
The experiment involved measurement o f  49 t e s t  s i t e s ,  cover ing a wide range o f  roughness 
over paved and unpaved roads, Each s i t e  was measured a t  several speeds by seven I 
response-type road roughness measuring systems and evaluated s u b j e c t i v e l y  by a r a t i n g  pane I .  
The l o n g i t u d i n a l  p r o f i l e s  o f  the t r a v e l l e d  wheeltracks were measured both s t a t i c a l l y  and 
dynamical ly w i t h  a p ro f i i omete r .  The p r o f i l e s  were processed yo o b t a i n  spec t ra l  dens i t y  

I 
I 

p l o t s  and a number o f  summary numerics ,that have been used t o  q u a n t i f y  roughness, i n c l u d l ~ l g  ! 
! waveband analyses, vehic le  s imulat ion,  rnoving average, RMSVA, and others. i 
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The data showed t h a t  e x c e l l e n t  corr -e la t ion i s  seen between any two response-type sys,tems 
when operated under the same cond i t i ons ,  and t h a t  most d i f ferences other  than durabi l i t y  a re  
cosmetic, A standard speed o f  50 km/h i s  recomnended f o r  these systems when exchange o f  data 
i s  des i red.  A number o f  the  prof i le-based numerics were invest igated as c a l i b r a t i o n  
references f o r  the response-type systems. One, t h e  Reference Quarter-Car Simulat ion, was 
shown t o  be compatible w i t h  every measurement method included i n  t h e  IRRE, and it i s  
recomended as t h e  tn ternat iona l Roughness lndex f o r  d i r e c t  measurement w i t h  p ro f  i lometr ic  
methods and as a c a l i b r a t i o n  reference f o r  response-type systems. 
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CKAPTER 1 

INTRODUCTION 

Ba&g r ound 

The "roughness" of a  road ,  def ined i n  t h i s  r e p o r t  a s  " the  v a r i a t i o n  i n  

surf  ace e l e v a t i o n  t h a t  induces v i b r a t i o n s  i n  t r a v e r s i n g  v e h i c l e s , "  has long 

been recognized a s  an important  measure of road performance. By causing 

veh ic le  v i b r a t i o n s ,  roughness has  a  d i r e c t  in f luence  on r i d e  comfort ,  s a f e t y ,  

and v e h i c l e  wear [ l  , 2 ,  3 ,  4 1 .  In t u r n ,  t h e  dynamic wheel loads  produced a r e  

impl ica ted a s  c a u s a t i v e  f a c t o r s  i n  roadway d e t e r i o r a t i o n  [ 5 ] .  

As a  consequence, t h e  c h a r a c t e r i z a t i o n  and measurement of road roughness 

i s  a  major concern of highway engineer ing worldwide. As t h e  highway networks 

i n  developed c o u n t r i e s  nea r  completion,  t h e  maintenance of accep tab le  q u a l i t y  

a t  minimum c o s t  g a i n s  p r i o r i t y .  In  s o p h i s t i c a t e d  management systems,  

roughness measurements a r e  an important  f a c t o r  i n  making dec i s ions  toward 

spending l imi ted  budgets f o r  maintenance and improvements. In developed 

c o u n t r i e s ,  r i d e  comfort has been emphasized because i t  i s  t h e  mani fes ta t ion  of 

roughness most ev iden t  t o  the  pub l i c .  

In l e s s  developed c o u n t r i e s ,  t h e  same concerns f a c e  a d m i n i s t r a t o r s  from 

t h e  very beginning; const ra ined by l imi ted  resources ,  they must choose between 

q u a n t i t y  and q u a l i t y  i n  t h e  development of p u b l i c  road systems. Optimizing 

road t r a n s p o r t  e f f i c i e n c y  involves  t rade-offs  between the  high i n i t i a l  c o s t s  

of smooth roads and subsequent h igh maintenance and u s e r  opera t ing c o s t s  of 

poor roads .  Hence, s t u d i e s  of the  road-user c o s t  r e l a t i o n s h i p  t o  roughness 

a r e  underway i n  Ind ia  [ 6 1  , B r a z i l  [ 7 ,  81,  Kenya 121, and o t h e r  l o c a t i o n s .  

User c o s t s  a r e  g e n e r a l l y  q u a n t i f i e d  i n  terms of f u e l ,  o i l ,  t i r e s ,  maintenance 

p a r t s ,  maintenance l a b o r ,  and v e h i c l e  d e p r e c i a t i o n .  Other c o s t s  ( o f t e n  . 

excluded from t h e s e  ana lyses )  a r e  l e s s  d i r e c t  but  a r e  a l s o  a  consequence of 

roughness,  such a s  t r a n s p o r t  speed l i m i t a t i o n s ,  a c c i d e n t s ,  and cargo damage. 

A p e r s i s t e n t  problem i n  these  s t u d i e s  i s  c h a r a c t e r i z i n g  the  roughness of 

a  road i n  a  u n i v e r s a l ,  c o n s i s t e n t ,  and r e l e v a n t  manner. The popular methods 

now i n  use a r e  based on e i t h e r  p r o f i l e  measurement o r  measurement of v e h i c l e  



response t o  roughness. 

When p r o f i l e  i s  measured, t h e  continuous r e p r e s e n t a t i o n  of the  road can 

be inspected t o  i d e n t i f y  l o c a l  d e f e c t s ,  o r  processed t o  y i e l d  roughness 

numerics adapted t o  s p e c i f i c  a p p l i c a t i o n s .  Direct  comparison of p r o f i l e s  

obta ined by d i f f e r e n t  methods i s  not  always p o s s i b l e ,  s i n c e  p r o f i l e s  measured 

wi th  high-speed dynamic p ro f i lomete r s  genera l ly  do no t  inc lude  the  underlying 

s lope  of the  road ,  nor  v a r i a t i o n s  t h a t  occur over very long wavelengths. On 

t h e  o t h e r  hand,  s t a t i c  measurements obtained wi th  manual methods such a s  rod 

and l e v e l  do inc lude  the  long wavelengths,  but  a r e  no t  p r a c t i c a l  f o r  covering 

long d i s t a n c e s ,  due t o  the  required e f f o r t .  

The second type of measurement i s  obtained us ing a  veh ic le  instrumented 

t o  produce a  numeric p ropor t iona l  t o  t h e  veh ic le  response t o  road roughness,  

when the  road i s  t r ave rsed  a t  a cons tan t  speed. These systems have a1:quired 

the  name response-type road roughness measuring systems (RTRRMSs), and have 

been developed from a  p r a c t i c a l  approach t o  the  problem, o f t e n  without a  

thorough t e c h n i c a l  understanding of e x a c t l y  how the  measures r e l a t e  e i t h e r  t o  

road p r o f i l e  geometry o r  veh ic le  response.  As a  r e s u l t ,  t he  r e l a t i o n s h i p  

between d i f f e r e n t  RTRRMS measurements i s  sometimes u n c e r t a i n ,  a s  i s  a l s o  t h e  

relevancy t o  r i d e  comfort o r  road-user c o s t s .  Nonetheless,  most of the 

c u r r e n t l y  popular RTRRMS ins t rumenta t ion  systems share  a  commonality i n  

conf igura t ion  and opera t ion ,  and a r e  i n  such widespread use t h a t  d r a s t i c  

changes i n  measurement methodology a r e  not  imminent. 

Early high-speed p ro f i lomete r s  were c o s t l y ,  complex, d i f f i c u l t  t o  

ma in ta in ,  and required knowledgeable u s e r s  t o  opera te  them and make good use 

of the  measurements, which i s  p a r t  of the  reason t h a t  the  more simple RTRRMSs 

have been so popular.  More recen t  p ro f i lomete r s  a r e  l e s s  complicated,  l e s s  

expensive ,  and can be used over a  wider range of cond i t ions .  The n a t u r a l  

t r e n d  appears  t o  be toward p ro f i lomete r s  i n  the  coming y e a r s ,  a s  t h e i r  c o s t  

and o p e r a t i o n a l  e f f i c i e n c y  approaches t h a t  of RTRRMSs. Already they have 

advantages i n  terms of improved accuracy and r e l a t i v e l y  simple c a l i b r a t i o n  

procedures ,  compared t o  RTRRMSs. But f o r  the  p resen t  t ime,  RTRRMS use  can be 

expected t o  con t inue ,  and even grow ( a s  more agencies  begin monitoring 

roughness f o r  t h e  f i r s t  t i m e ) ,  s i n c e  they a r e  p r e s e n t l y  more a c c e s s i b l e  and 

the re  i s  g e n e r a l  agreement worldwide t h a t  RTRRMSs provide u s e f u l  and 



meaningful d a t a .  

The u s e r s  of RTRRMSs recognize t h a t  t h e  roughness numeric obtained from 

one of these  systems i s  the  r e s u l t  of many f a c t o r s ,  two of which a r e  road 

roughness and t e s t  speed. Other f a c t o r s ,  t h a t  a f f e c t  t h e  responsiveness of 

the  v e h i c l e  t o  road e x c i t a t i o n  a t  i t s  t r a v e l l i n g  speed,  can be d i f f i c u l t  t o  

c o n t r o l .  While g r e a t  e f f o r t  i s  spen t  l i m i t i n g  the  v a r i a b i l i t y  of these  o t h e r  

f a c t o r s ,  t h e r e  i s  growing recogn i t ion  t h a t  some v a r i a t i o n  w i l l  s t i l l  p e r s i s t  

between RTRRMSs, and t h a t  even the  most c a r e f u l l y  maintained systems :should be 

independently c a l i b r a t e d  occas iona l ly .  Recent r e sea rch  on t h e  v a r i a b i l i t y  of 

RTRRMSs, funded by the  National  Cooperative Highway Research Program (NCHRP) 

has ind ica ted  t h a t  t h e  only c a l i b r a t i o n  approach t h a t  w i l l  be v a l i d  f o r  any 

roughness l e v e l  o r  su r face  type i s  a " c a l i b r a t i o n  by c o r r e l a t i o n "  [ 9 ] .  The 

c a l i b r a t i o n  i s  performed by running t h e  RTRRMS over a number of "cont~rol"  road 
* 

s e c t i o n s  t h a t  have known values  of " t rue"  roughness,  obtained through 

concurrent  measurement by a re fe rence  method. The measures obtained from the  

RTRRMS, t o g e t h e r  wi th  t h e  re fe rence  roughness numerics,  a r e  used t o  determine 

a r e g r e s s i o n  equat ion t h a t  i s  used t o  conver t  f u t u r e  RTRRMS measures t o  

e s t i m a t e s  of what t h e  re fe rence  measure would have been. These e s t i m a t e s  a r e  

t h e  "ca l ib ra ted1 '  roughness measures. 

The key t o  t h i s  approach i s  t h e  a b i l i t y  t o  a s s i g n  re fe rence  rouglnness 

l e v e l s  t o  the  c o n t r o l  s e c t i o n s .  This r e q u i r e s  the  a b i l i t y  t o  accura te ly  

t ransduce the  l o n g i t u d i n a l  p r o f i l e s  of the  c o n t r o l  s e c t i o n s  i n  the  wheel t racks  

t r aversed  by t h e  RTRRMS. It a l s o  r e q u i r e s  a method f o r  d i s t i l l i n g  the  

informat ion i n  a p r o f i l e  t o  a s i n g l e  roughness measure f o r  the  c o r r e l a t i o n .  

Although RTRRMS use i s  popu la r ,  t h e r e  has  been no consensus a s  t o  how a 

RTRRMS should be opera ted ,  nor agreement a s  t o  what r e fe rence  measure should 

be used i n  i t s  c a l i b r a t i o n  by c o r r e l a t i o n .  In response t o  t h i s  need,  the  

World Bank proposed t h a t  roughness measurement dev ices  r e p r e s e n t a t i v e  of those  

i n  use  be assembled a t  a common s i t e  f o r  an I n t e r n a t i o n a l  Road Roughness 

Experiment (IRRE) t o  determine c o r r e l a t i o n s  among the  ins t ruments  and 

encourage the  development and adap ta t ion  of an I n t e r n a t i o n a l  Roughness Index 

( I R I )  t o  f a c i l i t a t e  t h e  exchange of roughness-related informat ion.  

The IRRE was held i n  B r a s i l i a ,  B r a z i l ,  dur ing May and June of 1982. 



Research teams p a r t i c i p a t e d  from the  Braz i l i an  Transpor ta t ion Planning Company 

(GEIPOT)  , the  B r a z i l i a n  Road Research I n s t i t u t e  ( IPR/DNER) , t h e  B r i t i s h  

Transport  and Road Research Laboratory (TRRL) ,  t h e  French Bridge and :Pavement 

Laboratory (LCPC) , and t h e  Univers i ty  of Michigan Transpor ta t ion Research 

I n s t i t u t e  (UMTRI--formerly the  Highway Safety Research I n s t i t u t e ,  HSRI) . In  

a d d i t i o n ,  the  Belgian Road Research Center (CRR) p a r t i c i p a t e d  i n  the  ana lyses  

of t h e  d a t a  a f t e r  t h e  experiment. 

The IRRE included the  p a r t i c i p a t i o n  of a v a r i e t y  of equipment: seven 

RTRRMSs ( f o u r  t y p e s ) ,  two high-speed dynamic p ro f i lomete r s  (only  the  d a t a  from 

one were processed,  however), and two methods f o r  s t a t i c a l l y  measuring 

p r o f i l e .  Four road s u r f a c e  types  were included:  a s p h a l t i c  concre te ,  s u r f a c e  

t r e a t m e n t ,  g r a v e l ,  and e a r t h .  A t  t h e  f i n i s h  of t h e  experiment,  a l l  of the  

s e c t i o n s  were evaluated by a panel  of r a t e r s .  

Objectives 

Main Objective : Define an International Roughness Index ( IRI) . 'The 

meaningful exchange of road roughness d a t a  and f ind ings  r e l a t e d  t o  road 

roughness i s  p r e s e n t l y  d i f f i c u l t ,  and can usua l ly  be accomplished only wi th  

t h e  use  of r e g r e s s i o n  equat ions  t h a t  a r e  v a l i d  only under l i m i t e d  contl i t ions.  

By s e l e c t i n g  a s i n g l e  standard roughness measurement, informat ion can be 

compared d i r e c t l y .  In o rde r  f o r  t h e  I R I  t o  be p r a c t i c a l ,  i t  must be:  

- S t a b l e  wi th  time 

- Transpor table  ( i t  can be measured wi th  equipment a v a i l a b l e  i n  most 

c o u n t r i e s ,  inc luding developing c o u n t r i e s  wi th  l e s s  t e c h n i c a l  suppor t )  

- Valid (demonstrated t o  work wi th  var ious  types  of equipment from a l l  over 

the  world,  on a l l  types  of road s u r f a c e s  wi thout  b i a s )  

- Relevant ( i n d i c a t i v e  of road cond i t ion  a s  i t  a f f e c t s  u s e r  c o s t ,  r i d e  

q u a l i t y  , and s a f e t y )  

Although not  s t r i c t l y  necessa ry ,  i t  i s  p r e f e r a b l e  t h a t  t h e  I R I  be :  



- Simple and convenient  

- Well k n o m  ( i  . e . ,  a l r eady  i n  use by some agencies .  ) 

In o rde r  t o  q u a l i f y  f o r  these  c r i t e r i a ,  the  I R I  w i l l  be compatible t o  

some e x t e n t  wi th  RTRRMSs ( t o  be r e l e v a n t  t o  veh icu la r  r e sponse ) ,  and .must be 

def ined by p r o f i l e  geometry ( t o  be s t a b l e  with t ime) .  In  order  t o  d e f i n e  such 

an I R I ,  a  number of more immediate sub-objectives f i r s t  had t o  be met: 

Sub-objective # I :  B t a b l i s h  t h e  c o r r e l a t i o n  between d i f f e r e n t  

RTRRMSs. D i f f e r e n t  RTRRMS measures can be made somewhat "equivalent"  

through c a l i b r a t i o n ,  so  t h a t  measures made from one system can be 

approximately reproduced wi th  another .  The IRRE was designed t o  help  

determine t h e  degree of r e p r o d u c i b i l i t y  t h a t  i s  p o s s i b l e ,  and t h e  ranges of 

roughness,  s u r f a c e  type ,  and opera t ing  speeds over which t h a t  r e p r o d u c i b i l i t y  

can be obta ined.  

Sub-Ob j e c t i v e  #2 : E s t a b l i s h  measurement requirements f o r  prof ile-based 

roughness measures. One of the  problems i n  t r a n s f e r r i n g  methods worldwide i s  

t h a t  c e r t a i n  equipment may be f e a s i b l e  i n  one country bu t  not  ano the r ,  f o r  

t e c h n i c a l ,  p o l i t i c a l ,  o r  economic reasons .  For example, t h e  rod and l e v e l  

survey method i s  a  l abor - in tens ive  method t h a t  i s  we l l  s u i t e d  t o  c o u n t r i e s  

wi th  low l a b o r  c o s t s ,  whereas c e r t a i n  p ro f i lomete r s  designed f o r  use  i n  more 

developed c o u n t r i e s  may r e q u i r e  t e c h n i c a l  suppor t  t h a t  i s  not  a v a i l a b l e  i n  

l e s s  developed c o u n t r i e s .  In the  p a s t ,  s p e c i f i c  a n a l y s i s  methods have been 

assoc ia ted  wi th  p a r t i c u l a r  p r o f i l e  measurement methods, and some of t h e  

a n a l y s i s  methods depend, i n  p a r t ,  on t h e  s p e c i f i c s  of the  measurement method. 

The va r ious  measures of p r o f i l e  obtained i n  t h e  IRRE can be processed 

i d e n t i c a l l y  and t h e  r e s u l t s  compared t o  determine whether c e r t a i n  p r o f i l e  

ana lyses  a r e  compatible with d i f f e r e n t  p r o f i l o m e t r i c  methods. 

Sub-objective #3 : E s t a b l i s h  c o r r e l a t i o n s  between prof i le-based nlumeri c s  

and RTRRMS numerics. Although t h e r e  i s  a  genera l  agreement among use r s  of 

RTRRMSs t h a t  t h e  RTRRMS must be c a l i b r a t e d  by c o r r e l a t i o n  a g a i n s t  a rleference, 

a  number of p o t e n t i a l  r e fe rences  have been proposed. The accuracy of t h e  

c a l i b r a t e d  RTRRMS measure i s  l i m i t e d  by t h e  degree of c o r r e l a t i o n  between the  

RTRRMS and t h e  r e f e r e n c e ;  hence,  t h e  cond i t ions  f o r  ob ta in ing  t h e  b e s t  



c o r r e l a t i o n s  must be i n v e s t i g a t e d  i n  order  t o  s p e c i f y  an appropr ia te  r e fe rence  

numeric and the  appropr ia te  opera t ion  of the  R T W I S  t o  b e s t  match t h a t  

r e fe rence .  

Sub-Objective #4 : Perform and document a u x i l i a r y  ana lyses  of t h e  

p r o f i l e  data. A weal th  of p r o f i l e  informat ion was obtained i n  t h e  IRXE 

which can be processed t o  y i e l d  many d e t a i l e d  d e s c r i p t i o n s  of t h e  road t h a t  

a r e  not  n e c e s s a r i l y  compatible with t h e  simple numerics t h a t  can be obtained 

wi th  RTRRMSs. These inc lude  waveband analyses  used i n  Europe, Power Spec t ra l  

Density (PSD) f u n c t i o n s ,  and p l o t s  of p r o f i l e s  t o  show h e t e r o g e n e i t i e s .  These 

ana lyses  a r e  e s s e n t i a l  t o  understand some of t h e  r e l a t i o n s h i p s  observed 

between R T W S  numerics,  and the  r e s u l t s  a r e  a l s o  a  valuable  resource  f o r  

l i n k i n g  summary numerics obtained i n  t h e  IRRE t o  p o t e n t i a l  f u t u r e  

a p p l i c a t i o n s .  

Report Organizat ion 

This r e p o r t  documents t h e  experiment,  the  d a t a  ob ta ined ,  and a  number of 

ana lyses  appl ied  t o  t h a t  da ta .  The f i n d i n g s  a r e  then appl ied  t o  recommend an 

I R I .  Many of the  d e s c r i p t i o n s  a r e  t e c h n i c a l  and d e t a i l e d ,  and most of t h e  

d a t a ,  needed f o r  v e r i f i c a t i o n  and f u r t h e r  a n a l y s e s ,  w i l l  no t  be of i n t e r e s t  t o  

t h e  average reader .  Therefore ,  t h i s  main r e p o r t  i s  l imi ted  to  an overview of 

the  IRRE (chap te r  2 ) , an overview of the  ana lyses  and r e l e v a n t  f ind ings  

(Chapter 3 ) ,  and the  r a t i o n a l e  f o r  s e l e c t i n g  the  I R I  and a  d e s c r i p t i o n  of t h e  

I R I  (Chapter 4 ) .  (Chapter 5 con ta ins  a  summary and concluding remarks,  whi le  

r e fe rences  a r e  included i n  Chapter 6 , )  The bulk of t h e  t e c h n i c a l  informat ion 

i s  so r t ed  and presented i n  the  a t t ached  Appendices A - J. 



CHAPTER 2 

EXPERIMENT 

This chap te r  desc r ibes  t h e  phys ica l  a s p e c t s  of the  I n t e r n a t i o n a l  Road 

Roughness Experiment ( IRRE). It summarizes the  methods used t o  aqu i re  

roughness d a t a ,  t h e  ranges of road and opera t ing cond i t ions  covered i n  t h e  

IRRE, and the  t e s t i n g  procedure.  

Participants 

The experiment included t h e  p a r t i c i p a t i o n  of e l even  p ieces  of equipment, 

which a r e  separa ted  i n t o  t h r e e  c a t e g o r i e s  i n  t h i s  r e p o r t :  response-type road 

roughness measurment systems (RTRRMSs), s t a t i c  p r o f i l e  measurement, and 

dynamic p r o f i l e  measurement (prof i lomete r s  ). Appendix A provides  a t e c h n i c a l  

d i s c u s s i o n  f o r  each piece  of equipment and o f f e r s  much g r e a t e r  d e t a i l  than the  

fo l lowing overview. 

RTRBMSs. A l l  of t h e  RTRRMSs t h a t  p a r t i c i p a t e d  i n  the  I R E  c o n s i s t  of 

a v e h i c l e  equipped wi th  s p e c i a l  ins t rumenta t ion .  Although d i f f e r e n t  des igns  

a r e  employed, a l l  of the  ins t ruments  a r e  t h e o r e t i c a l l y  measuring t h e  same type 

of v e h i c l e  response:  an accumulation of t h e  r e l a t i v e  movement of the  

suspension between a x l e  and body. The measurements obtained wi th  these  

ins t ruments  a r e  i n  t h e  form of d i s c r e t e  coun t s ,  where one count corresponds t o  

a c e r t a i n  amount of cummulative d e f l e c t i o n  of the  v e h i c l e  suspension,  When 

the  h o s t  v e h i c l e  i s  a passenger c a r ,  t h e  ins t rument  i s  mounted on t h e  body, 

d i r e c t l y  above the  c e n t e r  of t h e  r e a r  ax le .  A l t e r n a t i v e l y ,  some a r e  mounted 

on the  frame of a single-wheeled t r a i l e r  t o  one s i d e  of t h e  wheel, d i r e c t l y  

above the  a x l e .  Four types  of RTRRMSs (seven t o t a l )  p a r t i c i p a t e d  i n  the  IRRE: 

1. Opala-Waysmeter Systems. Three RTRRMSs were provided and 

opera ted by t h e  B r a z i l i a n  Transpor ta t ion and Planning Company 

(GEIPOT). These cons i s t ed  of Chevrolet  Opala passenger c a r s  

equipped wi th  Maysmeters, manufactured by t h e  Rainhart  Co. of 

Aust in ,  Texas [ 1 3 ]  a s  modified by t h e  r e s e a r c h e r s  of the  



i n t e r n a t i o n a l  p r o j e c t ,  "Research on the  I n t e r r e l a t i o n s h i p s  Between 

Costs of Highway Cons t ruc t ion ,  Maintenance and U t i l i z a t i o n "  ( ICR) . 
The modi f i ca t ions  were made t o  e l imina te  the  s t r i p - c h a r t  recorder  

normally used t o  read roughness measurements, r ep lac ing  i t  with an 

e l e c t r o n i c  counter  wi th  a  d i g i t a l  d i s p l a y  [ 4 ] .  The modified meters 

produce a  d i s p l a y  f o r  every  80 meters of road t r a v e l ,  which i s  shown 

u n t i l  the  next  80 m i s  reached.  The meter can a l s o  be adjus ted  t o  

d i s p l a y  every  320 m. 

2 .  A Caravan station wagon with two roadmeters. A Bump I n t e g r a t o r  

(BI)  u n i t ,  produced and opera ted by t h e  B r i t i s h  Transport  and Road 

Research Laboratory (TRRL) [9], and a  NAASRA Roughness Meter, 

provided by the  Aus t ra l i an  Road Research Board (ARRB) [ 1 4 ] ,  were 

both i n s t a l l e d  i n  a  s i n g l e  Chevrolet  Caravan. The Caravan i s  made 

i n  B r a z i l  and comes from the  same automotive family a s  t h e  Opala 

used f o r  the  Maysmeter systems. Both meters were i n s t a l l e d  and 

opera ted by t h e  TRRL team, and a l l  measures made wi th  the  NAASRA and 

B I  u n i t s  were made simultaneously.  

3 .  Bump Tntegrator Trailer. The B I  T r a i l e r ,  produced and operated 

by TRRL, i s  a  single-wheeled t r a i l e r  equipped wi th  a  B I  u n i t  ( s e e  

Figure l a )  [9]. It i s  based on t h e  o ld  BPR Roughometer des ign 

[ 1 5 ] ,  bu t  has  undergone a  g r e a t  d e a l  of development by TRRL t o  

achieve b e t t e r  s t a n d a r d i z a t i o n  and more ruggedness. 

4.  Sailtest BPB Roughometer. A Road Roughness I n d i c a t o r ,  made by 

S o i l t e s t ,  Inc.  of Evanston, I l l i n o i s  [ I61  i s  owned by t h e  Federal  

Univers i ty  of Rio de Jane i ro  (cOPPE/UFRJ) and was operated by 

personnel from t h e  B r a z i l i a n  Road Research I n s t i t u t e  ( IPR/DNER) . 
The t r a i l e r  i s  b u i l t  t o  t h e  s p e c i f i c a t i o n s  of t h e  BPR Roughometer 

( s e e  Figure 1.b) [15] .  

Normal measurement speed f o r  t h e  two t r a i l e r s  i s  32 km/h (20 mph). A 

s tandard speed does n o t  e x i s t  f o r  car-based systems,  a l though 80 km/h (50 mph) 

i s  t h e  speed o f t e n  recommended and used.  Standard speeds i n  t h e  v e h i c l e  

opera t ing  c o s t  p a r t  of t h e  I C R  p r o j e c t  were 80 (96% of t h e  paved r o a d s ) ,  50 

(94% of t h e  unpaved r o a d s ) ,  and 20 km/h [ 4 ,  361. Standard t e s t  speeds f o r  the  



a. Bump I n t e g r a t o r  T r a i l e r  

b .  BPR Roughometer made by S o i l t e s t ,  Inc .  

F i g u r e  1. Two RTRRMSs based on t h e  BPR Roughometer d e s i g n .  



NAASRA Meter a s  used i n  A u s t r a l i a  wi th  a d i f f e r e n t  veh ic le  a r e  50 and 80 km/h. 

S t a t i c  P r o f i l e  Measurement. Two methods were used t o  o b t a i n  the  

e l e v a t i o n s  of t h e  l o n g i t u d i n a l  p r o f i l e  of each wheel t r a c k  over a t e s t  

s e c t i o n .  Each method uses  a f ixed  h o r i z o n t a l  r e fe rence  a s  a datum l i n e .  

Measures a r e  then made of t h e  d i s t a n c e  between t h i s  datum and t h e  ground a t  

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

One method i s  t h e  t r a d i t i o n a l  rod and l e v e l  su rvey ,  shown i n  Figure 2 .  

A s u r v e y o r ' s  l e v e l  provides the  datum, whi le  datum-to-ground measures a r e  made 

wi th  a marked rod. The l e v e l  has  a range of about 100 m. When i t  i s  moved t o  

a new l o c a t i o n  ( s t a t i o n ) ,  t h e  change i n  e l e v a t i o n  i s  e s t a b l i s h e d  s o  t h a t  

measures made from d i f f e r e n t  s t a t i o n s  a r e  equ iva len t .  Using a measurement 

i n t e r v a l  of 500 mm, a t r a i n e d  crew of t h r e e  can survey both  wheel t r a c k s  of 

two 320 m t e s t  s e c t i o n s  i n  an eight-hour working day (about 2500 e l e v a t i o n  

p o i n t s  f o r  t h r e e  man-days). 

The second method used i n  the  experiment i s  based on an experimental  

ins t rument  t h a t  was i n  development by TRRL, t h e  "TRRL Beam," shown i n  Figure 

3. The h o r i z o n t a l  datum i s  provided by an aluminum beam nominally t h r e e  

meters i n  l eng th .  The ground-todatum measures a r e  made wi th  an instrumented 

assembly t h a t  c o n t a c t s  t o  ground through a small  pneumatic t i r e  and can s l i d e  

along t h e  beam on p r e c i s i o n  r o l l e r s ,  To opera te  t h e  dev ice ,  the  Beam i s  

l e v e l l e d  by an adjustment a t  one end ,  and t h e  s l i d i n g  assembly i s  moved from 

one end of the  beam t o  the  o t h e r .  The moving assembly con ta ins  a 

microcomputer t h a t  d i g i t i z e s  the  measures a t  pre-se t  i n t e r v a l s  of 100 mm and 

p r i n t s  them on paper  tape .  A t r a i n e d  crew of two o r  more can survey two wheel 

t r a c k s  of a 320 m t e s t  s e c t i o n  i n  one day (about 6400 e l e v a t i o n  p o i n t s  f o r  two 

man-d ay s ) . 

Dynamic P r o f i l e  Measurement (Prof i lomete r s ) .  The two vehicle-based 

p ro f i lomete r  systems t h a t  p a r t i c i p a t e d  a r e  each designed t o  measure 

l o n g i t u d i n a l  p r o f i l e  over a s e l e c t e d  wave number range (wave number = 

l /wavelength) .  In both c a s e s ,  an i n e r t i a l  datum i s  used t h a t  i s  not  f i x e d ,  

but  i s  dynamic, providing a r e fe rence  v a l i d  only  f o r  f r equenc ies  above a 

c e r t a i n  l i m i t .  



Figure  2 .  Measurement of l o n g i t u d i n a l  p r o f i l e  by t h e  rod and l e v e l  

me t l ~ o d  . 



Figure 3 .  Measurement of l o n g i t u d i n a l  p r o f i l e  wi th  t h e  TRRL Beam. 



The f i r s t  type  of p r o f i l o m e t e r ,  made by t h e  French Bridge and Pavement 

Laboratory (LCPC), i s  c a l l e d  the  Longi tudinal  P r o f i l e  Analyzer (APL) T r a i l e r  

and shown i n  Figure 4 ,  This ins t rument  has  a  des ign t h a t  i s o l a t e s  i t s  

response s o l e l y  t o  p r o f i l e  i n p u t s .  Movements of the  towing v e h i c l e ,  app l i ed  

a t  t h e  towing h i t ch -po in t ,  do n o t  e l i c i t  any measurement. The datum c o n s i s t s  

of a  h o r i z o n t a l  pendulum t h a t  has  an i n e r t i a l  mass, a  s p r i n g ,  and a  magnetic 

damper. The response of t h e  pendulum i s  designed t o  provide a  c o r r e c t  datum 

f o r  f r equenc ies  above 0.5 Hz. The t r a i l e r  wheel a l s o  a c t s  a s  a  fo l lower  

wheel ,  and has a  response t h a t  a l lows  measurement wi th  f i d e l i t y  f o r  

f r equenc ies  up t o  20 Hz [18,  391 . The waveband (range of wavenumbers, 

wavenumber = l lwavelength)  measured by t h e  APL T r a i l e r  i s  determined by  i t s  

measurement speed,  a s  i t s  t r u e  response i s  always over the  frequency range of 

0.5 - 20 Hz. 

The APL T r a i l e r  i s  nea r ly  always used by LCPC i n  conjunct ion with one of 

two s tandard a n a l y s e s ,  c a l l e d  the  APL 25 a n a l y s i s  and t h e  APL 72 anallysis [ 10,  

1 8 ,  391.  These ana lyses  r e q u i r e  t h a t  the  t r a i l e r  be towed a t  s p e c i f i c  speeds 

(21.6 km/h f o r  t h e  APL 25 and 72 km/h f o r  the  APL 7 2 ) ,  and t h a t  the  t e s t  

s e c t i o n s  be of c e r t a i n  l eng th  ( i n t e g e r  mul t ip les  of 25 m f o r  t h e  APL 25,  and 

m u l t i p l e s  of 200 m f o r  the  APL 72).  In Belgium, APL s i g n a l s  a r e  analyzed t o  

y i e l d  a  type of numeric c a l l e d  c o e f f i c i e n t  of evenness (CP), based on a  moving 

average,  and computed f o r  s e c t i o n s  of 100 m [40].  A l l  of these  analyses  a r e  

descr ibed i n  more d e t a i l  i n  Appendix G. 

A second dynamic p ro f i lomete r  a l s o  p a r t i c i p a t e d  i n  t h e  experiment,  but  

the  r e s u l t s  have no t  been analysed.  This was a  General Motors Research (GMR) 

type of P ro f i lomete r  ( a l s o  c a l l e d  a  Surface Dynamics P r o f i l o m e t e r ) ,  

manufactured by K. J. Law, Inc. of Farmington, Michigan. The GMR-type 

Prof i lomete r  uses  an accelerometer  t o  provide  t h e  re fe rence  datum, whi le  the  

datum-to-ground measure i s  made by a  fo l lower  wheel instrumented wi th  a  

potent iometer  [ 1 7 ] .  

This p a r t i c u l a r  GMR-type Prof i lometer  was used i n  t h e  e a r l y  p o r t i o n  of 

t h e  ICR p r o j e c t  [ 4 ,  5 1 ,  but had no t  been i n  use  f o r  s e v e r a l  y e a r s  before  the  

IRRE and a s  a  r e s u l t ,  cons ide rab le  e f f o r t  was spent  prepar ing i t  f o r  the  IRRE. 

Due t o  an almost  end less  s e r i e s  of problems-most ly  r e l a t e d  t o  the  veh ic le  

p o r t i o n  of t h e  p ro f i lomete r - - i t  was a b l e  t o  o b t a i n  d a t a  on l i t t l e  more than 



a. APL Trailer 
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b.  Ine r t i a l  reference of the APL Trailer.  

Figure 4. The APL Profilometer. 



ha l f  of t h e  s e c t i o n s .  Due t o  a  number of f a c t o r s  discovered by t h e  B r a z i l i a n  

eng ineers  i n  prepara ton f o r  the  IRRE, use  of t h e  on-board d a t a  a n a l y s i s  

equipment was n o t  v a l i d  f o r  the  cond i t ions  covered i n  t h e  IRRE. It was a l s o  

found t h a t  t h e  measures made dur ing the  I C R  p r o j e c t  were not  v a l i d  

prof i le-based numerics ( s e e  Appendix E ) .  To avoid repea t ing  p a s t  mis takes ,  

process ing of t h e  d a t a  had t o  be done af terwards  i n  the  same manner a s  used 

f o r  the  APL system, even though t h i s  approach required much more t ime and a  

c e r t a i n  amount of sof tware  development, A s  o the r  sources  of p r o f i l e  d a t a  

became ava lab le  from the  TRRL Beam and t h e  APL T r a i l e r ,  t h e  importanc~e of the  

measures from t h i s  p ro f i lomete r  assumed l e s s  importance,  and the  s i g n a l  

process ing was never completed. 

Sub jec t ive  Rating Study 

After  t h e  completion of the  experiment ( f o r  t h e  RTRRMSs), a l l  t e s t  

s e c t i o n s  were evaluated by a  panel  r a t i n g  p rocess ,  documented i n  Appendix D. 

In t h i s  s t u d y ,  a  panel  of 18 persons  was d r iven  over t h e  s e c t i o n s  and asked t o  

provide  a  r a t i n g  ranging from 0 t o  5. A l l  panel  members were d r iven  i n  

Chevrolet Opalas a t  80 km/h over  t h e  paved s e c t i o n s ,  and 50 km/h over t h e  

unpaved s e c t i o n s .  

Design of Experiment 

Forty-nine ( 4 9 )  t e s t  s i t e s  were s e l e c t e d  i n  the  a r e a  around B r a s i l i a .  

Th i r t een  of t h e s e  were a s p h a l t i c  concre te  s e c t i o n s  : twelve were s e c t i o n s  with 

s u r f a c e  t r e a t m e n t ;  twelve were g r a v e l  roads ;  and t h e  remaining twelve were 

e a r t h  roads .  A l l  of the  candidate  s e c t i o n s  had been r a t e d  wi th  an 

Opala-Maysmeter RTRRMS, t o  ensure  t h a t  t h e  s e l e c t e d  s e c t i o n s  demonstrated a  

uniformly spread range of roughness. General ly ,  s i x  l e v e l s  of roughness were 

sought f o r  each s u r f a c e  type ,  wi th  two s e c t i o n s  having each l e v e l  of roughness 

a s  measured by t h e  RTRRMS. Most s e c t i o n s  were f a i r l y  homogeneous over t h e i r  

l e n g t h s ,  and a l l  were on tangent roads .  

Each s e c t i o n  was 320 meters  long ,  This l e n g t h  was s e l e c t e d  based on t h e  

fo l lowing c o n s i d e r a t i o n s :  



1 )  RTRRMSs a r e  l i m i t e d  i n  p r e c i s i o n ,  r e s u l t i n g  i n  random e r r o r  i f  the  

s e c t i o n s  a r e  too  s h o r t .  Standard t e s t  l eng ths  i n  use  throughout the  

world range from 0.16 km t o  over 3  km. A l e n g t h  of one mile (1.6 

km) i s  common i n  t h e  United S t a t e s .  

2 )  The Maysmeters used i n  Brazil can only be used on s e c t i o n s  with 

l eng ths  t h a t  a r e  i n t e g e r  m u l t i p l e s  of 80 m. 

3 )  The process  of measuring p r o f i l e  by the  rod and l e v e l  method i s  slow 

and t ed ious .  Given the  number of s e c t i o n s ,  the  a v a i l a b l e  t ime,  and 

the  a v a i l a b l e  manpower f o r  the  survey crews,  s e c t i o n s  much longer  

than 320 m were not  p o s s i b l e  i f  a l l  wheeltrack p r o f i l e s  were t o  be 

measured. 

4 )  Some of t h e  necessary  combinations of roughness, s u r f a c e  type ,  

homogeneity, geometry, t r a f f i c  d e n s i t y ,  and geographic l o c a t i o n  were 

d i f f i c u l t  t o  f i n d ,  The d i f f i c u l t y  was increased wi th  t e s t  l eng th .  

5 )  A l l  s e c t i o n s  had t o  have the  same l e n g t h  f o r  equa l  s i g n i f i c a n c e  i n  

t h e  planned analyses .  

The major disadvantage of t h e  320 m t e s t  l e n g t h  was i t s  

i n c o m p a t i b i l i t y  wi th  t h e  APL 72 requirement of a  m u l t i p l e  of 200 m 

l e n g t h ,  This i n c o m p a t i b i l i t y  was not  known by t h e  B r a z i l i a n  team a t  the  

time of s i t e  s e l e c t i o n ,  and could no t  be cor rec ted  f o r  t h e  equipment. 

For t h e  normal APL 72 measurements used by LCPC, t h e  values  of Index ( I ) ,  

energy (W), and equ iva len t  displacement (Y) were c a l c u l a t e d  f o r  a 200 m 

l eng th  completely contained w i t h i n  t h e  320 m t e s t  s i t e .  The APL 72 

measurements r o u t i n e l y  used by CRR were obta ined a s  t h e  average of t h r e e  

100 m subsec t ions  contained wi th in  the  s i t e .  For t h e  APL 25 

measurements, the  average value of t h e  12 o r  13 i n d i v i d u a l  CAPL 25 

c o e f f i c i e n t s  ( each  measured over 25 m) was repor ted .  

Measurements were made wi th  the  RTRRMSs a t  four  speeds when 

p o s s i b l e :  20 ,  3 2 ,  50 ,  and 80 km/h. The 3 2  km/h speed i s  s tandard f o r  t h e  

BPR Roughometer and the  Bump I n t e g r a t o r  from TRRL. The 80 km/h speed (50 

mph) i s  t h e  most common measurement speed f o r  RTRRMSs on highways and i s  



recommended by s e v e r a l  roadmeter manufacturers.  The o t h e r  speeds of 20 

and 50 were used a s  standard speeds i n  t h e  I C R  p r o j e c t .  The APL t r a i . l e r  

was operated a t  i t s  s tandard speeds of 21.6 and 7 2  km/h. 

The roughness went t o  s u f f i c i e n t l y  h igh l e v e l s  t h a t  h igh speed 

measurements were n o t  expected t o  be w i t h i n  the  al lowable range f o r  any 

of the  equipment on t h e  roughest  unpaved s e c t i o n s .  The opera to r s  of the  

ins t ruments  were given the  op t ion  of dec l in ing  t o  make any measurements 

t h a t  they f e l t  would e i t h e r  be i n v a l i d  or  damaging t o  the  equipment. 

Several  measurements were made wi th  t h e  RTRRMSs t o  demonstrate 

r e p e a t a b i l i t y  and a l low averaging t o  reduce some of t h e  random e r r o r  t h a t  

occurs wi th  RTRRMS measurement over s h o r t  l e n g t h s .  The RTRRl4Ss t h a t  ,were 

based on passenger c a r s  made f i v e  measurements a t  each speed when 

p o s s i b l e ,  whi le  t h e  t r a i l e r - b a s e d  systems made th ree  runs  i n  each wheel 

t r a c k  ( s i x  pe r  s i t e ) .  

Because t h e  t e s t s  conducted a t  d i f f e r e n t  speeds a l l  covered a 

s tandard d i s t a n c e ,  longer  times were needed t o  cover t h e  320 m d i s t a n c e  

a t  the  lower speeds.  Therefore ,  some random e f f e c t s  r e l a t e d  t o  time 

( r a t h e r  than d i s t a n c e )  were subjected t o  g r e a t e r  averaging a t  the  lower 

speeds. An exper imenta l  des ign i n  which both speed and s i t e  l eng th  were 

va r i ed  would have required a g r e a t  d e a l  more time and e f f o r t  t o  conduct, 

and was no t  poss ib le .  

The sequence of t e s t s  was scheduled wi th  s e v e r a l  goa l s  i n  mind. 

From a s t a t i s t i c a l  po in t  of view, i t  i s  h e l p f u l  t o  randomize the  sequence 

of each v a r i a b l e  (roughness,  s u r f a c e  type ,  speed,  ins t rument ) .  On t h e  

o t h e r  hand, any measurements t h a t  r i s k  damage t o  t h e  ins t ruments  should 

be scheduled l a s t  when a l l  of t h e  low-risk measurements have been 

completed. T r a n s i t  time t o  and from t h e  s e c t i o n s  i s  minimized by 

scheduling a l l  measures i n  one day f o r  s e c t i o n s  t h a t  a r e  near each o t h e r ,  

The a c t u a l  t e s t i n g  sequence used was a compromise of t h e  above 

cons ide ra t ions .  A l l  of t h e  paved s e c t i o n s  were t e s t e d  before  t h e  unpaved 

s e c t i o n s ,  i n  an order  d i c t a t e d  according t o  geographical  convenience. 

The paved s e c t i o n s  were not  measured i n  any p a r t i c u l a r  o rde r  i n  terms of 



t h e i r  roughness. The smooth and moderate unpaved sect ions were measured 

according t o  geographical convenience, while the very roughest were 

measured l a s t .  Because of the l o g i s t i c s  involved when a number of 

RTRRMSs a re  making measures on the same sec t ion ,  a l l  repeats  were made a t  

one t e s t  speed before continuing t o  the next speed. The sequence of 

t e s t  speeds was randomized f o r  each sect ion when possible .  However, some 

of the t e s t  s i t e s  were adjacent sect ions of road which were both tested 

i n  one pass of the RTRRMS; the same speed sequence was necessar i ly  used 

fo r  these t e s t s .  

Testing Procedure 

The experiment took place over a period of one month, beginning on 

May 24 and ending on June 18, 1982. A l l  of the vehicles underwent a 

speed ca l ibra t ion  on the f i r s t  day, based on a precis ion transducer on 

the APL T r a i l e r ,  which was i n  turn  checked by stopwatch. b r i n g  the 

following month, about 1 - 1 / 2  weeks were unscheduled, allowing make-up 

runs fo r  the equipment t ha t  had experienced problems. The research teams 

from GEIPOT, TRRL, and LCPC operated t h e i r  equipmment , while the vehicles 

were driven by employees of GEIPOT. 

The t e s t s  were performed i n  caravan fashion,  with a l l  of the 

measures being made by the RTRRMSs a t  one speed before beginning the next 

speed. The t e s t i ng  was supervised by two t e s t  s i t e  con t ro l l e r s ,  who kept 

t rack of the progress of each system. Ocassional spot checks were made 

of the t e s t  speed with stopwatches, t o  confirm t h a t  the t e s t  speeds were 

being maintained by the d r ive r s .  The APL Trai le r ,  which operated a t  

d i f f e r en t  speeds, did not follow the caravan, but made i t s  measurements 

a s  needed on the same s i t e s  a s  the others .  

The t e s t  s i t e s  were a l l  located within a 50 km radius of the garage . 

a t  GEIPOT used f o r  storage and repa i r  of equipment. The dr ive  from the 

garage t o  the t e s t  s i t e s  served as  a warm-up, t o  allow the shock absorber 

and t i r e  temperatures t o  s t a b i l i z e ,  The t e s t  s i t e s  on unpaved roads were 

located such tha t  the l a s t  10  minutes of driving t o  the s i t e s  was over 

unpaved roads ; theref ore ,  the RTRRMSs were never operated "cold" on any 

surface type. An exception to  t h i s  was the So i l t e s t  BPR Roughometer, 



which was towed only on the ac tua l  t e s t  s i t e s ,  t o  minimize the damage to  

t ha t  system tha t  seemed t o  occur on a  da i ly  basis .  

The s t a t i c  measures of p r o f i l e  were much slower than those of the 

RTRRMSs, and were made on d i f f e ren t  days. Measurements with the rod and 

leve l  were made on a l l  of the paved sect ions before the experiment, and 

repeated f o r  many of the sect ions during the experiment. When t e s t i ng  

preceeded t o  the unpaved sec t ions ,  the  rod and l eve l  measures were made 

immediately (two days or  l e s s )  before the RTRRMS t e s t s .  

The TRRL Beam did not a r r i v e  u n t i l  the end of the experiment. 

Measures made with the Beam were made a f t e r  the RTRRMS t e s t i ng  on s i t e s  

selected by the TRRL team t o  cover the  f u l l  range of surface types and 

roughness conditions.  Ten s i t e s  were completely profi led by the Beam,. 

An addi t iona l  e ight  wheel t racks were profi led on sect ions tha t  displayed 

nearly i d e n t i c a l  roughness leve ls  on the r igh t  and l e f t  wheel t racks ( a s  

measured by the B I  T ra i l e r ) .  Repeat runs with the B I  Tra i le r  on the 

sect ions t h a t  were profi led were used t o  confirm t h a t  the roads had not 

changed between the RTRRMS measures and the beam measures. (The I R E  

took place during the dry season, and as  usua l ,  there was no r a i n  during 

the months of June, Ju ly ,  and August. The unpaved roads used fo r  t e s t  

s i t e s  normally saw l i t t l e  t r a f f i c .  Marks were made t o  def ine the t e s t  

wheel t racks with paint on the paved roads, lime on the ea r th  roads, and 

with colored ribbon nai led t o  the surface of the gravel  roads. Even a t  

the end of Ju ly ,  the markers were s t i l l  i n t ac t . )  



CHAPTER 3 

A.N.ALPSIS AND FINDINGS 

Overview 

The d a t a  obtained from the  IRRE a r e  poss ibly  t h e  most comprehensive ever  

obtained i n  t h e  f i e l d  of road roughness measurement. Each RTRRMS produced 

f i v e  or  s i x  r epea t  roughness measurements f o r  each of t h e  49 t e s t  s e c t i o n s  f o r  

each of the  t h r e e  o r  four  measurement speeds. Every wheeltrack p r o f i l e  was 

measured by the  rod and l e v e l  survey method a t  l e a s t  once ,  and typica:Lly twice 

f o r  the  paved r o a d s ,  y i e l d i n g  1282 e l e v a t i o n  measurements f o r  every one of the  

140 p r o f i l e s  (70 two-track s i t e s )  obta ined.  LCPC provided p r o f i l e s  a s  

measured wi th  the  APL t r a i l e r  i n  the  APL 25 conf igura t ion  f o r  9 7  of t h e  98 

wheel t racks  (1281 numbers pe r  wheel t rack)  and 73 p r o f i l e s  obtained i n  the  APL 

72 conf igura t ion  (6401 numbers per  wheel t rack) .  The experimental  Beam from 

TRRL was used on 28 wheel t racks ,  providing 3201 measures f o r  each.  In 

a d d i t i o n ,  a l l  49 s e c t i o n s  were r a t e d  s u b j e c t i v e l y  by 18 panel  members. 

A number of computer systems were employed i n  p a r a l l e l  t o  prepare  the  

d a t a  f o r  a n a l y s i s  dur ing and immediately a f t e r  t h e  IRRE.  The rod and l e v e l  

survey measures were copied by t y p i s t s  i n t o  the  IBM 370 computer system a t  

GEIPOT. Tie RTRRMS d a t a ,  t h e  s u b j e c t i v e  r a t i n g s ,  and the  e l e v a t i o n  readings  

from t h e  TRRL Beam were a l l  typed i n t o  an Apple 11+ microcomputer, us ing 

s p e c i a l  e n t r y  and checking programs w r i t t e n  s p e c i f i c a l l y  f o r  the  p r o j e c t .  The 

analog s i g n a l s  produced by the  APL 72 system were d i g i t i z e d  f o r  p l o t t i n g  wi th  

a system based on a European ITT microcomputer, compatible with t h e  Apple IIt. 

Programs were prepared t o  s t o r e  t h e  APL d a t a  on t h e  f loppy d i s k e t t e s  used by 

the  Apple. APL 25 p r o f i l e s  were d i g i t i z e d  during measurement and s to red  on 

c a s s e t t e s ,  and l a t e r  played back i n t o  the  LCPC microcomputer f o r  copying onto 

Apple d i s k e t t e s .  

In the  months immediately fo l lowing the  I R R E ,  most of the  analyses  

descr ibed i n  t h i s  r e p o r t  were performed i n  Braz i l .  The APL numerics r o u t i n e l y  

used by LCPC were computed by t h e  LCPC team dur ing t h e  IRRE and d i s t r i b u t e d  to  

the  p a r t i c i p a n t s  t h e n ,  along wi th  samples of p r o f i l e  and roughness 



h e t e r o g e n e i t i e s  ( a s  descr ibed i n  Appendix G). The RTRRMS measures were 

e n t e r e d ,  checked, and resca led  t o  the  same u n i t s  of average r e c t i f i e d  s lope  

(ARS) : m/km ( s c a l i n g  conversions a r e  repor ted  i n  Appendix A). The p r o f i l e s  

were a l l  processed on the GEIPOT I B M  computer and two Apple computers t o  

o b t a i n  t h e  quar te r -ca r  and QI numerics (descr ibed i n  Appendices E and F). A 

number of fundamental c o r r e l a t i o n  ana lyses  were performed us ing the  Apples, 

and presented i n  a pre l iminary  ve r s ion  of t h i s  r e p o r t  dated December 1982 t h a t  

was d i s t r i b u t e d  t o  the  p a r t i c i p a n t s .  

Following t h i s  a c t i v i t y ,  analyses  were performed by TRRL i n  Great B r i t a i n  

(Appendix H )  , by LCPC i n  France, and by CRR i n  Belgium. (Resu l t s  from t h e  

LCPC and CRR ana lyses  a r e  repor ted  i n  Appendices E ,  G ,  and J . )  A meeting of 

the  IRRE p a r t i c i p a n t s  was held  i n  Washington D.C. i n  Ju ly  1983 ,. i n  which t h e  

f i n d i n g s  to-date were presented and d i scussed ,  wi th  the  goa l  of ob ta in ing  a 

consensus towards d e f i n i n g  an I n t e r n a t i o n a l  Roughness Index ( IRI ) .  A number 

of i s s u e s  were r e s o l v e d ,  but s e v e r a l  a r e a s  emerged where f u r t h e r  a n a l y s i s  was 

needed, and t h e r e f o r e ,  se lec ted  ana lyses  were performed a t  UMTRI t o  he lp  f i l l  

i n  t h e  gaps .  

The ana lyses  a r e  covered i n  d e t a i l  i n  Appendices C - J, and a r e  t h e r e f o r e  

merely summarized i n  t h i s  c h a p t e r ,  so t h a t  the  f i n d i n g s  can be more c l e a r l y  

p resen ted .  The remainder of t h i s  chap te r  begins wi th  t h e  f ind ings  about t h e  

p r o f i l e  measurement methods and the  wavenumber ( s p e c t r a l )  con ten t s  of the  

roads ,  s i n c e  these  f ind ings  he lp  t o  e x p l a i n  some of t h e  o t h e r  r e s u l t s .  The 

chapter  then proceeds by summarizing t h e  p r o f i l e  ana lyses  t h a t  were used i n  

the  IRRE, and t h e  measurement requirements needed f o r  those  ana lyses .  The 

agreement t h a t  i s  p o s s i b l e  between RTRRMS measures i s  then shown, i n  o rde r  t o  

p lace  i n  p e r s p e c t i v e  the  c o r r e l a t i o n s  between RTRWIS measures and the  

prof i le-based numerics t h a t  follow. F i n a l l y ,  the  s u b j e c t i v e  r a t i n g s  a r e  

compared t o  the  o b j e c t i v e  roughness measures t o  i n d i c a t e  which measurc, = S  a r e  

more r e l a t e d  t o  t h e  pub l i c  judgment of road roughness. 

Spectral Analyses of the Road Profiles 

Nearly a l l  of t h e  c o r r e l a t i o n s  and comparisons of roughness numerics t h a t  

fo l low a r e  in f luenced ,  i n  p a r t ,  by t h e  s p e c t r a l  content  of t h e  road p r o f i l e s .  



Therefore ,  t h e  power s p e c t r a l  d e n s i t y  (PSD) func t ion  of every p r o f i l e  obtained 

i n  t h e  IRRE was computed, and most a r e  presented i n  Appendix I. 

The PSD f u n c t i o n s  obtained by t h e  d i f f e r e n t  p r o f i l e  measurement methods 

show t h a t  the  rod and l e v e l ,  the  TRRL Beam, the  APL 25 system, and the APL 72 

system a r e  a l l  v a l i d  methods f o r  ob ta in ing  p r o f i l e  over t h e i r  des ign 

wavebands. More s p e c i f i c a l l y ,  

- The TRRL Beam measurements had t h e  h ighes t  q u a l i t y .  They were 

performed s t a t i c a l l y  and thus  were known t o  1 )  apply t o  t h e  p r e c i s e  

wheeltrack p o s i t i o n  marked on t h e  road and 2 )  inc lude  t h e  longest  

wavelengths and the  mean s lope  of the  wheeltrack.  The 100 mm saimple 

i n t e r v a l  provided t h e  wides t  waveband of any of t h e  measurements. 

- The rod and l e v e l  measurements were equ iva len t  t o  those  of the  Beam, 

but  d id  n o t  inc lude  t h e  s h o r t e s t  wavelengths because a l a r g e r  sample 

i n t e r v a l  of 500 mm was used.  Due t o  t h a t  sample i n t e r v a l  (which was 

t h e  s m a l l e s t  t h a t  could be used t o  inc lude  a l l  98  wheel t racks ,  g iven 

time and manpower c o n s t r a i n t s ) ,  t h e  p r o f i l e  measures were not  v a l i d  

f o r  a l l  of t h e  analyses  considered.  

- The APL T r a i l e r  bandwidth, measured i n  t h e  l abora to ry  t o  cover 0 .5  - 
20 H z ,  was confirmed by t h e  PSD func t ions .  PSD f u n c t i o n s  from the  

APL 72 system matched the  s t a t i c  measures f o r  wavenumbers 

(wavenumber = l /wavelength) between 0.025 and 1.0 cycle/m 

(wavelengths of 1 - 40 m), and PSD func t ions  from the  APL 25 matched 

the  s t a t i c  measures over t h e  wavenumber range:  0.08 - 1 cycle/m. 

(The sample i n t e r v a l  f o r  the  APL 25 l i m i t e d  the  upper wavenumber 

response ,  r a t h e r  than the  t r a i l e r  dynamics. ) While the  agreement 

appears e x c e l l e n t  f o r  some of t h e  wheel t racks ,  i n  o t h e r  cases  the  

APL PSDs d i f f e r  from the  s t a t i c a l l y  measured ones ,  r e f l e c t i n g  the  

a d d i t i o n a l  t e s t i n g  v a r i a b l e s  ( s t a r t i n g  p o s i t i o n  and l a t e r a l  

wheeltrack l o c a t i o n )  in t roduced when p r o f i l e s  a r e  measured a t  high 

speed. 

The PSD f u n c t i o n s  a lone (shown i n  Appendix I) a r e  not  adequate t o  

determine t h e  accuracy of each p r o f i l o m e t r i c  method ( a  more ex tens ive  PSD 



a n a l y s i s  would have been r e q u i r e d ) .  The only t r u l y  v a l i d  comparison of 

p r o f i l e  measurement methods f o r  a  p a r t i c u l a r  a n a l y s i s  a p p l i c a t i o n  i s  made by 

applying t h a t  a n a l y s i s  t o  the  d i f f e r e n t  p r o f i l e s ,  and determining whether t h e  

d i f f e r e n c e s  i n  t h e  r e s u l t i n g  numerics a r e  accep tab le .  These comparisons a r e  

made l a t e r  f o r  a  number of prof i le-based summary numerics. 

In  a d d i t i o n  t o  comparing the  p r o f i l e  measurement methods, the  PSD 

f u n c t i o n s  i n  Appendix I very c l e a r l y  show the  d i f f e r e n c e s  i n  the  four  su r face  

types  included i n  the  IRRE. Figure 5  p resen t s  normalized aggregate  PSD 

f u n c t i o n s  obta ined by g r a p h i c a l l y  over laying the  PSD func t ions  corresponding 

t o  each s u r f a c e  type.  The PSD amplitudes were a l l  normalized by one of the  

roughness s t a t i s t i c s ,  so  t h a t  t h e  p l o t s  show t h e  r e l a t i v e  d i s t r i b u t i o n  of the 

roughness over wavenumber when t h e  amplitude s c a l e  f a c t o r  i s  removed. Figure 

5 shows t h a t  t h e  d i f f e r e n t  s u r f a c e  types have c h a r a c t e r i s t i c a l l y  d i f f e r e n t  

" s i g n a t u r e s , "  r e f l e c t i n g  t h e i r  d i s t r i b u t i o n s  of roughness over wavenumber, and 

t h a t  : 

- The a s p h a l t i c  concrete  (CA) s i t e s  have p ropor t iona te ly  t h e  l e a s t  

roughness a t  high wavenumbers. 

- The s u r f a c e  t rea tment  (TS) and g r a v e l  (GR) s i t e s  show a  minimum a t  

wavenumbers nea r  0.1 (10 m wavelengths) ,  wi th  more roughness a t  

lower wavenumbers and a l s o  a t  h igher  wavenumbers. 

- The e a r t h  s i t e s  g e n e r a l l y  show t h e  h ighes t  concen t ra t ion  a t  high 

wavenurnbers. 

- Several  of t h e  s i t e s  show s t rong  p e r i o d i c i t i e s .  When " o u t l i e r s "  

occur i n  c o r r e l a t i o n  p l o t s  ( " o u t l i e r s "  a r e  d a t a  p o i n t s  t h a t  do  not  

f a l l  w i t h i n  t h e  s c a t t e r  range exh ib i t ed  by t h e  r e s t  of the  d a t a ) ,  

the  s i t e  o f t e n  has a  p e r i o d i c i t y  t h a t  causes one measuring system 

( o r  a n a l y s i s  method) t o  "tune i n "  and respond h i g h l y ,  while o t h e r  . 

systems a r e  l e s s  responsive .  Several  of t h e  s u r f a c e  t rea tment  s i t e s  

had a  p e r i o d i c  v a r i a t i o n  occurr ing every 2.0 m (wavenumber = 0.5) ,  

as  shown i n  Figure  5b. 

These " s igna tu res"  a r e  a l s o  ev iden t  from t h e  waveband analyses  used i n  





Europe by LCPC and CRR* (Appendix G . )  

Computation of Prof ile-Based hmerics 

The measured p r o f i l e s  were processed t o  o b t a i n  e i g h t  types  of simple 

summary s t a t i s t i c s .  

1. Reference Quar te r -Car  Simulation (RQCS). The concept of using a 

r e fe rence  RTRRMS has  shortcomings when appl ied  t o  a mechanical vehicle-based 

system t h a t  can be overcome by d e f i n i n g  t h e  re fe rence  a s  a mathematical 

d e s c r i p t i o n  of such a system. The mathematical  d e s c r i p t i o n  (model) i s  used t o  

process  d i r e c t  p r o f i l e  measurements t o  o b t a i n  the  summary ARS-type of 

roughness numeric. The mathematical model needs t o  be s tandardized by a 

choice  of parameter values  t h a t  desc r ibe  the  simulated v e h i c l e ,  namely: sprung 

mass, unsprung mass, suspension sp r ing  r a t e ,  t i r e  sp r ing  r a t e ,  and suspension 

l i n e a r  damping r a t e .  The model a l s o  inc ludes  a baselength  parameter f o r  a 

moving average,  corresponding t o  t h e  f i n i t e  con tac t  a r e a  between a pneumatic 

t i r e  and t h e  road.  When t h e  model i s  used wi th  a s i n g l e  wheeltrack (one 

wheel) ,  i t  has  been c a l l e d  a quar ter -car .  The model parameter values  used i n  

t h i s  p r o j e c t  were s e l e c t e d  i n  e a r l i e r  work f o r  maximum agreement wi th  RTRRMSs 

t h a t  have s t i f f  shock absorbers ,  because the  use  of s t i f f  shock absorbers  

reduces many of t h e  s e n s i t i v i t i e s  of RTRRMSs t o  f a c t o r s  o t h e r  than roughness 

and t e s t  speed [9]. To d i s t i n g u i s h  t h e  QCS implied by t h i s  s e t  of parameter 

va lues ,  i t  i s  c a l l e d  the  re fe rence  QCS (RQCS). 

The measured p r o f i l e  i s  used a s  an inpu t  t o  t h e  RQCS, and the  simulated 

motions of t h e  suspension a r e  accumulated mathemat ica l ly ,  s imulat ing an i d e a l  

roadmeter. The roughness numeric thus  obtained with t h e  RQCS i s  c a l l e d  

r e f e r e n c e  average r e c t i f i e d  s lope  (RARS), and can be repor ted  with the  same 

u n i t s  of ARS used f o r  a RTRRMS (mlkm, mmlkm, i n l m i l e ) .  

Since t h e  RARS numeric v a r i e s  wi th  s imula t ion  speed ,  t h e  s imula t ion  speed 

i s  u s u a l l y  noted a s  a s u b s c r i p t :  e . g . ,  RARS50 means t h e  s imulat ion speed was 

50 kmlh. 



The RQCS can be implemented any number of ways. Regardless of t h e  

method, f o u r  v a r i a b l e s  t h a t  d e s c r i b e  the  simulated veh ic le  must be computed. 

For analog p r o f i l e  measurements, an e l e c t r o n i c  analog of t h e  mechanical model 

has  been used i n  the  p a s t  [ 7 ,  9 ,  2 2 ,  2 4 1 .  ( D i f f e r e n t  parameter values  were 

used. )  For d i g i t a l  measures,  s e v e r a l  methods have a l s o  been used. One of 

these  i s  c a l l e d  t h e  s t a t e  t r a n s i t i o n  method and has  t h e  form: 

where Z1 . ., Z4 a r e  t h e  four  v e h i c l e  v a r i a b l e s  ( v e l o c i t i e s  and 

a c c e l e r a t i o n s  of t h e  sprung and unsprung masses) a t  t h e  p resen t  p o s i t i o n  along 

the  road x ,  and Z l l  .. . Z4' a r e  the  values  a t  the previous  p o s i t i o n :  :K - dx 

(where dx i s  the  i n t e r v a l  between e l e v a t i o n  measures). The coef f  ic ie in ts  S1 

.. . S44 and PI ... P4 a r e  cons tan t s  t h a t  can be obtained from t a b l e s  

corresponding t o  t h e  proper  combination of s imulat ion speed and measurement 

i n t e r v a l  dx. Y ' ,  t h e  i n p u t ,  i s  t h e  average p r o f i l e  s lope  over a  d i s t a n c e  of 

0.25 m ,  computed f o r  t h e  i n t e r v a l  between x-dx and x. 

The RARS numeric has s e v e r a l  simple i n t e r p r e t a t i o n s .  It i s  t h e  average 

s lope of the  p r o f i l e ,  seen through the  RQCS " f i l t e r . "  Hence i t  i s  e a s i l y  

v i s u a l i z e d  a s  a p r o f i l e  a t t r i b u t e .  A p e r f e c t l y  smooth p r o f i l e  (no v a r i a t i o n  

i n  s l o p e )  has  an  RARS value of zero.  Also,  t h e  RARS i s  l i n e a r l y  p ropor t iona l  

t o  t h e  p r o f i l e  geometry, such t h a t  the  u n i t s  of RARS a r e  determined by t h e  

s c a l i n g  of the  p r o f i l e  e l e v a t i o n .  The second i n t e r p r e t a t i o n  i s  t h a t  of a 

re fe rence  RTRRMS, where the  RARS i s  equ iva len t  t o  t h e  ARS measure obtained 

wi th  a  mechanical RTRRMS. When t h e  same u n i t s  a r e  used f o r  RARS and the  

RTRRMS measure, a p r a c t i t i o n e r  can see  whether a RTRRMS i s  more o r  l e s s  

responsive  than the  re fe rence .  (A t h i r d  i n t e r p r e t a t i o n  e x i s t s  when the  

roughness i s  expressed as  an RARV numeric,  i n  which case  t h e  RARV i s  the  

average v e r t i c a l  v e l o c i t y  "seen" by a  v e h i c l e  t r a v e r s i n g  the  road a t  the  

s imulat ion speed .) 

A more complete d e s c r i p t i o n  of t h e  RQCS and t h e  RARS numeric i s  provided 

i n  Appendix F. 



2. Half-Car Simulation (BCS). A ha l f -ca r  i s  simulated simply by 

averaging the  l e f t -  and right-hand whee l t r acks ,  po in t  by p o i n t ,  before  

process ing wi th  a  QCS. The numeric obtained wi th  a  HCS i s  n o t  the  same as  

coinputing two QCS numerics and averaging t h e  P a S  values .  This i s  because 

some of the  v a r i a t i o n s  i n  t h e  two p r o f i l e s  w i l l  cancel  when averaged :for a  

HCS, whereas they c o n t r i b u t e  f u l l y  t o  the  QCS riumerics. The QCS i s  a  c l o s e r  

s imulat ion of a  s ing le - t r ack  RTRRMS such a s  the  BPR Roughometer o r  B I  T r a i l e r ,  

whi le  t h e  HCS more c l o s e l y  matches a  two-track RTRRMS. For r e a l i s t i c  road 

i n p u t s ,  t h e  numerics computed using a  HCS w i l l  always be lower than when 

computed from two independent QCSs. 

3 .  QG. The QIr numeric was developed by B r a z i l i a n  resea rchers  

dur ing t h e  I C R  p r o j e c t  a s  a  means f o r  using rod and l e v e l  p r o f i l e s  t o  

c a l i b r a t e  RTRRMSs [ B ]  . O r i g i n a l l y ,  QI, was an es t ima te  of a  numeric obtained 

from a  p a r t i c u l a r  p iece  of hardware ( t h a t  numeric, QI, was an abbrev ia t ion  of 

Q u a r t e r  Car Index).  However, t h e  QIr numeric i s  independently - - 
def ined s t r i c t l y  by p r o f i l e  geometry, and has  been suggested a s  a  d e f i n i t i o n  

of " t r u e  roughness" f o r  c a l i b r a t i n g  RTRRMSs. The QIr numeric i s  based on the  

RMSVA summary s t a t i s t i c .  RMSVA i s  an abbrev ia t ion  f o r  root-mean-square (RMS) 

v e r t i c a l  a c c e l e r a t i o n  [ 2 5 ]  , although t h e  computation procedure t h a t  has  been 

used r e s u l t s  i n  a  numeric t h a t  has no r e l a t i o n s h i p  whatsoever with v e r t i c a l  

a c c e l e r a t i o n .  Rather ,  RMSVA i s  e q u i v a l e n t  t o  the  RMS d e v i a t i o n  a t  the  

midpoint of  a  r o l l i n g  s t r a i g h t e d g e  a s  shown i n  Appendix E (RMS mid-chord 

d e v i a t i o n ) .  The equat ion f o r  t h e  v a r i a b l e  VA i s :  

where Y(x) i s  t h e  p r o f i l e  e l e v a t i o n  a t  p o s i t i o n  x ,  and b i s  a  baselength  

parameter.  ( P h y s i c a l l y ,  the  baselength  i s  equ iva len t  t o  h a l f  t h e  chord l eng th  

of a  r o l l i n g  s t r a i g h t e d g e . )  Since RMSVA v a r i e s  wi th  b ,  t h e  baselength  should 

be s p e c i f i e d  f o r  any RMSVA numerics:  e . g . ,  RMSVAImO i n d i c a t e s  a  baselength  

of 1.0 m was used. 

To o b t a i n  the  QIr numeric,  t h e  p r o f i l e  i s  processed t o  y i e l d  two RMSVA 

values  f o r  baselengths  of 1.0 and 2 . 5  m, which a r e  then combined a s :  



The above equat ion assumes t h a t  e l e v a t i o n  i s  measured i n  mm and t h a t  b i s  

measured i n  m ,  r e s u l t i n g  i n  RMSVA numerics wi th  t h e  u n i t s :  l/m x lom3. 

Although t h e  RMSVA " f i l t e r s "  a r e  l i n e a r ,  when the  two RMS values  a r e  

combined i n  Eq. 3 ,  t h e  r e s u l t i n g  QIr numeric i s  no t  the  r e s u l t  of a l i n e a r  

transform. Note t h a t  a p e r f e c t l y  smooth p r o f i l e  would have a QIr r a t i n g  of 

-8.54, and t h a t  ca re  must be taken t o  convert  the  p r o f i l e  t o  t h e  proper u n i t s  

be fo re  applying Eq. 3.  

The QIr numeric has been used i n  r ecen t  y e a r s  a s  a RTRRMS c a l i b r a t i o n  

re fe rence  i n  B r a z i l ,  Bol iv ia  [26]  , and South Afr ica  [27] .  A very s i m i l a r  

numeric c a l l e d  M O ,  t h a t  i s  a l s o  a weighted sum of two RMSVA measures, i s  used 

a s  a c a l i b r a t i o n  re fe rence  i n  Texas [ 2 8 ] ,  

Appendix E provides more informat ion about t h e  QIr numeric,  and a l s o  t h e  

o t h e r  QI  numerics ( Q I  and QI*). 

4 .  CAPL 25. This numeric i s  obtained by towing t h e  APL T r a i l e r  a t  

21.6 km/h, and c a l c u l a t i n g  the  average abso lu te  value  of the  s i g n a l  produced 

by t h e  t r a i l e r .  The average i s  taken over s e c t i o n s  of road t h a t  a r e  25 m 

long ;  hence the  name APL 25 C o e f f i c i e n t  (CAPL 2 5 ) .  CAPL 25 can be scaled t o  

any convenient  u n i t  of d isplacement ,  such a s  mm. A p e r f e c t  road has  a CAPL 25 

value of 0 ,  and t h e  c o e f f i c i e n t  i n c r e a s e s  wi th  roughness. 

Due t o  t h e  simple na tu re  of t h e  computation,  t h e  CAPL 25 i s  def ined i n  

p a r t  by t h e  response p r o p e r t i e s  of t h e  APL T r a i l e r .  Given t h e  o b j e c t i v e s  of 

t h i s  r e p o r t  (which include c o m p a t i b i l i t y  wi th  RTRRMSs), e f f o r t s  were not  made 

t o  c h a r a c t e r i z e  the  APL T r a i l e r  response s u f f i c i e n t l y  t o  compute the  CAPL 25 

c o e f f i c i e n t s  from o t h e r  types  of p r o f i l e  (APL 7 2 ,  rod and l e v e l ) ,  a l though i t  

i s  shown i n  Appendix G t h a t  s u i t a b l e  f i l t e r i n g  of the  APL 72 s i g n a l  does 

indeed produce a "simulated" APL 25 s i g n a l .  

The CAPL 25 numeric was developed t o  check q u a l i t y  of road l a y e r s  dur ing 

c o n s t r u c t i o n ,  and t o  i s o l a t e  s h o r t  s e c t i o n s  t h a t  might r e q u i r e  f u r t h e r  work 

before  proceeding wi th  the  next  phase i n  t h e  c o n s t r u c t i o n  [ 15 ,  191 . Gompared 



with  some of t h e  o t h e r  roughness numerics, i t  i s  not  t h e  bes t  c a l i b r a t i o n  

s tandard f o r  RTRRMSs, and RTRRMSs i n  g e n e r a l  cannot be used f o r  the  

a p p l i c a t i o n s  f o r  which t h e  APL 25 measure was des igned.  Examples of the  use 

of t h e  CAPL 25 c o e f f i c i e n t s  a r e  presented i.n Appendix G ,  along wi th  a more 

complete d e s c r i p t i o n  of the  measurement methodology. 

5 .  LCPC APL 72 Waveband Analysis .  LCPC h a s  developed t h i s  a n a l y s i s  

method t o  summarize the  p resen t  cond i t ion  of roads  [17, 1 8 ,  191. The method 

i s  based on the  recording of a road p r o f i l e  a t  a speed of 72 km/h (20 m/sec). 

A t  t h i s  speed,  t h e  APL T r a i l e r  t ransduces  p r o f i l e  wavelengths from 1 - 40 m. 

The APL s i g n a l  i s  played back i n t o  t h r e e  e l e c t r o n i c  band-pass f i l t e r s ,  each of 

which i s o l a t e s  a s p e c i f i c  waveband from t h e  p r o f i l e .  The f i l t e r e d  s i g n a l s  a r e  

squared and i n t e g r a t e d  t o  ob ta in  mean-square "energy" values  (W) ca lcu la ted  

over a road l eng th  of 200 m. The mean-square va lues  can be used t o  compute 

the  "equivalent  amplitude" (Y) of a s i n e  wave wi th in  the  waveband, which i s  

repor ted  wi th  u n i t s :  mm. However, more t y p i c a l l y ,  t h e  "energy" values  (W) a r e  

used t o  a s s i g n  a r a t i n g  t o  the  road.  The r a t i n g  index ( I )  goes from 1 ( t h e  

wors t )  t o  10 ( t h e  b e s t ) ,  and was designed t o  cover t h e  range of road q u a l i t y  

seen i n  France. The r e s u l t  i s  t h a t  each 200 m s e c t i o n  of road i s  descr ibed by 

t h r e e  i n d i c e s ,  corresponding t o  the  r e l a t i v e  road q u a l i t y  f o r  s h o r t ,  medium, 

and long wavelengths. 

In normal o p e r a t i o n ,  the  p r o f i l e s  of t h e  r i g h t  and l e f t  wheeltracks a r e  

measured s imul taneously  wi th  two APL T r a i l e r s .  During t h e  IRRE, t h e  

wheel t racks  were analyzed s e p a r a t e l y  and roughness measures were repor ted  f o r  

each wheel t rack.  The i n d i c e s  ( I )  obtained i n  the  IRRE on the  unpaved roads 

were mostly 1 ,  i n d i c a t i n g  t h a t  the  roughness range covered i n  the  IRRE goes 

f a r  beyond t h e  range considered t y p i c a l  i n  France. The (W) and (Y) numerics 

a r e  more d e s c r i p t i v e  f o r  t h e  IRRE d a t a ,  s i n c e  they can i n c r e a s e  wi th  roughness 

t o  any l e v e l .  A p e r f e c t  road y i e l d s  (W) and (Y) values  of ze ro  ( f o r  a l l  t h r e e  

wavebands). The energy (W) numeric i s  p ropor t iona l  t o  the  square of p r o f i l e  

inpu t  ampl i tude,  whi le  the  equ iva len t  displacement (Y) i s  l i n e a r l y  

p r o p o r t i o n a l .  

The response p r o p e r t i e s  of the  APL T r a i l e r  should play no r o l e  i n  

determining the  numerics f o r  the  t h r e e  wavebands, because i n  a l l  t h r e e  c a s e s ,  

t h e  frequency response of t h e  APL T r a i l e r  i s  broader than t h a t  of t h e  f i l t e r s .  



Thus, t h e  same a n a l y s i s  could p o t e n t i a l l y  be appl ied  to  s i g n a l s  obtained from 

o t h e r  prof i l o m e t r i c  methods. However, s i n c e  the f i l t e r s  a r e  e l e c t r o n i c ,  

d i g i t a l  equ iva len t s  would need t o  be developed f o r  use wi th  p r o f i l e s  t h a t  

e x i s t  only i n  numerical  form, such a s  those  obtained using rod and l e v e l .  

Since t h e  CP a n a l y s i s  used by t h e  Belgian CRR (descr ibed below) i s  used f o r  

the  same purpose a s  t h e  LCPC a n a l y s e s ,  but  i s  numerical  r a t h e r  than 

e l e c t r o n i c ,  t h e  CP numerics were t e s t e d  f o r  measurement wi th  rod and l e v e l .  

Fur ther  d e t a i l s  concerning the  APL 72 a n a l y s i s  a r e  presented i n  .Appendix 

G ,  along wi th  t h e  (W), ( Y ) ,  and ( I )  va lues  obtained f o r  the  t e s t  sect: ions i n  

t h e  IRRE. 

6 .  Moving Average and CP. A moving average a n a l y s i s  of p r o f i l e  lnas 

been used by TRRL and CRR [ 19 ,  201 t o  o b t a i n  roughness numerics from p r o f i l e  

measurements. 

The c h a r a c t e r i z a t i o n  of t h e  measured p r o f i l e  used by CRR i s  obtained by 

eva lua t ing  t h e  v a r i a t i o n  of t h e  s u r f a c e  p r o f i l e  r e l a t i v e  t o  a  r e fe rence  l i n e  

obtained by smoothing the  same p r o f i l e .  The process  of applying a  moving 

average t o  the  s i g n a l  a c t s  a s  a  f i l t e r ,  a t t e n u a t i n g  s h o r t  wavelengths. For 

i t s  a p p l i c a t i o n ,  t h e  APL s i g n a l  i s  d i g i t i z e d ,  t r i g g e r i n g  on a  pulse  t r a i n  

i s sued  from t h e  measuring wheel of the  APL, The sample i n t e r v a l  of 1 / 3  m i s  

such t h a t  a l l  of t h e  informat ion contained wi th in  t h e  bandwidth of the  APL 

T r a i l e r  i s  r e t a i n e d .  ( Informat ion theory r e q u i r e s  a  sampling frequency a t  

l e a s t  equal  t o  twice  the  h igher  cut-off frequency of t h e  APL measuring 

device .  ) 

After  t h e  recorded p r o f i l e  i s  sampled and converted t o  a  s e t  of numerical  

v a l u e s ,  those  values  a r e ,  i n  t u r n ,  smoothed us ing a  moving average over an 

a r b i t r a r y  baselength .  The mean a b s o l u t e  value  of the  d i f f e r e n c e  between the  

o r i g i n a l  p r o f i l e  and the  smoothed one has been def ined a s  t h e  c o e f f i c i e n t  of 

evenness ( C P :  " c o e f f i c i e n t  de p l a n e i t e " ) .  The CP u n i t  has the  following 

dimensions : 

1 CP = m (=  lo4  mm2/km) 

Since the  mean value i s  d ivided by two, one mm of t h e  mean abso lu te  value 



i s  equa l  t o  50 CP u n i t s .  It should be noted t h a t  the  process  of summation 

involving a moving average has a value dependent on t h e  baselength  used. 

Thus, the  CP va lue  must be assoc ia ted  with the  base leng th ,  e .g. CPZe5 

impl ies  t h a t  t h e  baselength  f o r  t h e  moving average was 2.5 m .  For a g iven 

base leng th ,  t h e  roughness l e v e l  i n c r e a s e s  a s  t h e  CP i n c r e a s e s ,  wi th  a CP of 

zero  i n d i c a t i n g  a p r o f i l e  wi th  no v a r i a t i o n .  

The APL 72 p r o f i l e s  obtained i n  the  IRRE were processed a t  CRR, us ing t h e  

r o u t i n e  process ing methods t o  o b t a i n  t h r e e  CP numerics f o r  baselengths  of 2 .5 ,  

10 ,  and 40 m f o r  every 100 m of p r o f i l e .  Although t h e  ana lyses  d i f f e r  from 

those  used by LCPC, the  CP numerics f o r  these  t h r e e  baselengths  correspond 

c l o s e l y  wi th  the  LCPC numerics ( W ) ,  ( Y ) ,  and ( I )  f o r  s h o r t  wavelengths ( 2 . 5 ) ,  

medium wavelengths ( l o ) ,  and long wavelengths (40).  

Appendix G d e s c r i b e s  the  CP a n a l y s i s  i n  more d e t a i l ,  and p r e s e n t s  t h e  CP 

numerics obtained from t h e  APL 72 s i g n a l s  by CRR. A moving average a n a l y s i s  

was a l s o  performed by TRRL, us ing a v a r i e t y  of base leng ths  and sample 

i n t e r v a l s .  These r e s u l t s  a r e  presented i n  Appendix H. Appendix J p resen t s  

a d d i t i o n a l  informat ion about t h e  p r o p e r t i e s  of t h e  moving average f i l t e r ,  and 

inc ludes  numerics computed from APL 72,  Beam, and rod and l e v e l  p r o f i l e s .  

7.  RMS V e r t i c a l  Elevation (RMSVE). This numeric was t e s t e d  by TRRL, 

and corresponds approximately t o  the  a r e a  between a l o n g i t u d i n a l  p r o f i l e  and a 

datum l i n e ,  over  a s p e c i f i e d  baselength .  The a r e a  i s  computed according t o  

Simpson's r u l e .  The RMSVE numeric depends on base leng th ,  and t o  some e x t e n t ,  

on sample i n t e r v a l .  RMSW values  were computed from the  TRRL Beam p r o f i l e s  

us ing baselengths  ranging from 0.4 - 10 m ,  and sample i n t e r v a l s  ranging from 

100 mm t o  l m ,  i n  s t e p s  of 100 mm. The study using RMSVE was primari1.y f o r  

determining s e n s i t i v i t i e s  t o  baselength  and sample i n t e r v a l ,  and sugg~gsted 

t h a t  a s t a t i s t i c  c a l l e d  RMSD, descr ibed n e x t ,  might be a b e t t e r  numeric f o r  

t h e  o b j e c t i v e s  of the  IRRE. D e t a i l s  of t h e  RMSVE a n a l y s i s  and a l i s t i n g  of 

t h e  r e s u l t s  a r e  provided i n  Appendix H. 

8. RMS Deviat ion (WSD). From the  r e s u l t s  obta ined using the  Moving 

Average and t h e  RMSVE numerics,  a  s t a t i s t i c  c a l l e d  RMSD suggested i t s e l f .  

RMSD i s  computed over a baselength  by determining t h e  l i n e a r  r eg ress ion  l i n e  



where Y i s  p r o f i l e  e l e v a t i o n ,  x  i s  l o n g i t u d i n a l  d i s t a n c e ,  and A and B a r e  the  

r e g r e s s i o n  c o e f f i c i e n t s .  RMSD i s  t h e  RMS d e v i a t i o n  of the  o r i g i n a l  p r o f i l e  

e l e v a t i o n ,  r e l a t i v e  t o  the  r e g r e s s i o n  l i n e .  The RMSD numeric i s  inf luenced by 

t h e  choice of baselength  and sample i n t e r v a l ,  which were optimized by TRRL f o r  

c o r r e l a t i o n  wi th  RTRRMSs using d a t a  from the  IRRE. A 1.8 m baselengtln and 300 

mm sample i n t e r v a l  were s e l e c t e d  t o  s t andard ize  t h e  RMSD computation and 

measurement. 

The RMSD a n a l y s i s  was appl ied  using both a  moving base leng th ,  and a l s o  by 

d i v i d i n g  t h e  p r o f i l e  i n t o  s e p a r a t e  segments, equal  i n  l eng th  t o  t h e  baselength  

(1.8 m) , which were processed independently ( d i s c r e t e  base leng ths )  . When the  

moving baselength  was used,  a RMSD value  was computed f o r  every  p r o f i l e  po in t  

(except f o r  t h e  beginning and end s e c t  i o n s ) .  Resul ts  were nea r ly  i d e n t i c a l .  

The second approach i s  very we l l  s u i t e d  t o  the  TRRL Beam, s i n c e  i t  means t h a t  

a  s i n g l e  RMSD numeric can be obta ined f o r  each se tup  of t h e  Beam, and t h a t  

consecut ive  Beam p r o f i l e s  do not  have t o  be l inked f o r  computational  purposes.  

In order  t o  p resen t  the  RMSD numeric i n  t h e  ARS u n i t s  f a m i l i a r  to  u s e r s  

of RTRRMSs, t h e  displacement RMSD measures a r e  r esca led  according t o  a 

r e g r e s s i o n  equa t ion  der ived from t h e  IRRE da ta .  The B I  T r a i l e r ,  a s  i t  e x i s t e d  

dur ing the  IRRE, i s  taken a s  the  re fe rence  measure of road roughness t h a t  i s  

es t imated from RMSD. The r e g r e s s i o n  equat ion i s :  

"mm/kmft = 4 7 2  + 1437  RMSD + 225 ~ Q I S D ~  ( 4  

The RMSD numeric i s  approximately l i n e a r  wi th  p r o f i l e  ampl i tude;  however, 

the  s c a l i n g  app l i ed  by Eq. 4 d e f i n e s  a  roughness s c a l e  t h a t  v a r i e s  non l inea r ly  

wi th  p r o f i l e  amplitude. Note t h a t  a  p e r f e c t  road would have a  roughness of 

Appendix H con ta ins  t h e  d e t a i l s  of t h e  RMSD ana lyses  a p p l i e d ,  t h e  RMSD 

numerics ob ta ined ,  and the  c o r r e l a t i o n s  observed wi th  s e v e r a l  of the  RTRRMSs. 

The appendix a l s o  includes  t h e  r e s u l t s  and f i n d i n g s  from a  second experiment,  

independent of the  IRRE,  which was performed i n  1983 i n  St .  Lucia. 



Comparison and Summary of Analys is  Methods. Each of the  above e i g h t  

types  of roughness numerics computed from p r o f i l e  i s  designed t o  i s o l a t e  a  

p a r t i c u l a r  waveband of i n t e r e s t  from the  o r i g i n a l  l o n g i t u d i n a l  p r o f i l e .  The 

LCPC APL 7 2  ana lyses  do t h i s  d i r e c t l y  with s tandard e l e c t r o n i c  band-pass 

f i l t e r s ,  whi le  a l l  of t h e  o t h e r s  " f i l t e r "  t h e  p r o f i l e  s i g n a l  by s u b t r a c t i n g  

t h e  r a p i d l y  changing o r i g i n a l  p r o f i l e  from a  slowly changing datum l i n e .  (The 

RQCS a n a l y s i s  uses  a  r a p i d l y  changing datum l i n e  r a t h e r  than t h e  o r i g i n a l  

p r o f i l e .  ) 

The RMSVA " f i l t e r s , "  used i n  the  QIr a n a l y s i s ,  d e f i n e  t h e  datum l i n e  a s  

a  r o l l i n g  s t r a i g h t e d g e  t h a t  con tac t s  the  p r o f i l e  a t  two p o i n t s  on e i t h e r  s i d e  

of t h e  p resen t  p o s i t i o n ,  t o  provide  a  mid-chord d e v i a t i o n .  The moving average 

ana lyses  ( inc lud ing  CP) use  t h e  average of the  p r o f i l e  over a  c e r t a i n  

baselength  a s  the  datum. The RMSVE and RMSD ana lyses  a l s o  have a  datum 

determined a t  any p o s i t i o n  along t h e  p r o f i l e  by a  baselength ,  For these  

a n a l y s e s ,  t h e  s e l e c t i o n  of a  baselength  determines t h e  degree t o  which t h e  

datum fol lows t h e  p r o f i l e  c l o s e l y :  a  longer  baselength  impl ies  t h a t  the  datum 

fol lows t h e  p r o f i l e  l e s s ,  r e s u l t i n g  i n  l a r g e r  d e v i a t i o n s  and thus  h igher  

roughness measures. 

The datum f o r  t h e  CAPL 25 " f i l t e r "  i s  t h e  mechanical pendulum used i n  the  

APL T r a i l e r ,  and i n  t h i s  c a s e ,  the  p r o p e r t i e s  of t h e  datum a r e  determined by 

the  towing speed of t h e  t r a i l e r ,  r a t h e r  than a  geometric l e n g t h .  For t h e  RQCS 

and HCS " f i l t e r s , "  t h e  simulated a x l e  p o s i t i o n  i s  t h e  r a p i d l y  changing 

component, whi le  the  simulated body p o s i t i o n  i s  t h e  datum. In  t h i s  c a s e ,  t h e  

s e l e c t i o n  of s imula t ion  speed determines how c l o s e l y  the  datum fol lows the  

p r o f i l e  contours .  (Unlike t h e  o t h e r  a n a l y s e s ,  t h e  RQCS and HCS do not compute 

t h e  d i f f e r e n c e  between the  o r i g i n a l  p r o f i l e  and a  datum, but  use  two datum 

l i n e s  t h a t  a r e  computed--one changing r a p i d l y  and one changing slowly wi th  

p r o f i l e .  Both a r e  inf luenced s i m i l a r l y  by the  choice of s imula t ion  speed.)  

Because each a n a l y s i s  i s  inf luenced by a t  l e a s t  one choice of parameter 

value  (base leng th  or  speed) ,  and u s u a l l y  more (sample i n t e r v a l ,  v e h i c l e  model 

pa ramete r s ) ,  s p e c i f i c  s tandard values  have been determined f o r  each t,ype of 

a n a l y s i s .  (The parameter values  had been i n  use  p r l o r  t o  t h e  IRRE f o r  every 

a n a l y s i s  except  t h e  RMSD and RMSVE developed by TRRL, us ing t h e  IRRE d a t a . )  



Figure 6 compares the  s e n s i t i v i t y  of f o u r . o f  t h e  ana lyses  t o  wavenumber 

(wavenumber = l /wavelength)  f o r  a s lope  i n p u t ,  Because t h e  s p e c t r a l  con ten t s  

of t h e  four  types  of roads were shown i n  Figure 5 a s  s lope  i n p u t s ,  these  

response curves can be i n t e r p r e t e d  a s  a "weighting" t h a t  i s  appl ied  t o  t h e  

i n p u t s  shown i n  Figure 5 .  Since t h e  s lope inpu t  i s  f a i r l y  uniform over 

wavenumber, the  p l o t s  shown i n  Figure 6 i l l u s t r a t e  approximately the  

c o n t r i b u t i o n s  of d i f f e r e n t  wavenumbers t o  t h e  numerics obtained wi th  the  

d i f f e r e n t  analyses .  

The p l o t s  shown i n  Figure 6 serve  a s  a t e c h n i c a l  b a s i s  f o r  determining 

t h e  bandwidth needed i n  a p r o f i l e  measurement t o  o b t a i n  t h e  " t rue"  value of 

t h e  a s s o c i a t e d  numeric. They a l s o  h e l p  i n  i n t e r p r e t i n g  some of t h e  

c o r r e l a t i o n  r e s u l t s  presented l a t e r .  

Comparison of Profile Measurement and Analysis Methods 

For a roughness measure t o  be t r a n s p o r t a b l e ,  i t  must be measureable by 

d i f f e r e n t  p r o f i l o m e t r i c  methods. Accordingly, t h e  p r o f i l o m e t r i c  methods used 

i n  t h e  I R E  were evaluzted as  t o  t h e i r  s u i t a b i l i t y  f o r  measuring the  var ious  

prof i le-based numerics. The main advantage of a prof i le-based numeric i s  t h a t  

i t  can be measured d i r e c t l y ,  without the  need f o r  a new c o r r e l a t i o n  experiment 

every time a new p iece  of equipment i s  acquired o r  a new type of road 

cond i t ion  i s  encountered.  Therefore ,  c o r r e l a t i o n s  obta ined between numerics 

obtained from d i f f e r e n t  p r o f i l e  measures a r e  i r r e l e v a n t ,  and the  l e v e l  of 

agreement i s  determined simply by t h e  abso lu te  d i f f e r e n c e s  observed. 

The RARS ( R Q C S ) ,  QIr (RMSVA), and CP (moving average) ana lyses  were 

appl ied  t o  p r o f i l e s  obta ined by d i f f e r e n t  methods, and the  r e s u l t s  a r e  

summarized here.  

RARS. This method of p r o f i l e  a n a l y s i s  had been used mainly wi th  

GMR-type p ro f i lomete r s  i n  the  United S t a t e s  p r i o r  t o  the  IRm. For t 'hat 

a p p l i c a t i o n ,  t h e  s imula t ion  speed i s  genera l ly  80 km/h, and rough roads a r e  

not  measured. As p a r t  of the  r e s e a r c h  included i n  t h e  IRRE, t h e  procedures 
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Figure 6 .  S e n s i t i v i t y  t o  wavenumber of four  p r o f i l e  analyses .  



f o r  computing RARS were re f ined  and s i m p l i f i e d ,  and t h e  measurement 

requirements f o r  v a l i d  computation of RARS were q u a n t i f i e d .  The f ind ings  a r e  

presented i n  Appendix F, and inc lude  the  fo l lowing:  

- Sample interval. Any sample i n t e r v a l  up t o  250 mm can be used 

f o r  any s imula t ion  speed between 20 and 80 km/h. For s imulat ion 

speeds of 50 km/h and h i g h e r ,  the  sample i n t e r v a l  can be as  l a r g e  a s  

500 mm. As sample i n t e r v a l  d e c r e a s e s ,  s l i g h t l y  b e t t e r  accuracy i s  

ob ta ined ,  and the  chances of e r r o r  due t o  missing roughness i n  the 

measurement a r e  reduced. Figure 7a shows a  sample of t h e  

r e p e a t a b i l i t y  obtained using two s t a t i c  p r o f i l e  measurement methods, 

which a l s o  involved d i f f e r e n t  sample i n t e r v a l s  (100 mm f o r  the  TIXRL 

Beam and 500 mm f o r  the  rod and l e v e l  ). 

- Waveband of measurement. The waveband required f o r  RARSSO 

numeric i s  shown i n  Figure 6 ,  whi le  the  wavebands needed f o r  o t h e r  

s imulat ion speeds a r e  shown i n  Fig.  F.2 i n  Appendix F. The RARS 

numeric can be computed d i r e c t l y  from t h e  APL s i g n a l ,  us ing t h e  same 

procedure a s  used f o r  the  s t a t i c  measurements. It i s  e s s e n t i a l  t h a t  

the towing speed of the  APL T r a i l e r  be chosen t o  approximately match 

the  s imula t ion  speed of t h e  RQCS, al though some d i f f e r e n c e  i s  

a l lowable  because t h e  APL T r a i l e r  has  a  wider bandwidth than the  

RQCS " f i l t e r  ." For a  simulated speed of 20 km/h, t h e  APL 25 s i g n a l s  

could be used,  while f o r  the  h igher  speeds of 32,  50,  and 80 km/h, 

t h e  APL 72 s i g n a l s  could be used.  Figure 7b compares t h e  measure of 

RARSSO obtained s t a t i c a l l y  (averages  of the  numerics obtained wi th  

rod and l e v e l  and TRRL Beam) and wi th  the  APL 72 p r o f i l e  s i g n a l .  

Although t h e r e  i s  more s c a t t e r  than when two s t a t i c  measures a r e  

compared, t h e r e  i s  n e g l i g i b l e  b i a s  e r r o r .  

- Precision of measurement. A s tudy was performed us ing t h e  

p r o f i l e s  measured with t h e  TRRL Beam. The p r o f i l e s ,  measured wi th  a  

p r e c i s i o n  of 1.0 mm, were rounded off  on the  computer t o  determine 

the  e f f e c t  of a  l e s s  p r e c i s e  measurement. It was found t h a t  t h e  

p r e c i s i o n  needed was d i r e c t l y  p ropor t iona l  t o  roughness,  wi th  l e s s  

p r e c i s i o n  needed on rougher roads.  To o b t a i n  t h e  same accuracy i n  

the  RARS numerics on a l l  of the  roads ,  the  r a t h e r  coa rse  r e s o l u t i o n  



RARS, from TRRL Beam 

a .  Two s t a t i c  measures of RARS50 

RARSsfrom Static Measures 

b. S t a t i c  and dynamic measures of RARSSO 

QI, f rom Static Meosures CPZe5 from TRRL Beam 

'* Static and measures of QI, d ,  S t a t i c  and dynamic measures of C P y 5  

Figure 7 .  Comparison of roughness measures from d i f f e r e n t  p r o f i l o m e t r i c  

methods. 



of 15 mm would have been adequate on t h e  roughest  s i t e s .  For 

n e g l i g i b l e  e r r o r ,  a p r e c i s i o n  of 0.5 mm should probably have been 

used on t h e  t h r e e  smoothest s i t e s ;  a p r e c i s i o n  of 1.0 mm i s  

recommended f o r  a l l  but  the  roughest  paved roads ;  a p r e c i s i o n  of 2.0 

min i s  adequate f o r  a l l  of t h e  unpaved roads ;  and a p r e c i s i o n  of 5.0 

mm i s  adequate f o r  the  rougher unpaved roads.  

QI,. The QIr numeric had been used only wi th  t h e  rod and l e v e l  

method p r i o r  t o  the  IRRE. In i t s  development, t h e  RMSVA numerics were 

c0mpare.d f o r  rod and l e v e l  and a GMR-type p ro f i lomete r ,  and found t o  d i f f e r ;  

hence,  the  Q I r  a n a l y s i s  was recommended only f o r  t h e  s t a t i c  measurement 

methods. All of the  p r o f i l e  measurements were processed t o  y i e l d  QIr 

numerics,  and c e r t a i n  measurement requirements were a l s o  i n v e s t i g a t e d .  The 

f i n d i n g s  a r e  repor ted  i n  d e t a i l  i n  Appendix E ,  and inc lude  t h e  fo l lowing:  

- Sample i n t e r v a l .  The RMSVA numeric r e q u i r e s  t h a t  the  sample 

i n t e r v a l  d i v i d e  evenly i n t o  t h e  baselength .  Because QIr uses  

baselengths  of 1 .0  and 2.5 m, any sample i n t e r v a l  t h a t  d i v i d e s  

evenly i n t o  500 mm can be used f o r  the  computation, such a s  500, 

250, 100, 50 mm. For o t h e r  i n t e r v a l s ,  such a s  300 mm o r  1 /3  m ,  the  

RMSVA numerics cannot be computed d i r e c t l y .  Comparisons of QIr 

obta ined from repeated rod and l e v e l  p r o f i l e  measures and wi th  t h e  

TRRL Beam showed the  same degree of agreement a s  wi th  the RARS 

numerics,  shown i n  Figure 7a. 

- Waveband of measurement. The waveband required f o r  QIr i s  

shown approximately i n  Figure 6 (an exact  wavenumber s e n s i t i v i t y  

curve does not  e x i s t  f o r  non-sinusoidal  i n p u t s  ).  Although most of 

the  Q I r  numeric d e r i v e s  from wavenumbers between .1 and .7 cycle/m 

(wavelengths from 1.4 - 10 m), t h e  numeric a l s o  inc ludes  the  e f f e c t s  

of wavenumbers ly ing  o u t s i d e  of t h a t  range. When the  QIr a n a l y s i s  

i s  app l i ed  t o  the  APL 25 and APL 7 2  p r o f i l e s ,  t h e  numerics obtained 

a r e  too low because t h e  s i g n a l  from the  APL T r a i l e r  does not  inc lude  

a l l  of t h e  wavenumbers t h a t  the  s t a t i c  p r o f i l e s  c o n t a i n .  Figure 7c 

shows t h a t  f o r  t h e  APL 72, t h e  e f f e c t  i s  n o t i c e a b l e  mainly on 

unpaved roads ,  where t h e  s i g n i f i c a n t  presence of h igh wavenumbers 

(wavelengths s h o r t e r  than 1 m) i s  included i n  the  s t a t i c a l l y  



measured p r o f i l e s  but no t  t h e  APL 7 2  s i g n a l .  Measures of QIr with  

t h e  APL 25 show much g r e a t e r  e r r o r .  

LCPC has  der ived a l t e r n a t e  r e g r e s s i o n  equa t ions  f o r  e s t ima t ing  

Q Z r ,  us ing the  APL measures of RMSVA obtained i n  the  IRRE. These 

d a t a ,  presented i n  Appendix E ,  show t h a t  the  APL T r a i l e r  can be used 

t o  es t ima te  QIr , and a l s o  show t h e  methods t h a t  a r e  needed i n  

adopt ing t h e  QI, a n a l y s i s  t o  a  dynamic p ro f i lomete r .  In o rde r  t o  

use t h e  QIr computation wi th  band-limited p r o f i l o m e t e r s ,  a  

c o r r e l a t i o n  experiment must be performed f o r  every new prof i lometer  

type and poss ib ly  road type.  This i s  because the  c o r r e l a t i o n s  a r e  

inf luenced by the  wavenumber content  of measured p r o f i l e ,  which i n  

t u r n  i s  t h e  r e s u l t  of both t h e  road su r face  type and the  

prof i lomete r  c h a r a c t e r i s  t i c s .  

- Precision of measurement. The s tudy of required p r o f i l e  

p r e c i s i o n  t h a t  was desc r ibed  above f o r  the  RARS computation was a l s o  

performed f o r  t h e  QIr computation, wi th  nea r ly  i d e n t i c a l  r e s u l t s .  

The p r e c i s i o n  needed f o r  v a l i d  measurement of QIr i s  p ropor t iona l  

t o  the  roughness (QI,), and i s  almost  e x a c t l y  the  same a s  t h e  

p r e c i s i o n  needed f o r  t h e  RARS computation. 

Moving Average. The CP numeric used by CRR i s  obta ined wi th  a  moving 

average,  and a l l  of the  ana lyses  app l i ed  by TRRL (moving average,  RMSVE, and 

RMSD) a r e  s i m i l a r  t o  a  moving average. Since t h e  numerics a r e  a l l  computed 

us ing numerical  methods, they could be appl ied  t o  a l l  of t h e  p r o f i l e s  obtained 

i n  t h e  IRRE, Analyses of the  mathematical p r o p e r t i e s  of the  moving average,  

and comparisons of numerics computed from the  APL 7 2  and s t a t i c a l l y  measured 

p r o f i l e s  r e s u l t e d  i n  t h e  f i n d i n g s  repor ted  i n  Appendix J ,  which include the  

following : 

- Sample interval. A t r u e  moving average i s  c l o s e l y  approximated 

i f  t h e  baselength  inc ludes  many p r o f i l e  po in t s .  When the  sample 

i n t e r v a l  i s  changed such t h a t  t h e  number of p o i n t s  w i t h i n  a  

baselength  goes from 20 t o  100, no e f f e c t  i s  seen on t h e  output .  

However, when t h e  r a t i o  between sample i n t e r v a l  and baselength  i s  

such t h a t  only a  few p o i n t s  a r e  included i n  the  average,  then the  



a n a l y s i s  i s  no longer  a  t r u e  moving average,  and t h e  sample i n t e r v a l  

in f luences  t h e  r e s u l t s .  This i s  demonstrated both t h e o r e t i c a l l y  

(Appendix J) and exper imenta l ly  (Appendix H). The RMSD numeric 'has 

an assoc ia ted  baselength  of 1.8 m and a sample i n t e r v a l  of 300 mm. 

This  sample i n t e r v a l  must be used:  a  l a r g e r  i n t e r v a l  w i l l  r e s u l t  i n  

lower numerics and a  smal ler  i n t e r v a l  w i l l  r e s u l t  i n  h igher  

numerics. The CPIO numeric can be obtained us ing a  500 mm 

i n t e r v a l ,  but the  CP2.5 numeric r e q u i r e s  a  s h o r t e r  i n t e r v a l .  

Figure 7d shows t h e  agreement between t h e  CP2,5 numeric computed 

from APL 7 2  and TRRL Bean p r o f i l e s .  (Values computed from rod and 

l e v e l ,  wi th  a  sample i n t e r v a l  of 500 mm,  were lower than t h e  

o t h e r s . )  Comparisons f o r  i n t e r v a l s  of 333 mn,  100 mm, and 50 mm 

showed c l o s e  agreement. 

- Waveband of measurement. The wavenumber s e n s i t i v i t y  p l o t s  shown 

i n  Figure 6 correspond t o  the  CP2,5 numeric computed from the  AP'L 

72 s i g n a l s  and (approximately) t o  the  RMSD numeric computed from the  

TRRL Beam p r o f i l e s .  For longer  base leng ths ,  the  p l o t s  have the  same 

shape,  but  would be s h i f t e d  t o  the  l e f t  i n  propor t ion t o  t h e  r a t i o  

of baselengths .  For example t h e  p l o t  shown f o r  a  baselength  of 2.5 

m has  a  peak a t  0.4 cycle/m (2.5 wavelength). For a  baselength  o f  

10 m ,  t he  peak would occur a t  0.1 cycle/m (10 m wavelength) 

Numerics obtained from t h e  APL 72 and the  s t a t i c  p r o f i l e  

measurements were i n  agreement f o r  base leng ths  of 2.5 and 10 m ( t h e  

comparisons of CPIO included some o u t l i e r s ,  which were explained 

on t h e  b a s i s  of d i f f e r e n c e s  i n  wheeltrack p r o p e r t i e s  observed i n  

Appendix I) .  For a  baselength  of 40 m ,  t h e  APL 72 numerics were 

lower because the  moving average a n a l y s i s  i s  inf luenced by long 

wavelengths not  transduced by t h e  APL T r a i l e r  a t  72 km/h, but  which 

appear i n  s t a t i c a l l y  obta ined p r o f i l e s .  To o b t a i n  a match between 

t h e  CP40 numerics obtained f o r  APL and rod and l e v e l ,  the  a n a l y s i s  

f o r  rod and l e v e l  would need t o  account f o r  t h e  long wavelength 

response p r o p e r t i e s  of t h e  APL T r a i l e r .  



C o r r e l a t i o n s  Among Profile-Based Numerics 

It was no t i ced  t h a t  s e v e r a l  of t h e  prof i le-based numerics were h igh ly  

c o r r e l a t e d ,  a s  might be expected s ince  they inc lude  wavebands t h a t  over lap .  

The c l o s e s t  agreement was between the  ha l f -ca r  s imula t ion  (HCS) and t h e  RQCS. 

(The analyses  d i f f e r  only i n  t h e  order  i n  which t h e  two wheel t racks  a r e  

combined. In t h e  H C S ,  t h e  p r o f i l e s  a r e  averaged and then f i l t e r e d ;  i n  the  

QCS,  t h e  p r o f i l e s  a r e  processed s e p a r a t e l y  and the  RARS numerics a r e  

averaged.)  For the  roads included i n  t h e  IRRE, the  HCS numeric f o r  any s i t e  

was approximately 0.76 times the  average of t h e  two QCS numerics. Th:is 

r e l a t i o n s h i p  shoald no t  be assumed t o  be u n i v e r s a l l y  v a l i d  f o r  a r b i t r a r y  road 

i n p u t s .  For example, i f  one wheeltrack i s  p e r f e c t l y  smooth, then the  HCS 

numeric must equal  the  average of t h e  two QCS numerics. (The r a t i o  would be 

1.0 i n s t e a d  of 0.76.) Since the  two analyses  gave what were e s s e n t i a l l y  

redundant measures, d i f f e r i n g  by a  s c a l e  f a c t o r  of 0.76,  only the  the  RQCS 

numerics a r e  d i scussed  i n  any d e t a i l  i n  t h i s  r e p o r t .  (HCS numerics a r e  

presented i n  Appendix F.) 

The moving average and the  RQCS a r e  both  ana lyses  t h a t  have simple 

geometric i n t e r p r e t a t i o n s :  t h e  RARS from the  RQCS i s  the  average s lope  of the  

p r o f i l e  a s  "seen" by the  simulated v e h i c l e ,  whi le  the  moving average numeric 

(CP) i s  based on a  simple smoothing method. Both of these  numerics can be 

measured wi th  a  v a r i e t y  of methods, inc lud ing  t h e  APL T r a i l e r ,  rod and l e v e l ,  

and the  TRRL Beam. On the  o t h e r  hand, QIr cannot be measured d i r e c t l y  wi th  

t h e  APL T r a i l e r ,  and the  "standard" RMSD r e q u i r e s  a  sample i n t e r v a l  of 300 mm. 

(The RMSD a n a l y s i s  was not  t e s t e d  wi th  the  APL s i g n a l s . )  P r a c t i t i o n e r s  who 

cannot measure t h e s e  numerics d i r e c t l y  might e s t i m a t e  them from o t h e r  

profi le-based numerics t h a t  they can measure, i f  t h e r e  i s  s u f f i c i e n t  

c o r r e l a t i o n .  

QT. CRR and LCPC have shown t h a t  the  QI, numeric i s  s t rong ly  

c o r r e l a t e d  wi th  t h e  CP2,5 numeric r o u t i n e l y  used by CRR. An even s t r o n g e r  

c o r r e l a t i o n  was noted between t h e  QI, and RARS80 numerics. These 

r e l a t i o n s h i p s  a r e  shown i n  Figure 8 .  Note t h a t  t h e  r e l a t i o n s h i p  between QIr 

and RARSaO i s  n e a r l y  p e r f e c t  on the  paved roads ,  d i f f e r i n g  only f o r  a  few of 

t h e  su r face  t rea tment  s i t e s .  The main d i f f e r e n c e  i s  t h a t  t h e  RARSSO 



b. QI, and CP2.5 
a.  QIr and RARSsO 

RMSD - mm 

c. RMSD and RARS50 d.  RARS50 and the TRRL reference "mm/kml' 

(BI Tra i l e r )  

Figure 8. Example cor re la t ions  between prof ile-based roughness numerics 



numerics can be obtained d i r e c t l y  wi th  a p ro f i lomete r  and a r b i t r a r y  sample 

i n t e r v a l  between 0 and 500 mm. ( A  sample i n t e r v a l  up t o  700 mm was v a l i d  f o r  

t h e  p r o f i l e s  obtained i n  t h e  IRRE.) The RARSaO numeric can be sca led  t o  

approximate t h e  QIr roughness s c a l e  : 

where Q C I  has  t h e  same "counts/km" u n i t s  a s  QI, and RARSBO has u n i t s  mlkm. 

This f i n d i n g  about t h e  c l o s e  agreement between t h e  QIr and RARSBO 

numerics he lps  r e t u r n  the  QI roughness s c a l e  t o  i t s  o r i g i n s  a s  t h e  

Quarter-Car Index. Since the  QI* roughness s c a l e  used i n  the  I C R  - - 
p r o j e c t  was intended t o  r e s c a l e  RTRRMS measures made a t  80 km/h, the  c l o s e  

r e l a t i o n s h i p  t o  a simulated RTRRMS running a t  t h a t  speed i n d i c a t e s  t h a t  t h e  

phys ica l  i n t e r p r e t a t i o n  of the  QI s c a l e  i s  not  a f f e c t e d  i f  i t  i s  defined by 

the  RQCS. Also,  s i n c e  the  RQCS has  phys ica l  u n i t s  (m/km r a t h e r  than 

counts/km),  i t  i s  e a s i e r  t o  g rasp  t h e  r e l a t i o n s h i p  between phys ica l  RTRRMS 

measures and the  re fe rence .  

The RARS computation i s  more complex than t h e  RMSVA computation (compare 

Eqs. 1 - 3 ) ,  but not  so much so t h a t  any r e a l  pena l ty  i s  involved.  Both the  

RMSVA and RARS computation r e q u i r e  s e v e r a l  l i n e s  of coding i n  a computer 

program, and can be implemented on most microcomputers. (Many of the QI, and 

RARS numerics computed i n  the  IRRE were computed on an Apple I I +  using 

programs w r i t t e n  i n  BASIC.) On t h e  o t h e r  hand, a g r e a t  b e n e f i t  i s  r e a l i z e d  by 

being a b l e  t o  use the  same equa t ions  f o r  computing t h e  roughness numeric, 

r e g a r d l e s s  of whether t h e  p r o f i l e  was measured s t a t i c a l l y  o r  dynamically. 

BPISD and "mma/km." The RMSD numeric i s  designed f o r  a s t a t i c a l l y  

measured p r o f i l e ,  sampled a t  300 mm i n t e r v a l s ,  and has  not  been t e s t e d  f o r  rod 

and l e v e l  o r  APL p r o f i l e s .  By us ing an a n a l y s i s  t h a t  works f o r  d i s c r e t e  

segments of p r o f i l e  a s  we l l  a s  t h e  e n t i r e  p r o f i l e ,  the  roughness measure 

obtained using RMSD i s  very w e l l  s u i t e d  t o  the  TRRL Beam. However, t h i s  

advantage d i sappears  when an a l t e r n a t e  p r o f i l o m e t r i c  method i s  used. The 

requirement of a s tandard sample i n t e r v a l  a l s o  hampers t h e  f l e x i b i l i t y  

normally assoc ia ted  wi th  p r o f i l e  measurement. 



Figure 8c shows t h a t  t h e  RMSD and RARS50 numerics a r e  h igh ly  

c o r r e l a t e d ,  and t h a t  the  U R S 5 O  numeric could be used t o  es t ima te  WE'D. CP 

could a l s o  be used as an e s t i m a t o r ,  but  the  c o r r e l a t i o n  i s  not  q u i t e  as  high.  

But s i n c e  the  RMSD numerics a r e  converted t o  an ARS-type measure 

according t o  E q .  4 ,  a  more d i r e c t  equivalence  can be obtained by comparing the  

RARSSO numerics t o  the  measures obtained from the  B I  T r a i l e r  i n  t h e  IRRE, 

which were used t o  d e f i n e  t h e  re fe rence  "mm/km." This r e fe rence  can a l s o  be 

es t imated from URS5(),  using t h e  equat ion:  

A s t rong  c o r r e l a t i o n  a l s o  e x i s t s  f o r  the  CP2,5 numeric computed from 

the  D L  7 2  p r o f i l e s  by CRR, al though i t  i s  no t  a s  h igh a s  the c o r r e l a t i o n s  

shown i n  Figure 8 .  (A c o r r e l a t i o n  p l o t  between the  B I  T r a i l e r  and CP2.5 i s  

shown i n  Appendix G. ) While the  RARSS0 numeric i s  not a s  convenient t o  

compute when t h e  p r o f i l e  i s  measured i n  s h o r t  segments with t h e  TRRL Beam, i t  

has an advantage because i t  can be obtained wi th  a  wider v a r i e t y  of 

p r o f i l o m e t r i c  methods. Also, the  r e l a t i o n s h i p  shown between B I  T r a i l e r  

ARS32 and RARSSO may be more r e p r e s e n t a t i v e ,  because i t  i s  based on 

measures from a l l  98 of the  wheeltracks included i n  the  I R E ,  r a t h e r  than the  

28 measured with t h e  Beam. 

RARS. The high c o r r e l a t i o n s  between RARS and some of t h e  o t h e r  

numerics mean t h a t  RARS can be est imated from o t h e r  prof i le-based numerics, 

such as RMSVA, C P ,  and RMSD. Since RARS can be measured d i r e c t l y  with any of 

t h e  p r o f i l o m e t r i c  methods included i n  the  IRRE,  t h e r e  i s  l i t t l e  reason t o  

es t ima te  a  q u a n t i t y  by c o r r e l a t i o n  when i t  can be measured d i r e c t l y .  One 

except ion t o  t h i s  i s  when t h e  TRRL Beam i s  used t o  measure RMSD over s e c t i o n s  

of p r o f i l e  1.8 m long. In  t h i s  c a s e ,  computation of RMSD using the  

microcomputer of the  Beam i s  much simpler than computation of RARS using the  

e n t i r e  p r o f i l e .  The approximate equivalence between RMSD and RARSSO shown 

i n  Figure 8c i n d i c a t e s  t h a t  t h e  RMSD measures could be resca led  t o  the  RARS 

re fe rence  a s  we l l  a s  t h e  B I  T r a i l e r  r e f e r e n c e ,  using t h e  equat ion:  

CARS50 = - . 7 6  + 3.06 RMSD + .0028 RMsD' ( 7  



where CARS i s  a  " c a l i b r a t e d  ARS" measure having the  sane numerical  

i n t e r p r e t a t i o n  a s  RARS, but  which i s  no t  a  d i r e c t  measure of MRS. The main 

advantage f o r  using t h e  RARS a s  a  r e f e r e n c e  r a t h e r  than  the  B I  T r a i l e r  a s  i t  

e x i s t e d  during t h e  IRRE i s  t h a t  the  RARS re fe rence  i s  a v a i l a b l e  f o r  f u t u r e  

d e r i v a t i o n s ,  whereas the  p r o p e r t i e s  of t h e  B I  T r a i l e r  a r e  known t o  change wi th  

time. 

C o r r e l a t i o n  of RTRRHS Numerics 

Regardless of the  choice of a  r e fe rence  c a l i b r a t i o n  s t a n d a r d ,  measures 

obtained wi th  a RTRRlY1S a r e  l i m i t e d  t o  t h e  q u a l i t y  of t h e  o r i g i n a l  ARS measure. 

Day-to-day changes i n  the  p r o p e r t i e s  of a  RTRRMS, e r r o r s  i n  using t h e  

ins t ruments ,  and t h e  normal random e r r o r  of measurement cannot be reduced 

simply by r e s c a l i n g  the  ARS measures according t o  a  c a l i b r a t i o n  equat ion.  

These f a c t o r s  cause v a r i a t i o n s  i n  use  t h a t  reduce the  r e p e a t a b i l i t y  of t h e  

RTRRMS. The v a r i a t i o n s  can be reduced through c a r e f u l  maintenance t o  c o n t r o l  

the  v a r i a b l e s  t h a t  i n f l u e n c e  the measurement [ 9 ] ,  and by s tandardized 

measurement procedures ,  such a s  those  used i n  t h e  I C R  p r o j e c t s  [ 7 ] .  

Assuming t h a t  good p r a c t i c e s  a r e  used t o  ensure t h a t  day-to-day measures 

made wi th  a  RTRRMS a r e  r e p e a t a b l e ,  t h e  f i n a l  "ca l ib ra ted"  RTRRMS measures may 

s t i l l  have only l i m i t e d  equivalence  i f  t h e  d i f f e r e n t  RTRRMSs a r e  producing raw 

measures t h a t  a r e  l a r g e l y  u n r e l a t e d ,  No t r ans fo rmat ion  w i l l  make the  measures 

compatible i f  d i f f e r e n t  systems rank t h e  same s e t  of roads i n  d i s s i m i l a r  o rde r  

by roughness. A c a l i b r a t i o n  can e l i m i n a t e  average d i f f e r e n c e s  t h a t  occur over 

an aggregate  of c o n d i t i o n s ,  but  cannot ensure  t h a t  a s p e c i f i c  measure obtained 

by one c a l i b r a t e d  RTRRMS i s  reproducible  wi th  another .  Since t h e  equivalence  

between measures based on independently c a l i b r a t e d  RTRRMSs i s  n e c e s s a r i l y  

"second b e s t "  t o  a  d i r e c t  side-by-side c o r r e l a t i o n  of t h e  RTRRMSs, the  d a t a  

c o l l e c t e d  i n  t h e  IRRE can be examined t o  determine t h e  degree of 

r e p r o d u c i b i l i t y  t h a t  i s  p o s s i b l e  between d i f f e r e n t  RTRRMSs. 

Appendix B con ta ins  a l l  of t h e  d a t a  from the  RTRRMSs, and a l s o  p resen t s  

t h e  summary r e s u l t s  obtained by averaging repea t  runs .  Appendix C r e p o r t s  the  

r e s u l t s  of a  c o r r e l a t i o n  e x e r c i s e ,  i n  which the  measures of each RTRRMS were 

regressed a g a i n s t  those  of every o t h e r ,  f o r  each of t h e  40 p o s s i b l e  



combinations of speed and su r face  type t h a t  e x i s t  when both  ins t ruments  a re  

operated a t  a l l  f o u r  of the  t e s t  speeds. The major f i n d i n g s  of these  

Appendices a r e  presented below. 

Repeatability. The r e p e a t a b i l i t y  e r r o r  i s  n e i t h e r  cons tan t  f o r  a l l  

roughness l e v e l s ,  nor  p ropor t iona l  t o  roughness,  but  something i n  between. By 

and l a r g e ,  t h e  r e p e a t a b i l i t y  of the  ins t ruments  i n  t h e  IRRE was b e t t e r  than 5% 

(s tandard d e v i a t i o n  of repeated ARS measurements divided by the  mean v a l u e ) ,  

and a  r e p e a t a b i l i t y  of 3% i s  f a i r l y  t y p i c a l .  The measurement speed d i d  not  

seem t o  be a  f a c t o r ,  i n d i c a t i n g  t h a t  r e p e a t a b i l i t y  f o r  a  p a r t i c u l a r  RTRRMS i s  

only a  func t ion  of s e c t i o n  l eng th .  Although the  e f f e c t  of s i t e  l eng th  cannot 

be shown from the  IRRE d a t a ,  random s i g n a l  theory i n d i c a t e s  t h a t  random e r r o r  

can be reduced by e i t h e r  repeated measurements (ensemble averaging)  o r  by 

us ing longer  s i t e s  (averaging over l e n g t h )  f o r  p r o f i l e s  t h a t  q u a l i f y  a s  

s t a t i s t i c a l l y  s t a t i o n a r y ,  (A p r o f i l e  i s  s t a t i o n a r y  i f  i t  has  a  r e l a t i v e l y  

uniform roughness over the  e n t i r e  l e n g t h . )  In e i t h e r  c a s e ,  t h e  e r r o r  i n  t h e  

mean measurement i s  i n v e r s e l y  p ropor t iona l  t o  the  square  r o o t  of t h e  t o t a l  

l eng th .  Thus, t h e  r e p e a t a b i l i t y  should be improved by using longer  s e c t i o n s .  

For s i t e s  t h a t  a r e  four  times longer  than those  used i n  t h e  IRRE, the  random 

e r r o r  should be reduced by h a l f .  

Choice of roadmeter. One of t h e  RTRRMS v e h i c l e s  was equipped with 

two roadmeters,  one a  B I  u n i t  and one a  NAASM u n i t .  When t h e  readings  ( i n  

coun t s )  were scaled t o  t h e  same u n i t s  of ARS (m/km), t h e  measures were 

v i r t u a l l y  in terchangeable .  (The B I  numerics were h igher  by a  cons tan t  but  

very smal l  amount, which i s  an e f f e c t  caused by two meters having d i f f e r e n t  

amounts of h y s t e r e s i s . )  For a l l  p r a c t i c a l  purposes ,  t h e  readings  obtained 

from t h e  B I  and NAASRA u n i t s  a r e  redundant measures of t h e  ARS of the  Caravan 

veh ic le .  Because d i f f e r e n t  roadmeters use  d i f f e r e n t  u n i t s  f o r  t h e i r  d i s p l a y s  

( i n c h e s ,  mm, c o u n t s ) ,  and a l s o  because the  manufacturers recommend d i f f e r e n t  

measurement p r a c t i c e s ,  t h e r e  i s  o f t e n  a  tendency t o  assume t h a t  the  same brand 

of roadmeter ins t rument  must be used i n  a l l  v e h i c l e s  f o r  good agreement. Yet 

t h e  t h e o r e t i c a l  understanding and t h e  p r a c t i c a l  evidence obta ined i n  r ecen t  

yea r s  show t h a t  t h e  choice  of roadmeter ins t rument  i s  no t  of primary 

importance. Ins tead ,  the  c r i t i c a l  f a c t o r  i s  t h e  methodology adopted t o  o b t a i n  

and analyze  t h e  roughness d a t a .  It has  even been shown ( p r i o r  t o  the  IRRE) 

t h a t  PCA meters can be used t o  measure ARS by e l imina t ing  t h e  complicated PCA 



d a t a  reduc t ion  process  [ 9 ] .  

C o r r e l a t i o n  f o r  d i f f e r e n t  RTRRMS speeds. In every c a s e ,  t h e  b e s t  

c o r r e l a t i o n s  between two RTRRMSs a r e  obtained when t h e  ins t ruments  a r e  

operated a t  t h e  same t e s t  speed,  even when the  t e s t  speed i s  not  "standard" 

f o r  one of t h e  ins t ruments .  F o r  example, t h e  B I  t r a i l e r  i s  normally operated 

a t  32 km/h, whi le  the  Opala-Maysmeter system i s  t y p i c a l l y  operated a t  80 km/h. 

Figure 9  shows the  agreement between t h e  ARS measures obtained when both a r e  

operated a t  t h e  same speed and a t  d i f f e r e n t  speeds.  The s o l i d  l i n e s  a r e  

q u a d r a t i c  r e g r e s s i o n  curves ,  c a l c u l a t e d  s e p a r a t e l y  f o r  each surf  ace t:ype. 

When operated a t  the  same speeds ( F i g s .  9a, 9b, and 9 c ) ,  t h e r e  i s  very l i t t l e  

s c a t t e r  about the  regress ion  l i n e s ,  and t h e  ARS measures from one RTR'RMS could 

be "converted" t o ' t h o s e  of t h e  o t h e r ,  wi th  good r e p r o d u c i b i l i t y ,  A l s19 ,  t h e  

f o u r  r e g r e s s i o n  l i n e s  a r e  very s i m i l a r ,  i n d i c a t i n g  t h a t  a  s i n g l e  r e l a t i o n s h i p  

ho lds  f o r  t h e  d i f f e r e n t  su r face  types .  In c o n t r a s t ,  t h e r e  i s  a  more s c a t t e r  

when d i f f e r e n t  speeds a r e  used (F ig .  9 d ) ,  and d i f f e r e n t  under ly ing 

r e l a t i o n s h i p s  appear ( a s  shown by t h e  regress ion  l i n e s )  f o r  t h e  d i f f e r e n t  

s u r f a c e  types .  The reason f o r  t h i s  i s  t h a t  t h e  waveband "seen1' by the  RTRRMS 

i s  a func t ion  of the  speed ,  a s  shown i n  Fig. F.2 i n  Appendix F. 

C o r r e l a t i o n  a c r o s s  s u r f a c e  type. When the  same speed i s  used f o r  two 

RTRRMSs, t h e  r e g r e s s i o n  l i n e s  obta ined f o r  t h e  d i f f e r e n t  su r face  types  

c o l l a p s e  i n t o  a  s i n g l e  r e l a t i o n s h i p .  Even though the  s e n s i t i v i t y  of each 

RTRRMS t o  wavenumber i s  unique,  t h e  o v e r a l l  waveband "seen" i s  approximately 

the  same when t h e  speeds a r e  matched. 

D i s t r i b u t i o n  of s c a t t e r .  In most of t h e  p l o t s ,  t h e  v a r i a t i o n  about 

the  r e g r e s s i o n  l i n e  ( s c a t t e r )  i s  f a i r l y  constant  f o r  a l l  roughness l e v e l s .  

The "e r ro r s"  do no t  i n c r e a s e  i n  p ropor t ion  t o  roughness. This i n d i c a t e s  t h a t  

when r e g r e s s i o n  equat ions  a r e  used,  a  simple l eas t - squares  f i t  can be appl ied  

t o  t h e  o r i g i n a l  measures, without any t r ans fo rmat ions .  Because t h e  

r e l a t i o n s h i p s  o f t e n  appear t o  show some c u r v a t u r e ,  a  q u a d r a t i c  r e g r e s s i o n  i s  

suggested a s  a  g e n e r a l  purpose model. 

This obse rva t ion  i s  not  t r u e  when t h e  RTRRMSs speeds a r e  not matched 

and d i f f e r e n t  s u r f a c e  types  a r e  not  i d e n t i f i e d .  In Figure 9d, the  s c a t t e r  

would appear t o  i n c r e a s e  wi th  roughness i f  only t h e  d a t a  p o i n t s  were shown. 



0 10 20 30 40 
ARSPO from MM #2 ARS32 from MM #2 

a. Both speeds = 20 km/h be Both speeds = 32 km/h 

ARSso from MM #2 ARSBO from MM #2 

c. Both speeds = 50 kmlh d. D i f f e r e n t  speeds ( 3 2 ,  80 km/h) 

Figure 9 .  Example c o r r e l a t i o n s  between two RTRRMSs. 



The reason i s  t h a t  a d i f f e r e n t  r e l a t i o n s h i p  e x i s t s  f o r  each su r face  t y p e ,  and 

when they a r e  p l o t t e d  t o g e t h e r ,  those  t r ends  diverge  wi th  increased roughness. 

The d i f f e r e n t  r eg ress ions  a r e  obtained because of a combination of two 

f a c t o r s :  1 ) the  two RTRRMSs "see" d i f f e r e n t  wavebands when opera ted a t  

d i f f e r e n t  speeds and 2 )  the  d i f f e r e n t  su r face  types  have d i f f e r e n t  

"s ignatures1 '  of s p e c t r a l  c o n t e n t ,  a s  shown e a r l i e r  i n  Figure 5 .  A t  the  low 

speed of  32 km/h, a RTRRMS s e e s  t h e  s h o r t e r  wavelengths,  which Figure 5 shows 

a r e  most s i g n i f i c a n t  i n  t h e  e a r t h  ( T E )  s i t e s  and l e a s t  s i g n i f i c a n t  i n  the  

a s p h a l t i c  concrete  (CA) s i t e s .  Hence, the  ARS32 measures a r e  h ighes t  f o r  

t h e  TE s i t e s  and lowest  f o r  the  CA s i t e s .  

Although regress ions  of transformed measures (such a s  log v a l u e s )  a r e  not  

recommended f o r  RTRWS measures made a t  t h e  same speed,  they may be necessary 

f o r  t h e  cond i t ions  descr ibed above, where much more u n c e r t a i n t y  e x i s t s  due t o  

improper speed matching and missing su r face  type informat ion.  

C o r r e l a t i o n  across speed. RTRRMS measurements made a t  more than one 

speed might be required f o r  some a p p l i c a t i o n s .  There i s  then a ques t ion  of 

whether a r e l a t i o n s h i p  between t h e  measurements t h a t  i s  shown f o r  one speed i s  

v a l i d  a t  o t h e r  speeds.  The IRRE d a t a  suppor t  an e a r l i e r  f i n d i n g  19, 291 t h a t  

c o r r e l a t i o n  ac ross  speed can be obta ined wi th  more success  when the  RTRRMS 

measures a r e  converted t o  u n i t s  of average r e c t i f i e d  v e l o c i t y  (ARV), by t h e  

equa t ion  : 

ARV = ARS x speed. 

I f  t h e  above equat ion i s  used with t y p i c a l  me t r i c  u n i t s  f o r  ARS (m/km) and 

speed (km/h),  then ARV would have u n i t s :  mlh. When d a t a  a r e  taken a t  j u s t  one 

speed,  t h e  choice  between ARS o r  ARV a s  a roughness measure i s  a r b i t r a r y  

because t h e  two s t a t i s t i c s  d i f f e r  only by a cons tan t  s c a l e  f a c t o r  which i s  

even tua l ly  e l iminated through c a l i b r a t i o n  t o  a r e fe rence .  But when d a t a  taken 

a t  d i f f e r e n t  speeds a r e  compared, t h e  two s t a t i s t i c s  have d i f f e r e n t  

i n t e r p r e t a t i o n s .  ARV i s  a d i r e c t  measure of v e h i c l e  response:  a h igher  ARV 

value  always i n d i c a t e s  more v e h i c l e  v i b r a t i o n ,  r e g a r d l e s s  of t h e  circumstances 

causing t h e  e x c i t a t i o n .  (When a r t i f i c i a l  e x c i t a t i o n  i s  used t o  c h a r a c t e r i z e  a 

RTRRMS, the  roadmeter measures must be converted t o  ARV t o  o b t a i n  a v a l i d  

c a l i b r a t i o n  [ 9 ,  301 .) 



When a l l  of t h e  measures from the  IRRE a r e  expressed a s  ARV, a  s i n g l e  

r e l a t i o n s h i p  between ins t ruments  u s u a l l y  e x i s t s  f o r  a l l  speed/surface  type 

combinations. However, t h e  r e l a t i o n s h i p  genera l ly  has  an o f f s e t ,  due t o  

v e h i c l e  and roadmeter n o n l i n e a r i t i e s .  (That i s ,  a  ze ro  reading from one 

ins t rument  corresponds t o  a non-zero reading from the  o t h e r . )  The colastant 

o f f s e t  i n  t h e  " t rue"  ARV r e l a t i o n s h i p  becomes a func t ion  of speed when 

converted t o  an equat ion between ARS measures from t h e  two ins t ruments .  Thus, 

an ARS c o r r e l a t i o n  ac ross  speed in t roduces  an a r t i f i c i a l  b i a s  wi th  speed,  and 

i s  u s u a l l y  not  v a l i d .  

Limitations of different RTRRKSs. Most of t h e  ins t ruments  were 

capable of t e s t i n g  almost t h e  f u l l  roughness range a v a i l a b l e .  S t i l l ,  the  

i n d i v i d u a l  RTRWSs d id  show some l i m i t a t i o n s ,  

Cor re la t ions  involving t h e  S o i l t e s t  BPR Roughometer were u s u a l l y  lowest ,  

even i n  the  b e s t  of c a s e s ,  when i t  was compared t o  t h e  B I  t r a i l e r .  T l ~ i s  BPR 

Roughometer was the  most f r a g i l e  of t h e  RTRRMSs, and experienced constant  

breakdowns. It was not  operated a t  h igh speeds on t h e  rougher s u r f a c e s .  

A l l  of the  o t h e r  systems were a b l e  t o  cover about t h e  same leve1,s of 

v e h i c l e  response.  (The Opala-Maysmeter systems were t h e  only ones operated a t  

t h e  h ighes t  speed of 80 km/h, but  t h e  maximum ARV e x c i t a t i o n  occurred on the  

roughest  s i t e s  which were measured a t  a  maximum speed of 50 km/h.) 

As noted e a r l i e r ,  t h e  measurements obta ined from t h e  B I  and NAAS'RA 

roadmeters i n s t a l l e d  i n  the  same v e h i c l e  were n e a r l y  i d e n t i c a l  (when scaled t o  

'lm/krn1'"), and were compatible wi th  those  of t h e  o t h e r  RTRRMSs. The except ion 

t o  t h i s  was the  case  of t h e  d a t a  taken a t  80 km/h. The B I  and NAASRA d a t a  d i d  

not  agree a s  we l l  a s  f o r  the o t h e r  speeds.  Cor re la t ions  wi th  t h e  Maysmeters 

and t h e  prof i le-based RLLRS~~ numeric were h igher  f o r  the  NAASRA meter than 

f o r  t h e  B I  meter. 

Effect of individual wheel track roughness. The ARS measures 

obta ined by t h e  two RTRRMS t r a i l e r s  i n  each wheeltrack were averaged t o  o b t a i n  

a s i n g l e  ARS measure f o r  the  t e s t  s i t e .  The c o r r e l a t i o n s  between these  

averages and t h e  measures from t h e  two-track RTRRMSs were e x c e l l e n t ,  being a s  



good a s  t h e  c o r r e l a t i o n s  between t h e  d i f f e r e n t  two-track systems. 

In a d d i t i o n  t o  t h e  average,  a d i f f e r e n c e  can be c a l c u l a t e d  from t h e  two 

t r a i l e r  measures. The d i f f e r e n c e  measures were found t o  be uncor re la ted  t o  

t h e  measures of the  two-track veh ic les .  

C o r r e l a t i o n  of  Profile-Based Numerics w i t h  R-S Numerics 

C a l i b r a t i o n  of RTRRMSs. A t  t h e  p r e s e n t  t ime,  p r o f i l o m e t r i c  methods 

needed f o r  d i r e c t  computation of the  prof i le-based numerics a r e  not  a v a i l a b l e  

t o  many road agencies .  The primary purpose of the  prof i le-based roughness 

numerics i s  viewed i n  t h i s  r e p o r t  a s  being f o r  the  c a l i b r a t i o n  of RTR'WSs. 

( N a t u r a l l y ,  a s  high-speed p ro f i lomete r s  a r e  acquired by more agenc ies ,  the  

r o l e  of RTRRMSs i s  expected t o  d imin i sh ,  wi th  t h e  RTRRMS c a l i b r a t i o n  re fe rence  

being measured d i r e c t l y  by p ro f i lomete r  when a h i s t o r i c a l  l i n k  t o  RTRRMS d a t a  

i s  needed.) 

A c a l i b r a t i o n  involves  t h e  r e s c a l i n g  of t h e  "raw" RTRRMS measures of ARS 

t o  " c a l i b r a t e d "  roughness measures. The c a l i b r a t i o n  i s  intended t o  e l i m i n a t e  

b i a s  e r r o r s  over  a l a r g e  number of measurements so  t h a t  aggregate  d a t a  from 

one RTRRMS w i l l  be n e i t h e r  h igher  nor lower than aggregate  d a t a  from another  

RTRRIYS over t h e  e n t i r e  range of s u r f a c e  type ,  roughness,  and speed. 

Although many c a l i b r a t i o n  methods f o r  o the r  types  of ins t ruments  ( f o r  

example, thermometers, s c a l e s ,  vo l tme te r s )  r e q u i r e  only one o r  two 

measurements, t h e  complex n a t u r e  of "roughness, " toge the r  wi th  the  crudeness 

of a RTRRMS, r e q u i r e s  t h a t  many measures be taken t o  o b t a i n  a c a l i b r a t i o n .  In 

essence ,  the  c a l i b r a t i o n  i s  achieved by c o r r e l a t i o n .  

An i n d i v i d u a l  c a l i b r a t e d  RTRRMS measurement w i l l  n o t  be perfect1.y 

reproduced by another  c a l i b r a t e d  RTRRMS o r  even a d i r e c t  p r o f i l e  measure due 

t o  t h e  d i f f e r e n c e s  i n  how t h a t  p a r t i c u l a r  RTRRMS "sees" t h e  road,  r e l a t i v e  t o  

t h e  re fe rence .  A RTRRMS might c o n s i s t e n t l y  produce high c a l i b r a t e d  measures 

on a c e r t a i n  road ,  even though i t  produces measures t h a t  a r e  n e i t h e r  h igh nor 

low when averaged over a number of roads .  This e r r o r  can be reduced i f  the  

XTRRMS and t h e  re fe rence  measure "see" the  road i n  n e a r l y  the  same way. In  



other  words, t h e  accuracy ( r e p r o d u c i b i l i t y )  of a  c a l i b r a t e d  RTRRMS measurement 

i s  improved with b e t t e r  c o r r e l a t i o n  between t h e  RTRRMS and the  re fe rence .  

C o r r e l a t i o n s  between t h e  candidate  roughness s t andards  and the  RTRRMSs 

were c a l c u l a t e d  t o  determine the  accuracy and minimum complexity needed f o r  

c a l i b r a t i n g  t h e  RTRRMSs t o  the  candidate  s t andards .  The p r e v a i l i n g  opinion 

among p r a c t i t i o n e r s  i s  t h a t  a  s i n g l e  c a l i b r a t i o n  i s  d e s i r a b l e  f o r  a l l  su r face  

t y p e s ,  r a t h e r  than separa te  c a l i b r a t i o n s  f o r  each condi t ion.  Therefore ,  t h e  

sample c a l i b r a t i o n  curves p l o t t e d  he re  and i n  the  appendices were a l l  computed 

without segrega t ing  by su r face  t y p e ,  even though s l i g h t l y  b e t t e r  c o r r e l a t i o n s  

were obtained when d a t a  p o i n t s  were segregated by s u r f a c e  type.  Bias i n  t h e  

regress ion  equat ion ( i . e . ,  c a l i b r a t i o n  e r r o r )  i s  n o t  a  problem due t o  t h e  

des ign  of t h e  IRRE, i n  which each su r face  type i s  represented a t  t h e  d i f f e r e n t  

roughness l e v e l s .  I f  t h e  presence of s e v e r a l  smooth unpaved s i t e s  tends to  

b i a s  the  r e g r e s s i o n  i n  one d i r e c t i o n  ( r e l a t i v e  t o  the  aggrega te ) ,  the  e f f e c t  

i s  balanced by s e v e r a l  paved s i t e s  having t h e  same roughness t h a t  b i a s  t h e  

r e g r e s s i o n  i n  the  o t h e r  d i r e c t i o n .  

M S .  When the  RQCS speed i s  s e t  equal  t o  t h e  RTRRMS measurement 

speed,  c o r r e l a t i o n s  between RARS and t h e  ARS measures obta ined from the  

RTRRMSs a r e  very good a t  a l l  speeds and su r face  t y p e s ,  wi th  t h e  one except ion 

of t h e  80 km/h d a t a  from the  su r face  t rea tment  s e c t i o n s .  Figure 10 shows 

c a l i b r a t i o n  p l o t s  f o r  one of t h e  RTRRMSs a t  each of t h e  four  speeds.  

The four  su r face  t rea tment  (TS) s i t e s  t h a t  appear a s  " o u t l i e r s "  when 

measured a t  80 km/h were examined and found t o  have a  p e r i o d i c  unevenness t h a t  

occurs over 2 m i n t e r v a l s .  A t  80 km/h, t h i s  appeared a t  11 Hz, which i s  a  

t y p i c a l  a x l e - t i r e  resonance i n  v e h i c l e s .  Even though t h e  RARSaO has i t s  

maximum s e n s i t i v i t y  a t  t h a t  wavenumber, t h e  mechanical RTRRMS responded even 

more. This behavior was no t  r e f l e c t e d  i n  any of t h e  o t h e r  roughness numerics,  

nor i n  the  s u b j e c t i v e  r a t i n g s  (d iscussed l a t e r ) .  (These f o u r  s i t e s  appear as  

o u t l i e r  d a t a  p o i n t s  when comparing the  ARSaO measures t o  any of the  

prof i le-based numerics,  wi th  t h e  problem being smal les t  f o r  R A R S ~ ~  ) In 

t h i s  c a s e ,  t h e  RTRRMS measurements appear t o  d e v i a t e  from the  genera l  concept 

of road roughness. Rather than a t tempt ing t o  d e f i n e  a  s tandard having t h i s  

p e c u l i a r  c h a r a c t e r i s t i c ,  a  b e t t e r  approach i s  t o  prevent  t h a t  s e n s i t i v i t y  i n  

the  RTRRYS by s e l e c t i n g  " s t i f f "  shock absorbers ,  t o  prevent such s p e c i f i c  



a. 20 km/h. RARS20 from APL 25. b. 32 km/h. RARS32 from APL 72, 

c. 50 km/h. RARSSO from static measures. d *  80 km/h* RARSBO from static measures. 

Figure 10. Example calibration plots to estimate RARS with the 

Opala-Maysmeter RTRRMS. 



"tuning . " 

A small  b i a s  a l s o  e x i s t s  f o r  some of t h e  RTRRMSs between paved and 

unpaved r o a d s ,  wi th  t h e  RARS numerics being high on t h e  unpaved roads and low 

on the  paved roads .  This e f f e c t  can occur when: 1 )  roadmeters have h y s t e r e s i s  

and 2 )  t he  d i f f e r e n t  road types  have d i f f e r e n t  s p e c t r a l  compositions [ 9 ] .  On 

t h e  unpaved r o a d s ,  where t h e r e  i s  l e s s  low-frequency content  i n  t h e  veh ic le  

v i b r a t i o n s ,  t h e  h y s t e r e s i s  r e s u l t s  i n  a  g r e a t e r  l o s s  of counts f o r  the  RTRRMS. 

This e f f e c t  was a l s o  seen t o  a  l e s s e r  degree between t h e  B I  u n i t s  and t h e  

Maysmeters. The e f f e c t  was l e a s t  f o r  the  B I  u n i t ,  which apparent ly  had the  

l e a s t  h y s t e r e s i s  of t h e  roadmeters. 

Overa l l ,  c o r r e l a t i o n s  between RARS and t h e  RTRRMSs were t h e  h ighes t  of 

any obtained between ARS and a  prof i le-based s t a t i s t i c ,  matched only by the  

c o r r e l a t i o n s  obtained wi th  the  RMSD numeric (based on fewer measurements). 

Even s o ,  the  agreement between RARS and t h e  A R S  measures of the  RTRRMSs i s  not 

a s  good a s  t h e  agreement between the  RTRRMSs themselves. I n  p a r t ,  t h i s  

r e f l e c t s  the  f a c t  t h a t  t h e  RTRRMSs made repeated measurements t h a t  were 

averaged t o  reduce random e r r o r ,  whereas most of t h e  p r o f i l e s  on unpaved roads 

were measured j u s t  once with rod and l e v e l .  Given the  r e p e a t a b i l i t y  

a s soc ia ted  wi th  p r o f i l e  measurement on s i t e  l e n g t h s  of 320 m (Figure  7 ) ,  i t  

may be t h a t  t h i s  c o r r e l a t i o n  cannot be improved much without r epea t ing  the  

p r o f i l e  measurements, and/or  us ing longer  s e c t i o n  l eng ths .  ( Since both 

op t ions  a r e  r e l a t i v e l y  easy t o  do wi th  a  p ro f i lomete r ,  they should be 

considered when a  p ro f i lomete r  i s  used t o  c a l i b r a t e  a  RTRRMS,) 

Fur ther  c o r r e l a t i o n  informat ion f o r  the  RARS s tandard i s  included i n  

Appendix F ,  inc lud ing  example c a l i b r a t i o n  p l o t s  f o r  t h r e e  of t h e  o t h e r  

RTR'RMSS 

QI,. The QI  roughness s c a l e  provides  a  s i n g l e  roughness r a t i n g  f o r  

any given s e c t i o n  of road ,  and a s  a  consequence, t h e r e  i s  a  "bes t"  speed t h a t  

should be used by RTRRFlSs whose measurements a r e  c a l i b r a t e d  t o  t h i s  s c a l e .  

The b e s t  of the  f o u r  t e s t  speeds used i n  the  IRRE i s  50 km/h. An example 

c o r r e l a t i o n  p l o t  i s  shown i n  Figure 11. 

Given t h a t  QI was o r i g i n a l l y  based on a  QCS wi th  a  s imula t ion  speed of 55 



b. APL 7 2  Short Wave Energy (W) 

(200 m s e c t i o n s )  

REFERENCE ROUGHE!ESS ( bliiZ/KM 

c. APL 7 2  CP2.5 d. RMSD re fe rence  "mm/kmt' 

Figure 11. Example C a l i b r a t i o n  p l o t s  f o r  four  prof i le-based numerics and 

one RTRRMS operated a t  50 km/h. 



km/h ( s e e  Appendix E f o r  d e t a i l s ) ,  i t  i s  n o t  completely unexpected t h a t  50 

km/h i s  t h e  b e s t  RTRRMS speed f o r  e s t ima t ing  QIr. Yet,  i n  l i g h t  of the  

f ind ing  t h a t  QIr i s  nea r ly  the  same a s  t h e  URSsO numeric,  i t  i s  s u r p r i s i n g  

t h a t  the  b e s t  c o r r e l a t i o n  i s  no t  obtained a t  80 km/h. The problem with  the  

c o r r e l a t i o n  a t  80 km/h i s  t h e  presence of s e v e r a l  " o u t l i e r s , "  includii lg the  

f o u r  su r face  t rea tment  (TS) s i t e s  desc r ibed  above t h a t  had t h e  2  m 

p e r i o d i c i t y .  Without these  " o u t l i e r s , "  t h e  c o r r e l a t i o n  i s  about t h e  same a t  

50 and 80 km/h. 

A t  a l l  speeds ,  t h e  su r face  type b i a s e s  the  c a l i b r a t e d  measure th,at  would 

be obta ined using QI, as  t h e  re fe rence .  On a s p h a l t i c  concre te  ( C A )  s i t e s ,  

t h e  QIr numerics tend t o  be h igher  than would be p r e d i c t e d ,  whi le  on su r face  

t rea tment  s i t e s ,  t h e  QIr values  tend t o  be lower. A t  50 km/h, t h i s  b i a s  i s  

minimized, but  i s  s t i l l  n o t i c e a b l e .  The reason i s  t h a t  the  QIr a n a l y s i s  has 

i t s  maximum s e n s i t i v i t y  a t  wavenumbers near  0.3 cycle/m (F igure  6 b ) ,  where the  

s u r f a c e  t rea tment  s i t e s  have r e l a t i v e l y  l i t t l e  roughness (Figure  5b).  

Even wi th  t h e  s u r f a c e  type b i a s ,  t h e  c o r r e l a t i o n s  observed between QIr 

and the  ARS measures a r e  q u i t e  good a t  50 km/h, and would a l s o  be good a t  80 

km/h i f  t h e  " o u t l i e r s "  were e l iminated by us ing v e h i c l e s  wi th  h igher  damping. 

More example c a l i b r a t i o n  p l o t s  and c o r r e l a t i o n  d a t a  a r e  included i n  Appendix 

E. 

Appendix E a l s o  d e s c r i b e s  the  c a l i b r a t i o n  procedures used i n  the  I C R  
* 

p r o j e c t ,  t o  o h t a i n  the  c a l i b r a t e d  RTRRMS measurement c a l l e d  QI*. The QI 

method i s  shown t o  be i n v a l i d  f o r  genera l  use  wi th  a r b i t r a r y  RTRRMSs, because 

i t  depends i n  p a r t  on the  response p r o p e r t i e s  of t h e  v e h i c l e  por t ion  of the  

RTRRMS and i s  e f f e c t i v e  only f o r  c a r e f u l l y  maintained Opala passenger c a r s  ( a s  
* 

they e x i s t e d  dur ing the  I C R  p r o j e c t ) .  The QIr and QI roughness s c a l e s  a r e  

shown t o  match only f o r  the  a s p h a l t i c  concrete  s i t e s :  on the  o t h e r  t h r e e  

s u r f a c e  t y p e s ,  the  two a r e  not  equ iva len t .  

CAPL 25.  The r e l a t i o n s h i p  between t h e  CAPL 25 numeric and t h e  RTRRMS 

measures i s  s t r o n g l y  dependent on s u r f a c e  t y p e ,  and good c o r r e l a t i o n s  a r e  

found only on t h e  a s p h a l t i c  concrete  (CA) s u r f a c e s .  Because t h e  CAPL 

t rea tment  i s  an amplitude a n a l y s i s  of wavenumbers between .07 and 3 c:ycle/m 

(wavelengths between . 3  and 15 m), i t  i s  dominated by the  lower wavenumbers 



where only t h e  CA s u r f a c e s  have s i g n i f i c a n t  content .  

LCPC APL 72 Wave Band Numerics. The b e s t  c o r r e l a t i o n s  a r e  seen for  

the  short-wave numerics (W) and (Y). (The long-wave numerics a r e  g e n e r a l l y  

uncor re la ted  wi th  t h e  measures of t h e  RTRRMSs, except on t h e  CA su r faces .  The 

medium-wave numerics a r e  c o r r e l a t e d  t o  some e x t e n t  wi th  t h e  RTRRMS measures on 

t h r e e  of the  s u r f  ace t y p e s ,  but  not  a t  a l l  f o r  t h e  TS surf  aces.  ) The 

short-wave index ( I )  has a  problem i n  t h a t  t h e  a v a i l a b l e  roughness range i s  

n o t  s u f f i c i e n t  t o  d i s c r i m i n a t e  among t h e  unpaved roads i n  the  IRRE, most of 

which had an index value  of 1  on a  s c a l e  of 1 t o  10. But when the  short-wave 

energy (W) and equ iva len t  displacement ( Y )  numerics were considered,  very good 

c o r r e l a t i o n s  were ob ta ined ,  a s  shown by the  example i n  Figure l l b .  The b e s t  

c o r r e l a t i o n s  were found f o r  a RTRRMS speed of 50 km/h. Appendix G p r~zsen t s  

t h e  c o r r e l a t i o n  d a t a  and s e v e r a l  o t h e r  example c a l i b r a t i o n  p l o t s  us ing t h e  

short-wave energy (W) numeric. 

APL 72 CP numerics. As wi th  t h e  LCPC numerics,  t h e  h ighes t  

c o r r e l a t i o n s  were observed f o r  t h e  short-wave numeric, CP2,5g When the  

medium-wave numeric,  CPlO, was used,  t h e  su r face  t rea tment  (TS) d a t a  p o i n t s  

f e l l  we l l  below t h e  r e g r e s s i o n  l i n e s ,  However, when CP2,5 was considered,  

no s u r f a c e  e f f e c t  was n o t i c e a b l e  when t h e  RTRRMS speed was e i t h e r  32 o r  50 

km/h. (Separate  r egress ions  were needed f o r  t h e  two speeds ,  of course . )  The 

b e s t  c o r r e l a t i o n s  were found f o r  a  speed of 50 krn/h, Figure l l c  shows an 

example c a l i b r a t i o n  p l o t  us ing CP2.5 a s  t h e  re fe rence .  

O f  t h e  APL analyses  normally used i n  Europe, t h e  CP2.5 numeric produces 

the  b e s t  c o r r e l a t i o n s  with t h e  RTRRMSs. It i s  p o s s i b l e  t h a t  even b e t t e r  

c o r r e l a t i o n s  could be obta ined by optimizing t h e  base leng th  parameter ,  a s  TRRL 

d i d  i n  developing t h e  RMSD "mm/km" numeric. When the  o b j e c t i v e  i s  c a l i b r a t i n g  

a  RTRRMS, o r  providing a  numeric s i m i l a r  t o  t h a t  of a  RTRRMS, t h e  RARS 

numerics can be computed d i r e c t l y  from t h e  APL s i g n a l ,  t o  o b t a i n  t h e  best  

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

RMSD "rom/km. " The RMSD-based "mm/km" numeric was developed f o r  

optimum c o r r e l a t i o n  wi th  the  IRRE d a t a  and shows c o r r e l a t i o n  with t h e  ARS32 
measures t h a t  i s  v i r t u a l l y  i d e n t i c a l  t o  t h a t  obtained w i t h  Figure 

l l d  shows an example. The form of t h e  RMSD a n a l y s i s  i s  i d e a l l y  s u i t e d  t o  the  



TRRL Beam, and i s  probably t h e  most convenient  c a l i b r a t i o n  s t a t i s t i c  t h a t  can 

be used when the  Beam i s  used t o  measure p r o f i l e .  Due t o  the  f a c t  t h a t  RMSD 

was der ived empi r i ca l ly  using the  IRRE d a t a ,  c a r e  must be taken not t o  apply 

t h e  RMSD on s u r f a c e  types  t h a t  a r e  d i s t i n c t l y  d i f f e r e n t  than those  covered i n  

the  ZRRE. Although i t  i s  optimized f o r  a RTRRMS speed of 32 km/h, e x c e l l e n t  

c o r r e l a t i o n s  a r e  seen f o r  t h e  speed of 20 and 50 km/h a s  wel l .  Appendix H 

inc ludes  more c o r r e l a t i o n  d a t a ,  a s  w e l l  as  the  r e s u l t s  from a second 

experiment conducted by TRRL i n  S t .  Lucia t o  v a l i d a t e  the  RMSD c a l i b r a t i o n .  

C a l i b r a t i o n  Requirements 

The c o r r e l a t i o n s  observed between the  ARS measures obtained from 

d i f f e r e n t  RTRRYSs and between ARS and t h e  prof i le-based numerics i n d i c a t e  the  

c a l i b r a t i o n  requirements needed f o r  a RTRRMS: 

1)  Measurement speed must be s t andard ized ,  and matched t o  the  

prof i le-based numeric t o  maximize c o r r e l a t i o n .  

2 )  The c a l i b r a t i o n  s i t e s  should be s e l e c t e d  t o  cover t h e  t o t a l  range of 

roughness t h a t  w i l l  be measured with the RTRRMS, Ex t rapo la t ion  can 

lead t o  e r r o r s  of 100% or  more. 

3 )  Each approximate roughness l e v e l  should be equa l ly  represen ted .  

4 )  Separate c a l i b r a t i o n s  should be provided f o r  each s u r f a c e  type.  If 

the  d i f f e r e n t  su r face  types  a r e  equa l ly  represented a t  each l e v e l  of 

roughness,  then t h e  e f f e c t s  of s u r f a c e  type can be noted,  and a 

s i n g l e  aggregate  c a l i b r a t i o n  can be considered i f  t h e  b i a s  wi th  

surf  ace type i s  n e g l i g i b l e .  

5 )  The c a l i b r a t i o n  equat ion should be computed by r e g r e s s i n g  the  

re fe rence  measures a g a i n s t  the  d i r e c t  RTRRMS measures, us ing a 

simple l eas t - squares  e r r o r  minimization.  Transformations of the  

v a r i a b l e s  ( l o g ,  square  r o o t ,  e t c . )  a l t e r  t h e  e r r o r  weighting and 

should not  be used.  (The need f o r  t r ans fo rmat ions  of t h e  v a r i a b l e s  

should be e l imina ted  by s e l e c t i n g  a re fe rence  c l o s e l y  matched t o  t h e  



RTRRMS . ) 

6 )  Due t o  n o n l i n e a r i t i e s  of v e h i c l e s  and roadmeters,  a l i n e a r  

r eg ress ion  model may not be adequate when wide ranges of roughness 

a r e  covered. A q u a d r a t i c  r e g r e s s i o n  model i s  suggested of the  form: 

Where A ,  E ,  and C a re  determined t o  minimize t h e  mean-square 

d i f f e r e n c e  between y  and the  re fe rence  measures. If the  curva tu re  

i s  s m a l l ,  than a  l i n e a r  r e g r e s s i o n  model ( C  = 0 )  can be used f o r  

s i m p l i c i t y .  

Comparison of Subjective Ratings with Roughness Measures 

Road roughness has long been thought of a s  the  primary f a c t o r  in f luenc ing  

t h e  p u b l i c  opinion of road q u a l i t y ,  which i s  l a r g e l y  dependent on perceived 

r i d e  q u a l i t y .  The Pavement S e r v i c e a b i l i t y  Rating (PSR) developed f o r  AASHO 

f o r  eva lua t ing  pavement cond i t ion  was found t o  be most h igh ly  c o r r e l a t e d  with 

"roughness" a s  i t  was then measured, and t h e  conceptual  l i n k i n g  between use r  

opinion and roughness h a s  remained today [ 3 11 . Although t h e r e  a r e  now cases  

i n  which roughness d a t a  a r e  used f o r  o t h e r  o b j e c t i v e s  i n  the  management of a 

road network system, " r i d e a b i l i t y "  a s  perceived by t h e  p u b l i c  i s  always an 

important  f a c t o r .  The s u b j e c t i v e  r a t i n g  (SR) survey i s  descr ibed i n  Appendix 

D 

In  determining t h e  SR f o r  each road s e c t i o n ,  t h e  r a t i n g s  f o r  each member 

were normalized by s u b t r a c t i n g  the  mean value  and d i v i d i n g  by t h e  s tandard 

d e v i a t i o n  c a l c u l a t e d  f o r  t h a t  member. Therefore ,  t h e  f i n a l  SR s c a l e  i s  sca led 

i n  terms of "standard dev ia t ions"  f o r  the  49  t e s t  s e c t i o n s ,  and has no 

a b s o l u t e  phys ica l  meaning. These SR numerics cannot be used t o  a s s i g n  

abso lu te  roughness numerics t o  t h e  t e s t  s e c t i o n s ,  but  ins tead  a r e  used t o  rank 

them i n  o r d e r ,  from smoothest t o  roughes t ,  and t o  show t h e  c o r r e l a t i o n s  

between SR and va r ious  o b j e c t i v e  roughness measures. Figure 12 shows four  

s c a t t e r  p l o t s  of SR a g a i n s t  some of t h e  o b j e c t i v e  measures obta ined.  (More 

p l o t s  a r e  included i n  Appendix D . )  



ARSso - m/km 

a. ARSBO from MM #2 

C. CP 2.5 from APL 72 

RARSso - m/km 

b. RARS from Static Measures 

d. CP 10 from APL 72 

Figure 12. Comparison of sub jec t ive  panel ratings with profile-based 

numerics. 



The r e l a t i o n s h i p s  between t h e  o b j e c t i v e  measures and the  normalized SR 

numerics were seldom l i n e a r ,  and t h e  q u a d r a t i c  r eg ress ion  form t h a t  i s  used 

throughout t h i s  r e p o r t  appears  t o  be necessary f o r  computing c o r r e l a t i o n s  t h a t  

a r e  meaningf u l .  

The prof i le-based numerics RARS50, RARSaO, and QIr ( s i m i l a r  t o  

R ~ R s ~ ~ )  show the  most c o n s i s t e n t  r e l a t i o n s h i p  wi th  SR, even more so  than t h e  

ARS measures obtained from the  Opala-Maysmeter RTRRMS used to  t r a n s p o r t  the  

r a t e r s .  (Compare Figs .  12a and 12b.)  Good c o r r e l a t i o n s  a r e  a l s o  obtained 

with t h e  o t h e r  prof i le-based numerics t h a t  c o r r e l a t e  well  wi th  ARS. Figures 

12c and 12d show t h a t  CP2,5, which showed the  h i g h e s t  c o r r e l a t i o n  of any of 

t h e  APL numerics wi th  ARS measurements, i s  a l s o  a  b e t t e r  p r e d i c t o r  of SR than 

the  medium-wave CPIO numeric. The s u r f a c e  t rea tment  (TS) s i t e s  which had 

p e r i o d i c i t i e s  t h a t  inf luenced the  ARSaO measures appear a s  o u t l i e r s  when 

ARSSO measures a r e  compared t o  any o t h e r  roughness numeric, but  not  when SR 

i s  compared t o  the  prof i le-based roughness measures. On t h e s e  s i t e s ,  t h e  

prof i le-based numerics r epresen t  " r i d e a b i l i t y "  b e t t e r  than  the  RTRRMS. (The 

11 Hz v i b r a t i o n  i s  t y p i c a l l y  one of t h e  a x l e ,  and a l though i t  i s  sensed by a  

roadmeter,  t h e  passenger i s  mostly i s o l a t e d  from i t . )  



SELECTION OF AN INTERNBTIONAL ROUGHNESS INDEX 

The I n t e r n a t i o n a l  Road Roughness Experiment (IRRE) was motivated by t h e  

p resen t  d i f f i c u l t i e s  i n  exchanging roughness informat ion a t  t h e  i n t e r n a t i o n a l  

l e v e l .  While some exchange of roughness d a t a  can be made by using empi r i ca l  

t ' c ~ n v e r ~ i ~ n ~ r '  between var ious  measures,  a f a r  b e t t e r  long-term s o l u t i o n  i s  t o  

adopt a s i n g l e  roughness s c a l e  t h a t  can be used when d a t a  exchange i s  

a n t i c i p a t e d .  This chap te r  a p p l i e s  the  f i n d i n g s  of t h e  IRRE towards the  

s e l e c t i o n  of a s i n g l e  I n t e r n a t i o n a l  Roughness Index ( I R I )  t h a t  can be used i n  

f u t u r e  p r o j e c t s ,  and the  d e f i n i n g  of t h e  important  v a r i a b l e s  i n  i t s  

measurement. 

C r i t e r i a  for an I n t e r n a t i o n a l  Roughness Index ( I R I )  

The c r i t e r i a  f o r  the  I R I  t h a t  were summarized i n  the  i n t r o d u c t i o n  t o  t h i s  

r e p o r t  a r e  d i scussed  below. 

Time S t a b l e .  The I R I  should be defined by a roughness numeric t h a t  

w i l l  not  change wi th  t ime.  It must be v a l i d  on any road su r face  type ,  and 

cover a l l  l e v e l s  of roughness, 

To achieve t h i s  g o a l  i t  i s  t h e  consensus of most p r a c t i t i o n e r s  and 

resea rchers  t h a t  the  IRI must be def ined by a mathematical func t ion  of the  

l o n g i t u d i n a l  p r o f i l e  of t h e  road.  That mathematical func t ion  then e s t a b l i s h e s  

a p r e c i s e  s tandard roughness value f o r  any road. H i s t o r i c a l l y ,  panel r a t i n g s  

provided t h e  f i r s t  s tandard f o r  roughness,  but  t h e r e  a r e  no means t o  prevent 

s u b j e c t i v e  judgements from changing wi th  time. For example, the  PSR roughness 

s c a l e  used i n  the  AASHO experiment [31 ]  , which served a s  a model of " t r u e  

roughness" f o r  many of t h e  roughness s c a l e s  used by agencies  w i t h i n  t h e  United 

S t a t e s ,  has no d i r e c t  phys ica l  i n t e r p r e t a t i o n .  Although many of t h e  s t a t e  

highway agencies  e s t ima te  PSR, t h e  numerics from d i f f e r e n t  agencies  a r e  not  

equ iva len t  191. Attempts t o  s t andard ize  a roughness s c a l e  t o  a s p e c i f i c  p iece  

of hardware ( e i t h e r  i n  t h e  form of a synthes ized roughness such a s  t h e  TRRL 



pipe  course ,  o r  a  roughness measurement ins t rument)  have never been completely 

success fu l  because of the  complexity of road roughness. 

Transportable.  To be t r u l y  t r a n s p o r t a b l e  the I R I  should be 

compatible wi th  road p r o f i l e  measurement methods a v a i l a b l e  i n  a l l  p a r t s  of the  

world. In  p a r t i c u l a r ,  i t  should be compatible with manual methods f o r  

ob ta in ing  p r o f i l e  (rod and l e v e l ,  TRRL Beam), and a l s o  be s u i t e d  f o r  p resen t  

and f u t u r e  high-speed p ro f i lomete r s .  

Relevant. While recognizing t h a t  t h e  I R I  w i l l  r ep resen t  a  

compromise, i t  should nonetheless  be a  meaningful measure of roughness t h a t  

r e f l e c t s  road condi t ion a s  i t  a f f e c t s  the  pub l i c  using i t ,  i n  terms of v e h i c l e  

opera t ing  c o s t s ,  r i d e  q u a l i t y ,  and s a f e t y .  

Without ques t ion ,  t h e  most popular ins t rument  used t o  measure roughness 

throughout the  world today i s  the  response-type road roughness measuring 

system (RTRRMS). When operat ing a s  in tended ,  i . e . ,  wi thout  ins t rumenta t ion 

e r r o r ,  nea r ly  a l l  roadmeters used i n  RTRRMSs a r e  capable of obta ining a  

measure of accumulated suspension motion, c a l l e d  averqge r e c t i f i e d  s lope 

( A R S ) ,  which i s  r e l evan t  t o  the  road condi t ion a s  i t  a f f e c t s  veh ic le  response.  

When operated under the  same cond i t ions ,  the  measures from any two 

d i f f e r e n t  RTRRMSs were shown i n  t h e  IRRE t o  be s o  highly  c o r r e l a t e d  t h a t  t h e  

s tandard e r r o r  remaining a f t e r  a  r eg ress ion  i s  sometimes w i t h i n  the 

r e p e a t a b i l i t y  a s soc ia ted  wi th  t h e  i n d i v i d u a l  ins t ruments .  The poor 

c o r r e l a t i o n s  t h a t  a re  o f t e n  repor ted  between d i f f e r e n t  RTRRMSs were seen t o  be 

caused more by d i f f e r e n c e s  i n  procedure,  r a t h e r  than the  equipment. Thus, t h e  

, I R I  must be def ined i n  consonance with s p e c i f i c a t i o n  of proper RTRRMS 

opera t ing procedure. 

When RTRRMS operat ing procedure i s  s t andard ized ,  t h e  measures a r e  seen t o  

be highly  c o r r e l a t e d ,  even though the  veh ic les  may appear t o  have l i t t l e  i n  

common. Even though v e h i c l e s  appear outwardly much d i f f e r e n t ,  or  a r e  

d i s p a r a t e  i n  s i z e ,  the  dynamic p r o p e r t i e s  a r e  only s l i g h t l y  a f f e c t e d  [ 3 2 ] .  

When a l l  of t h e  cosmetic d i f f e r e n c e s  a r e  overlooked,  t h e  s e l e c t i o n  of the  

I R I  must d e a l  wi th  only two fundamental c h a r a c t e r i s t i c s  of RTRRMSs : 



1)  Operating speed 

2 )  Whether the  RTRRMS runs over a s i n g l e  t r a c k  or two t r a c k s .  

Valid. The procedures use t o  measure the  I R I  must ensure  t h a t  

methods used wi th  d i f f e r e n t  p ieces  of hardware w i l l  r e s u l t  i n  approximately 

the  same measured roughness numeric when appl ied  t o  t h e  same road. For 

p r o f i l o m e t r i c  methods, t h i s  means t h a t  t h e  measurement method must be adequate 

f o r  the  a n a l y s i s  appl ied .  For RTRRMS measurements, a c a l i b r a t i o n  method must 

be used t h a t  r e s c a l e s  the  measures so  t h a t ,  on the  average,  they a r e  no higher  

or lower than the  re fe rence  over a l l  combinations of roughness,  su r face  t y p e ,  

and speed f o r  which they w i l l  be used. The I R I  d e f i n i t i o n  can be t e s t e d  

against .  t h e  d a t a  obtained i n  t h e  IRRE. 

Definition of the  IRI 

Choice of RTRRMS speed. On any p a r t i c u l a r  road the  roughness l e v e l  

measured by a RTRWS w i l l  depend on t h e  t e s t  speed. The "bes t"  speed f o r  

t e s t i n g  depends on l o c a l  circumstances and the  end use of the  d a t a .  The f a c t  

t h a t  roughness v a r i e s  wi th  speed impl ies  t h a t  a s tandard speed must be 

se lec ted  a s  a r e fe rence  po in t  f o r  e s t a b l i s h i n g  t h e  I R I .  

Table 1 l i s t s  the  speeds most commonly used and t h e i r  r e l a t i o n s h i p  t o  

f a c t o r s  important  t o  the  s e l e c t i o n  of the  I R I .  The speed range covered by the  

ba r s  c a r r i e s  t h e  i n t e r p r e t a t i o n  t h a t  any f ixed  speed w i t h i n  t h a t  range would 

be acceptable .  In g e n e r a l ,  t h e  t e s t i n g  i n  t h e  IRRE covered a l l  four  of the  

l i s t e d  speeds. 

The Table v i s u a l l y  i n d i c a t e s  t h a t  the  speed of 50 km/h s a t i s f i e s  t h e  

broadest  range of f a c t o r s ,  and i s  t h e r e f o r e  the  most r e l e v a n t  and convenient .  

From t h e  s t andpo in t  of road-user  c o s t  s t u d i e s ,  where roughness i s  t r e a t e d  as a 

f i x e d  geometric proper ty  of t h e  road and t r a f f i c  speed i s  included a s  a 

s e p a r a t e  v a r i a b l e ,  t h e  median speed represented by 50 km/h i s  very reasonable .  

Measurements a t  t h i s  speed a r e  c o r r e l a t e d  we l l  t o  t h e  32km/h speed of the  B I  

T r a i l e r  r e fe rence  standard used i n  many pas t  road-user  c o s t  s t u d i e s ,  a s  we l l  

a s  t h e  50 and 80 km/h t e s t  speeds used i n  the  Braz i l  I C R  p r o j e c t .  



Table 1. Choice o f  s tandard RTRRMS vehlc le  t ype  and 
me~lsurement speed. 

S f N G L E  NUMBER 
FIXED SPEED OF TRACKS 
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Ca l i b ra t i on  E f f i c i ency  
(Less p ro f  i le measurement1 

Can be Used f o r  Very  Rough Roads 

Wi II n o t  Pose s Traf f ic  Hazard on 
Crowded Highways 

Ind ica tes  Sur face Qual i ty  

Ind ica tes  Subgrade l l ua i i  t y  

Survey E f f i c i ency  

Compat ib le  with Bi T r a i l e r  

Compat ib le  wi th B r a z i l  
ICR P r o j e c t  Data 



As f a r  a s  roughness impacts on road-using v e h i c l e s  i n  o t h e r  ways, 

s p e c i f i c a l l y  the  v i b r a t i o n s  a f f  e c t i n g  r i d e a b i l i t y  and s a f e t y ,  the  roughness 

observed a t  t h e  p r e v a i l i n g  t r a f f i c  speed i s  the  most appropr ia te  measure [ 4 ,  

91. This i s  most a c u t e l y  e v i d e n t ,  f o r  example, when examining the  road 

damaging dynamic loads  under a  v e h i c l e ' s  t i r e s  [ 3 4 ] .  For these  purposes a  

roughness measurement a t  50 km/h i s  reasonable  f o r  ranking roads ,  so  long a s  

t h e  p r a c t i t i o n e r  i s  aware t h a t  d i f f e r e n t  t r a f f i c  speeds w i l l  i n f luence  t h e  

s e v e r i t y  of these  e f f e c t s .  

The only f a c t o r s  t h a t  argue f o r  a  lower t e s t  speed a r e  c a l i b r a t i o n  

e f f i c i e n c y  and the  occas iona l  concern f o r  t e s t i n g  s a f e t y  on roads t h a t  a r e  

very rough o r  r e s t r i c t e d .  Shor ter  c a l i b r a t i o n  s i t e s  can be used with lower 

speeds reducing t h e  e f f o r t  when manually measuring p r o f i l e s .  Yet ,  t h i s  i s  not  

recommended because the  envelopment p r o p e r t i e s  of pneumatic t i r e s  pla:y an ever  

more important  r o l e  a s  speeds d e c r e a s e ,  adding one more v a r i a b l e  t o  RTRRMS 

performance. With regard  t o  t h e  concern t h a t  50 km/h might be unsafe on very 

poor r o a d s ,  i t  was found t h a t  even t h e  very roughest  s i t e s  included i n  the  

IRRE could be measured by most equipment a t  a  speed of 50 km/h. Though 

r e s t r i c t i v e  geometry o r  congested t r a f f i c  may make t e s t i n g  a t  50 km/h 

d i f f i c u l t  a t  some t imes ,  i t  would be more o f t e n  t r u e  t h a t  a  lower speed would 

s e r i o u s l y  compromise the  surveying e f f i c i e n c y  t h a t  i s  a  major advantage i n  the  

use of RTRRMS equipment, and pose a  hazard when used on highways where t h e  

median speed i s  g e n e r a l l y  h igher  han 80 km/h. 

It should a l s o  be noted t h a t  t h e  RTRRMS speed of 50 km/h r e p r e s e n t s  t h e  

b e s t  choice  f o r  roughness measures i n d i c a t i v e  of su r face  and subgrade 

cond i t ion .  The c o r r e l a t i o n s  obta ined . in t h e  I R E  wi th  t h e  short-wave, 

medium-wave, and long-wave numerics used by LCPC and CRR i n d i c a t e  t h a t  the  

RTRRMS measurements p r imar i ly  r e f l e c t  the  short-wave numerics a t  speeds of 50 

km/h and l e s s .  The waveband seen by a  RTRRMS v a r i e s  wi th  speed f o r  speeds 

h igher  than 3 2  km/h (approximate ly) ,  However, f o r  lower speeds ,  the  RTRRMS 

does not  d e t e c t  eve r  s h o r t e r  wavelengths due t o  t h e  enveloping c h a r a c t e r i s t i c s  

of t h e  pneumatic t i r e s  [ 9 ] ,  Although t h e  waveband sensed by a  RTRRMS i s  s o  

broad t h a t  t h e  ARS measures r e f l e c t  both t h e  short-wave s u r f a c e  q u a l i t y  and 

the  longer-wave subgrade q u a l i t y ,  t h e  longer-wave cond i t ion  i s  seen more 

completely by t h e  RTRRMS a t  t h e  h igher  speeds ind ica ted  i n  the  c h a r t .  



Sing le  o r  two-track RTRRMS. In a d d i t i o n  t o  t h e  choice of measurc~ment 

speed,  t h e r e  i s  a l s o  the  mat ter  of whether a  s i n g l e - t r a c k  or  two-traclc RTRRMS 

should be used.  The measures obtained a r e  no t  completely equ iva len t  because 

por t ions  of t h e  roughness i n  the  two wheel t racks  e x c i t e  only r o l l  motions of 

t h e  a x l e  t h a t  a r e  no t  sensed by t h e  roadmeter i n  a  two-track RTRRNS. Yet 

these  v a r i a t i o n s  a r e  included i n  the  measure obtained wi th  a  s ing le - t r ack  

RTRRMS. The v e h i c l e  v i b r a t i o n s  t h a t  a f f e c t  u s e r  c o s t ,  r i d e  q u a l i t y ,  and t i r e  

loading ( s a f e t y ) ,  involve motions t h a t  a r e  not  sensed p e r f e c t l y  by e i t h e r  

s ing le - t r ack  RTRRMSs nor two-track RTRRMSs and t h e r e f o r e ,  most of t h e  above 

c r i t e r i a  do no t  support  one choice  over the  o the r .  

A s i n g l e - t r a c k  RTRRMS has  the  advantage of r e q u i r i n g  l e s s  p r o f i l e  

measurement f o r  c a l i b r a t i o n  ( s i n c e  two-track RTRRMSs r e q u i r e  the measurement 

of both wheeltrack p r o f i l e s  f o r  any s i t e ) .  It a l s o  provides  more d e t a i l e d  

informat ion about t h e  pavement c o n d i t i o n ,  by providing s e p a r a t e  numerics f o r  

i n d i v i d u a l  wheel t racks .  When summary roughness measures a r e  des i red  f o r  t h e  

t r a v e l l e d  l a n e s  i n  a  road network, a  two-track RTRRMS i s  p r e f e r a b l e  because i t  

o b t a i n s  t h e  informat ion i n  a  s i n g l e  p a s s ,  whereas a  s ing le - t r ack  RTRRMS must 

make one pass  f o r  each wheeltrack.  

Because t h e  s ing le - t r ack  RTRRMS i s  more v e r s a t i l e ,  and can be used t o  

o b t a i n  the same numeric f o r  a  t r a v e l l e d  l a n e  a s  a  two-track system, i t  i s  

se lec ted  a s  a  b a s i s  f o r  t h e  I R I .  That i s ,  t h e  I R I  should be a  roughness 

measure f o r  a  s i n g l e  wheel t rack,  r a t h e r  than a  t r a v e l l e d  l a n e .  With t h i s  

d e f i n i t i o n ,  both  t r a v e l l e d  l a n e s  and wheeltracks can be charac te r i zed  using 

the  same s c a l e .  

S e l e c t i o n  of a C a l i b r a t i o n  Reference. 

Table 2 summarizes the  q u a l i f i c a t i o n s  of the  roughness measures t h a t  

have been proposed a s  c a l i b r a t i o n  s t andards  f o r  RTRRMSs. Only those  numerics 

t h a t  a r e  we l l  known, and which a r e  the  most compatible ( c o r r e l a t e d )  wi th  the  

ARSjO measures obta ined from RTRRMSs a r e  l i s t e d .  (There fo re ,  n e i t h e r  t h e  

CAPL 25 numeric and t h e  APL medium and long wave numerics a r e  inc luded ,  nor  

a r e  t h e  ha l f -ca r  s imula t ion  and RARS numerics t h a t  a r e  not  appropr ia te  f o r  a  



Table 2. Choice o f  standard p r o f i  le-based roughness 
definition for  the IRI  

Time Stable 

Transportable 

Valid for: 
Rod iC Level 

I500 mm fntervplls) 

TRRL Beam 

APL Tral ler 

Phys lca l  Meaning 

Corretatfon with 
RTRRNS at 50 k m l h  

Present  end 
P e s t  Usage 

Subf. 
Rating 
(PSR) 

Std. 
Hard- 
ware 

rn[WirTJE*W m- 

1 

RARS, 

J J  

4 
I .  R-ofik 
w* 

2. Ref. 
R m  

~xw&nt 

NCHRP- 
Ohio, 

W.V+rgin(q 
Minmota, 
Projeots 
in USA 

Publio 

Opinion 

AASI.W 
R w d  Ttst, 
New York 

hr-t 

Rwpomc 

varirs ~ i t h  
instnmcnt 

BPI? Rough, 
Bl Troikr; 
NAASRA, 

others 

PI, 

............................................................................................. 

4 4 4  ............................................................................................. 

............................................................................................. 

4 4 4  ............................................................................................. 

............................................................................................. 

~xoe#mt 

............................................................................................. 
CR Froiec~ 

Brazil, 
Bdivio, 

S. Afrka 

RHSD 

d v ' d v ' 4  

BI Troiler 
lOeZ 

(Approx.1 

Exoalent 

W, 
Post TWU, 

projeots 
(WOX-) 

APL 72 
SW (W) 

v(' 

M m  S q w r e  
disp* 

vq ~ o a d  

Frunoe, 
lntl Projmts 

CP2 5 

4 

v' 
v' 

Ave. Rmt. 
$up! 

E X W I ~ ~ ~ I :  

Eklgiurn 



s tandard ized  s i n g l e - t r a c k  RTRUIS and speed of 50 km/h. The CHLOE prof i lomete r  

i s  a l s o  omitted because i t  has  been shown repea ted ly  t o  be poorly c o r r e l a t e d  

t o  RTRRMS measures [ 8 ,  91 .) 

The choice  f o r  an I R I  c a l i b r a t i o n  re fe rence  t h a t  has  t h e  broadest  

a p p l i c a t i o n  i s  t h e  R L ~ R S ~ ~  numeric. It can be measured wi th  any of t h e  

p ro f i lomete r  methods included i n  t h e  IRRE, inc lud ing  rod and l e v e l  measures 

made a t  500 mm i n t e r v a l s .  It i s  c o r r e l a t e d  with t h e  ARS50 measures obtained 

wi th  a l l  of t h e  RTRRMSs a s  we l l  a s  any of the  prof i le-based numerics ( b e t t e r  

than a l l  but  RMSD). It i s  a l s o  an easy  numeric t o  understand because:  1 ) i t  

d e s c r i b e s  a simple p r o f i l e  c h a r a c t e r i s t i c  ( s l o p e )  and 2 )  i t  i s  a s tandardized 

RTRRMS 

Although i t  i s  s e l e c t e d  on i t s  t e c h n i c a l  m e r i t s ,  t h e  RARSSO numeric 

would be a reasonable  choice  based on p resen t  usage.  RARS i s  the  

prof i le-based numeric t h a t  i s  emulated by t h e  major i ty  of roughness 

measurement equipment ( p r i m a r i l y  RTRRMS) used i n  t h e  world today. Even the  

t e c h n i c a l l y  more s o p h i s t i c a t e d  GMR-type p ro f i lomete r s  made by K.J .  Law, Inc.  

have been equipped w i t h  e i t h e r  the  QCS o r  HCS implementation of t h e  RARS 

computation s i n c e  the  l a t e  1960 's .  Among t h e  o t h e r  e s t a b l i s h e d  roughness 

s t a t i s t i c s  t h a t  have been developed,  the  most common goa l  has  been t o  r e l a t e  

a s  c l o s e l y  a s  p o s s i b l e  t o  RTRRMS response t o  road roughness,  u s u a l l y  by 

e s t a b l i s h i n g  c o r r e l a t i o n s  and using regress ion  equat ions  t o  accomplish what 

t h e  RARS does d i r e c t l y .  ( I t  i s  a s tandardized RTRRMS.) 

Important p o i n t s  t h a t  should be noted with regard t o  t h e  o t h e r  numerics 

included i n  Table 2 a r e  d iscussed b r i e f l y  below. 

Sub jec t ive  Ratings. Subject ive  panel  r a t i n g s  a r e  r e j e c t e d  a s  a 

s tandard no t  only because they a r e  r e l a t i v e l y  slow and expensive ,  but a l s o  a r e  

n o t  s t a b l e  wi th  time. 

Standard Hardware. Although s t a n d a r d i z a t i o n  of hardware has  been 

at tempted many t imes ,  t h i s  approach has  y e t  t o  be demonstrated i n  p r a c t i c e .  

It a l s o  has  a conceptual  ambiguity:  i n  o rde r  t o  be assured t h a t  t h e  p r o p e r t i e s  

of t h e  hardware do not change ( t h a t  i t  i s  time s t a b l e ) ,  a  t e s t  procedure i s  

needed t o  q u a n t i f y  i t s  p r o p e r t i e s  and c o r r e c t  them. This t e s t  procedure 



becomes the  " t rue"  s t andard ,  r a t h e r  than t h e  hardware. 

QG. The c o r r e l a t i o n s  between Q I r  and the  ARS50 measures from 

the  RTRRMSs were nea r ly  as good a s  f o r  the RARS50 numeric, and the QIr 

computational  s i m p l i c i t y  may be appealing t o  some. Yet,  the  computational 

s i m p l i c i t y  has a  c o s t  i n  terms of compat ib i l i ty  wi th  a l t e r n a t e  p r o f i l e  

measurement methods and c o r r e l a t i o n  wi th  RTRRMSs. 

Due t o  l i m i t a t i o n s  i n  the  waveband response of t h e  APL, QIr cannot be 

computed from the  def in ing equat ions  us ing the  p r o f i l e  s i g n a l s  measured 

d i r e c t l y  by the  APL T r a i l e r .  A t  b e s t ,  i t  can only be est imated using an 

a l t e r n a t i v e  computation method devised by LCPC. This i l l u s t r a t e s  an 

undesi rable  conceptual  c h a r a c t e r i s t i c  of t h e  QI  s c a l e ,  which i s  t h a t  i t  does 

not  desc r ibe  any simple proper ty  of p r o f i l e  and a c t u a l l y  has a negat ive  value 

f o r  a p e r f e c t l y  smooth road. As such,  t h e r e  i s  not  an obvious methodology 

t h a t  can be appl ied  when measurement problems a r e  encountered or  when road 

su r face  cond i t ions  a r e  encountered f o r  which the  QIr measures i n d i c a t e  

roughness d i f f e r e n t l y  than a  RTRRMS operated a t  50 km/ha A h i n t  of t h i s  

problem i s  seen i n  the I R E 3  r e s u l t s  by t h e  tendency of QIr numerics t o  be 

higher  f o r  a s p h a l t i c  concrete  roads than f o r  su r face  t rea tment  roads ,  r e l a t i v e  

t o  ARS50 measures. With continued development of t h e  QI s c a l e ,  i t  i s  

poss ib le  t h a t  an a d d i t i o n a l  waveband component w i l l  be required t o  cor rec t  f o r  

t h i s  anomaly. 

Although the  QI s c a l e  was used i n  a  major c o s t  s t u d y ,  t h e  IRRE d a t a  show 
* 

t h a t  the  QI, s c a l e  i s  not  equ iva len t  t o  the  QI measures (used i n  t h e  ICP 

p r o j e c t  c o s t  equa t ions )  on t h r e e  of the  four  su r face  types  included i n  the  

IRRE. If i t  were t o  be used a s  a  c a l i b r a t i o n  s t andard ,  the  "new" QI obtained 

by c a l i b r a t i o n  of a  RTRRMS t o  t h e  QIr s c a l e  would not be equivalent  t o  the  

"old" QI* of the  h i s t o r i c a l  d a t a  base. 

Because the  QI, s c a l e  i s  very c lose  t o  the  RARSs0 s c a l e ,  t h e  RARSsO 

numeric can be used when c o m p a t i b i l i t y  wi th  QI d a t a  from t h e  I C R  p r o j e c t  i s  

needed. (RARSsO can be measured d i r e c t l y  by a  wider range of p r o f i l o m e t r i c  

methods.) While t h i s  i s  not exac t ly  equ iva len t  t o  t h e  RARSSO numeric 

s e l e c t e d  as  t h e  I R I ,  i t  i s  a  simple v a r i a t i o n :  the  s tandardized RTRRMS 

measurement a t  t h e  (nonstandard) speed of 80 km/h. 



P!SD "nmn/km." The c o r r e l a t i o n s  between RMSD and s e v e r a l  of t h e  

RTRRMSs equal led  t h e  c o r r e l a t i o n s  obta ined wi th  RARS50, a l though t h i s  

f i n d i n g  must be viewed wi th  t h e  understanding t h a t  the  a n a l y s i s  was l imi ted  t o  

d a t a  acquired i n  the  IF-RE, and then only a  p o r t i o n  of t h a t  d a t a  was used. 

Being f ine- tuned f o r  measurement wi th  t h e  TRRL Beam, the  RMSD computation i s  

no t  a s  w e l l  s u i t e d  t o  a l t e r n a t e  p r o f i l o m e t r i c  methods. It has not  been 

demonstrated t h a t  RMSD can be obtained d i r e c t l y  with t h e  APL T r a i l e r ,  and the  

requ i red  300 mm sample i n t e r v a l  precludes  applying t h e  a n a l y s i s  t o  the  rod and 

l e v e l  d a t a .  

The RMSD "mm/kml' numeric i s  s i m i l a r  t o  the  QIr numeric i n  t h a t  i t  does 

not  d e s c r i b e  a  simple p r o f i l e  c h a r a c t e r i s t i c ,  being e s s e n t i a l l y  a  numeric t h a t  

c o r r e l a t e s  w e l l  with o t h e r  measures and has been sca led  t o  y i e l d  the ARS-type 

of measure computed d i r e c t l y  by t h e  RQCS. Because t h e  RMSD numeric i s  

r e sca led  t o  a  " reference"  def ined by t h e  B I  T r a i l e r ,  t h e r e  i s  a  p o t e n t i a l  f o r  

f u r t h e r  evo lu t ion  of t h e  RMSD s c a l e  i f  t h e  measures from a  B I  T r a i l e r  

c o r r e l a t e  poor ly  wi th  RMSD on a  road type not  included i n  t h e  IRRE (f 'or  

example , corrugated unpaved roads ). 

The good r e s u l t s  obtained wi th  t h e  RMSD a n a l y s i s  i n d i c a t e  t h a t  i t  i s  a 

u s e f u l  and convenient  roughness numeric, p a r t i c u l a r l y  when measured wi th  t h e  

TRRL Beam. Yet t h e  a c t u a l  r e fe rence  i s  the  B I  T r a i l e r  ( a  s p e c i f i c  p iece  of 

hardware),  r a t h e r  than t h e  RMSD numeric i t s e l f .  The B I  T r a i l e r  ARS measures, 

t h e  RMSD numeric,  and the  RARS50 numeric were a l l  h igh ly  c o r r e l a t e d  f ~ o r  the  

d a t a  c o l l e c t e d  i n  t h e  IRRE,  and t h e r e f o r e ,  the  re fe rence  def ined by t h e  B I  

T r a i l e r  can be es t imated from RARS50 a s  we l l  a s  by RMSD. (RARSQ2 i s  a l s o  

highly  c o r r e l a t e d . )  That i s ,  the  RARS50 numeric can be used wi th  o t h e r  

p ro f i lomete r  methods t o  determine the  "mm/kml' roughness wi th  the  same accuracy 

a s  wi th  FJISD. Also, t h e  RMSD numerics can be resca led  t o  RARS50 a s  we l l  a s  

t o  B I  "mm/km," s o  t h a t  the  RMSD a n a l y s i s  can be used t o  es t ima te  a  more 

r i g o r o u s l y  def ined re fe rence  . 

APL Short-Uave "Energy" (W). The measurement requirements f o r  t h i s  

numeric have not  been determined f o r  rod and l e v e l  measurement, a s  i t  has  only 

been used with analog p r o f i l e  s i g n a l s .  Thus, i t  i s  not  a s  completely 

developed a s  the  .o ther  numerics. The c o r r e l a t i o n s  wi th  ARS50 a r e  not  as  



high a s  those  obta ined with RARS50, s o  es t ima tes  of (W) based on RTRRMS 

measures would be l e s s  accura te  then e s t i m a t e s  of RARS5~. 

A .  CP2.5. The CP a n a l y s i s  has  s e v e r a l  advantages.  The moving 

average concept i s  e a s i l y  v i s u a l i z e d  and r e l a t e s  t o  a  p roper ty  of t h e  p r o f i l e ,  

s o  t h a t  t h e r e  i s  no ambiguity a s  t o  i t s  meaning. It can be measured with a  

v a r i e t y  of p r o f i l o m e t r i c  methods, and does not  have s p e c i f i c  requirements a s  

t o  sample i n t e r v a l .  The C P Z e 5  measures a r e  c o r r e l a t e d  with the  ARS50 

measures obta ined from RTRRNSs, and t h e  r e l a t i o n s h i p s  appear t o . b e  unaffected 

by s u r f a c e  type.  CP2 ,5  was not  s e l e c t e d  as  t h e  I R I  because:  1 ) the  

c o r r e l a t i o n s  wi th  ARS50 a r e  not  a s  good a s  wi th  RARS50, which impl ies  l e s s  

accuracy when c a l i b r a t e d  RTRRMSs a r e  used and 2 )  t h e  C P Z e 5  a n a l y s i s  r e q u i r e s  

a  f a i r l y  smal l  measurement i n t e r v a l .  The d e t a i l s  concerning measurement 

requirements were not  i n v e s t i g a t e d  a s  thoroughly a s  f o r  RARS50, but i t  was 

determined t h a t  a  500 mm i n t e r v a l  i s  no t  adequate. 

Classification of Measurement Methods 

Having def ined an I R I ,  i t  i s  appropr ia te  a t  t h i s  p o i n t  t o  d e f i n e  the  

c l a s s e s  of methods f o r  i t s  measurement i n  terms of accuracy. The many 

p o t e n t i a l  methods, inc lud ing  those  demonstrated i n  t h e  IRRE, a r e  divided i n t o  

four  c l a s s i f i c a t i o n s  , each p e r t a i n i n g  t o  a  d i f f e r e n t  conceptual  approach. A 

wide range of ins t rumenta t ion  can be used wi thin  each c l a s s ,  wi th  b e t t e r  

accuracy being ob ta inab le  wi th  b e t t e r  ins t rumenta t ion .  

C lass  1 : D i r e c t  Measurement of RARSS0. Methods i n  t h i s  c l a s s  a r e  

t h e  b e s t  t h a t  can be ob ta ined ,  and r e q u i r e  a  measurement of p r o f i l e  t h a t  i s  of 

such high q u a l i t y  t h a t  no change i n  the  RARSSO numeric could be observed 

wi th  improvements. For s t a t i c  (manual) measurement of p r o f i l e ,  the  i n t e r v a l  

between measurements should be s u f f i c i e n t l y  small  t o  "capture"  a l l  roughness 

f e a t u r e s  t h a t  a f f e c t  t h e  RARS50 numeric. For most s u r f a c e  t y p e s ,  an 

i n t e r v a l  of 250 mm i s  accep tab le :  f u r t h e r  decreases  i n  the  sample i n t e r v a l  

(down t o  z e r o )  w i l l  not  a f f e c t  t h e  value  computed. I f  a  s u r f a ~ z e  has 

obvious i s o l a t e d  "bumps" t h a t  would be poorly represented by samples a t  250 mm 

( p a t c h e s ,  t a r  s t r i p s ,  e t c . ) ,  then a  s h o r t e r  i n t e r v a l  should be used. The 500 

mm i n t e r v a l  used i n  t h e  IRRE f o r  rod and l e v e l  measures does in t roduce  soine 



random e r r o r ,  and thus  t h i s  i n t e r v a l  does not q u a l i f y  a s  " c l a s s  1." 

The requ i red  p r e c i s i o n  of t h e  e l e v a t i o n  measures depends on t h e  roughness 

l e v e l ,  and i s  approximately equa l  t o  RARS50/3, where RARS50 has u n i t s  

"m/kml' and t h e  p r e c i s i o n  has  u n i t s  of rnm. Be t t e r  p r e c i s i o n  does not  improve 

t h e  q u a l i t y  of t h e  measurement. 

Even wi th  zero  measurement e r r o r ,  t h e r e  i s  a  c e r t a i n  amount of 

imprecis ion assoc ia ted  wi th  measuring road roughness t h a t  i s  caused by 

v a r i a t i o n s  i n  s e l e c t i o n  of t h e  exac t  wheeltrack t o  be p r o f i l e d .  The r e p l i c a t e  

measures made i n  the  IRRE i n d i c a t e  t h a t  the  normal u n c e r t a i n t y  i n  a  RARS50 

measure appears t o  be s e v e r a l  pe rcen t  f o r  the  320 m s e c t i o n  l e n g t h s  used. It 

i s  expected t h a t  l e s s  v a r i a t i o n  should be ob ta inab le  wi th  longer  s e c t i o n s ,  

whi le  more u n c e r t a i n t y  would be expected f o r  s h o r t e r  s e c t i o n s .  

To mainta in  a  r igorous  concept of " t rue"  roughness,  t h e  r e s u l t s  of t h e  

IRRE a r e  used t o  spec i fy  a  measurement q u a l i t y  f o r  s t a t i c  measures t h a t  goes 

beyond t h e  q u a l i t y  used f o r  most of t h e  measures i n  t h e  IRRE. Only the  TRRL 

Beam d a t a  and s i x  of t h e  rod and l e v e l  measures would be considered "c lass  1 , ' I  

and even t h e s e  exclude the  smoothest t h r e e  s i t e s ,  where b e t t e r  p r e c i s i o n  can 

now be recommended. This i s  t o  ensure  t h a t  t h e  methods used to  o b t a i n  t r u e  

RARS50 roughness have the  accuracy t h a t  should be assoc ia ted  with a  

s tandard , 

When p r o f i l e  measurements a r e  obta ined wi th  a  dynamic p r o f i l o m e t e r ,  t h e  

frequency response should be adequate t o  cover the  wavelength range from 0.5 - 
20 m ,  w i th in  an accuracy of s e v e r a l  pe rcen t .  Although the  APL T r a i l e r  

q u a l i f i e s  on paper ,  t h e  measures obtained i n  the  IRRE showed more random 

e f f e c t s  than the  s t a t i c  measures; hence t h e  APL T r a i l e r  does not  q u a l i f y  a t  

t h i s  time a s  a Class  1  measurement, It i s  p o s s i b l e  t h a t  r e f i n i n g  the  

measurement procedures s p e c i f i c  t o  t h e  APL Prof i lometer  could improve t h e  

agreement between RARS50 measures from t h e  t r a i l e r  and from s t a t i c  p r o f i l e  

measures, such t h a t  t h e  APL T r a i l e r  ( o r  o the r  high-speed p r o f i l o m e t e r s )  would 

q u a l i f y  as  " c l a s s  1" methods i n  t h e  f u t u r e .  This i s  simple t o  demonstra te ,  

r e q u i r i n g  t h a t  s e v e r a l  s i t e s  covering t h e  range of cond i t ions  (roughniess, 

s u r f a c e  t y p e )  be measured by t h e  p ro f i lomete r  and a l s o  by s t a t i c  methods, 



Appendix F provides  a  thorough background of t h e  measurement requirements 

f o r  ~ $ 5 0 .  Step-by-step i n s t r u c t i o n s  f o r  i t s  measurement have a l s o  been 

prepared f o r  use by p r a c t i t i o n e r s  [35] .  

Class 2: Estimation of Using a n  Independently C a l i b r a t e d  

Instrument. This c l a s s  inc ludes  a l l  methods which may be considered time 

s t a b l e ,  by us ing an independent laboratory- type c a l i b r a t i o n  of t h e  

i n s t r u m e n t a t i o n ,  but  which a r e  not  d i r e c t l y  capable of measuring RARS50. 

This could be simply a  case  of a  p r o f i l e  measurement method t h a t  does not  have 

t h e  accuracy or r e p e a t a b i l i t y  r equ i red  f o r  a  "c lass  1" measurement, o r  i t  

could be a  case  where t h e  ins t rumenta t ion  produces a  numeric o t h e r  than 

RARS50 t h a t  i s  h igh ly  c o r r e l a t e d  wi th  MRS50. In the  second c a s e ,  the  

measures obtained can be r e l a t e d  t o  RARSSO through a  r e g r e s s i o n  equat ion 

der ived f o r  c e r t a i n  cond i t ions .  

The measures of WRS50 computed from t h e  p r o f i l e s  taken by rod and 

l e v e l  a t  500 mm i n t e r v a l s  a r e  "Class 2" numerics, a s  a r e  t h e  APL 7 2  measures. 

(Even though both methods a r e  i n  the  same c l a s s ,  t h e  rod and l e v e l  measures 

were shown t o  be much more accura te . )  

Use of t h e  RMSD numeric t o  e s t ima te  RARS50 us ing t h e  TRRL Beam alnd ~ q .  

7 i s  a l s o  a  "Class 2" method. 

V i r t u a l l y  every prof i le-based s t a t i s t i c  a l s o  f a l l s  w i t h i n  t h i s  c l a s s ,  

inc lud ing  CP2,5, APL 72 short-wave energy ( W )  and QIr. In most c a s e s ,  

t h e r e  i s  no advantage i n  using one of t h e s e  s t a t i s t i c s  t o  e s t ima te  RARS50, 

s i n c e  RARS50 can be es t imated from a  p ro f i l e - type  s i g n a l  by simply applying 

the  RARS50 computation method. However, when t h e  a c t u a l  p r o f i l e s  used t o  

compute summary s t a t i s t i c s  a r e  no longer  a v a i l a b l e ,  RARSjO can be est imated 

us ing c o r r e l a t e d  s t a t i s t i c s .  While equa t ions  could be developed t o  es t ima te  

RARSSO from any p r o f i l e  s t a t i s t i c ,  some a r e  so  incompatible wi th  

RARS50 t h a t  t h e r e  i s  l i t t l e  purpose ( i  .e . ,  CAPL 2 5 ,  CHLOE Slope Variance,  

APL 7 2  long wave energy ( W ) ) .  

Methods f o r  e s t ima t ing  RARS50 t h a t  f a l l  w i t h i n  t h i s  c l a s s  should be 

v a l i d a t e d  f o r  a  p a r t i c u l a r  type of road and roughness range through regress ion  

wi th  RARS50 a s  measured with a  Class  1 method. Since t h e  Class  2  methods 



a r e  s t a b l e  wi th  t i m e ,  t h i s  " c a l i b r a t i o n  by c o r r e l a t i o n ' '  only needs t o  be 

performed once f o r  a  s e t  of roughness and s u r f a c e  cond i t ions .  

C l a s s  3 :  Measures t h a t  a r e  Ca l ib ra ted  through Cor re la t ion .  This 

c l a s s  inc ludes  a l l  methods f o r  determining roughness f o r  which the  problem of 

time s t a b i l i t y  has  not  been s o l v e d ,  such a s  t h e  RTRRMS. A t  t h e  p resen t  t ime,  

most roughness measurements c o l l e c t e d  would f a l l  w i t h i n  t h i s  c l a s s  i f  

c a l i b r a t e d  t o  E Q L R S ~ ~ .  In o rde r  t o  e s t ima te  RARS50, a  c a l i b r a t i o n  i s  

needed which i s  performed on a c t u a l  road s u r f a c e s ,  fol lowing the  normal 

opera t ing  procedures used t o  measure roughness. The t r u e  RARS50 values of 

the  c a l i b r a t i o n  s i t e s  a r e  obtained us ing a  Class  1 method i f  p o s s i b l e ,  or  a  

Class  2 method i f  l e s s  accuracy i s  r equ i red .  

The c a l i b r a t i o n  requirements f o r  a  RTRRMS were discussed i n  Chapter 3 ,  

and have a l s o  been presented as step-by-step i n s t r u c t i o n s  intended f o r  

p r a c t i t i o n e r s  [35] .  

* 
The QI measures obtained i n  the  I C R  were conceptual ly  equ iva len t  t o  a  

Class  3 measure f o r  the a s p h a l t i c  concre te  roads ,  wi th  t h e  d i s t i n c t i o n  t h a t  

they were c a l i b r a t e d  t o  the  QIr numeric a t  80 km/h, r a t h e r  than the  RARS50 

numeric recommended he re .  Measures on o t h e r  s u r f a c e  types  a r e  no t  equ iva len t  

t o  Class  3 numerics because the  c a l i b r a t i o n  was inadequate .  

C lass  4: Uneal ibra ted  Roughness Measures. This c l a s s  inc ludes  the  

roughness measures t h a t  do not  f a l l  w i t h i n  the  previous  c l a s s e s .  In o rde r  t o  

r e l a t e  measures t o  a  s tandard s c a l e  such a s  RARSSO without performing a  

c a l i b r a t i o n  by c o r r e l a t i o n ,  i t  i s  necessary  t o  make a  number of assumptions 

t h a t  cannot be confirmed. Depending on the  v a l i d i t y  of those  assumptions,  a  

Class  4 measure might be r e l a t e d  t o  an abso lu te  roughness s c a l e  such as 

EQLRS50 without much e x t r a  e r r o r ,  b u t  t h e r e  i s  no means t o  confirm t h i s .  

Most measurements made i n  t h e  p a s t  wi th  RTRRMSs f a l l  wi th in  t h i s  c l a s s ,  
* 

inc lud ing  t h e  "mm/km" measures made wi th  t h e  TRRL B I  T r a i l e r ,  and the  QI 

measures on unpaved roads.  



Demonstration of t h e  IRI  

The t e s t  f o r  v a l i d i t y  of a  road roughness c a l i b r a t i o n  method i s  t o  see  

whether ins t ruments  c a l i b r a t e d  independently w i l l  produce the  same measures 

f o r  the  same roads .  To some e x t e n t ,  t h e  d a t a  c o l l e c t e d  i n  t h e  IRRE a l low t h i s  

kind of comparison. Figure 13 was prepared t o  show t h e  q u a l i t y  of agreement 

t h a t  can be expected using c a l i b r a t e d  RTRRMSs. Four combinations of equipment 

a r e  represented i n  t h e  f i g u r e .  

1 )  The BI T r a i l e r  was c a l i b r a t e d  a g a i n s t  the  TRRL Beam; i . e . ,  t h e  28 

MRS50 measures from t h e  Beam were regressed a g a i n s t  the  

corresponding 28 ARS50 measures from the  T r a i l e r  t o  determine a  

c a l i b r a t i o n  equa t ion .  Then a l l  98 of t h e  ARS50 measures from the  

31 T r a i l e r  were cor rec ted  t o  the  RARS50 s c a l e  us ing  t h i s  equat ion.  

2 )  h e  of t h e  Opala-Maysmeter systems OlM # 2 )  was c a l i b r a t e d  a g a i n s t  

the  rod and l e v e l .  Using t h e  same c a l i b r a t i o n  method, t h e  49 

ARS50 measures from MM #2 were resca led  t o  t h e  BARSSO s c a l e .  

The c a l i b r a t i o n  curve was shown i n  Figure 10c. 

3 )  The APL 7 2  s i g n a l s  were processed t o  y i e l d  the  RARS50 numeric 

d i r e c t l y .  

4  ) The Caravan-NAASRA system was c a l i b r a t e d  a g a i n s t  the  APL 7 2  system, 

The AP'L measures of RARS50 on 31 of the  s i t e s  were regressed 

against the ARS50 measures of t h e  NAASRA m e t e r ,  and the  r e s u l t i n g  

equat ion was used t o  r e s c a l e  a l l  49 measures. This c a l i b r a t i o n  does 

not  inc lude  any g r a v e l  t e s t  s i t e s ,  and the  comparisons i n d i c a t e  t h e  

type of e r r o r  t h a t  can be expected when aggregate  c a l i b r a t i o n  

equat ions  a r e  used t h a t  do no t  inc lude  a l l  s u r f a c e  types .  

The f i g u r e  shows the  l e v e l s  of agreement t h a t  can be r e a l i s t i c a l . l y  

expected when comparing measurements from very d i f f e r e n t  RTRRMSs t h a t  have 

been c a l i b r a t e d  us ing very d i f f e r e n t  p r o f i l e  measurement methods. In a l l  

t h r e e  p l o t s  shown, t h e  agreement i s  s u f f i c i e n t  t o  exchange roughness 

informat ion i n  g e n e r a l  terms: over a  range of 2 t o  20 m/km, the  l a r g e s t  

d i f f e r e n c e  i s  about 3 m/km, wi th  r e p r o d u c i b i l i t y  w i t h i n  1 m/km more t y p i c a l .  



81 Trailer, B e a m  

a. Brazil and  TRRL 

APL 7 2  ( d i r e c t )  

c .  TRRL, France 

Caravan-NAASRA, APL 72 

b. Brazil, Austral ia,  France 

Figure 13. Examples of the  agreement t h a t  i s  obtained us ing a l t e r n a t e  measures 
of t h e  I R I .  



Figure 13a i l l u s t r a t e s  the good agreement obtained when RTRRMS c a l i b r a t i o n s  

inc lude  a11 four  s u r f a c e  types .  Figure 13b shows measures based on an 

incomplete c a l i b r a t i o n ,  lacking any of the  g r a v e l  ( G R )  s i t e s .  While t h e  

agreement i s  s t i l l  e x c e l l e n t  on the  smoother roads (paved) ,  a  b i a s  i s  evident  

on the rougher unpaved roads ,  due t o  t h e  l imi ted  number of rough s i t e s  

included i n  the  c a l i b r a t i o n .  Even with t h i s  b i a s ,  t h e  agreement i s  s u f f i c i e n t  

f o r  most a p p l i c a t i o n s  involving roughness d a t a  from d i f f e r e n t  sources .  Figure 

13c shows t h a t  s l i g h t l y  g r e a t e r  s c a t t e r  appears when s ing le - t r ack  measures a r e  

compared, because the  averaging involved i n  two-track measureents i s  missing.  

Tt~ese examples show e r r o r s  t h a t  a r e  l a r g e r  than would be obtained by 

comparing each c a l i b r a t e d  RTRRMS t o  the  r e f e r e n c e ,  because they a r e  based on 

more 1i.mited d a t a ,  independently measured by the very d i f f e r e n t  prof i l o m e t r i c  

methods. 



CHAPTEB 5 

S m Y  AND COEIcLUsIOWS 

The I n t e r n a t i o n a l  Road Roughness Experiment (IRRE) brought toge the r  

r e p r e s e n t a t i v e  equipment and methodologies used throughout the  world t a  

c h a r a c t e r i z e  road roughness,  r e s u l t i n g  i n  a  s u b s t a n t i a l  d a t a  base of p r o f i l e  

measurements, measures from response-type road roughness measuring systems 

(RTRRMSs), and s u b j e c t i v e  panel  r a t i n g s .  The d a t a  show t h e  degree of 

c o r r e l a t i o n  between d i f f e r e n t  summary roughness numerics,  and l i n k  the  simple 

average r e c t i f i e d  s lope (ARS) measures from RTRRMSs t o  more ex tens ive  

prof i le-based analyses .  It a l s o  shows t h e  s i m i l a r i t i e s  and d i f f e r e n c e s  i n  the  

a  p r o f i l e  a s  measured s t a t i c a l l y  and by a  p ro f i lomete r  , and i n d i c a t e s  which 

analyses  of p r o f i l e  a r e  compatible wi th  t h e  d i f f e r e n t  measurement methods. 

The IRRE c o n s t i t u t e s  a  major s t e p  forward i n  f a c i l i t a t i n g  the  exchange of 

roughness d a t a  worldwide. 

1 )  It has  demonstrated t h a t  t h e  roughness measures from d i v e r s e  types  

of RTRRMSs a r e ,  i n  f a c t ,  compatible and can be compared when 

a p p r o p r i a t e  c o n t r o l s  on t h e i r  c a l i b r a t i o n  and o p e r a t i o n  a r e  

observed. 

2 )  It has  demonstrated the  l i n k  between RTRXMS measures and 

prof i le-based ana lyses ,  c l e a r l y  de f in ing  the  degree of equivalence  

wi th  va r ious  p r o f i l e  measurement methods and va r ious  p r o f i l e  

a n a l y s i s  methods. 

3 )  It has provided a  b a s i s  f o r  r a t i o n a l l y  choosing an I R I  t o  se rve  as  a  . 

s tandard s c a l e  on which roughness p r o p e r t i e s  of roadways may be 

q u a n t i f i e d  and communicated. 

Findings from the  I R E  t h a t  a r e  of p a r t i c u l a r  s i g n i f i c a n c e  a r e  presented 

under t o p i c a l  headings below. 



Profile measurement. The completely manual rod and l e v e l  method and 

the  p a r t l y  automated TRRL Beam gave r e s u l t s  t h a t  were nea r ly  in te rchangeab le ,  

o t h e r  than the  d i f f e r e n c e s  due t o  the  s e l e c t e d  sample i n t e r v a l .  Although t h e  

p r o f i l e  s i g n a l s  obtained with t h e  APL T r a i l e r  appear t o  have l i t t l e  ia common 

when shown g r a p h i c a l l y  wi th  t h e  s t a t i c a l l y  measured p r o f i l e s ,  s p e c t r a l  

ana lyses  and some of t h e  roughness numerics v a l i d a t e  t h e  APL T r a i l e r  a s  a  

p ro f i lomete r  over i t s  des ign frequency bandwidth of 0.5 - 20 Hz. The two 

s t a t i c  measurement methods were v a l i d a t e d  over the  e n t i r e  roughness range 

covered i n  t h e  I R R E ,  whi le  t h e  APL was ab le  t o  cover a l l  but the roughest  

s i t e s  a t  7 2  km/h, and was ab le  t o  measure a l l  s i t e s  a t  a  lower speed of 21 .6  

km/h. Although the  A?L T r a i l e r  i s  va l ida ted  a s  a  p r o f i l o m e t e r ,  t h e  

repea ta .b i l i ty  i s  not  a s  good a s  wi th  t h e  s t a t i c  measures f o r  t h e  320 m s i t e  

l eng th  used i n  the  IRRE. 

RTRlWSs. There were four  roadmeter des igns  represented i n  the  IBRE, 

and a l l  appeared t o  produce the  ARS measure wi th  approximate equivalence .  

Side-by-side comparisons with two roadmeters i n s t a l l e d  i n  t h e  same v e h i c l e  

gave measures t h a t  were nea r ly  redundant. Only one of the  roadmeters was an 

unmodified commercial instrument ( t h e  roadmeter i n  the  BPR Roughometer), and 

i t  was the  most f r a g i l e  and l e a s t  r e l i a b l e .  The o t h e r s ,  developed or modified 

by TRRL, ARRB, and GEIPOT f o r  t h e i r  own u s e ,  were a b l e  t o  opera te  over the  

e n t i r e  range of t e s t  cond i t ions  and produce v a l i d  measurements. A l l  

experienced some degree of t r o u b l e  though, i n d i c a t i n g  t h a t  p r a c t i t i o n e r s  must 

be ever  a l e r t  t o  the  cond i t ion  of t h e  ins t rumenta t ion .  

There were a l s o  f o u r  types  of v e h i c l e s  used i n  the  RTRRMSs, and .the 

choice  of v e h i c l e  was shown t o  be r e l a t i v e l y  unimportant except f o r  

ruggedness. 

The conclus ion regarding equipment i s  t h a t  both t h e  v e h i c l e  and xoadmeter 

should be chosen on t h e  b a s i s  of robustness  and convenience. When c a l i b r a t e d  

t o  a  v a l i d  r e f e r e n c e ,  cosmetic d i f f e r e n c e s  (whether t h e  roadmeter i s  i2 

Maysmeter, BI u n i t ,  o r  NAASRA meter ;  whether the  v e h i c l e  i s  a  sedan,  s t a t i o n  

wagon, o r  a  towed t r a i l e r )  a r e  n e g l i g i b l e .  ( N a t u r a l l y ,  e a r l i e r  f i n d i n g s  

regarding t h e  maintenance of t h e  v e h i c l e  and roadmeter s t i l l  apply:  the  t e s t  

v e h i c l e  must be maintained more c a r e f u l l y  than a  r o u t i n e  t r a n s p o r t a t i o n  

v e h i c l e  t o  ensure  t h a t  i t s  response p r o p e r t i e s  remain a s  cons tan t  a s  



p o s s i b l e . )  

The good agreement between measurements from two RTRRMSs ho lds  t r u e  only 

when they a r e  operated a t  the  same speed. When operated a t  d i f f e r e n t  speeds ,  

the  r e l a t i o n s h i p s  a r e  inf luenced by su r face  type and roughness l e v e l ,  and 

degraded c o r r e l a t i o n s  a r e  obta ined.  

It should be noted t h a t  the  r e l a t i o n s h i p s  between t h e  B r a z i l i a n  

Maysmeters and t h e  BI T r a i l e r  observed i n  the  IRRE a r e  only v a l i d  f o r  t h a t  

po in t  i n  t ime ,  a l though o t h e r  d a t a  a v a i l a b l e  from the  I C R  p r o j e c t  may be used 

t o  r e l a t e  measurements backward i n  time. The same i s  not  t r u e  f o r  the  NAASRA 

meter which was i n s t a l l e d  i n  t h e  Caravan station-wagon f o r  the  experiment. 

Because of v e h i c l e  d i f f e r e n c e s ,  t h e  d a t a  acquired i n  t h e  IRRE cannot be 

v a l i d l y  r e l a t e d  t o  measurements i n  A u s t r a l i a  by t h e  ARRB. 

The I=. In  o rde r  t o  d e f i n e  an I R I  t h a t  can be measured wi th  a  

RTRRMS, i t  i s  necessary  t o  s t andard ize  the  RTRRMS measurement procedu:re, and 

t o  f i n d  a  prof i le-based numeric t h a t  i s  s u i t a b l e  f o r  most prof i lometry  

techniques  and which has  maximum c o r r e l a t i o n  with the  RTRRMS measures. The 

consensus of the  p a r t i c i p a n t s  i n  t h e  IRRE was t h a t  t h e  I R I  should r e f l e c t  a  

s i n g l e  s tandard speed ( r a t h e r  than a  t r a f f i c  speed concept such a s  A R V ) ,  and 

t h a t  t h e  speed of 50 kmlh was the  b e s t  choice f o r  meeting the  many c r i t e r i a  

involved,  A number of prof i le-based numerics were c o r r e l a t e d  a g a i n s t  t h e  

A R S ~ ~  measures obtz ined from t h e  RTRRMSs (where t h e  s u b s c r i p t  50 i n d i c a t e s  a  

measure made at: 50 km/h), and t h e  re fe rence  ARS50 (RARS50) numeric 

computed with a  simulated RTRRMS was shown t o  be t h e  b e s t  choice  i n  terms of 

accuracy and measurement f l e x i b i l i t y .  

Guidelines f o r  measuring t h e  RARSSO roughness numeric a r e  a v a i l a b l e  

[351,  which d e s c r i b e  t h e  procedures f o r  planning and opera t ing  programs f o r  

monitoring road roughness using t h e  RARSSO s c a l e  wi th  RTRRMSs, c a l i b r a t e d  t o  

rod and l e v e l .  

Other pro f i l e  analyses. A number of o t h e r  ana lyses  a r e  descr ibed and 

app l i ed  t o  t h e  p r o f i l e s  measured i n  the  IRRE. The power s p e c t r a l  d e n s i t y  

(PSD) func t ion  was computed and p l o t t e d  f o r  every measured p r o f i l e ,  and 

Appendix I p r e s e n t s  about 300 of these  p l o t s .  This informat ion provicles a  



very d e t a i l e d  look a t  t h e  roughness p r o p e r t i e s  of both  wheeltracks of every  

s i t e  i n  t h e  IRRE. The p l o t s  show the  a c t u a l  d i f f e r e n c e s  between t h e  su r face  

types  covered i n  t h e  IRRE, and should be u s e f u l  f o r  many f u t u r e  a p p l i c a t i o n s  

i n  which d e t a i l s  of road roughness a r e  needed t o  t e s t  hypotheses and candidate  

analyses .  

In a d d i t i o n  t o  the  PSD f u n c t i o n s ,  t h e  IRRE roads a r e  charac te r i zed  us ing 

the  analyses  app l i ed  by LCPC and CRR i n  Europe. Both agencies  use  waveband 

analyses  ( t h e  APL 7 2  energy (W) , equ iva len t  amplitude (Y), Index ( I ) ,  and 

c o e f f i c i e n t  of evenness CP) t h a t  a l s o  i n d i c a t e  the  s p e c t r a l  content  of the  

r o a d ,  but us ing s impler  numerics t h a t  a r e  more s u i t e d  f o r  survey purposes than 

PSD func t ions .  A simple numeric used f o r  eva lua t ing  road q u a l i t y  during 

c o n s t r u c t i o n ,  t h e  CAPL 25 numeric, was a l s o  provided f o r  a l l  of t h e  IRRE 

s i t e s ,  and s e v e r a l  examples were shown i l l u s t r a t i n g  how t h e  CAPL 25  desc r ibes  

t h e  he te rogene i ty  of a  road along i t s  length .  

Several  p r o f i l e s  a r e  a l s o  shown t o  demonstrate the  d i a g n o s t i c  informat ion 

t h a t  can be obtained using c h a r a c t e r i z a t i o n  methods more s o p h i s t i c a t e d  than i s  

p o s s i b l e  with a  RTRRMS-type of summary measure. 

Other summary numerics t h a t  a r e  p resen t ly  used were a l s o  s t u d i e d ,  and 

shown t o  be highly  c o r r e l a t e d  wi th  both t h e  RTRRMS ARS measures and the  

prof i le-based RARS numerics. These i n c l u d e  1 )  QIr ,  computed a s  the  weighted 

sum of two RMSVA numerics and developed i n  Braz i l  f o r  t h e  rod and l e v e l  

p r o f i l o m e t r i c  method, 2 )  t h e  APL 7 2  s h o r t  wave energy (W), normally measured 

e l e c t r o n i c a l l y  i n  France using t h e  APL 7 2  system, 3 )  CP2,5, computed 

d i g i t a l l y  i n  Belgium from the  APL 7 2  s i g n a l  us ing a  moving average,  and 4 )  

RMSD, developed by TRRL f o r  use wi th  the  Beam. The d a t a  from the  IRRE have 

been used t o  demonstrate t h e  c o r r e l a t i o n  among t h e s e  numerics,  and can be used 

t o  t i e  i n t o  p a s t  measures made wi th  these  numerics. 

Concluding remarks. The major ques t ions  t h a t  motivated t h e  IRRE have 

been answered, and procedures have been demonstrated t h a t  a l low t h e  

s t andard ized  measurement of roughness wi th  a  wide v a r i e t y  of equipment. Since 

t h e  r e p r e s e n t a t i o n  was by no means complete,  o t h e r  equipment and methods 

should a l s o  be i n v e s t i g a t e d .  



Other high-speed p ro f i lomete r s  a r e  i n  u s e ,  and newer des igns  a r e  i n  

development. Faced with the  obvious problems of poor t i m e - s t a b i l i t y  tha t  can 

be seen wi th  RTmMS, t h e  a c q u i s i t i o n  of a  p ro f i lomete r  o r  o t h e r  ins t rument  

t h a t  i s  s t a b l e  wi th  time a t  f i r s t  appears t o  so lve  a l l  of the  problems. 

However p ro f i iomete r s  w i l l  not  g e n e r a l l y  be s u i t e d  f o r  a l l  p r o f i l e  analyses .  

Therefore ,  the  v a l i d i t y  o f  p ro f i lomete r s  should be demonstrated exper imenta l ly  

f o r  every a n a l y s i s  used ( inc lud ing  R L ~ R S ~ ~ )  by d i r e c t  comparison wi th  rod and 

l e v e l .  

As p r o f i l o m e t r i c  methods become more common, p r o f i l e  analyses  can be 

developed t h a t  a r e  s p e c i f i c  t o  var ious  a p p l i c a t i o n s .  One measure might be 

used a s  a  pavement cond i t ion  index ,  whi le  another  could be used a s  a  r i d e  

q u a l i t y  index.  The va r ious  numerics used by LCPC and CRR a l ready  show t h i s  

philosophy. A s  d a t a  become a v a i l a b l e  i n d i c a t i n g  how q u a l i t i e s  of a  road can 

be b e s t  determined from a  p r o f i l e  measurement, a  number of p r o f i l e  analyses  

f ine-tuned t o  s p e c i f i c  a p p l i c a t i o n s  should be considered f o r  s t andard iza t ion .  

The in f luence  of s i t e  l eng th  on accuracy has  not been i n v e s t i g a t e d .  As 

high-speed p ro f i lomete r s  become more common, v a r i a t i o n s  due t o  random e f f e c t s  

such a s  the  l a t e r a l  p o s i t i o n i n g  of the  ins t rument  i n  the t r a v e l l e d  l a n e  can be 

reduced by s e l e c t i n g  Longer s tandard l e n g t h s .  When s i t e  l e n g t h s  o t h e r  than 

320 m a r e  used ,  the  accuracy of the  measurements ( a s  charac te r i zed  by 

r e p r o d u c i b i l i t y )  should be determined.  

In a d d i t i o n  t o  t h e  f o u r  s u r f a c e  types included i n  the  IRRE, t h e  'URS  

numeric has  a l s o  been demonstrated t o  be v a l i d  f o r  PCC roads [9]. Other 

s u r f a c e  types t h a t  have not  been t e s t e d  include roads cons t ruc ted  manually i n  

developing c o u n t r i e s ,  and unpaved roads wi th  severe  cor ruga t ions .  Care should 

be taken when performing c a l i b r a t i o n s  on these  types of s u r f a c e s ,  and t h e  

procedures developed a s  a  r e s u l t  of the  IRRE [35] should be re f ined  a s  

necessary .  
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