a- 

t i o n  cannot  be expected between t h e  d i f f e r e n t  systems because a  d e t e r m i n i s -  

t i c  r e l a t i o n s h i p  does n o t  e x i s t .  Never the less ,  when t h e  average road  model 

(Eqs. ( 3 4 ) - ( 3 8 ) )  i s  used i n  p l a c e  o f  t h e  road  s p e c t r a l  d e n s i t i e s  i n  t h e  

t a b l e ,  t h e  u n d e r l y i n g  r e l a t i o n s h i p s  between t h e  d i f f e r e n t  roughness s t a t i s -  

t i c s  a r e  ev iden t .  The Mays mete r  and BPR roughometer systems then  produce 

s t a t i s t i c s  p r o p o r t i o n a l  t o  w h i l e  a l l  t h e  o t h e r  s t a t i s t i c s  a r e  p ropor -  

t i o n a l  t o  Go. Thus, ove r  a  l a r g e  number of  roads, 1  i n e a r  t r e n d s  shou ld  

r e l a t e  t h e  PCA meter,  CHLOE, and Mich igan DOT s t a t i s t i c s ,  which shou ld  a l l  

t hen  be r e l a t e d  t o  t h e  Mays meter  and BPR roughometer s t a t i s t i c s  by a  

q u a d r a t i c  t r e n d .  

Frequency Content  of  Roughness S t a t i s t i c s  

The frequency c o n t e n t  of  a  mean-square s t a t i s t i c  i s  seen f rom t h e  

s p e c t r a l  d e n s i t y ,  b u t  t h e  frequency d i s t r i b u t i o n  curve, d e f i n e d  as 

i s  a more conven ien t  f u n c t i o n  f o r  p r e s e n t i n g  t h e  f requency c o n t e n t  o f  a  

mean-square s t a t i s t i c ,  as t h e  p o r t i o n  of  t h e  o v e r a l l  s t a t i s t i c  d e r i v i n g  





f r o m  t h e  f requency  range,  fl - < f - < f2  i s  s i m p l y  F ( f 2 )  - F ( f l )  

pe rcen t .  

F i g u r e  C-2 shows f requency  d i s t r i b u t i o n  cu rves  f o r  t h e  case o f  t h e  

HSRI r e f e r e n c e  system s u b j e c t  t o  e x c i t a t i o n  f r o m  t h e  average b i t u m i n o u s  

r o a d  model when t r a v e r s e d  a t  50 mph. Note  t h a t  abou t  93% o f  t h e  mean- 

square ax le-body d i sp lacemen t  ( a 2 )  d e r i v e s  f r o m  f r e q u e n c i e s  1  ess t h a n  2.0 
Y  

Hz, whereas o n l y  35% o f  t h e  mean-square ax le-body v e l o c i t y  (a:) i s  con- 
Y  

2 
t a i n e d  i n  t h i s  range. ( o j  i s  seen t o  be f a i r l y  w e l l  spread o u t  o v e r  t h e  

f requency  range o f  1-15 Hz.) Under t h e  i d e a l  c o n d i t i o n s  o f  a  s t a t i o n a r y  

and Gaussian road,  1  i n e a r  v e h i c l e ,  and p e r f e c t  r o a d  meter ,  t h e  Mays me te r  

s t a t i s t i c  i s  p r o p o r t i o n a l  t o  a b  and t h e  PCA mete r  s t a t i s t i c  i s  p ropor -  
Y  

t i o n a l  t o  o a *  . F i g u r e  C-2 can be t h u s  i n t e r p r e t e d  t o  show t h e  f requency  
Y Y  

d i s t r i b u t i o n  o f  t h e  square  o f  t h e  Mays me te r  s t a t i s t i c ,  and t h e  f requency  

d i s t r i b u t i o n  o f  t h e  two f a c t o r s  o f  t h e  squared PCA mete r  s t a t i s t i c .  Wh i le  

a  p r e c i s e  d e s c r i p t i o n  o f  t h e  d i r e c t  f requency  c o n t e n t  of  t h e  roughness 

s t a t i s t i c  i s  n o t  p o s s i b l e ,  i t  i s  c l e a r  t h a t  t h e  Mays me te r  s t a t i s t i c  i s  

s e n s i t i v e  t o  v i b r a t i o n s  i n  t h e  f requency  range o f  1-15 Hz, whereas t h e  PCA 

mete r  s t a t i s t i c - w h i c h  i s  a l s o  dependent on t h e  v i b r a t i o n s  i n  t h e  same 

1-15 Hz r a n g e - a t  t h e  same t i m e  i s  much more s e n s i t i v e  t o  t h e  v i b r a t i o n s  

i n  t h e  0-2 Hz range.  

A1 though RTRRM systems do, by d e f i n i t i o n ,  measure t h e  dynamic response 

o f  t h e  h o s t  v e h i c l e ,  system use rs  a r e  r e a l l y  concerned w i t h  t h e  p h y s i c a l  

f e a t u r e s  o f  t h e  road.  F i g u r e  C-3 shows f requency d i s t r i b u t i o n  cu rves  f o r  

v a r i o u s  mean-square roughness s t a t i s t i c s  as f u n c t i o n s  of  wave number 

IJ = f / V  c y c l e l f t .  Us ing  t h e  f i g u r e  as a  re ference,  t h e  frequency-wave 

number c o n t e n t  o f  t h e  v a r i o u s  s t a t i s t i c s  can be d iscussed.  



Ax1 e-Body Displacement 

- - - Ax1 e-Body Vel oci ty 

Frequency (Hz )  

Fi gure C-2. Frequency dis t r ibut ion  curves f o r  axle-body displacement and 
velocity fo r  the reference system traversing an average 
b i  tumi nous road a t  50 mph. 
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F i g u r e  C-3. Wave number c o n t e n t  o f  v a r i o u s  road  roughness s t a t i s t i c s .  



Mays Meter - Normal measurement speed f o r  a Mays meter-based RTRRM 

system i s  50 mph (73.7 f t l s e c ) ;  thus  t h e  frequency range 1-15 Hz t h a t  

con ta i ns  most o f  t h e  a' s t a t i s t i c  corresponds t o  t h e  wave number range 
Y 

,014 - ,205 c y c l e l f t .  

PCA Meter - One component o f  t h e  squared PCA meter s t a t i s t i c  i s  

L 
a*- -which has t h e  same wave number con ten t  as t h e  square o f  t h e  Mays meter 

Y 

s t a t i s t i c ,  The second component-v2- is seen t o  d e r i v e  m o s t l y  f rom t h e  
Y 

wave number range .005 - ,025 c y c l e l f t .  S ince t h i s  range accounts f o r  

L o n l y  30% o f  0. , t h e  c o r r e l a t i o n  between PCA meter s t a t i s t i c  and Mays 
Y 

meter s t a t i s t i c  i s  1 i m i t e d  by t h e  c o r r e l a t i o n  i n  t h e  roughness l e v e l s  o f  

t he  d i f f e r e n t  wave number ranges. 

BPR Roughometer - BPR roughometer t r a i  1 e r s  have dynamic c h a r a c t e r i  s- 

t i c s  t h a t  may o r  may n o t  resemble those o f  passenger cars ,  as shown i n  

F i gu re  7 i n  t h e  r epo r t .  Bu t  an unavoidable  d i f f e r e n c e  i s  t h a t  BPR rougho- 

meters a r e  operated a t  20 mph i n s t e a d  o f  t he  nominal 50 mph speed assoc ia ted  

w i t h  Mays and PCA meter-based systems. The r e s u l t  i s  t h a t  a BPR roughometer 

i s  e x c i t e d  by a d i f f e r e n t  p o r t i o n  of t h e  road  roughness, d e r i v i n g  f rom 

h ighe r  wave numbers (see Eq. ( 3 6 )  f o r  t h e  t r ans fo rma t i on ) .  F i gu re  C-3 

shows t h a t  t h e  Kentucky BPR roughometer s i m u l a t i o n  i s  v i r t u a l l y  una f f ec ted  

by roughness d i s t r i b u t e d  over  wave numbers l e s s  than .05 c y c l e l f t ,  even 
7 

though n e a r l y  h a l f  o f  a: f o r  t h e  HSRI r e fe rence  system i s  due t o  t h i s  
Y 

p o r t i o n  o f  t h e  road roughness. The re fe rence  system does n o t  respond t o  

roughness d i s t r i b u t e d  over  wave numbers g r e a t e r  than 0.25 c y c l  e / f t ,  y e t  

over  h a l f  o f  t he  response o f  t he  BPR roughometer de r i ves  f rom t h a t  range. 

C l e a r l y ,  t h e  c o r r e l a t i o n  between a BPR roughometer and a Mays meter system 

i s  compromised because t h e  ove r l ap  i n  t h e  wave number range t h a t  a f f e c t s  



each system o n l y  accounts  f o r  h a l f  o f  each (squared)  measurement. Note 

t h a t  v i r t u a l l y  no o v e r l a p  e x i s t s  between t h e  wave number ranges t h a t  e x c i t e  

2 
BPR roughometer a *  and H S R I  r e f e r e n c e  system a2 -thereby i m p l y i n g  t h a t  

Y Y 
BPR roughometer and PCA mete r  measurements shou ld  n o t  c o r r e l a t e  as w e l l  as 

BPR roughometer and Mays meter  measurements. 

CHLOE P r o f i l o m e t e r  - The CHLOE s l o p e  va r iance ,  SV ,  i s  i n f l u e n c e d  by 

roughness d i s t r i b u t e d  even beyond t h e  wave number range ,001 - 1 c y c l e l f t  

shown i n  t h e  f i g u r e .  The b e s t  match w i t h  t h e  CHLOE appears t o  be t h e  H S R I  

re fe rence  of  which i s  a response t o  roughness i n  t h e  wave number range 
Y '  

o f  .05 - .5 c y c l e l f t - - a  range t h a t  accounts  f o r  about  50% o f  SV. The t o t a l  

2 
range o f  t h e  BPR roughometer a -  accounts f o r  45% o f  SV, and t h e  p o r t i o n  o f  

Y 
o v e r a l l  roughness t h a t  causes t h e  a2 response accounts  f o r  about  20% o f  SV. 

Y 

M ich igan  DOT - The weighted e l e v a t i o n  va r iance ,  EV ,  d e s c r i b e d  i n  t h e  

r e p o r t ,  i s  i n t e n t i o n a l l y  l i m i t e d  t o  t h e  wave number range .02 - ,5 c y c l e l f t .  

Because i t  i s  a mean-square measure o f  e l e v a t i o n ,  i t  m o s t l y  r e f l e c t s  t h e  

h igh-ampl i tude,  low-wave number p o r t i o n  of  t h a t  range. The EV i s  seen t o  

measure a p o r t i o n  of t h e  o v e r a l l  roughness t h a t  j u s t  b a r e l y  o v e r l a p s  t h e  

p o r t i o n s  t h a t  c o n t r i b u t e  t o  t h e  squared BPR roughometer measurement and 

t h e  HSRI re fe rence  a2  The .02 - .07 c y c l e l f t  range, wh ich c o n t a i n s  90% 
Y 

o f  t h e  EV ,  c o n t r i b u t e s  about  33% o f  t h e  H S R I  r e f e r e n c e  of and about  15% o f  
Y 

t h e  CHLOE SV. 

EFFECTS OF VARIABLES ON RTRRM SYSTEM PERFORMANCE 

O p e r a t i n g  Speed 

Opera t ing  speed has been shown t o  a f f e c t  roughness s t a t i s t i c s  f rom 

RTRRM systems i n  two ways. F i r s t ,  t h e  c u r r e n t  p r a c t i c e  o f  n o r m a l i z i n g  t h e  



road meter o u t p u t  by the length of the t e s t  section introduces a speed 

effect ,  evidenced by the 1 / V  sca1 i n g  factor i n  the mathematical descrip- 

tions of the s t a t i s t i c s .  (See Eqs. (4), ( 8 ) ,  and Table C-3.) This effect 

is  eliminated by normalizing the meter outputs t o  the time duration of the 

test---a practice recommended in the report for  a variety of reasons. When 

the Plays meter measurement i s  normalized by time, the resultant s t a t i s t i c  

is  simply the A R V  of the axle-body motion. The PCA meter s t a t i s t i c  remains 

compl icated no matter how i t  i s  normalized. The remainder of this  appendix 

discusses the rate of the s t a t i s t i c s ,  designated ARV and PCA ra te ,  t o  

exclude this  f i r s t  speed effect.  

The second speed effect  i s  the changing perception of the road (as  

a time varying input) with speed, an effect specified by Eqs. (34)-(36) and 

discussed t o  some extent in the comparison of the BPR roughometer t o  the 

Mays meter system. Figure C-4 shows the speed sens i t iv i t ies  of the A R V  

and PCA rate s t a t i s t i c s ,  based on the HSRI reference simulation, by using 

Eqs. (33)-(38) and the Gaussian input assumption. The speed segsi t i v i  ty 

results par t ia l ly  from the high roughness content in the low wave number 

region, with the resul t  that speed effects are greater for bituminous roads 

than for PCC roads, and are greater for the PCA ra te  than the ARV.  

Vehicle Parameters 

The simple quarter-car model shown in Figure 22 in the report was 

proved t o  be a reasonable predictor of the dynamic response of  real passenger 

cars,  as they affect RTRRM system performance. A good understanding of the 

quarter-car model i s  a solid step towards understanding the behavior of 

real vehicles. The model i s  defined by just  four parameter values, which 

have been normalized by the sprung mass value, b u t  since the sprung mass 

i s  a variable of interest ,  i t  i s  also considered here. 
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F i g u r e  C-4. Speed e f f e c t  on ARV and PCA meter r a t e .  



Figure C-5 shows the effect  that  changes in each parameter have on 

the vehicle response function, by showing the response functions for b o t h  

an increase of 25% and a decrease of 25% of each parameter from i t s  base- 

l ine value 1 isted in Table C-2 .  Changes that  increase the gain of the 

response function wi 1 1  act  to increase the roughness s t a t i s t i c s .  Changes 

that broaden the band of frequencies contributing to  the mean-square 

s t a t i s t i c  wi 11 a1 so ac t  to  increase the measurements. Since ax1 e-body 

velocity has contributions over the frequency range 1-15 Hz (see Figure 
2 

C-Z), U- - - and  hence ARV--will be affected by any changes in the response 
Y 

function within t h i s  range. B u t  the axle-body displacement just  has fre-  

quency content from 0-2 H Z ,  so u2 --and hence u us and PCA r a t e - a r e  
Y Y Y  

more sensit ive to changes involving the body resonance. 

Combining the changes in response function with the road gives the 

changes to u and a *  . Figure C-6 shows the sens i t iv i t i e s  of a *  ( A R V )  and 
Y Y Y 

a o e  ( P C A  ra te )  for two vehicle types, namely, the HSRI reference and 
Y Y  

Impala (see Table C-2 and Figure B-1 in Appendix B )  , responding to roughness 

from the average bituminous road model. The figures are  f a i r l y  se l f -  

explanatory, so the trends are just  briefly summarized below. 

Damping Rate - CS i s  seen t o  affect  the roughness s t a t i s t i c s  more 

than any of the other vehicle parameters. Increasing CS acts t o  move the 

body- and axle-resonance frequencies in towards each other, away from the 

undamped natural frequencies defined by E q .  (31 ) . More importantly, in- 

creasing Cs  reduces the gain a t  the two peaks, thereby flattening the re- 

sponse function curve. As a r e su l t ,  the roughness s t a t i s t i c s  are decreased, 

and the frequency content of the squared s t a t i s t i c s  are not as sensit ive 

t o  the road roughness contained in the narrow wave number bands near the 
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Figure C-5. Effect of parameter variat ion on the  reference vehicle response 
function. 





two resonances. Based on the earl i e r  discussion, correlation between 

measurements of different RTRRM systems would be expected t o  improve when 

the Cs  value for one or both of the systems i s  increased. 

An interesting aspect of the response sensi t ivi ty  t o  C s  i s  that the 

variations in a *  and a o -  shown in Figure C-6 are virtually identical for 
Y Y Y  

the two vehicle types. Furthermore, the two curves shown apply t o  any 

quarter-car model with parameter values chosen t o  represent passenger cars 

or t r a i l e r s .  This i s  due t o  the relation between variations in response 

function gain and variations in Cs, viz. 

where 

Given typical parameter values, E i s  small over the frequency range that 

contributes most t o  the squared s t a t i s t i c s .  

Sprung Mass - Ms mainly affects the body resonance, such that an 

increase in M s  increases the low-frequency content of the squared s t a t i s -  

t ics .  Changes in a are much greater than changes in o * ,  because u 2  
Y Y Y 

T 

derives primarily from the low frequencies, and also because some of 3: 
Y 

i s  los t  a t  higher frequencies, mi t igating the increase a t  lower frequencies. 

Unsprung Mass - M u  on ly  affects the axle resonance. An increase in 

M u  lowers the resonance frequency and increases the gain of the response 

function a t  the resonance, a1 though the gain i s  reduced for frequencies 



above the resonance. o i s  largely insensitive t o  changes in M u ,  and 
Y 

the magnitude of 0 .  i s  affected only slightly.  However, the frequency 
Y 

2 content of o -  i s  changed, for when M u  increases, a! derives more from the 
Y Y 

frequencies near the axle resonance and less from higher frequencies. 

Tire Spring Rate - K t  i s  seen t o  affect b o t h  the axle and body 

resonances, with more-or-less opposite results.  Increasing K t  acts t o  

reduce the responsiveness near the body resonance, and increase the 

responsiveness near the axle resonance. The effect on the axle resonance 

i s  much greater, with the result  that a *  i s  increased with K t ,  while the 
Y 

magnitude of a i s  unchanged (decreases a t  the lower frequencies are com- 
Y 

pensated by increases a t  the higher frequencies). 

Suspension Spring Rate - KS also affects b o t h  resonances with 

opposite results,  however, in this case i t  i s  the body resonance that i s  

most influenced. Increasing Ks raises both resonance frequencies, while 

increasing the gain a t  the body resonance and decreasing the gain a t  the 

axle resonance. 5.  i s  seen to be insensitive t o  changes in Ks (increases 
Y 

over one frequency range are offset  by losses in another frequency range) 

while a i s  seen t o  decrease. Losses due t o  a lower gain a t  the body 
Y 

resonance are more than compensated by the higher excitation level from the 

road a t  the lowered resonance frequency. 

Relation Between Model Parameters and  Physical Vehicle Properties - 
A result  of the simp1 ification i n  modeling i s  that the model parameter 

values do n o t  correspond exactly t o  measured characteristics of the com- 

ponents when the theoretical response function i s  best matched t o  a measured 

response function. For example, the 1976 Pontiac LeMans station wagon--used 



for  road test ing and simulation test ing a t  TARADCOM--was studied on the 

HSRI suspension parameter measurement faci 1 i  t i  es. The suspension spring 

r a t e ,  Coulomb f r i c t ion  level ,  t i r e  spring ra te  ( a t  various pressures), and 

rol l  center location were quantified. The normal axle loads were specified 

by the manufacturer and empirical relat ions were used to separate the to ta l  

axle load into sprung and unsprung masses. Force-vel oci ty diagrams 

were provided along with the shock absorbers by the manufactuyers. A 

theoretical response function, based on the measured parameter values, was 

found t o  compare poorly with the response function measured a t  TARADCOM. 

Ultimately, there i s  l i t t l e  benefit ( i n  the context of RTRRM systems) t o  

measuri ng physical properties of the di f ferent  vehicle components. (Never- 

theless ,  changes in system performance due t o  changed vehicle variables can 

be anticipated from the model. That i s ,  Ms i s  essent ia l ly  that  portion of 

the to ta l  sprung mass supported by one-half of the rear suspension, KS i s  

the suspension spring ra te  a t  the wheel, CS r e f l ec t s  the vehicle damping, 

and K t  corresponds to  the t i r e  spring rate.) 

Meter Variables 

Up to t h i s  point, discussion has been of RTRRM systems that  employ 

ideal meters and transducers. Yet real meters have nonlineari t ies that  

add considerably to  the complexity of the measured roughness s t a t i s t i c s .  

Effects of quantization and a missing counting regis ter  (a  problem when 

using PCA meters t o  measure A R V )  can be addressed by using relat ions 

developed fo r  random signal analysis. Hysteresis was addressed by con- 

ducting a ser ies  of computer simulations, and the resul ts  are described 

in the report. 



Q u a n t i z a t i o n  - C u r r e n t  road  meters employ t ransducers  t h a t  a r e  i n -  

capable o f  d e t e c t i n g  c o n t i n u a l  a x l e  mot ion,  b u t  i n s t e a d  d e t e c t  a x l e  p o s i -  

t i o n  w i t h i n  d i s c r e t e  q u a n t i z a t i o n  i n t e r v a l s  t h a t  a r e  d  wide.  Us ing t h e  

conven t ion  f o r  t h e  PCA meter,  where the  i n t e r v a l s  ( t h e  windows i n  t h e  

o p t i c a l  sensor )  a r e  l a b e l e d  . . . -3, -2, -1, 0, 1, 2, 3, . . . w i t h  t h e  i n t e r  

v a l  l a b e l e d  0  cor responding t o  t h e  e q u i l i b r i u m  p o s i t i o n  o f  t h e  a x l e  

( r e l a t i v e  t o  t h e  body),  t h e  es t ima ted  ARV i s  g i v e n  by t h e  r e l a t i o n  

ARV = Ri f d  Ro (quan t i zed )  
i = l  

where RiZo i s  t h e  number o f  t imes  t h a t  y  c rossed i n t o  t h e  ith q u a n t i z a t i o n  

i n t e r v a l  p l u s  t h e  number o f  t imes y  c rossed i n t o  t h e  -ith i n t e r v a l ,  and 

Ro i s  t h e  number o f  t imes t h a t  y crossed i n t o  t h e  c e n t e r  i n t e r v a l .  

The edges o f  t h e  i th i n t e r v a l  a r e  a t  

where a i s  a  number between -.5 and t . 5  t h a t  l o c a t e s  t h e  e q u i l i b r i u m  p o s i -  

t i o n  w i t h i n  t h e  c e n t e r  i n t e r v a l .  (When a=O, t h e  e q u i l i b r i u m  p o s i t i o n ,  

y=O, i s  a t  t h e  c e n t e r  o f  the  i n t e r v a l .  When a = - + . 5 ,  t h e  equi  1  i br ium 

p o s i t i o n  i s  a t  t h e  edge o f  t h e  i n t e r v a l  .) Ri/T i s  t h e  average f requency 

t h a t  y crosses t h e  edges o f  t h e  i t h  i n t e r v a l  i n t o  t h e  i n t e r v a l  , p l  us t h e  

average f requency t h a t  y crosses t h e  edges o f  t h e  - i t h  i n t e r v a l .  Using t h e  

n o t a t i o n  developed e a r l i e r ,  



where t h e  expected f requency o f  c r o s s i n g  a  t h r e s h o l d ,  a, w i t h  a  p o s i t i v e  

f 
s lope ,  fa, was g i v e n  i n  Equat ion  ( l l ) ,  and 

Equat ions  (11 )  and (48 )  can be so l ved  f o r  t h e  case o f  Gaussian axle-body 

mot ion ,  w i t h  u n c o r r e l  a ted  v e l o c i t y  and d isp lacement  (see Eq. ( 2 1 ) )  t o  

y i e l d  

Equat ions ( 4 5 ) ,  (47 ) ,  and (49)  t o g e t h e r  g i v e  t h e  c losed - fo rm s o l u t i o n  f o r  

t h e  measured ARV, as m o d i f i e d  by q u a n t i z a t i o n  e f f e c t s .  They were used t o  

p repa re  F i g u r e  11 i n  t h e  r e p o r t ,  u s i n g  u va lues  f rom 0 t o  0.5 t o  cover  

t h e  range o f  p o s s i b l e  e q u i l i b r i u m  p o s i t i o n s  and produce t h e  range o f  quan- 

t i z a t i o n  e f f e c t s  shown i n  t h e  f i g u r e .  S ince  b o t h  quan t i zed  and cont inuous 

ARV measurements a r e  p r o p o r t i o n a l  t o  a *  , t h i s  te rm cance ls  o u t  when they  
Y  

a r e  r a t i o e d ,  and t h e  q u a n t i z a t i o n  e f f e c t  i s  j u s t  a  f u n c t i o n  o f  t h e  r a t i o  

d/ay, as shown i n  t h e  f i g u r e .  Note t h a t  t h e  q u a n t i z a t i o n  e f f e c t  p r e d i c t e d  

by t h i s  s o l u t i o n  i s  an expected va lue ,  a p p r o p r i a t e  f o r  " l ong "  measurement 

t imes;  e r r o r s  can be g r e a t e r  due t o  s h o r t e r  measurement t imes.  

The c losed- fo rm s o l u t i o n  f o r  t h e  PCA meter  s t a t i s t i c  i s  t h e  combina- 

t i o n  of Equat ions ( 8 ) ,  ( 4 7 ) ,  and ( 4 9 ) .  Again, us ing  a values o f  0  t o  0.5, 



changes in the PCA meter s t a t i s t i c s  were plotted in Figure 1 1  as a function 

of the rat io  d/o 
Y '  

Missing Register - Existing PCA meters can theoretical l y  be used t o  

measure A R V ,  as evidenced by the equivalence of Equations ( 1 )  and (8). 

B u t  many existing PCA meters do not have the center quantization interval 

connected t o  a counting regis ter ,  meaning that some counts are missed. 

The ARV thus measured i s  

P 

C R i  (missing register) ARV = 7 
i = l  

( 5 0 )  

and  Figure C-7 shows errors in ARV measurements made with a PCA meter with 

a disconnected center interval as a function o f  d/o in various equi l i -  
Y 

brium positions. 
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APPENDIX D 
DYNAMIC TESTS AT THE U.S. ARMY TANK AUTOMOTIVE RESEARCH 

AN3 DEVELOPMENT COMMAND 

INTRODUCTION 

As a means t o  i n v e s t i g a t e  t h e  per formance o f  response- type road  

roughness measur ing systems (RTRRM systems) i n  p r e c i s e l y  c o n t r o l  l e d  

exper iments ,  subcon t rac t  arrangements were made w i t h  t h e  U.S. Army Tank 

Automot ive  Research and Development Command (TARADCOM) f o r  use o f  t h e i r  

suspension l a b o r a t o r y  f a c i l i t i e s  i n  Warren, Mich igan.  The f a c i l i t y  

p r o v i d e d  f o r  i n s t a l l a t i o n  o f  an RTRRM system v e h i c l e  on a h y d r a u l i c  road  

s i m u l a t o r  system. A c t u a t o r s  w i t h  a 10,000 l b  l o a d  c a p a c i t y  and 10 - inch  

s t r o k e  a r e  ernplaced under  each wheel and d r i v e n  by an anc i  1 l a r y  computer 

t o  produce any d e s i r e d  p e r i o d i c  mot i o n  o r  random mot ions co r respond i  ng 

t o  a road  p r o f i l e .  T e s t s  o f  t h i s  n a t u r e  were per fo rmed w i t h  t h e  

I n s t i t u t e  t e s t  v e h i c l e .  A d d i t i o n a l  t e s t s  p lanned w i t h  o t h e r  RTRRM 

systems f rom t y p i c a l  use rs  were not  completed due t o  de lays  i n  t h e  

schedule.  

THE TEST PROGRAM 

The I n s t i t u t e  v e h i c l e ,  a 1976 model P o n t i a c  LeMans s t a t i o n  wagon, 

was prepared w i t h  i n s t a l l a t i o n  o f  a model 890 Mays R ide  Meter ,  a model 

ML 500B Wiscons in  Roadmeter (So i  1 test-PCA mete r )  w i t h  au tomat ic  nu1 1 

t ransduce r ,  a sepa ra te  LVDT measur i  ng ax1 e-body d i  sp l  acement , an LVDT 

measur i  ng body-to-ground mot ion,  and a Minco model 539A thermal  r i b b o n  

tempera tu re  sensors measur ing shock abso rbe r  s u r f a c e  tempera tures ,  

Auxi 1 i ary  equipment was prepared f o r  r e c o r d i n g  and a n a l y s i s  o f  road  

s i m u l a t o r  i n p u t s  and v e h i c l e  response. 



The vehicle was emplaced on four actuators (See F i g . 2  of the  main 

repor t ) ,  w i t h  each wheel surrounded by a res t ra in ing wall . The t i r e s  

were supported ver t i ca l ly  on the  edges of inverted 3-inch U-channels t o  

achieve the  proper dynamic ver t ica l  s t i f f n e s s  charac te r i s t i c s .  The 

dynamic response of the actuators was tes ted  t o  ensure f a i t h fu l  

reproduct ion of the desi red i nputs. Problems were encountered i n 

achievi ng the  necessary actuator  response which contributed t o  delay i n  

t h i s  program. 

Thi rty-two road prof i  l e  segments each approximately 114 mi 1 es i n  

length were obtained from the  Michigan Department of Transportation on 

FM magnetic tape. The p rof i l e s  were acquired by MDOT with a GMR-type 

prof ilometer as a part of a research study on the  subjective judgment of 

road roughness. The surfaces included four roads of Portland cement 

concrete construction and 28 roads of b i  tumi nous construction. The road 

roughness varied from very smooth t o  very rough. The p rof i l e s  were 

played in to  the TARADCOM computer system and stored in d ig i t a l  memory. 

From the  memory they could be played back in to  the  road simulator system 

a t  any desired equivalent road speed w i t h  the appropriate time delay 

between i n p u t  t o  the  f r on t ,  then rear  wheels. 

I n  t o t a l ,  hundreds of t e s t s  were conducted with sinusoida? and 

road p rof i l e  excitat ion.  Table D - 1  i s  a  summary of the t e s t s .  Data bias 

accumulated on the  individual and combined e f f ec t s  o f :  

- front  ax1 e roughness input 

-vehicle ro l l  d i rec t ion i n p u t  

-vehicle speed (28, 3 7 ,  4 9 ,  54 and 65  mph) 



Table D-1 . Summary of TARADCOM Tests. 

Vehicle ~ o n f i ~ u r a t i o n ~ ~  

2 6 Sine sweep, 4 amplitudes & elevated 
shock temp. 

1 

Shock Ti re 
Absorbers Pressure Bal last* 

# 1 2 0 None 

I 3 2 None I Sine Sweep, 4 amp1 itudes I 

Test Description 
Sine sweep, 3 amp1 i tudes 

2 6 Sine sweep, 1 amplitude & elevated 
shock temp. ! 

I 2 6 None 1 32 t e s t  surfaces, 1 speed I 
I 26 None 10 t e s t  surfaces, 5 speeds i 
I 3 2 None 1 19 t e s t  surfaces, 1 speed 

I 20 None / 8 t e s t  surfaces, 1 speed I 
2 6 None 8 surfaces, 1 speed, with & without 1 front excitation 

I 26 166% 1 8 t es t  surfaces, 1 speed I 
26 None 1 Sine sweep, 3 amp1 itudes i 
2 6 None 1 8 t es t  surfaces, 1 speed 

2 6 None 

2 6 None 

Sine sweep, 3 amplitudes & elevated 
shock temp. 

8 tes t  surfaces, 5 speeds 

"Exclusive of 17% ballast  simulating passengers in both front seats. 



- t i r e  pressure ( 2 0 ,  2 6  and 32 psi ) 

-shock absorber damping level ( 3  s e t s )  

-shock absorber temperature (100-200 deg F )  

The data representing roughness measures of the Mays and P C A  

meters under a l l  t e s t  conditions, as well as vehicle sinusoidal 

response, could be acquired and analyzed immediately. Other data,  such 

as vehicle motions under road p rof i l e  exci ta t ion,  were recorded on an FM 

magnetic tape recorder and were returned t o  the I n s t i t u t e  f o r  fu r the r  

reduction and analysis. A t  the I n s t i t u t e ,  a Hewlett-Packard Spectrum 

Analyzer was used with the recorded information t o  evaluate:  

a )  hydraulic actuator response character is t ics  

b )  amp1 i tude spectra of the road p rof i l e  inputs 

c )  amplitude spectra of the vehicle axle-body nlotion under 

d i f ferent  conditions 

d )  response functions of the vehicle under d i  f f e ren t  conditions. 

RESULTS 

Meaningful resu l t s  were obtained i n  a number of areas from the  

TARADCOM t e s t s .  The resu l t s  are presented as empirical f indings,  

representing the influence of variables o n  the  roughness s t a t i s t i c s  

measured by a Yays or P C A  meter. 

Excitation of the Front Axle - Tests were conducted on eight 



sur faces  w i t h  and w i t h o u t  p r o f i l e  i n p u t  t o  t h e  f r o n t  wheels. F i g u r e  D-1 

shows t h e  compar ison o f  roughness measurements o b t a i n e d  i n  each case. 

The e f f e c t  on t h e  InchesIMi  l e  ( I / \ )  s t a t i s t i c  measured by t h e  Mays 

meter  i s  very  smal l .  A l i n e a r  r e g r e s s i o n  l i n e  th rough  t h e  d a t a  

e f f e c t i v e l y  passes th rough z e r o  and has a  s l o p e  of 0.99 ( i ,e . ,  w i t h i n  1 

percen t  o f  i n d i c a t i n g  an i d e n t i t y  r e l a t i o n s h i p ) .  A s l i g h t l y  l a r g e r  

i n f l u e n c e  i s  observed on t h e  PCA meter  s t a t i s t i c  due t o  roughness i n p u t  

a t  t h e  f r o n t  wheels. The l i n e a r  r e g r e s s i o n  l i n e  e f f e c t i v e l y  passes 

th rough  ze ro  and has a  0.96 s l o p e  ( i .e . ,  w i t h i n  4 pe rcen t  o f  an i d e n t i t y  

re1  a t i  ons h i p ) ,  These r e s u l t s  a r e  i n  agreement w i t h  t h e  obse rva t i ons  

made i n  s i n u s o i d a l  t e s t i n g ,  namely, t h a t  f r o n t - a x l e  e x c i t a t i o n  produced 

n e g l i g i b l e  response o f  t h e  r e a r  ax le -body d i sp lacenen t .  I t  i s  f e l t  t h a t  

t hese  f i n d i n g s  p r o v i d e  t h e  b a s i s  f o r  d i s c o u n t i n g  t h e  need f o r  

c a l i b r a t i n g  t h e  f r o n t  suspension of a  v e h i c l e  used f o r  roughness 

measurements. Hence, t h e  o n l y  a t t e n t i o n  needed on t h e  f r o n t  suspension 

o f  such v e h i c l e s  i s  normal maintenance as r e q u i r e d  t o  ensure p r o p e r  

wheel ba lance,  a1 i gnment, e t c .  

T i r e  P ressu re  - Rear t i r e  i n f l a t i o n  p ressu re  has a  s i g n i f i c a n t  

e f f e c t  on v e h i c l e  response and roughness measurement. T h i s  c o n c l u s i o n  

i s  drawn f rom s i n u s o i d a l  response t e s t s  and t e s t s  i n  which t h e  v e h i c l e  

was "ope ra ted "  w i t h  d i f f e r e n t  i n f l a t i o n  pressures  o v e r  t h e  same s e t  o f  

e i g h t  road  p r o f i l e s .  P ressu re  i n  t h e  v e h i c l e ' s  HR 78-15 s t e e l - b e l t e d  

r a d i a l  t i r e s  was v a r i e d  f r o m  t h e  normal v a l u e  o f  26 p s i ,  t o  20 p s i ,  and 

t o  32 p s i .  F i g u r e  D-2 shows t h e  e f f e c t  o f  r e a r  t i r e  p ressu re  changes on 

t h e  v e h i c l e ' s  s i n u s o i d a l  response. The t i r e  p r e s s u r e  has i t s  s t r o n g e s t  

e f f e c t  on r e a r  a x l e  resonance by i t s  i n f l u e n c e  on t h e  e f f e c t i v e  

s t i f f n e s s  of t h e  t i r e .  F i g u r e  8-3 shows t h e  t r e n d  o f  e f f e c t s  on t h e  I / M  
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Figure D-2.  Effect of t i r e  pressure on vehicle response. 
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s t a t i s t i c  gene ra ted  by t h e  Mays m e t e r  and t h e  PCA m e t e r  s t a t i s t i c .  F o r  

t h e  I/M s t a t i s t i c ,  t h e  r e l a t i o n s h i p  i s  w e l l  r e p r e s e n t e d  by l i n e a r  

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

g a i n  f a c t o r  e q u i v a l e n t  t o  +4 p e r c e n t 1 6  p s i  i n c r e a s e  i n  t i r e  p ressu re .  

C o r r e l a t i o n  c o e f f i c i e n t s  g r e a t e r  t h a n  0.99 a r e  ob ta i ned .  

The PCA m e t e r  s t a t i s t i c  shows a  comparab le  i n f l u e n c e  o f  t i r e  

p r e s s u r e ,  a l t h o u g h  t h e  e f f e c t  i s  abou t  t w i c e  as l a r g e .  S p e c i f i c a l l y ,  a 

7 p e r c e n t  i n c r e a s e  i n  t h e  s t a t i s t i c  o c c u r s  w i t h  a  6 - p s i  i n c r e a s e  ( 26  t o  

32 p s i )  i n  p r e s s u r e ,  and a  9 p e r c e n t  dec rease  w i t h  a  6 - p s i  dec rease  (26 

t o  20 p s i )  i n  p ressu re .  

B a l l a s t  - The sp rung  mass o f  a  v e h i c l e  i s  a  v a r i a b l e  o f  c o n c e r n  

because o f  t h e  d i f f e r e n c e s  a s s o c i a t e d  w i t h  v e h i c l e  t y p e  and t h e  

mi s c e l  l aneous  1 oad c a r r i e d  on-board.  TARADCOM t e s t s  were  des i gned  t o  

q u a n t i f y  t h e  i n f l u e n c e  o f  v e h i c l e  mass on  roughness  measurement. When 

s e t  up i n  t h e  f a c i l i t y ,  t h e  t e s t  v e h i c l e  was b a l l a s t e d  w i t h  1 7 5  pounds 

o f  sandbags i n  each f r o n t  s e a t ,  s i m u l a t i n g  t h e  d r i v e r  and a  passenger .  

I n  subsequent  t e s t i n g ,  s t e e l  b a l l a s t  t o t a l i n g  156 pounds ( e q u i v a l e n t  t o  

20 g a l l o n s  o f  f u e l  and a  36-pound s u i t c a s e )  we re  p l a c e d  i n  t h e  t r u n k  o f  

t h e  v e h i c l e  and s i n u s o i d a l  t e s t s  were  conduc ted  a l o n g  w i t h  r u n s  on e i g h t  

r o a d  s u r f  aces. 

F i g u r e  D-4 shows t h e  e f f e c t  o f  b a l  l a s t  l o a d  on t h e  v e h i c l e  

response.  The dominan t  e f f e c t  i s  t h e  r e d u c t i o n  o f  t h e  body bounce 

f r e q u e n c y  and a  r e d u c t i o n  o f  damping r a t i o .  

F i g u r e  D - 5  i l l u s t r a t e s  t h e  i n f l u e n c e  o f  b a l l a s t  on  Mays and PCA 

m e t e r  roughness s t a t i s t i c s .  The  i n f l u e n c e  on b o t h  s t a t i s t i c s  i s  



- Ballasted V e h i c l e  

--- Unbal l a s t e d  V e h i c l e  

Frequency (Hz )  

Figure U-4. E f f e c t  of ballast on v e h i c l e  response. 





r e p r e s e n t e d  by t h e  s l o p e  o f  t h e  1  i near r e g r e s s i o n  l i n e s ,  which i s  t h e  

e f f e c t i v e  s e n s i t i v i t y  o r  ga in .  The I/M s t a t i s t i c  p roves  t o  be l e a s t  

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

Appendix C .  The p l o t t e d  d a t a  i n d i c a t e s  a  4 p e r c e n t  i n c r e a s e  i n  I/M w i t h  

t h e  166 pounds o f  b a l l a s t .  

The i n f l u e n c e  o f  b a l l a s t  on t h e  PCA mete r  s t a t i s t i c s ,  as expected 

f rom t h e  a n a l y s i s  i n  Appendix C ,  i s  much s t r o n g e r .  The d a t a  show a  4 1  

pe rcen t  i n c r e a s e  w i t h  t h e  added b a l l a s t  and suggest  t h a t  t h i s  i s  a  ma jo r  

i n f l u e n c i n g  v a r i a b l e  w i t h  PCA mete r  systems. 

Shock Absorber  Damping Leve l  - Perhaps t h e  most i n f l u e n t i a l  and 

d i f f i c u l t  v a r i a b l e  t o  be c o n t r o l l e d  i s  t h e  damping w i t h i n  t h e  

suspension. E a r l i e r  t e s t s  on t h e  I n s t i t u t e  v e h i c l e  e s t a b l i s h e d  t h a t  

shock absorbers  were c l e a r l y  t h e  dominant  source  o f  damping on t h e  r e a r  

suspension.  Through t h e  c o o p e r a t i o n  o f  t h e  Monroe Auto  Equipment 

Company, two p r e - t e s t e d  s e t s  o f  shock absorbers  were o b t a i n e d  t o  

r e p r e s e n t  t y p i c a l  h i g h  and low l e v e l s  o f  damping. Comparat ive t e s t s  

were per fo rmed a t  TARADCOM t o  measure t h e  i n f l u e n c e  o f  t h e s e  shock 

absorbers  on t h e  roughness s t a t i s t i c s  genera ted by t h e  flays and PCA 

meters,  I n  t o t a l ,  t h r e e  s e t s  o f  shock absorbers  were t e s t e d :  

Set  f l  - Monroe-Matics ( P a r t  No. 3082) 

Se t  $2 - Ce lco  B i g  D ( P a r t  No. 22002586) 

Se t  #3 - Yonroe Grabbers ( P a r t  No. D 5 B 7 7 )  

The shock absorbers ,  t h r o u g h  t h e i r  damping, a f f e c t  v e h i c l e  

response d i r e c t l y .  F i g u r e  D-6 c o n t r a s t s  t h e  response changes w i t h  shock 
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Figure D-6. Effect of different shock absorbers on measured vehicle 
response function. 



abso rbe r  s e t s  %1 and 93 .  The e f f e c t  on roughness measurement i s  as 

shown i n  F i g u r e  D - 7 .  The r e l a t i o n s h i p  f o r  t h e  I/M s t a t i s t i c  i s  

c h a r a c t e r i z e d  by a  30 pe rcen t  d i f f e r e n c e  i n  s lope ,  p l u s  an o f f s e t  t h a t  

i s  more s i g n i f i c a n t  t h a n  was observed w i t h  o t h e r  v a r i a b l e s .  The o f f s e t  

i s  t h e  r e s u l t  of me te r  h y s t e r e s i s .  W i t h  a  decrease i n  damping, t h e  t h e  

g r e a t e r  v e h i c l e  response d i m i n i s h e s  t h e  measurement 1  asses due t o  

h y s t e r e s i s ,  c r e a t i n g  t h e  o f f s e t  shown. The PCA n e t e r  s t a t i s t i c  i s  

i n f l u e n c e d  even more, w i t h  t h i s  s t a t i s t i c  chang ing by a  f a c t o r  o f  two. 

Less d i  r e c t l y  , t h e  o p e r a t i n g  tempera tu re  a f f e c t s  shock abso rbe r  

damping. No p r o v i  s i  ons were made f o r  c o n t r o l  1  i ng shock abso rbe r  

t empera tu re  t o  assess t h e  e f f e c t  a t  TARADCOM. N e v e r t h e l e s s ,  e l e v a t e d  

tempera tures  c o u l d  be ach ieved i n t h e  s i n u s o i d a l  response t e s t s .  F i g u r e  

D-8 shows t h e  change i n  response f u n c t i o n  when t h e  

shock absorbers  were  a1 lowed t o  h e a t  up t o  app rox ima te l y  200 deg F. 

S ince  t h e  s t r o n g e s t  i n f l u e n c e  occurs  a t  body resonance, t empera tu re  

wou ld  be expected t o  have a  g r e a t e r  e f f e c t  on t h e  PCA mete r  s t a t i s t i c .  

The non l  i n e a r i  t y  o f  shock abso rbe r  damping e f f e c t s  became q u i t e  

e v i d e n t  i n  t h e  TARADCOM t e s t s .  Response measures a t  d i f f e r e n t  t i r e  

i n p u t  ampl i tudes  s t r o n g l y  a f f e c t e d  t h e  r e l a t i v e  response ob ta ined .  

F i g u r e  18 i n  t h e  main  r e p o r t  shows measured response a t  d i f f e r e n t  i n p u t  

ampl i tude compared t o  t h e  e q u i v a l e n t  response w i t h  road  p r o f i  1  e  i n p u t s .  

The compar ison v i v i d l y  shows t h a t  t r u e  and v a l i d  measures o f  v e h i c l e  

response a r e  o n l y  o b t a i n e d  w i t h  s i n u s o i d a l  i n p u t s  a t  a p p r o p r i a t e  

e x c i t a t i o n  ampl i tudes.  

Speed - C h a r a c t e r i z i n g  t h e  e f f e c t s  o f  t e s t  speed was an i s s u e  

v i t a l  t o  t h e  resea rch  p r o j e c t .  The TARADCOM t e s t s  p r o v i d e d  t h e  
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Figure D-8. Changes i n  sinusoidal response a t  elevated rear  shock 
absorber temperature. 



o p p o r t u n i t y  t o  examine t h e  i n f l u e n c e  o f  speed on t h e  roushness  s t a t i s t i c  

o b t a i n e d ,  i n  t h e  absence o f  v e h i c l e  s p e c i f i c  e f f e c t s  such  as t i r e  and 

d r i v e l  i ne imba lance ,  aerodynamic  d i s t u r b a n c e s ,  e t c .  

Under  t h e s e  c o n t r o l  l e d  c o n d i t i o n s ,  speed v a r i a t i o n s  p roduced  

d i v e r s e  changes i n  t h e  roughness  s t a t i s t i c  o b t a i n e d ,  r e f l e c t i n g  

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

speed. F i g u r e  D-9 shows t h e  e f f e c t  o f  speed obse rved  on  e i g h t  d i f f e r e n t  

s u r f a c e s .  The I / M  s t a t i s t i c  i s  shown, r a t h e r  t h a n  t h e  ARV s t a t i s t i c  

d i s c u s s e d  i n  t h e  m a i n  r e p o r t .  The e f f e c t  o f  speed on t h e  I / M ,  as shown, 

d e r i v e s  f r o m  two mechanisms - i n c r e a s i n g  A R V  and d e c r e a s i n g  t r a v e l  t i m e .  

These t e n d  t o  cance l  r e s u l t i n g  i n  l e s s  appa ren t  speed s e n s i t i v i t y  t o  t h e  

: / M y  t h a n  t h e  ARV s t a t i s t i c .  These d a t a  show t h a t  t h e  i n f l u e n c e  o f  t e s t  

speed i s  s p e c i f i c  t o  each s u r f a c e ,  as w e l l  as  t o  t h e  s t a t i s t i c  b e i n g  

measured. The t r e n d s  t h a t  o c c u r  a r e  e v i d e n t  i n  b o t h  t y p e s  o f  s t a t i s t i c s  

shown, b u t  a r e  n o t  p r e d i c t a b l e  on a  p a r t i c u l a r  r o a d  w i t h o u t  d e t a i l e d  

knowledge o f  t h e  o f  pavement s u r f a c e .  The e f f e c t s  obse rved  h e r e  s u p p o r t  

t h e  gene ra l  c o n c l u s i o n s  as t o  speed e f f e c t s ,  t h a t :  

1) The roughness  s t a t i s t i c  g e n e r a t e d  by a  g i v e n  r o a d  s u r f a c e  can  

v a r y  s i g n i f i c a n t l y  w i t h  speed. Hence, t h e  t e s t  speed s h o u l d  

be s e l e c t e d  such  t h a t  t h e  roughness  measurement r e f l e c t s  t h a t  

seen by normal  t r a f f i c ,  and s h o u l d  be an i n t e g r a l  p a r t  of t h e  

d a t a  ob ta i ned .  (As w i t h  t h e  S k i d  Number d e s i g n a t i o n  used  i n  

h ighway f r i c t i o n  t e s t i n g ,  i t  i s  sugges ted  t h a t  t h e  roughness  

s t a t i s t i c  be s u b s c r i p t e d  w i t h  t h e  t e s t  speed.)  

2 )  The s p e c i f i c  i n f l u e n c e  o f  speed on t h e  roughness  s t a t i s t i c  i s  

dependent  on t h e  r o a d  s u r f a c e .  The e f f e c t  can  be p r e d i c t e d  on 
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t h e  average  (See F i g .  15  o f  t h e  ma in  r e p o r t ) .  Ye t  a  c o r r e c t i o n  

f a c t o r  f o r  i n d i v i d u a l  r oads  i s  n o t  a p p r o p r i a t e .  

3 )  Roughness s t a t i s t i c s  may change by more t h a n  100 p e r c e n t  as a  

r e s u l t  o f  a  10-mph speed change ( w o r s t  case  d a t a  f r o m  

F i g .  D-9) .  A c c u r a t e  c o n t r o l  o f  t e s t  speed i s  e s s e n t i a l  t o  

mi n i m i z e  d a t a  v a r i a t i o n s .  

VEHICLE ROLL EFFECTS 

R o l l  i n p u t s  a r e  n o t  expec ted  t o  p roduce  s i g n i f i c a n t  i n f l u e n c e  on 

roughness  measurement because t h e  t r a n s d u c e r s  a r e  n o r n ~ a l l y  a t t a c h e d  n e a r  

t h e  r o l l  c e n t e r  o f  t h e  v e h i c l e  suspens ion .  R o l l  response  was measured 

by s i n u s o i d a l  e x c i t a t i o n  a t  t h e  r e a r  whee ls  w i t h  t h e  i n p u t s  o u t  o f  phase 

a t  each wheel by 180 degrees.  F i g u r e  D-10 shows t h e  r o l l  r esponse  

o b t a i n e d ,  i n  compar ison  t o  t h e  norma l  bounce response  when t h e  wheel 

i n p u t s  a r e  i n  phase. No e q u i v a l e n t  t e s t s  w i t h  r o a d  p r o f i l e  e x c i t a t i o n  

c o u l d  be conduc ted .  

CONCLUSION 

W i t h  c o m p l e t i o n  o f  t h e  t e s t i n g  on  t h e  I n s t i t u t e  v e h i c l e ,  t h e  

TARADCOM t e s t s  were d i s c o n t i n u e d .  The t e s t s  p r o v i d e d  v e r y  i m p o r t a n t  

d a t a  c o n t r i b u t i n g  t o  t h e  u n d e r s t a n d i n g  o f  RTRRM systems. 



10 
Frequency (Hz)  

Figure D-10. Sinusoidal response t o  bounce and ro l l  inputs a t  
the rear  ax le ,  


