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ABSTRACT 

Road roughness i s  g a i n i n g  i n c r e a s i n g  importance a s  an i n d i c a t o r  of road 
c o n d i t i o n ,  bo th  i n  terms of road pavement performance,  and a s  a  major 
de te rminan t  of road u s e r  c o s t s .  Th i s  need t o  measure roughness has  brough a  
p l e t h o r a  of i n s t r u m e n t s  on t h e  market ,  cover ing  t h e  range from r a t h e r  s imple  
d e v i c e s  t o  q u i t e  complicated systems. The d i f f i c u l t y  i s  t h e  c o r r e l a t i o n  and 
t r a n s f e r a b i l i t y  of measures from v a r i o u s  i n s t r u m e n t s  and t h e  c a l i b r a t i o n  t o  a  
common s c a l e ,  a  s i t u a t i o n  t h a t  i s  exacerba ted  through a  l a r g e  number of 
f a c t o r s  t h a t  cause  v a r i a t i o n s  between r e a d i n g s  of s i m i l a r  i n s t r u m e n t s ,  and  
even f o r  t h e  same ins t rument  a t  d i f f e r e n t  t imes  and under d i f f e r e n t  
c o n d i t i o n s .  This  need t o  c o r r e l a t e  and c a l i b r a t e  l e d  t o  t h e  I n t e r n a t i o n a l  
Road Roughness Experiment (IRRE) i n  B r a z i l  i n  1982. 

The I R R E  covered two c a t e g o r i e s  of i n s t r u m e n t s  - p r o f i l o m e t e r s ,  which 
measure t h e  l o g i t u d i n a l  e l e v a t i o n  p r o f i l e  of t h e  road  and c o n v e r t s  t h i s  i n t o  
a  roughness index - and response-type road roughness measuring systems 
(RTRRMS's), which i n t e g r a t e  r e a d i n g s  of t h e  d e v i c e  i n t o  a n  ins t rument -  
s p e c i f i c  numeric. The a n a l y s e s  demonstra ted a  good c o r r e l a t i o n  between t h e  
RTRRMS' and between t h e  RTRblM's and p r o f i l o m e t e r  r e c o r d s ,  and showed t h a t  
t h e y  could a l l  be c a l i b r a t e d  t o  a  s i n g l e  roughness s c a l e  wi thou t  compromising 
t h e i r  accuracy.  Thus, a l l  t h e  i n s t r u m e n t s  t e s t e d  w i l l  g i v e  o u t p u t s  which a r e  
s u f f i c i e n t l y  a c c u r a t e  and r e p r o d u c i b l e  f o r  comparative e v a l u a t i o n ,  but w i l l  
need t o  be c o r r e l a t e d  t o  some g iven  s t a n d a r d  t o  e n s u r e  t r a n s f e r a b i l i t y  and 
c o n s i s t e n c y  over  time. 

A l a r g e  a r r a y  of p o s s i b l e  S tandard  I n d i c e s  were e v a l u a t e d ,  some based 
p u r e l y  on t h e  geomet r ic  c h a r a . t e r i s t i c s  of t h e  road p r o f i l e ,  some based on 
s i m u l a t i o n  of t h e  road p r o f i l e  - v e h i c l e  i n t e r a c t i o n ,  and some based on 
s p e c t r a l  a n a l y s i s  of t h e  roughness r e c o r d e r  o u t p u t .  These a n a l y s e s ,  which 
a l s o  i n c l u d e  measurement t r a v e l l i n g  speed,  a r e  d e s c r i b e d  i n  t h e  t e x t ,  and 
e l a b o r a t e d  i n  t h e  Appendices, w i t h  ample t a b u l a t i o n s  and diagrams t o  
i l l u s t r a t e  t h e  c o r r e l a t i o n s .  A p r a c t i c a l  manual emanating from t h e  IRRE i s  
con ta ined  i n  a  companion volume i n  t h i s  S e r i e s ,  e n t i t l e d  Guide l ines  f o r  
Conducting and C a l i b r a t i n g  Road Roughness Measurements (World Bank T e c h n i c a l  
Paper  Number 4 6 ) .  

Appendices c o n t a i n  f u l l  documentation of t h e  d a t a  c o l l e c t e d  and t h e  
a n a l y s e s  performed. 
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SUMMARY 

The International Road Roughness Experiment (IRRE) was proposed to find 
the best practices appropriate for the many types of roughness measuring 
equipment now in use. At the same time, the IRRE was planned to provide a 
means for comparing roughness data obtained by different procedures and 
instruments. This research was needed because different methods used for 
characterizing road roughness are generally not equivalent. In some cases, 
the measures are neither consistent nor stable with time. Thus, utilization 
of roughness data can be difficult, particularly when considering roughness 
data obtained by more than one method. Ideally, a standard roughness index 
could be used to eliminate most of these problems. 

The IRRE was held in Brasilia, Brazil in 1982, and was conducted by 
research teams from Brazil, England, France, the United States, and Belgium. 
Forty-nine (49) test sites were measured using a variety of test equipment and 
measurement conditions. The sites included a full roughness range of 
asphaltic concrete, surface treatment, gravel, and earth roads. 

The equipment included two categories. In the first--profilometric 
methods--the longitudinal elevation profile of the road is measured and then 
analyzed to obtain one or more roughness hdices. Both manual quasi-static 
methods and high-speed profilometers were used in the IRRE. In the second 
category--Response-Type Road Roughness Measuring Systems (RTRRMSs)--a vehicle 
is instrumented with a roadmeter device. The roadmeter produces a roughness 
reading as the result of the vehicle motions that occur while traversing the 
road. Seven RTRRMSs participated in the experiment, including five that 
consisted of roadmeters installed in ordinary passenger cars, and two that are 
self-contained roadmeterltrailer units. Each RTRRMS made repeated measures on 
all of the sites at several speeds. 

Analyses of the collected data showed that all of the RTRRMSs give 
highly correlated measures when they are operated at the same test speed, and 
that all could be calibrated to a single roughness scale without compromising 
their accuracy. Analyses of the profile data demonstrated that the different 
profilometric methods can yield some--but not all--of the common roughness 
indices when the appropriate analysis is applied to the measured profile. 
Several of the profile-based roughness indices showed excellent correlation 
with the measures from the RTRRMSs. Thus, a single index is proposed, called 
the International Roughness Index (IRI). The IRI is measurable by all of the 
roughness measuring equipment included in the IRRE, and is also compatible 
with nearly all equipment used worldwide. 

The IRI is based on the roadmeter measure, called by its technical name 
of average rectified slope (ARS), or more typically by the units used (mlkm, 
in/mi, etc.). For technical and practical reasons, a standard speed of 80 
km/h (50 mph) is proposed. The calibration reference is a mathematical model 
of a RTRRMS, that provides a reference ARS (RARS) index computed from a 
measured profile. This index, designated RARS , is identical to the 
calibration reference described earlier in NCH@ Report No. 228. It was 
selected over several other profile based numerics that were also considered 
because: 1) it most closely matches the concept of a reference RTRRMS, 2) it 
results in the best RTRRMS accuracy, and 3) it is compatible with more 
profilometric methods than any of the other indices. A separate document 
contains practical guidelines for measuring the IRI with various instruments 
(see reference 35). 





CHAPTER 1 

INTRODUCTION 

Background 

The "roughness" of a  road Ls d e f i n e d  i n  t h i s  r e p o r t  a s  " the  v a r i a t l o n  i n  

s u r f a c e  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 , "  and 

h i s t o r i c a l l y  h a s  been long recognized a s  a n  impor tan t  measure of road 

performance.  By c a u s i n g  v e h i c l e  v i b r a t i o n s ,  roughness  h a s  a  d i r e c t  i n f l u e n c e  

on v e h i c l e  wear ,  r i d e  comfor t ,  and s a f e t y  [ l ,  2 ,  3 ,  41. I n  t u r n ,  t h e  dynamic 

wheel l o a d s  produced a r e  i m p l i c a t e d  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 ] .  The e f f e c t  of roughness on road s a f e t y  i s  a l s o  be ing  

recognized.  

A s  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 e n g i n e e r s  worldwide. A s  t h e  highway networks i n  

developed c o u n t r i e s  n e a r  comple t ion ,  t h e  maintenance of a c c e p t a b l e  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 .  I n  s o p h i s t i c a t e d  management sys tems ,  roughness  

measurements a r e  an impor tan t  f a c t o r  i n  making d e c i s i o n s  toward spending 

l i m i t e d  budge t s  f o r  maintenance and improvements. Ana lys i s  of roughness  can 

a i d  i n  t h e  d i a g n o s i s  of roadway d e t e r i o r a t i o n  and t h e  d e s i g n  of a p p r o p r i a t e  

maintenance.  I n  developed c o u n t r l e s ,  r i d e  comfor t  h a s  been emphasized because  

i t  i s  t h e  m a n i f e s t a t l o n  of roughness  most e v i d e n t  t o  t h e  p u b l i c .  

I n  l e s s  developed c o u n t r l 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  v e r y  beg inn ing ;  c o n s t r a i n e d  by l i m i t e d  r e s o u r c e s ,  they  must choose between 

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

road t r a n s p o r t  e f f i c i e n c y  i n v o l v e s  t r a d e - o f f s  between u s e r  c o s t s  and road 

c o s t s .  User c o s t s  a r e  s t r o n g l y  r e l a t e d  t o  road roughness  and a r e  t y p i c a l l y  

many t imes  g r e a t e r  than  road c o n s t r u c t i o n  and maintenance c o s t s .  Hence, 

s t u d i e s  of  t h e  impor tan t  r e l a t i o n s h i p  between roughness  and v e h i c l e  o p e r a t i n g  

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

have been o r  a r e  be ing  under taken  i n  Kenya [ 2 ] ,  I n d i a  [ 6 ] ,  B r a z i l  [ 7 ,  81, and 

o t h e r  l o c a t i o n s .  Other  u s e r  c o s t s  a r e  l e s s  d i r e c t  hu t  a r e  a l s o  a  consequence 



of roughness.  These i n c l u d e  t r a n s p o r t  speed l l m i t a t l o n s ,  a c c i d e n t s ,  and c a r g o  

damage. 

A p e r s i s t e n t  problem I n  t h e s e  s t u d i e s  i s  c h a r a c t e r i z i n g  t h e  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 popu la r  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  

r e sponse  t o  roughness.  

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

be i n s p e c t e d  t o  i d e n t i f y  l o c a l  d e f e c t s ,  o r  p rocessed  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 .  D i r e c t  comparison of p r o f i l e s  

o b t a i n e d  by d i f f e r e n t  methods i s  no t  a lways  p o s s i b l e ,  s i n c e  p r o f i l e s  measured 

w i t h  high-speed dynamic p r o f i l o m e t e r s  g e n e r a l l y  do n o t  i n c l u d e  t h e  u n d e r l y i n g  

s l o p e  of t h e  r o a d ,  nor  v a r i a t i o n s  t h a t  occur  o v e r  ve ry  long  wavelengths.  On 

t h e  o t h e r  hand,  s t a t i c  measurements o b t a i n e d  w i t h  manual methods such a s  rod 

and l e v e l  do i n c l u d e  t h e  long wave leng ths ,  b u t  a r e  n o t  p r a c t i c a l  f o r  cover ing  

long  d i s t a n c e s ,  due t o  t h e  r e q u i r e d  e f f o r t .  (Note t h a t  wavelength l l m i t a t l o n s  

of p r o f i l o m e t e r s  u s u a l l y  do n o t  l i m i t  t h e i r  u t i l i t y ,  s i n c e  long wavelengths  

a r e  of no consequence f o r  most a p p l i c a t i o n s ,  i n c l u d i n g  measurement of a l l  of 

t h e  roughness  i n d i c e s  d e s c r i b e d  i n  t h i s  r e p o r t . )  

The second t y p e  of measurement i s  o b t a i n e d  u s i n g  a  v e h i c l e  ins t rumented  

t o  produce a  numeric p r o p o r t i o n a l  t o  t h e  v e h i c l e  response  t o  road roughness ,  

when t h e  road i s  t r a v e r s e d  a t  a  c o n s t a n t  speed.  These sys tems have a c q u i r e d  

t h e  name response- type road roughness  measuring sys tems (RTRRMSs), and have 

been developed from a  p r a c t i c a l  approach t o  t h e  problem, o f t e n  wi thou t  a  

thorough t e c h n i c a l  u n d e r s t a n d i n g  of e x a c t l y  how t h e  measures r e l a t e  e i t h e r  t o  

road p r o f l l e  geometry o r  v e h i c l e  response .  A s  a  r e s u l t ,  t h e  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  

r e l e v a n c e  t o  r i d e  comfor t  o r  road-user c o s t s .  None the less ,  most of t h e  

c u r r e n t l y  popu la r  RTRRMS i n s t r u m e n t a t i o n  sys tems s h a r e  a  commonality i n  

c o n f l g u r a t i o n  and o p e r a t l o n ,  and a r e  i n  such  widespread use  t h a t  they  can be 

expec ted  t o  p l a y  a  l a r g e  r o l e  i n  measurement methodology i n  t h e  n e a r  f u t u r e .  

E a r l y  high-speed p r o f i l o m e t e r s  were c o s t l y ,  complex, d i f f i c u l t  t o  

m a i n t a i n ,  and r e q u i r e d  knowledgeable u s e r s  t o  o p e r a t e  them and make good u s e  



of t h e  measurements. T h i s  i s  one of t h e  r e a s o n s  why t h e  more s lmple  RTRRMSs 

have been s o  popu la r .  More r e c e n t  d e s i g n s  have r e s u l t e d  i n  p r o f i l o m e t e r s  t h a t  

a r e  l e s s  c o m p l i c a t e d ,  l e s s  e x p e n s i v e ,  and can be used over  a  wider  range of 

c o n d i t i o n s .  F u t u r e  t r e n d s  i n  p r o f l l o m e t r y  a r e  l i k e l y  t o  y i e l d  lower  c o s t s  and 

g r e a t e r  o p e r a t i n g  s i m p l i c i t y ,  making t h e s e  i n s t r u m e n t s  more comparable w i t h  

RTRRMSs f o r  r o u t i n e  use .  Already they have advan tages  i n  terms of improved 

accuracy  and r e l a t i v e l y  s imple  c a l i b r a t i o n  p rocedures  t h a t  make them more 

c o s t - e f f e c t i v e  o v e r a l l  t h a n  RTRRMSs f o r  some u s e s .  But f o r  t h e  p r e s e n t  t ime ,  

RTRRMS use  can be expec ted  t o  c o n t i n u e ,  and even grow, a s  more a g e n c i e s  beg in  

moni to r ing  roughness  f o r  t h e  f i r s t  t ime ,  purchas ing  roadmeter i n s t r u m e n t s  f o r  

mounting i n  v e h i c l e s  f o r  use  a s  " e n t r y - l e v e l "  roughness  measurement systems.  

The u s e r s  of RTRRMSs recogn ize  t h a t  t h e  roughness  numeric o b t a i n e d  from 

one of t h e s e  sys tems i s  t h e  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  r e s p o n s i v e n e s s  of 

t h e  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  s p e n t  l i m i t i n g  t h e  v a r i a b i l i t y  of t h e s e  o t h e r  

f a c t o r s ,  t h e r e  i s  growing r e c o g n i t i o n  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 t h e  most c a r e f u l l y  malnta ined sys tems shou ld  be 

independen t ly  c a l i b r a t e d  o c c a s i o n a l l y .  

One method f o r  c a l i b r a t i n g  a  RTRRMS i s  by t h e  use  of c o n t r o l  s e c t i o n s  t o  

perform a  " c a l i b r a t i o n  by c o r r e l a t i o n . "  The c a l i b r a t i o n  i s  performed by 

running t h e  RTRRMS o v e r  a  number of " c o n t r o l "  road s e c t i o n s  t h a t  have known 

v a l u e s  of roughness ,  o b t a i n e d  th rough  c o n c u r r e n t  measurement by a  r e f e r e n c e  

method. The measures o b t a i n e d  from t h e  RTRRMS, t o g e t h e r  w i t h  t h e  r e f e r e n c e  

roughness  numerics ,  a r e  used t o  de te rmine  a  r e g r e s s i o n  e q u a t i o n  t h a t  i s  used 

t o  c o n v e r 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  r e f e r e n c e  measure 

would have been. These e s t i m a t e s  a r e  t h e  " c a l i b r a t e d "  roughness  measures. 

V a r i a t i o n s  of t h i s  approach h a s  been developed s i n c e  1970 by s e v e r a l  a g e n c i e s  

[ 7 ,  27 ,  401. More r e c e n t l y ,  comprehensive r e s e a r c h  on t h e  t o p i c ,  funded by 

t h e  N a t i o n a l  Coopera t ive  Highway Research Program (NCHRP), h a s  i n d i c a t e d  t h a t  

t h e  " c a l i b r a t i o n  by c o r r e l a t i o n "  approach i s  i n  f a c t  t h e  o n l y  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  s u r f a c e  type [9]. 



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  r e f e r e n c e  roughness 

l e v e l s  t o  t h e  c o n t r o l  s e c t i o n s .  Th i s  r e q u i r e s  t h e  a b i l i t y  t o  a c c u r a t e l y  

measure t h e  l o n g i t u d i n a l  p r o f i l e s  of t h e  c o n t r o l  s e c t i o n s  i n  t h e  w h e e l t r a c k s  

t r a v e r s e d  by t h e  RTRRMS. It a l s o  r e q u i r e s  a  method f o r  r educ ing  t h e  

i n f o r m a t i o n  i n  a  p r o f i l e  t o  a  s i n g l e  roughness  measure f o r  t h e  c o r r e l a t i o n .  

Although RTRRMS u s e  i s  p o p u l a r ,  t h e r e  h a s  been no consensus  a s  t o  how a  

RTRRMS should  be o p e r a t e d ,  nor  agreement a s  t o  what r e f e r e n c e  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 .  I n  response  t o  t h i s  need,  t h e  

World Bank proposed t h a t  roughness  measurement d e v i c e s  r e p r e s e n t a t i v e  of t h o s e  

i n  u s e  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). The purpose was t o  de te rmine  c o r r e l a t i o n s  among t h e  

i n s t r u m e n t s  and encourage t h e  development and a d a p t a t i o n  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 - re la ted  

informa t i o n .  

The I R R E  was h e l d  i n  B r a s i l i a ,  B r a z i l ,  d u r i n g  May and June of 1982. 

Research teams p a r t i c i p a t e d  from t h e  B r a z i l i a n  T r a n s p o r t a t i o n  P lann ing  Agency 

(GEIPOT) , t h e  B r a z i l i a n  Road Research I n s t i t u t e  (IPRIDNER) , t h e  Bri t l s h  

T r a n s p o r t  and Road Research Labora to ry  (TRRL), t h e  French Bridge and Pavement 

Labora to ry  (LCPC), and The U n i v e r s i t y  of Michigan T r a n s p o r t a t i o n  Research 

I n s t i t u t e  (UMTRI--formerly t h e  Highway S a f e t y  Research I n s t i t u t e ,  HSRI). I n  

a d d i t i o n ,  t h e  Be lg ian  Road Research Cen te r  (CRK) p a r t i c i p a t e d  i n  t h e  a n a l y s e s  

of t h e  d a t a  a f t e r  t h e  exper iment .  

The I R R E  inc luded  t h e  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 r o f i l o m e t e r s  ( o n l y  t h e  d a t a  from 

one were p r o c e s s e d ,  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  t y p e s  were i n c l u d e d :  a s p h a l t i c  c o n c r e t e ,  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  exper iment ,  a l l  of  t h e  

s e c t i o n s  were subjectively e v a l u a t e d  f o r  roughness  by a  pane l  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 i n d i n g s  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 u s u a l l y  be  accomplished on ly  w i t h  

t h e  use  of r e g r e s s i o n  e q u a t i o n s  t h a t  a r e  i m p r e c i s e  and o f t e n  v a l i d  o n l y  under  

l i m i t e d  c o n d i t i o n s .  By s e l e c t i n g  a  s i n g l e  s t a n d a r d  roughness  measurement t o  

which a l l  measurements a r e  s c a l e d ,  i n f o r m a t i o n  can be compared d i r e c t l y .  

I n  o r d e r  f o r  t h e  I R I  t o  e l i m i n a t e  t h e s e  problems, i t  must be :  

* S t a b l e  w i t h  t ime 

* T r a n s p o r t a b l e  (measurable  w i t h  equipment a v a i l a b l e  i n  most 

c o u n t r i e s ,  i n c l u d i n g  deve lop ing  c o u n t r i e s  w i t h  l e s s  t e c h n i c a l  

s u p p o r t  ) 

* Val id  ( r e p r o d u c i b l e  w i t h  v a r i o u s  t y p e s  of equipment f r o m a l l  

o v e r  t h e  wor ld ,  on a l l  t y p e s  of road s u r f a c e s  w i t h o u t  b i a s )  

* Relevan t  ( i n d i c a t i v e  of road c o n d i t i o n  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 n o t  s t r i c t l y  n e c e s s a r y ,  i t  i s  p r e f e r a b l e  t h a t  t h e  I R I  a l s o  be:  

* Simple and conven ien t  

* Well known ( i . e . ,  a l r e a d y  i n  use  by some a g e n c i e s . )  

I n  o r d e r  t o  q u a l i f y  f o r  t h e s e  c r i t e r i a ,  t h e  I R I  must be compat ib le  w i t h  

t h e  RTRRMSs now i n  u s e ,  and must be d e f i n e d  by p r o f i l e  geometry ( t o  be s t a b l e  

w i t h  t ime) .  I n  o r d e r  t o  d e f i n e  such a n  I R I ,  a number of more immediate sub- 

o b j e c t i v e s  f i r s t  had t o  be met: 

Sub-objective #l:  Establish valid calibration procedures for popular 

measurement practices. Obta in ing  a  roughness  measure t h a t  i s  s t a b l e  w i t h  t ime 

h a s  o f t e n  proven d i f f i c u l t .  The IRRE a l l o w s  t h e  e v a l u a t i o n  of  a l t e r n a t e  

c a l i b r a t i o n  methods f o r  many of t h e  combinat ions  of equipment and procedure  

t h a t  were inc luded .  Thus, t h e  r e p r o d u c i b i l i t y  of t h e  measures o b t a i n e d  u s i n g  



s p e c i f i c  methods can be de te rmined ,  and p r a c t i t i o n e r s  can r a t i o n a l l y  s e l e c t  a  

method t h a t  i s  b e s t  f o r  l o c a l  c o n d i t i o n s .  

Sub-Objective 52: Establish the correlation between different RTRRMSs. 

Measures from two d i f f e r e n t  RTRRMSs can be made somewhat "equ iva len t1 '  (and 

t h e r e f o r e  r e p r o d u c i b l e )  th rough  c a l i b r a t i o n .  The IRRE was des igned  t o  h e l p  

de te rmine  t h e  d e g r e e  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  t y p e ,  and o p e r a t i n g  speeds  o v e r  which t h a t  r e p r o d u c i b i l i t y  

can be ob ta ined .  

Sub-Objective #3: Establish measurement requirements for profile-based 

roughness measures. One of t h e  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 c o u n t r y  bu t  n o t  a n o t h e 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  

su rvey  method i s  a  l a b o r - i n t e n s i v e  method t h a t  i s  w e l l  s u i t e d  t o  c o u n t r i e s  

w i t h  low l a b o r  c o s t s ,  whereas c e r t a i n  p r o f i l o m e t e r s  may r e q u i r e  t e c h n i c a l  

s u p p o r t  t h a t  i s  n o t  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 .  I n  t h e  p a s t ,  

s p e c i f i c  a n a l y s i s  methods have been a s s o c i a t e d  w i t h  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 t h e  measurement method. The v a r i o u s  measures of p r o f i l e  o b t a i n e d  

i n  t h e  I R R E  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  de te rmine  

whether  c e r t a i n  p r o f i l e  a n a l y s e s  a r e  compat ib le  w i t h  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 #4: Establish correlations between profile-based numerics 

and RTRRMS numerics. Although t h e r e  i s  a  g e n e r a l  agreement among u s e 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  r e f e r e n c e ,  

a  number of p o t e n t i a l  r e f e r e n c e s  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  d e g r e e  of c o r r e l a t i o n  between t h e  

RTRRMS and t h e  r e f e r e n c e ;  hence ,  t h e  c o n d i t i o n s  f o r  o b t a i n i n g  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  o r d e r  t o  s p e c i f y  bo th  an  a p p r o p r i a t e  

r e f e r e n c e  numeric and t h e  a p p r o p r i a t e  o p e r a t i o n  of t h e  RTRRMS t o  b e s t  match 

t h a t  r e f e r e n c e .  

Sub-Objective 1 5 :  Perform and document auxiliary analyses of the profile 

data. A w e a l t h  of p r o f i l e  i n f o r m a t i o n  was o b t a i n e d  i n  t h e  IRRE 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  compat ib le  w i t h  t h e  s imple  numerics t h a t  can be o b t a i n e d  w i t h  

RTRRMSs. These i n c l u d e  waveband a n a l y s e s  used i n  Europe,  Power S p e c t r a l  

Dens i ty  (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 

a n a l y s e s  a r e  e s s e n t i a l  t o  unders tand  some of t h e  r e l a t i o n s h i p s  observed 

between RTRRMS numerics ,  and t h e  r e s u l t s  a r e  a l s o  a  v a l u a b l e  r e s o u r c e  f o r  

l i n k i n g  summary numerics  o b t a i n e d  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 Organization 

T h i s  r e p o r t  documents t h e  exper iment ,  t h e  d a t a  o b t a i n e d ,  and a  number of 

a n a l y s e s  a p p l i e d  t o  t h a t  d a t a .  The f i n d i n g s  a r e  then  a p p l i e d  t o  recommend an 

I R I .  Many of t h e  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  n o t  be of i n t e r e s t  t o  

t h e  a v e r a g e  reader .  T h e r e f o r e ,  t h i s  main r e p o r t  i s  l i m i t e d  t o  an  overview of 

t h e  I R R E  (Chap te r  2 ) ,  an overview of t h e  a n a l y s e s  and r e l e v a n t  f i n d i n g s  

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

I R I  (Chap te r  4 ) .  (Chap te r  5 c o n t a i n s  a  summary and conc lud ing  remarks ,  w h i l e  

r e f e r e n c e s  a r e  i n c l u d e d  i n  Chapter  6 . )  The bu lk  of t h e  t e c h n i c a l  i n f o r m a t i o n  

i s  s o r t e d  and p r e s e n t e d  i n  Appendices A - K ,  c o n t a i n e d  i n  Volume 11. 





CHAPTER 2 

EXPERIMENT 

T h i s  c h a p t e r  d e s c r i b e s  t h e  p h y s i c a l  a s p e c t s  of t h e  I n t e r n a t i o n a l  Road 

Roughness Experiment (IRRE). It summarizes t h e  methods used t o  a c q u i r e  

roughness  d a t a ,  t h e  r a n g e s  of road and o p e r a t i n g  c o n d i t i o n s  covered i n  t h e  

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

Participants 

The exper iment  inc luded  t h e  p a r t i c i p a t i o n  of e l e v e n  p i e c e s  of 

equipment ,  which a r e  s e p a r a t e d  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  measurement sys tems (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 (p ro fTlomete r s ) .  Appendix A 

p r o v i d e s  a  t e c h n i c a l  d i s c u s s i o n  f o r  each  p i e c e  of equipment and o f f e r s  much 

g r e a t e r  d e t a i l  t h a n  t h e  fo l lowing  overview. 

RTRR)1Ss. 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  t h e  IRRE c o n s i s t  of 

a  v e h i c l e  equipped w i t h  s p e c i a l  i n s t r u m e n t a t i o n .  Although d i f f e r e n t  

d e s i g n s  a r e  employed, a l l  of t h e  i n s t r u m e n t s  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  r e sponse :  an  accumulat ion of t h e  r e l a t i v e  movement 

of t h e  suspens ion  between a x l e  and body. The measurements o b t a i n e d  w i t h  

t h e s e  i n s t r u m e n t s  a r e  i n  t h e  form of d i s c r e t e  c o u n t s ,  where one coun t  

c o r r e s p o n d s  t o  a  c e r t a i n  amount of cumula t ive  d e f l e c t i o n  of t h e  v e h i c l e  

suspens ion .  When t h e  h o s t  v e h i c l e  i s  a  passenger  c a r ,  t h e  i n s t r u m e n t  i s  

mounted on t h e  body, d i r e c t l y  above t h e  c e n t e r  of t h e  r e a r  a x l e .  

A l t e r n a t i v e l y ,  some a r e  mounted on t h e  frame of a  s ingle-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 t h e  a x l e .  Four t y p e s  of RTRRMSs 

( s e v e n  t o t a l )  p a r t i c i p a t e d  i n  t h e  IRRE: 

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

o p e r a t e d  by t h e  B r a z i l i a n  T r a n s p o r t a t i o n  and P lann ing  Agency 



(GEIPOT). These c o n s i s t e d  of Chevro le t  Opala passenger  c a r s  

equipped w i t h  Maysmeters, manufactured by t h e  Ra inhar t  Co. 

of A u s t i n ,  Texas [ l o ]  a s  modi f i ed  by t h e  r e s e a r c h e r s  of t h e  

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

Between Cos t s  of Highway C o n s t r u c t i o n ,  Maintenance and 

U t i l i z a t i o n "  (PICR). The m o d i f i c a t i o n s  were made t o  

e l i m i n a t e  t h e  s t r i p - c h a r t  r e c o r d e r  normal ly  used t o  read 

roughness  measurements,  r e p l a c i n g  i t  wi th  an  e l e c t r o n i c  

c o u n t e r  w i t h  a  d i g i t a l  d i s p l a y  [ 7 ] .  The modif ied  meters  

produce a  d i s p l a y  f o r  eve ry  80 mete r s  of road t r a v e l ,  which 

i s  shown u n t i l  t h e  nex t  80 m i s  reached.  The meter  can a l s o  

be a d j u s t e d  t o  d i s p l a y  e v e r y  320 m. 

2. A Caravan station wagon with two roadmeters. A Bump 

I n t e g r a t o r  ( B I )  u n i t ,  produced and o p e r a t e d  by t h e  B r i t i s h  

T r a n s p o r t  and Road Research Labora to ry  (TRRL) [ l l ] ,  and a  

NAASRA Roughness Meter ,  provtded by t h e  A u s t r a l i a n  Road 

Research Board (ARRB) [ 1 2 ] ,  were bo th  i n s t a l l e d  i n  a  s i n g l e  

Chevro le t  Caravan. The Caravan Ls made i n  B r a z i l  and comes 

from t h e  same automot ive  fami ly  a s  t h e  Opala used f o r  t h e  

Maysmeter sys tems.  Both meters  were i n s t a l l e d  and o p e r a t e d  

by t h e  TRRL team, and a l l  measures made w i t h  t h e  NAASRA and 

B I  u n i t s  were made s imul taneous ly .  

3. Bump Integrator Trailer. The BT T r a i l e r ,  produced and 

o p e r a t e d  by TRRL, !.s a  s ingle-wheeled t r a i - l e r  equipped w i t h  

a  B I  u n i t  ( s e e  F igure  l a )  [ I l l .  It i s  based on t h e  o l d  BPR 

Roughometer d e s i g n  [ 1 3 ] ,  but  h a s  undergone a  g r e a t  d e a l  of 

development by TRRL t o  a c h i e v e  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. Soiltest BPR 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  i s  owned by t h e  

Federa l  U n i v e r s i t y  of Rio de  J a n e i r o  (COPPE/UFRJ) and was 

o p e r a t e d  by pe r sonne l  from t h e  B r a z i l i a n  Road Research 



-- -- -. 

a. Bump integrator Trailer 

b. BPR Roughometer made by Soiltest, Inc. 

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



I n s t i t u t e  (IPRIDNER). 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  o f  t h e  BPR Roughometer ( s e e  F i g u r e  1.b) [13] .  

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 t a n d a r d  speed does  not  e x i s t  f o r  car-based sys tems ,  a l t h o u g h  80 km/h (50 

mph) i s  the  speed o f t e n  recommended and used.  S tandard  speeds  i n  t h e  

v e h i c l e  o p e r a t i n g  c o s t  p a r t  of t h e  PICR 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 [ 1 4 ] .  Standard t e s t  

speeds  f o r  t h e  NAASRA Meter a s  used i n  A u s t r a l i a  w i t h  a  d i f f e r e n t  v e h i c l e  

a r e  50 and 80 km/h. 

Static Profile Measurement. Two s t a t i c  methods were used t o  o b t a i n  

t h e  l o n g i t u d i n a l  e l e v a t i o n  profile of each  whee l t r ack  over  a t e s t  s e c t i o n .  

Each method u s e s  a  f i x e d  h o r i z o n t a l  r e f e r e n c e  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 i x e d  L 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  s u r v e y ,  shown i n  F igure  

2. A s u r v e y o r ' s  l e v e l  p r o v i d e s  t h e  datum, whi le  datum-to-ground measures 

a r e  made w i t h  a  marked rod. 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 su rvey  bo th  w h e e l 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 e igh t -hour  working day (abou t  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 rod and l e v e l  su rvey  method was i n c l u d e d  i n  t h e  IRRE 

because  p r e v i o u s  s t u d y  i n  B r a z i l  demonstra ted  t h a t  a  r e l e v a n t  roughness 

index  can be determined from a n a l y s i s  of rod and l e v e l  p r o f i l e  [ 8 ] .  

The second method used i n  t h e  exper iment  i s  based on an exper imenta l  

i n s t r u m e n t  t h a t  was i n  development by TRRL, t h e  "TRRL Beam," shown i n  

F i g u r e  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  mete r s  i n  l e n g t h .  The ground-to-datum measures a r e  made w i t h  an  

ins t rumented  assembly t h a t  c o n t a c t s  t h e  ground through a  s m a l l  pneumatic 

t i r e  and can s l i d e  a long  t h e  beam on p r e c i s i o n  r o l l e r s .  To o p e r a t e  t h e  

d e v i c e ,  t h e  Beam i s  l e v e l l e d  by a n  ad jus tment  a t  one end,  and t h e  s l i d i n g  

assembly is  moved from one end of t h e  beam t o  t h e  o t h e r .  The moving 

assembly c o n t a i n s  a  microcomputer t h a t  d i g i t i z e s  t h e  measures a t  p re - se 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  

method . 



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



i n t e r v a l s  of 100 mm and p r i n t s  them on paper  t ape .  A t r a i n e d  crew of two 

o r  more was a b l e  t o  su rvey  two w h e e l 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 (abou t  6400 e l e v a t i o n  p o i n t s  f o r  two man-days). Subsequent development 

of t h e  TRRL Beam h a s  i n c l u d e d  a u t o m a t i c  p r o c e s s i n g  of t h e  p r o f i l e ,  

i n c l u d i n g  t h e  computat ion and p r i n t i n g  of a  roughness  numeric. With t h e  

improved v e r s i o n ,  a  320 m wheelpath  can  be surveyed i n  one h o u r ,  r e s u l t i n g  

i n  more than  25000 e l e v a t i o n  measures f o r  two man-days of e f f o r t .  

Dynamic Profile Measurement (Profflometers). The two vehic le-based 

p r o f i l o m e t e r  sys tems t h a t  p a r t i c i p a t e d  a r e  e a c h  des igned  t o  measure 

l o n g i t u d i n a l  p r o f i l e  o v e r  a  s e l e c t e d  wavenumber range (wavenumber = 

l l w a v e l e n g t h ) .  I n  bo th  c a s e s ,  an  i n e r t i a l  datum i s  used t h a t  i s  no t  f i x e d ,  

b u t  i s  dynamic, p r o v i d i n g  a  r e f e r e n c e  v a l i d  on ly  f o r  f r e q u e n c i e s  above a  

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

The name " p r o f i l o m e t e r "  i s  sometimes c o n t r o v e r s i a l ,  a s  o p i n i o n s  

d i f f e r  a s  t o  what q u a l i f i e s  an  i n s t r u m e n t  a s  a  p r o f i l o m e t e r .  I n  t h i s  

r e p o r t ,  a  sys tem i s  c o n s i d e r e d  t o  be a  p r o f i l o m e t e r  I f  i t  produces  a  s i g n a l  

t h a t  can  be p rocessed  d i r e c t l y  t o  y i e l d  t h e  c o r r e c t  v a l u e  of a  p r o f i l e -  

based roughness numeric. "Processed d i r e c t l y "  means t h a t  t h e  numeric i s  

computed d i r e c t l y  from t h e  p r o f i l o m e t e r  s i g n a l  based on t h e  mathemat ica l  

d e f i n i t i o n  of t h e  numeric ,  a s  opposed t o  a  " c a l i b r a t i o n  by c o r r e l a t o n "  t h a t  

must be d e r i v e d  e m p i r i c a l l y  u s i n g  r e g r e s s i o n  methods. It i s  expec ted  t h a t  

most p r o f i l o m e t r i c  i n s t r u m e n t s  q u a l i f y  a s  " p r o f i l o m e t e r s "  f o r  some 

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

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 Labora to ry  (LCPC), i s  c a l l e d  t h e  L o n g i t u d i n a l  P r o f i l e  Analyzer 

(APL) T r a i l e r  and shown i n  F i g u r e  4. T h i s  i n s t r u m e n t  h a s  a  d e s i g n  t h a t  

i s o l a t e s  i t s  r e sponse  s o l e l y  t o  p r o f i l e  i n p u t s .  Movements of t h e  towing 

v e h i c l e ,  a p p l i e d  a t  t h e  towing h i t c h - p o i n 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  h a s  an  i n e r t i a l  mass, a  

s p r i n g ,  and a  magnet ic  damper. The response  of t h e  pendulum i s  des igned t o  

p r o v i d e  a  c o r r e c t  datum f o r  f r e q u e n c i e s  above 0.5 Hz. The t r a i l e r  wheel 

a l s o  a c t s  a s  a  f o l l o w e r  wheel ,  and h a s  a  response  t h a t  a l l o w s  measurement 

w i t h  f i d e l i t y  



a. APL Trailer 

L varjable : 50 crn envlron -7 

b. I n e r t i a l  reference of the APL Tra i l e r .  

Figure 4. The APL Profilometer. 



f o r  f r e q u e n c i e s  up t o  20 Hz [ 1 5 ,  16,  171. The waveband ( r a n g e  of 

wavenumbers, wavenumber = l l w a v e l e n g t h )  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  

t h e  f requency  range of 0.5 - 20 Hz. 

The APL T r a i l e r  i s  n e a r l y  always used by LCPC i n  c o n j u n c t i o n  w i t h  one 

of  two s t a n d a r d  a n a l y s e s ,  c a l l e d  t h e  APL 25 a n a l y s i s  and t h e  APL 72 

a n a l y s i s  [ 1 5 ,  17 ,  181. These a n a l y s e s  r e q u i r e  t h a t  t h e  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  t h e  APL 7 2 ) ,  and 

t h a t  t h e  t e s t  s e c t i o n s  be of c e r t a i n  l e n g t h  ( i n t e g e r  m u l t i p l e s  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  t h e  APL 72).  I n  Belgium, APL 

s i g n a l s  a r e  ana lyzed  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 a v e r a g e ,  and computed f o r  s e c t i o n s  of 100 

nl [ 1 9 ,  201. A l l  of t h e s e  a n a l y s e s  a r e  d e s c r i b e d  i n  more d e t a i l  i n  Appendix 

G. 

A second dynamic p r o f i l o m e t e r  a l s o  p a r t i c i p a t e d  i n  t h e  exper iment ,  

b u t  t h e  r e s u l t s  have not  been analyzed.  Th i s  was a  General  Motors Research 

(GMR) t y p e  of P r o f i l o m e t e r  ( a l s o  c a l l e d  a  S u r f a c e  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 

E'rof i l o m e t e r  u s e s  an  a c c e l e r o m e t e r  t o  p rov ide  t h e  r e f e r e n c e  datum, whi le  

t h e  datum-to-ground measure i s  made by a  f o l l o w e r  wheel ins t rumented  w i t h  a  

p o t e n t i o m e t e r  [ 2 1 ,  221. 

T h i s  p a r t i c u l a r  GMR-type P r o f i l o m e t e r  was used i n  t h e  e a r l y  p o r t i o n  

of t h e  P I C R  p r o j e c t  [ 7 ,  8 1 ,  b u t  had no t  been i n  use  f o r  s e v e r a l  y e a r s  

b e f o r e  t h e  I R R E  and a s  a  r e s u l t ,  c o n s i d e r a b l e  e f f o r t  was s p e n t  p r e p a r i n g  i t  

f o r  t h e  IRRE.  Due t o  an a lmost  e n d l e s s  s e r i e s  of problems--mostly r e l a t e d  

t o  t h e  v e h i c l e  p o r t i o n  of t h e  p r o f i l o m e t e 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  h a 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  

d i s c o v e r e d  by t h e  B r a z i l i a n  e n g i n e e r s  i n  p r e p a r a t i o n  f o r  t h e  I R R E ,  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  t h e  c o n d i t i o n s  covered i n  

t h e  IRRE [ 2 3 ] .  I t  was a l s o  found t h a t  t h e  measures made d u r i n g  t h e  PICR 

p r o j e c t  were not  v a l i d  p r o f i l e - b a s e d  numerics  ( s e e  Appendix E). To avo id  

r e p e a t i n g  p a s t  m i s t a k e s ,  p r o c e s s i n g  of t h e  d a t a  had t o  be done a f t e r w a r d s  

i n  t h e  same manner a s  used f o r  t h e  APL system. 



A s  o t h e r  s o u r c e s  of p r o f i l e  d a t a  became a v a i l a b l e  from t h e  TRRL Beam 

and t h e  APL T r a i l e r ,  t h e  measures from t h i s  p r o f i l o m e t e r  assumed l e s s  

impor tance ,  and t h e  s i g n a l  p r o c e s s i n g  was never  completed.  Most of t h e  

GMR-type p r o f i l o m e t e r s  now i n  o p e r a t i o n  do no t  employ mechanical  f o l l o w e r  

whee l s ,  b u t  i n s t e a d  u s e  non-contact ing d i sp lacement  s e n s o r s .  Thus, t h e  

d a t a  from t h i s  p a r t i c u l a r  i n s t r u m e n t  ( w i t h  a  mechanical  f o l l o w e r  wheel)  a r e  

no t  n e a r l y  a s  r e l e v a n t  t o  present-day p r a c t i c e  a s  they  were d u r i n g  t h e  

p lann ing  of t h e  IRRE.  

Subjective Rating Studies 

A f t e r  t h e  complet ion of t h e  exper iment  ( f o r  t h e  RTRRMSs), a l l  t e s t  

s e c t i o n s  were e v a l u a t e d  by a  pane l  r a t i n g  p r o c e s s ,  documented i n  Appendix 

D. I n  t h i s  s t u d y ,  a  pane l  of 18 pe r sons  was d r i v e n  over  t h e  s e c t i o n s  and 

asked t o  p rov ide  a  r a t i n g  rang ing  from 0 t o  5. A l l  pane l  members were 

d r i v e n  i n  Chevro le t  Opalas a t  80 km/h o v e r  t h e  paved s e c t i o n s ,  and 50 km/h 

o v e r  t h e  unpaved s e c t i o n s .  

A second s t u d y ,  of a  much more l i m i t e d  scope ,  was a l s o  conducted t o  

de te rmine  whether d e s c r i p t i o n s  and photographs  of r e p r e s e n t a t i v e  roads  

cou ld  be used t o  " c a l i b r a t e "  r a t e r s  s o  t h a t  r a t i n g s  a s s i g n e d  a r e  comparable 

t o  an  o b j e c t i v e  roughness  s c a l e .  R e s u l t s  a r e  p r e s e n t e d  i n  Appendix K. 

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  t h e  a r e a  around B r a s i l i a .  

T h i r t e e n  of t h e s e  were a s p h a l t i c  c o n c r e t e  s e c t i o n s ;  twelve  were s e c t i o n s  

w i t h  s u r f a c e  t r e a t m e n t ;  twelve  were g r a v e l  r o a d s ;  and t h e  remaining twelve 

were e a r t h  roads .  A l l  of t h e  c a n d i d a t e  s e c t i o n s  had been r a t e d  w i t h  a n  

Opala-Maysmeter RTRRMS, t o  e n s u r e  t h a t  t h e  s e l e c t e d  s e c t i o n s  demonstra ted  a  

uniformly sp read  range of roughness.  G e n e r a l l y ,  s i x  l e v e l s  of roughness  

were sought  f o r  each  s u r f a c e  t y p e ,  w i t h  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 

o v e r  t h e i r  l e n g t h s ,  and a l l  were on t a n g e n t  roads.  



S i t e  Length. Each s e c t i o n  was 320 mete r s  long.  T h i s  l e n g t h  was 

s e l e c t e d  based on t h e  f o l l o w i n g  c o n s i d e r a t i o n s :  

* 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  

t h e  s e c t i o n s  a r e  t o o  s h o r t .  S tandard  t e s t  l e n g t h s  i n  use  

throughout  t h e  world range from 0.16 km (0.1 m i l e )  t o  o v e r  

3 km. 

* The Maysmeters used i n  B r a z i l  can on ly  be used on s e c t i o n s  

wi th  l e n g t h s  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 (0.05 m i l e ) :  

the  readou t  f requency.  

* The p r o c e s s  of measuring p r o f i l e  by t h e  rod and l e v e l  method 

i s  slow and t e d i o u s .  GLven t h e  number of s e c t i o n s ,  t h e  

a v a i l a b l e  t ime ,  and t h e  a v a i l a b l e  manpower f o r  t h e  su rvey  

c rews ,  s e c t i o n s  much l o n g e r  than  320 m were no t  p o s s i b l e  i f  

a l l  whee l t r ack  p r o f i l e s  were t o  be measured. 

* Some of t h e  n e c e s s a r y  combinat ions  of roughness ,  s u r f a c e  t y p e ,  

homogeneity,  geometry ,  t r a f f i c  d e n s i t y ,  and geograph ic  

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 i n c r e a s e d  

w i t h  t e s t  l e n g t h .  

* A l l  s e c t i o n s  had t o  have t h e  same l e n g t h  f o r  e q u a l  

s i g n i f i c a n c e  i n  t h e  planned a n a l y s e s .  

The major d i s a d v a n t a g e  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  w i t h  t h e  APL 72 requ i rement  of a  m u l t i p l e  of  200 m l e n g t h .  

T h l s  i n c o m p a t i b i l i t y  was n o t  known by t h e  B r a z i l i a n  team a t  t h e  t ime of 

s i t e  s e l e c t i o n ,  and could  no t  be c o r r e c t e d  w i t h  t h e  a v a i l a b l e  equipment. 

For t h e  normal APL 72 measurements used by LCPC, t h e  v a l u e s  of Index ( I ) ,  

energy  (W), and e q u i v a l e n t  d i sp lacement  (Y) were c a l c u l a t e d  f o r  a  200 m 

l e n g t h  comple te ly  c o n t a i n e d  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 o b t a i n e d  a s  t h e  average  of t h r e e  

100 m s u b s e c t i o n s  c o n t a i n e d  w i t h i n  t h e  s i t e .  For t h e  APL 25 measurements, 

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

homogeneous o v e r  t h e i r  l e n g t h ,  y e t  i t  should  be unders tood when comparing 

r e s u l t s  t h a t  some of t h e  APL numerics  p r e s e n t e d  l a t e r  were not  computed 

over  t h e  e n t i r e  s i t e  l e n g t h .  

Test  speed. Measurements were made w i t h  t h e  RTRRMSs a t  f o u r  speeds  

when p o s s i b l e :  20,  32,  50,  and 80 km/h. The 32 km/h speed i s  s t a n d a r d  f o r  

the  BPR Roughometer and t h e  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 manufac tu re r s .  The o t h e r  speeds  of 20 

and 50 were used a s  s t a n d a r d  speeds  i n  t h e  PICR p r o j e c t .  The APL t r a i l e r  

was o p e r a t e d  a t  i t s  s t a n d a r d  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 i g h  l e v e l s  t h a t  high-speed 

measurements were no t  expec ted  t o  be w i t h i n  t h e  a l l o w a b l e  range f o r  any of 

t h e  equipment on t h e  roughes t  unpaved s e c t i o n s .  The o p e r a t o r s  of t h e  

i n s t r u m e n t s  were g i v e n  t h e  o p t i o n  of d e c l i n i n g  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  o r  damaging t o  t h e  equipment. 

I n i t i a l l y ,  a l l  of t h e  RTRRMSs were o p e r a t e d  a t  a l l  f o u r  speeds .  

A f t e r  t h e  f i r s t  week of t e s t i n g ,  t h e  o p e r a t o r s  of t h e  BPR roughometer 

l i m i t e d  t e s t i n g  t o  50 km/h and l e s s ,  because t h e  equipment k e p t  b r e a k i n g  a t  

t h e  h i g h e s t  speed.  The B I  T r a i l e r  and Caravan sys tem ( w i t h  two i n s t a l l e d  

roadmete r s )  were bo th  a b l e  t o  o p e r a t e  a t  80 km/h w i t h o u t  damage, bu t  t h e  

o p e r a t o r s  ( t h e  r e s e a r c h  team from TRRL) d e c l i n e d  t o  make measurements w i t h  

t h e s e  sys tems a t  80 km/h a f t e r  t h e  f i r s t  week on t h e  grounds  t h a t  t h e  speed 

was u n s a f e  f o r  some of t h e  s i t e s ,  and a l s o  t h a t  they f e l t  t h e  speed was no t  

r e l e v a n t  t o  deve lop ing  c o u n t r y  environments.  A s  a  r e s u l t ,  on ly  t h e  t h r e e  

Opala-Maysmeter sys tems were run a t  80 km/h on a l l  of t h e  s u r f a c e  types .  

Repeatabi l i ty .  S e v e r a l  measurements were made wi th  t h e  RTRRMSs t o  

demons t ra te  r e p e a t a b i l i t y  and a l l o w  a v e r a g i n g  t o  reduce some of t h e  random 

e r r o r  t h a t  o c c u r s  w i t h  RTRRMS measurement o v e r  s h o r t  l e n g t h s .  The RTRRMSs 

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  sys tems made t h r e e  runs  i n  each  

w h e e l t r a c k  ( s i x  p e r  s i t e ) .  



Because t h e  t e s t s  c o n d u c t e d  a t  d i f f e r e n t  s p e e d s  a l l  cove red  a  

s t a n d a r d  d i s t a n c e ,  l o n g e r  t i m e s  were needed t o  c o v e r  t h e  320 m d i s t a n c e  a t  

t h e  l ower  s p e e d s .  T h e r e f o r e ,  some random e f f e c t s  r e l a t e d  t o  t i m e  ( r a t h e r  

t h a n  d i s t a n c e )  were s u b j e c t e d  t o  g r e a t e r  a v e r a g i n g  a t  t h e  l ower  speeds .  An 

e x p e r i m e n t a l  d e s i g n  i n  which  b o t h  speed  and s i t e  l e n g t h  were v a r i e d  would 

have  r e q u i r e d  a  g r e a t  d e a l  more t ime  and e f f o r t  t o  c o n d u c t ,  and was n o t  

p o s s i b l e .  

Sequence .  The s e q u e n c e  of  t e s t s  was s c h e d u l e d  wLth s e v e r a l  g o a l s  i n  

mind. From a  s t a t i s t i c a l  p o i n t  of v iew,  i t  i s  h e l p f u l  t o  randomize  t h e  

s equence  of  e a c h  v a r i a b l e  ( r o u g h n e s s ,  s u r f a c e  t y p e ,  s p e e d ,  i n s t r u m e n t ) .  On 

t h e  o t h e r  h a n d ,  any measurements  t h a t  r i s k  damage t o  t h e  i n s t r u m e n t s  s h o u l d  

be s c h e d u l e d  l a s t  when a l l  of t h e  l ow- r i sk  measurements  have  been  

comple t ed .  T r a n s i t  t ime  t o  and from t h e  s e c t i o n s  i s  minimLzed by 

s c h e d u l  a l l  measu re s  i n  one day  f o r  s e c t i o n s  t h a t  a r e  n e a r  e a c h  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  

c o n s i d e r a t i o n s .  A l l  o f  t h e  paved s e c t i o n s  were  t e s t e d  b e f o r e  t h e  unpaved 

s e c t i o n s ,  i n  a n  o r d e r  d i c t a t e d  a c c o r d i n g  t o  g e o g r a p h i c a l  conven ience .  The 

paved s e c t i o n s  were n o t  measured i n  any  p a r t i c u l a r  o r d e r  i n  t e rms  of t h e i r  

roughness .  The smooth and modera t e  unpaved s e c t i o n s  were  measured  

ac :cord ing  t o  g e o g r a p h i c a l  c o n v e n i e n c e ,  w h i l e  t h e  v e r y  r o u g h e s t  were 

measured  l a s t .  Because  of  t h e  l o g i s t i c s  i n v o l v e d  when a  number of RTRRMSs 

a r e  making measu re s  on t h e  same s e c t i o n ,  a l l  r e p e a t s  were made a t  one  t e s t  

s p e e d  b e f o r e  c o n t i n u i n g  t o  t h e  n e x t  speed .  The s e q u e n c e  of  t e s t  s p e e d s  

was randomized  f o r  e a c h  s e c t i o n  when p o s s i b l e .  However, some of  t h e  t e s t  

s i t e s  were a d j a c e n t  s e c t i o n s  of  road  which were b o t h  t e s t e d  i n  one  p a s s  of 

t h e  RTRRMS; t h e  same s p e e d  sequence  was n e c e s s a r i l y  u sed  f o r  t h e s e  t e s t s .  

T e s t i n g  P r o c e d u r e  

The e x p e r i m e n t  t o o k  p l a c e  o v e r  a  p e r i o d  of  one month, b e g i n n i n g  on 

May 24  and e n d i n g  on  J u n e  18, 1982. A l l  o f  t h e  v e h i c l e s  underwent  a  speed  

c a l i b r a t i o n  on t h e  f i r s t  d a y ,  ba sed  on a  p r e c i s i o n  t r a n s d u c e r  on t h e  APL 

T r a i l e r ,  which was i n  t u r n  checked  by s topwa tch .  Dur ing  t h e  f o l l o w i n g  



month,  a b o u t  1 - 112 weeks were u n s c h e d u l e d ,  a l l o w i n g  make-up r u n s  f o r  t h e  

equipment  t h a t  had e x p e r i e n c e d  problems.  The r e s e a r c h  teams from GEIPOT, 

TRRL, and LCPC o p e r a t e d  t h e i r  equ ipmen t ,  w h i l e  t h e  v e h i c l e s  were d r i v e n  by 

employees  of  GEIPOT. 

The t e s t s  were per formed i n  c a r a v a n  f a s h i o n ,  w i t h  a l l  of t h e  measu re s  

b e i n g  made by t h e  RTRRMSs a t  one  s p e e d  b e f o r e  b e g i n n i n g  t h e  n e x t  speed .  

The t e s t i n g  was s u p e r v i s e d  by two t e s t  s i t e  c o n t r o l l e r s ,  who k e p t  t r a c k  of 

t h e  p r o g r e s s  of  e a c h  sys tem.  O c c a s i o n a l  s p o t  c h e c k s  were made of  t h e  t e s t  

speed  w i t h  s t o p w a t c h e s ,  t o  c o n f i r m  t h a t  t h e  t e s t  s p e e d s  were b e i n g  

m a i n t a i n e d  by t h e  d r i v e r s .  The APL T r a i l e r ,  which o p e r a t e d  a t  d i f f e r e n t  

s p e e d s ,  d i d  n o t  f o l l o w  t h e  c a r a v a n ,  b u t  made i t s  measurements  a s  needed on 

t h e  same s i t e s  a s  t h e  o t h e r s .  

The t e s t  s i t e s  were a l l  l o c a t e d  w i t h i n  a  50 km r a d i u s  of  t h e  g a r a g e  

a t  GEIPOT used  f o r  s t o r a g e  and r e p a i r  of equipment .  The d r i v e  from t h e  

g a r a g e  t o  t h e  t e s t  s i t e s  s e r v e d  a s  a  warm-up, t o  a l l o w  t h e  shock  a b s o r b e r  

and t i r e  t e m p e r a t u r e s  t o  s t a b i l i z e .  The t e s t  s i t e s  on unpaved r o a d s  were 

l o c a t e d  s u c h  t h a t  t h e  l a s t  10 m i n u t e s  of d r i v i n g  t o  t h e  s i t e s  was o v e r  

unpaved r o a d s ;  t h e r e f o r e ,  t h e  RTRRMSs were n e v e r  o p e r a t e d  "cold"  on any  

s u r f a c e  t ype .  An e x c e p t i o n  t o  t h i s  was t h e  S o i l t e s t  BPR Roughometer ,  which 

was towed o n l y  on t h e  a c t u a l  t e s t  s i t e s ,  t o  minimize  t h e  damage t o  t h a t  

s y s t e m  t h a t  seemed t o  o c c u r  on a  d a i l y  b a s i s ,  

The s t a t i c  measures  of  p r o f i l e  were  much s l o w e r  t h a n  t h o s e  of  t h e  

RTRRMSs, and were made on d i f f e r e n t  days .  Measurements  w i t h  t h e  rod and 

l e v e l  were made on a l l  of t h e  paved s e c t i o n s  b e f o r e  t h e  e x p e r i m e n t ,  and 

r e p e a t e d  f o r  many of t h e  s e c t i o n s  d u r i n g  t h e  e x p e r i m e n t .  When t e s t i n g  

p roceeded  t o  t h e  unpaved s e c t i o n s ,  t h e  rod  and l e v e l  measures  were made 

i m m e d i a t e l y  ( two  d a y s  o r  l e s s )  b e f o r e  t h e  RTRRMS t e s t s .  

The TRRL Beam d i d  n o t  a r r i v e  u n t i l  t h e  end of  t h e  e x p e r i m e n t .  

Measures  made w i t h  t h e  Beam were  made a f t e r  t h e  RTRRMS t e s t i n g ,  on s i t e s  

s e l e c t e d  by t h e  TRRL team t o  c o v e r  t h e  f u l l  r a n g e  of  s u r f a c e  t y p e s  and 

r o u g h n e s s  c o n d i t i o n s .  Ten s i t e s  were c o m p l e t e l y  p r o f i l e d  by t h e  Beam. An 

a d d i t i o n a l  e i g h t  w h e e l t r a c k s  were p r o f i l e d  on s e c t i o n s  t h a t  d i s p l a y e d  



nea r ly  i d e n t i c a l  roughness l e v e l s  on the  r i g h t  and l e f t  wheel t racks ( a s  

measured by the  B I  T r a i l e r ) .  Repeat runs wi th  t he  B I  T r a i l e r  on t he  

s e c t i o n s  t h a t  were p r o f i l e d  were used t o  confirm t h a t  t he  roads had not 

changed between t h e  RTRRMS measures and t h e  beam measures. (The IRRE took 

p l ace  during the  d ry  season,  and a s  u s u a l ,  t h e r e  was no r a i n  during the  

months of June,  J u l y ,  and August. The unpaved roads used f o 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  d e f i n e  t he  t e s t  wheeltrack 

wi th  p a i n t  on t h e  paved roads ,  lime on the  e a r t h  roads,  and wi th  colored 

r ibbon na i l ed  t o  t he  su r f ace  of t he  g rave l  roads. Even a t  t he  end of J u l y ,  

t he  markers were s t i l l  i n t a c t . )  





CHAPTER 3 

ANALYSIS AND FINDINGS 

The d a t a  o b t a i n e d  from t h e  IRRE a r e  p o s s i b l y  t h e  most comprehensive e v e r  

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

f i v e  o r  s i x  r e p e a t  roughness  measurements f o r  e a c h  of t h e  49 t e s t  s e c t i o n s  f o r  

each  of t h e  t h r e e  o r  f o u r  measurement speeds .  Every whee l t r ack  p r o f i l e  was 

measured by t h e  rod and l e v e l  su rvey  method a t  l e a s t  once ,  and t y p i c a l l y  twice  

f o r  t h e  paved r o a d s ,  y i e l d i n g  641 e l e v a t i o n  measurements f o r  e v e r y  one of t h e  

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

measured w i t h  t h e  APL t r a i l e r  i n  t h e  APL 25 c o n f i g u r a t i o n  f o r  97 of t h e  98 

w h e e l t r a c k s  (1281 numbers p e r  w h e e l t r a c k )  and 73 p r o f i l e s  o b t a i n e d  i n  t h e  APL 

72 c o n f i g u r a t i o n  (6401 numbers p e r  whee l t r ack) .  The e x p e r i m e n t a l  Beam from 

TRRL was used on 28 w h e e l t r a c k s ,  p r o v i d i n g  3201 measures f o r  each. I n  

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 p a n e l  members, and 

a l s o  by f o u r  p e r s o n s  r a t i n g  t h e  s u r f a c e s  by a " c a l i b r a t e d  d e s c r i p t i o n "  method. 

A number of  computer sys tems were employed i n  p a r a l l e l  t o  p r e p a r e  t h e  

d a t a  f o r  a n a l y s i s  d u r i n g  and immediate ly  a f t e r  t h e  IRRE. The rod and l e v e l  

su rvey  measures were cop ied  by t y p i s t s  i n t o  t h e  IBM 370 computer sys tem a t  

GEIPOT. The 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 t h e  e l e v a t i o n  r e a d i n g s  

from t h e  TRRL Beam were a l l  typed i n t o  an  Apple 11+ microcomputer,  u s i n g  

s p e c i a l  e n t r y  and check ing  programs w r i t t e n  s p e c i f i c a l l y  f o r  t h e  p r o j e c t .  The 

a n a l o g  s i g n a l s  produced by t h e  APL 72 sys tem were d i g i t i z e d  f o r  p l o t t i n g  w i t h  

a sys tem based on a European ITT microcomputer,  compat ib le  w i t h  t h e  Apple I I+ .  

Programs were p repared  t o  s t o r e  t h e  APL d a t a  on t h e  f l o p p y  d i s k e t t e s  used by 

t h e  Apple. APL 25 p r o f i l e s  were d i g i t i z e d  d u r i n g  measurement and s t o r e d  on 

c a s s e t t e s ,  and l a t e r  p layed back i n t o  t h e  LCPC microcomputer f o r  copying o n t o  

Apple d i s k e t t e s .  

I n  t h e  months immediate ly  f o l l o w i n g  t h e  IRRE, most of t h e  a n a l y s e s  

d e s c r i b e d  i n  t h i s  r e p o r t  were performed i n  B r a z 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 d u r i n g  t h e  IRRE and d i s t r i b u t e d  t o  

t h e  p a r t i c i p a n t s  then ,  a long  w i t h  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  d e s c r i b e d  i n  Appendix G). The RTRRMS measures were 

e n t e r e d ,  checked,  and r e s c a l e d  t o  t h e  same u n i t s  of ave rage  r e c t i f i e d  s l o p e  

(ARS): m/km ( s c a l i n g  c o n v e r s i o n s  a r e  r e p o r t e d  i n  Appendix A). The p r o f i l e s  

were a l l  p rocessed  on t h e  GEIPOT I B M  computer and two Apple computers t o  

o b t a i n  t h e  q u a r t e r - c a r  and QI numerics  ( d e s c r i b e d  i n  Appendices E  and F).  A 

number of fundamental  c o r r e l a t i o n  a n a l y s e s  were performed u s i n g  t h e  Apples,  

and p r e s e n t e d  i n  a  p r e l i m i n a r y  v e r s i o n  of t h i s  r e p o r t  d a t e d  December 1982 t h a t  

was d i s t r i b u t e d  t o  t h e  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 ,  a n a l y s e s  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. ( R e s u l t s  from 

t h e  LCPC and CRR a n a l y s e s  a r e  r e p o r t e d  i n  Appendices E, G ,  and J . )  A meet ing 

of t h e  IRRE p a r t i c i p a n t s  was h e l d  i n  Washington D.C. i n  J u l y  1983, i n  which 

t h e  f i n d i n g s  to-date  were p r e s e n t e d  and d i s c u s s e d ,  w i t h  t h e  g o a l  of o b t a i n i n g  

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 ( I R I ) .  A number 

of i s s u e s  were r e s o l v e d ,  b u t  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 ,  s e l e c t e d  a n a l y s e s  were performed a t  UMTRI t o  h e l p  f i l l  

i n  t h e  gaps.  

The a n a l y s e s  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 ,  s o  t h a t  t h e  f i n d i n g s  c a n  be more 

c l e a r l y  p resen ted .  The remainder of t h i s  c h a p t e r  beg ins  w i t h  t h e  f i n d i n g s  

about  t h e  p r o f i l e  measurement methods and t h e  wavenumber ( s p e c t r a l )  c o n t e n t s  

of t h e  r o a d s ,  s i n c e  t h e s e  f i n d i n g s  h e l p  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 c h a p t e r  then  p roceeds  by summarizing t h e  p r o f i l e  a n a l y s e s  t h a t  were used 

i n  t h e  IRRE, and t h e  measurement r equ i rements  needed f o r  those  a n a l y s e s .  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 r d e r  t o  

p l a c e  i n  p e r s p e c t i v e  t h e  c o r r e l a t i o n s  between RTRRMS measures and t h e  p r o f i l e -  

based numerics  t h a t  fo l low.  F i n a l l y ,  t h e  s u b j e c t i v e  r a t i n g s  a r e  compared t o  

t h e  o b j e c t i v e  roughness  measures t o  i n d i c a t e  which measures a r e  more r e l a t e d  

t o  t h e  p u b l i c  judgment of road roughness.  ( R e s u l t s  of t h e  " c a l i b r a t i o n  by 

d e s c r i p t i o n "  exper iment  were ana lyzed  even more r e c e n t l y  and a r e  r e p o r t e d  i n  

Appendix K.) 



Spectral Analyses of the Road Profile 

Nearly all of the correlations and comparisons of roughness numerics 

that follow are influenced, in part, by the spectral content of the road 

profiles. Therefore, the power spectral density (PSD) function of every 

profile obtained in the IRRE was computed, and most are presented in 

Appendix I. 

The PSD functions obtained by the different profile measurement methods 

show that the rod and level, the TRRL Beam, the APL 25 system, and the APL 72 

system can all be considered valid methods for measuring profile amplitude 

over their design wavebands. More specifically, 

* The TRRL Beam measurements had the highest quality. They were 

performed statically and thus were known to: 1) apply to the 

precise wheeltrack position marked on the road, and 2 )  include 

the longest wavelengths and the mean slope of the wheeltrack. 

The 100 mm sample interval provided the widest waveband of any 

of the profile measurements. 

* The rod and level measurements were equivalent to those of the 

Beam, but did not include the shortest wavelengths because a 

larger sample interval of 500 mm was used. Due to that sample 

interval (which was the smallest that could be used to include 

all 98 wheeltracks, given time and manpower constraints), the 

profile measures were not valid for some of the analyses 

considered. 

* The APL Trailer bandwidth, measured in the laboratory to cover 
the temporal frequency range of 0.5 - 20 Hz, was confirmed by 

the PSD functions. PSD functions from the APL 72  system 

matched the static measures for wavenumbers (wavenumber = 

l/wavelength) between 0.025 and 1.0 cycle/m (wavelengths of 1 - 
40 m), and PSD functions from the APL 25 matched the static 

measures over the wavenumber range: 0.08 - 1 cycle/m. (The 

sample interval for the APL 25 limited the upper wavenumber 



r e s p o n s e ,  r a t h e r  than  t h e  t r a i l e r  dynamics.) While t h e  

agreement a p p e a r s  e x c e l l e n t  f o r  some of t h e  w h e e l t r a c k s ,  i n  

o t h e r  c a s e s  t h e  APL PSDs d i f f e r  from t h e  s t a t i c a l l y  measured 

ones ,  r e f l e c t i n g  t h e  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  w h e e l t r a c k  l o c a t i o n )  i n t r o d u c e d  when 

p r o f i l e s  a r e  measured a t  h i g h  speed.  

The PSD f u n c t i o n s  a l o n e  (shown i n  Appendix I) a r e  n o t  adequa te  t o  

de te rmine  t h e  accuracy  of each  p r o f i l o m e t r i c  method f o r  t h e  measurement of  

s p e c i f i c  roughness  i n d i c e s .  The more d i r e c t  v a l i d a t i o n  f o r  a  p a r t i c u l a r  

a p p l i c a t i o n  i s  made by a p p l y i n g  t h e  a c t u a l  a n a l y s i s  t o  t h e  d i f f e r e n t  p r o f i l e s ,  

and de te rmin ing  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  

a c c e p t a b l e .  These comparisons a r e  made l a t e r  f o r  a  number of p ro f i l e -based  

summary numerics.  

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

f u n c t i o n s  i n  Appendix I very  c l e a r l y  show t h e  d i f f e r e n c e s  i n  t h e  f o u r  s u r f a c e  

t y p e s  i n c l u d e d  i n  t h e  IRRE. F i g u r e  5 p r e s e n t s  normal ized a g g r e g a t e  PSD 

f u n c t i o n s  o b t a i n e d  by g r a p h i c a l l y  o v e r l a y i n g  t h e  PSD f u n c t i o n s  cor respond ing  

t o  each  s u r f a c e  type.  The PSD a m p l i t u d e s  were a l l  normal ized by one of t h e  

roughness  s t a t i s t i c s ,  s o  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 t h e  

roughness  o v e r  wavenumber when t h e  ampl i tude  s c a l e  f a c t o r  i s  removed. 

F i g u r e  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  t y p e s  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  c o n c r e t e  (CA) s i t e s  have p r o p o r t i o n a t e l y  t h e  

l e a s t  roughness  a t  h i g h  wavenumbers. 

* The s u r f a c e  t r e a t m e n t  (TS) and g r a v e l  (GR) s i t e s  show a  minimum 

a t  wavenumbers n e a r  0.1 (10 m wave leng ths ) ,  w i t h  more roughness  

a t  lower wavenumbers and a l s o  a t  h i g h e r  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 i g h e s t  c o n c e n t r a t i o n  a t  

h i g h  wavenumbers. 





* Severa l  of t he  s i t e s  i nc lude  co r ruga t ions ,  and these  s i t e s  a l s o  

appear a s  " o u t l i e r s "  i n  c o r r e l a t i o n  p l o t s  ( "ou t l i e r s "  a r e  d a t a  

po in t s  t h a t  do no t  f a l l  w i th in  t h e  s c a t t e r  range exh ib i t ed  by 

the  r e s t  of t h e  da t a ) .  This  i s  because the  s i t e  has  a  

co r ruga t ion  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 igh ly ,  while  o t h e r  systems 

respond more convent ional ly .  Severa l  of t h e  su r f ace  t reatment  

had 2.0 m co r ruga t ions  (wavenumber = 0.5) ,  a s  shown i n  

Figure 5b. 

These "s igna tures"  a r e  a l s o  ev ident  from the  waveband ana lyses  used i n  

Europe by LCPC and CRR. (Appendix G.) 

Computation of Profile-Based Numerics 

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 .  Note t h a t  most of t he  names of roughness numerics used i n  

t h i s  r epo r t  a r e  more e x p l i c i t  than i s  common i n  o the r  repor t s .  This  i s  

necessary t o  c l e a r l y  d i s t i n g u i s h  the  many measures under d i scuss ion .  (Most of 

the  fol lowing numerics a r e  c a l l e d  "roughness" by users . )  Whenever p o s s i b l e ,  

simple me t r i c  u n i t s  a r e  used t o  f a c i l i t a t e  comparisons. (For example, a l l  

s lope  measures a r e  reported a s  "mlkm," and can be r ead i ly  converted t o  o t h e r  

u n i t s  used, such a s  mmlkm and inches/mi.)  

1. Reference Quarter-Car Sinulation (RQCS). The concept of us ing  a  

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

system, which can be overcome by de f in ing  the  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  t h e  summary ARS-type of 

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

choice  of parameter va lues  t h a t  de sc r ibe  t h e  s imulated 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  i nc ludes  a  base length  parameter f o r  a  

moving average,  corresponding t o  t he  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 the  model i s  used wi th  a  s i n g l e  wheel t rack (one 



w h e e l ) ,  i t  h a s  been c a l l e d  a  q u a r t e r - c a r .  The model pa ramete r  v a l u e s  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 w i t h  RTRRMSs 

t h a t  have s t i f f  shock a b s o r b e r s ,  because  t h e  use  of s t i f f  shock a b s o r b e r s  

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 impl ied  by t h i s  s e t  of pa ramete r  

v a l u e s ,  i t  i s  c a l l e d  t h e  r e f e r e n c e  QCS (RQCS). 

The measured p r o f i l e  i s  used a s  an  i n p u t  t o  t h e  RQCS, and t h e  s imula ted  

mot ions  of t h e  s u s p e n s i o n  a r e  accumulated mathemat ica l ly ,  s i m u l a t i n g  a n  i d e a l  

roadmeter.  The roughness  numeric t h u s  o b t a i n e d  w i t h  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 l o p e  (RARS), and c a n  be r e p o r t e d  w i t h  t h e  same 

u n i t s  of ARS used f o r  a  RTRRMS (m/km, mm/km, i d m i l e ) .  

S i n c e  t h e  RARS numeric v a r i e s  wi th  s i m u l a t i o n  speed ,  t h e  s i m u l a t i o n  

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 i m u l a t i o n  speed 

was 50 km/h. 

The RQCS can be implemented any number of ways. Regard less  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  t h e  s i m u l a t e d  v e h i c l e  must be computed. 

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

h a s  been used i n  t h e  p a s t  [ 7 ,  9 ,  22 ,  241. ( D i f f e r e n t  parameter  v a l u e s  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 

t h e s e  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 h a s  t h e  form: 

where Z1 ... Z4 a r e  t h e  f o u r  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 r e s e n t  p o s i t i o n  a long  

t h e  road x, and Z l l  ... Z4' a r e  t h e  v a l u e s  a t  t h e  p r e v i o u s  p o s i t i o n :  x  - dx  

(where dx i s  t h e  i n t e r v a l  between e l e v a t i o n  measures) .  The c o e f f i c i e n t s  S  
11 . .. S44 and P1 ... P a r e  c o n s t a n t s  t h a t  can be o b t a i n e d  from t a b l e s  4  

cor respond ing  t o  t h e  p roper  combinat ion of s i m u l a t i o n  speed and measurement 



i n t e r v a l  dx. Y ' ,  t he  i n p u t ,  i s  the 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 he  i n t e r v a l  between x-dx and x. 

The RARS numeric has s e v e r a l  i n t e r p r e t a t i o n s ,  with the most d i r e c t  being 

t h a t  RARS i s  the  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  can be v i sua l i zed  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 lope )  has an RARS value of zero. RARS i s  l i n e a r l y  

propor t iona l  t o  the  p r o f i l e  amplitude, such t h a t  the u n i t s  of RARS a r e  

determined by the sca l ing  of the p r o f i l e  e leva t ion .  A second i n t e r p r e t a t i o n  

i s  t h a t  of a  re ference  RTRRMS, where RARS i s  s i m i l a r  t o  the ARS measure 

obtained with a  mechanical RTRRMS. When the same u n i t s  a r e  used f o r  RARS and 

the ARS measure from a RTRRMS, the  p r a c t i t i o n e r  can see  whether the  RTRRMS i s  

more o r  l e s s  responsive than the reference.  (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 a s  an RARV numeric, i n  which case the  RARV i s  

t he  average v e r t i c a l  v e l o c i t y  "seen" by a  veh ic l e  t r ave r s ing  the road a t  the  

s imula t ion  speed.) 

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

i n  Appendix F. 

2. Half-Car Simulation (ECS). A ha l f -car  i s  simulated simply by 

averaging the  l e f t -  and right-hand wheel t racks,  po in t  by po in t ,  before 

processing wi th  a  QCS. The numeric obtained with a  HCS i s  not the  same a s  

computing two QCS numerics and averaging the RARS values.  This i s  because 

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

HCS, whereas they con t r ibu te  f u l l y  t o  the QCS numerics. The QCS i s  a  c l o s e r  

s imula t ion  of a  s ing le- t rack  RTRRMS such a s  t he  BPR Roughometer o r  B I  T r a i l e r ,  

while the HCS more c l o s e l y  r e p l i c a t e s  a  two-track RTRRMS. For r e a l i s t i c  road 

i n p u t s ,  t he  numerics computed us ing  a  HCS w i l l  always be lower than when 

computed from two independent QCSs. 

3. QIr. The QIr numeric was developed by Braz i l i an  researchers  during 

the  P 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 [8]. It rep laces  a  numeric obtained from a p a r t i c u l a r  piece of 

hardware ( t h a t  numeric, QI, was an abbrevia t ion  of Quar te r  Car Index) .  I n  

concept,  Q I  i s  i d e n t i c a l  t o  the RARS s t a t i s t i c .  However, due t o  hardware 



problems d e s c r i b e d  i n  Appendix E, t h e  o r i g i n a l  QCS d e f i n i t i o n  cannot  be used 

t o  reproduce t h e  QI roughness  s c a l e ,  and QI i s  t h e r e f o r e  e f f e c t i v e l y  d e f i n e d  

by t h e  more r e c e n t  QI numeric. r 

The QI numeric t h a t  r e p l a c e d  t h e  e l e c t r o n i c  QCS i s  independen t ly  r 
d e f i n e d  s t r i c t l y  by p r o f i l e  geometry ,  and h a s  been sugges ted  a s  a  s t a n d a r d  

roughness  s c a l e  f o r  c a l i b r a t i n g  RTRRMSs. QIr i s  based on t h e  RMSVA summary 

s t a t i s t i c  (hence t h e  s u b s c r i p t  "r") .  RMSVA i s  an a b b r e v i a t i o n  f o r  root-mean- 

s q u a r e  (RMS) v e r t i c a l  a c c e l e r a t i o n  [ 2 5 ] ,  even though t h e  computat ion procedure  

t h a t  h a s  been used r e s u l t s  i n  a  numeric t h a t  h a s  no r e l a t i o n s h i p  whatsoever  

w i t h  v e r t i c a l  a c c e l e r a t i o n .  R a t h e r ,  RMSVA i s  e q u i v a l e n t  t o  t h e  RMS d e v i a t i o n  

a t  t h e  midpoint  of a  r o l l i n g  s t r a i g h t e d g e  of l e n g t h  2*b, a s  shown i n  Appendix 

E (RMS mid-chord d e v i a t i o n ) .  ( S i n c e  RMSVA v a r i e s  w i t h  b ,  t h e  b a s e l e n g t h  

shou ld  be s u b s c r i p t e d . )  Mathemat ica l ly ,  RMSVAb i s  t h e  RMS v a l u e  of t h e  

v a r i a b l e  VA which i s  d e f i n e d  a s :  
b  ' 

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. 

To o b t a i n  t h e  Q I r  numeric,  t h e  p r o f i l e  i s  p rocessed  t o  y i e l d  two RMSVA 

v a l u e s  f o r  b a s e l e n g t h s  of 1.0 and 2.5 m ,  which a r e  t h e n  combined a s :  

The above e q u a t i o n  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  (1.0,  
-3 2.5) i s  measured i n  m ,  r e s u l t i n g  i n  RMSVA numerics w i t h  t h e  u n i t s :  l / m  * 10 . 

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

combined i n  Eq. 3 ,  t h e  r e s u l t i n g  Q I r  numeric cannot  be d e f i n e d  by a  l i n e a r  

t r ans fo rm.  Thus, c a r e  must be t aken  t o  c o n v e r t  t h e  p r o f i l e  t o  t h e  p roper  

u n i t s  b e f o r e  a p p l y i n g  Eq. 3. Note a l s o  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. 

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

r e f e r e n c e  i n  B r a z i l ,  B o l i v i a  [ 2 6 ] ,  and South  A f r i c a  [27] .  A ve ry  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  r e f e r e n c e  i n  Texas [28] .  

Appendix E p r o v i d e s  more i n f o r m a t i o n  about  t h e  QI- numeric ,  and a l s o  t h e  
* 

o t h e r  QI numerics  ( Q I  and QI 

4. CAPL 25. T h i s  numeric i s  o b t a i n e d  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  t h e  average  a b s o l u t e  v a l u e  of  t h e  s i g n a l  produced 

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

l o n g ;  hence t h e  name APL 25 C o e f f i c i e n t  (CAPL 25). CAPL 25 can  be s c a l e d  t o  

any conven ien t  u n i t  of d i s p l a c e m e n t ,  such  a s  mm. A p e r f e c t  road has  a  CAPL 25 

v a l u e  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  l i n e a r l y  w i t h  p r o f i l e  ampl i tude.  

Due t o  t h e  s imple  n a t u r e  of t h e  computa t ion ,  t h e  CAPL 25 i s  d e f i n e d  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 ,  and 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 t h e  APL 72 s i g n a l  can produce a  

"s imulated"  APL 25 s i g n a l .  However, g i v e n  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 emphasize c o m p a t i b i l i t y  w i t h  RTRRMSs), f u r t h e r  e f f o r t s  were no t  made t o  

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

c o e f f i c i e n t s  from o t h e r  t y p e s  of p r o f i l e  (APL 72 ,  rod and l e v e 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  d u r i n g  

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 

b e f o r e  p roceed ing  w i t h  t h e  n e x t  phase i n  t h e  c o n s t r u c t i o n  [15 ,  191. Compared 

w i t h  some of t h e  o t h e r  roughness  numerics ,  i t  i s  no t  t h e  b e s t  c a l i b r a t i o n  

s t a n d a r d  f o r  RTRRMSs, and RTRRMSs i n  g e n e r a l  cannot  be used f o r  t h e  

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 t h e  use  

of t h e  CAPL 25 c o e f f i c i e n t s  a r e  p r e s e n t e d  i n  Appendix G ,  a long  w i t h  a  more 

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

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

method t o  summarize t h e  p r e s e n t  c o n d i t i o n  of roads  [ 1 7 ,  18 ,  191. The method 

i s  based on t h e  r e c o r d i n g  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 r a n s d u c e s  p r o f i l e  wavelengths  from 1 - 40 m. 

The APL s i g n a l  i s  p layed  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 ,  e a c h  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  o b t a i n  mean-square "energy" v a l u e s  (W) c a l c u l a t e d  

o v e r  a  road l e n g t h  of 200 m. The mean-square v a l u e s  can  be used t o  compute 

t h e  " e q u i v a l e n t  ampl i tudeu  (Y) of a  s i n e  wave w i t h i n  t h e  waveband, which i s  

r e p o r t e d  w i t h  u n i t s :  mm. However, more t y p i c a l l y ,  t h e  "energy" v a l u e s  (W) a r e  

used t o  a s s i g n  a  r a t i n g  t o  t h e  road. The r a t i n g  i n d e x  ( I )  g o e s  from 1  ( t h e  

w o r s t )  t o  10 ( t h e  b e s t ) ,  and was des igned  t o  cover  t h e  range of road q u a l i t y  

s e e n  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  d e s c r i b e d  by 

t h r e e  i n d i c e s ,  c o r r e s p o n d i n g  t o  t h e  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 .  

I n  normal o p e r a t i o n ,  t h e  p r o f i l e s  of t h e  r i g h t  and l e f t  w h e e l t r a c k s  a r e  

measured s i m u l t a n e o u s l y  w i t h  two APL T r a i l e r s .  During t h e  IRRE, t h e  

w h e e l t r a c k s  were ana lyzed  s e p a r a t e l y  and roughness  measures were r e p o r t e d  f o r  

each  whee l t r ack .  The i n d i c e s  ( I )  o b t a i n e d  i n  t h e  IRRE on t h e  unpaved roads  

o f t e n  had a  v a l u e  of 1  ( t h e  w o r s t ) ,  i n d i c a t i n g  t h a t  t h e  roughness  range 

covered i n  t h e  I R R E  goes  f a r  beyond t h e  range c o n s i d e r e d  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  w i t h  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) 

v a l u e s  of z e r o  ( f o r  a l l  t h r e e  wavebands). The energy (W) numeric i s  

p r o p o r t i o n a l  t o  t h e  s q u a r e  of p r o f i l e  i n p u t  a m p l i t u d e ,  whi le  t h e  e q u i v a l e n t  

d i sp lacement  (Y) i s  l i n e a r l y  p r o p o r t i o n a l  t o  i n p u t  ampl i tude.  

The response  p r o p e r t i e s  of t h e  APL T r a i l e r  shou ld  p l a y  no r o l e  i n  

d e t e r m i n i n g  t h e  numerics  f o r  t h e  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  f requency  response  of t h e  APL T r a i l e r  i s  b roader  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  cou ld  p o t e n t i a l l y  be a p p l i e d  t o  s i g n a l s  o b t a i n e d  from 

o t h e r  p r o f i l o m e t r i c  methods. However, s i n c e  t h e  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  e q u i v a l e n t s  would need t o  be developed f o r  use  w i t h  p r o f i l e s  t h a t  

e x i s t  o n l y  i n  numerical  form, such a s  t h o s e  o b t a i n e d  u s i n g  rod and l e v e l .  

S i n c e  t h e  CP a n a l y s i s  used by t h e  Be lg ian  CRR ( d e s c r i b e d  below) i s  used f o r  

t h e  same purpose  a s  t h e  LCPC a n a l y s e s ,  b u t  i s  numerical  r a t h e r  t h a n  

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 w i t h  rod and l e v e l .  

F u r t h e r  d e t a i l s  concern ing  t h e  APL 72 a n a l y s i s  a r e  p r e s e n t e d  i n  Appendix 

G ,  a l o n g  w i t h  t h e  (W), ( Y ) ,  and ( I )  v a l u e s  o b t a i n e d  f o r  t h e  t e s t  s e c t i o n s  i n  

t h e  IRRE. 



6. CP (Moving Average). A moving average  a n a l y s i s  of p r o f i l e  has  been 

used by TRRL and CRR [ 1 9 ,  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  c a l l e d  CP, 

and i s  o b t a i n e d  by e v a l u a t i n g  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 f e r e n c e  l i n e  o b t a i n e d  by smoothing t h e  same p r o f i l e  u s i n g  a  moving 

average.  The CP a n a l y s i s  a c t s  a s  a  f i l t e r ,  a t t e n u a t i n g  long  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  p u l s e  t r a i n  

i s s u e d  from t h e  measuring wheel of t h e  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  i n f o r m a t i o n  c o n t a i n e d  w i t h i n  t h e  bandwidth of t h e  APL 

T r a i l e r  i s  r e t a i n e d .  ( I n f o r m a t i o n  t h e o r y  r e q u i r e s  a  sampl ing f requency a t  

l e a s t  e q u a l  t o  twice  t h e  h i g h e r  cut -off  f r equency  of t h e  APL measur ing 

dev ice .  ) 

A f t e r  t h e  recorded p r o f i l e  i s  sampled and conver ted  t o  a  s e t  of 

numer ica l  v a l u e s ,  those  v a l u e s  a r e ,  i n  t u r n ,  smoothed u s i n g  a  moving average  

o v e r  an  a r b i t r a r y  base leng th .  The mean a b s o l u t e  v a l u e  of t h e  d i f f e r e n c e  

between t h e  o r i g i n a l  p r o f i l e  and t h e  smoothed one h a s  been d e f i n e d  a s  t h e  

c o e f f i c i e n t  of evenness  (CP: " 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  h a s  t h e  

d imensions:  

S ince  t h e  mean v a l u e  i s  d i v i d e d  by two, one mm of t h e  mean a b s o l u t e  

v a l u e  i s  e q u a l  t o  50 CP u n i t s .  It shou ld  be noted t h a t  t h e  p r o c e s s  of 

summation i n v o l v i n g  a  moving average  h a s  a  v a l u e  dependent  on t h e  b a s e l e n g t h  

used.  Thus,  t h e  CP v a l u e  must be a s s o c i a t e d  w i t h  t h e  b a s e l e n g t h ,  e.g. CP2.5 

i m p l i e s  t h a t  t h e  b a s e l e n g t h  f o r  t h e  moving average  was 2.5 m. For a  g i v e n  

b a s e l e n g t h ,  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 ,  w i t h  a  CP of 

z e r o  i n d i c a t i n g  a  p r o f i l e  w i t h  no v a r i a t i o n .  

The APL 72 p r o f i l e s  ob ta ineC i n  t h e  IRRE were processed a t  CRR, u s i n g  

t h e  r o u t i n e  p r o c e s s i n g  methods t o  o b t a i n  t h r e e  CP numerics f o r  b a s e l e n g t h s  o f  

2.5, 10 ,  and 40 m f o r  e v e r y  100 m of p r o f i l e .  Although t h e  a n a l y s e s  d i f f e r  



from those used by LCPC, t h e  CP numerics f o r  t he se  t h r e e  base lengths  

correspond c l o s e l y  wi th  t h e  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  t h e  Cp a n a l y s i s  i n  more d e t a i l ,  and p re sen t s  t h e  CP 

numerics obtalned 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 lengths  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 re sen t s  a d d i t i o n a l  information about t he  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. RHS Vertical Elevation (RIIsVE). This  numeric was t e s t e d  by TRRL, 

and corresponds approximately t o  t he  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 ru le .  RMSVE va lues  were computed from the  TRRL Beam p r o f i l e s  us ing  

base lengths  ranging from 0.4 - 10 m ,  and sample i n t e r v a l s  ranging from 100 mm 

t o  1.0 m ,  i n  s t e p s  of 100 mm. The s tudy  us ing  RMSVE was p r imar i l y  f o r  

determining s e n s i t i v i t i e s  t o  base length  and sample i n t e r v a l ,  and suggested 

t h a t  a s t a t i s t i c  c a l l e d  RMSD, descr ibed  nex 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 t h e  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. RHS Deviation (RIISD). From t h e  r e s u l t s  obtained us ing  t h e  Moving 

Average and the  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 base length  b by determining t h e  l i n e a r  r eg re s s 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  t h e  

r eg re s s ion  c o e f f i c i e n t s .  RMSD is  t h e  RMS d e v i a t i o n  of t he  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  t h e  r eg re s s ion  l i n e .  TRRL considered va r ious  

combinations of base length  and sample i n t e r v a l ,  which both a f f e c t  t h e  RMSD 

numeric, and found t h a t  a base length  of 1.8 m t oge the r  wi th  a sample i n t e r v a l  

of 300 mm gave t h e  b e s t  c o r r e l a t i o n  wi th  s e v e r a l  of t he  RTRRMSs when they were 

opera ted  a t  32 km/h. Unlike t h e  o t h e r  numerics,  sample i n t e r v a l  i s  

s tandard ized  f o r  t he  RMSD numeric, t h e r e f o r e  both base length  and sample 

i n t e r v a l  a r e  subsc r ip t ed ,  e.g. 
RMSD1.8,300' 



The RMSD1.8,300 a n a l y s i s  was a p p l i e d  u s i n g  bo th  a  moving b a s e l e n g t h ,  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 ,  e q u a l  i n  l e n g t h  t o  t h e  

b a s e l e n g t h  (1.8 m), which were p rocessed  independen t ly  ( d i s c r e t e  b a s e l e n g t h s ) .  

When t h e  moving b a s e l e n g t h  was used ,  
a RMSD~.a ,300  

v a l u e  was computed f o r  

eve ry  p r o f i l e  p o i n t  ( e x c e p t  f o r  t h e  beg inn ing  and end s e c t i o n s ) .  R e s u l t s  were 

n e a r l y  i d e n t i c a l .  The second approach i s  ve ry  w e l l  s u i t e d  t o  t h e  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 o b t a i n e d  f o r  each  s e t u p  of 

t h e  Beam, and t h a t  c o n s e c u t i v e  Beam p r o f i l e s  do n o t  have t o  be l i n k e d  f o r  

computa t iona l  purposes .  

I n  o r d e r  t o  p r e s e n t  t h e  RMSD1.8,300 numeric i n  t h e  ARS u n i t s  f a m i l i a r  t o  

u s e r s  of RTRRMSs, t h e  d i sp lacement  RMSD1.8,300 measures a r e  r e s c a l e d  a c c o r d i n g  

t o  a  r e g r e s s i o n  e q u a t i o n  d e r i v e d  from t h e  IRRE d a t a .  The B I  T r a i l e r ,  a s  i t  

e x i s t e d  d u r i n g  t h e  IRRE, i s  t aken  a s  t h e  r e f e r e n c e  measure of road roughness  

t h a t  i s  e s t i m a t e d  from RMSD1.8,300. The r e g r e s s i o n  e q u a t i o n  is: 

T h e n a m e R B I  i n d i c a t e s t h a t  t h e n u m e r i c  r e p r e s e n t s t h e m e a s u r e o f a  
3  2  r 

Reference  Bump I n t e g r a t o r ,  a t  a  speed of  32 km/h, a s  d e f i n e d  by RMSD ( t h e  - - - - - 
s m a l l  "r" i n  t h e  s u b s c r i p t . )  The u n i t s  recommended by TRRL a r e  "mm/km," which 

cor respond  t o  ARS/2. (When ARS h a s  u n i t s  of m/km a s  used i n  t h i s  r e p o r t ,  t h e n  

"mm/kml' = ARS m/km x  500.) The RMSD1.8,300 numeric i s  approx imate ly  l i n e a r  

w i t h  p r o f i l e  a m p l i t u d e ;  however, t h e  s c a l i n g  a p p l i e d  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  n o n l i n e a r l y  w i t h  p r o f i l e  ampl i tude.  Note t h a t  a  

p e r f e c t  road would have a  roughness  of 472 "mm/km." 

Appendix H c o n t a i n s  t h e  d e t a i l s  of t h e  RMSDbSdx a n a l y s e s  a p p l i e d ,  t h e  

RMSDb ,dx 
numerics o b t a i n e d ,  and t h e  c o r r e l a t i o n s  observed w i t h  s e v e r a l  of t h e  

RTRRMSs. The appendix  a l s o  i n c l u d e s  t h e  r e s u l t s  and f i n d i n g s  from a  second 

exper iment ,  independent  of t h e  IRRE, which was performed i n  1983 i n  S t .  Lucia.  

Comparison and Summary of Analysis Uethods. Each of t h e  above e i g h t  

t y p e s  o f  roughness  numerics computed from p r o f i l e  i s  des igned  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 t h e  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  a n a l y s e s  do t h i s  d i r e c t l y  w i t h  s t a n d a r d  e l e c t r o n i c  band-pass 

f i l t e r s ,  w h i l e  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  s lowly changing datum l i n e .  

(The RQCS a n a l y s i s  u s e s  a  r a p i d l y  changing datum l i n e  r a t h e r  t h a n  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  t h e  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  c o n t a c t s  t h e  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 r e s e n t  p o s i t i o n ,  t o  p rov ide  a  mid-chord d e v i a t i o n .  The CP (moving 

a v e r a g e )  a n a l y s e s  u s e  t h e  average  of t h e  p r o f i l e  o v e r  a  c e r t a i n  b a s e l e n g t h  a s  

t h e  datum. The RMSVE and RMSD a n a l y s e s  a l s o  have a  datum determined a t  any 

p o s i t i o n  a long  t h e  p r o f i l e  by a  base leng th .  For t h e s e  a n a l y s e s ,  t h e  s e l e c t i o n  

of a  b a s e l e n g t h  d e t e r m i n e s  t h e  degree  t o  which t h e  datum f o l l o w s  t h e  p r o f i l e  

c l o s e l y :  a  l o n g e r  b a s e l e n g t h  i m p l i e s  t h a t  t h e  datum f o l l o w s  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 t h u s  h i g h e r  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  

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

by t h e  towing speed of t h e  t r a i l e r ,  r a t h e r  than  a  geomet r i c  l e n g t h .  For t h e  

RQCS and HCS " f i l t e r s , "  t h e  s i m u l a t e d  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  t h e  s i m u l a t e d  body p o s i t i o n  i s  t h e  datum. I n  t h i s  c a s e ,  t h e  

s e l e c t i o n  of s i m u l a t i o n  speed d e t e r m i n e s  how c l o s e l y  t h e  datum f o l l o w s  t h e  

p r o f i l e  con tours .  (Unl ike  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 t h e  o r i g i n a l  p r o f i l e  and a  datum, bu t  u s e  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 s lowly  w i t h  

p r o f i l e .  Both a r e  i n f l u e n c e d  s i m i l a r l y  by t h e  c h o i c e  of s i m u l a t i o n  speed.)  

Because each  a n a l y s i s  i s  i n f l u e n c e d  by a t  l e a s t  one c h o i c e  of parameter  

v a l u e  ( b a s e l e n g t h  o r  s p e e d ) ,  s p e c i f i c  s t a n d a r d  v a l u e s  have been determined f o r  

e a c h  type  of a n a l y s i s .  

F i g u r e  6 compares t h e  s e n s i t i v i t y  of f o u r  of t h e  a n a l y s e s  t o  wavenumber 

(wavenumber = l /wave leng th )  f o r  a  s l o p e  i n p u t .  Because t h e  s p e c t r a l  c o n t e n t s  

of t h e  f o u r  t y p e s  of roads  were shown i n  F i g u r e  5 a s  s l o p e  i n p u t s ,  t h e s e  

response  c u r v e s  can  be i n t e r p r e t e d  a s  a  "weighting" t h a t  i s  a p p l i e d  t o  t h e  

i n p u t s  shown i n  F igure  5. Since  t h e  s l o p e  i n p u t  i s  f a i r l y  uniform o v e r  
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Figure 6. Sens i t i v i ty  t o  wavenumber of four pro f i l e  analyses. 



wavenumber, t h e  p l o t s  shown i n  F i g u r e  6 i l l u s t r a t e  approx imate ly  t h e  

c o n t r i b u t i o n s  of d i f f e r e n t  wavenunbers t o  t h e  numerics o b t a i n e d  w i t h  t h e  

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

The p l o t s  shown i n  F i g u r e  6 s e r v e  a s  a  t e c h n i c a l  b a s i s  f o r  de te rmin ing  

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 r u e "  v a l u e  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  p r e s e n t e d  l a t e r .  (Due t o  t h e  f a c t  t h a t  d i f f e r e n t  u n i t s  

a r e  used f o r  each  roughness  i n d e x ,  t h e  "weightings" shown a l s o  have d i f f e r e n t  

u n i t s ,  meaning t h a t  compar isons  between a n a l y s e s  must be r e l a t i v e  r a t h e r  t h a n  

a b s o l u t e . )  

A l l  of t h e  above a n a l y s e s  can be a f f e c t e d  by t h e  c h o i c e  of sample 

i n t e r v a l .  I n  e a c h  c a s e ,  t h e  a n a l y s i s  w i l l  converge  when s u f f i c i e n t l y  s m a l l  

sample i n t e r v a l s  a r e  used t o  t h e  l i m i t  reached when dx--> 0. Most of t h e  

a n a l y s e s  a r e  i n t e n d e d  t o  be used f o r  sample i n t e r v a l s  t h a t  a r e  s u f f i c i e n t l y  

s m a l l  t o  e l i m i n a t e  t h e  e f f e c t  of v a r i a t i o n s  i n  sample i n t e r v a l .  For example,  

n e a r l y  t h e  same v a l u e s  of RARSBO a r e  o b t a i n e d  f o r  any v a l u e  of dx l e s s  than  

700 mm. 

I n  c o n t r a s t ,  t h e  RMSD a n a l y s i s  i s  recommended by TRRL a long  w i t h  t h e  

" s t andard"  sample i n t e r v a l  of dx  = 300 mm. For t h i s  i n t e r v a l ,  t h e  RMSDla8 

a n a l y s i s  h a s  n o t  y e t  converged,  w i t h  t h e  r e s u l t  t h a t  use  of a  d i f f e r e n t  sample 

i n t e r v a l  w i l l  r e s u l t  i n  a  d i f f e r e n t  RMSDle8 v a l u e  ( e - g * ,  

RnSD1 .8,300 ' RnsD1.8,200 
) S t a n d a r d i z i n g  dx has  two i m p l i c a t i o n s :  f i r s t ,  

e r r o r  due t o  a poor c h o i c e  of dx i s  e l i m i n a t e d ;  second,  t h e  o p t i o n s  a v a i l a b l e  

f o r  measuring p r o f i l e  become l i m i t e d .  ( I n  t h e  IRRE, t h e  RHSDl.8,300 a n a l y s i s  

cou ld  n o t  be a p p l i e d  t o  t h e  rod and l e v e l  d a t a ,  n o r  t o  t h e  APL 25 d a t a  because  

of i n c o m p a t i b i l i t y  i n  t h e  sample i n t e r v a l . )  

Comparison of Profile Ueasurerent 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 measurable  by 

d i f f e r e n t  p r o f i l o m e t r i c  methods. Accord ing ly ,  t h e  p r o f i l o m e t r i c  methods used 

i n  t h e  IRRE were e v a l u a t e d  a s  t o  t h e i r  s u i t a b i l i t y  f o r  measuring t h e  v a r i o u s  

p r o f i l e - b a s e d  numerics.  The main advantage of a  p r o f i l e - b a s e d  numeric i s  t h a t  



i t  can be measured d i r e c t l y ,  w i t h o u t  t h e  need f o r  a  new c o r r e l a t i o n  exper iment  

e v e r y  t ime a  new p i e c e  of equipment i s  a c q u i r e d  o r  a  new type  of road 

c o n d i t i o n  i s  encountered.  T h e r e f o r e ,  c o r r e l a t i o n s  o b t a i n e d  between numerics 

computed from d i f f e r e n t  p r o f i l e  measures a r e  no t  always of i n t e r e s t  h e r e .  

R a t h e r ,  t h e  l e v e l  of agreement i s  q u a n t i f i e d  simply by t h e  a b s o l u t e  

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

I n  some c a s e s ,  t h e  e f f e c t s  of o t h e r  v a r i a b l e s  were a l s o  s t u d i e d .  These 

i n c l u d e :  

* Sample i n t e r v a l .  What i s  t h e  maximum sample i n t e r v a l  a l lowed 

b e f o r e  t h e  measures a r e  b iased  o r  have unaccep tab le  random 

e r r o r ?  

* Waveband requ i rements .  What range of wavelengths  must be 

i n c l u d e d  i n  t h e  p r o f i l e  measurement t o  a c c u r a t e l y  o b t a i n  t h e  

numeric? 

* P r e c i s i o n .  How p r e c i s e l y  must p r o f i l e  e l e v a t i o n  be measured t o  

o b t a i n  an  a c c e p t a b l e  r ead ing  f o r  each  numeric? 

The RARS (RQCS), QIr (RMSVA), and CP (moving a v e r a g e )  a n a l y s e s  were 

a p p l i e d  t o  p r o f i l e s  o b t a i n e d  by d i f f e r e n t  methods, and t h e  r e s u l t s  a r e  

summarized h e r e .  

R A E .  T h i s  method of p r o f i l e  a n a l y s i s  had been used mainly w i t h  GMR- 

type  p r o f i l o m e t e r s  i n  t h e  United S t a t e s ,  B r a z i l ,  and e l sewhere  p r i o r  t o  t h e  

IRRE. (The name RARS i m p l i e s  a  s p e c i f i c  s e t  of v e h i c l e  parameter  v a l u e s ,  

d e f i n e d  i n  an  NCHRP p r o j e c t  [ 9 ] .  S i m i l a r  a n a l y s e s ,  u s i n g  d i f f e r e n t  v e h i c l e  

parameter  v a l u e s ,  have a  long h i s t o r y  of use  i n  t h e  United S t a t e s  and 

e l s e w h e r e ,  and i n v o l v e  o t h e r  p r o f f l o m e t r i c  methods.) For t h a t  a p p l i c a t i o n ,  

t h e  s i m u l a t i o n  speed i s  g e n e r a l l y  80 km/h, and rough roads  a r e  no t  measured. 

A s  p a r t  of t h e  r e s e a r c h  i n c l u d e d  i n  t h e  IRRE, t h e  p rocedures  f o r  computing 

RARS were r e f i n e d  and s i m p l i f i e d ,  and t h e  measurement r equ i rements  f o r  v a l i d  

computat ion of RARS were q u a n t i f i e d .  The f i n d i n g s  a r e  p r e s e n t e d  i n  Appendix 

F ,  and i n c l u d e  t h e  f o l l o w i n g :  



* Sample interval. For s i m u l a t i o n  speeds  of 50 km/h and h i g h e r ,  

t h e  sample i n t e r v a l  can  be a s  l a r g e  a s  500 mm w i t h o u t  

i n t r o d u c i n g  b i a s .  A s  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  o b t a i n e d ,  and t h e  chances  of e r r o r  due t o  

miss ing  s i g n i f i c a n t  p r o f i l e  f e a t u r e s  i n  t h e  measurement a r e  

reduced.  For sample i n t e r v a l s  l e s s  t h a n  250 mm, l i t t l e  e f f e c t  

i s  observed.  F i g u r e  7a shows a  sample of t h e  r e p e a t a b i l i t y  

o b t a i n e d  u s i n g  two s t a t i c  p r o f i l e  measurement methods, which 

a l s o  invo lved  d i f f e r e n t  sample i n t e r v a l s  (100 mm f o r  t h e  TRRL 

Beam and 500 mm f o r  t h e  rod and l e v e l ) .  The e f f e c t  of sample 

i n t e r v a l  d e c r e a s e s  w i t h  s i m u l a t i o n  speed ,  w i t h  RARS80 be ing  t h e  

l e a s t  s e n s i t i v e  t o  sample i n t e r v a l  f o r  t h e  speeds  cons ide red .  

* Waveband of measurement. The waveband r e q u i r e d  f o r  t h e  RARSaO 

numeric i s  shown i n  F i g u r e  6 ,  whi le  t h e  wavebands needed f o r  

o t h e r  s i m u l a t i o n  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 ,  

u s i n g  t h e  same procedure  a s  used f o r  t h e  s t a t i c  measurements. 

It i s  e s s e n t i a l  t h a t  t h e  towing speed of t h e  APL T r a i l e r  be 

chosen t o  approx imate ly  match t h e  s i m u l a t i o n  speed of t h e  RQCS, 

a l t h o u g h  some d i f f e r e n c e  i s  a l l o w a b l e  because  t h e  APL T r a i l e r s  

h a s  a  wider  bandwidth t h a n  t h e  RQCS " f i l t e r . "  For a  s imula ted  

speed of  20 km/h, t h e  APL 25 s i g n a l s  cou ld  be used ,  whi le  f o r  

t h e  h i g h e r  speeds  of 32 ,  50,  and 80 km/h, t h e  APL 72 s i g n a l s  

cou ld  be used.  F i g u r e  7b compares t h e  measures of RARSsO 

o b t a i n e d  s t a t i c a l l y  ( a v e r a g e s  of t h e  numerics o b t a i n e d  w i t h  rod 

and l e v e l  and TRRL Beam) and w i t h  t h e  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, b i a s  e r r o r  i s  n e g l i g i b l e .  

* Precision of measurement. A s t u d y  was performed u s i n g  t h e  

p r o f i l e s  measured w i t h  t h e  TRRL Ream. The p r o f i l e s ,  measured 

w i t h  a p r e c i s i o n  of 1.0 mm, were rounded o f f  on t h e  computer t o  

de te rmine  t h e  e f f e c t  of 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 r o p o r t i o n a l  t o  RARS 
80 ' 

w i t h  l e s s  p r e c i s i o n  needed on rougher  roads .  For  n e g l i g i b l e  
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Figure 7 .  Comparison of roughness measures from di f ferent  profilometric 

methods. 



e r r o r ,  a p rec i s ion  of 0.5 mm should probably have been used on 

the  t h r e e  smoothest s i t e s ;  a p rec i s ion  of 1.0 mm i s  recommended 

f o r  a l l  but the  roughest paved roads;  a p rec i s ion  of 2.0 mm i s  

adequate f o r  t he  roughest paved roads and a l l  of the  unpaved 

roads; and a p rec i s ion  of 5.0 mm i s  adequate f o r  the  rougher 

unpaved roads. 

QIr.  The QI numeric had been used only with the  rod and l e v e l  method 
r 

p r i o r  t o  the IRRE. In  i t s  development, the  RMSVA numerics were compared f o r  

rod and l e v e l  and a GMR-type prof i lometer ,  and found t o  d i f f e r ;  hence, QI was r 
recommended only f o r  the  s t a t i c  measurement methods. A l l  of the  p r o f i l e  

measurements were processed t o  y i e ld  QI numerics, and c e r t a i n  measurement r 
requirements were a l s o  inves t iga t ed .  The f ind ings  a r e  reported i n  d e t a i l  i n  

Appendix E ,  and inc lude  the  fo l loe ing :  

* Sample interval. The RMSVA numeric r equ i r e s  t h a t  the sample 

i n t e r v a l  d iv ide  evenly i n t o  the  baselength. Because QIr uses  

base lengths  of 1.0 and 2.5 m ,  any sample i n t e r v a l  t h a t  d iv ides  

evenly i n t o  500 mm can be used f o r  t he  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, 

these  RMSVA numerics cannot be computed d i r e c t l y .  Comparisons 

of QI obtained from repeated rod and l e v e l  p r o f i l e  measures r 
and wi th  the  TRRL Beam showed the  same degree of agreement a s  

with 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 exac t  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 npu t s ) .  

The p l o t  shows t h a t  the QIr response resembles t h a t  of a 

quar te r -car ,  a s  was intended i n  i t s  de r iva t ion .  Although most 

of t he  QI numeric de r ives  from wavenumbers between .1 and .7 r 
cycle/m (wavelengths f r o n  1.4 - 10 m), the  numeric a l s o  

inc ludes  the  e f f e c t s  of wavenumbers ly ing  ou t s ide  of t h a t  

range. When the  QI a n a l y s i s  i s  appl ied  t o  the  APL 25 and APL r 
72 p r o f i l e s ,  the  numerics obtained a r e  too low, because the  

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 he  



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

r o a d s ,  where t h e  s i g n i f i c a n t  p resence  of h i g h  wavenumbers 

(wavelengths  s h o r t e r  than  1 m) i s  i n c l u d e d  i n  t h e  s t a t i c a l l y  

measured p r o f i l e s  b u t  no t  t h e  APL 72 s i g n a l ,  Measures of QIr 

w i t h  t h e  APL 25 show much g r e a t e r  e r r o r .  

Although t h e  QIr numerics computed d i r e c t l y  from APL p r o f i l e s  

a r e  b i a s e d ,  t h e r e  i s  e x c e l l e n t  c o r r e l a t i o n .  LCPC has  d e r i v e d  

a l t e r n a t e  r e g r e s s i o n  e q u a t i o n s  f o r  e s t i m a t i n g  QIr, u s i n g  t h e  

APL measures of RMSVA o b t a i n e d  i n  t h e  IRRE. These d a t a ,  

p r e s e n t e d  i n  Appendix E ,  show t h a t  t h e  APL T r a i l e r  can  be used 

t o  e s t i m a t e  QI and a l s o  demons t ra te  t h e  methods t h a t  may be r ' 
needed i n  a d o p t i n g  t h e  Q I r  a n a l y s i s  t o  new t y p e s  of p r o f i l e  

measuring equipment a n d / o r  road types .  ( ~ e c a u s e  t h e  wavenumber 

c o n t e n t  of  t h e  APL p r o f i l e  s i g n a l  i s  t h e  r e s u l t  of bo th  t h e  APL 

and t h e  road s u r f a c e  t y p e ,  t h e  r e l a t i o n s  developed a r e  n o t  

n e c e s s a r i l y  v a l i d  f o r  road t y p e s  n o t  i n c l u d e d  i n  t h e  IRRE.) 

* Precision of measurement. The s t u d y  of r e q u i r e d  p r o f i l e  

p r e c i s i o n  t h a t  was d e s c r i b e d  above f o r  t h e  RARS computat ion was 

a l s o  performed f o r  t h e  QI computat ion,  w i t h  n e a r l y  i d e n t i c a l  r 
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 r o p o r t i o n a l  t o  t h e  magnitude of QIr, and i s  a lmost  e x a c t l y  t h e  

same a s  t h e  p r e c i s i o n  ueeded f o r  t h e  RARS computation.  

CP (Moving Average). The CP numerics  used by CRR a r e  o b t a i n e d  w i t h  a  

moving average.  A l l  of t h e  a n a l y s e s  a p p l i e d  by TRRL (moving a v e r a g e ,  RMSVE, 

and RMSD) a r e  a l s o  r e l a t e d  t o  a  moving average.  Analyses  of t h e  mathemat ica l  

p r o p e r t i e s  of t h e  moving a v e r a g e ,  and comparisons of numerics computed from 

t h e  APL 72 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  r e p o r t e d  

i n  Appendix J ,  which i n c l u d e  t h e  f o l l o w i n g :  

* Sample interval. A t r u e  moving average  i s  c l o s e l y  approximated 

i f  t h e  b a s e l e n g t h  i n c l u d e s  many p r o f i l e  p o i n t s .  But when o n l y  

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



no l o n g e r  a  t r u e  moving a v e r a g e ,  and t h e  sample i n t e r v a l  

i n f l u e n c e s  t h e  r e s u l t s .  T h i s  i s  demons t ra ted  b o t h  

t h e o r e t i c a l l y  (Appendix J) and e x p e r i m e n t a l l y  (Appendix H). 

The CPIO numeric c a n  be o b t a i n e d  wi thou t  b i a s  u s i n g  i n t e r v a l s  

up t o  a t  l e a s t  500 mm, a l t h o u g h  i t  was found t h a t  CP2.5 

r e q u i r e s  a  s h o r t e r  i n t e r v a l .  F i g u r e  7d shows t h e  agreement 

between t h e  CP2.5 numeric computed from APL 72 and TRRL Beam 

p r o f i l e s .  (Values  computed from rod and l e v e l ,  w i t h  a sample 

i n t e r v a l  of 500 mm, were b i a s e d  low.) Comparisons f o r  

i n t e r v a l s  of 3 3 3  mm, 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  f i g u r e  6 cor respond  t o  t h e  CP2,5 numeric. For l o n g e r  

b a s e l e n g t h s ,  t h e  p l o t s  have t h e  same shape ,  b u t  would be 

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

For example,  t h e  p l o t  shown f o r  a  b a s e l e n g t h  of 2.5 m has  a 

peak a t  0.4 cycle /m (2.5 m wavelength) .  For a  b a s e l e n g t h  of 10 

m ,  t h e  peak would o c c u r  a t  0.1 cycle /m (10 m wavelength) .  

Numerics o b t a i n e d  from t h e  APL 72 and t h e  s t a t i c  p r o f i l e  

measurements were i n  agreement f o r  b a s e l e n g t h s  of 2.5 and 10 m 

(The comparisons of CPIO i n c l u d e d  some o u t l i e r s ,  which were 

e x p l a i n e d  on t h e  b a s i s  of d i f f e r e n c e s  i n  w h e e l t r a c k  p r o p e r t i e s  

observed i n  Appendix I.) For a  b a s e l e n g t h  of  40 m, t h e  APL 72 

numerics were lower ,  because  t h e  rnovi ng average  a n a l y s i s  i s  

i n f l u e n c e d  by long  wavelengths  n o t  t r ansduced  by t h e  APL 

T r a i l e r  a t  72 km/h, bu t  which appear  i n  s t a t i c a l l y  o b t a i n e d  

p r o f i l e s .  To o b t a i n  a  b e t t e r  match between t h e  CP2,5 numerics  

o b t a i n e d  f o r  APL and rod and l e v e l ,  t h e  a n a l y s i s  f o r  rod and 

l e v e l  would need t o  accoun t  f o r  t h e  long  wavelength  response  

a t t e n u a t i o n  p r o p e r t i e s  of t h e  APL T r a i l e r .  

Correlations Among Profile-Based Numerics 

It was n o t i c e d  t h a t  s e v e r a l  of  t h e  p r o f i l e - b a s e d  numerics  were h i g h l y  

c o r r e l a t e d ,  a s  might be expec ted  s i n c e  they  i n c l u d e  wavebands t h a t  o v e r l a p .  



Although t h e  d a t a  p r e s e n t e d  i n  t h e  append ices  could  be used t o  d e r i v e  

e m p i r i c a l  r e l a t i o n s h i p s  between a l l  of t h e  p r o f i l e - b a s e d  numerics ,  t h i s  was 

n o t  done a s  p a r t  of  t h e  IRRE a n a l y s e s .  The r a t i o n a l e  i s  t h a t  anyone m a k i ~ g  

p r o f i l e  measurements i n  t h e  f u t u r e  can  u s u a l l y  compute t h e s e  numerics 

d i r e c t l y ,  and should  be encouraged t o  do s o  because  d i r e c t  computat ion i s  more 

a c c u r a t e  than  i n d i r e c t  e s t i m a t i o n .  Should an approximate  "convers ion"  between 

two of t h e  p ro f i l e -based  roughness s c a l e s  be needed t o  c o n s i d e r  e x i s t i n g  d a t a  

b a s e s ,  t h e  d a t a  i n  t h e  append ices  can of c o u r s e  be used t o  d e r i v e  r e g r e s s i o n  

e q u a t i o n s  f o r  t h e  s u r f a c e  t y p e s  of i n t e r e s t .  

None the less ,  t h e r e  a r e  s e v e r a l  c a s e s  i n  which c o r r e l a t i o n s  between 

d i f f e r e n t  p ro f i l e -based  numerics a r e  r e l e v a n t  t o  t h e  o b j e c t i v e s  of t h e  IRRE, 

because  most of t h e  p r o f i l e - b a s e d  numerics could  not  be measured by e v e r y  

p r o f i l e  measurement method r e p r e s e n t e d  i n  t h e  IRRE.  Consider  some of t h e  

p ro f i l e -based  numerics proposed a s  c a l i b r a t i o n  r e f e r e n c e s  f o r  RTRRMSs: QIr 
cannot  be measured d i r e c t l y  w i t h  t h e  APL t r a i l e r ;  R B I 3 2 r  (based on t h e  

RMSD1 -8,300 
s t a t i s t i c )  r e q u i r e s  a  sample i n t e r v a l  of e x a c t l y  300 mm; and t h e  

h a l f - c a r  s i m u l a t i o n  r e q u i r e s  the  measurement of bo th  p r o f i l e s ,  and f u r t h e r  

r e q u i r e s  t h a t  t h e  two p r o f i l e s  be p r o p e r l y  synchronized.  On t h e  o t h e r  hand,  

t h e  RARS numerics  can be measured by a l l  of t h e  methods. T h e r e f o r e ,  i t  i s  

h e l p f u l  t o  know how t h e  above numerics a r e  r e l a t e d  t o  RARS. 

Half-car Simulation (HCS). The c l o s e s t  agreement between any two 

p r o f i l e - b a s e d  numerics was between t h e  ARS a s  computed w i t h  a  Half-Car 

S i m u l a t i o n  (HCS) and t h e  RARS numeric ,  computed w i t h  t h e  RQCS. These two 

a n a l y s e s  d i f f e r  on ly  i n  t h e  o r d e r  i n  which t h e  two w h e e l t r a c k s  a r e  combined. 

( I n  t h e  HCS, 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  t h e  RQCS, t h e  

p r o f i l e s  a r e  p rocessed  s e p a r a t e l y  and t h e  RARS numerics a r e  averaged. )  For 

t h e  roads  i n c l u d e d  i n  t h e  IRRE, t h e  HCS numeric f o r  any s i t e  was approximate ly  

0.76 times t h e  average  of t h e  two RQCS numerics. Th i s  r e l a t i o n s h i p  should  n o 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 ,  however. For 

example,  i f  one whee l t r ack  i s  p e r f e c t l y  smooth (RARS=O), then  t h e  HCS numeric 

must e q u a l  t h e  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.) S i n c e  t h e  two a n a l y s e s  gave what were e s s e n t i a l l y  redundant  

measures i n  t h e  more r e a l i s t i c  c o n d i t i o n s  of t h e  I R R E ,  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 t he  t he  RQCS numerics a r e  shown i n  t h i s  repor t .  (HCS 

numerics a r e  presented i n  Appendix F.) 

QI,. CRR and LCeC have shown t h a t  t he  PIr  numeric i s  s t rong ly  

c o r r e l a t e d  wi th  t he  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 QIr and RARS80. These r e l a t i o n s  a r e  shown i n  

Figure 8. Note t h a t  t he  r e l a t i o n s h i p  between QIr and RARSgO i s  very good, 

d i f f e r i n g  only f o r  one of t he  e a r t h  s i t e s .  (When only t h e  paved road d a t a  a r e  

p l o t t e d  on a  more d e t a i l e d  s c a l e ,  d i f f e r e n c e s  can a l s o  seen f o r  a  few of t he  

su r f ace  t rea tment  s i t e s . )  

For a l l  p r a c t i c a l  purposes ,  RARS80 can be viewed a s  an improved 

computation method f o r  ob ta in ing  QI, s i n c e  i t  i s  i n  f a c t  a  t r u e  Quarter-car  

Index r a t h e r  than an e s t ima te  of one. The main f u n c t i o n a l  d i f f e r e n c e s  between - 
QIr and RARS80 a re :  1 )  RARSgo agrees  b e t t e r  wi th  measures from RTRRMSs on 

su r f ace  t rea tment  s i t e s ,  and 2 )  RARS80 can be measured with a  wider range of 

instruments .  

* 
Since t he  QI roughness s c a l e  used i n  t he  PICR p r o j e c t  resca led  RTRRMS 

measures made a t  80 km/h, t h e  c l o s e  r e l a t i o n s h i p  t o  RARSB0 i n d i c a t e s  t h a t  * 
RTRRKS measures c a l i b r a t e d  a g a i n s t  RARS should be compatible with QI . 

8 0  

An approximate "conversion" equa t ion  between QIr and RARS80 i s  provided 

i n  t h e  next  chapter .  

glsD1.8,300 and RBI3qr. The RMSD1. 8,300 numeric i s  very wel l  s u i t e d  t o  

t h e  TRRL Beam because t h e  numeric can be computed independent ly  from each 

consecut ive  set-up. However, t h i s  i s  not  an advantage f o r  cont inuous 

p r o f i l o m e t r i c  methods, and many methods w i l l  no t  be convenient f o r  t h e  300 mm 

sample i n t e r v a l  requi red  by RMSD 
1.8,30O0 For example, t h e  rod and l e v e l  

p r o f i l e s  measured i n  t h e  IRRE cannot be processed t o  y i e l d  t h e  RMSD1.8,300 

numeric because a  d i f f e r e n t  sample i n t e r v a l  was used. 
Other RMSDb ,dx 

numerics 

might a l s o  be eva lua ted  t h a t  might be more u n i v e r s a l l y  app l i cab l e  ( f o r  

example, us ing  RMSD f o r  a  sample i n t e r v a l  s u f f i c i e n t l y  s h o r t  t h a t  the  a n a l y s i s  

has  converged and i s  no longer  in f luenced  by v a r i a t i o n s  i n  sample i n t e r v a l ) ;  

however, t h i s  was not  done dur ing  t h e  study. 



e. M S D  and RARS50 

b.  QIr and CPZe5 

d. RARS50 and the TRRL reference "mm/kml' 

(BI Trai ler)  

Fig- 6. g-1. corre lat ions  between profile-based roughness numerics 

50 



Figure 8c shows t h a t  the  RMSD1.8,300 and RARS50 rwawricr a r e  highly 

co r r e l a t ed .  The CP2.5, RARS32, and RARS80 numerics a r e  a l s o  h ighly  

co r r e l a t ed .  Given t h a t  t h e  RMSD1.8,300 numerics a r e  converted t o  RBI 
3 2 ~  

according t o  Eq. 4 ,  the c o r r e l a t i o n  between RARS50 and RMSD1,8,300 i s  of l e s s  

i n t e r e s t  than the  c o r r e l a t i o n  between RARS and the  measures obtaimd frem 5 0  
the  B I  T r a i l e r  (RBI ), which defined the re ference  roughness measure i n  the  3 2 
d e r i v a t i o n  of Eq. 4  i n  Appendix H. Figure 8d shows t h a t  indeed,  tko W50 

and R B I 3 2  numerics a r e  a l s o  highly co r r e l a t ed .  The c o r r c l a t i o a  bet- the B I  

t r a i l e r  measures ( a t  32 km/h) and RARSSO ( a s  ca l cu la t ed  using a11 98 

wheeltracks from the  IRRE) i s  a c t u a l l y  b e t t e r  than the  c o r r e l a t i o n  with 

RMSDl.8 ,300 
( ca l cu la t ed  using the  28 wheel t racks measured wi th  the TP;U ham).  

The c o r r e l a t i o n  i s  a l s o  b e t t e r  with RARS32 (us ing  the  28 wheeltracks w a o r r e d  

wi th  the TRRL Beam) than with RMSD1.8,300. 

Other c o r r e l a t i o n  p l o t s  between R B I 3 2  and profi le-based wuwr tc s  a r e  

shown i n  the appendices. A p l o t  f o r  the  B I  T r a i l e r  and CP2.5 i s  shosPa i n  

Appendix G ,  and p l o t s  of R B I 3 2  vs. the  quar te r -car  numerics RA89;32 a d  U S g o  

a r e  shown i n  Appendix F. An approximate "conversion" eqva t i aa  betweat 

and RARS80 i s  provided i n  the next chapter .  

Correlation of RTRRMS Numerics 

Regardless of the choice of a  re ference  c a l i b r a t i o n  s t a d a r i d ,  w u r e s  

obtained wi th  a  RTRRMS a r e  l imi t ed  t o  the  q u a l i t y  of the o r i g i ~ a l  U S  w e s u r e .  

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 the 

ins t ruments ,  and the normal randon e r r o r  of measurement cannet be re4mc-d 

simply by r e sca l ing  the  ARS measures according t o  a c a l i b r a t i m  equr t iea .  

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  e4 tho 

RTRRMS. The v a r i a t i o n s  can be reduced through c a r e f u l  maintemsmee t o  c e a t r o l  

the  v a r i a b l e s  t h a t  i n f luence  the measurement [9], and by s t a rPd . rd iod  

measurement procedures ,  such a s  those used i n  the  PICR projcet [ 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  d a y - t e J q  w w r e s  

made wi th ,a  RTRRMS a r e  r epea t ab le ,  t he  f i n a l  " ca l ib ra t edM RTRRHS Isacr+ures may 



s t i l l  have on ly  l i m i t e d  e q u i v a l e n c e  i f  t h e  d i f f e r e n t  RTRRMSa 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 a n s f o r m a t i o n  w i l l  make t h e  measures 

compat ib le  i f  d i f f e r e n t  sys tems rank t h e  same s e t  of roads  i n  d i s s i m i l a r  o r d e 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  o v e r  

an a g g r e g a t e  of c o n d i t i o n s ,  bu t  canno t  e n s u r e  t h a t  a  s p e c i f i c  measure o b t a i n e d  

by one c a l i b r a t e d  RTRRMS i s  r e p r o d u c i b l e  w i t h  a n o t h e r .  S ince  t h e  e q u i v a l e n c e  

between measures based on independen t ly  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  s ide-by-s ide  c o r r e l a t i o n  of t h e  RTRRMSs, t h e  d a t a  

c o l l e c t e d  i n  t h e  IRRE can be examined t o  de te rmine  t h e  d e g r e e  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 c o n t a i n s  a l l  of t h e  d a t a  from t h e  RTRRMSs, and a l s o  p r e s e n t s  

t h e  summary r e s u l t s  o b t a i n e d  by a v e r a g i n g  r e p e a t  runs.  Appendix C r e p o r t s  t h e  

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 t h e  measures of  each RTRRMS were 

r e g r e s s e d  a g a i n s t  t h o s e  of e v e r y  o t h e r ,  f o r  e a c h  of t h e  40 p o s s i b l e  

combinat ions  of speed and s u r f a c e  type  t h a t  e x i s t  when bo th  i n s t r u m e n t s  a r e  

o p e r a t e d  a t  a l l  f o u r  of t h e  t e s t  speeds .  The major f i n d i n g s  of t h e s e  

Appendices a r e  p r e s e n t e d  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  c o n s t a n t  f o r  a l l  

roughness  l e v e l s ,  nor  p r o p o r t i o n a l  t o  roughness ,  bu t  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 t h e  i n s t r u m e n t s  i n  t h e  IRRE was b e t t e r  t h a n  5% 

( s t a n d a r d  d e v i a t i o n  of r e p e a t e d  ARS measurements d i v i d e d  by t h e  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  n o t  

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  

o n l y  a  f u n c t i o n  of s e c t i o n  l e n g t h .  Although t h e  e f f e c t  of s i t e  l e n g t h  cannot  

be shown from t h e  IRRE d a t a ,  random s i g n a l  t h e o r y  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  r e p e a t e d  measurements (ensemble a v e r a g i n g )  o r  by 

u s i n g  l o n g e r  s i t e s  ( a v e r a g i n g  o v e r  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  can be cons ide red  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  o v e r  t h e  e n t i r e  l e n g t h . )  I n  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 r o p o r t i o n a l  t o  t h e  square  r o o t  of 

t h e  t o t a l  l e n g t h .  Thus, t h e  r e p e a t a b i l i t y  should  be improved by u s i n g  l o n g e r  

s e c t i o n s .  For s i t e s  t h a t  a r e  f o u r  t imes  l o n g e r  than  t h o s e  used i n  t h e  IRRE, 

t h e  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 w i t h  two 

roadmeters :  a  B I  u n i t  and a  NAASRA n i t .  When t h e  r e a d i n g s  ( i n  c o u n t s )  were 

s c a l e d  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  

i n t e r c h a n g e a b l e .  (The B I  numerics were h i g h e r  by a  c o n s t a n t  b u t  ve ry  s m a l l  

amount, which i s  an e f f e c t  caused by two mete r s  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  r e a d i n g s  o b t a i n e d  from t h e  BI 

and NAASRA u n i t s  a r e  redundant  measures of t h e  ARS of t h e  Caravan v e h i c l e .  

Because d i f f e r e n t  roadmeters  u s e  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  t h e  manufac tu re r s  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  t h e  same brand 

of roadmeter  i n s t r u m e n t  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  unders tand ing  and t h e  e x p e r i m e n t a l  ev idence  o b t a i n e d  i n  r e c e n t  

y e a r s  show t h a t  t h e  c h o i c e  of roadmeter  i n s t r u m e n t  i s  no t  of pr imary 

importance .  I n s t e a d ,  t h e  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 a n a l y z e  t h e  roughness  d a t a .  It h a s  even been shown ( p r i o r  t o  t h e  IRRE) 

t h a t  PCA mete r s  can  be used t o  measure ARS by e l i m i n a t i n g  t h e  compl ica ted  PCA 

d a t a  r e d u c t i o n  p r o c e s s  [ 9 ] .  

Correlation for different RTRRPlS speeds. I n  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  o b t a i n e d  when t h e  i n s t r u m e n t s  a r e  

o p e r a t e d  a t  t h e  same t e s t  speed ,  even when t h e  t e s t  speed i s  no t  "s tandard"  

f o r  one of  t h e  i n s t r u m e n t s .  For example,  t h e  B I  t r a i l e r  i s  normal ly  o p e r a t e d  

a t  32 km/h, w h i l e  t h e  Opala-Maysmeter sys tem i s  t y p i c a l l y  o p e r a t e d  a t  80 km/h. 

F i g u r e  9 shows t h e  agreement between t h e  ARS measures o b t a i n e d  when b o t h  a r e  

o p e r a t e d  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  c u r v e s ,  c a l c u l a t e d  s e p a r a t e l y  f o r  e a c h  s u r f a c e  type.  

When o p e r a t e d  a t  t h e  same speeds  ( F i g s .  9 a ,  9b,  and 9 c ) ,  t h e r e  i s  v e r y  l i t t l e  

s c a t t e r  about  t h e  r e g r e s s i o n  l i n e s ,  and t h e  ARS measures from one RTRRMS cou ld  

be "conver ted"  t o  t h o s e  of t h e  o t h e r ,  w i t h  good r e p r o d u c i b i l i t y .  Also ,  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  v e r y  s i ~ 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  

h o l d s  f o r  t h e  d i f f e r e n t  s u r f a c e  types .  I n  c o n t r a s t ,  t h e r e  i s  more s c a t t e r  

when d i f f e r e n t  t e s t  speeds  a r e  used by t h e  d i f f e r e n t  d e v i c e s  ( F i g .  9 d ) ,  and 

s e p a r a t e  u n d e r l y i n g  r e l a t i o n s h i p s  appear  ( a s  shown by t h e  r e g r e s s i o n  l i n e s )  

f o r  t h e  i n d i v i d u a l  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 
11 seen"  by t h e  RTRRMS i s  a  f u n c t i o n  of t h e  speed ,  a s  shown i n  Fig.  F.2 i n  

Appendix F. 



ARSPO from MM #2 

a .  Both speeds = 20 kmlh 

ARSS2 from MM #2 

b. Both speeds = 32 km/h 

ARSW from MM #2 ARSso from MM #2 

c. Both speeds = 50 km/h d. Different speeds ( 3 2 ,  80 km/h) 

Figure 9 .  Example correlat ions between two RTRRMSs. 



Correlation across surface type. When t h e  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  o b t a i n e d  f o r  t h e  d i f f e r e n t  s u r f a c e  t y p e s  u s u a l l y  

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 t h e  s e n s i t i v i t y  of each  

RTRRMS t o  wavenumber i s  u n i q u e ,  t h e  o v e r a l l  waveband "seen" i s  approx imate ly  

t h e  same when t h e  speeds  a r e  matched. 

Distribution of scatter. I n  most of t h e  c o r r e l a t i o n  p l o t s ,  t h e  

v a r i a t i o n  about  t h e  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  c o n s t a n t  f o r  a l l  

roughness  l e v e l s ;  t h e  " e r r o r "  t h a t  would be l e f t  a f t e r  a  c a l i b r a t i o n  by 

c o r r e l a t i o n  does  n o t  i n c r e a s e  i n  p r o p o r t i o n  t o  roughness.  T h i s  i n d i c a t e s  t h a t  

when r e g r e s s i o n  e q u a t i o n s  a r e  used ,  a  s imple  l e a s t - s q u a r e s  f i t  can be a p p l i e d  

t o  t h e  o r i g i n a l  measures ,  w i t h o u t  any t r a n s f o r m a t i o n s .  Because t h e  

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

sugges ted  a s  a  g e n e r a l  purpose  model. 

T h i s  o b s e r v a t i o n  i s  no t  t r u e  when t h e  RTRRMSs speeds  a r e  no t  matched and 

d i f f e r e n t  s u r f a c e  t y p e s  a r e  n o t  i d e n t i f i e d .  I n  F i g u r e  9d, t h e  s c a t t e r  would 

a p p e a r  t o  i n c r e a s e  w i t h  roughness  i f  o n l y  t h e  d a t a  p o i n t s  were shown. The 

r e a s o n  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  s u r f a c e  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 ,  t h o s e  t r e n d s  d i v e r g e  w i t h  i n c r e a s e d  roughness.  The 

d i f f e r e n t  r e g r e s s i o n s  a r e  o b t a i n e d  because  of a  combinat ion of two f a c t o r s :  

1)  t h e  two RTRRMSs "see" d i f f e r e n t  wavebands when o p e r a t e d  a t  d i f f e r e n t  speeds  

and 2 )  t h e  d i f f e r e n t  s u r f a c e  t y p e s  have d i f f e r e n t  " s i g n a t u r e s "  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  F i g u r e  5. A t  t h e  low speed of 32 km/h, a  RTRRMS 

s e e s  t h e  s h o r t e r  wave leng ths ,  which F i g u r e  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  (TE) s i t e s  and l e a s t  s i g n i f i c a n t  i n  t h e  a s p h a l t i c  c o n c r e t e  (CA) s i t e s .  

Hence, t h e  ARS32 measures a r e  h i g h e s t  f o r  t h e  TE s i t e s  and lowes t  f o r  t h e  C A  

s i t e s ,  r e l a t i v e  t o  t h e  measures. 

Although r e g r e s s i o n s  of t ransformed measures ( s u c h  a s  l o g  v a l u e s )  a r e  

n o t  recommended f o r  RTRRMS measures made a t  t h e  same speed,  they  may be 

n e c e s s a r y  f o r  t h e  c o n d i t i o n s  d e s c r i b e d  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 m i s s i n g  s u r f a c e  type  in fo rmat ion .  



Correlation across speedm RTRRMS measurements made a t  more than one 

speed might be required f o r  some app l i ca t ions .  There i s  then a  ques t ion  of 

whether a  r e l a t i o n s h i p  between the  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  support an e a r l i e r  f ind ing  [ 9 ,  291 t h a t  

c o r r e l a t i o n  across  speed can be obtained with more success  when the  RTRRHS 

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 the  

equat ion:  

ARV = ARS * speed. 

I f  the  above equat ion i s  used with t y p i c a l  met r ic  u n i t s  f o r  ARS (m/km) and 

speed (kmlh),  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, the  choice between ARS o r  ARV a s  a  roughness measure i s  a r b i t r a r y  

because the 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  

eventua l ly  e l imina ted  through c a l i b r a t i o n  t o  a  reference.  But when d a t a  taken 

a t  d i f f e r e n t  speeds a r e  compared, the  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  the  more d i r e c t  measure of vehic le  response: a  h igher  

ARV value always i n d i c a t e s  more veh ic l e  v i b r a t i o n ,  regard less  of the  

circumstances causing the  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 he converted t o  ARV t o  

ob ta in  a  v a l i d  c a l i b r a t i o n  [ 9 ,  301.) 

When a l l  of the  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 instruments  u sua l ly  e x i s t s  f o r  a l l  speed/surface type 

combinations. However, the  r e l a t i o n s h i p  gene ra l ly  has an o f f s e t ,  due t o  

vehic le  and roadmeter n o n l i n e a r i t i e s .  (That i s ,  a  zero reading from one 

instrument corresponds t o  a  non-zero reading from the  o ther . )  The cons tan t  

o f f s e t  i n  the  " 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 the  two instruments .  Thus, 

an ARS c o r r e l a t i o n  ac ros s  speed usua l ly  in t roduces  an a r t i f i c i a l  b i a s  with 

speed, and i s  the re fo re  not va l id .  

Lidtations of different RTRRHSsm Most of the  instruments  were capable 

of t e s t i n g  almost the f u l l  roughness range ava i l ab l e .  S t i l l ,  the  i nd iv idua l  

RTRRMSs d id  show some li mi ta t ions .  



Cor re l a t ions  involv ing  t h e  S o i l t e s t  BPR Roughometer were usua l ly  lowest ,  

even i n  the  b e s t  of c a s e s ,  when i t  was compared t o  t he  B I  t r a i l e r .  This  BPR 

Roughometer was the  most f r a g i l e  of the  RTRRMSs, and experienced cons tan t  

breakdowns. It was not  operated a t  high speeds on the  rougher sur faces .  

A l l  of t he  o the r  systems were a b l e  t o  cover about the  same l e v e l s  of 

veh ic l e  response. (The Opala-Maysmeter systems were the  only ones operated a t  

the h ighes t  speed of 80 km/h, but  the  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.) 

A s  noted e a r l i e r ,  t h e  measurements obtained from the  B I  and NAASRA 

roadmeters i n s t a l l e d  i n  t he  same vehic le  were near ly  i d e n t i c a l  (when sca led  t o  

"m/km""), and were compatible with those of the  o the r  RTRRMSs. The except ion 

t o  t h i s  was the  case  of the  d a t a  taken a t  80 km/h. The B I  and NAASRA d a t a  d id  

not agree a s  wel l  a s  f o r  the  o the r  speeds. Cor re l a t ions  with the  Maysmeters 

and the  profi le-based RARS80 numeric were higher  f o r  t he  NAASRA meter than f o r  

the B I  meter. 

Effect of individual wheel track roughness. The ARS measures obtained 

by the  two RTRRMS t r a i l e r s  i n  each wheeltrack were averaged t o  ob ta in  a  s i n g l e  

ARS measure f o r  t he  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 

the measures from the two-track RTRRMSs were e x c e l l e n t ,  being a s  good a s  t he  

c o r r e l a t i o n s  between the  d i f f e r e n t  two-track systems. 

' In  a d d i t i o n  t o  the  average,  a  d i f f e r e n c e  can be ca l cu la t ed  from the  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 uncorre la ted  t o  

the  measures of the two-track vehic les .  

Correlation of Profile-Based Muerics wfth RTRRS Numerics 

Calibration of RTRRSs. A t  the  present  time, p ro f i l ome t r i c  methods 

needed f o r  d i r e c t  computation of t he  profi le-based numerics a r e  not a v a i l a b l e  

t o  many road agencies.  Therefore,  a  primary purpose of the  profi le-based 

roughness numerics i s  viewed i n  t h i s  r epo r t  a s  being f o r  the  c a l i b r a t i o n  of 

RTRRMSs. (Na tu ra l ly ,  a s  high-speed prof i lometers  a r e  acquired by more 

agencies ,  t he  r o l e  of RTRRMSs i s  expected t o  d iminish ,  wi th  the  RTRRMS 



c a l i b r a t i o n  r e f e r e n c e  be ing  measured d i r e c t l y  by p r o f i l o m e t e 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  i n v o l v e s  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  i n t e n d e d  t o  e l i m i n a t e  

b i a s  e r r o r s  o v e r  a  l a r g e  number of measurements s o  t h a t  a g g r e g a t e  d a t a  from 

one RTRRMS w i l l  be n e i t h e r  h i g h e r  n o r  lower than  a g g r e g a t e  d a t a  from a n o t h e r  

RTRRMS o v e r  t h e  e n t i r e  range of s u r f a c e  t y p e ,  roughness ,  and speed.  

Although many c a l i b r a t i o n  methods f o r  o t h e r  t y p e s  of i n s t r u m e n t s  ( f o r  

example,  thermometers ,  s c a l e s ,  v o l t m e t e r s )  r e q u i r e  on ly  one o r  two 

measurements,  t h e  complex n a t u r e  of " roughness ,"  t o g e t h e r  w i t h  t h e  c r u d e n e s s  

of  a  RTRRMS, r e q u i r e s  t h a t  many measures be t a k e n  t o  o b t a i n  a  c a l i b r a t i o n .  I n  

e s s e n c e ,  t h e  c a l i b r a t i o n  i s  ach ieved  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  RTP.RMS measurement w i l l  n o t  be p e r f e c t l y  

reproduced by a n o t h e r  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  r o a d ,  r e l a t i v e  t o  

t h e  r e f e r e n c e .  A RTRRMS might c o n s i s t e n t l y  produce h i g h  c a l i b r a t e d  measures 

on a  c e r t a i n  r o a d ,  even though i t  produces  measures t h a t  a r e  n e i t h e r  h i g h  nor  

low when averaged o v e r  a  number of roads.  T h i s  e r r o r  can  be reduced i f  t h e  

RTRRMS and t h e  r e f e r e n c e  measure "see" t h e  road i n  n e a r l y  t h e  same way. I n  

o t h e r  words,  t h e  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 w i t h  b e t t e r  c o r r e l a t i o n  between t h e  RTRRMS and t h e  r e f e r e n c e .  Note 

t h a t  f o r  t h e  c a s e  of a  RTRRMS t h a t  accuracy  i s  t h e  same a s  r e p r o d u c i b i l i t y .  

C o r r e l a t i o n s  between t h e  c a n d i d a t e  roughness  s t a n d a r d s  and t h e  RTRRMSs 

were c a l c u l a t e d  t o  de te rmine  t h e  accuracy  and minimum complexi ty  needed f o r  

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

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  s u r f a c e  

t y p e s ,  r a t h e r  than  s e p a r a t e  c a l i b r a t i o n s  f o r  e a c h  c o n d i t i o n .  T h e r e f o r e ,  t h e  

sample c a l i b r a t i o n  c u r v e s  p l o t t e d  h e r e  and i n  t h e  append ices  were a l l  computed 

wi thou t  s e g r e g a t i n g  by s u r f a c e  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 o b t a i n e d  when d a t a  p o i n t s  were s e g r e g a t e d  by s u r f a c e  type.  B ias  i n  t h e  

r e g r e s s i o n  e q u a t i o n  ( i . e . ,  c a l i b r a t i o n  e r r o r )  i s  not  a  problem due t o  t h e  

d e s i g n  of t h e  IRRE, i n  which each  s u r f a c e  type  i s  r e p r e s e n t e d  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  p r e s e n c e  of s e v e r a l  smooth unpaved s i t e s  t e n d s  t o  

b i a s  t h e  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  t h e  a g g r e g a t e ) ,  t h e  e f f e c t  

is  ba lanced  by s e v e r a l  paved s i t e s ,  a t  t h e  same roughness  l e v e l ,  t h a t  b i a s  t h e  

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

RARS. When t h e  RQCS speed i s  s e t  e q u a l  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 o b t a i n e d  from t h e  RTRRMSs a r e  

very  good a t  a l l  speeds  and s u r f a c e  t y p e s ,  w i t h  t h e  one e x c e p t i o n  of t h e  80 

km/h d a t a  from t h e  s u r f a c e  t r e a t m e n t  s e c t i o n s .  F i g u r e  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  f o u r  speeds .  

The f o u r  s u r f a c e  t r e a t m e n t  (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 2 m c o r r u g a t i o n .  A t  80 

km/h, t h i s  c o r r u g a t i o n  appeared a t  11 Hz, which i s  a  t y p i c a l  a x l e - t i r e  

r e sonance  i n  v e h i c l e s .  Even though t h e  RAMa0 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. T h i s  behav io r  was 

n o t  r e f l e c t e d  i n  any of t h e  roughness  numerics ,  n o r  i n  t h e  s u b j e c t i v e  r a t i n g s  

( d i s c u s s e d  l a t e r ) .  (These f o u r  s i t e s  appear  a s  o u t l i e r  d a t a  p o i n t s  when 

comparing t h e  ARS80 measures t o  any of t h e  p r o f i l e - b a s e d  numerics ,  w i t h  t h e  

problem be ing  s m a l l e s t  f o r  RARS80.) I n  t h i s  c a s e ,  t h e  RTRRMS measurements 

a p p e a r  t o  d e v i a t e  from t h e  g e n e r a l  concep t  of road roughness.  Ra the r  than  

a t t e m p t i n g  t o  d e f i n e  a  s t a n d a r d  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  p r e v e n t  t h a t  s e n s i t i v i t y  i n  t h e  RTRRMS by s e l e c t i n g  " s t i f f "  

shock a b s o r b e r s ,  t o  p r e v e n t  such  s p e c i f i c  "tuning." 

Not a l l  RTRRMS v e h i c l e s  w i l l  have t h e  same t u n i n g  c h a r a c t e r i s t i c s  a s  t h e  

Opala passenger  c a r .  U n f o r t u n a t e l y ,  however, o n l y  t h e  Opalas were o p e r a t e d  a t  

t h e  speed of 80 km/h, s o  compar isons  w i t h  t h e  Caravan and BI t r a i l e r  v e h i c l e s  

a r e  n o t  p o s s i b l e .  

The d i f f i c u l t i e s  p r e s e n t e d  by t h e s e  " o u t l i e r s "  demons t ra te  t h a t  s i t e s  

w i t h  c o r r u g a t i o n s  should  be avoided a s  c a l i b r a t i o n  s i t e s ,  due t o  t u n i n g  of 

RTRRMSS . 
A s m a l l  b i a s  a l s o  e x i s t s  f o r  some, b u t  n o t  a l l ,  of t h e  RTRRMSs between 

paved and unpaved roads .  When a  b i a s  e x i s t s ,  t h e  RARS numerics tend t o  be  



a. 20 km/h. RARS20 from APL 25. b. 32 km/h. RARS32 from APL 721 

c. 50 km/h. from static measures. do 80 kmlh. BhBSsO from static measures. 

Figure 10. Example calibration plots to estimate RARS with the 

Opala-Maysmeter RTRRMS. 



high on the  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) the 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 the  unpaved' roads,  where the re  i s  

l e s s  low-frequency content  i n  the veh ic l e  v i b r a t i o n s ,  the  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 i n  t he  c o r r e l a t i o n  p l o t s  between the  B I  u n i t s  and the 

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 the roadmeters. 

Overa l l ,  c o r r e l a t i o n s  between RARS and the  RTRRMSs were the  h ighes t  of 

any obtained between ARS and a  profi le-based s t a t i s t i c ,  matched only by some 

of t he  c o r r e l a t i o n s  obtained with the  RMSD1.8,j00 numeric (based on only t en  

of the s i t e s ) .  Even s o ,  t h e  agreement between UARS and the ARS measures of 

the  RTRRMSs i s  not a s  good a s  the  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  the  RTRRMSs made repeated measurements 

t h a t  were averaged t o  reduce random e r r o r ,  whereas most of t he  p r o f i l e s  on 

unpaved roads were measured j u s t  once with rod and l eve l .  Given the  

r e p e a t a b i l i t y  a s soc i a t ed  with p r o f i l e  measurement on s i t e  lengths  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 

repea t ing  the  p r o f i l e  measurements, and/or using longer s e c t i o n  lengths .  

(Since both opt ions  a r e  r e l a t i v e l y  easy t o  do wi th  a prof i lometer ,  they should 

be considered when a  prof i lometer  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  information f o r  t he  RARS standard i s  included i n  

Appendix F, inc luding  example c a l i b r a t i o n  p l o t s  f o r  t h ree  of t h e  o the r  

RTRRMS s . 
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 he re  i s  a  "best" speed t h a t  

should be used by RTRRMSs whose measurements a r e  c a l i b r a t e d  t o  t h i s  sca le .  

The bes t  of the  fou r  t e s t  speeds used i n  t he  IRRE i s  50 km/n. 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 km/h ( see  Appendix E f o r  d e t a i l s ) ,  i t  i s  not completely unexpected t h a t  50 

km/h i s  the  b e s t  RTRRMS speed f o r  e s t ima t ing  QI . Yet, i n  l i g h t  of the  r 



ARSSO - m/km 

c. APL 72 CP2.5 

b. APL 72 Short Wave Energy (W) 

(200 m sections) 

Figure 11. Example Calibration plots for four profile-based numerics and 

one RTRRMS operated at 50 km/h. 



f i nd ing  t h a t  QIr i s  near ly  the  same a s  t h e  RARS80 numeric, i t  i s  s u r p r i s i n g  

t h a t  t he  b e s t  c o r r e l a t i o n  i s  not 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  the  presence of s e v e r a l  " o u t l i e r s , "  inc luding  the  

four  su r f ace  t reatment  (TS) s i t e s  descr ibed above t h a t  had the  2 m 

corrugat ion.  Without these  " o u t l i e r s , "  the  c o r r e l a t i o n  i s  about the  same a t  

50 and 80 km/h. 

A t  a l l  speeds,  the  su r f ace  type b i a s e s  the c a l i b r a t e d  measure t h a t  would 

be obtained using Q I r  a s  the  re ference .  (This  e f f e c t  i s  obscured i n  most of 

the  p l o t s  included i n  t he  r e p o r t ,  because they a r e  sca led  t o  inc lude  the 

e n t i r e  roughness range.) On a s p h a l t i c  concre te  (CA) s i t e s ,  the QI numerics r 
tend t o  be h igher  than would be p red ic t ed ,  while on sur face  t reatment  s i t e s ,  

t he  Q I  va lues  tend t o  be lower. A t  50 km/h, t h i s  b i a s  i s  minimized, But i s  r 
s t i l l  no t i ceab le  when the p l o t t i n g  s c a l e  i s  s e l e c t e d  t o  show mainly the  da t a  

from the  paved roads. 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  0.2 cycle/m (Figure 6b) ,  where the su r f ace  

t reatment  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 with the  su r f ace  type b i a s ,  t he  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 be j u s t  a s  good a t  

80 km/h i f  the  " o u t l i e r s "  were e l imina ted  e i t h e r  by using veh ic l e s  with h igher  

damping o r  by avoiding s i t e s  with cor rugat ions .  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  desc r ibes  the  c a l i b r a t i o n  procedures used i n  the  PICR * * 
p r o j e c t ,  t o  o b 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  veh ic 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 e a r s  ( a s  * 
they ex i s t ed  during t h e  PICR p ro jec 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  concre te  s i t e s :  on the  o the r  t h ree  

su r f ace  types ,  t he  two a r e  not exac t ly  equ iva l en t ,  l a r g e l y  because of the  form 

of t he  speed conversion appl ied  t o  the  measurements on the  unpaved roads ,  and 

a l s o  because of the  presence of the  fou r  o u t l i e r s .  



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 o n l y  on t h e  a s p h a l t i c  c o n c r e t e  (CAI s u r f a c e s .  Because t h e  CAPL 

t r e a t m e n t  i s  a n  ampl i tude  a n a l y s i s  of wavenumbers between .07 and 3  cycle /m 

(wavelengths  between .3 and 15 m), i t  i s  dominated by t h e  lower wavenumbers 

where t h e  C A  s u r f a c e s  have t h e  g r e a t e s t  s i g n i f i c a n t  c o n t e n t .  

LCPC APL 72 Wave Band Numerics. Among t h e  t h r e e  wavebands used i n  t h e s e  

a n a l y s e s ,  t h e  b e s t  c o r r e l a t i o n s  w i t h  t h e  RTRRMSs a r e  s e e n  f o r  t h e  s h o r t w a v e  

numerics  (W) and (Y). The long-wave numerics  a r e  g e n e r a l l y  u n c o r r e l a t e d  w i t h  

t h e  measures of t h e  RTRRMSs, e x c e p t  on t h e  C A  s u r f a c e s .  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  w i t h  t h e  RTRRMS measures on t h r e e  of 

t h e  s u r f a c e  t y p e s ,  b u t  n o t  a t  a l l  f o r  t h e  TS s u r f a c e s . )  The short-wave i n d e x  

( I )  h a s  a  problem i n  t h a t  t h e  a v a i l a b l e  roughness  range i s  no 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 r o a d s  i n  t h e  IRRE, most of which had an i n d e x  

v a l u e  of 1 ( w o r s t )  on a  s c a l e  of 1  t o  10. But when t h e  short-wave energy (W) 

and e q u i v a l e n t  d i sp lacement  (Y) numerics were c o n s i d e r e d ,  ve ry  good 

c o r r e l a t i o n s  were o b t a i n e d ,  a s  shown by t h e  example i n  F igure  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 e s e n 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  u s i n g  t h e  

shor t -wave  energy  (W) numeric. 

APL 72 CP numerics. A s  w i t h  t h e  LCPC numerics ,  t h e  h i g h e s t  c o r r e l a t i o n s  

were observed f o r  t h e  short-wave numeric,  CP2.5- When t h e  medium-wave 

numeric ,  CPIO, was used ,  t h e  s u r f a c e  t r e a t m e n t  (TS) d a t a  p o i n t s  f e l l  w e l l  

below t h e  r e g r e s s i o n  l i n e s .  However, when CPZe5 was c o n s i d e r e d ,  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. 

( S e p a r a t e  r e g r e s s i o n s  were needed f o r  t h e  two s p e e d s ,  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 km/h. F igure  l l c  shows an example 

c a l i b r a t i o n  p l o t  u s i n g  CPZe5 a s  t h e  r e f e r e n c e .  

Of t h e  APL a n a l y s e s  normal ly  used i n  Europe,  t h e  CP2,5 numeric produces  

t h e  b e s t  c o r r e l a t i o n s  w i t h  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  cou ld  be  o b t a i n e d  by o p t i m i z i n g  t h e  b a s e l e n g t h  pa ramete r ,  a s  TRRL 

d i d  i n  deve lop ing  t h e  RMSD1 ,300 numeric. F u r t h e r  development of t h e  u s e  of  



CP numerics  t o  c a l i b r a t e  RTRRMSs may n o t  be  j u s t i f i e d ,  however, s i n c e  t h e  RARS 

numerics  can  a l r e a d y  be computed d i r e c t l y  from t h e  APL s i g n a l .  

-'32r and MsDl.8 ,300' The RMSD1. 8,300 
numeric was developed f o r  

optimum c o r r e l a t i o n  w i t h  t h e  IRRE d a t a  and shows c o r r e l a t i o n  w i t h  t h e  ARS 3  2  
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  o b t a i n e d  w i t h  RARS32 ( s e e  

Appendices F  and H ) .  A s  F i g u r e  l l d  shows, e x c e l l e n t  c o r r e l a t i o n  i s  a l s o  

o b t a i n e d  f o r  t h e  RTRRMS t e s t  speed of 50 kmlh. The RMSD1.8,300 a n a l y s i s  u s e s  

s h o r t  segments of p r o f i l e  t h a t  a r e  p rocessed  independen t ly .  Thus, t h e  

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  t h e  TRRL Beam, and might be t h e  most conven ien t  

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 t h e  Beam i s  used t o  measure 

p r o f i l e .  Due t o  t h e  f a c t  t h a t  RMSD was d e r i v e d  e m p i r i c a l l y  u s i n g  p a r t  of t h e  

IRRE d a t a ,  c a r e  must be t a k e n  n o t  t o  assume e q u i v a l e n t  r e l a t i o n s  i n v o l v i n g  

RMSD1. 8,300 on s u r f a c e  t y p e s  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  t h o s e  covered 

i n  t h e  IRRE. Although i t  i s  op t imized  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  s e e n  f o r  t h e  speed of  20 and 50 km/h a s  w e l l .  

Note,  however, t h a t  t h e  t e s t i n g  of t h e  RMSD a n a l y s i s  was n o t  a s  comprehensive 

a s  f o r  t h e  o t h e r  numerics :  t h r e e  of t h e  RTRRMSs were n o t  i n c l u d e d  a t  a l l ;  

o n l y  28 of t h e  98 w h e e l t r a c k s  cou ld  be used w i t h  t h e  B I  T r a i l e r  c o r r e l a t i o n s ;  

and o n l y  t e n  of t h e  49 s i t e s  cou ld  be used w i t h  t h e  c o r r e l a t i o n s  computed f o r  

t h e  Maysmeter-Opala RTRRMS and t h e  Caravan-BI-NAASRA RTRRMS. Appendix H 

i n c l u d e s  more c o r r e l a t i o n  d a t a ,  a s  w e l l  a s  t h e  r e s u l t s  from a  second 

exper iment  conducted by TRRL i n  St .  Luc ia  t o  v a l i d a t e  t h e  RBI 
32r-RMSD1.8,300 

c a l i b r a t i o n  method. 

Calibration Requirements 

The c o r r e l a t i o n s  observed between t h e  ARS measures o b t a i n e d  from 

d i f f e r e n t  RTRRMSs and between ARS and t h e  p r o f i l e - b a s e d  numerics  i n d i c a t e  t h e  

c a l i b r a t i o n  requ i rements  needed f o r  a RTRRMS when t h e  o b j e c t i v e  i s  t o  ach ieve  

t h e  b e s t  e n g i n e e r i n g  accuracy  p o s s i b l e  o v e r  a l l  road c o n d i t i o n s .  The 

f o l l o w i n g  c o n c l u s i o n s  a r e  based b o t h  on t h e o r e t i c a l  c o n s i d e r a t i o n s  [ 9 1  and t h e  

e x p e r i m e n t a l  v e r i f i c a t i o n  provided by t h e  IRRE.  (The b a s i s  f o r  e a c h  

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



1) Measurement speed must be s tandard ized ,  and matched t o  the 

profile-based numeric t o  maximize co r r e l a t ion .  (Standardizing 

speed approximately s t anda rd izes  t he  waveband seen by a  

RTRRMS . ) 
2 )  The c a l i b r a t i o n  s i t e s  should be se l ec t ed  t o  cover t he  t o t a l  

range of roughness t h a t  w i l l  be measured with the  RTRRMS. 

(Both the vehic le  and roadmeter components of an RTRRMS have 

inhe ren t  and s i g n i f i c a n t  n o n l i n e a r i t i e s .  Ext rapola t ion  of a  

c a l i b r a t i o n  equat ion can lead  t o  e r r o r s  of 100% and more.) 

3 )  Each approximate roughness l e v e l  should be equal ly  

represented.  The roughness l e v e l s  should be spaced a t  

approximately uniform i n t e r v a l s  on a roughness s c a l e  t h a t  i s  

l i n e a r  with p r o f i l e  amplitude. (This  i n s u r e s  t h a t  t he  

c a l i b r a t i o n  equat ion minimizes e r r o r  over the e n t i r e  roughness 

range covered. ) 

4 )  A l l  c a l i b r a t i o n  s i t e s  should have the  same length ,  and the  

l eng th  se l ec t ed  should be s u f f i c i e n t l y  long t o  ob ta in  a  

reasonable measure with a  RTRRMS. (This  makes a l l  of the 

s i t e s  equa l ly  s i g n i f i c a n t ,  and al lows meaningful e s t ima te s  of 

e r r o r  t o  be computed a s  p a r t  of t he  c a l i b r a t i o n . )  The minimal 

l eng th  t h a t  can be used i s  propor t iona l  t o  t e s t  speed. (Many 

of the  random e r r o r s  involved i n  RTRRMS use a r e  time-based, 

r a t h e r  than d i s t a n c e  based.) 

5 )  The t o t a l  l ength  of the  c a l i b r a t i o n  s i t e s  should be spec i f i ed  

t o  exceed some minimal length.  ( A  l a r g e  number of s h o r t  s i t e s  

w i l l  g ive  the  same c a l i b r a t i o n  equat ion  a s  a  smal le r  number of 

long s i t e s . )  

6 a ) S e p a r a t e  c a l i b r a t i o n s  should be provided f o r  each su r f ace  

type. (D i f f e ren t  su r f ace  types have d i f f e r e n t  c h a r a c t e r i s t i c  

PSD s i g n a t u r e s ,  which can combine wi th  d i f f e r e n c e s  between the  

RTRRMS and the  c a l i b r a t i o n  re ference  t o  in t roduce  a  b i a s  



a c c o r d i n g  t o  s u r f a c e  type.  S e p a r a t e  c a l i b r a t i o n s  f o r  each 

s u r f a c e  type  e l i m i n a t e  such  b i a s e s . )  

6b)  I f  s e p a r a t e  c a l i b r a t i o n s  f o r  d i f f e r e n t  s u r f a c e s  ( p e r  6 a )  a r e  

u n a c c e p t a b l e  due t o  t h e  e x t r a  e f f o r t  i n v o l v e d ,  and t h e  

p o s s i b i l i t y  of  l e s s  accuracy  i s  a c c e p t e d ,  t h e n  t h e  d i f f e r e n t  

s u r f a c e  t y p e s  shou ld  be e q u a l l y  r e p r e s e n t e d  a t  each  l e v e l  of  

roughness .  ( B i a s e s  r e l a t e d  t o  s u r f a c e  t y p e  w i l l  no t  be 

i n c l u d e d  i n  t h e  c a l i b r a t i o n  e q u a t i o n ,  a l t h o u g h  they  w i l l  be 

p r e s e n t  i n  t h e  i n d i v i d u a l  c a l i b r a t e d  RTRRMS measurements.) 

7 )  C a l i b r a t i o n  e q u a t i o n s  shou ld  be computed by r e g r e s s i n g  t h e  

r e f e r e n c e  measures a g a i n s t  t h e  d i r e c t  RTRRMS measures ,  u s i n g  a 

s imple  l e a s t - s q u a r e s  e r r o r  minimizat ion.  (Trans fo rmat ions  of  

t h e  v a r i a b l e s  ( l o g ,  s q u a r e  r o o t ,  e t c . )  a l t e r  t h e  e r r o r  

weight ing.  The d a t a  from t h e  IRRE showed a n  e r r o r  

d i s t r i b u t i o n  ( s c a t t e r )  t h a t  was a l r e a d y  f a i r l y  c o n s t a n t  w i t h  

roughness  f o r  a l l  bu t  t l ~ e  roughes t  unpaved roads .  T h e r e f o r e ,  

changes  i n  t h e  e r r o r  we igh t ing  a r e  u n d e s i r a b l e  f o r  t h e  

o b j e c t i v e  of minimizing e r r o r  o v e r  t h e  e n t i r e  range. )  

8) The c a l i b r a t i o n  e q u a t i o n  should  be o b t a i n e d  u s i n g  a  q u a d r a t i c  

r e g r e s s i o n  model of t h e  form: 

E [ r e f e r e n c e ]  = A + B * ARS + C * ARS 2 

Where A ,  B ,  and C a r e  determined t o  minimize t h e  mean-square 

e r r o r .  I f  t h e  c u r v a t u r e  i s  s m a l l ,  t han  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 .  (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 roadmete r s ,  a  l i n e a r  r e g r e s s i e w  

model may n o t  be adequa te  when wide ranges  of roughness  a r e  

covered.  A s  mentioned i n  i t e m  ( 7 ) ,  non- l inea r  t r a n s f o r m a t i o n s  

w i l l  a l s o  i n f l u e n c e  t h e  e r r o r  w e i g h t i n g ,  and shou ld  be 

avoided.  ) 



Comparison of Subjective Ratings with Roughness Measures 

I n  a d d i t i o n  t o  i t s  importance  i n  economic m a t t e r s ,  road roughness  i s  

a l s o  t h e  pr imary f a c t o r  i n f l u e n c i n g  t h e  p u b l i c  o p i n i o n  of road q u a l i t y .  The 

Pavement S e r v i c e a b i l i t y  R a t i n g  (PSR) developed by MSHO f o r  e v a l u a t i n g  

pavement c o n d i t i o n  was found t o  be most h i g h l y  c o r r e l a t e d  w i t h  "roughness" a s  

i t  was t h e n  measured,  and t h e  c o n c e p t u a l  l i n k i n g  between u s e r  o p i n i o n  and 

roughness h a s  remained today  [31] .  Because of t h i s  h i s t o r i c a l  a s s o c i a t i o n ,  a  

s u b j e c t i v e  r a t i n g  (SR) s u r v e y  was performed d u r i n g  t h e  IRRE t o  a s s i g n  a  SR 

v a l u e  t o  e a c h  of t h e  49 t e s t  s i t e s ,  a s  d e s c r i b e d  i n  Appendix D. 

I n  d e t e r m i n i n g  t h e  SR f o r  e a c h  road s e c t i o n ,  t h e  r a t i n g s  f o r  e a c h  member 

were normal ized by s u b t r a c t i n g  t h e  mean v a l u e  and d i v i d i n g  by t h e  s t a n d a r d  

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. T h e r e f o r e ,  t h e  f i n a l  SR s c a l e  i s  s c a l e d  

i n  terms of " s t andard  d e v i a t i o n s "  f o r  t h e  49 t e s t  s e c t i o n s ,  and h a s  no 

a b s o l u t e  p h y s i c a l  meaning. These SR numerics  canno t  be used t o  a s s i g n  

a b s o l u t e  roughness  numerics t o  t h e  t e s t  s e c t i o n s ,  b u t  i n s t e a d  a r e  used t o  r ank  

them i n  o r d e r ,  from smoothes t  t o  r o u g h e s t ,  and t o  show t h e  c o r r e l a t i o n s  

between SR and v a r i o u s  o b j e c t i v e  roughness  measures. F i g u r e  12 shows f o u r  

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 ob ta ined .  (More 

p l o t s  a r e  i n c l u d e d  i n  Appendix D.) 

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 t h e  normal ized SR 

numerics were seldom l i n e a r ,  and t h e  q u a d r a t i c  r e g r e s s i o n  form t h a t  i s  used 

throughout  t h i s  r e p o r t  a p p e a r s  t o  be n e c e s s a r y  f o r  computing c o r r e l a t i o n s  t h a t  

a r e  meaningful .  

The p r o f i l e - b a s e d  numerics  RARS 50, RARS80, and QIr ( s i m i l a r  t o  RARSBO) 

show t h e  most c o n s i s t e n t  r e l a t i o n s h i p  w i t h  SR, even more s o  than  t h e  ARS 

measures o b t a i n e d  from t h e  Opala-Maysmeter RTRRMS used t o  t r a n s p o r t  t h e  

r a t e r s .  (Compare F igs .  12a and 12b.) Good c o r r e l a t i o n s  a r e  a l s o  o b t a i n e d  

w i t h  t h e  o t h e r  p r o f i l e - b a s e d  numerics  t h a t  c o r r e l a t e  w e l l  w i t h  ARS. F i g u r e s  

12c and 12d show t h a t  t h e  short-wave CP2.5 i s  a  b e t t e r  p r e d i c t o r  of SR t h a n  

t h e  medium-wave CP 10' The s u r f a c e  t r e a t m e n t  (TS)  s i t e s  which had 

p e r i o d i c i t i e s  ( c o r r u g a t i o n s )  t h a t  i n f l u e n c e d  t h e  ARS80 measures appear  a s  

o u t l i e r s  when ARSaO measures a r e  compared t o  any o t h e r  roughness  numeric,  b u t  



a. ARSeo from MM #2 b. RARS from Static Measures 

c. CP 2.5 from APL 72 d. CP 10 from APL 72 

Figure 12 .  Comparison of subjective panel ratings with profile-based 

numerics. 



n o t  when SR i s  compared t o  t h e  p r o f i l e - b a s e d  roughness  measures. On t h e s e  

s i t e s ,  t h e  p r o f i l e - b a s e d  numerics r e p r e s e n t  " r i d e a b i l i t y l '  b e t t e r  t h a n  t h e  

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 t h o u g h  i t  i s  

sensed  by a roadmeter ,  t h e  passenger  i s  mos t ly  i s o l a t e d  from i t . )  

A second s u b j e c t i v e  r a t i n g  exper iment  i s  d e s c r i b e d  i n  Appendix K. I n  

t h i s  c a s e ,  t h e  i n t e n t  was t o  t r y  t o  e s t i m a t e  a n  ARS-type of  roughness  index  

s u b j e c t i v e l y ,  u s i n g  d e t a i l e d  d e s c r i p t i o n s  of roads  and example roughness  

l e v e l s .  C o n c e p t u a l l y ,  t h i s  i s  a  " c a l i b r a t i o n  (of  t h e  r a t e r )  by d e s c r i p t i o n . "  

The r e s u l t s  show t h a t  t h e  method i s  v i a b l e ,  and can  be used w i t h  a  v e r y  s m a l l  

number of r a t e r s .  The accuracy  i s  no t  a s  good a s  can be o b t a i n e d  w i t h  a 

c a l i b r a t e d  RTRRMS, but  would be adequa te  f o r  some a p p l i c a t i o n s .  



CHAPTER 4 

SELECTION OF AN INTERNATIONAL ROUGRNESS INDEX 

The I n t e r n a t i o n a l  Road Roughness Experiment (IRRE) was mot ivated by t h e  

p r e s e n t  d i f f i c u l t i e s  i n  exchanging roughness  i n f o r m a t i o n  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 u s i n g  e m p i r i c a l  
I I convers ions ' '  between v a r i o u s  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  

adop t  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 .  T h i s  c h a p t e r  a p p l i e s  t h e  f i n d i n g s  of t h e  IRRE towards  t h e  

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 t h e  d e f i n i t i o n  of t h e  i m p o r t a n t  v a r i a b l e s  i n  i t s  

measurement. 

Criteria for the International Roughness Index (IRI) 

The c r i t e r i a  f o r  t h e  I R I  t h a t  were summarized i n  t h e  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 s c u s s e d  below. 

Time Stable. The I R I  shou ld  be d e f i n e d  by a roughness  numeric t h a t  w i l l  

riot change w i t h  t ime.  It must be v a l i d  on any road s u r f a c e  t y p e ,  and c o v e r  

a l l  l e v e l s  of roughness.  

To a c h i e v e  t h i s  g o a l  i t  i s  t h e  consensus  of bo th  p r a c t i t i o n e r s  and 

r e s e a r c h e r s  t h a t  t h e  I R I  must be d e f i n e d  by a mathemat ica l  f u n c t i o n  of t h e  

l o n g i t u d i n a l  p r o f i l e  of t h e  road ,  r a t h e r  t h a n  by a s t a n d a r d i z e d  p i e c e  of  

hardware. That  mathemat ica l  f u n c t i o n  t h e n  e s t a b l i s h e s  a p r e c i s e  s t a n d a r d  

roughness  v a l u e  f o r  any road. H i s t o r i c a l l y ,  p a n e l  r a t i n g s  provided t h e  f i r s t  

s t a n d a r d  f o r  roughness ,  b u t  t h e r e  a r e  no means t o  p r e v e n t  s u b j e c t i v e  

judgements from changing w i t h  t ime.  For example,  t h e  PSR roughness  s c a l e  used 

i n  t h e  AASHO exper iment  [ 3 1 ] ,  which s e r v e d  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 a g e n c i e s  w i t h i n  t h e  Uni ted  S t a t e s ,  h a s  no 

d i r e c t  p h y s i c a 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 a g e n c i e s  

e s t i m a t e  PSR, t h e  numerics  from d i f f e r e n t  a g e n c i e s  a r e  no t  e q u i v a l e n t  [91. 

Attempts  t o  s t a n d a r d i z e  a roughness  s c a l e  t o  a s p e c i f i c  p i e c e  of  hardware 



( e i t h e r  i n  t h e  form of  a  s y n t h e s i z e d  roughness  such  a s  t h e  TRRL p i p e  c o u r s e ,  

o r  a  roughness  measurement i n s t r u m e n t )  have never  been comple te ly  s u c c e s s f u l  

because  of t h e  complexi ty  of road roughness.  

Transportable. To be t r u l y  t r a n s p o r t a b l e  t h e  I R I  should  be compat ib le  

w i t h  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 t h e  world. I n  

p a r t i c u l a r ,  i t  shou ld  be compat ib le  w i t h  manual methods f o r  o b t a i n i n g  p r o f i l e  

( r o d  and l e v e l ,  TRRL Beam), and a l s o  be s u i t e d  f o r  p r e s e n t  and f u t u r e  h igh-  

speed p r o f i l o m e t e r s .  

Relevant. While r e c o g n i z i n g  t h a t  t h e  I R I  w i l l  r e p r e s e n t  a  compromise, 

i t  should  n o n e t h e l e s s  be a  meaningful  measure of roughness  t h a t  r e f l e c t s  road 

c o n d i t i o n  a s  i t  a f f e c t s  t h e  p u b l i c  u s i n g  i t ,  i n  terms of v e h f c l e  o p e r a t i n g  

c o s t s ,  r i d e  q u a l i t y ,  and s a f e t y .  

Without q u e s t i o n ,  t h e  most p o p u l a r  i n s t r u m e n t  used t o  measure roughness  

th roughout  t h e  world today i s  t h e  response- type road roughness  measuring 

sys tem (RTRRMS). When o p e r a t i n g  a s  i n t e n d e d ,  i .e . ,  w i t h o u t  i n s t r u m e n t a t i o n  

e r r o r ,  n e a r l y  a l l  roadmeters  used i n  RTRRMSs a r e  c a p a b l e  of o b t a i n i n g  a  

measure of accumulated suspens ion  motion,  c a l l e d  average  r e c t i f i e d  s l o p e  

(ARS), which i s  r e l e v a n t  t o  road c o n d i t i o n  a s  i t  a f f e c t s  v e h i c l e  response .  

When o p e r a t e d  under t h e  same c o n d i t i o n s ,  t h e  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  h i g h l y  c o r r e l a t e d  t h a t  t h e  

s t a n d a r d  e r r o r  remaining a f t e r  a  r e g r e s s i o n  i s  sometimes w i t h i n  t h e  

r e p e a t a b i l i t y  a s s o c i a t e d  w i t h  t h e  i n d i v i d u a l  i n s t r u m e n t s .  (Even though 

v e h i c l e s  appear  outwardly  much d i f f e r e n t ,  o r  a r e  d i s p a r a t e  i n  s i z e ,  t h e  

dynamic p r o p e r t i e s  a r e  o n l y  s l i g h t l y  a f f e c t e d  [ 3 2 ] . )  The poor c o r r e l a t i o n s  

between d i f f e r e n t  RTRRMSs t h a t  have o f t e n  been r e p o r t e d  a r e  s e e n  t o  be caused 

more by d i f f e r e n c e s  i n  p rocedure ,  r a t h e r  t h a n  t h e  equipment. Thus, i t  i s  

e s s e n t i a l  t h a t  t h e  I R I  be d e f i n e d  i n  consonance w i t h  s p e c i f i c a t i o n  of RTRRMS 

o p e r a t i n g  procedure .  

When a l l  of t h e  cosmet ic  d i f f e r e n c e s  a r e  over looked ,  t h e  s e l e c t i o n  of 

t h e  I R I  must d e a l  w i t h  on ly  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 ack  o r  two t racks .  

Valid. The procedures used 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  the same measured 

roughness numeric when appl ied  t o  the same road. For p ro f i l ome t r i c  methods, 

t h i s  means t h a t  t he  measurement method must be adequate f o r  the  a n a l y s i s  

appl ied.  Conversely, the  a n a l y s i s  must f i t  common measurement methods 

d i r e c t l y  ( a s  opposed t o  a  c o r r e l a t i o n ) .  It i s  the re fo re  d e s i r a b l e  t h a t  the 

I R I  be measurable by a  wide v a r i e t y  of p ro f i l ome t r i c  methods. 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  o r  lower than the re ference  over a l l  

combinations of roughness, su r f ace  type,  and speed f o r  which they w i l l  be 

used. Thus, i t  i s  d e s i r a b l e  f o r  the  I R I  t o  c l o s e l y  r e f l e c t  roughness a s  
11 seen" by an RTRRMS. 

D e f i n i t i o n  of t h e  I R I  

Choice of RTRlllLS speed. On any p a r t i c u l a r  road, t he  roughness l e v e l  

measured by a  RTRRMS w i l l  depend on i t s  t e s t  speed. The "best" 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 da ta .  The f a c t  

t h a t  roughness v a r i e s  with speed impl ies  t h a t  a  s tandard speed must be 

s e l e c t e d  a s  a  re ference  poin t  f o r  e s t a b l i s h i n g  the 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  the  i n t e r p r e t a t i o n  t h a t  any f ixed  speed wi th in  t h a t  range would 

be acceptable .  The t e s t i n g  i n  the  I R R E  covered the four  l i s t e d  speeds of 20, 

32, 50, and 80 km/h. Before d i scuss ing  the f a c t o r s  shown i n  the t a b l e ,  i t  i s  

he lp fu l  t o  review the  major imp l i ca t ions  of a  s tandard t e s t  speed. 

Low Standard Speed: 

* Test ing  a t  the  s p e c i f i e d  speed i s  poss ib l e  even on roads with 

r e s t r i c t i v e  geometries and roads t h a t  a r e  extremely rough. 



Table I .  Choice of standard RTRRMS vehic le type and 
measurement speed. 

SINGLE NUMBER 
FIXED SPEED OF TRACKS 

CRITERIA 

Convenient f o r  Cost Analyses 

lndicates Ride Qual i ty  

lndicates Safe ty  

Ca l ib ra t ion  E f f o r t  
(Less p r o f i  l e  measurement) 

Can be Used f o r  Very Rough Roads 

W i  l l not  Pose a T r a f f i c  Hazard on 
high-speed Highways 

lndicates Surface Qual i ty  

lndicates Subgrade Qual i ty  

Survey E f f i c iency  

Compatible w i t h  Past B l  T r a i l e r  
data (Kenya, Caribbean, etc.) 

Compatible w i t h  past  Maysmeter 
data (Brazi l ,  Afr ica,  USA, etc.)  



* Tes t ing  a t  a  t he  s tandard  speed on high-speed roads can pose a  

t r a f f i c  hazard u n l e s s  t r a f f i c  c o n t r o l  i s  provided. 

* Tes t ing  a t  a  low speed t akes  l onge r ,  so l e s s  d a t a  can be acquired 

i n  a  g iven  time than would be t h e  ca se  f o r  a  h igher  s tandard  

speed. 

* Measures from a  RTRRMS w i l l  mainly r e f l e c t  s h o r t  wavelengths,  wi th  

l i t t l e  i n f luence  of t h e  longer  wavelengths. 

High Standard Speed: 

* Tes t ing  a t  t h e  s tandard  speed i s  poss ib l e  on high-speed roads 

without  s p e c i a l  t r a f f i c  con t ro l s .  

* Some roads w i l l  r equ i r e  reduced speed, and t e s t i n g  a t  t h e  s tandard  

speed w i l l  no t  be poss ib le .  

* Data t akes  l e s s  time t o  acqui re  a t  high speeds,  and thus  g r e a t e r  

e f f i c i e n c y  i s  achieved. 

* Measures from a  RTRRMS w i l l  i nc lude  t h e  e f f e c t s  of longer  

wavelengths,  and be l e s s  in f luenced  by very s h o r t  wavelengths. 

The relevance of t h e  roughness measures obtained a t  a  g iven  speed i s  

l a r g e l y  determined by the  range of wavelengths included i n  the  measurement. 

I f  only s h o r t  wavelengths a r e  of i n t e r e s t ,  then a  low t e s t  speed i s  most 

r e l evan t .  However, i f  longer  wavelengths a r e  r e l e v a n t ,  then a  h igher  speed i s  

more appropr ia te .  

From t h e  s t andpo in t  of road-user c o s t  s t u d i e s ,  t h e  value chosen f o r  a  

s tandard  measurement speed i s  a c t u a l l y  not  c r i t i c a l  because 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  i n  most of t h e  c o s t  analyses .  The poss ib l e  

e r r o r  in t roduced  by covering an i napp rop r i a t e  range of wavelengths must be 



viewed i n  comparison w i t h  t h e  e r r o r s  i n t r o d u c e d  i n  o t h e r  a s p e c t s  of a  c o s t  

s tudy .  (User  c o s t  d a t a  i s  g e n e r a l l y  much l e s s  p r e c i s e  than  roughness  d a t a . )  

When viewing roughness  d a t a  i n  ways o t h e r  t h a n  v e h i c l e  o p e r a t i n g  c o s t ,  

s p e c i f i c a l l y  t h e  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 ,  t h e  c h o i c e  of 

measurement speed becomes more c r i t i c a l .  The most a p p r o p r i a t e  measure of 

roughness i s  g e n e r a l l y  observed a t  t h e  p r e v a i l i n g  t r a f f i c  speed ,  because  t h e  

measure t h e n  i n c l u d e s  t h e  same band of wavelengths  t h a t  a f f e c t  highway 

v e h i c l e s  u s i n g  t h e  road [ 4 ,  91. T h i s  i s  most a c u t e l y  e v i d e n t ,  f o r  example, 

when examining t h e  road damaging dynamic l o a d s  under  a  v e h i c l e ' s  t i r e s  [ 3 4 ] .  

Table  1  v i s u a l l y  i n d i c a t e s  t h a t  a  s t a n d a r d  measurement speed i n  t h e  

range of  50 - 80 km/h would s a t i s f y  t h e  b r o a d e s t  range of f a c t o r s  when 

c o n s i d e r i n g  t h e  m a j o r i t y  of r o a d s  However, g i v e n  t h a t  most of t h e  road- 

r e l a t e d  r e s o u r c e s  of a  c o u n t r y  a r e  o f t e n  s p e n t  b u i l d i n g  and m a i n t a i n i n g  t h e  

pr imary r o a d s ,  a  measurement gea red  towards  t h o s e  high-speed,  high-volume 

r o a d s  can  be more r e l e v a n t  t h a n  a  measure gea red  f o r  b o t h  high-speed and low- 

speed roads.  I f  t h e  high-volume roads  a r e  of g r e a t e r  i n t e r e s t ,  t h a n  a  h i g h e r  

t e s t  speed such  a s  80 km/h i s  t h e  b e s t  choice .  

Although a  speed of 80 km/h a p p e a r s  t o  be t h e  most r e l e v a n t  and t h e  most 

c o n v e n i e n t ,  e v a l u a t i o n  of measurement accuracy  a t  80 km/h was hampered i n  t h e  

IRRE because  o n l y  t h e  t h r e e  Opala-Maysmeter RTRRMSs were r o u t i n e l y  o p e r a t e d  a t  

t h i s  speed. The accuracy  p o s s i b l e  u s i n g  t h e s e  Opala v e h i c l e s  was 

s i g n i f i c a n t l y  degraded because  t h e y  e x h i b i t e d  a  " tun ing  e f f e c t , "  over-  

r e spond ing  t o  c o r r u g a t i o n s  on f o u r  of  t h e  s u r f a c e  t r e a t m e n t  s i t e s .  The 

measures o b t a i n e d  on t h e s e  s i t e s  appeared a s  " o u t l i e r "  d a t a  p o i n t s  i n  

compar isons  w i t h  t h e  v a r i o u s  p r o f i l e - b a s e d  numerics.  ( " O u t l i e r "  d a t a  p o i n t s  

were never  o m i t t e d  i n  any of t h e  a n a l y s e s  performed w i t h  t h e  IRRE d a t a .  

However, s imple  i n s p e c t i o n  of t h e  s c a t t e r  p l o t s  i n v o l v i n g  t h e  80 km/h 

measurements ( F i g u r e  10d and numerous p l o t s  i n  t h e  append ices  i n  Volume 11) 

shows t h a t  t h e  accuracy  o b t a i n e d  by c a l i b r a t i n g  RTRRMS measures made a t  80 

km/h i s  comparable t o  t h e  accuracy  f o r  o t h e r  speeds  i f  t h e  f o u r  s u r f a c e  

t r e a t m e n t  " o u t l i e r s "  a r e  n o t  cons ide red .  ) 



Another s o u r c e  f o r  compar isons  i s  a v a i l a b l e  from one of t h e  p r o f i l e  

a n a l y s e s ,  namely t h e  r e f e r e n c e  q u a r t e r - c a r  s i m u l a t i o n  (RQCS). T h i s  p r o f i l e  

a n a l y s i s  c l o s e l y  matches t h e  s e n s i t i v i t i e s  of  a  mechanical  RTRRMS t h a t  d o e s  

n o t  have t h e  s p e c i f i c  " tuning"  problem of t h e  Opala. Comparisons of RARS w i t h  

o t h e r  common roughness  i n d i c e s  showed t h a t  a  s i m u l a t i o n  speed of 80 km/h 

r e s u l t e d  i n  measures w i t h  t h e  h i g h e s t  c o r r e l a t i o n s  w i t h  t h e  QI,, CPZe5, and 

APL 72 s h o r t  wave ( e n e r g y )  i n d i c e s .  Also ,  t h e  b e s t  agreement between RARS and 

t h e  p a n e l  r a t i n g s  occur red  w i t h  a  s i m u l a t i o n  speed of  80 km/h. Thus, a  speed 

of  80 km/h would be good f o r  a  RTRRMS whose dynamic p r o p e r t i e s  were s i m i l a r  t o  

t h e  RQCS, i n  o r d e r  t o  b e s t  match t h e  QI,, CP2,5, and t h e  APL 72 S h o r t  wave 

i n d e x  ( e n e r g y )  roughness  s c a l e s .  A speed of 80 km/h a l s o  a p p e a r s  t o  be b e s t  

f o r  matching p u b l i c  op in ion .  

When c o n s i d e r i n g  o n l y  t h e  e x p e r i m e n t a l  d a t a  g a t h e r e d  i n  t h e  IRRE, t h e  80 

km/h speed i s  n o t  suppor ted  w e l l ,  because  1) t h e  two RTRRMS t r a i l e r s  and t h e  

Caravan were n o t  o p e r a t e d  a t  80 km/h, and 2 )  t h e  " o u t l i e r "  d a t a  p o i n t s  

degraded t h e  accuracy  a s s o c i a t e d  w i t h  t h e  Opalas  a t  80 km/h. The 50 km/h t e s t  

speed showed some s t r o n g  advan tages :  

* C o r r e l a t i o n s  i n v o l v i n g  t h e  d i f f e r e n t  RTRRMSs and t h e  p r o f i l e -  

based numerics  were h i g h e s t  a t  50 km/h, such  t h a t  t h e  b e s t  

accuracy  was o b t a i n e d  f o r  c a l i b r a t e d  RTRRMSs. 

* More p r o f i l e  p o i n t s  a r e  needed (and g r e a t e r  e f f o r t  i f  manual 

p r o f i l e  measurement i s  u n d e r t a k e n )  t o  c a l i b r a t e  t h e  RTRRMS i f  

i t  i s  o p e r a t e d  a t  a  h i g h e r  speed.  (Due t o  t h e  mechanical  

p r o p e r t i e s  of t h e  v e h i c l e  i n  a  RTRRMS, s h o r t e r  sample i n t e r v a l s  

a r e  needed a t  lower  speeds  t o  c a p t u r e  t h e  r e l e v a n t  f r e q u e n c i e s .  

A second f a c t o r  i s  t h a t  l o n g e r  s i t e s  a r e  needed f o r  h i g h e r  

s p e e d s ,  i n  o r d e r  t o  o b t a i n  measures from t h e  RTRRMS w i t h  

e q u i v a l e n t  r e l i a b i l i t y .  A t h i r d  f a c t o r  i s  t h a t  a  minimum 

sample i n t e r v a l  of abou t  500 mm i s  needed f o r  most t y p e s  of  

road s u r f a c e  i n  o r d e r  t o  c a p t u r e  l o c a l i z e d  s u r f a c e  d e f e c t s .  

When a l l  t h r e e  f a c t o r s  a r e  c o n s i d e r e d ,  t h e  number of  p r o f i l e  

e l e v a t i o n  measurements i n c r e a s e s  w i t h  speed f o r  speeds  above 50 

km/h. 



* The speed of  50 kmlh was t h e  h i g h e s t  speed t h a t  cou ld  be used 

o v e r  t h e  f u l l  range of roughness  i n  t h e  IRRE w i t h  a l l  of  t h e  

RTRRMSs ( o t h e r  t h a n  t h e  f r a g i l e  BPR Roughometer). The f o u r  

roughes t  unpaved s i t e s  could  no t  be measured a t  80 km/h. 

* Measurements a t  t h i s  speed a r e  c o r r e l a t e d  w e l l  t o  e a r l i e r  

measures o b t a i n e d  w i t h  t h e  B I  T r a i l e r  used a t  32 km/h i n  many 

p a s t  road-user c o s t  s t u d i e s ,  a s  w e l l  a s  measures o b t a i n e d  by 

o t h e r  RTRRMSs a t  t h e  50 and 80 km/h t e s t  speeds  used i n  t h e  

B r a z i l  PICR p r o j e c t .  I n  e f f e c t ,  50 km/h i s  a  compromise 

between t h e  speeds  of 32 and 80 km/h. 

When a l l  f a c t o r s  were c o n s i d e r e d ,  t h e  consensus  of t h e  p a r t i c i p a n t s  i n  

t h e  IRRE was t h a t  a  speed of 50 km/h was a  good c h o i c e  f o r  d e f i n i n g  a n  I R I ,  

which was w e l l  suppor ted  by t h e  IRRE d a t a .  Thus, t h e  speed of 50 km/h was 

recommended i n  an  e a r l i e r  d r a f t  of t h i s  r e p o r t  ( d a t e d  May 1984).  ( A  

d i s s e n t i n g  o p i n i o n  was h e l d  by t h e  Overseas u n i t  of TRRL, m a i n t a i n i n g  t h e  view 

t h a t  32 km/h i s  a  more s u i t a b l e  speed f o r  u s e  i n  a l l  deve lop ing  c o u n t r y  

environments . )  Copies  of t h a t  d r a f t  were t h e n  reviewed by a  number of 

a g e n c i e s .  

The overwhelming response  from u s e r s  of RTRRMSs was t h a t  t h e y  would be 

making n e a r l y  a l l  measurements a t  a  speed of  80 km/h, due t o  r equ i rements  of  

su rvey  e f f i c i e n c y ,  even  i f  they  were c a l i b r a t i n g  t h e  measures t o  a  r e f e r e n c e  

opt imized f o r  g r e a t e s t  accuracy  w i t h  a  RTRRMS speed of 50 km/h. 

Thus,  t h e r e  a r e  s e v e r a l  c o n f l i c t i n g  f a c t o r s  t o  c o n s i d e r  i n  s e l e c t i n g  a  

s t a n d a r d  speed f o r  u s e  i n  d e f i n i n g  a n  I R I :  

1 )  The b e s t  demonstra ted  accuracy  is o b t a i n e d  when t h e  RTRRMS i s  

o p e r a t e d  a t  50 kmlh, and t h i s  speed a l s o  o f f e r s  t h e  b e s t  

c o m p a t i b i l i t y  w i t h  p a s t  measures made a t  t h e  o t h e r  speeds .  



2 )  Most p r a c t i t i o n e r s  a r e  using a speed of 80 km/h, and w i l l  con t inue  

t o  do s o  i n  t h e  near  fu ture .  For t he se  p r a c t i t i o n e r s ,  an I R I  

based on the  speed of 80 km/h would r e s u l t  i n  the  bes t  accuracy. 

3) The Overseas Unit of TRRL has acquired a g r e a t  d e a l  of d a t a  using 

a speed of 32 km/h, and has  i n d i c a t e d  i t  w i l l  con t inue  t o  use t h a t  

speed ( t o g e t h e r  with the  RMSD c a l i b r a t i o n  r e f e r ence )  f o r  f u t u r e  

work r e g a r d l e s s  of what i s  adopted by o t h e r  agencies .  

4 )  A speed of 80 km/h r e s u l t s  i n  t he  most r e l evan t  measures by 

covering t h e  same wavelengths t h a t  a f f e c t  road-using veh ic l e s .  It 

i s  most compatible with t he  roughness s c a l e s  QIr, CPZe5, and APL 

72 Short  wave energy. It i s  a l s o  t h e  most c l o s e l y  r e l a t e d  t o  t he  

s u b j e c t i v e  r a t i n g s ,  a s soc i a t ed  wi th  pub l i c  opinion and t h e  PSI/PSR 

concept . 

Overa l l ,  a choice of 80 km/h appears  t o  be b e s t  f o r  t he  major i ty  of 

RTRRMS users .  I n  the  long run,  t he  r a p i d l y  growing use of p ro f i l ome te r s  means 

t h a t  s l i g h t l y  h igher  accuracy f o r  RTRRMS u s e r s  ( a t  50 km/h) may never outweigh 

t h e  p r a c t i c a l  advantages a s soc i a t ed  wi th  the  speed of 80 km/h. For 

p ro f i l ome te r  u s e r s ,  t he  choice  of 80 km/h means t h a t  a s l i g h t l y  more r e l evan t  

roughness index is  obtained. 

80 km/h i s  t he  s tandard  RTRPMS speed recommended f o r  the  I R I .  

Single or two-track RTRBnS. I n  a d d i t i o n  t o  t h e  choice  of measurement 

speed,  t h e r e  i s  a l s o  t h e  mat te r  of whether a s ing l e - t r ack  o r  two-track RTRRMS 

should be used. The measures obtained a r e  not  completely equ iva l en t  because 

p o r t i o n s  of t h e  roughness i n  t he  two wheel t racks e x c i t e  only r o l l  motions of 

t he  a x l e  t h a t  a r e  not  sensed by the  roadmeter i n  a two-track RTRRMS. Yet 

t he se  v a r i a t i o n s  a r e  included i n  t h e  measure obtained wi th  a s ing l e - t r ack  

RTRRMS. The veh ic 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  

load ing  ( s a f e t y ) ,  involve motions t h a t  a r e  no t  sensed p e r f e c t l y  by e i t h e r  

s ing l e - t r ack  RTRRMSs nor two-track RTRRMSs, and t h e r e f o r e ,  most of t he  

c r i t e r i a  i nd i ca t ed  i n  Table 1 do no t  support  one choice  over  t h e  o ther .  



A two-track RTRRMS i s  p re fe rab le  when summary roughness measures a r e  

des i r ed  f o r  the  t r a v e l l e d  l anes  i n  a  road network. This i s  because a  two- 

t r a c k  RTRRMS ob ta ins  the  information i n  a  s i n g l e  pass ,  whereas a  s ing le- t rack  

RTRRMS must make e i t h e r  one pass  f o r  each wheel t rack,  o r  e l s e  cover only one 

of the  two t r a v e l l e d  wheel t racks i n  a  lane.  However, a  s tandard based on the  

concept of a  s ing le- t rack  RTRRMS has seve ra l  advantages t h a t  a r e  q u i t e  

appeal ing:  A s ing le- t rack  RTRRMS requ i r e s  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 equ i r e  the measurement of both 

wheeltrack p r o f i l e s  f o r  any s i t e ) .  Also, i t  i s  compatible with s ing le -  

wheeltrack prof i lometers  (such a s  the  APL) which cannot be used f o r  p r o f i l e  

ana lyses  t h a t  r equ i r e  accu ra t e ly  synchronized measures of both wheeltrack 

p r o f i l e s .  And f i n a l l y ,  a  roughness s c a l e  based on a  s ing le- t rack  RTRRMS can 

be used t o  provide more d e t a i l e d  information about pavement cond i t i on ,  s i n c e  

each ind iv idua l  wheeltrack can have a  s epa ra t e  roughness leve l .  

The proposed I R I  i s  based on the  s ing le - t r ack  RTRRMS concept. 

Selection of a Calibration Reference. 

The choice f o r  an I R I  c a l i b r a t i o n  re ference  t h a t  has t he  broadest  

a p p l i c a t i o n  i s  the  RARSBO numeric. It can be measured with any of the  

prof i lometer  methods included i n  t he  IRRE, inc luding  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  the most c l o s e l y  r e l a t e d  t o  the  ARSBO measure 

obtained with a  RTRRMS. It showed the  h ighes t  c o r r e l a t i o n  with ARSBO measures 

of any of the profi le-based numerics, and the l e a s t  b i a s  due t o  su r f ace  type. 

It a l s o  has the  advantage of being an easy numeric t o  understand because: l ) ,  

i t  desc r ibes  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 tandard ized  RTRRMS. 

i s  t he  I R I  recommended by t h i s  repor t .  

Although i t  i s  se l ec t ed  on i t s  t echn ica l  mer i t s ,  the  RARSBO numeric 

might a l s o  be the  f i r s t  choice based on present  and pas t  usage. Beginning 

with the  Bureau of Publ ic  Roads (BPR) Roughometer i n  the  19301s,  the  a r b i t r a r y  

measure of "inches/mile" has been widely used a s  a  measure of road roughness. 



QCS v e r s i o n s  of t h e  i nches lmi l e  (ARS) numeric have been a v a i l a b l e  on 

p ro f i l ome te r s  s i n c e  t he  l a t e  1960's. (For  example, t he  GMR-type p ro f i l ome te r s  

made by K.J .  Law, Inc.  have been equipped wi th  e i t h e r  t he  QCS o r  HCS 

implementation of t he  RARS80 computation s i n c e  1979.) The RARS s t a t i s t i c ,  

def ined  i n  t h e  NCHRP s tudy  [ 9 ] ,  i s  simply a  p r e c i s e  mathematical d e s c r i p t i o n  

f o r  t h i s  common measure. 

Among the  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  used f o r  c a l i b r a t i n g  

RTRRMSs 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  pos s ib l e  t o  t h e  RTRRMS measure of road roughness,  u sua l ly  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 us ing  r eg re s s ion  equa t ions  t o  accomplish what 

the  RARS does d i r e c t l y .  For example, i s  c l o s e l y  r e l a t e d  t o  t he  QI 

s c a l e  used i n  the  B r a z i l  PICR s tudy ,  improving on the  RMSVA-based QIr a n a l y s i s  

used most r ecen t ly .  

However, t h e  Overseas Unit of TRRL holds  t h e  view t h a t  t he  R B I 3 2 r  

s t a t i s t i c  i s  a  more s u i t a b l e  s t a t i s t i c  s e l e c t i o n  a s  an I R I ,  and t h e r e f o r e  do 

not  accept  t h a t  t h e  I R I  should be based on RARSBO. 

Table 2 summarizes t h e  q u a l i f i c a t i o n s  of RARS80 and some of t he  o t h e r  

prof i le-based roughness numerics t h a t  have been considered a s  s tandard  

c a l i b r a t i o n  r e f e r ences  f o r  RTRRMSs. Note t h a t  only those prof i le-based 

numerics t h a t  a r e  well-known and highly  c o r r e l a t e d  with RTRRMS measures a r e  

shown. (For  example, t h e  CHLOE p ro f i l ome te r  i s  omit ted because i t  has  been 

repea tab ly  shown t o  be poorly c o r r e l a t e d  with RTRRMS measures.) Important 

p o i n t s  t h a t  should be noted with regard t o  t he  o t h e r  numerics included i n  

Table 2  a r e  d i scussed  b r i e f l y  below. 

Subject ive Ratings. Subjec t 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  

not  only because they a r e  r e l a t i v e l y  slow and expensive,  but a l s o  because they 

a r e  no t  s t a b l e  wi th  time. I n  t h e  IRRE, RARSBO was shown t o  have e x c e l l e n t  

c o r r e l a t i o n  with s u b j e c t i v e  r a t i n g s ;  thus  R ! A R S ~ ~  can be viewed a s  a  time- 

s t a b l e  measure i n d i c a t i v e  of pub l i c  opinion. 

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 rac t i ce .  



Table 2.  Comparison of prof i le-based roughness i n d i c e s  t h a t  show 
e x c e l l e n t  c o r r e l a t i o n  w i t h  RTRRMS measures. 
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~t a l s o  has  a  conceptual  ambiguity: i n  order  t o  be assured t h a t  the  p r o p e r t i e s  

of t he  hardware do not  change ( i s  i t  time s t a b l e ? ) ,  a  t e s t  procedure i s  needed 

t o  quan t i fy  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  
I I t rue"  s t anda rd ,  r a t h e r  than t h e  hardware. These problems a r e  e l imina ted  by 

choosing a  mathematical model ( R A R s ~ ~ )  t o  be the s tandard ized  RTRRMS. 

QI,. The QI s c a l e  was intended t o  be the  equiva len t  of t he  RARS80 

sca l e .  ( 1 t  i s  an e s t ima te  of an e a r l i e r  quar te r -car  ARS measure.) The 

reasons f o r  any d i f f e r e n c e s  i n  performance between QI and RARS80 l i e  i n  t he  r 
f a c t  t h a t  t h e  QI, a n a l y s i s  ( a  weighted sum of two RMSVA numerics) does not  

approximate a  veh ic l e  response a s  c l o s e l y  a s  a  t r u e  quar te r -car  s imulat ion.  

One problem t h a t  r e s u l t s  from the  na tu re  of the  QI response p r o p e r t i e s  i s  a  

degraded c o r r e l a t i o n  wi th  RTRRMSs on some su r f ace  types ,  such a s  t he  su r f ace  

t reatment  s i t e s .   h his i s  because the su r f ace  t reatment  roads show a markedly 

d i f f e r e n t  PSD s i g n a t u r e  than the  a s p h a l t i c  concre te  roads used i n  t he  

d e r i v a t i o n  of QI r . )  

A second problem t h a t  occurred i n  the  I R R E  i s  t h a t  QI cannot be r 
computed from the  de f in ing  equat ions  when using 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 .   his i s  because dev ia t ions  i n  t he  response of 

the  RMSVA a n a l y s i s  i n t e r a c t  wi th  the response of the  APL T r a i l e r ,  r e s u l t i n g  i n  

b i a s . )  However, QIr has been est imated us ing  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 undes i rab le  conceptual  

c h a r a c t e r i s t i c  of the  QI s c a l e :  i t  i s  poss ib l e  f o r  the  s c a l e  t o  cont inue t o  

develop and evolve i n  the  f u t u r e  when measurement problems a r e  encountered. 

The p o s s i b i l i t y  e x i s t s  because QI does not de f ine  a  unique phys ica l  p r o f i l e  r  
a t t r i b u t e  t h a t  can be used a s  a  d e f i n i t i o n  of " t ru th"  t h a t  can be used i n  

eva lua t ing  measurement e r ro r .  

For a l l  p r a c t i c a l  purposes,  RARSBO can be considered t o  be an 

improvement of t he  o r i g i n a l  QI concept. It i s  i n  f a c t  the  Quarter-car  Index - - 
of t h e  s o r t  es t imated by QIr. A l l  of t he  problems with the  QIr s c a l e  ( a s  

def ined  wi th  the  RMSVA s t a t i s t i c )  a r e  e i t h e r  reduced o r  e l imina ted  when QI i s  

redefined a s  t he  RARS80 numeric using the  a r b i t r a r y  QI u n i t s  of "counts/km," 

where one "count" i s  def ined  i n  Table 3 a t  the  end of t h i s  chapter .  



8LISD1.8,300 and RBI32r. The Overseas u n i t  of TRRL h o l d s  t h e  view t h a t  

R B I 3 2 r ,  based on t h e  RMSDl ,300 p r o f i l e  numeric a s  developed i n  t h e  c o u r s e  of 

t h e  IRRE, i s  t h e  most s u i t a b l e  s t a t i s t i c  s e l e c t i o n  f o r  an I R I .  T h i s  view i s  

l i n k e d  t o  t h e i r  p o s i t i o n  t h a t  a  speed of 32 km/h i s  t h e  most s u i t a b l e  s t a n d a r d  

speed. S ince  t h e  IRRE, t h e  RBI32, s t a t i s t i c  has  been used t o  c a l i b r a t e  

RTRRMSs i n  s e v e r a l  deve lop ing  c o u n t r i e s .  

The R B I 3 2 r  numeric i s  opt imized f o r  t h e  speed of 32 km/h, and i s  

t h e r e f o r e  n o t  t h e  b e s t  f o r  u s e  a s  a  c a l i b r a t i o n  r e f e r e n c e  f o r  RTRRMSs 

o p e r a t i n g  a t  80 km/h. Even f o r  a  RTRRMS speed of 32 km/h, however, t h e  

numeric h a s  some u n d e s i r a b l e  c h a r a c t e r i s t i c s  t h a t  should  be cons idered .  

The R B I 3 2 r  numeric i s  s i m i l a r  t o  t h e  QIr numeric i n  t h a t  i t  does  n o t  

d e s c r i b e  a  s imple  p r o f i l e  c h a r a c t e r i s t i c .  It is i n s t e a d  a  numeric t h a t  

c o r r e l a t e s  w e l l  w i t h  o t h e r  measures and h a s  been s c a l e d  t o  y i e l d  t h e  ARS-type 

of measure. Because t h e  RMSD1.8,300 numeric i s  r e s c a l e d  t o  a  mechanical  

r e f e r e n c e  ( t h e  B I  T r a i l e r  a s  i t  e x i s t e d  i n  1982),  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  e v o l u t i o n  of t h i s  s c a l e  s i n c e  t h e  mechanical  r e f e r e n c e  i s  n o t  s t a b l e  

w i t h  time. The v a l i d a t i o n  work used on ly  a  smal l  p o r t i o n  of t h e  IRRE d a t a  (10  

s i t e s  f o r  a  Maysmeter-Opala RTRRMS, 10 s i t e s  f o r  t h e  Caravan-BI-NAASRA RTRRMS, 

and 28 whee l t racks  f o r  t h e  B I  T r a i l e r ) ;  t h u s ,  t h e  accuracy of t h e  method i s  

n o t  a s  w e l l  e s t a b l i s h e d  a s  f o r  a l l  of t h e  o t h e r  c a n d i d a t e  p rof i l e -based  

numerics. 

The requirement  of a  s i n g l e  sample i n t e r v a l  of 300 mm cou ld  be a n  

inconvenience f o r  many p r o f i l e  measurement methods, i n  c o n t r a s t  t o  t h e  o t h e r  

numerics t h a t  can be used w i t h  a  range of p e r m i s s i b l e  sample i n t e r v a l s .  

F i n a l l y ,  i t  should be noted t h a t  t h e  B I  T r a i l e r  ARS measures,  t h e  

RMSD1 .8,300 
numerics,  and t h e  RARS80 numeric were a l l  h i g h l y  c o r r e l a t e d  f o r  

t h e  d a t a  c o l l e c t e d  i n  t h e  IRRE. The r e f e r e n c e  d e f i n e d  by t h e  BI T r a i l e r  

(RBI32) can be e s t i m a t e d  from RARS80, R L ~ R S ~ ~ ,  and RARS32 w i t h  accuraccy  

comparable w i t h  t h a t  ob ta ined  u s i n g  RMSD1.8,300. 

APL Short-Wave "Energy" (W).  The measurement requ i rements  f o r  t h i s  

numeric have n o t  been determined f o r  rod and l e v e l  measurement, a s  i t  was 



designed f o r  use wi th  analog p r o f i l e  s igna l s .  Thus, i t  i s  not a s  

t r anspor t ab le  a s  t he  o t h e r  numerics. The c o r r e l a t i o n s  wi th  ARS80 a r e  very 

good, but not a s  high a s  those obtained wi th  Thus, e s t ima te s  of (W) 

based on RTRRMS measures would be l e s s  accu ra t e  then e s t ima te s  of RARS80. 

Although not developed wi th  any regard f o r  RTRRMSs, the  h igh  c o r r e l a t i o n  

between APL short-wave energy and RARS80 does al low empir ica l  "conversions" t o  

be made wi th  reasonable accuracy. 

APL CP2.5. The CP a n a l y s i s  has s eve ra l  advantages. The moving average 

concept i s  e a s i l y  v i sua l i zed  and r e l a t e s  t o  a  proper ty  of the  p r o f i l e ,  so t h a t  

t he re  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 ro f i l ome 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 CP2.5 measures a r e  c o r r e l a t e d  with the  ARSsO measures obtained 

from RTRRMSs, and the  r e l a t i o n s h i p s  appear t o  be unaf fec ted  by su r f acc  type. 

Three d i f f e r e n c e s  between RARS80 and CPZe5 a r e :  1) RARSsO is  more c l o s e l y  

l inked  t o  the  RTRRMS concept ,  2) the  c o r r e l a t i o n s  with ARS from the  RTRRMSs 

a r e  b e t t e r  with RARS, and 3 )  t h e  CP2e5 a n a l y s i s  r equ i r e s  a  smal le r  p r o f i l e  

measurement i n t e r v a l  (and thus  more e f f o r t  when manual p r o f i l e  measurement i s  

involved) .  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  RARS80, but i t  was determined t h a t  a  500 mm 

i n t e r v a l  i s  not adequate. The good c o r r e l a t i o n  between RARS and CP2.5 80 
i n d i c a t e s  t h a t  when necessary,  empir ica l  conversions can be made wi th  

reasonable accuracy. 

Classification of Measurement Methods 

Having defined the  I R I  a s  RARS80, i t  i s  appropr ia te  a t  t h i s  po in t  t o  

c l a s s i f y  the var ious  methods t h a t  can be used f o r  i t s  measurement. The many 

p o t e n t i a l  methods, inc luding  those demonstrated i n  t he  I R R E ,  a r e  d iv ided  i n t o  

fou r  c l a s s i f i c a t i o n s ,  on the  b a s i s  of how d i r e c t l y  t h e i r  measures p e r t a i n  t o  

the  I R I ,  which i n  t u r n  a f f e c t s  t he  c a l i b r a t i o n  requirements and the  accuracy 

a s soc i a t ed  wi th  t h e i r  use. A wide range of ins t rumenta t ion  can be used wi th in  

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  instrumentat ion.  

Note t h a t  because the  c l a s s i f i c a t i o n  i s  based p a r t l y  on procedures,  t he  same 

p iece  of equipment can f a l l  i n t o  one of s e v e r a l  c l a s s e s ,  depending on how i t  

i s  used. 



Class 1: Precision profiles. This  c l a s s  r ep re sen t s  the  h ighes t  

s tandards  of accuracy f o r  measurement of I R I .  A Class  1  method r equ i r e s  t h a t  

the long i tud ina l  p r o f i l e  of a  wheeltrack be measured ( a s  a  s e r i e s  of accu ra t e  

e l eva t ion  po in t s  closely-spaced along the t r a v e l l e d  wheelpath) a s  a  b a s i s  f o r  

c a l c u l a t i n g  the  I R I  value. For s t a t i c  p ro f i l ome t r i c  methods, the  d i s t a n c e  

between samples should be no g r e a t e r  than 250 mm ( 4  measureslmeter) and the  

p rec i s ion  i n  t he  e l eva t ion  measures must be 0.5 mm f o r  very smooth 

pavements [35] .  Less p rec i se  e l e v a t i o n  measurements a r e  acceptable  f o r  

rougher sur faces .  

It i s  of course not poss ib le  t o  produce a  p r o f i l e  measurement with zero 

e r r o r .  But even i f  t h i s  were poss ib l e ,  t he re  would s t i l l  be a  c e r t a i n  amount 

of v a r i a t i o n  i n  repeated f i e l d  measurements t h a t  i s  assoc ia ted  with loca t ing  

the wheeltrack t o  be p ro f i l ed .  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  unce r t a in ty  ( r e p e a t a b i l i t y )  i n  a  I R I  measure cannot be reduced 

beyond s e v e r a l  percent  f o r  the  320 m s e c t i o n  iengths  used. A procedure f o r  

measuring I R I  t h a t  f a l l s  wi th in  t h i s  l e v e l  t he re fo re  q u a l i f i e s  a s  a  Class  1 

method, because improvements i n  accuracy cannot a f f e c t  the  q u a l i t y  of the  I R I  

index obtained.  (Experience ou t s ide  of the  IRRE i n d i c a t e s  t h a t  l e s s  v a r i a t i o n  

i s  obta inable  with longer  s e c t i o n s ,  while more unce r t a in ty  i s  expected f o r  

s h o r t e r  s e c t i o n s ;  however the  s p e c i f i c  in f luence  of s i t e  l eng th  on 

r e p e a t a b i l i t y  has not been inves t iga t ed . )  

S t a t i c  p ro f i l ome t r i c  methods, such a s  the  TRRL Beam o r  the rod and 

l e v e l ,  can q u a l i f y  a s  Class  1 methods when s u f f i c i e n t l y  s h o r t  sample i n t e r v a l s  

a r e  used toge the r  with s u f f i c i e n t  p rec i s ion  i n  the  ind iv idua l  e l e v a t i o n  

measures. For most su r f ace  types ,  an i n t e r v a l  of 250 mm i s  acceptab le  f o r  

Class  1. I f  a  su r f ace  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 (pa t ches ,  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  must be used. (None of the s i t e s  i n  the  IRKE had t h i s  type of 

f e a t u r e . )  The 500 mm i n t e r v a l  used i n  t he  IRRE f o r  rod and l e v e l  measures 

in t roduces  a  small  amount of random e r r o r ,  which was reduced by going t o  a  

s h o r t e r  i n t e r v a l .  Thus, measures made using t h i s  i n t e r v a l  do not  q u a l i f y  a s  

"Class 1.'' 



The required precision of the individual elevation measures depends on 

the roughness level, and is approximately equal to IRI / 4, where IRI has 
units "m/kml' and the precision has units of mm. This level of precision 

forces the measurement round-off to be negligible in comparison to the true 

deviations in the road profile. For most paved roads, a precision of 1 mm is 

adequate for a Class 1 method; on very high quality roads, however, some error 

can be introduced unless greater precision is used. The IRRE data indicate 

that on the three smoothest sites, a precision of about 0.8 mm was needed to 

obtain a Class 1 profile measurement. 

High-speed profilometers offer a potential means for measuring IRI 

quickly; however, the profilometer must be validated at some time against an 

established procedure such as rod and level to prove its accuracy. 

Determining the accuracy of a profilometer is not as simple as for the static 

profilometric methods, because profilometers usually respond only to a band of 

wavelengths. While this is not a disadvantage in use, it does make it 

difficult to determine how accurately a profilometer can measure IRI. To 

qualify as a Class 1 instrument, the frequency response of the profilometer 

should be adequate to cover the wavelength range from 0.5 - 20 m, within an 
amplitude accuracy of several percent. In addition, the criteria regarding 

sample interval and precision that were described above also apply. One issue 

that has not been addressed yet is the level of repeatability that can be 

obtained using a high-speed instrument. Given that repeatability is several 

percent using quasi-static profilometric methods, the repeatability associated 

with a "perfect" profilometer instrument can be expected to be more of a 

problem because of the greater difficulty in locating a wheeltrack precisely 

at a highway speed. 

Although the APL Trailer has specifications that indicate it could be 

used as a Class 1 instrument, the measures obtained in the IRRE showed more 

random error than is allowed. Thus, the APL Trailer does not qualify at this 

time as a Class 1 measurement. Perhaps by refining measurement procedures, 

the APL Trailer (or other high-speed profilometers) could qualify as Class 1 

methods in the future. The accuracy of a profilometer should be demonstrated 

by selecting several sites covering the range of conditions (roughness, 



s u r f a c e  t y p e ) ,  and then  measuring them u s i n g  t h e  p r o f i l o m e t e r  and a l s o  a  C l a s s  

1  s t a t i c  method. 

Note t h a t  t h e  r e s u l t s  of  t h e  IRRE have been used t o  s p e c i f y  a  q u a l i t y  

f o r  p r o f i l e  measurement 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 t h e  TRRL Beam d a t a  and s i x  of t h e  rod and l e v e l  

measures q u a l i f y  a s  C l a s s  1 ,  and even t h e s e  exc lude  t h e  smoothes t  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  i s  now known t o  i n f l u e n c e  t h e  IRI  measure. These 

r i g o r o u s  requ i rements  a r e  t o  e n s u r e  t h a t  p rocedures  e x i s t  t o  o b t a i n  " t r u e  I R I  

roughness" w i t h  t h e  accuracy  t h a t  shou ld  be a s s o c i a t e d  wi th  a  s t a n d a r d .  For 

n e a r l y  a l l  a p p l i c a t i o n s  of roughness  d a t a ,  t h i s  p r e c i s i o n  i s  n o t  needed and 

p rocedures  i n  t h e  o t h e r  c l a s s e s  a r e  p robab ly  p r e f e r a b l e  because  they  r e q u i r e  

l e s s  e f f o r t .  The main u t i l i t y  of a  C l a s s  1 measure i s  probably  f o r  t h e  

c a l i b r a t i o n  and /o r  v a l i d a t i o n  of o t h e r  measures. 

The methods found t o  q u a l i f y  a s  C l a s s  1 had n e g l i g i b l e  measurement e r r o r  

f o r  s i t e s  320 m l o n g ,  when t h e  w h e e l t r a c k s  were marked w i t h  p a i n t e d  r e f e r e n c e  

s p o t s  spaced a t  about  20 m i n t e r v a l s .  The r e p e a t a b i l i t y  under  t h e s e  c o n d i t i o n s  

i.s abou t  0.3 m/km IRI  on paved r o a d s ,  and about  0.5 m/km f o r  a l l  o t h e r  road 

types .  For wheelpaths  marked even more p r e c i s e l y ,  t h e s e  methods would pe rhaps  

n o t  q u a l i f y  a s  C l a s s  1  ( a l t h o u g h  i t  i s  uncommon t o  have an a p p l i c a t i o n  where such 

a  h i g h  l e v e l  of accuracy  i s  needed).  On t h e  o t h e r  hand,  l e s s  s t r i n g e n t  

s p e c i f i c a t i o n s  might be s u i t a b l e  i f  l o n g e r  t e s t  s i t e s  were used ,  o r  i f  t h e  

w h e e l t r a c k s  were n o t  marked a t  a l l .  

Appendix F p r o v i d e s  a  more t e c h n i c a l  background of t h e  measurement 

r equ i rements  f o r  I R I ,  i n c l u d i n g  t h e  e f f e c t s  of v a r i a b l e s  i n  a  p r o f i l e  

measurement 

Class 2: Other profilometric methods. T h i s  c l a s s  i n c l u d e s  a l l  o t h e r  

methods i n  which p r o f i l e  i s  measured a s  t h e  b a s i s  f o r  d i r e c t  computat ion of t h e  

I R I ,  bu t  which a r e  no t  capab le  of t h e  accuracy  r e q u i r e d  f o r  a  C l a s s  1 

measurement. Though t h e  hardware and methods used f o r  p r o f i l e  measurement a r e  

f u n c t i o n a l l y  v e r i f i e d  by an independent  c a l i b r a t i o n  p r o c e s s ,  t h e y  a r e  l i m i t e d  t o  

accuracy  o r  bandwidth l e s s  than  t h a t  needed t o  q u a l i f y  a s  a  C l a s s  1 method. 

Consequent ly ,  t h e  IRI  v a l u e  computed from a  C l a s s  2 p r o f i l e  measurement may n o t  



be a c c u r a t e  t o  t h e  p r a c t i c a l  l i m i t  due  t o  random o r  b i a s  e r r o r s  o v e r  some range 

of  c o n d i t i o n s .  T h i s  c l a s s  p r e s e n t l y  i n c l u d e s  IRI  v a l u e s  computed from p r o f i l e s  

measured w i t h  high-speed p r o f i l o m e t e r s  and w i t h  s t a t i c  methods t h a t  do  n o t  

s a t i s f y  t h e  p r e c i s i o n  and /o r  measurement i n t e r v a l  r equ i rements  s p e c i f i e d  f o r  

C l a s s  1. 

The rod and l e v e l  p r o f i l e s  measured a t  500 mm i n t e r v a l s  i n  t h e  I R R E ,  when 

p rocessed  t o  y i e l d  IR1,are C l a s s  2 methods. 

A t  t h e  p r e s e n t  t ime ,  t h e  APL T r a i l e r  i s  t h e  on ly  dynamic p r o f i l o m e t e r  t h a t  

h a s  been e x p e r i m e n t a l l y  v a l i d a t e d  o v e r  t h e  range of roughness  covered i n  t h e  

IRRE.  The GMR-type I n e r t i a l  P r o f i l o m e t e r  w i t h  f o l l o w e r  wheels  h a s  been v a l i d a t e d  

f o r  r o a d s  w i t h  roughness  l e v e l s  l e s s  than  a n  I R I  v a l u e  of about  3 m/km [ 9 ] ,  above 

which e r r o r s  a r e  i n t r o d u c e d  due t o  bounce of t h e  f o l l o w e r  wheels.  T h i s  type  of  

d e s i g n  i s  no l o n g e r  commercia l ly  a v a i l a b l e  i n  t h e  Uni ted  S t a t e s ,  however, a s  t h e  

f o l l o w e r  wheels  have been r e p l a c e d  w i t h  non-contact ing s e n s o r s  t o  e l i m i n a t e  t h e  

bounce problem. Two high-speed p r o f i l o m e t e r s  a r e  p r e s e n t l y  s o l d  by K. J .  Law, 

Inc . ,  and bo th  a r e  des igned  t o  p rov ide  t h e  I R I  roughness  d u r i n g  measurement. 

Both a r e  expec ted  t o  be C l a s s  2 sys tems ,  a l t h o u g h  t h e i r  accuracy  and range of 

o p e r a t i o n  have n o t  y e t  been v e r i f i e d .  

High-speed p r o f i l o m e t e r s  have t h e  d i s a d v a n t a g e  of be ing  t h e  most expens ive  

and complex i n s t r u m e n t a t i o n  sys tems used t o  measure road roughness ,  and g e n e r a l l y  

r e q u i r e  o p e r a t o r s  w i t h  e n g i n e e r i n g  t r a i n i n g .  Y e t ,  they  o f f e r  a  g r e a t  advantage 

i n  be ing  a b l e  t o  o b t a i n  h i g h - q u a l i t y  measurements r a p i d l y ,  w i t h o u t  r e q u i r i n g  t h a t  

g r e a t  e f f o r t  be  s p e n t  i n  m a i n t a i n i n g  c a l i b r a t i o n .  D e t a i l e d  p rocedures  f o r  

o p e r a t i n g  a  p r o f i l o m e t e r  t o  measure I R I  a r e  h i g h l y  s p e c i f i c  t o  t h e  d e s i g n  of t h e  

p r o f i l o m e t e r ;  hence,  t h e  manufac tu re r  should  be consu l t ed .  

Class 3: I R I  estimates from c o r r e l a t i o n  equa t ions .  Th i s  c l a s s  i n c l u d e s  a l l  

roughness  measur ing i n s t r u m e n t s  capab le  of g e n e r a t i n g  a  roughness  numeric 

r e a s o n a b l y  c o r r e l a t e d  t o  t h e  I R I  (e.g. ,  a  r o l l i n g  s t r a i g h t e d g e ) .  The measures  

o b t a i n e d  can  be used t o  e s t i m a t e  IRI  th rough  r e g r e s s i o n  e q u a t i o n s  i f  a  

c o r r e l a t i o n  exper iment  i s  performed. I n  o r d e r  t o  e s t i m a t e  ZRZ, 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 ,  f o l l o w i n g  t h e  normal o p e r a t i n g  



procedures  used t o  measure roughness.  The I R I  v a l u e s  of t h e  c a l i b r a t i o n  s i t e s  

a r e  o b t a i n e d  u s i n g  a  C l a s s  1  o r  C l a s s  2 method. 

By f a r ,  t h e  m a j o r i t y  of road roughness  d a t a  t h a t  i s  c o l l e c t e d  throughout  

t h e  world today i s  o b t a i n e d  w i t h  RTRRMSs, which a r e  C l a s s  3 measures.  The 

RTRRMS measure i s  dependent  on t h e  dynamic p r o p e r t i e s  of a  v e h i c l e .  These 

p r o p e r t i e s  a r e  unique f o r  each  v e h i c l e  and may change w i t h  t ime ,  Thus, t h e  

"raw" measures of ARS o b t a i n e d  from t h e  RTRRMS must be c o r r e c t e d  t o  t h e  I R I  

s c a l e  u s i n g  a  c a l i b r a t i o n  e q u a t i o n  d e r i v e d  from an exper imenta l  c o r r e l a t i o n  

between t h e  I R I  and t h e  ARS meassures  f o r  t h a t  s p e c i f i c  RTRRMS. Because t h e  

dynamics of  a  v e h i c l e  change e a s i l y ,  very  r i g o r o u s  maintenance and o p e r a t i n g  

p rocedures  must be employed f o r  t h e  v e h i c l e s  used ,  and c o n t r o l  t e s t i n g  must be 

made a  r o u t i n e  p a r t  of normal o p e r a t i o n s .  When changes o c c u r ,  t h e r e  i s  no 

s imple  c o r r e c t i o n  t h a t  can be a p p l i e d ;  i n s t e a d ,  t h e  e n t i r e  roadmeter-vehic le  

system must be r e - c a l i b r a t e d .  Unless  a  RTRRMS i s  c a l i b r a t e d  by c o r r e l a t i o n  i t  

does  not q u a l i f y  a s  a  C l a s s  3 method, because  w i t h o u t  t h e  c a l i b r a t i o n  t h e r e  i s  

no v e r i f i a b l e  l i n k  between the  measures o b t a i n e d  w i t h  any two RTRRMSs, n o r  t o  

t h e  I R I  s c a l e .  

The c a l i b r a t i o n  requ i rements  f o r  a  RTRRMS were d i s c u s s e d  i n  Chapter  3 ,  

and have a l s o  been p r e s e n t e d  a s  s tep-by-s tep  i n s t r u c t i o n s  i n t e n d e d  f o r  

p r a c t i t i o n e r s  [ 3 5 ] .  A t  t h e  p r e s e n t  t i m e ,  v e r y  l i t t l e  d a t a  from RTRRMSs 

q u a l i f y  a s  C l a s s  3 ,  because  c a l i b r a t i o n  was n o t  complete.  Even i n  t h e  PICR * 
p r o j e c t ,  t h e  QI d a t a  f o r  unpaved roads  would no t  q u a l i f y  comple te ly  a s  

C l a s s  3 because  t h e  c a l i b r a t i o n  a g a i n s t  rod and l e v e l  d i d  n o t  c o r r e c t l y  c o v e r  * 
t h e  s p e e d s ,  roughness  l e v e l s ,  and s u r f a c e  types .  (The QI d a t a  f o r  t h e  

a s p h a l t i c  c o n c r e t e  roads  q u a l i f y  i n  c o n c e p t ,  excep t  t h a t  the  r e f e r e n c e  was QIr 

r a t h e r  than  IRI . )  

The r e p r o d u c i b i l i t y  a s s o c i a t e d  w i t h  a  c a l i b r a t e d  RTRRMS i s  about  0.5 m/km 

f o r  paved roads  f o r  s e c t i o n s  320 m l o n g ,  and about  1.0 m/km f o r  unpaved s u r f a c e s  

of t h a t  l e n g t h .  B e t t e r  accuracy  i s  p o s s i b l e  by u s i n g  l o n g e r  t e s t  s e c t i o n s .  

A method f o r  measuring roughness  q u a l i f i e s  a s  C l a s s  3 i f  i t  u s e s  t h e  

" c a l i b r a t i o n  by c o r r e l a t i o n "  approach ,  r e g a r d l e s s  of what type  of i n s t r u m e n t a t i o n  

o r  v e h i c l e  i s  used t o  o b t a i n  t h e  u n c o r r e c t e d  roughness  measure. While most C l a s s  

3 methods w i l l  employ a  roadmeter  t h a t  accumula tes  suspens ion  motion t o  measure 



ARS, o t h e r  systems a r e  i n  use t h a t  employ accelerometers  or  o t h e r  types of 

ins t rumenta t ion .  However, the  roadmeter-based RTRRMS t h a t  measures ARS most 

c l o s e l y  matches the  I R I  concept. 

The p r a c t i c e  of measuring o t h e r  profi le-based s t a t i s t i c s  t o  es t imate  

I R I  v i a  c o r r e l a t i o n  a l s o  f a l l s  wi th in  t h i s  c l a s s ,  inc luding  measurements of 

CP2.5' APL 72 s h o r t r a v e  energy (W), RMSDl.g,300, and QIr. In  most ca ses ,  

t he re  i s  more e r r o r  i n  using one of these  s t a t i s t i c s  t o  es t imate  I R I  than when 

I R I  i s  ca l cu la t ed  d i r e c t l y  from the  p r o f i l e  s igna l .  Therefore,  t h i s  approach 

i s  not  recommended. I t  might be requi red ,  however, when the  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  ava i l ab l e .  The I R I  may then 

be es t imated  using these  c o r r e l a t e d  s t a t i s t i c s .  ( I f  the  I R I  i s  est imated from 

another  profi le-based numeric, t he  equat ion should be der ived  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  I R I  a s  measured with 

a  Class  1 method o r  "val idated" Class  2 method. Since the  Class  2 methods a r e  

s t a b l e  with t ime, t h i s  " c a l i b r a t i o n  by co r re l a t ion"  only needs t o  be performed 

once f o r  a  s e t  of roughness and su r f ace  condi t ions . )  

The accuracy a s soc i a t ed  with a  c l a s s  3 roughness measure covers  a  wide 

range, which over laps  t he  accuracy ranges covered i n  Classes  2 and 4. Unless 

t he  t e s t  s i t e s  a r e  very long ( s e v e r a l  miles  o r  l o n g e r ) ,  the  accuracy of a  

RTRRMS cannot approach t h a t  of a  Class  1 method o r  a  r e l a t i v e l y  accu ra t e  Class 

2 method, a l though i t  can be b e t t e r  than some Class  2 methods. Ul t imate ly ,  

a f t e r  problems wi th  ope ra t iona l  procedures and with time s t a b i l i t y  a r e  solved,  

the  accuracy of a  RTRRMS i s  l imi t ed  by inhe ren t  mechanical p r o p e r t i e s  of t he  

veh ic l e  and roadmeter, which inc lude  seve ra l  no tab le  n o n l i n e a r i t i e s .  The bes t  

accuracy i s  obtained when the RTRRMS matches the  re ference  a s  c l o s e l y  a s  

poss ib l e  [9, 351. 

Class 4: Subjective ratings and uncalibrated measures. This  c l a s s  

i nc ludes  roughness measures t h a t  have no v e r i f i a b l e  l i n k  t o  the  I R I  s ca l e .  

The only recourse i n  these  cases  i s  t o  match f i e l d  measurements t o  t he  

re ference  s c a l e ,  based on d e s c r i p t i o n s  of benchmark roughness l eve l s .  This  

c l a s s  a l s o  covers  a  wide range of accuracy and methodologies, a l though i t  i s  

not  poss ib l e  t o  ob ta in  accu rac i e s  near ly  a s  good a s  with the  o the r  t h ree  

c l a s se s .  This  i s  because the  o v e r a l l  accuracy of a  I R I  va lue  i s  l imi t ed  by 

the  weakest l i n k  i n  a  cha in  of c a l i b r a t i o n s ,  conversions,  and a c t u a l  



measurement. Thus, a  C l a s s  4  measure cannot  be any more a c c u r a t e  than  t h e  

accuracy  of t h e  f i n a l  c o n v e r s i o n ,  which i s  a t  b e s t  based o n l y  on d e s c r i p t i o n s  

of benchmark roughness  l e v e l s .  For example,  t h e r e  cou ld  be roughness  d a t a  

measured w i t h  a n  a c c u r a t e  i n s t r u m e n t  t h a t  no l o n g e r  e x i s t s  ( o r  h a s  changed 

w i t h  t ime) .  Even i f  t h e  d a t a  a r e  i n t e r n a l l y  c o n s i s t e n t  and were o b t a i n e d  w i t h  

an  accuracy  of a  few p e r c e n t ,  i t  i s  i m p o s s i b l e  t o  r e p l i c a t e  t h e  measurements 

t o  l i n k  them t o  I R I .  Thus, t h e r e  w i l l  be a n  u n c e r t a i n t y  about  t h e  "conver ted"  

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

There may a l s o  be s i t u a t i o n s  i n  which a  roughness  d a t a  base  i s  needed,  b u t  

h i g h  accuracy  i s  n o t  e s s e n t i a l ,  o r  canno t  be a f f o r d e d .  S t i l l ,  i t  i s  d e s i r a b l e  t o  

r e l a t e  t h e  measures t o  t h e  I R I  s c a l e .  I n  t h o s e  c a s e s ,  a  s u b j e c t i v e  e v a l u a t i o n  

i n v o l v i n g  e i t h e r  a  r i d e  e x p e r i e n c e  on t h e  road o r  a  v i s u a l  i n s p e c t i o n  could  be 

used. Another p o s s i b i l i t y  i s  t o  use  t h e  measurements from a n  u n c a l i b r a t e d  

ins t rument .  Convers ion of t h e s e  o b s e r v a t i o n s  t o  t h e  IRI  s c a l e  i s  l i m i t e d  t o  a n  

approximate  e q u i v a l e n c e ,  which can b e s t  be e s t a b l i s h e d  by comparison t o  v e r b a l  

and /o r  p i c t o r i a l  d e s c r i p t i o n s  of roads  i d e n t i f i e d  w i t h  t h e i r  a s s o c i a t e d  I R I  

v a l u e s  [35]. E s s e n t i a l l y ,  t h e  e s t i m a t e s  of e q u i v a l e n c e  a r e  t h e  c a l i b r a t i o n ,  

however approximate ,  and t h e y  may be c o n s i d e r e d  t o  be " c a l i b r a t i o n  by 

d e s c r i p t i o n .  " 

When t h e s e  s u b j e c t i v e  e s t i m a t e s  of roughness  a r e  conver ted  t o  t h e  IRI  

s c a l e ,  t h e  r e s o l u t i o n  i s  l i m i t e d  t o  about  s i x  l e v e l s  of roughness ,  w i t h  

accuracy  no b e t t e r  than  2 m/km on t h e  I R I  s c a l e .  

Most measurements made i n  t h e  p a s t  w i t h  RTRRMSs f a l l  w i t h i n  C l a s s  4 ,  

e i t h e r  because  they  weren ' t  c a l i b r a t e d  t o  a  r e f e r e n c e  t h a t  can be  r e p l i c a t e d ,  

o r  because  t h e  c a l i b r a t i o n  wasn ' t  comple te ly  v a l i d .  (A v a l i d  c a l i b r a t i o n  of a  

RTRRMS 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 ,  a s  d e s c r i b e d  i n  Chapter  3 . )  Note t h a t  

u n l e s s  a  v a l i d  c a l i b r a t i o n  by c o r r e l a t i o n  i s  used w i t h  a  RTRRMS, t h e r e  i s  no 

way t o  l i n k  t h e  measure t o  t h e  s t a n d a r d  s c a l e .  Thus, a n  u n c a l i b r a t e d  RTRRMS 

f a l l s  w i t h i n  C l a s s  4. 

Given t h a t  methods and t h e  a s s o c i a t e d  d a t a  t h a t  f a l l  w i t h i n  t h i s  c l a s s  

have i n h e r e n t  accuracy  l i m i t a t i o n s ,  i t  may n o t  be worthwhi le  t o  o b t a i n  h i g h l y  

r e p e a t a b l e  roughness  measures i f  a  v a l i d  c a l i b r a t i o n  i s  n o t  a l s o  planned.  



When only approximate roughness l e v e l s  a r e  needed, s impler  methods may prove 

usefu l .  Appendix K desc r ibes  a  sub jec t ive  r a t i n g  method, i n  which 

d e s c r i p t i o n s  of road roughness a r e  used t o  he lp  a s s i g n  roughness r a t i n g s  on 

the RARSSO sca l e .  It was t e s t e d  during the  I R R E ,  and showed t h a t  Class  4 

sub jec t ive  r a t i n g s  a r e  v i ab le  and would be u s e f u l  f o r  some a p p l i c a t i o n s  where 

the accuracy poss ib l e  i n  the  o the r  c l a s s e s  of measurement i s  not needed. 

Demonstration of the 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  the  IRRE al low t h i s  

kind of comparison. Figure 13 was prepared t o  show the  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  the  f igu re :  

1)  The B I  T r a i l e r  was c a l i b r a t e d  using measurements from the  TRRL 

Beam. That i s ,  the  28 p r o f i l e s  measured by the  Beam were used 

t o  c a l c u l a t e  the  I R I  va lues  f o r  t h e  s i t e s ,  which were then 

regressed aga ins t  t he  corresponding 28 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  equat ion.  Then a l l  98 of 

the  measures from the  B I  T r a i l e r  were co r r ec t ed  t o  the  I R I  

s c a l e  using the  c a l i b r a t i o n  equation. The B I  T r a i l e r  was never 

operated a t  80 km/h; the  examples shown a r e  based on measures 

made a t  50 km/h (Fig. 13b) and 32 km/h (Fig 13d). 

2) One of t he  Opala-Maysmeter systems (MM #2) was c a l i b r a t e d  

aga ins t  I R I  determined from the  rod and l e v e l  p r o f i l e s .  Then 

the  49 measures from MM 112 were resca led  t o  the  I R I  s ca l e .  

ARS50 measures were transformed f o r  Fig. 13a, while ARSsO 

measures were used i n  preparing Fig. 13c. 

3)  The APL 7 2  s i g n a l s  were processed t o  y i e l d  I R I  d i r e c t l y .  

4 )  The Caravan-NAASRA system was c a l i b r a t e d  aga ins t  I R I  determined 

from t h e  APL 72 system. The APL measures of I R I  on 31 of the 
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s i t e s  were regressed aga ins t  t he  ARS measures of t he  NAASRA 5 0 
meter,  and the  r e s u l t i n g  equat ion was used t o  re-scale  a l l  49  

measures. This  c a l i b r a t i o n  does not  inc lude  any g rave l  t e s t  

s f  t e s .  

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  using very d i f f e r e n t  p r o f i l e  measurement methods. In  a l l  four  

of t h e  p l o t s ,  the  agreement i s  s u f f i c i e n t  t o  exchange roughness information Ln 

genera l  terms: over a  range of 2 t o  20 m/km, r e p r o d u c i b i l i t y  wi th in  1 m/km i s  

t y p i c a l .  

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  a l l  four  su r f ace  types ,  and s i m i l a r  speeds a r e  used by 

the  d i f f e r e n t  RTRRMSs. 

In comparing Figures  13b and 13d, the  e f f e c t  of t he  RTRRMS speed can be 

seen. Note t h a t  t he  d a t a  po in t s  f o r  the  su r f ace  t reatment  and some of the  

e a r t h  s i t e s  (TS and TE) tend t o  l i e  under the l i n e  of e q u a l i t y ,  whereas the  

po in t s  f o r  the o t h e r  two su r f ace  types tend t o  l i e  above the  l i n e .  This  b i a s  

due t o  su r f ace  type can be expected when the RTRRMS speed d i f f e r s  from the  

80 km/h speed s e l e c t e d  a s  s tandard.  The b i a s e s  i nc rease  with the  d i f f e r e n c e  

i n  speed: g r e a t e r  b i a s  i s  seen i n  Figure 13d f o r  the  lower RTRRMS speed of 

32 km/h. 

The g r e a t e s t  e r r o r s  i n  the  four  examples a r e  seen i n  Figure 13c, f o r  

two reasons. F i r s t ,  the  Opala-Maysmeter measures inc lude  the "ou t l i e r "  

su r f ace  t reatment  s i t e s  t h a t  had corrugat ions.  (The c a l i b r a t e d  MM #2 measure 

f o r  one of those s i t e s  i s  80% higher  than the  c a l i b r a t e d  measure from the  

NAASRA.) This  i l l u s t r a t e s  once aga in  t h a t  t he  "tuning ef fec t1 '  of a  RTRRMS 

cannot be compensated using an aggregate  c a l i b r a t i o n  equation. In s t ead ,  i t  

should be reduced mechanical ly ,  by i n s t a l l i n g  s t i f f e r  shock absorbers.  Figure 

13c a l s o  shows measures based on an incomplete c a l i b r a t i o n .  The g rave l  roads 

were not  measured i n  both wheel t racks with the APL 72, and a r e  t he re fo re  not 

included i n  the  c a l i b r a t i o n  of t he  NAASRA. When the  c a l i b r a t i o n  equat ion i s  



a p p l i e d  t o  t h e  NAASRA measures  on t h e  g r a v e l  r o a d s ,  t h e  e s t i m a t e s  of I R I  a r e  

t o o  low. 

Even w i t h  t h e s e  s o u r c e s  of e r r o r ,  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  i n v o l v i n g  roughness  d a t a  from d i f f e r e n t  sources .  Note t h a t  t h e  

agreement i s  q u i t e  good f o r  t h e  m a j o r i t y  of t h e  s i t e s ,  which were r e p r e s e n t e d  

i n  t h e  c a l i b r a t i o n s .  

Conversion to the IRI from QI and BI 

Hopefu l ly ,  f u t u r e  problems i n  comparing roughness  measures from 

d i f f e r e n t  s o u r c e s  w i l l  be reduced by t h e  a p p l i c a t i o n  of t h e  f i n d i n g s  of t h e  

IRRE.  I n  t h e  s i m p l e s t  of  c a s e s ,  roughness  measures w i l l  be made u s i n g  t h e  I R I  

d i r e c t l y .  Even i f  a  d i f f e r e n t  i n d e x  i s  used ,  comparisons a r e  s i m p l i f i e d  when 

h i g h e r  q u a l i t y  d a t a  a r e  o b t a i n e d  th rough  t h e  u s e  of improved p r a c t i c e s .  Yet 

t h e r e  i s  s t i l l  t h e  problem of r e l a t i n g  t o  p a s t  measurements of road roughness.  

S p e c i f i c a l l y ,  r e l a t i o n s h i p s  between road roughness  and use r -cos t  have been 

developed u s i n g  roughness  measures from B I  T r a i l e r s ,  o p e r a t e d  a t  32 km/h, and 

a l s o  from o t h e r  RTRRMS measures c a l i b r a t e d  t o  t h e  QIr s c a l e .  The I R I  i s  

proposed,  i n  p a r t ,  because  t h e r e  have been problems a s s o c i a t e d  w i t h  t h e  QI and 

B I  T r a i l e r  measures ,  which l i m i t  t h e i r  accuracy  and t r a n s p o r t a b i l i t y .  

None the less ,  t h e  IRRE p r o v i d e s  a unique o p p o r t u n i t y  t o  compare t h e s e  roughness  

s c a l e s ,  and t o  d e r i v e  approximate  c o n v e r s i o n s  between them. 

Tab le  3 p r e s e n t s  f o u r  e q u a t i o n s  t h a t  a r e  sugges ted  t o  c o n v e r t  back and 

f o r t h  between I R I ,  t h e  B I  T r a i l e r  "mm/km," and QIr. They a r e  d e r i v e d  from t h e  

IRRE d a t a ,  and t h u s  r e f l e c t  t h e  s u r f a c e  t y p e s  and roughness  ampl i tudes  

covered.  T h e r e f o r e ,  t h e y  may o r  may n o t  be a p p r o p r i a t e  t o  o t h e r  c o n d i t i o n s .  

Note t h a t  t h e  two e q u a t i o n s  i n  e a c h  p a i r  a r e  r e v e r s i b l e .  That  i s ,  they  a r e  

a l g e b r a i c a l l y  e q u i v a l e n t .  They were o b t a i n e d  by s i m p l i f y i n g  more complex 

l e a s t - s q u a r e  r e g r e s s i o n  e q u a t i o n s ,  and t h u s  r e f l e c t  a t r ade -of f  of accuracy  t o  

o b t a i n  t h e  convenience  of r e v e r s i b l e  c o n v e r s i o n s  between t h e  roughness  s c a l e s .  



Table 3. Approximate Conversions between IRI, BI, and QI 

Conversion Equation RMS Error Percent Error 

1-track (2-track) 1-track (2-track) 

Q1r = 14 * IRI - 10 7.7 (6.4) 10% ( 8%) 

IRI ' (QIr + 10) / 14 0.55 (-46) 9% ( 8%) 

2.% 

IRI = 0.0032 * ( R B I ~ ~ )  Oo8' 0.88 (-75) 15% (12%) 

Units: IRI: m/km 

Errors for 1-track are based on measures for 98 wheeltracks; errors 

for 2-tracks are based on 49 lanes. 





(XAPTER 5 

SUMHARP AND CONCLUSIONS 

The I n t e r n a t i o n a l  Road Roughness Experiment (IRRE) brought  t o g e t h e r  

r e p r e s e n t a t i v e  equipment and methodologies  used th roughout  t h e  world t o  

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  t h a t  

i n c l u d e s  p r o f i l e  measurements,  measures from response- type road roughness  

measur ing sys tems (RTRRMSs), and s u b j e c t i v e  pane l  r a t i n g s .  The d a t a  show t h e  

d e g r e e  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  

t h e  s imple  average  r e c t i f i e d  s l o p e  (ARS) measures from RTRRMSs t o  more 

e x t e n s i v e  p r o f i l e - b a s e d  a n a l y s e s .  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  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 r o f i l o m e t e r ,  and 

i n d i c a t e s  which a n a l y s e s  of p r o f i l e  a r e  compat ib le  w i t h  t h e  d i f f e r e n t  

measurement methods. 

The I R R E  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  t h e  exchange 

of roughness  d a t a  worldwide. 

1) It h a s  demons t ra ted  t h a t  t h e  roughness  measures from d i v e r s e  

t y p e s  of RTRRMSs a r e ,  i n  f a c t ,  compat ib le  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 h a s  demons t ra ted  t h e  l i n k  between RTRRMS measures and 

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

e q u i v a l e n c e  w i t h  v a r i o u s  p r o f i l e  measurement methods and 

v a r i o u s  p r o f i l e  a n a l y s i s  methods. 

3 )  It h a s  p rov ided  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  

s e r v e  a s  a  s t a n d a r d  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. 



F i n d i n g s  from t h e  IRRE 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  p r e s e n t e d  

under t o p i c a l  head ings  below. 

Profile measurement. The comple te ly  manual rod and l e v e l  method and t h e  

p a r t l y  automated TRRL Beam gave r e s u l t s  t h a t  were n e a r l y  i n t e r c h a n g e a b l e ,  

o t h e r  than  t h e  d i f f e r e n c e s  due t o  t h e  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  o b t a i n e d  w i t h  t h e  APL T r a i l e r  a p p e a r  t o  have l i t t l e  i n  common 

when compared g r a p h i c a l l y  w i t h  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  

a n a l y s e s  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 r o f i l o m e t e r  o v e r  i t s  d e s i g n  f requency  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  o v e r  t h e  e n t i r e  roughness range 

covered i n  t h e  IRRE, whi le  t h e  APL was a b l e  t o  c o v e r  a l l  b u t  t h e  roughes t  

s i t e s  a t  7 2  km/h, and was a b l e  t o  measure a l l  s i t e s  a t  a  lower  speed o f  21.6 

km/h. Although t h e  APL T r a i l e r  i s  v a l i d a t e d  a s  a  p r o f i l o m e t e r ,  t h e  

r e p e a t a b i l i t y  is  no t  a s  good a s  w i t h  t h e  s t a t i c  measures f o r  t h e  320 m s i t e  

l e n g t h  used i n  t h e  IRRE. 

RTRRMSs. There were f o u r  roadmeter  d e s i g n s  r e p r e s e n t e d  i n  t h e  I R R E ,  and 

a l l  appeared t o  produce t h e  ARS measure w i t h  approximate  equ iva lence .  Side- 

by-side comparisons w i t h  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 n e a r l y  redundant .  Only one of  t h e  roadmeters  was a n  

unmodified commercial i n s t r u m e n t  ( t h e  roadmeter  i n  t h e  BPR Roughometer), and 

i t  was t h e  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 o r  

modif ied  by TRRL, ARRB, and GEIPOT f o r  t h e i r  own u s e ,  were a b l e  t o  o p e r a t e  

o v e r  t h e  e n t i r e  range of t e s t  c o n d i t i o n s  and produce v a l i d  measurements. A l l  

exper ienced  some d e g r e e  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 e v e r  a l e r t  t o  t h e  c o n d i t i o n  of t h e  i n s t r u m e n t a t i o n .  

There were a l s o  f o u r  t y p e s  of v e h i c l e s  used i n  t h e  RTRRMSs, and t h e  

c h o i c e  of v e h i c l e  was shown t o  be r e l a t i v e l y  unimportant  excep t  f o r  

ruggedness.  

The c o n c l u s i o n  r e g a r d i n g  equipment i s  t h a t  bo th  t h e  v e h i c l e  and 

roadmeter  should  be chosen on t h e  b a s i s  of r o b u s t n e s s  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 ,  c o s m e t i c  d i f f e r e n c e s  (whether  t h e  roadmeter  

i s  a  Maysmeter, B I  u n i t ,  o r  NAASRA mete r ;  whether t h e  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  r e g a r d i n g  t h e  maintenance of t h e  v e h i c l e  and roadmeter  s t i l l  app ly :  

t h e  t e s t  v e h i c l e  must be main ta ined  more c a r e f u l l y  t h a n  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  e n s u r e  t h a t  i t s  response  p r o p e r t i e s  remain a s  

c o n s t a n t  a s  p o s s i b l e .  ) 

The good agreement between measurements from two RTRRMSs h o l d s  t r u e  on ly  

when they  a r e  o p e r a t e d  a t  t h e  s a r e  speed.  When o p e r a t e d  a t  d i f f e r e n t  s p e e d s ,  

t h e  r e l a t i o n s h i p s  a r e  i n f l u e n c e d  by s u r f a c e  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  ob ta ined .  

It shou ld  be noted t h a t  t h e  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  B I  T r a i l e r  observed i n  t h e  IRRE a r e  o n l y  v a l i d  f o r  t h a t  

p o i n t  i n  t i m e ,  a l t h o u g h  o t h e r  d a t a  a v a i l a b l e  from t h e  PICR 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  n o t  t r u e  f o r  t h e  

NAASRA mete r  which was i n s t a l l e d  i n  t h e  Caravan s t a t i o n  wagon f o r  t h e  

exper iment .  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  a c q u i r e d  i n  t h e  IRRE 

canno t  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 R I .  I n  o r d e r  t o  d e f i n e  a n  I R I  t h a t  can  be measured w i t h  a  RTRRMS, 

i t  i s  n e c e s s a r y  t o  s t a n d a r d i z e  t h e  RTRRMS measurement p rocedure ,  and t o  f i n d  

a  p r o f i l e - b a s e d  numeric t h a t  i s  s u i t a b l e  f o r  most p r o f i l o m e t r y  t e c h n i q u e s  and 

which h a s  maximum c o r r e l a t i o n  w i t h  t h e  RTRRMS measures.  The c o n c l u s i o n  of 

t h e  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 t a n d a r d  speed ( r a t h e r  than  a  t r a f f i c  speed concep t  such  a s  ARV).  Based on 

b o t h  t e c h n i c a l  and p r a c t i c a l  c o n s i d e r a t i o n s ,  i t  i s  c l e a r  t h a t  a  c h o i c e  of 

80 km/h would be most a p p r o p r i a t e  f o r  t h e  g r e a t e s t  number of  RTRRMS u s e r s .  

For  p r o f i l o m e t e r  u s e r s ,  t h e  c h o i c e  i s  n o t  a t  a l l  c r i t i c a l ,  s i n c e  t h e  o n l y  

i m p l i c a t i o n  i s  t h a t  d i f f e r e n t  d a t a  r e d u c t i o n  methods shou ld  be used i n  

c o n j u n c t i o n  w i t h  d i f f e r e n t  RTRRMS speeds .  T h e r e f o r e ,  t h e  speed s e l e c t e d  f o r  

t h e  I R I  i s  80 km/h. ( T h i s  d i f f e r s  from t h e  50 km/h speed recommended i n  a n  

e a r l i e r  d r a f t  of t h i s  r e p o r t ,  and i n  s e v e r a l  r e l a t e d  t e c h n i c a l  p a p e r s  t h a t  

have r e c e n t l y  been p u b l i s h e d . )  

A number of p r o f i l e - b a s e d  numerics  were c o n s i d e r e d  t o  p r o v i d e  a  time- 

s t a b l e  d e f i n i t i o n  of t h e  I R I .  Of t h e s e ,  t h e  RARSaO numeric,  developed 



e a r l i e r  i n  an  NCHRP p r o j e c t  a s  a  r e f e r e n c e  q u a r t e r - c a r  s i m u l a t i o n ,  was t h e  

most c l o s e l y  l i n k e d  t o  t h e  concept  of a  RTRRMS o p e r a t e d  a t  80 km/h. T h i s  

numeric was a l s o  t h e  most h i g h l y  c o r r e l a t e d  w i t h  t h e  RTRRMs measures ,  and 

t h u s  o f f e r s  t h e  g r e a t e s t  accuracy  f o r  u s e r s  of RTRRMSs. The RARS80 numeric 

was one of o n l y  two p r o f i l e - b a s e d  numerics t h a t  could  be measured w i t h  a l l  of  

t h e  p r o f i l e  measurement methods r e p r e s e n t e d  i n  t h e  IRRE. (The o t h e r  was 

RARSSO, computed from t h e  same r e f e r e n c e  q u a r t e r - c a r  s i m u l a t i o n  b u t  u s i n g  a  

d i f f e r e n t  s i m u l a t i o n  speed. )  Thus, t h e  I R I  i s  d e f i n e d  a s  RARS80: t h e  numeric 

o b t a i n e d  from t h e  r e f e r e n c e  RTRRMS s i m u l a t i o n  f o r  a  speed of 80 km/h. 

G u i d e l i n e s  f o r  measuring RARSaO, t h e  proposed I R I ,  a r e  a v a i l a b l e  [35] .  

They d e s c r i b e  t h e  p rocedures  f o r  p lann ing  and o p e r a t i n g  programs f o r  

moni to r ing  road roughness  u s i n g  t h e  RARS s c a l e  w i t h  s e v e r a l  t y p e s  of  8  0 
equipment ,  i n c l u d i n g  RTRRMSs c a l i , b r a t e d  a g a i n s t  rod and l e v e l .  

Other profile analyses. A number of o t h e r  a n a l y s e s  a r e  d e s c r i b e d  and 

a p p l i e d  t o  t h e  p r o f i l e s  measured i n  t h e  IRRE. The power s p e c t r a l  d e n s i t y  

(PSD) f u n c t i o n  was computed and  lotted f o r  e v e r y  measured p r o f i l e ,  and 

Appendix I p r e s e n t s  about  300 of t h e s e  p l o t s .  T h i s  i n f o r m a t i o n  p r o v i d e s  a  

ve ry  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  bo th  w h e e l t r a c k s  of e v e r y  

s i t e  i n  t h e  IRRE. The p l o t s  show t h e  a c t u a l  d i f f e r e n c e s  between t h e  s u r f a c e  

t y p e s  covered i n  t h e  I R R E ,  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  hypo theses  and 

c a n d i d a t e  a n a l y s e s .  

I n  a d d i t i o n  t o  t h e  PSD f u n c t i o n s ,  t h e  I R R E  roads  a r e  c h a r a c t e r i z e d  u s i n g  

t h e  a n a l y s e s  a p p l i e d  by LCPC and CRR i n  Europe. Both a g e n c i e s  u s e  waveband 

a n a l y s e s  ( t h e  APL 72 energy (W), e q u i v a l e n t  ampl i tude  (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  t h e  s p e c t r a l  c o n t e n t  of  t h e  

road ,  b u t  u s i n g  s i m p l e r  numerics  t h a t  a r e  more s u i t e d  f o r  survey purposes  

t h a n  PSD f u n c t i o n s .  A s imple  numeric used f o r  e v a l u a t i n g  road q u a l i t y  d u r i n g  

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 d e s c r i b e s  

t h e  h e t e r o g e n e i t y  of a  road a long  i t s  l e n g t h .  



Severa l  p r o f i l e s  a r e  a l s o  shown t o  demonstrate t h e  d i a g n o s t i c  

in format ion  t h a t  can be obtained us ing  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  poss ib l e  wi th  a  RTRRMS-type of summary measure. 

Other summary numerics t h a t  a r e  p r e s e n t l y  used were a l s o  s tud i ed ,  and 

shown t o  be h igh ly  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 nc lude  1) QIr, computed a s  t he  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 us ing  the  APL 7 2  system, 3 )  CPZe5, computed 

d i g i t a l l y  i n  Belgium from the  APL 7 2  s i g n a l  using a  moving average,  and 4 )  

RMSD1.8,300, 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 he  c o r r e l a t i o n  among these  numerics, and can 

be used t o  t i e  i n t o  p a s t  measures made wi th  these  numerics. 

Conversion equa t ions  were der ived  f o r  conver t ing  o l d  d a t a  based on the  

B r a z i l  QI s c a l e  and t h e  TRRL B I  T r a i l e r .  They a r e  suggested f o r  use when 

d e r i v a t i o n  of more accu ra t e  r e l a t i o n s h i p s  ( r e f l e c t i n g  l o c a l  road 

c h a r a c t e r i s t i c s )  i s  no t  poss ib le .  

Concluding rerarks. The major ques t i ons  t h a t  motivated t h e  IRRE have 

been answered, and procedures have been demonstrated t h a t  a l low the  

s tandard ized  measurement of roughness wi th  a  wide v a r i e t y  of equipment. 

Since t he  r e p r e s e n t a t i o n  of equipment was by no means complete, equipment and 

methods t h a t  were not included should a l s o  be va l ida t ed  f o r  use i n  measuring 

t h e  I R I  and o t h e r  roughness i nd i ce s .  

Other high-speed p ro f i l ome te r s  a r e  i n  use ,  and newer des igns  a r e  i n  

development. Faced wi th  the  obvious problems of poor t i m e - s t a b i l i t y  t h a t  can 

be seen wi th  RTRRMSs, t h e  a c q u i s i t i o n  of a  p ro f i l ome te r  o r  o t h e r  instrument  

t h a t  i s  s t a b l e  wi th  time may a t  f i r s t  appear t o  so lve  a l l  of the  problems. 

However, p ro f i l ome te r s  w i l l  no t  gene ra 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 ,  t he  v a l i d i t y  of p ro f i l ome te r s  should be demonstrated 

exper imenta l ly  f o r  every a n a l y s i s  used ( i nc lud ing  IRI)  by d i r e c t  comparison 

with rod and l eve l .  



The i n f l u e n c e  of s i t e  l e n g t h  on accuracy  was n o t  i n v e s t i g a t e d  i n  t h e  

IRRE.  G e n e r a l l y ,  v a r i a t i o n s  due t o  random e f f e c t s  (e.g. ,  t h e  l a t e r a l  

p o s i t i o n i n g  of  t h e  i n s t r u m e n t  i n  t h e  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  l o n g e r  s t a n d a r d  l e n g t h s .  T e s t  l e n g t h s  o t h e r  t h a n  320 m ,  of c o u r s e ,  

can  be used when measuring I R I  ( o r  any of t h e  roughness  numerics d e s c r i b e d  i n  

t h i s  r e p o r t ) ,  a l t h o u g h  l e n g t h s  s h o r t e r  t h a n  160 m should  be avoided due t o  

r e p e a t a b i l i t y  problems w i t h  RTRRMSs. When s i t e  l e n g t h s  o t h e r  t h a n  320 m a r e  

u s e d ,  t h e  accuracy  of  t h e  measurements ( a s  c h a r a c t e r i z e d  by r e p r o d u c i b i l i t y )  

should  be de te rmined  when p o s s i b l e .  

I n  a d d i t i o n  t o  t h e  f o u r  s u r f a c e  t y p e s  i n c l u d e d  i n  t h e  IRRE, t h e  RARSaO 

numeric h a s  a l s o  been demonstra ted  t o  be v a l i d  f o r  PCC r o a d s  [ 9 ] .  Care 

should  be t a k e n  when performing c a l i b r a t i o n s  t o  avoid  s u r f a c e s  w i t h  

c o r r u g a t i o n s  t h a t  could  r e s u l t  i n  v e h i c l e  tun ing .  I f  measures a r e  t o  be made 

on roads  w i t h  unusua l  p r o p e r t i e s  ( c o r r u g a t i o n s ,  b r i c k ,  e t c . )  t h e n  e x t r a  c a r e  

should  be t aken  t o  e n s u r e  v a l i d  measurements. I f  a  p r o f i l o m e t e r  i s  u s e d ,  t h e  

measured p r o f i l e  should  i n c l u d e  a l l  of t h e  r e l e v a n t  pavement i r r e g u l a r i t i e s .  

I f  a  RTRRMS i s  used ,  t h e  v e h i c l e  shou ld  be de-tuned by i n s t a l l i n g  s t i f f  shock 

a b s o r b e r s .  N a t u r a l l y ,  t h e  p rocedures  developed a s  a  r e s u l t  of t h e  IRRE [35]  

shou ld  be r e f i n e d  a s  necessa ry .  

It i s  recogn ized  t h a t  t h e  proposed I R I  i s  a  numeric t h a t  summarizes t h e  

roughness  spect rum i n  a  s i n g l e  number which i s  a p p r o p r i a t e  t o  v e h i c l e  

c a l i b r a t i o n ,  bu t  which i s  no t  t h e  most a p p r o p r i a t e  f o r  o t h e r  a p p l i c a t i o n s ,  

e s p e c i a l l y  when p r o f i l e  measurement i s  performed. Other  measures may s e r v e  

a s  b e t t e r  i n d i c e s  of  v a r i o u s  q u a l i t i e s  of pavement c o n d i t i o n ,  o r  s p e c i f i c  

components of v e h i c l e  c o s t .  A s  p r o f i l o m e t r i c  methods become more common, 

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

c a n d i d a t e s  f o r  f u t u r e  s t a n d a r d i z a t i o n .  The v a r i o u s  numerics used by CRR and 

LCPC from t h e  APL dynamic p r o f i l o m e t e r  a l r e a d y  show t h i s  phi losophy.  
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APPENDIX A 

DESCRIPTION OF THE EQUIPMENT 

This  appendix desc r ibes  t he  va r ious  instruments  t h a t  were used i n  t he  

I n t e r n a t i o n a l  Road Roughness Experiment (IRRE) t o  ob ta in  measures of road 

roughness. I n  a d d i t i o n  t o  d e t a i l i n g  t h e i r  design and normal usage, 

ope ra t iona l  problems t h a t  occurred i n  the  IRRE a r e  noted. 

In  a l l ,  t h e r e  were seven Response-Type Road Roughness Measuring Systems 

(RTRRMSs), one APL dynamic prof i lometer  (operated i n  two d i f f e r e n t  modes), and 

two methods f o r  s t a t i c a l l y  measuring long i tud ina l  p r o f i l e .  

A GMR-type prof i lometer  was a l s o  used,  but  i t  experienced a  number of 

problems t h a t  prevented immediate d a t a  processing. (Rather  than the  

in s t rumen ta t ion ,  the  problems were mainly r e l a t e d  t o  the age of t he  USA-made 

veh ic l e  and t h e  f a c t  t h a t  i t  i s  not normally so ld  o r  se rv iced  i n  Braz i l . )  The 

a v a i l a b i l i t y  of o t h e r  p r o f i l e  measurements reduced the  importance of t h i s  d a t a  

with respec t  t o  the  o b j e c t i v e s  of the  I R R E ,  and the  s i g n a l s  were not 

processed. 

Texture depth measurements were made on the  paved road s e c t i o n s  by the 

sand patch method. The t ex tu re  measures were found t o  be uncorre la ted  t o  any 

of t he  roughness measures, and a r e  not included i n  t h i s  report .  

RESPONSE-TYPE ROAD ROUGHNESS MEASURING SYSTElIS ( R ~ s )  

A RTRRMS c o n s i s t s  of a  veh ic l e  instrumented wi th  a  roadmeter, which 

t ransduces and accumulates the suspension motion of the  vehic le .  The measure 

obtained from the  roadmeter i s  gene ra l ly  a  number of counts ,  where each count 

corresponds t o  a  c e r t a i n  amount of suspension displacement.  When the  measure 

i s  normalized by the  d i s t a n c e  t r a v e l l e d  during a  t e s t ,  t he  r e s u l t i n g  measure 

has u n i t s  of s lope.  Since the accumulation performed by the roadmeter i s  

equiva len t  t o  a  r e c t i f i c a t i o n  of the  suspension s t rok ing  speed, t he  measure 

obtained i s  p ropor t iona l  t o  the  Average Rec t i f i ed  Veloci ty (ARV) of the  



axle-body motion.  When r e p o r t e d  a s  a  s l o p e ,  i t  i s  c a l l e d  Average R e c t i f i e d  

Slope (ARS). The ARV and ARS measures a r e  i n f l u e n c e d  by t h e  speed of t h e  

v e h i c l e ,  and t h e r e f o r e  t h e  RTRRMS speed i s  inc luded  i n  t h i s  r e p o r t  a s  a  

s u b s c r i p t ,  e .g. ,  would be t h e  measure ob ta ined  a t  50 km/h. 

Four t y p e s  of RTRRMSs p a r t i c i p a t e d  i n  t h e  IRRE, and a r e  d e s c r i b e d  below. 

The d e s c r i p t i o n s  f o c u s  on t h e  d i s t i n g u i s h i n g  f e a t u r e s  of each system; a  more 

complete t e c h n i c a l  d e s c r i p t i o n  of RTRRMS o p e r a t i o n  can be found i n  Reference 

[ 9 ] .  (Note--numbers i n  b r a c k e t s  i n d i c a t e  r e f e r e n c e s  i n  t h e  main t e x t . )  

Opala-Maysmeter Systems 

Three of t h e  RTRRMSs c o n s i s t e d  of Chevrole t  Opala passenger  c a r s ,  made i n  

B r a z i l ,  equipped w i t h  Maysmeters t h a t  a r e  manufactured by t h e  Ra inhar t  Company 

i n  t h e  USA (101. The Opala-Maysmeter sys tems ,  owned and opera ted  by GEIPOT, 

had been used i n  t h e  I C R  p r o j e c t  (Research on t h e  I n t e r r e l a t i o n s h i p s  Between 

Cos t s  of Highway C o n s t r u c t i o n ,  Maintenance and U t i l i z a t i o n )  [ 7 ] .  

A s  d e l i v e r e d  by R a i n h a r t ,  t h e  Maysmeter c o n s i s t s  of two u n i t s :  a  

t r a n s d u c e r  t h a t  i s  mounted i n  t h e  r e a r  of t h e  v e h i c l e ;  and a  s t r i p - c h a r t  

r e c o r d e r ,  normal ly  placed i n  t h e  f r o n t  s e a t  of t h e  v e h i c l e ,  which produces a  

paper  p l o t  whose l e n g t h  a t  t h e  end of a  t e s t  i s  t h e  raw roughness numeric f o r  

t h a t  t e s t .  The u n i t s  of t h e  roughness measure a r e ,  t h e r e f o r e ,  t h o s e  of 

l e n g t h .  The r e c o r d e r  employs two s t e p p e r  motors ,  and i s  designed t o  advance 

t h e  paper i n  p r o p o r t i o n  t o  accumulated a x l e  d e f l e c t i o n .  For low roughness 

l e v e l s ,  t h e  s t e p p e r  motors perform a s  i n t e n d e d .  However, t h e  motors a r e  n o t  

capab le  of responding a c c u r a t e l y  f o r  h i g h  roughness l e v e l s  t h a t  were covered 

i n  t h e  ICR. Accordingly ,  t h e  s t r i p - c h a r t  u n i t s  were r e p l a c e d  w i t h  e l e c t r o n i c  

c o u n t e r s  and d i g i t a l  d i s p l a y s  [ 7 ] .  Each e l e c t r o n i c  p u l s e  t h a t  would normal ly  

be s e n t  t o  t h e  s t e p p e r  motor i n s t e a d  inc rements  an  e l e c t r o n i c  coun te r .  The 

B r a z i l i a n  u n i t s  a r e  t h e r e f o r e  capab le  of a c c u r a t e l y  measuring d e f l e c t i o n  f o r  

roughness l e v e l s  much h i g h e r  t h a n  would be p o s s i b l e  w i t h  unmodified u n i t s .  

(Labora to ry  measurements made a t  The U n i v e r s i t y  of Michigan showed t h a t  t h e  

t h e  s t e p p e r  motors cannot  t r a c k  s t r o k i n g  speeds  i n  e x c e s s  of 800 mm/sec [ 7 ] . )  

The t r a n s d u c e r  i s  based on a n  o p t i c a l  sys tem,  and produces  coun ts  when 

t h e  d e f l e c t i o n  c r o s s e s  t h r e s h o l d s ,  i n  e f f e c t ,  q u a n t i z i n g  t h e  suspens ion  



d e f l e c t i o n .  In  a d d i t i o n  t o  t h e  q u a n t i z a t i o n ,  t h e  u n i t s  a r e  a f f ec t ed  by 

h y s t e r e s i s ,  caused by spaces between windows i n  t he  f i l m  used by the  o p t i c a l  

sensor .  Measurements of s i m i l a r  u n i t s  have shown quan t i za t ion  l e v e l s  of 2.54 

mm and h y s t e r e s i s  l e v e l s  of 0.75 mm [9]. 

In normal o p e r a t i o n ,  t h e  roughness measures a r e  repor ted  a s  "counts/km," 

and c a l i b r a t i o n  equat ions  a r e  used t o  convert  t o  the  QI* roughness s c a l e  used 

i n  Braz i l  and descr ibed  i n  Appendix E. The Braz i l i an  meters  were designed t o  

produce one count f o r  d e f l e c t i o n  q u a n t i t i e s  of 5.08 mm; however, i t  was found 

t h a t  one of t h e  u n i t s  (designated MM #3)  requi red  10.16 mm of d e f l e c t i o n  t o  

produce a  count.  The reason f o r  t h i s  discrepancy was not  found. 

Normal ope ra t ing  speeds used by GEIPOT s i n c e  t h e  I C R  p r o j e c t  a r e  80 ,  50,  

and 20 km/h. 

During t h e  IRRE, t h e  r e s u l t s  of MM #3 were suspected of being i n v a l i d  

because they were much lower than the  readings from t h e  o t h e r  two systems. 

Also, near  t he  end of t h e  IRRE, one of the  mechanical connect ions loosened, 

causing a  p a r t  of the  t ransducer  t o  f a l l  o f f .  The low readings  were l a t e r  

explained by t h e  d i f f e r e n t  de f l ec t ion /coun t  c a l i b r a t i o n ,  and even though t h e  

f a i l u r e  of t h e  roadmeter l ed  t o  e a r l y  specu la t ion  t h a t  t h e  d a t a  would not  be 

usab le ,  t h e  measures co l l ec t ed  with MM #3 compare c l o s e l y  wi th  measures 

obtained from the  o the r  two Opala-Maysmeter systems. 

The readings  from MM #1 were a l s o  suspec t .  C a l i b r a t i o n s  were performed 

by the  Braz i l i an  team f o r  a l l  t h r e e  Opala-Maysmeter Systems, before  and a f t e r  

t h e  experiment,  over a  s e r i e s  of c o n t r o l  s e c t i o n s  of road. The measures 

obtained with Maysmeter ill d i f f e r e d  by about 10% before  and a f t e r  t he  

experiment,  i n d i c a t i n g  t h a t  something was wrong. A quick examination of t he  

instrument  a f t e r  the  discrepancy was found d id  not r evea l  t he  cause. Since 

t h i s  type  of v a r i a t i o n  i s  a  normal c h a r a c t e r i s t i c  of RTRRMSs, t he  r e s u l t s  a r e  

considered r e p r e s e n t a t i v e  and va l id .  

The Opala-Maysmeter system designated MM #2 operated without  any f a i l u r e s  

during t h e  IRRE, and i s  usua l ly  used a s  t he  example Opala-Maysmeter system i n  

p l o t s  and l imi t ed  analyses .  



Caravan Car-Based Systems 

A Caravan s t a t i o n  wagon, made i n  B r a z i l ,  was instrumented wi th  two 

independent roadmeters:  a  B I  u n i t  and a  NAASRA meter.  A l l  measures taken by 

t h e  two roadmeters were made s imul taneous ly ,  and were operated by t h e  TRRL 

re sea rch  team. Although n e i t h e r  t h e  B I  nor the  NAASRA meters a r e  normally 

used wi th  t h i s  p a r t i c u l a r  passenger c a r ,  t h e  d a t a  obtained a l low comparison of 

t h e  meters ,  and provide what should be redundant measures. 

B I  Boadreter. The Bump I n t e g r a t o r  (BI)  i s  an ins t rument  manufactured 

by TRRL t h a t  mounts between t h e  a x l e  and body of a  veh i c l e  and produces counts  

t h a t  a r e  p ropor t i ona l  t o  suspension motion [ l l ] .  The u n i t  c o n s i s t s  of a  

body-mounted t r ansduce r  conta in ing  a  pu l l ey  on a  s h a f t ,  which i s  spring-loaded 

t o  maintain a  cab l e  i n  t ens ion  t h a t  connects  t h e  body and ax l e  of t he  vehic le .  

Hence, t h e  pu l l ey  r o t a t e s  p ropor t i ona t e ly  t o  t h e  suspension motion. A 

mechanical c l u t c h  is  used t o  t ransmi t  r o t a t i o n  i n  one d i r e c t i o n  only t o  a  

pu l se  gene ra to r  component. The o v e r a l l  e f f e c t  is t h a t  t h e  instrument  fol lows 

the  suspension d e f l e c t i o n  i n  one d i r e c t i o n ,  while  remaining unresponsive t o  

movement i n  t h e  o t h e r  d i r e c t i o n ,  thereby accumulating t h e  displacement.  When 

t h e  accumulated movement reaches  25.4 mm (1.0 i n c h ) ,  a  pu lse  i s  s e n t  t o  an 

e l e c t r o n i c  counter .  Therefore ,  each count corresponds t o  one inch of 

d e f l e c t i o n  i n  one d i r e c t i o n ,  o r  50.8 mm when cons ider ing  both d i r e c t i o n s .  ARS 

numerics repor ted  f o r  t h e  B I  roadmeter i n  t h i s  r e p o r t  a r e  based on the  s c a l e  

f a c t o r  of 50.8 mm/count. Normally, TRRL r e p o r t s  t h e  measures using a  s c a l e  

f a c t o r  of 25.4 mm/count, r e s u l t i n g  i n  numerics t h a t  would have 112 t h e  

ampli tude of t he  ARS measures repored here .  

Unlike t h e  Maysmeter, t h e  B I  t ransducer  has  no des ign  h y s t e r e s i s  o r  

quan t i za t i on .  (The q u a n t i z a t i o n  involved i n  producing t h e  d i s c r e t e  counts  

occurs  i n  t h e  d i s p l a y ,  r a t h e r  than t h e  t ransducer . )  In p r a c t i c e ,  however, the  

t ransducer  has  l i m i t a t i o n s  due t o  i t s  mechanical p r o p e r t i e s .  Very small  

v i b r a t i o n s  were seen t o  produce no response,  due t o  small  amounts of f r e e  play 

( h y s t e r e s i s )  i n  var ious  p a r t s  of t h e  system (bea r ings ,  l i n k a g e s ,  e t c . ) .  

During t h e  experiment,  t h e  B I  su f f e r ed  a  broken sp r ing ,  which was 

rep laced .  A s  soon a s  t h e  measurements were f i n i s h e d ,  t h i s  p a r t i c u l a r  B I  was 



i n s t a l l e d  i n  t h e  B I  t r a i l e r ,  t o  r e p l a c e  a more troublesome B I  roadmeter.  

NAASRA Roadmeter. The NAASRA mete r  i s  a mechanical  i n s t r u m e n t  t h a t  

o p e r a t e s  on t h e  same p r i n c i p l e s  a s  t h e  B I .  One count  produced by t h e  NAASRA 

meter  cor responds  t o  an accumulated d e f l e c t i o n  i n  one d i r e c t i o n  of 15.2 mm, o r  

a t o t a l  accumulated d e f l e c t i o n  i n  both  d i r e c t i o n s  of 30.4 mm. ARS numerics 

p resen ted  i n  t h i s  r e p o r t  a r e  based on t h e  s c a l e  f a c t o r  of 30.4 mm/count. 

This  meter  a l s o  demonstra ted a s m a l l  amount of mechanical  h y s t e r e s i s  

( f r e e  p l a y ) ,  which was n o t  measured. 

The NAASRA meter  was o p e r a t e d  by members of t h e  t h e  TRRL r e s e a r c h  team. 

Although t h e y  had l i t t l e  exper ience  w i t h  t h e  d e v i c e ,  i t  was s imple  t o  u s e ,  and 

o n l y  s u f f e r e d  one problem w i t h  a broken w i r e  t h a t  was e a s i l y  r e p a i r e d .  

The Bump Integrator Trailer 

The BI T r a i l e r ,  a l s o  c a l l e d  t h e  towed f i f t h  wheel ,  i s  b a s i c a l l y  a BPR 

Roughometer t h a t  h a s  undergone a g r e a t  d e a l  of development by TRRL. It 

c o n s i s t s  of a s ing le -whee led  t r a i l e r  w i t h  a l e a f  s p r i n g  suspens ion  and s p e c i a l  

shock a b s o r b e r s  and i s  shown i n  F igure  1 i n  t h e  main r e p o r t .  The shock 

a b s o r b e r s  a r e  claimed t o  have damping p r o p e r t i e s  t h a t  a r e  f a i r l y  i n s e n s i t i v e  

t o  t ime and o p e r a t i n g  c o n d i t i o n s .  A l l  B I  T r a i l e r s  a r e  c o n s t r u c t e d  t o  be 

n e a r l y  i d e n t i c a l .  Because most of t h e  v e h i c l e  p r o p e r t i e s  t h a t  i n f l u e n c e  t h e  

roughness measure a r e  c o n t r o l l e d ,  measures from a B I  T r a i l e r  have been 

r e p o r t e d  w i t h o u t  any f u r t h e r  c o r r e c t i o n s  o r  c a l i b r a t i o n ,  u s u a l l y  i n  u n i t s  of 

mm/km, cor responding  t o  t h e  accumulated suspens ion  movement i n  one d i r e c t i o n .  

The ARS measures r e p o r t e d  i n  t h i s  document assume a s c a l i n g  of 50.8 mmlcount, 

and a r e  twice  t h e  v a l u e  of t h e  "mm/km" numeric normal ly  r e p o r t e d  by TRRL, 

s i n c e  ARS i s  based on t h e  accumulated motion i n  bo th  d i r e c t i o n s .  

The B I  t r a i l e r  i s  designed t o  be unrespons ive  t o  movements of t h e  towing 

h i t c h  induced by t h e  towing v e h i c l e  through t h e  c a r e f u l  placement of t h e  

p e r c u s s i o n  c e n t e r  of t h e  t r a i l e r  frame. N e v e r t h e l e s s ,  t h e  t r a i l e r  used i n  t h e  

IRRE d i d  produce measurements i n  t h e  g a r a g e  when t h e  towing v e h i c l e  was 



bounced, i n d i c a t i n g  t h a t  dynamic p r o p e r t i e s  of t h e  towing v e h i c l e  can 

i n f l u e n c e  t h e  roughness measures. The mechanical  p r o p e r t i e s  of t h e  t r a i l e r  

a r e  checked p e r i o d i c a l l y  u s i n g  s imple  bounce t e s t s  [ l l ] ,  a l t h o u g h  even when 

t h e  bounce t e s t s  a r e  w i t h i n  t o l e r a n c e s ,  changes i n  t h e  response  p r o p e r t i e s  

have been observed [ 7 ] .  

A B I  roadmeter  i s  a t t a c h e d  on one s i d e  of t h e  t r a i l e r  t o  measure t h e  

movement of t h e  a x l e  r e l a t i v e  t o  t h e  t r a i l e r  frame. 

The normal towing speed of t h e  t r a i l e r  i s  32 km/h. 

The tow h i t c h  f o r  t h e  t ra i ler  was f a b r i c a t e d  i n  B r a s i l i a  f o r  t h e  

exper iment ,  and a number of 2roblems were exper ienced  u n t i l  t h e  h i t c h  

a t t achment  was p r o p e r l y  s t r e n g t h e n e d  and a l i g n e d .  Other  problems e x i s t e d  i n  

t h e  B I  u n i t  a t t a c h e d  t o  t h e  t r a i l e r .  A s p r i n g  broke and was r e p a i r e d ;  t h e  

c l u t c h  f a i l e d  and needed t o  be s t r i p p e d ,  c l e a n e d ,  and reassembled;  and t h e  

u n i t  produced ex t raneous  coun ts  on o c c a s i o n s .  A s  a r e s u l t ,  a l l  of t h e  t e s t s  

on t h e  paved s e c t i o n s  were r e p e a t e d  a f t e r  t h e  o t h e r  i n s t r u m e n t s  had f i n i s h e d .  

During t h e  e n t i r e  exper iment ,  many of t h e  measurements made by t h e  B I  T r a i l e r  

were "makeups , "  made on week-ends, d u r i n g  l u n c h ,  e t c .  The measurements made 

l a s t  were accomplished w i t h  t h e  u s e  of t h e  B I  Transducer t h a t  had been i n  t h e  

Caravan. 

BPE Roughometer 

The BPR Roughometer t h a t  p a r t i c i p a t e d  i n  t h e  IRRE, shown i n  F igure  1 i n  

t h e  main r e p o r t ,  i s  a s ing le -whee led  t r a i l e r  b u i l t  t o  t h e  s p e c i f i c a t i o n s  

pub l i shed  i n  1940 by t h e  Bureau of P u b l i c  Roads [13] by S o i l t e s t ,  Inc . ,  a s  t h e  

Road Roughness I n d i c a t o r  Model CT444. This  t r a i l e r  i s  equipped w i t h  a 

magnet ic  s e n s o r  t h a t  produces a p u l s e  f o r  a d e f l e c t i o n  of 0.002 i n c h  i n  e i t h e r  

d i r e c t i o n .  Because t h e  o r i g i n a l  BPR mechanical  t r a n s d u c e r  measured d e f l e c t i o n  

i n  o n l y  one d i r e c t i o n ,  t h e  d i s p l a y  i s  s c a l e d  t o  show one h a l f  of t h e  

accumulated d e f l e c t i o n ,  i n  inches .  Although t h e  a c t u a l  t r a n s d u c e r  i s  n o t  

mechanical ,  a  c a b l e  connec t ion  w i t h  a t e n s i o n  s p r i n g  i s  employed, w i t h  t h e  

p o t e n t i a l  f o r  v i b r a t i o n  problems a t  h i g h  roughness l e v e l s .  One g e a r  involved 

i n  t h e  l i n k a g e  o f t e n  s l i p p e d  on i t s  s h a f t ,  r e s u l t i n g  i n  a l o s s  of counts .  



The normal measurement speed f o r  a BPR Roughometer i s  32 km/h (20 mph). 

During t h e  exper iment ,  t h e  BPR t r a i l e r  exper ienced breakdowns and 

f a i l u r e s  almost on a d a i l y  b a s i s .  Support p i n s  f o r  t h e  shock absorbers  were 

broken f r e q u e n t l y .  On two occas ions ,  s t u d s  f o r  u n i v e r s a l  j o i n t s  i n  t h e  shock 

absorber  connect ions  were l o s t  and replacements  had t o  be f a b r i c a t e d  i n  a 

l o c a l  machine shop. A l l  t o o  f r e q u e n t l y ,  screws t h a t  held  a c r i t i c a l  g e a r  t o  

t h e  main s h a f t  i n  t h e  t r ansducer  loosened,  a l lowing s l i p p a g e  and t h e r e f o r e  

reduced roughness measures. A t  t h e  beginning of t h e  exper iment ,  t h e  t r a i l e r  

was towed t o  and from t h e  t e s t  s i t e s .  A f t e r  t h e  f i r s t  two weeks, i t  was 

c a r r i e d  i n  t h e  t r u c k  t h a t  served a s  t h e  towing v e h i c l e ,  and unloaded a t  t h e  

t e s t  s i t e s  t o  minimize i t s  exposure t o  road v i b r a t i o n s  and damage. Also,  t h e  

o p e r a t o r s  l ea rned  t h e  limits of t h e  ins t rument ,  and d e c l i n e d  t o  s u b j e c t  i t  t o  

t h e  more demanding c o n d i t i o n s  n e a r  t h e  end of t h e  experiment.  

THE bPL DYNAMIC PROFILOHETER 

The APL Trailer 

The Longi tud ina l  P r o f i l e  Analyser (APL) T r a i l e r ,  shown i n  Figure  2 i n  t h e  

r e p o r t ,  i s  an  ins t rument  developed by t h e  French Bridge and Pavement 

Laboratory (LCPC) t o  o b t a i n  a s i g n a l  p r o p o r t i o n a l  t o  p r o f i l e  over  t h e  

frequency range 0.5 - 20 Hz [ 1 5 , 1 7 ,  181. The t r a i l e r  c o n s i s t s  of t h r e e  

mechanical  e lements :  a frame t h a t  a c t s  a s  a sprung mass, a fo l lower  wheel,  

and a h o r i z o n t a l  pendulum. The t r a i l e r  frame and t h e  suspension s e r v e  only t o  

keep t h e  f o l l o w e r  wheel on t h e  road by reducing bouncing and o s c i l l a t i o n s .  

Compared t o  a passenger  c a r ,  t h e  suspension i s  s o f t  and e x h i b i t s  high damping. 

The observed resonance of t h e  sprung mass i s  w e l l  below 1 Hz, and t h e  damping 

i s  c l o s e  t o  c r i t i c a l .  

Unlike t h e  B I  T r a i l e r  and BPR Roughometer, t h e  APL T r a i l e r  does no t  

i n c l u d e  a roadmeter ,  and does n o t  measure t h e  d e f l e c t i o n  between t h e  a x l e  and 

frame. I n s t e a d ,  a LVDT displacement  t r ansducer  i s  l o c a t e d  between t h e  

t r a i l i n g  arm t h a t  suppor t s  t h e  fo l lower  wheel and t h e  h o r i z o n t a l  pendulum. 

The h o r i z o n t a l  pendulum c o n s i s t s  of a n  arm wi th  weights a t  each end ,  supported 



i n  t h e  c e n t e r  by a  Bendix-type p ivo t  wi th  crossed blades.  One of t h e  weights  

can be r epos i t i oned ,  allowing adjustment of t h e  r o t a t i o n a l  moment of i n e r t i a .  

The pendulum i s  centered by a  c o i l  s p r i n g ,  while  damping i s  provided 

magnet ical ly .  Together,  t h e  pendulum, s p r i n g ,  and damper c o n s t i t u t e  a  

mechanical system t h a t  i s  tuned i n  t h e  l abo ra to ry  t o  provide a  u n i t y  g a i n  f o r  

input  f requenc ies  over 0.5 Hz. (Lower input  f requenc ies  r e s u l t  i n  an 

a t t enua t ed  response.)  

The displacement t h a t  i s  measured i s  designed t o  r e p l i c a t e  t h e  wavenumber 

conten t  of t h e  l ong i tud ina l  road p r o f i l e  over t he  wave number range t h a t  

corresponds t o  t he  frequency range of 0.5 - 20 Hz a t  t h e  measurement speed. 

The upper l i m i t  i s  imposed by t h e  dynamic response of t h e  follower-wheel 

assembly, which w i l l  a t t e n u a t e  any i n p u t s  a t  f requenc ies  above 20 Hz. Rather 

than fol lowing changes i n  road e l e v a t i o n  a t  high f r equenc i e s ,  t he  fol lower 

wheel w i l l  absorb t he  changes through d e f l e c t i o n s  of t h e  compliant t i r e .  This 

device  c o n t r a s t s  w i th  a  convent ional  passenger c a r  de s ign ,  i n  which the  

unsprung mass ( a x l e  and wheels) w i l l  over-respond a t  t h e  resonance frequency 

of t h e  unsprung mass. This behavior i s  avoided with t he  APL T r a i l e r  because 

t he  suspension i s  designed t o  provide much more damping. The lower l i m i t  of 

t h e  t r a i l e r  response a t  0.5 Hz i s  imposed by the  dynamic p r o p e r t i e s  of t he  

h o r i z o n t a l  pendulum. 

The t r a i l e r  i s  c e r t i f i e d  a t  manufacture by p lac ing  a  dynamic shaker  under 

t he  fol lower wheel and measuring the  r a t i o  of the  output  s i g n a l  amplitude t o  

t h e  i npu t  amplitude f o r  s i n u s o i d a l  i npu t s .  The l o c a t i o n s  of t h e  shock 

absorber  and c o i l  sp r ing  i n  t h e  suspension a r e  ad jus ted  t o  opt imize t he  

response. The shaker  i s  a l s o  placed under t he  towing h i t c h ,  t o  a s su re  t h a t  

t he  t r a i l e r  i s  acceptab ly  unresponsive t o  these  movements. The t r a i l e r  used 

i n  t he  IRRE was demonstrated t o  be completely unaffected by movements of t he  

towing vehic le .  With t h e  veh ic l e  s t a t i o n a r y  i n  t h e  garage and the  

ins t rumenta t ion  func t ion ing ,  bouncing motions of t h e  towing v e h i c l e  d id  not  

cause any s i g n a l  t o  appear. This c o n t r a s t s  wi th  s i m i l a r  checks of t h e  o the r  

two t r a i l e r s  (BPR and B I ) ,  which showed t h a t  t he se  two systems were no t  

decoupled, but d id  i n  f a c t  respond t o  movements of t h e  h i t ch .  

The d i s t a n c e  t r a v e l l e d  and t h e  towing speed a r e  measured from a s i g n a l  

generated wi th  t h e  use of a  toothed d i s k  a t tached  t o  t he  fo l lower  wheel. 



The i n s t r u m e n t a t i o n  t h a t  i s  used t o  r e c o r d  d a t a  v a r i e s  w i t h  t h e  

c o n f i g u r a t i o n  of t h e  APL t r a i l e r  (APL 25 and APL 7 2 ) ,  d e s c r i b e d  below. 

APL 25 System 

When opera ted  f o r  t h e  APL 25 a n a l y s i s ,  t h e  t r a i l e r  was towed a t  21.6 km/h 

(6.0 m / s ) ,  and t h e  t r a n s d u c e r  s i g n a l  was d i g i t i z e d  w i t h  a  r e s o l u t i o n  of 1.0 mm 

a t  250 mm i n t e r v a l s  ( a s  d e t e c t e d  by t h e  d i s t a n c e  p u l s e  s i g n a l ) .  The samples 

were summed over  an i n t e r v a l  of 25 m t o  y i e l d  t h e  CAPL 25 roughness  s t a t i s t i c  

d u r i n g  measurement. (The CAPL 25 a n a l y s i s  i s  d i s c u s s e d  i n  more d e t a i l  i n  

Appendix G . )  The d i g i t i z e d  s i g n a l ,  and a l s o  t h e  CAPL 25 numerics ,  were s t o r e d  

i n  d i g i t a l  form on a  t a p e  c a s s e t t e .  L a t e r ,  i n  t h e  l a b o r a t o r y ,  t h e  c a s s e t t e  

was played back i n t o  a  microcomputer ( a  European v e r s i o n  of t h e  Apple I I + ,  

made by ITT) f o r  p l o t t i n g  of e i t h e r  t h e  raw s i g n a l ,  o r  t h e  CAPL 25 

c o e f f i c i e n t s  a s  f u n c t i o n s  of t h e  d i s t a n c e  t r a v e l l e d ,  u s i n g  a d i g i t a l  X-Y 

r e c o r d e r  (examples a r e  p r e s e n t e d  i n  Appendix G). The computer a l s o  c r e a t e d  

c o p i e s  of t h e  c a s s e t t e  d a t a  f i l e s  on f l e x i b l e  d i s k e t t e s ,  t o  f a c i l i t a t e  f u r t h e r  

a n a l y s e s .  Copies  of t h e s e  d i s k e t t e s  were used f o r  t h e  a l t e r n a t e  a n a l y s e s  

d e s c r i b e d  i n  Appendix E  and F, performed a f t e r  t h e  complet ion of t h e  

exper iment .  

APL 72 System 

During t e s t i n g  i n  t h e  APL 72 c o n f i g u r a t i o n ,  t h e  s i g n a l s  were recorded  on 

an  ana log  FM t a p e  r e c o r d e r .  Back i n  t h e  l a b o r a t o r y ,  t h e  t a p e s  were played 

back,  w i t h  t h e  p r o f i l e  s i g n a l  going i n t o  a  bank of t h r e e  e l e c t o n i c  p r o c e s s o r s .  

( S i x  p r o c e s s o r s  a r e  used when two APL T r a i l e r s  a r e  towed t o g e t h e r  over  bo th  

t r a v e l l e d  w h e e l t r a c k s . )  Zach p r o c e s s o r  p a s s e s  t h e  s i g n a l  through an 

e l e c t r o n i c  bandpass f i l t e r ,  t h e n  s q u a r e s  and i n t e g r a t e s  t h e  s i g n a l  o v e r  a  

t r a v e l l e d  d i s t a n c e  of 200 m. The r e s u l t i n g  t h r e e  numerics ( p e r  w h e e l t r a c k )  

a r e  t h e  APL 72 c o e f f i c i e n t s ,  d e s c r i b e d  i n  more d e t a i l  i n  Appendix G. 

The t a p e s  were a l s o  played i n t o  a  microcomputer ( a  European e q u i v a l e n t  t o  

t h e  Apple 11+ made by ITT) through an  8 - b i t  ( r e s o l u t i o n  = 0.35 mm) d i g i t i z e r ,  

sampling a t  50 mm i n t e r v a l s  f o r  p l o t t i n g  purposes .  Normally, t h e  d i g i t i z e d  



d a t a  were p l o t t e d  but  n o t  s t o r e d  i n  d i g i t a l  form, s i n c e  t h e  r o u t i n e  a n a l y s e s  

performed i n  Europe by LCPC use  t h e  analog s i g n a l .  During t h e  IRRE, a  program 

was w r i t t e n  on t h e  microcomputer t o  e d i t  and s t o r e  t h e s e  d a t a  on d i s k e t t e ,  f o r  

t h e  a l t e r n a t e  p r o c e s s i n g  of APL 7 2  s i g n a l s  d e s c r i b e d  i n  Appendices E ,  F ,  and 

J. 

A f t e r  r e t u r n i n g  t o  France ,  t h e  t a p e s  were re-processed by LCPC t o  o b t a i n  

complementary numerics and t o  v a l i d a t e  t h e  r e s u l t s  provided by t h e  LCPC team 

i n  B r a z i l .  The analog t a p e s  were loaned t o  t h e  Belgian Road Research Cente r  

(CRR) f o r  a n a l y s e s  t h e r e .  A t  CRR, t h e  ana log  s i g n a l s  were d i g i t i z e d  a t  113 m 

i n t e r v a l s ,  u s i n g  equipment t h a t  p rocessed  100 m s e c t i o n s .  These d i g i t i z e d  

s i g n a l s  were used t o  p r e p a r e  t h e  CP numeric r e p o r t e d  i n  Appendix G. 

STATIC PROFILE HEBSURKMENTS 

Bod and Level Survey 

The l o n g i t u d i n a l  p r o f i l e  of each whee l t rack  was measured d i r e c t l y  w i t h  

t h e  conven t iona l  rod and l e v e l  method. I n  t h i s  measurement, a crew of t h r e e  

pe rsons  was u s e d ,  a s  shown i n  F i g u r e  3 i n  t h e  r e p o r t .  A survey ing  l e v e l  i s  

used t o  e s t a b l i s h  a h o r i z o n t a l  r e f e r e n c e ,  and i s  opera ted  by one of t h e  crew 

members. One of t h e  wheelpaths  of t h e  t e s t  s i t e  i s  marked and a s u r v e y o r ' s  

t a p e  i s  p laced  on i t  t o  p rov ide  a s imple  d i s t a n c e  r e f e r e n c e .  A second crew 

member h o l d s  t h e  r o d ,  marked i n  mm, on t h e  t a p e  a t  t h e  a p p r o p r i a t e  d i s t a n c e .  

S i g h t i n g  through t h e  l e v e l ,  t h e  f i r s t  crew member c a l l s  o u t  t h e  read ing  from 

t h e  rod (which i s  t h e  d i f f e r e n c e  i n  e l e v a t i o n  between t h e  l e v e l  and t h e  road 

s u r f a c e  where t h e  rod i s  p l a c e d )  t o  t h e  t h i r d  crew member, who w r i t e s  t h e  

f i g u r e  on a s p e c i a l  coding.  When p o s s i b l e ,  a f o u r t h  crew member was inc luded .  

The members would r o t a t e  p o s i t i o n s  t o  reduce f a t i g u e .  I n  t h i s  exper iment ,  

e l e v a t i o n s  were measured a t  500 mm i n t e r v a l s .  It normal ly  took about  3 - 112 
hours  f o r  a t r a i n e d  crew t o  complete b o t h  whee l t racks  of one of t h e  320 m long  

test  s e c t i o n s .  

A l l  of t h e  paved t e s t  s e c t i o n s  were surveyed b e f o r e  t h e  s t a r t  of t h e  

exper iment .  During t h e  exper iment ,  many of t h e  s e c t i o n s  were re-surveyed. 

The second h a l f  of t h e  exper iment ,  cover ing  unpaved s e c t i o n s ,  was scheduled 



such  t h a t  a l l  of t h e  s e c t i o n s  were surveyed b e f o r e  be ing  measured by t h e  o t h e r  

equipment.  I n  a l l  c a s e s ,  t h e  su rvey  was performed no more t h a t  two days  

b e f o r e  t h e  o t h e r  equipment was run.  A t  t h e  end of t h e  exper iment ,  s i x  

wheelpaths  were surveyed w i t h  a  100 mm i n t e r v a l .  A t  v a r i o u s  t imes  throughout  

t h e  p r o j e c t ,  t h e r e  were from one t o  t h r e e  crews o p e r a t i n g  s imul taneous ly .  

The f i e l d  forms were checked back i n  t h e  o f f i c e s  a t  GEIPOT, and submi t t ed  

t o  keypunchers who e n t e r e d  t h e  d a t a  i n t o  t h e  GEIPOT computer system. There ,  

t h e  p r o f i l e  was computed, and checked f o r  obvious  e r r o r s .  F u r t h e r  d e t a i l s  

about  t h e  p rocedures  used a r e  g i v e n  i n  Reference [8]. 

A l l  of  t h e  rod and l e v e l  p r o f i l e s  were pu t  on a n  IBM 9 - t rack  t a p e ,  and 

t a k e n  t o  UMTRI, where t h e y  were copied o n t o  f l o p p y  d i s k e t t e s  f o r  d i s t r i b u t i o n  

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

The TBRZ, Beam 

The TKRL Beam i s  an  exper imenta l  d e v i c e  developed by TRRL t o  measure 

l o n g i t u d i n a l  p r o f i l e ,  w i t h  l e s s  e f f o r t  t h a n  i s  needed w i t h  t h e  rod and l e v e l  

su rvey ing  approach.  A beam, 3 meters  l o n g ,  i s  suppor ted  a t  each  end by a  

t r i p o d  w i t h  a d j u s t a b l e  h e i g h t ,  a s  shown i n  F i g u r e  4 i n  t h e  r e p o r t .  The beam 

a c t s  a s  a  t r a c k  and g u i d e  f o r  an  ins t rumented  s l i d i n g  f i x t u r e ,  t h a t  c o n t a c t s  

t h e  ground v i a  a 250 irfi f o l l o w e r  wheel. The s l i d i n g  f i x t u r e  c o n t a i n s  a  

t r a n s d u c e r  t h a t  d e t e c t s  i t s  p o s i t i o n  a long t h e  l e n g t h  of t h e  beam, and a  

second t r a n s d u c e r  t h a t  d e t e c t s  t h e  v e r t i c a l  p o s i t i o n  of t h e  f o l l o w e r  r e l a t i v e  

t o  t h e  beam. The s i g n a l s  from t h e s e  two t r a n s d u c e r s  a r e  fed t o  a  

microcomputer t h a t  d i g i t i z e s  t h e  v e r t i c a l  p o s i t i o n  s i g n a l  ( r e s o l u t i o n  = 1.0 

mm) a t  c o n s t a n t  i n t e r v a l s .  

The Beam i s  opera ted  by p l a c i n g  e a c h  t r i p o d  on t h e  endpoin t s  of t h e  

t h r e e - m e t e r  s e c t i o n  of t r a c k  t o  be measured. One o r  bo th  of t h e  t r i p o d s  a r e  

a d j u s t e d  t o  l e v e l  t h e  beam. The s l i d i n g  u n i t  i s  moved t o  t h e  "begin" end of 

t h e  beam, and t h e  i n s t r u m e n t a t i o n  i s  a c t i v a t e d .  Then t h e  s l i d i n g  u n i t  i s  

moved t o  t h e  " f i n i s h "  end of t h e  beam, a t  a  normal walking pace ,  such  t h a t  no 

bouncing of t h e  f o l l o w e r  wheel occurs .  Then, t h e  e n t i r e  Beam assembly i s  

picked up and r e l o c a t e d ,  such t h a t  t h e  new " s t a r t "  p o s i t i o n  of t h e  f i r s t  



t r i p o d  c o i n c i d e s  wi th  t h e  o ld  " f i n i s h "  p o s i t i o n  of t h e  second t r i p o d .  The 

Beam i s  aga in  l e v e l l e d ,  and t h e  p rocess  i s  repea ted .  

A t  t h e  t ime t h a t  t h e  experiment began,  t h e  Beam was s t i l l  being t e s t e d  

and programmed i n  t h e  UK. The Beam d i d  no t  a r r i v e  i n  B r a s i l i a  u n t i l  t h e  

experiment was n e a r l y  f i n i s h e d  f o r  t h e  o t h e r  equipment;  t h e r e f o r e ,  t h e  p r o f i l e  

measures made wi th  t h e  Beam were n o t  w i t h i n  t h e  same 1 - 2 day t ime frame a s  

the  o t h e r  measures.  I n  a l l ,  28 whee l t r acks  were p r o f i l e d  wi th  the  Beam, a t  

t h e  r a t e  of about two p e r  day. 

The microcomputer used i n  t h e  Beam was programmed t o  c a l c u l a t e  two 

roughness measures and t o  s t o r e  t h e  p r o f i l e  a t  100 mm i n t e r v a l s .  Only the  

p r o f i l e  measures ( r e l a t i v e  t o  t h e  Beam r e f e r e n c e  f o r  each se t -up)  were 

v a l i d a t e d  by t h e  TRRL team, and submit ted  a s  v a l i d  d a t a .  These measures were 

a v a i l a b l e  only  a s  paper p r i n t o u t s ,  and had t o  be typed i n t o  a  computer system 

by hand f o r  a n a l y s i s .  A program was w r i t t e n  i n  B r a s i l i a  t o  a l low rap id  e n t r y  

of the  d a t a  i n t o  an  Apple 11+ computer,  and t h e  d a t a  f o r  a l l  28 s e c t i o n s  were 

en te red  i n  B r a s i l i a  by members of t h e  GEIPOT s t a f f .  (Due t o  t ime l i m i t a t i o n s ,  

some of the  p r o f i l e s  were e n t e r e d  by t h e  TRRL team i n  t h e  UK using t h e  same 

computer program, so  t h a t  they could begin  t h e i r  a n a l y s e s  immediate ly . )  With 

p r a c t i c e ,  i t  took s l i g h t l y  under two hours  t o  e n t e r  a l l  3,200 d a t a  p o i n t s  f o r  

one wheel t rack.  Once i n  the  computer, ano the r  program was used t o  conver t  

each s e t  of 30 r e l a t i v e  measurements corresponding t o  one Beam set-up t o  a 

cont inuous  p r o f i l e  and check f o r  e r r o r s .  



APPENDIX B 

This appendix p re sen t s  a l l  of t h e  average r e c t i f i e d  s lope  (ARs) measures 

t h a t  were gathered by response-type road roughness measuring systems (RTRRMSS) 

during the  I n t e r n a t i o n a l  Road Roughness Experiment (IRRE). 

A l l  of t he  roadmeters used i n  t he  IRRE produce measurements t h a t  a r e  

equ iva l en t ,  being the  accumulation of suspension d e f l e c t i o n  of the  hos t  

veh ic l e .  Each instrument  r e p o r t s  t h e  measure i n  "counts ,"  however, r a t h e r  

than a  s tandard u n i t .  To f a c i l i t a t e  simple comparisons, a l l  of the  r e s u l t s  

have been converted t o  t h e  same u n i t s ,  namely, "s lope x 1000." The "slope" 

r ep re sen t s  the  accumulated suspension d e f l e c t i o n  ( i n  both d i r e c t i o n s )  divided 

by t h e  d i s t a n c e  t r a v e l l e d .  This measure i s  dimensional ly equiva len t  t o  t h e  

"Inches/Mile," "mm/km," and "counts/km" t h a t  a r e  used by d i f f e r e n t  agencies  

throughout t h e  world,  wi th  t h e  s c a l i n g  d i f f e r e n c e s  c l e a r l y  defined by t h e  

u n i t s .  The f a c t o r  of 1000 corresponds t o  the  met r ic  r a t i o s :  "rn/km1' and 

"mm/m." This p a r t i c u l a r  s c a l i n g  was s e l e c t e d  f o r  convenience i n  preparing 

t a b l e s  and f i g u r e s  f o r  t h i s  r e p o r t :  s lope  (m/m) values were too  smal l ,  and 

s lope  x 1,000,000 (mmlkm) f i g u r e s  were too  l a r g e  f o r  f i t t i n g  onto t h e  t a b l e s  

and p l o t  axes.  

Tables B . l  - B.28 present  t h e  r e s u l t s  f o r  the  RTRRMSs. The paved 

s e c t i o n s  were divided i n t o  ca t egor i e s  of a s p h a l t i c  concre te  and su r f ace  

t reatment  types.  The unpaved s e c t i o n s  were s p l i t  i n t o  groups wi th  g r a v e l  and 

e a r t h  su r f aces .  These four  su r f ace  types a r e  abbreviated (based on t h e i r  

s p e l l i n g  i n  Portuguese) a s  CA, TS, GR,  and TE, r e spec t ive ly .  During t e s t i n g ,  

t he  car-based systems gene ra l ly  made f i v e  consecut ive measurements f o r  each 

s e c t i o n .  These measures a r e  l i s t e d  a s  "RUN 1 ," "RUN 2 ," e t c .  The "B1' l i s t e d  

under TRACK i n d i c a t e s  t h a t  t h e  veh ic l e  t r a v e l l e d  both t h e  r i g h t -  and lef t -hand 

t r acks  s imultaneously during each run ,  and t h a t  t h e  RTRRMS was a  "two-track" 

type. The two s ing le - t r ack  t r a i l e r  instruments  u sua l ly  made t h r e e  r epea t s  i n  



each of t h e  two wheel-tracks.  The t r a c k  i s  ind i ca t ed  by an "R" o r  "L," f o r  

r i g h t  o r  l e f t .  

The mean and s tandard d e v i a t i o n  of t h e  t e s t  r e s u l t s  a r e  l i s t e d  under MEAN 

and SIGMA, while  t h e  r e l a t i v e  e r r o r ,  def ined  by SIGMA/MEAN i s  l i s t e d  under 

S/M. Although t h e  t e s t i n g  procedure was intended t o  a l low each veh ic l e  t o  
11 warm up" p r i o r  t o  t e s t i n g ,  t h e  p o s s i b i l i t y  e x i s t s  t h a t  t h e  shock absorbers  o r  

pneumatic t i r e s  had no t  reached s t eady - s t a t e  temperature ,  and were changing 

during t e s t i n g .  To examine t h i s  p o s s i b i l i t y ,  a  r eg re s s ion  was performed 

between the  measures and the  run  number f o r  each t e s t  cond i t i on  ( s i t e  and 

speed).  The s lope  of t h e  r eg re s s ion  equa t ion ,  wi th  u n i t s  "s lope x 1000/run," 

i s  repor ted  under TREND, whi le  t h e  c o r r e l a t i o n  c o e f f i c i e n t  i s  repor ted  under 

R. These two columns a l low one t o  determine,  a t  a  g lance ,  whether o r  no t  t h e  

measures were c o n s i s t e n t l y  i nc reas ing  o r  decreas ing  du r ing  t e s t i n g  f o r  any 

condi t ion .  

Tables B.29 - B.32 summarize t h e  r e s u l t s  of a l l  seven ins t ruments ,  by 

p re sen t ing  only t h e  mean va lues .  The d a t a  from the  t r a i l e r s  a r e  combined t o  

y i e l d  t h e  average of t h e  two wheel t rack measures f o r  each s i t e ,  f o r  comparison 

wi th  t he  two-track RTRRMS measurements. 

Discussion 

Tables B . l  - B.28 i n d i c a t e  t h a t ,  by and l a r g e ,  t h e  r e p e a t a b i l i t y  of t h e  

ins t ruments  i s  b e t t e r  than 5% (S/M), wi th  a  r e p e a t a b i l i t y  of around 3% being 

t y p i c a l  f o r  t h i s  t e s t  l eng th  of 320 m. Re l a t i ve  measurement e r r o r  i s  l a r g e r  

on the  smoothest s e c t i o n s ,  a l though i n  a b s o l u t e  u n i t s ,  t h e  e r r o r s  a r e  s t i l l  

smal le r  than t h e  e r r o r s  on the  rougher s e c t i o n s .  I n  most c a s e s ,  t r ends  were 

very small, l ead ing  t o  t he  conc lus ion  t h a t  t h e  warm-up procedures used i n  t he  

t e s t i n g  were adequate.  However, t h e r e  was concern t h a t  t h e  warm-up was 

i n s u f f i c i e n t  f o r  t he  roughest s u r f a c e s ,  which show h igh  R values .  Some r epea t  

t e s t s  were made wi th  one of t h e  Maysmeter systems on t h e  roughest s e c t i o n s  

(GR11, GR12, TE05, and TE06) a f t e r  t h e  IRRE was complete,  t o  ensure t h a t  

s t eady - s t a t e  cond i t i ons  had been achieved. I n  each c a s e ,  12 o r  more 

consecut ive  measures w e r e  made. These r e s u l t s  i nd i ca t ed  t h a t  an abso lu te  

s teady  s t a t e  was d i f f i c u l t  t o  o b t a i n ,  but  t h a t  t h e  r e s u l t s  obtained e a r l i e r  

were r ep re sen t a t i ve .  I n  p r a c t i c e ,  a  t r u e  s t eady  s t a t e  may no t  e x i s t  f o r  t h e  



extremely rough s e c t i o n s  because t h e  rough s e c t i o n s  of t h e  road a r e  q u i t e  

s h o r t .  The b e s t  p r a c t i c e  h e r e  i s  t o  u se  heavy-duty shock absorbers ,  s e l ec t ed  

f o r  maximum damping and minimum s e n s i t i v i t y  t o  temperature.  

Tables B.29 - B.36 o f f e r  a  d i r e c t  comparison of t h e  d i f f e r e n t  RTRRMSs. A 

l a r g e r  number f o r  one system i n  comparison wi th  another  means t h a t  t h e r e  was 

more response,  e i t h e r  by the  veh ic l e  o r  by the  meter. In most ca ses ,  the  

r e s u l t s  of a l l  f i v e  of t h e  car-based systems a r e  s i m i l a r .  A s  should be 

expected,  t he  measures from the  B I  and t h e  NAASRA meter ,  which were both 

mounted i n  t h e  same v e h i c l e ,  were u s u a l l y  redundant.  These d a t a  a r e  analyzed 

i n  Appendix C ,  i n  terms of c o r r e l a t i o n .  



Table B. 1. Summary of Results from frays Meter #1 on the Asphaltic 
Concrete Roads. 

I N T E R N A T I O N A L  ROAD ROUGHNESS E X P E R I M E N T  - B R A S I L I A  - JUNE 1982 

SITE SPEED TRACK 
IKIH) 

C M l  20 
32 
50 
80 

CAO2 20 
32 
50 
80 

CAO3 20 
32 
50 
80 

CM4 20 
32 
50 
80 

EM5 20 
32 
50 
80 

CMh 20 
32 
50 
80 

CM7 20 
32 
50 
00 

CAO8 20 
32 
50 
80 

CILW 20 
32 
50 
80 

CAlO 20 
32 
50 
80 

CAl l  20 
32 
50 
80 

CA12 20 
32 
50 
80 

CA13 20 
32 
50 
00 

H E M  

2.54 
3.13 
3.92 
4.29 

3.26 
3.78 
4.32 
4.5 

6.01 
6. 12 
5.7 
6. l a  
5.34 
5.86 
5.98 
5.55 

7.47 
7.27 
6.98 
6.5 

7.77 
7.5 
7.43 
7.53 

2.1 
2.11 
2.62 
3 

2 
1.75 
2.31 
2.89 

3.6 
3.47 
3.79 
4.25 

2.81 
2.98 
3.44 
3.72 

6.43 
6.72 
5.7 
5.95 

1.23 
1.32 
1.26 
1.96 

1.16 
1.14 
1.36 
2.09 

MAYS METER # I  

RWGHWESS I IEMWNENT (SLWE X 1000) 
RUN 1 RUM 2 RUN 3 RUN 4 RIM 5 9IW SIH TREND R 



Table  B . 2 .  

I N T E R N A T I O N A L  

SITE SPEED 
(KIH) 

TSOl 20 
32 
50 
80 

TSlO 20 
32 
50 
80 

Summary of R e s u l t s  from Mays Meter # 1  on t h e  S u r f a c e  
Treatment Roads. 

ROAD ROUGHNESS EXPERIMENT - B R A S I L I A  - J U N E  I983  

TRICK 

0 
B 
B 
B 

B 
B 
B 
0 

B 
B 
B 
0 

B 
B 
B 
B 

0 
0 
B 
0 

B 
0 
B 
8 

B 
B 
B 
B 

0 
B 
0 
B 

B 
B 
B 
0 

B 
B 
B 
0 

0 
a 
a 
B 

B 
B 
0 
B 

MAYS METER # I  

ROUGHNESS HEASUREHENT (SLOPE X 1000) 
HEM 

7.47 
5.72 
5.21 
6,l4 

9.39 
7.44 
5.62 
4.92 

8.73 
7.68 
6.9 
5.9 

8.17 
7.85 
6.33 
7.890 

9.47 
8.53 
7.05 
9.58 

4.69 
3.84 
3.48 
3.22 

3.9 
3.72 
3.41 
3.14 

5.36 
4.51 
3.38 
3.74 

5.6 
5.25 
5.05 
3.93 

5.85 
5.15 
4.66 
4 

3.71 
3.11 
2.34 
2.82 

3.67 
3.15 
2.43 
2.79 

RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 S16M SlH TREND R 



Table  B . 3 .  Summary of  R e s u l t s  from Mays Meter 111 on t h e  
Gravel  Roads. 

INTERNATIONAL ROAD ROUGHNESS EXPERIMENT - B R A S I L I A  - JUNE 1932 

MAYS METER#l 

SITE SPEED TRICK ROUWNESS HEASUREEHT (SLOPE X 1000) 
(KIH) EM RUN I RUW 2 RUN 3 RUN 4 R U 1 5  S16M S/H TREND R 



T a b l e  B . 4 .  Summary of R e s u l t s  from Mays Meter ill  on t h e  

I N T E R N R T I O N A L  

SITE SPEED 
(KIHI 

TEOl 20 
32 
50 
80 

TEO2 20 
32 
50 
80 

TE03 20 
32 
50 
80 

TE04 20 
32 
50 
80 

TE05 20 
32 
50 

TE07 20 
32 
50 
80 

TE08 20 
32 
50 
80 

TE09 20 
32 
50 
80 

TElO 20 
32 
50 
80 

TEl l  20 
32 
50 
80 

TE12 20 
32 
50 
80 

E a r t h  Roads. 
ROAD ROUGHNESS E X P E R I M E N T  - B R A S I L I A  - J U N E  1982 

TRACK 

B 
B 
B 
B 

B 
B 
B 
B 

B 
B 
B 
B 

B 
B 
B 
B 

B 
B 
B 

B 
B 
B 
B 

B 
B 
B 
B 

B 
B 
B 
B 

B 
B 
B 
B 

B 
B 
B 
B 

B 
B 
B 
B 

MAYS METER # 1  

ROUGHNESS HEASUREENT (SLOPE X 1000) 
HEAN RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 



Tab le  B.5. Summary of  R e s u l t s  from Mays Meter 112 on t h e  

I N T E R N A T I O N A L  

SITE SPEED 
W H )  

A s p h a l t i c  Concre te  Roads. 

ROAD ROUGHNESS E X P E R I M E N T  - B R A S I L I A  - J U N E  1932  

TRACK 

8 
0 
0 
0 

0 
8 
0 
0 

0 
8 
0 
0 

0 
0 
0 
0 

0 
0 
0 
0 

0 
0 
8 
0 

0 
0 
8 
0 

0 
0 
0 
0 

0 
0 
0 
0 

0 
0 
0 
B 

8 
B 
0 
0 

0 
0 
B 
0 

0 
0 
0 
0 

MAYS METER #2 

ROUGHNESS KASUREENT (SLOPE X 1000) 
RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 SI6H6 S/H TREND R 





T a b l e  B . 7 .  Summary o f  R e s u l t s  f rom Mays Meter 1 2  on  t h e  

I N T E R N A T I O N A L  

SITE SPEED 
( K I M  

G r a v e l  Roads.  

ROAD ROUGHNESS E X P E R I M E N T  - B R A S I L I A  - J U N E  1982 

TRACK 

0 
0 
0 
0 

0 
0 
0 
0 

B 
0 
0 
B 

0 
0 
B 
0 

0 
0 
B 
0 

0 
0 
8 
8 

0 
0 
0 
0 

B 
0 
0 
0 

B 
0 
B 
0 

0 
8 
0 
B 

0 
0 
0 

0 
0 
0 

MAYS METER # 2  

ROU6HNESS HEASUREKNT (SLOPE X 1000) 
RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 SI6HA S I H  TREND R 



Tab le  B . 8 .  Summary of  R e s u l t s  f rom Mays Meter  # 2  on t h e  
E a r t h  Roads. 

I N T E R N A T I O N R L  ROAD ROUGHNESS E X P E R I M E N T  - B R A S I L I A  - JUNE 1982 

SiTE SPEED 
(K/H) 

TEOl 20 :: 
80 

TE02 20 
32 
50 
80 

TE03 20 
32 
50 
80 

TE04 20 
32 
50 
80 

TE05 20 
32 
50 

TEOb 20 
32 
50 

TE07 20 
32 
50 
80 

TEO8 20 
32 
50 
80 

TE09 20 

:: 
80 

TElO 20 
32 
50 
80 

TEl1 20 
32 
50 
80 

TEl2 20 
32 
50 
80 

TRACK 

B 
8 
B 
B 

B 
B 
8 
B 

8 
8 
8 
B 

8 
8 
B 
B 

0 
B 
B 

B 
B 
B 

B 
B 
0 
B 

B 
8 
8 
B 

B 
B 
B 
0 

8 
B 
0 
B 

B 
8 
B 
8 

B 
0 
B 

. B 

MRYS METER #2  

RWGHIIESS HEASUREHENT (SLOPE 1 1000) 
HEM 

7.54 
5.96 
4.88 
4.49 

7.12 
5.76 
4.31 
4.13 

14.04 
12.77 
9.26 
8.25 

14.67 
12.91 
10.07 
8.35 

26.88 
23.88 
20.55 

33.45 
29.46 
25.7 

7.61 
7.06 
5.92 
5.37 

8.41 
7.54 
6.12 
5.61 

16.13 
12.76 
9.19 
8.36 

22.23 
17.7 
12.87 
11.25 

21.13 
17.22 
12.36 
10.79 

16.91 
14.62 
10.74 
9.89 

RUN 1 RUM 2 RUN 3 RUN 4 RUN 5 SIGM TREND 

-.013 
. lo0 
.I95 
.OW 

-. 067 
.11 
,114 
.17 

-. 191 
.OW 
. I91 
,176 

-. 092 
,071 
.257 
.I57 

-. 229 
.625 
.2O5 

-.OH 
,724 
.333 

-102 
-6E-03 
,132 
BE-03 

,111 
.OM 
.232 
.O48 

.27 

.I98 

.248 

.178 

,214 
.057 
,311 -. 032 

.07 

.214 

.I27 

.171 

,111 -. 022 
,187 -. 035 



Table  B. 9.  Summary of  R e s u l t s  f rom Mays Meter #3 on t h e  

SITE SPEED 
(KIH) 

CM1 20 
32 
50 
80 

CM2 20 
32 
50 
80 

CA03 20 
32 
50 
80 

CA04 20 
32 
50 
80 

CM5 20 
32 
50 
80 

CAOb 20 
32 
50 
80 

CA07 20 

P 
80 

CA08 20 
32 
50 
80 

CA09 20 
32 
50 
80 

CAI0 20 

;: 
80 

CAl l  20 
32 
50 
80 

CAI2 20 
32 
50 
80 

CA13 20 
32 
50 
80 

A s p h a l t i c  Concrete Roads. 

ROUGHNESS HEASUREHENTS (SLOPE 1 E3) 
H E M  

2.65 
3.83 
5.55 
5.19 

3.90 
4.11 
5.4 
5.11 

6.64 
4.94 
6.17 
6 

5.98 
6.54 
6.740 
5.74 

7.59 
6.76 
7.63 
6.65 

8.74 
8.62 
9.14 
8.77 

1.37 
3.06 
2.81 
3.04 

1.19 
2.06 
2.31 
3.19 

3.86 
3.66 
4.13 
4.85 

3.09 
3.71 
3.87 
4.34 

6.31 
6.78 
6. I 9  
6.83 

.57 

.42 
1.03 
1.66 

.94 

.65 
1.09 
1.94 

RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 SIGHA S/H TREND R 



T a b l e  B.lO. 

SITE SPEED 
(KIH) 

TSOl  20 
32 
50 
80 

TSOZ 20 
32 
50 
80 

TS03 20 
32 
50 
80 

TSO4 20 
32 
50 
80 

TS05 20 
32 
50 
80 

TSOb 20 
32 
50 
80 

7507 20 
32 
50 
80 

TSO8 20 
32 
50 
80 

TS09 20 
32 
50 
80 

TSlO 20 
32 
50 
80 

T S l l  20 
32 
50 
80 

TS12 20 
32 
50 
80 

Summary of R e s u l t s  from Mays Meter 113 on t h e  
S u r f a c e  Treatment  Roads. 

TRACK 

B 
B 
B 
B 

B 
B 
B 
B 

B 
B 
B 
B 

B 
B 
8 
B 

B 
B 
B 
B 

6 
B 
B 
B 

B 
8 
B 
B 

B 
B 
B 
B 

B 
B 
B 
B 

B 
B 
B 
B 

B 
B 
B 
B 

B 
B 
B 
B 

ROUGHNESS HEASUREHENTS (SLOPE X E3) 
RUN 2 RUN 3 RUN 4 RUN 5 TREND 

.048 
"06 
,089 
. O X  

-. 022 
.I84 -. 133 
.OZ5 

.OW 
,156 -. 025 -. 032 

-. 073 -. 19 
,051 -. 064 

-.057 
.041 
.lo5 -. 07 

.06 
-6E-03 -. 07 -. 124 

-.048 
. O M  
.041 
- .OX 

.022 -. 048 
3E-03 
.057 

. 06 -. 349 -. 133 . 086 

-. 035 
-.I17 -. 07 
,016 

-.I11 
,124 
-.01 -. 187 

.019 

.01 

.041 -. 273 



Table  B . l l .  Summary of R e s u l t s  from Mays Meter /I3 on t h e  

I N T E R N A T I O N A L  

SITE SPEED 
(K/Hl 

Grave l  Roads. 

ROAD ROUGHNESS E X P E R I N E N T  - B R A S I L I A  - JUNE 1982 

TRACK 

B 
B 
B 
B 

B 
B 
B 
0 

B 
0 
B 
B 

0 
0 
0 
B 

B 
0 
B 
B 

B 
B 
8 
B 

B 
0 
8 
B 

B 
B 
8 
0 

0 
0 
B 
B 

B 
0 
B 
8 

B 
B 
0 

B 
0 
B 

MAYS METER #3 

ROU6HNESS LASUREHENTS (SLOPE X E3) 
RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 SI6HA S/H TREND R 



Table  B.12. Summary of R e s u l t s  from Mays Meter 113 on t h e  
Earth Roads. 

ROUMNESS IIEASUREENTS (SLOPE X E3) 
EAN RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 

SITE SPEED 
(KIH) 

TEOl 20 
32 
50 
80 

TE02 20 
32 
50 
80 

TE03 20 
32 
50 
80 

TEO4 20 
32 
50 
80 

TEO5 20 
32 
50 

TEOb 20 
32 
50 

TE07 20 
32 
50 
80 

TEOB 20 
32 
50 
80 

TE09 20 :: 
80 

TElO 20 
32 
50 
80 

TE11 20 
32 
50 
80 

TE12 20 
32 
50 
80 

TRACK 

B 
B 
B 
B 

B 
B 
B 
B 

B 
B 
B 
B 

B 
B 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
B 
B 

B 
B 
B 
B 

8 
B 
B 
B 

B 
B 
B 
B 

B 
B 
B 
B 

B 
B 
B 
B 



Table B.13. Summary of Results from the Car-Mounted BI on 

SITE SPEED 
IKIH)  

CAOl 20 
32 
50 
80 

CA02 20 
32 
50 
80 

CA03 20 
32 
50 
80 

CA04 20 
32 
50 
80 

CA05 20 
32 
50 
80 

CAOb 20 
32 
50 
80 

CA07 20 
32 
50 
80 

CA08 20 
32 
50 
80 

CA09 20 
32 
50 
80 

CAlO 20 
32 
50 
80 

CAll 20 
32 
50 
80 

CAI2 20 
32 
50 

CA13 20 
32 
50 

TRACK 

B 
B 
B 
B 

B 
8 
0 
B 

0 
B 
0 
B 

B 
B 
0 
B 

B 
B 
B 
0 

B 
B 
B 
B 

B 
B 
B 
B 

0 
B 
B 
B 

B 
B 
0 
0 

0 
B 
B 
B 

B 
B 
0 
0 

B 
B 
B 

B 
B 
B 

the Asphaltic Concrete Roads. 

ROUGHNESS HEASUREHENT (SLOPE X 1000) 
RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 SI6HA S/H TREND R 



Table  B.14. Summary of R e s u l t s  from t h e  Car-Mounted B I  on 
t h e  S u r f a c e  Treatment  Roads. 

I N T E R N A T I O N A L  R O A D  R O U G H N E S S  E X P E R I M E N T  - B R A S I L I A  - J U N E  1982 

CAR-MOUNTED BUMP INTEGRATOR 

SITE SPEED 
(K IH)  

TSOl 20 
32 
50 

1502 20 
32 
50 

1503 20 
32 
50 

1504 20 
32 
50 

TS05 20 
32 
50 

TSOb 20 
32 
50 

1507 20 
32 
50 

TS08 20 
32 
50 

TS09 20 
32 
50 

l S l 0  20 
32 
50 

TS11 20 
32 
50 

TS12 20 
32 
50 

TRACK 

B 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
B 

RWGHNESS HEASUREHENT (SLOPE X 1000) 
RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 SI6HA SlH TREND R 



Table B.15. Summary of Results from the Car-Mounted BI on 

I N T E R N A T I O N A L  

SITE SPEED 
(K/H) 

6R01 20 
32 
50 

6R02 20 
32 
50 

6R03 20 
32 
50 

6R04 20 
32 
50  

6R05 20 

D 
6R06 20 

32 
50 

the Gravel Roads. 

ROAD ROUGHNESS EXPERIMENT - B R A S I L I A  - JUNE 1982 

TRACK 

B 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
0 

B 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
B 

CAR-MOUNTED BUMP INTEGRRTOR 

ROUGHNESS HEISUREHENT (SLOPE X 1000) 
RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 S16HA S/H TREND R 



Table B.16. 

SITE SPEED 
(KtH) 

TEOl 20 
32 
50 

TE02 20 
32 
50 

TE03 20 
32 
50 

TE04 20 
32 
50 

TE05 20 
32 
50 

TEOb 20 
32 
50 

TE07 20 
32 
50 

TEO8 20 
32 
50 

TE09 20 
32 
50 

TElO 20 
32 
50 

TEl l  20 
32 
50 

TE12 20 
32 
50 

Summary of R e s u l t s  from t h e  Car-Mounted B I  on 
t h e  E a r t h  Roads. 

CAR-MOUNTED HUMP INTEGRATOR 

TRACK 

B 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
0 

B 
B 
B 

B 
B 
B 

B 
a 
8 

B 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
B 

ROUEHNESS HEASUREHENT (SLOPE X 1000) 
RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 S/N TREND R 



Tab le  B . 1 7 .  Summary of R e s u l t s  from t h e  NAASRA Meter on t h e  
A s p h a l t i c  Concre te  Roads. 

I N T E R N A T I O N A L  ROAD RUUGHNESS E X P E R I M E N T  - B R A S I L I A  - JUNE 1982 

SITE SPEED 
W H )  

CAOl 20 
32 
50 
80 

&A02 20 
32 
50 
80 

CA03 20 
32 
50 
80 

CA04 20 
32 
50 
80 

CA05 20 
32 
50 
80 

CAOb 20 
32 
50 
80 

CA07 20 
32 
50 
80 

CA08 20 
32 
50 
80 

CAO9 20 
32 
50 
80 

CAlO 20 
32 
50 
80 

CAll 20 
32 
50 
80 

LA12 20 
32 
50 

CA13 20 
32 
50 

TRACK 

8 
B 
B 
B 

B 
B 
B 
B 

B 
B 
B 
B 

B 
8 
8 
B 

B 
8 
B 
B 

B 
8 
B 
B 

B 
B 
B 
B 

B 
B 
B 
B 

B 
B 
B 
B 

B 
B 
B 
B 

B 
B 
B 
B 

B 
B 

. B 

B 
B 
B 

CAR-MOUNTED NfiASRA METER 

ROUGHNESS HEASUREHENT (SLOPE X 1000) 
RUN 1 RUN 2 RUM 3 RUN 4 RUN 5 S I 6 M  S/H TREND R 



Tab le  B . 1 8 .  Summary of  R e s u l t s  from t h e  NAASRA Meter  on t h e  
S u r f a c e  Treatment  Roads. 

SITE SPEED 
(KIH) 

TSOl 20 
32 
50 

TSO? 20 
32 
50 

IS03 20 
32 
50 

1504 20 
32 
50 

TS05 20 
32 
50 

TSOb 20 
32 
50 

1507 20 
32 
50 

TS08 20 
32 
50 

TS09 20 
32 
50 

TSlO 20 
32 
50 

TSl l  20 
32 
50 

TSl2 20 
32 
50 

TRACK 

B 
B 
B 

B 
B 
B 

B 
3 
B 

B 
B 
B 

B 
B 
B 

B 
B 
0 .  

B 
B 
B 

B 
B 
B 

B 
B 
0 

0 
B 
B 

B 
B 
B 

0 
0 
B 

CAR-MOUNTED NAASRA METER 

ROUGHNESS HEASUREHEKT (SLDPE X 1000) 
RUN 1 RUM 2 RUN 3 RUN 4 RUN 5 SfH TREND R 



Table  B.19. Summary of R e s u l t s  from t h e  NAASRA Meter on t h e  
Grave l  Roads. 

CAR-MOUNTED NAASRA METER 

SITE SPEED TRACK ROUGHNESS HEASUREHENT (SLOPE X 1000) 
IKIH) HEAN RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 SI6HA I TREND 



Table  B.20. Summary of R e s u l t s  from t h e  NAASRA Meter on t h e  
E a r t h  Roads. 

I N T E R N A T I O N A L  ROAD ROUGHNESS E X P E R I M E N T  - B R A S I L I A  - JUNE Z?;3L' 

SITE SPEED 
(KIH) 

TEOl 20 
32 
50 

TE02 20 
32 
50 

TE03 20 
32 
50 

TE04 20 
32 
50 

TE05 20 
32 
50 

TE06 20 
32 
50 

TE07 20 
32 
50 

TE08 20 
32 
50 

TE09 20 
32 
50 

TElO 20 
32 
50 

TEl l  20 
32 
50 

TEl2 20 
32 
50 

TRACK 

B 
B 
B 

B 
B 
B 

0 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
B 

B 
B 
B 

CAR-MOUNTED NAASRA METER 

ROUGHNESS HEASUREMNT (SLOPE X 1000) 
NEAN 

6.21 
5.05 
4.29 

5.61 
4.96 
4.31 

12.14 
11.21 
8.91 

13.17 
11.89 
9.98 

24.23 
20.63 
20. 06 

32.34 
26.94 
25.88 

6.54 
6.04 
5.36 

6.46 
5.89 
5.68 

13.07 
10.26 
8.82 

18.68 
14.78 
12.64 

18.33 
13.93 
11.02 

13.28 
11.15 
9.84 

RUN 1 RUN 2 RUN 3 RUN 4 S l l l  TREND 

,058 9E-03 
.028 -.076 
.024 -.038 

.Oh3 -. 123 
,037 .048 
.051 .095 

.031 -.228 

.016 9E-03 

.021 -114 

.035 .247 

.031 -.I8 

.024 9E-03 

.026 .38 

.O46 .589 

.049 .6M 

BE-03 ,114 
.025 .39 
.032 ,504 

7E-03 9E-03 
.038 .I23 
.02 -. 028 

.029 .048 

.O i l  .019 

.036 -104 

.01 .048 

.013 -.019 

.031 0 

.015 .I52 
,027 . l62 
.014 .029 

.02 .I62 
6E-03 .038 
.Olb .019 

,019 ,085 
.022 .019 
.022 -104 



Table  B.21. Summary of  R e s u l t s  from t h e  B I  T r a i l e r  on t h e  
A s p h a l t i c  Concre te  Roads. 

I N T E R N A T I O N A L  ROAD ROUGHNESS E X P E R I M E N T  - B R A S I L I A  - JUNE 1932 

BUMP INTEGKfiTOR TRAILER 

SITE SPEED TRACK ROWMESS NEASUREHENTS (SLOPE X E3) 
(K/HI MEAN RUW 1 RUN 2 RUN 3 S I M A  S/H TREWD R 

CAO? 20 R 5.03 5.08 4.92 5.08 .09 ,011 0 0 
20 L 5.77 5.72 5.72 5.87 -09 .016 ,079 .a66 
32 R 4.39 4.29 4.6 4.29 .18 .O42 0 0 
32 L 4.97 5.08 4.92 4.92 -09 .Old -.079 -.a66 
50 R 3.92 413 4.13 3.49 .37 ,094 -.317 -.a66 
50 L 4.76 4.76 4.92 4.6 . I b  ,053 -.079 -.5 



Table B. 2 1  (Cont.) 

INTERNATIONAL ROAD RQUGHNESS EXPERIMENT - B R A S I L I A  - JUNE 1981 

SITE SPEED 
(KfH) 

CAlO 20 
20 
32 
32 
50 
50 

CAll 20 
20 
32 
32 
50 
50 

LA12 20 
20 
32 : 
50 

CAI3 20 
20 
32 
32 
50 
50 

TRACK 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

BUMP INTEGRATOR TRAILER 

ROUGHNESS HEASUREKNTS (SLOPE X E3) 
KAN 

4.44 
6.3 
3.7 
5.24 
3.39 
4.34 

8.94 
7.94 
7.14 
7.04 
6. l 9  
6.4 

3.76 
4.07 
2.7 
2.54 
2.06 
2.06 

3.55 
3.86 
2.59 
2.7 
2.17 
2.22 

RUN 1 RUN 2 RUN 3 SIN TREND R 



Tab le  B . 2 2 .  Summary of  R e s u l t s  from t h e  B I  T r a i l e r  on the 

I N T E R N A T I O N A L  

SITE SPEED 
(K/H) 

TSOl 20 
20 
32 
32 
50 
50 

TS02 20 
20 

Surf  a c e  Treatment  Roads. 
ROAD ROUGHNESS EXPERIMENT - B R A S I L I A  - JUNE l Y B P  

BUMP INTEGRATOR TRAILER 



Tab le  B . 2 2  

Z N T E R N A T I O N A L  

SITE SPEED 
(KIHI  

TSlO 2 0  

(Cont . ) 
ROAD ROUGHNESS E X P E R I M E N T  - B R A S I L I A  - JUNE 19B2 

BUMP INTEGRATOR TRAILER 

RWGWNESS MEASUREMENTS (SLOPE X E3) 
RUN I RUN 2 RUN 3 



Table  B.23 .  Summary of R e s u l t s  from t h e  B I  T r a i l e r  on t h e  
Grave l  Roads. 

I N T E R N A T I O N A L  

SITE SPEED 
W H )  

6R01 20 
20 
32 
32 
50 
50 

ROAD ROUGHNESS E X P E R I M E N T  - R R A S I L  I A  - JUNE 1982 

TRACK 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 

. L  

R 
L 
R 
L 
R 
L 

BUMP INTEGRATOR TRAILER 

ROUGHNESS HEASUREHENTS (SLOPE X E3) 
HEM 

5.45 
6.3 
4.02 
5.24 
3.39 
4.55 

5.93 
6.4 
4.5 
5.45 
3.39 
4.55 

12.12 
11.38 
10.11 
11.17 
7.78 
10.58 

10.8 
10.16 
8.78 
9.47 
7.2 
9.05 

13.44 
16.88 
11.75 
16.19 
10.95 
14.76 

14.18 
15.29 
13.44 
14.6 
11.06 
14.08 

7.25 
11.85 
5.82 
10.05 
5.08 
8.52 

6.77 
8.41 
5.08 
b.56 
4.39 
b.03 

11.85 
15.03 
10.69 
13.55 
9.31 
11.43 

RUN 1 RUN 2 RUN 3 SI6IHA S/H TREND R 



Tab le  B . 2 3  (Cont.) 

I N T E R N A T I O N A L  ROAD ROUGHNESS E X P E R I M E N T  - B R A S I L I A  - JUNE 1932 

SITE SPEED TRACK 
( K f W  

BUMP INTEGRATOR TRhILER 

RWGHIIESS EIISUREKNTS (SLOPE X E3) 



Table B.24. 

I N T E R N A T I O N A L  

SITE SPEED 
(KIH) 

Summary of Results from the BI Trailer on the 
Earth Roads. 

ROAD ROL!GNNESS E X P E R I M E N T  - B R A S I L I A  - JUNE 1982 

TRACK 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 

. L  

R 
L 
R 
L 
R 
L 

BUMP INTEGRATOR TRAILER 

RWGHWESS MEASUREMENTS (SLOPE X E3) 
RAN 

7.04 
10 
5.87 
7.73 
4.6 
5.98 

7.73 
9.52 
5.93 
7.14 
4.87 
5.29 

10.74 
18-26 
8.63 
16.77 
7.62 
13.86 

13.92 
16-77 
11.75 
16.51 
9.95 
14.45 

32.17 
31.59 
27.46 
25.93 
23.65 
21.75 

37.84 
40.38 
33.5 
32.44 
26.51 
26.19 

8.94 
9.47 
7.36 
7.62 
6.24 
6.67 

9.58 
9.79 
7.73 
7.88 
6.35 
6.3 

17.25 
14.29 
12.44 
13.12 
7.78 
9.58 

RUN I RUN 2 RUN 3 SIM TREND R 



Table B.24 (Cont.) 

I N T E R N A T I O N A L  ROAD ROUGHNESS E X P E R I M E N T  - B R A S I L I A  - JUNE 14BP 

BUMP INTEGRATOR TRAILER 

SITE SPEED TRACK ROUWESS HEASUREREYTS (SLOPE X E3) 
(K/H) BAN RUN 1 RUN 2 RUN 3 SIMA S/H TREND R 

TElO 20 R 21.22 22.38 20.32 20.95 1.06 .05 -.714 -.676 
20 L 24.77 24.76 24.76 24.76 0 0 0 0 
32 R 16.56 16.19 16.51 16.99 .4 .024 .397 .993 
32 L 20.64 20.48 20.48 20.95 .27 .013 .238 .86b 
50 R 12.7 12.39 12.86 12.86 .27 ,022 ,238 ,866 
50 L 14.29 14.29 14.76 13.81 .48 ,033 -.239 -.5 



Table  B . 2 5 .  Summary of R e s u l t s  from t h e  BPR Roughometer on 
t h e  A s p h a l t i c  Concre te  Roads. 

I N T E R N A T I O N A L  ROAD ROUGHNESS E X P E R I M E N T  - R R A S I L I A  - J U N E  2952 

BPR HOUGHOMETEH 

SITE SPEED TRAL'K ROUGHNESS HEASUREllENTS (SLOPE X E3) 
(KfH) HEM RUN 1 RUN 2 RUN 3 SIGIIA SfH TREND R 

CAO 1 

CAOb 20 R 4.81 4.90 4.67 4.70 . I 6  .033 -.lo3 -.64 
20 L 4.0 5 4.64 4.76 .19 ,039 -.I19 -.642 
32 R 11.85 11.73 11.53 12.29 .39 .033 .270 ,705 
32 L 13.45 13.49 13.33 13.51 .1 7E-03 BE-03 .082 
50 R 4.10 4.11 4.33 4.00 .14 .033 -.OM -.I15 
50 L 3.94 5.24 4.59 2 1.71 ,435 -1.619 -.945 



Table  R .  25 (Cont . ) 

I N T E R N A T I O N A L  ROAD ROfjGNNESS EXPERIMENT - B R A S I L I A  - JUNE 1952 

SITE SPEED 
(KfH) 

CAO? 20 
20 
32 
32 
50 
50 
00 
00 

CAlO 20 
20 
32 
32 
50 
50 
00 
00 

CAll 20 
20 
32 
32 
50 
50 
00 
00 

CA12 20 
20 
32 
32 
50 
50 

CAI3 20 
20 
32 
32 
50 
50 

TRACK 

R 
L 
R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

BPR ROUGHOMETER 

ROUGHNESS HEASUREHENTS (SLOPE X E3) 
RUN 1 RUN 2 RUN 3 SfH TREND R 



Table  B.26. Summary of R e s u l t s  from t h e  BPR Roughometer on 
t h e  S u r f a c e  Treatment  Roads. 

I N T E R N A T I O N A L  ROAD 

SITE SPEED 
(KIH) 

TSOl 20 
20 
32 
32 
50 
50 

1502 20 
20 
32 
32 
50 
50 

TS03 20 
20 
32 
32 
50 
50 

TS04 20 
20 
32 
32 
50 
50 

TS05 20 
20 
32 
32 
50 
50 

TSOb 20 
20 
32 
32 
50 
50 

7507 20 
20 
32 
32 
50 
50 

TSOB 20 
20 
32 
32 
50 
50 

TRACK 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

ROUGHNESS EXPERIMENT - B R A S I L I A  - JLiNE I982 

BPR ROUGHOMETER 

ROUGHNESS ARSUREHENTS (SLOPE X E3) 
HERN 

5.43 
5. 09 
4.33 
4.2 
3.61 
3.51 

5.92 
6.42 
5.56 
5.71 
4.06 
4.08 

6.04 
6.68 
5.11 
6.37 
4.69 
5.23 

8.98 
6.43 
5. l ?  
5.74 
4.39 
3.91 

10.17 
9.28 
5.73 
7.08 
4.93 
5.03 

3.78 
4.47 
3.05 
3.58 
2.36 
2.66 

3.8 
4.18 
3. l ?  
3.23 
2.42 
2.5 

4.79 
4.5 
3.86 
3.89 
3.96 
4.07 

RUN 1 RUN 2 RUN 3 S/H TREND R 



Table B. 26 (Cont . ) 
I N T E R N A T I O N A L  

SITE SPEED 
(KfH) 

R O A D  ROL'GHNESS EXPERIMEMT - B R A S I L I A  - J U N E  1932 

TRACK 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

BPH ROUGHOMETER 

ROUGHNESS HEASUREHENTS (SLOPE 1 E3) 
M A N  

4.57 
4.61 
3.6 
3.76 
3.17 
3.23 

4.51 
4.77 
3.56 
3.85 
2.95 
3.27 

3.37 
3.27 
2.58 
2.59 
1.88 
1.9 

3.75 
3.85 
2.66 
2.93 
1.88 
2.1 

RUN 1 RUN 2 RUN 3 S I M A  S lH  TREND R 



T a b l e  B.27 .  Summary o f  R e s u l t s  f rom t h e  BPR Roughometer on t h e  
G r a v e l  Roads. 

I N T E R N A T I O N A L  

SITE SPEED 
(KIH) 

6R01 20 
20 
32 
32 
50 
50 

ROAD ROUGHNESS E X P E R I M E N T  - B R A S I L I A  - JUNE 1982 

TRACK 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
h 

R 
L 
R 
L 
R 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

BPH ROUGHOMETEH 

ROUGHNESS HEASUREHENTS (SLOPE X 1000) 
HEAN RUN 1 RUN 2 RUN 3 S I H A  S I H  TREND R 



Table B . 2 7  (Cont.) 

I N T E R N A T I O N A L  ROAD ROUGHNESS E X P E R I M E N T  - B R A S I L I A  - JUME I 9 3 2  

HFH HOUGHOMETEH 

SITE SPEED TRACK ROUGHNESS HEASUREHENTS (SLOPE X 1000) 
(K/H) HEAN RIM 1 RUN 2 RUN 3 S16NA S lH  TREND R 



Table  B.28.  Summary of R e s u l t s  from t h e  BPR Roughometer on 
t h e  E a r t h  Roads. 

I N T E R N A T l O N A L  ROAD ROUGHNESS EXPERIMENT - B R A S I L I A  - JUNE 2982 

SITE SPEED 
(KfH) 

TEOl 20 
20 
32 
32 
50 
50 

TE02 20 
20 
32 
32 
50 
50 

TE03 20 
20 
32 
32 
50 
50 

TE04 20 
20 
32 
32 
50 
50 

TE05 20 
32 

TEOb 20 
32 

TE07 20 
20 
32 
32 
50 

TE08 20 
20 
32 
32 
50 

TE09 20 
20 
32 
32 
50 

TRACK 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
R 

R 
R 

R 
L 
R 
L 
R 

R 
L 
R 
L 
R 

R 
L 
R 
L 
R 

BPR HOUGHOMETEH 

ROUGHNESS HEIISUREIIENTS !SLOPE X 10001 
RUN 1 RW 2 RUN 3 S/II TREND R 



Table  B. 28 (Cont. ) 

INTERNATIONAL ROAD ROUGHNESS EXPERIMENT - B R A S I L I A  - JUNE 1982 

BPR ROUGHOMETER 

SITE SPEED TRACK ROUGHNESS HEASUREIIENTS (SLOPE X 1000) 

TElO 20 R 16.1 
20 L 15.01 
32 R 11.48 
32 L 12.55 
50 R 5.84 

TEll 20 R 12.14 
20 L 17.4 
32 R 9.4 
32 L 14.07 

RUN 1 RUN 2 RUN 3 SIWA srn TREND R 



Table B.29. S-ry of A l l  ARS Numerics Obtained Directly with RTRRMSs a t  20 kmlh. 

S i t e  

CA0l 
CA02 
CAD3 
CA04 
CA05 
CAD6 
CAD7 
CA08 
CAD9 
CAlO 
CAl 1 
CA12 
CA13 

TSO 1 
TS02 
TS03 
TS04 
TS05 
TS06 
TS07 
TS08 
TSO9 
TSlO 
TSll 
TS12 

GR0l 
GR02 
GR03 
GR04 
GR05 
GR06 
GRD7 
GR08 
GR09 
GRlO 
GRl 1 
GR12 

TEOl 
TE02 
TE03 
TE04 
TE05 
TE06 
TE07 
TE08 
m 9  
TElO 
TEll 
TE12 

Opala Cars with 
bbdified Mavsmeters 

Caravan Car 
with 2 meters 

B I  NAASRA - -  

B I  Tra i l e r  
(Wheeltrack) 

Left  Right * 
BPR Roughometer 

(Wheeltrack) 
Right ~ v e  . 
1.70 1.69 



Table  B.30. Summary of All ARS Numerics Obtained Directly with RTRRMSs a t  32 h / h .  

S i t e  

CAD 1 
CAD2 
CAD3 
CAD4 
CAD5 
CA06 
CAD7 
CAD8 
CAD9 
CAl 0 
CAl 1 
CA12 
CA13 

TSO 1 
TS02 
TS03 
TS04 
TS05 
TS06 
TS07 
TS08 
TS09 
TSlO 
TSll 
TS12 

GR0l 
GR02 
GR03 
GR04 
GR05 
GR06 
GR07 
GR08 
GR09 
GRl 0 
GRl 1 
GR12 

TED1 
TE02 
TE03 
TE04 
m 5  
TE06 
TE07 
TE08 
TE09 
T E l O  
TEll 
TE12 

Opala Cars with 
Modified Maysmeters 

Caravan Car 
with 2 meters 

B I  NAASRA - -  

B I  Tra i l e r  
(Wheel t r ack)  

Left  

4.02 
4.97 
6.93 
6.93 
8.78 

10.74 
4.18 
4.02 
5.56 
5.24 
7 .Of+ 
2.54 
2.70 

6.56 
8.15 
8.73 
7.41 
9.84 
5.45 
5.08 
5.93 
6.19 
6.83 
4.39 
4.97 

5.24 
5.45 

11.17 
9.47 

16.19 
14.60 
10 .O5 
6.56 

13.55 
11.11 
23.65 
24.45 

7.73 
7.14 

16.77 
16.51 
25 93 
32.44 
7.62 
7.88 

13.12 
20.64 
20.11 
13.39 

Right 

3.86 
4.39 
7.83 
6.19 
8.10 
9.37 
2.96 
3 .O7 
4.13 
3.70 
7.14 
2.70 
2.59 

6.77 
8.10 
8.26 
8 63 
8.89 
4.50 
5.13 
6.24 
6.40 
6.51 
4.44 
4.29 

4.02 
4.50 

10.11 
8.78 

11.75 
13.44 
5.82 
5 a08 

10.69 
7.51 

19.90 
17 -09 

5.87 
5.93 
8.63 

11.75 
27.46 
33.50 
7.36 
7.73 

12.44 
16.56 
13.71 
18.04 

BPR Roughome t e r  
(Wheel t r ack)  

Right Ave. 



Tab le  B.31. Summary of A l l  ARS Numerics Obtained Di rec t ly  wi th  RTRRMSs a t  50 lanlh. 

S i t e  

0 1  
CAD2 
CAo3 
CAD4 
cA05 
CA06 
CA07 
CA08 
0 9  
CAlO 
CAl 1 
CA12 
cAl3 

TSO 1 
TS02 
TS03 
TS04 
TS05 
TS06 
TS07 
TS08 
TS09 
TSlO 
TSll 
TS12 

GRO 1 
GR02 
GR03 
GR04 
GRD5 
GRO6 
GR07 
GR08 
GR09 
GRlO 
G R l 1  
GR12 

TE0l 
TE02 
TE03 
TE04 
TE05 
TE06 
TE07 
TE08 
TE09 
TElO 
TEll 
TE12 

Opala Cars w i t h  
Modified Maysmeters 

MM 02 -- 

Caravan Car 
wi th  2 meters  

BI NAASRA - -  

B I  T r a i l e r  
(Wheel t r a c k )  

Le f t  Right - Ave . - 
3.62 
4.34 
6 -83 
6.14 
7.17 
9.23 
3.12 
2.96 
4 .OO 
3.86 
6.30 
2.06 
2.20 

5.37 
6.24 
7.06 
6.85 
8.15 
3.92 
4 .OO 
4.50 
5.21 
5 -29 
3.23 
3.28 

3.97 
3.97 
9.18 
8.12 

12.86 
12.57 
6.80 
5.21 

10.37 
8.55 

19.17 
17.98 

5.29 
5 -08 

10.74 
12.20 
22.70 
26.35 

6.46 
6.32 
8.68 

13 -49 
13.89 
12 -36 

BPR Roughometer 
(Wheel t r a c k )  

Le f t  

1.43 
2.07 
3.55 
3.57 
5.31 
3.94 
1.39 
1.15 
2.30 
1.69 
3 .O3 
1.19 
1 a33 

3.51 
4 .O8 
5.23 
3.91 
5 .O3 
2.66 
2.50 
4 .O7 
3.23 
3.27 
1 .go 
2.10 

2 -42 
2.67 
5.79 
5.78 
6.51 .... 
3.84 
3 m4l 
6.91 
6.46 
0 0 . .  .... 
3.34 
3.08 
6.90 
7.13 .... .... .... .... .... .... .... .... 

Right 

1.67 
1.78 
4.02 
2.98 
3.55 
4.18 
0.94 
0.77 
1.11 
1.21 
3.39 
1.21 
1-29 

3.61 
4.06 
4.69 
4.39 
4.93 
2.36 
2.42 
3.96 
3.18 
2.95 
1.88 
1.88 

1 .go 
2.15 
4 -04 
3.59 
4.87 
4.27 
2.98 
2 -55 
5.55 
4 .OO .... .... 
2.70 
3.20 
4.31 
5 -41 .... .... 
3.48 
3.54 
5.37 
5.84 .... .... 

Ave . - 
1.55 
1.92 
3.79 
3.28 
4.43 
4.06 
1.16 
0.96 
1.71 
1.45 
3.21 
1.20 
1-31  

3.56 
4.07 
4.96 
4.15 
4.98 
2.51 
2.46 
4.01 
3.20 
3.11 
1.89 
1.99 

2.16 
2.41 
4.92 
4.69 
5.69 
4-27 
3.41 
2.98 
6.23 
5.23 .... .... 
3.02 
3.14 
5.60 
6.27 .... .... 
3.48 
3.54 
5.37 
5.84 .... .... 



Table  B.32. S u m r y  of A l l  ARS kmrics Obtained Directly with RTRRMSs at 80 km/h. 

S i t e  

CAD1 
CA02 
CAD3 
CAD4 
CAD5 
CAD6 
CAD7 
CA08 
CAD9 
CAlO 
CAl  1 
CA12 
CA13 

TSO 1 
TS02 
TS03 
TS04 
TS05 
TS06 
TS07 
TS08 
TS09 
TSlO 
TSll 
TS12 

GR0l 
GR02 
GR03 
GR04 
GR05 
GR06 
GR07 
GR08 
GR09 
GRlO 
GRl  1 
GR12 

m1 
TE02 
TE03 
TE04 
TE05 
TE06 
TE07 
TEO8 
m 9  
TElO 
TEl1 
TE12 

Opala Cars with 
Modified Mavsmeters 

Caravan Car 
with 2 meters 
BI W R A  - -  

B I  Tra i l e r  
(Wheeltrack) 

Right 

.... .... .... .... .... .... .... .... .... .... .... .... .... 

.... .... .... .... .... .... .... .... .... .... .... .... 

.... .... .... .... 
0 . 0 .  .... .... .... .... .... .... .... 
.... .... .... .... .... .... .... .... .... .... .... .... 

Ave . - 
.... .... .... .... .... .... .... .... .... .... .... .... .... 
.... .... .... .... .... .... .... .... .... .... .... .... 
.... .... .... .... .... .... .... .... .... .... .... .... 
.... .... .... .... .... .... .... .... .... .... .... .... 

BPR Roughometer 
(Wheeltrack) 

Right Ave . -- 

.... .... .... .... .... .... 
1.29 
1.35 
1.67 
1.64 
3.10 .... .... 
.... .... .... .... .... .... .... .... .... .... .... .... 
.... .... .... .... .... .... .... .... .... ..... .... .... 
.... .... .... .... .... .... .... .... .... .... .... .... 





APPENDIX C 

CORRELATIONS BBTUEER RTRRMS MEASURES 

In  t h i s  appendix, t h e  average r e c t i f i e d  s lope  (ARS) measures t h a t  were 

obtained from the  response-type road roughness measuring systems (RTRRMSs) a r e  

compared between instruments  and ac ros s  opera t ing  speed. A number of s c a t t e r  

p l o t s  a r e  presented t h a t  show how the  d i f f e r e n t  RTRRMSs "see" roughness, 

r e l a t i v e  t o  each o t h e r .  

A simple c o r r e l a t i o n  e x e r c i s e  was performed, i n  which t h e  ARS measures 

from each RTRRMS were regressed aga ins t  those  of the  o the r s .  The squared 

c o r r e l a t i o n  c o f f i c i e n t s  (R-squared) a r e  presented f o r  comparative purposes,  

and a r e  a l l  based on l i n e a r  regress ions .  

Purpose of the Corparisons 

It i s  gene ra l ly  recognized t h a t  RTRRMSs change wi th  time. The d a t a  

obtained i n  t he  IRRE should not  be used t o  e s t ima te  t he  measures of one RTRRMS 

from the  measure of ano the r ,  s i n c e  t h e  mechanical p r o p e r t i e s  of t he  

p a r t i c i p a t i n g  RTRRMSs a r e  now only h i s t o r i c a l .  Recognizing t h a t  t h e r e  i s  

l i t t l e  mer i t  i n  at tempting t o  e s t ima te  one RTRRMS measure from another ,  t h e  

ob jec t ive  of t h i s  appendix i s  t o  i n d i c a t e  t he  bes t  agreement t h a t  i s  poss ib l e  

between two RTRRMSs, by comparing measures made a t  t h e  same time under t h e  

same condi t ions  over t he  same t e s t  s i t e s .  This l e v e l  of agreement e s t a b l i s h e s  

a  s tandard a g a i n s t  which a  c a l i b r a t i o n  methodology can be evaluated.  

In t h i s  r e p o r t ,  t h e  source of e r r o r  ( d i f f e r e n c e s  i n  measures obtained 

from two systems) a r e  c l a s s i f i e d  i n t o  th ree  c a t e g o r i e s :  

Repeatability. Whenever repeated measurements a r e  made, t he re  w i l l  

no t  be p e r f e c t  agreement due t o  sources t h a t  a r e  uncontrol led and random. 

Because the  e r r o r  i s  random, i t  can be reduced by averaging,  e i t h e r  by using 

longer  t e s t  s i t e s  or  by making repeated runs. 



C a l i b r a t i o n  Er ror .  The measures from one system a r e  c o n s i s t e n t l y  

h igher  than those  of t he  o the r .  I f  t h e  d i f f e r e n c e  i s  c o n s i s t e n t  f o r  a  c l a s s  

of measurement c o n d i t i o n s ,  i t  can be determined exper imenta l ly  and compensated 

by using a  c a l i b r a t i o n  curve. This i s  done f o r  a  RTRRMS by exper imenta l ly  

determining an equa t ion  f o r  e s t ima t ing  t h e  re fe rence  measure from t h e  RTRRMS 

measure. The r eg re s s ion  equat ion i s  t h e  c a l i b r a t i o n  curve ,  and the  method 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 .  I f  t h e  c a l i b r a t i o n  curve i s  i n  e r r o r  then t h e  

c a l i b r a t e d  measures w i l l  be biased.  

Reproducib i l i ty .  Even when two systems a r e  proper ly  c a l i b r a t e d  t o  a  

r e f e r e n c e ,  and r epea t  measures a r e  made t o  e l imina t e  t h e  e f f e c t  of random 

e r r o r ,  t h e  measures obtained wi th  one system w i l l  g e n e r a l l y  no t  be p e r f e c t l y  

reproduced by another .  This e r r o r  e x i s t s  because no two RTRRMSs respond 

e x a c t l y  t h e  same t o  road roughness.  I f  a  number of roads a r e  measured wi th  

two RTRRMSs, they w i l l  be ranked i n  a  d i f f e r e n t  o rder .  No amount of r e s c a l i n g  

o r  manipulat ing of d a t a  can avoid t h e  f a c t  t h a t  two roads can be ranked 

d i f f e r e n t l y  by two RTRRMSs. 

This appendix d e a l s  with t h e  r e p r o d u c i b i l i t y  e r r o r ,  which cannot be 

e l imina ted  by c a l i b r a t i o n .  I f  a  c a l i b r a t i o n  r e f e r ence  i s  "per fec t"  f o r  one 

RTRRMS, then  i t  must have a  c o r r e l a t i o n  wi th  another  RTRRMS t h a t  i s  no b e t t e r  

than t h e  c o r r e l a t i o n  t h a t  e x i s t s  d i r e c t l y  between t h e  two RTRRMSs. (And s i n c e  

a  "per fec t"  c a l i b r a t i o n  r e f e r ence  has  y e t  t o  be found f o r  any RTRRMS, t h e  

r e p r o d u c i b i l i t y  w i l l  always be l e s s  than what i s  demonstrated i n  d i r e c t  

comparisons between RTRRMSs.) 

Cor re l a t i ons  

Tables  C . l  - C.10  ( l oca t ed  a t  t h e  end of t h i s  appendix) show t h e  

c o r r e l a t i o n  ma t r i ce s  of r-squared va lues  f o r  a l l  simple speed combinations of 

measurements when t h e  r e s u l t s  a r e  segregated by s u r f a c e  type. Tables C . l l  - 
C.14  show c o r r e l a t i o n  mat r ices  t h a t  a r e  obtained when t h e  d a t a  sub-sets a r e  

lumped toge the r  by s u r f a c e  type and speed. Before c a l c u l a t i n g  l i n e a r  

r eg re s s ion  equa t ions  between t h e  d i f f e r e n t  measures,  t h e  measures obtained 

from the  t r a i l e r s  (Bump I n t e g r a t o r  T r a i l e r  and BPR Roughometer) f o r  each  wheel 

t r a c k  were used t o  c a l c u l a t e  an average and d i f f e r e n c e  numeric f o r  each 



s e c t i o n / s p e e d  c o n d i t i o n .  The average  of t h e  measures should approximate t h e  

roughness  i n p u t  t o  a  v e h i c l e  t h a t  c a u s e s  bounce and p i t c h i n g  mot ions ,  whi le  

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

I n  a d d i t i o n  t o  t h e  c o r r e l a t i o n  t a b l e s ,  a  number of s c a t t e r  p l o t s  were 

prepared and examined, which more d i r e c t l y  show t h e  r e l a t i o n s h i p s  between t h e  

ARS measures o b t a i n e d  from t h e  d i f f e r e n t  systems. Some of t h e s e  p l o t s  a r e  

a l s o  a t t a c h e d  a t  t h e  end of t h e  appendix.  

The s c a t t e r  p l o t s  and t h e  c o r r e l a t i o n  t a b l e s  l e a d  t o  t h e s e  o b s e r v a t i o n s :  

Measurerent  speed. C o r r e l a t i o n s  between t h e  measures o b t a i n e d  w i t h  

d i f f e r e n t  sys tems  a r e  b e s t  when t h e  two systems a r e  o p e r a t e d  a t  t h e  same t e s t  

speed. C o r r e l a t i o n s  a r e  degraded when t h e  d i f f e r e n c e  i n  speed of t h e  two 

systems i s  i n c r e a s e d .  F igure  C . l  compares measures made a t  d i f f e r e n t  speeds .  

I n  a l l  of t h e  p l o t s  shown, r e g r e s s i o n  l i n e s  a r e  p l o t t e d ,  based on a  q u a d r a t i c  

r e g r e s s i o n  u s i n g  t h e  d a t a  p o i n t s  shown i n  t h e  p l o t .  F i g u r e s  C.2  - C.5 show 

s i m i l a r  p l o t s  made when ARS measures made a t  t h e  same speeds  a r e  compared. 

(The f i g u r e s  a r e  a t t a c h e d  a t  t h e  end of t h e  appendix. )  

S u r f a c e  type.  When t h e  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  ob ta ined  f o r  d i f f e r e n t  s u r f a c e  t y p e s  a r e  n e a r l y  t h e  same, 

i n d i c a t i n g  t h a t  t h e  under ly ing  r e l a t i o n s h i p  i s  n o t  i n f l u e n c e d  s t r o n g l y  by 

s u r f a c e  type .  

D i s t r i b u t i o n  o f  S c a t t e r .  The v a r i a n c e  about  t h e  r e g r e s s i o n  l i n e s  i s  

f a i r l y  uniform o v e r  t h e  e n t i r e  range of roughness.  An assumption of e q u a l  

s c a t t e r  o v e r  t h e  range i s  a  much b e t t e r  approximat ion t h a n  an assumption of 

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

I n t e r a c t i o n  between speed and s u r f a c e  type.  When ARS measures made 

a t  d i f f e r e n t  speeds  a r e  compared (F ig .  (2.11, t h e  r e g r e s s i o n  l i n e s  f o r  

d i f f e r e n t  speeds  d i v e r g e ,  and would i n d i c a t e  t h a t  s c a t t e r  i n c r e a s e s  w i t h  

roughness  i f  t h e  d a t a  f o r  t h e  d i f f e r e n t  s u r f a c e  t y p e s  were combined. Thus, 

t h e  i n t e r r e l a t i o n s h i p  between s c a t t e r  and roughness  t h a t  a p p e a r s  when measures 

a r e  made a t  d i f f e r e n t  speeds  i s  n o t  due t o  random e f f e c t s ,  b u t  t o  an  

i n t e r a c t i o n  between s u r f a c e  type  and measurement speed.  



Appendix I shows t h a t  t h e  s p e c t r a l  con ten t s  of road p r o f i l e s  d i f f e r  wi th  

su r f ace  type ,  and Appendix F  shows appproximately t h e  waveband seen by a  

RTRRMS a t  t h e  d i f f e r e n t  test speeds.  On t h e  unpaved roads ,  t h e r e  i s  more 

short-wave roughness,  which i s  "seen" more by t h e  RTRRMSs a t  lower speeds. On 

the  a s p h a l t i c  concre te  (CA) roads ,  t h e r e  i s  r e l a t i v e l y  l i t t l e  short-wave 

roughness. Therefore ,  when a  paved and unpaved road have t h e  same roughness 

when measured a t  a  h igh  speed,  t h e  unpaved road w i l l  have more roughness input  

t o  t he  RTRRMS a t  a  lower speed. 

Choice of roadmeter. Figure C.6 compares t he  ARS measures from t h e  

B I  and NAASRA meters mounted i n  t h e  same veh ic l e .  The agreement i s  nea r ly  

p e r f e c t  except  f o r  a  few of t h e  80 km/h t e s t s .  (Comparisons wi th  t he  o the r  

systems i n d i c a t e  t h a t  t h e  NAASRA readings  a r e  more c o n s i s t e n t . )  Except f o r  

t h e  80 km/h tests,  t h e  B I  and NAASRA r e s u l t s  a r e  equ iva l en t  f o r  a l l  p r a c t i c a l  

purposes ,  and can be considered t o  be redundant measures made by one system. 

The BPR Roughoaeter. The BPR Roughometer t ends  t o  have t h e  lowest 

c o r r e l a t i o n  wi th  t h e  o the r  instruments .  Not s u p r i s i n g l y ,  i t s  measures u sua l ly  

agree  c l o s e s t  w i th  those of t h e  B I  T r a i l e r .  The problem appears  t o  be t h a t  

t h i s  RTRRMS was not  rugged enough f o r  t h e  cond i t i ons  included i n  t he  IRRE, 

w i th  t h e  r e s u l t  t h a t  many of t h e  read ings  were f a u l t y  due t o  veh ic l e  damage. 

Range of conditions for correlation. Any g iven  instrument  has 

c e r t a i n  combinations of speed and su r f ace  type t h a t  show e i t h e r  h igh  o r  low 

c o r r e l a t i o n s  wi th  t h e  o t h e r  ins t ruments ,  but o v e r a l l ,  no t rend  i s  ev ident .  

Agreement between the  d i f f e r e n t  ins t ruments  i s  more-or-less equ iva l en t  over 

a l l  of t he  t e s t  cond i t i ons  when t h e  t e s t  speeds a r e  equa l  (wi th  t h e  except ion 

of t h e  BPR Roughometer). 

Sum and difference measures. The d i f f e r e n c e  measures obtained from 

the  two t r a i l e r s  do no t  appear u s e f u l  f o r  p r e d i c t i n g  measures made wi th  o t h e r  

systems. The simple average of t h e  roughness measures of t he  r i g h t  and l e f t  

wheel t racks has  such a  high c o r r e l a t i o n  with t he  o t h e r  measures t h a t  l i t t l e  

can be gained by adding t h e  d i f f e r e n c e  measures t o  a  regress ion .  

Correlation across speed. The form of veh ic l e  response t o  road 



roughness  t h a t  i s  measured by a  roadmeter  i s  t h e  r a t e  of motion of t h e  

s u s p e n s i o n ,  t e c h n i c a l l y  c a l l e d  t h e  average  r e c t i f i e d  v e l o c i t y  (ARV). ARV i s  

measured by d i v i d i n g  t h e  accumulated axle-body d e f l e c t i o n  measured by t h e  

roadmeter  by t h e  e l a p s e d  t ime of t h e  measurement, y i e l d i n g  a  numeric wi th  t h e  

u n i t s  " l eng th l t ime ."  The ARV t h u s  measures t h e  s e v e r i t y  of v i b r a t i o n  ( i n  t h e  

v e h i c l e  s u s p e n s i o n )  caused by t h e  road roughness.  

When t h e  accumulated d e f l e c t i o n  i s  d i v i d e d  by t h e  l e n g t h  of t h e  road t e s t  

s e c t i o n ,  t h e  r e s u l t  has  t h e  u n i t s  of average  r e c t i f i e d  s l o p e  (ARS). ARS i s  

n o t  a  measure of t h e  v e r t i c a l  d e v i a t i o n s  i n  t h e  road s u r f a c e  p e r  u n i t  of road 

l e n g t h .  R a t h e r ,  i t  i s  t h e  r a t i o  of mean suspens ion  ( v i b r a t i o n )  v e l o c i t y  t o  

t r a v e l  v e l o c i t y .  The d i f f e r e n c e  i s  s u b t l e ,  bu t  e x p l a i n s  why ARV should be 

used when comparing measures made by d i f f e r e n t  RTRRMSs over  a  range of speeds .  

A s imple  r e l a t i o n s h i p  can u s u a l l y  be found between t h e  r e s p o n s i v e n e s s  of 

one RTRRMS r e l a t i v e  t o  a n o t h e r ,  b u t  due t o  n o n l i n e a r i t i e s  i n  t h e  v e h i c l e s ,  t h e  

roadmete rs ,  and a l s o  t h e  p resence  of e x t r a  v i b r a t i o n  from t i re  and wheel 

n o n u n i f o r m i t i e s ,  t h e  r e l a t i o n s h i p  w i l l  n o t  be l i n e a r  and may have an o f f s e t ,  

such t h a t  a  z e r o  r e a d i n g  f o r  one sys tem cor responds  t o  a  non-zero read ing  f o r  

t h e  o t h e r .  The n o n l i n e a r i t i e s  a r e  due t o  v e h i c l e  p r o p e r t i e s ,  and a r e  

p r i m a r i l y  i n f l u e n c e d  by t h e  ampl i tude  of i n p u t  a s  p e r c e i v e d  by t h e  v e h i c l e ,  

r e g a r d l e s s  of t h e  t r a v e l  speed.  Th is  i s  i l l u s t r a t e d  i n  F igure  C.7, which 

shows t h e  ARV measures from d i f f e r e n t  RTRRMSs p l o t t e d  t o g e t h e r  f o r  t h r e e  of 

t h e  IRRE t e s t  speeds .  The s e p a r a t e  r e g r e s s i o n  e q u a t i o n s  computed f o r  each 

speed 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 .  But because  ARS i s  t h e  ARV r e s c a l e d  by 

t r a v e l  speed ,  t h e  s imple  o f f s e t  t h a t  appears  i n  t h e  p l o t s  i n  Figure  C.7 w i l l  

va ry  w i t h  speed when t h e  d a t a  a r e  compared a s  ARS measures.  F igure  C .8  shows 

t h a t  d i f f e r e n t  r e l a t i o n s  between ARS measures e x i s t  f o r  t h e  d i f f e r e n t  

measurement speeds .  

The d a t a  show t h a t  a  r e l a t i o n s h i p  found between two RTRRMSs when both  a r e  

opera ted  a t  one speed w i l l  u s u a l l y  be v a l i d  a t  o t h e r  s p e e d s ,  i f  t h e  roadmeter 

numerics a r e  conver ted  t o  ARV u n i t s .  



Table  C . 1 .  C o r r e l a t i o n  Tab les  of R-Squared Values  f o r  20 h / h .  

HH 01 
HH 02 
HH 03 
B I  CAR 
NAASRA 
B I  TRL (AVE) 
B I  TRL ID IFF )  
BPR IAVE) 
BPR ID IFF )  

HH 01 
HH 02 
HH 03 
0 1  CAR 
NAASRA 
B I  TRL LAVE) 
B I  TRL IDIFF)  
BPR W E )  
BPR LDIFF) 

HH 01 
HH 02 
HH 03 
B I  CAR 
NAASRA 
B I  TRL (AVE) 
0 1  TRL (DIFF) 
BPR W E )  
BPR IDIFF)  

ASPHALTIC CONCRETE 
HH 03 0 1  CAR NAASRA 

TEST SITES 
B I  TRL B I  TRL 
(AVE) (DIFF)  

BPR 
W E )  

,882 1 
,8695 
,8467 
,8994 
.896B 
,9038 
,0767 
1 
,1506 

BPR 
(DIFF) 

,1645 
,1553 
,1554 
,1594 
.I559 
,1221 
,0134 
,1506 
1 

TEST SITES WITH SURFACE TREATHENT 
HH 01 HH 02 HH 03 B I  CAR NAASRA 0 1  TRL B I  TRL BPR BPR 

(AYE) IDIFF) {avu (DIFF) 

GRAVEL SURFACED TEST SITES 
HH 01 HH 02 HH 03 0 1  CAR NAASRA 0 1  TRL B I  TRL BPR BPR 

(AVE) ID IFF )  (AVE) LDIFF) 

EARTH (CLAY) SURFACE TEST SITES 
HH 01 HH 02 HH 03 B I  CAR NAASRA B I  TRL B I  TRL BPR BPR 

( W E )  (DIFF) W E )  (DIFF) 



Table  C.2. C o r r e l a t i o n  Tab les  of R-Squared Values f o r  20 and 
32 km/h. 

ASPHALTIC CONCRETE TEST SITES 
20 HH 01 HI! 02 HH 03 B l  CAR NAASRA 3 1  TRL B I  TRL BPR BPR 

32 (AVE) (DIFF) W E )  IDIFF 

HH 01 .?a38 ,983 ,9761 ,9779 ,9813 .9569 7E-03 ,841 .I698 
HH 02 .971 .9864 .9888 ,9776 ,9796 .961 ,0115 .I537 .I676 
HH 03 .8881 .9107 ,8997 ,8819 ,876 ,8751 4.2E-03 ,6783 .083 
B I  CAR .?a65 ,9955 .?a63 .??I5 .9908 ,9784 9.2E-03 .a816 ,1768 
NAASRA ,9834 ,994 .9863 .989 .?a97 .9729 -01 18 .8662 . 1656 
B I  TRL W E )  ,9745 ,9838 .9695 ,9848 ,9796 ,9929 3.8E-03 .a874 .I161 
B I  TRL (DIFF) .0369 .0469 .0488 ,038 ,0317 .0546 ,4335 2.7E-03 ,0138 
BPR (AYE) .7157 .7172 .6872 ,738 .7193 ,7565 ,0699 ,8654 ,1305 
BPR IDIFF)  ,5086 ,5014 ,5094 ,5016 .478 ,5067 7.9E-03 .5307 ,2909 

TEST SITES WITH SURFACE TREATHENT 
20 HH 01 HH 02 HH 03 0 1  CAR NAASRA B I  TRL 8 1  TRL BPR BPR 

32 IAVE) (DIFF) (AYE) (DIFF) 

HH 01 ,9496 .9507 .9209 .9684 ,9628 ,9475 ,1661 ,8537 .3474 
HH 02 .9534 .9551 ,9239 .9743 .9697 .9469 .I729 .a534 .3308 
W 03 .a617 .I83 .9739 .9433 ,9497 ,8476 .2362 ,8764 ,3658 
B I  CAR .9706 ,9716 .9271 ,9836 .9791 .9623 ,1527 .79?2 ,2919 
NAASRA .9544 .?A25 ,9386 .986 ,9815 .9494 .I524 ,7976 .2841 
B I T R L M V E )  .9352 ,9568 ,8985 .9719 ,9646 .9638 .0965 ,8437 .2484 
B I T R L ( D 1 F F )  .0645 .0596 .I18 .I106 .lob1 .Oh41 ,6062 .2963 .5324 
BPR (AVE) .946 .9589 .?I63 .9746 ,9669 ,9432 .I755 ,8673 .308 
BPR IDIFF)  ,3762 .4299 ,4428 ,5201 .4842 .3987 .I786 .5643 .I526 

8RAVEL SURFACED TEST SITES 
20 HH 01 HH 02 HH 03 B I  CAR NAASRA B I  TRL B! TRL BPR BPR 

32 (AVE) (DIFFI  W E )  M I F F )  

HH 03 
B I  CAR 
NAASRA 
B I  TRL (AVE) 
B I  TRL (DIFF) 
BPR (AWE) 
BPR (DIFF) 

EARTH (CLAY) SURFACE TEST SITES 
20 HH 01 HH 02 HH 03 8 1  CAR NAASRA B I  TRL B I  TRL BPR BPR 

32 (AYE) (DIFF) (AYE) (DIFF) 

M 01 
nn 02 
HH 03 
8 1  CAR 
M M R A  
B I  TRL W E )  
B I  TRL (DIFF) 
BPR ( A M )  
BPR (DIFF) 



Table C.3. C o r r e l a t i o n  Tab les  o f  R-Squared Values  f o r  20 and 
50 km/h. 

ASPHALTIC CONCRETE TEST SITES 
20 HH 01 HH 02 HH 03 01 CAR NAASRA B I  TRL B I  TRL EPR BPR 

50 W E )  (DIFF) (AYE) (DIFF) 

HH 01 
HH 02 
HH 03 
B I  CAR 

TEST SITES WITH SURFACE TREATHENT 
20 HH 01 HH 02 HH 03 01 CAR NAASRA B I  TRL B I  TRL BPR BPR 

50 (AVE) (DIFFI (AVE) IDIFF) 

HH 01 .I722 ,8872 .9208 ,9389 .9371 .a725 .I435 ,7616 .2781 
HH 02 .YO63 .9208 ,921 6 . 952 .9501 .?I23 .I125 .7461 .2534 
HH 03 ,8582 ,8791 .a732 .9241 .YO76 .a727 .7691 ,2798 
B I  CAR ,9233 .931 1 .9337 .9632 .9605 .?I92 .I445 ,7876 ,2954 
NAASRA ,9174 .9256 ,9391 A626 .959b ,9128 .I524 .7969 .308 
B I  TRL IAVE) .a904 .9174 .?I66 ,9612 ,953 .9104 .I32 .a832 .2938 
B I  TRL IDIFF) .3223 .3348 .4505 .4341 .4161 .3263 .4887 .7306 .6305 
BPR IAVE) .a231 .a575 .a418 .a743 ,8748 .a629 .0707 .7157 .I972 
BPR IDIFF) ,057 .0499 .ll21 .OW5 .086 ,0616 .2846 .Of136 .3317 

6RAWL SURFACED TEST SITES 
20 HH 01 HH 02 HH 03 01 CAR NAASRA B I  TRL B I  TRL BPR BPR 

50 IAVE) (DIFF) (AYE) IDIFF) 

HH 01 
HH 02 
HH 03 
01 CAR 
N A ASR A 
B I  TRL W E )  
01 TRL (DIFF) 
BPR W E )  
BPR IDIFF) 

EARTH (CLAY) SURFACE TEST SITES 
20 HH 01 HH 02 HH 03 01 CAR NAASRA B I  TRL B I  TRL BPR BPR 

50 (AVE) (DIFF) W E )  (DIFF) 

HH 01 .a804 .?a93 .96 .9776 .9796 .9603 .0528 .9769 ,0407 
HI! 02 .7427 .9457 .9576 .9678 ,972 ,9892 1E-04 .9231 8.8E-03 
HH 03 .6112 ,9014 .9364 ,9354 ,9397 .9687 6.4E-03 .a823 .0325 
B I  C M  .7023 .914 .9482 .9505 .9508 .%81 1.1E-03 .a776 2. bE-03 
N A ASR A .7131 ,9316 .9573 .9604 ,9639 .984b 2E-04 .TO51 .0146 
B I  TRL (AVE) ,7441 .9301 .9297 .951 ,9545 .9706 1.7E-03 ,9043 1-45-03 
BI TRL (DIFF) .3005 6.3E-03 2.6E-03 3.8E-03 2.7E-03 4E-04 ,6821 1.8E-03 .661 
BPR (AVE) .a033 .7667 .a528 .83 .el88 ,7332 .3319 .69M .42 
BPRIDIFF) .I01 ,0198 .0453 .0465 ,0433 .0136 ,6174 0 .9358 



Table  C . 4 .  C o r r e l a t i o n  Tab les  of R-Squared Values  f o r  20 and 
80 km/h. 

ASPHALTIC CONCRETE TEST SITES 
20 HH 0 1  HH 02 HH 03 B I  CAR NMSRA 0 1  TRL 81  TRL BPR BPR 

80 LAVE) IDIFF) W E )  (DIFF) 

HH 01  
HH 02 
HH 03 
B I  CAR 
NAASRA 
B I  TRL LAVE) 
B I  TRL (DIFF 
BPR IAVE) 
BPR IDIFF) 

TEST SITES WITH SURFACE TREATHENT 
20 RH 01  HH 02 HI! 03 02 CAR NARSRA BI TRL B I  TRL BPR BPR 

80 LAVE) IDIFF) W E )  IDIFF) 

GRAVEL SURFACED TEST SITES 
20 nn 01 HH 02 HH 03 er CAR NMSRA el TRL BI TRL BPR BPR 

8 0  LAVE) (DIFF) LAVE) LDIFF) 

EARTH (CLAY 1 SURFACE TEST SITES 
20 H I  0 1  HH 02 HH 03 B I  CAR NAASRA B I  TRL B I  TRL BPR BPR 

80 ( A X )  LDIFF) W E )  IDIFF) 





Table C.6. Cor re l a t ions  Tables of R-Squared Values f o r  32 and 
50 h / h .  

ASPHALTIC CONCRETE TEST SITES 
32 HH 01 HH 02 HH 03 01 CAR NAASRA 01 TRL B I  TRL BPR BPR 

50 (AVE) (RIFF) (AVE) (RIFF) 

HH 01 .9649 .978 ,9507 .9692 .?728 .?322 .0478 .6754 ,5244 
HH 02 ,8178 .8606 .a459 ,8165 .a402 .7904 .0499 .4479 .2541 
HH 03 .8879 .'I189 .9361 ,8965 3044 .a639 ,0439 .6383 ,4714 
B I  CAR .9494 ,9836 . 9006 ,9183 .?67? . O W  .I383 . 5067 
NAASRA .9604 .?874 .9203 ,9749 .98 .WE2 .045 ,6856 .I731 
B I  TRL W E )  .9425 .9697 .9043 ,9759 .9746 ,9909 .Oh85 .7527 .I927 
01 TRL (DIFF) .OR91 .1189 .227 .I241 ,1132 .I623 .7639 .088 .2072 
BPR (AM) .9293 .936 ,7515 ,9441 .9391 .9041 4.3E-03 .7538 .5178 
BPR(D1FF) .I879 ,1643 .1439 ,1884 ,1686 .I664 .I147 .I77 .4747 

TEST SITES WITH SURFACE TREATHENT 
32 HH 01 HH 02 Htl 03 01 CAR NMSRA B I  TRL 01 TRL BPR BPR 

50 ( A W  (DIFF) (IIVE) (DIFF) 

HH 01 
HH 02 
HH 03 
B I  C M  
ff AASRA 
B I  TRL (AVE) 
B I  TRL (DIFF) 
BPR (AVE) 
BPR IDIFF) 

GRAVEL SURFACED TEST SITES 
32 HH 01 HH 02 HH 03 B I  CAR NAASRA 01 TRL B I  TRL BPR BPR 

50 (AVE) IDIFF) (AVE) (DIFF) 

HH 01 .9442 .9624 .9152 ,9851 .9888 .9873 .495 .877 .2385 
HH 02 .9138 .9857 .9265 ,9932 ,9943 .?a88 .SO29 .a193 ,1844 
HH 03 .8828 .9802 .9578 ,9773 .?a03 .9668 ,5491 .7867 .2033 
01 CAR ,9031 .?a64 .?29? .9956 ,9966 .9953 ,4681 .8141 .I748 
NAASRA .9174 .9815 .9202 .9944 .996 .9948 ,4791 .a146 .I814 
B I  TRL W E )  .?lo8 .9773 .916 ,9904 .9924 .9967 .4232 .a276 .I625 
01 TRL IDIFF) .blob .a033 ,7211 ,7823 ,779 ,7341 .7744 .4375 .3603 
BPR ME) ,7567 .6694 .4755 .72 .721? . 6961 .I887 .904 .24? 
BPR 1DIFF) ,0743 .0596 3.8E-03 ,0605 .0589 .0433 ,0043 .I758 .I651 

EARTH (CLAY) SURFACE TEST SITES 
32 HH 01 HH 02 HH 03 01 CAR NAASRA B I  TRL 01 TRL BPR BPR 

50 IAVE) (DIFF) (AVE) (DIFF) 

HH 01 
HH 02 
HH 03 
B I  CAR 
WAA9RA 
B I  TRL (AVE) 
B I  TRL (DIFF) 
BPR (AM) 
BPR (DIFF) 





Table  C.8. C o r r e l a t i o n  Tab les  of R-Squared Values  f o r  50 h / h .  

ASPHALTIC CONCRETE TEST SITES 
HHOl HHO2 HH03 B I  CAR NAASRA B I  TRL B I  TRL BPR BPR 

( M E )  (DIFF) (AYE) tDIFFI 

nn 01 
nn 02 
HH 03 
B I  CAR 
NAASRA 
81  TRL (WE) 
B I  TRL (DIFF) 
BPR (AVE) 
BPR (DIFF) 

TES 
HH 03 

.9715 
,9725 
1 
.9735 
.9749 
.9558 
,4786 
,8234 
,2064 

SITES 
B I  CAR 

.9876 

.993 
,9735 
1 
,9981 
,9699 
,4374 
,8229 
.I426 

WITH SURI 
NMSRA 

.?I89 
,988 
,9749 
.9981 
1 
.97 
,4517 
.83B 
.I483 

:ACE TRE 
B I  TRL 
(AVE) 

,9582 
.963 
,9558 
.?A99 
.97 
1 
.5264 
.a601 
.I107 

:ATHENT 
B I  TRL 
(DIFF) 

.4329 

.3?28 
,4786 
,4374 
,4517 
,5264 
1 
.352? 
,2939 

BPR 
(WE) 

.a047 
,8361 
.a234 
.a229 
,8325 
.a601 
,3529 
1 
.lo07 

BPR 
(DIFF) 

.I485 
,1377 
.2064 
.I426 
,1483 
,1107 
.2939 
.lo07 
1 

HH 01 
nn 02 
HH 03 
B I  CAR 
NAASRA 
B I  TRL (AVE) 
B I  TRL (DIFF 
BPR (AVE) 
BPR IDIFF) 

GRAVEL SURFACED TEST SITES 
HH 01 HH 02 Ill! 03 B I  CAR NAASRA B I  TRL B I  TRL BPR BPR 

W E )  (DIFF) (AVE) (DIFF) 

B I  CAR 
NAASRA 
B I  TRL (AYE) 
B I  TRL (DIFF) 
BPR W E )  
BPR (DIFF) 

EARTH (CLAY) SURFACE TEST SITES 
HH 01 HI! 02 HH 03 B I  CAR NAASRA B I  TRL B I  TRL BPR BPR 

(AVE) (DIFF) (AYE) (DIFF) 

HH 01 
nn 02 
HH 03 
B I  CAR 
NAASRA 
B I  TRL (AYE) 
B I  TRL (DIFF) 
BPR (AVE) 
BPR (DIFF) 



Table C.9. Cor re l a t ion  Tables of R-Squared Values f o r  50 and 
80 km/h. 

ASPHRLTIC CONCRETE TEST SITES 
50 HH 01 HH 02 HH 03 B I  CAR NMSRA B I  TRL B I  TRL BPR 

80 (AVE) IDIFF)  W E )  

HH 01 ,9818 .I90 ,9546 ,9804 -99 ,9615 .I606 ,8639 
HH 02 .9643 ,9108 ,9507 ,9032 ,9882 ,9559 . 159 ,8557 
HH 03 ,9331 ,8819 ,955 ,9158 ,9305 .? ,217 .7199 
B I  CAR .a233 ,735 ,8267 ,918 .a828 ,9009 ,0256 ,7989 
NAASRA ,9133 ,8126 ,9117 .9727 .9589 ,9372 6.6E-03 ,8721 
B I  TRL W E )  0 0 0 0 0 0 0 0 
B I  TRL (DIFF) 0 0 0 0 0 0 0 0 
BPR IAVE) ,9357 ,9211 ,9054 ,9303 ,9432 ,9834 ,4048 ,9768 
BPR (DIFF) ,064 ,0418 ,0628 ,0485 ,051 ,0297 .0767 ,0594 

BPR 
IDIFF)  

TEST SITES WITH SURFACE TREATIKNT 
50 HI! 01 HH 02 HH 03 B I  CAR W S R A  B I  TRL B I  TRL BPR BPR 

W E )  (DIFF) IAVE) (DIFF) 

6RAVEL SURFACED TEST SITES 
50 HH 01 HH 02 HH 03 B I  CAR NAASRA 0 1  TRL B I  TAL BPR BPR 

80 (AVE) (DIFFI  W E )  IDIFF)  

EARTH (CLAY) SURFACE TEST SITES 
50 HH 01 HH 02 HH 03 11 CAR NaasaA sr TRL BI TRL BPR BPR 

80 W E )  IDIFF) W E )  IDIFF) 



Table  C . l O .  Corre la t ion  Tab les  of R-Squared Values  f o r  80 km/h. 

ASPHALTIC CONCRETE TEST SITES 
HH 01 NH 02 HH 03 0 1  CAR NMSRA 0 1  TRL B I  TRL 

( A W  (DIFF) 

HH 01 1 ,9892 .9599 .a721 .955 0 3 
HH 02 ,9892 1 .94 ,9275 .9872 0 3 
HH 03 .9599 .94 1 ,7954 ,8831 0 
0 1  CIIR .a721 .9275 .7954 1 ,9712 0 
NAASR A .955 .?a72 ,8831 .9712 1 0 

; 
0 

0 1  TRL W E )  0 0 0 0 0 1 0 
B I  TRL (DIFF) 0 0 0 0 0 0 1 
BPR (AVE) ,9368 .?SO2 ,9169 ,8677 ,9178 0 0 
BPR IDIFF)  .0743 .0398 ,0476 ,0444 ,0614 0 0 

TEST SITES YITH SURFACE TREATllfNT 
HH 01 HH 02 HH 03 

6 R W L  SURFACED TEST SITES 
HH 01 HH 02 H I  03 

EARTH (CLAY) SURFME TEST SITES 
HI! 01 HH 02 HH 03 

BPR 
(AVE) 

BPR 
(DIFF) 



T a b l e  C . l l .  C o r r e l a t i o n  T a b l e s  of R-Squared Va lues  w i t h o u t  
S e g r e g a t i n g  S u r f a c e  Type. 

BPR IDIFF) 

HH 01 
HH 02 
HH 03 
B I  CAR 
NAASRA 
B I  TRL W E )  
B I  TRL IDIFF) 
BPR W E )  
BPR IDIFF) 

HH 01 
HH 02 
HH 03 
B I  CAR 
NAASRA 
B I  TRL (RVE) 
B I  TRL IDIFF) 
BPR W E )  
BPR IDIFF) 

HEASURES HADE AT 20 KIH 
HH 01 HH 02 HH 03 B I  CAR NAASRA B I  TRL 81  TRL BPR 

MVE) IDIFF) W E )  

HEASURES HADE AT 32 K/H 
HH 01 HH 02 HH 03 B I  CAR NAASRh B I  TRL B I  TRL BPR 

IAVE) IDIFF) W E )  

HEASURES MDE PIT 50 K/H 
HH 01 HH 02 HH 03 81 CAR NAASRA B I  TRL B I  TRL BPR 

IAVE) IDIFF) (AYE) 

HEMURES MDE AT 80 KIH 
HH 01 HH 02 HH 03 B I  CAR NMSRA B I  TRL B I  TRL BPR 

IAVE) IDIFF) IAVE) 

HH 01 1 ,9349 .9178 ,8721 ,955 0 0 ,9368 
HH 02 .9349 1 .9544 .9275 .9872 0 0 ,9502 
HH 03 ,9178 ,9544 1 ,7954 ,8831 0 0 .9169 
B I  C M  ,8721 .9275 ,7954 1 ,9712 0 0 .a677 
NAASRA .955 ,9872 ,8831 ,9712 1 0 0 ,9178 
B I  TRL (AYE) 0 0 0 0 0 1 0 0 
B I  TRL (DIFF) 0 0 0 0 0 0 1 0 
BPR IAVE) .9368 .9502 ,9169 .a677 .9178 0 0 1 
BPR (DIFF) .0743 ,0398 ,0476 .0444 ,0614 0 0 .Ollb 

BPR 
ID IFF) 

BPR 
(DIFF) 

BPR 
IDIFF) 

BPR 
(DIFF) 





Table  C.13. C o r r e l a t i o n  Tab les  of R-Squared Values a f t e r  Conversion 
t o  ARV, wi thou t  s e g r e g a t i n g  Measurement Speeds. 

ASPHALTIC CONCRETE TEST SITES 
HH 01 HH 02 HH 03 01 CAR NAASRA 01 TRL B I  TRL BPR BPR 

I N E )  (DIFF) (ME) (DIFF) 

HH 01 
NN 02 
HH 03 
B I  MR 
NAASRA 
01 TRL W E )  
B I  TRL (DIFF) 
BPR (AVE) 
BPR (DIFF) 

HH 01 
nn 02 
HH 03 
01 CAR 
NBASRA 
B I  TRL (AVE) 
B I  TRL (DIFF) 
BPR W E )  
BPR (DIFF) 

TEST SITES WITH SURFACE TREATHENT 
NH 01 NH 02 HH 03 01 CAR NMSRA B I  TRL B I  TRL BPR BPR 

W E )  (DIFF) W E )  IDIFF) 

GRAVEL SURFACED TEST SITES 
HH 01 NH 02 HH 03 01 CAR NMSRA 01 TRL B I  TRL BPR BPR 

(AVE) IDIFF) (AYE) (DIFF) 

EARTH (CLAY) SURFACE TEST SITES 
HH 01 Ill! 02 HH 03 01 CAR NMSRA 01 TRL 01 TRL BPR BPR 

W E )  IDIFF) W E )  (DIFF) 

HH 01 1 ,8912 ,8483 ,8808 ,8977 .a734 ,2767 .7517 .115 
HI! 02 .a912 1 ,9542 .97 ,9862 ,9859 ,0202 ,9486 7.6E-03 
HH 03 .a483 .9542 1 ,963 ,9772 .9296 4.9E-03 ,8343 0 
B I  CAR ,8808 .97 ,963 1 ,9905 ,9662 ,0337 ,8428 ,0237 
MASRA .a977 ,9862 ,9772 ,9905 1 .976 ,0155 ,894 6.7E-03 
B I  TRL (AVE) ,8734 ,9859 ,9296 ,9662 ,976 1 ,0216 ,9399 2.5E-03 
01 TRL (DIFF) .2767 .0202 4.9E-03 .0337 ,0155 ,0216 1 ,0380 ,6758 
BPR W E )  .7517 ,9486 ,8343 ,8428 ,894 ,9399 .0388 1 5.7E-03 
BPR(D1FF) .115 7.6E-030 ,0237 b.7E-03 2.5E-03 ,6738 5.7E-03 1 



Table  C.14. C o r r e l a t i o n  Tab les  of R-Squared Values  f o r  No 
S e g r e g a t i o n  of Data. 

HH 01 HH 02 HH 03 B I  CAR NAASRA B I  TRL B I  TRL BPR BPR 
W E )  IDIFF) (AVE) (DIFF) 

HH 01 
HH 02 
ttH 03 
81 CAR 
NASRA 
B I  TRL IAVE) 
B I  TRL (DIFF) 
BPR (MI 
BPR (DIFF) 

Nfl 03 
B I  CAR 
HILSRA 
B I  TRL W E )  
B I  TRL (DIFF) 
BPR (AVE) 
BPR (DIFF) 

Measurements o f  ARS 

HH 01 HH 02 HH 03 B I  CAR NMSRA B I  TRL 81 TRL BPR BPR 
(AVE) (DIFF) (FIVE) (DIFF) 

Measurements o f  ARV 



ARSS2 from MM #2 

ARSSO from MM j#2 

ARSSO from MM #2 

0 5 10 15 
ARSso from MM #2 

Figure C . 1 .  Comparison of ARS measures made at  different speeds by two 
RTRRMSS. 



ARS20 f r o m  MM #2 ARS20 f r o m  MM #2 

ARSPO f r o m  NAASRA ARSPO f r o m  BPR Trailer 

Figure C.2. Comparison of ARSZO measures made by four RTRRMSs. 



ARSJ2 f r o m  MM #2 
10 20 30 

ARSJ2 f r o m  MM #2 

ARSS2 f r o m  NAASRA ARSS2 f r o m  BPR Trailer 

Figure C.3. Comparison of ARS32 measures made by four RTRRMSs. 
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Figure (2.4. Comparison of ARS50 measures made by four RTRRMSs. 



ARSso from MM # I  ARSBO from MM 63 

Figure C.5. Comparison of ARS measures made by three RTRRMSs. 
80 



ARS from NAASRA 

Figure C.6. Comparison of ARS measures made w i th  two roadmeters i n  t h e  same 
veh i c l e .  
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Figu re  C.7 Comparison of ARV Measures from Three RTRRMSs Taken a t  Three 

Speeds on A s p h a l t i c  Concre te  Roads. 
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Figure C. 8 Comparison of ARS Measures from Three RTRRMSs Taken a t  Three  

Speeds on A s p h a l t i c  Concre te  Roads. 
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APPENDIX D 

SUBJECTIVE RATINGS 

Experiment 

A t  t h e  complet ion of t h e  exper iment ,  a  s h o r t  s t u d y  was performed i n  which 

a  p a n e l  of 18 persons  ass igned  a  s u b j e c t i v e  r i d e  r a t i n g  t o  each t e s t  s e c t i o n .  

The s t a f f  a t  GEIPOT had performed a  s i m i l a r  s t u d y  i n  l a t e  1978 f o r  t h e  p r o j e c t  

"Research on t h e  I n t e r r e l a t i o n s h i p s  Between Cost of Highway C o n s t r u c t i o n ,  

Maintenance and U t i l i z a t i o n "  (ICR) t o  r e l a t e  t h e  QI s c a l e  t o  u s e r  op in ion  [7]. 

The procedures  used t o  g a t h e r  d a t a  i n  t h e  e a r l i e r  s t u d y  were r e p e a t e d ,  u s i n g  

a n  i n t e r n a t i o n a l  p a n e l  of men and women, whose backgrounds a r e  summarized i n  

Table  D.1. A l l  of t h e  pane l  members were d r i v e n  over  t h e  t e s t  s e c t i o n s  by a  

s t a f f  member f a m i l i a r  w i t h  t h e  r o u t e  i n  one of t h r e e  Chevro le t  Opala passenger  

c a r s .  These were t h e  same t h r e e  c a r s  equipped w i t h  Maysmeters t h a t  were used 

i n  t h e  main exper iment .  The v e h i c l e  speed was 50 km/h f o r  a l l  of t h e  unpaved 

s e c t i o n s  and 80 km/h f o r  a l l  of t h e  paved s e c t i o n s .  The pane l  members r a t e d  

t h e  s e c t i o n  by marking a  g r a p h i c a l  s c a l e  on a  f i e l d  form,  which showed a s  

s c a l e  rang ing  from 0 t o  5 ,  w i t h  5.0 being a  p e r f e c t  road.  Back i n  t h e  o f f i c e ,  

t h e  l o c a t i o n  of t h e  mark was measured w i t h  a  r u l e r  and e n t e r e d  i n t o  t h e  

computer,  which conver ted  t h e  measure t o  a  va lue  between 0  and 5.  

Data Normalization 

The d a t a  c o l l e c t e d  i n  t h e  s t u d y  a r e  p r e s e n t e d  i n  Table D.2. The mean 

and s t a n d a r d  d e v i a t i o n  (MEAN and SIGMA) a r e  l i s t e d  f o r  each t e s t  s e c t i o n  and 

f o r  each p a n e l  member. The mean v a l u e  f o r  a l l  r a t i n g s  i s  2.7 and t h e  average 

s t a n d a r d  d e v i a t i o n  f o r  a l l  t h e  members i s  1. When t h e  r a t i n g s  from each  r a t e r  

a r e  simply averaged ,  t h e  r e s u l t s  a r e  more i n f l u e n c e d  by t h o s e  members who used 

more of t h e  a v a i l a b l e  s c a l e  ( s i g n i f i e d  by l a r g e r  SIGMA v a l u e s )  t h a n  t h o s e  who 

used on ly  a  s m a l l  p o r t i o n .  To g i v e  e a c h  member e q u a l  we igh t ing  i n  t h e  f i n a l  

average ,  t h e  r a t i n g s  f o r  each member were normal ized by t h e  p r o c e s s  of 

s u b t r a c t i n g  t h e  mean v a l u e  f o r  t h a t  r a t e r  from a l l  of  h i s l h e r  r a t i n g s ,  and 

d i v i d i n g  t h e  r e s u l t s  by h i s / h e r  s t a n d a r d  d e v i a t i o n .  A f t e r  n o r m a l i z a t i o n ,  t h e  



Table D.1. Descr ip t ion  of panel  of r a t e r s  

Number Country 

United S t a t e s  

Braz i l  

B raz i l  

B raz i l  

B r a z i l  

United S t a t e s  

Braz i l  

B raz i l  

B raz i l  

B raz i l  

B raz i l  

B raz i l  

B r a z i l  

New Zealand 

France 

France 

B r a z i l  

B raz i l  

Occupation 

Mechanical Engineer 

Secre ta ry  

Secre ta ry  

Draftsman 

Accountant 

Economist/Editor 

C i v i l  Engineer 

C i v i l  Engineer 

T rans l a to r  

Clerk 

D r  af t sman 

Secre ta ry  

Technician 

C i v i l  Engineer 

C i v i l  Engineer 

C i v i l  Engineer 

Clerk 

C i v i l  Engineer 

Sex 

Male 

Female 

Female 

Male 

Male 

Male 

Male 

Male 

Male 

Male 

Male 

Female 

Male ' 

Male 

Male 

Male 

Ma1 e 

Female 



Table  D. 2. SUBJECT I IJE RAT I NGS W I TH NO CORRECT I ON 

S I T E  

CAOl  
CA02 
CA03 
CA04 
CA05 
CAOb 
CA07 
CAOB 
CA09 
CA lO  
C A l l  
C A I 2  
C A I 3  

TSOl  
7 5 0 2  
1 9 0 3  
TS04 
1 5 0 5  
TSO6 
TS07 
TSO8 
TS09 
T S l O  
T S l l  
TS12 

6RO 1 
6RO2 
6R03  
6R04  
6Ro5  
6R06  
6R07  
6R08  
6R09  
6R10  
6 R l l  
6R12  

TEOl  
TEOZ 
TE03 
TE04 
TE05 
TEO6 
TE07 
TEOB 
TE09 
T E l O  
T E l l  
T E l 2  

mAn 
S I M A  



r a t i n g s  of e a c h  member had a  mean v a l u e  of z e r o  and a  s t a n d a r d  d e v i a t i o n  of 

1.0. The normal ized r a t i n g s  a r e  p r e s e n t e d  i n  Table D.3 .  I d e a l l y ,  t h e r e  

should be no miss ing  d a t a ,  because  t h e  c a l c u l a t e d  v a l u e s  of t h e  mean and 

s t a n d a r d  d e v i a t i o n  can t h e n  be e r roneous .  I n  t h i s  c a s e ,  t h e r e  were t e n  

miss ing  v a l u e s  o u t  of a  t o t a l  of 882. The t e s t  s e c t i o n s  t h a t  were miss ing  

were n o t  ex t remely  smooth o r  ex t remely  rough;  hence t h e  e r r o r s  in t roduced  t o  

t h e  f i n a l  r a t i n g  f o r  t h e  s e c t i o n s  a r e  assumed t o  be n e g l i g i b l e .  

A c r i t i c a l  phase of a n a l y z i n g  s u b j e c t i v e  r a t i n g  (SR) d a t a  i s  c a l l e d  

"anchoring t h e  s c a l e "  t o  a s s i g n  a b s o l u t e  roughness v a l u e s  t o  each  road 

s e c t i o n ,  based on a  comparison of t h e  range of SR v a l u e s  ob ta ined  from t h e  

r a t e r s  t o  a  r e f e r e n c e  range.  S ince  t h e  i n t e r e s t  h e r e  i s  i n  s e e i n g  t h e  

c o r r e l a t i o n  of SR w i t h  t h e  o t h e r  measures and comparing t h e  roughness 

r a n k i n g s ,  t h e  a r b i t r a r y  normalized s c a l e  of Table D . 3  was cons idered  

s u f f i c i e n t .  I f  d e s i r e d ,  t h e  SR numerics can be "anchored" t o  any one of t h e  

many o b j e c t i v e  roughess  measures used i n  t h e  IRRE. 

Example Correlations With Objective Roughness Measures 

Figure  D.1 shows s c a t t e r  p l o t s  of SR a g a i n s t  t h e  roughness  measures 

o b t a i n e d  from one of t h e  response- type road roughness measurement systems 

(RTRRMSs). The p l o t s  a l s o  i n c l u d e  q u a d r a t i c  r e g r e s s i o n  l i n e s ,  whose 

c o e f f i c i e n t s  were computed s e p a r a t e l y  f o r  each s u r f a c e  type .  The s t a n d a r d  

e r r o r  (SE) i s  i n d i c a t e d  f o r  e a c h  r e g r e s s i o n ,  and h a s  t h e  same a r b i t r a r y  u n i t s  

as SR. The p l o t s  a l s o  i n c l u d e  t h e  r2 v a l u e  f o r  each  of t h e  r e g r e s s i o n s .  The 

f i g u r e  r e v e a l s  t h a t  about  t h e  same q u a l i t y  of c o r r e l a t i o n  i s  ob ta ined  a t  a l l  

f o u r  s p e e d s ,  and t h a t  s u r f a c e  t y p e  i n f l u e n c e s  t h e  r e g r e s s i o n s  t h e  most when 

t h e  RTRRMS was r u n  a t  80 km/h. These a r e  unexpected f i n d i n g s ,  g i v e n  t h a t  t h e  

SR v a l u e s  a r e  based on t r a v e l  speeds  of 80 km/h f o r  t h e  paved roads  and 50 

km/h f o r  t h e  unpaved. B e t t e r  c o r r e l a t i o n  was expected when t h e  RTRRMS 

measurement speed matches t h e  t r a v e l  speed d u r i n g  t h e  SR exper iment .  I n  t h e s e  

examples,  a  s i n g l e  non- l inear  r e l a t i o n s h i p  seems t o  e x i s t  t h a t  r e l a t e s  t h e  

RTRRMS measure t o  SR f o r  t h r e e  of t h e  s u r f a c e  types  a s  a  f u n c t i o n  only of 

roughness ,  a s  measured by e i t h e r  t h e  SR o r  RTRRMS s c a l e .  But a s e p a r a t e  

r e l a t i o n s h i p  i s  needed f o r  t h e  s e c t i o n s  w i t h  s u r f a c e  t r e a t m e n t  (TS). The SR 

r a t i n g s  do n o t  d i s c r i m i n a t e  among t h e s e  s e c t i o n s  a s  much a s  t h e  RTRRMS, and 

t h e  SR i s  g e n e r a l l y  h i g h  compared t o  comparable RTRRMS roughness l e v e l s  f o r  





ARS20 - m/km 

ARS20 from Opala-MM #2 

ARSS0 - m/km 

ARSSO from Opala-MM #2 
ARSBo - m/km 

ARSso from MM #2 
- 

F i g u r e  D . 1 .  C o r r e l a t i o n s  between SR and ARS measures from a RTRRMS. 



o t h e r  s u r f a c e  t y p e s .  The cause  of t h e s e  r e s u l t s  over  t h e  TS s i t e s  i s  revea led  

by t h e  PSD f u n c t i o n s  i n  Appendix I, which show t h a t  t h e  f o u r  "roughest"  of t h e  

TS s e c t i o n s  have a  p e r i o d i c  v a r i a t i o n  t h a t  i s  seen by t h e  v e h i c l e  a t  11 Hz 

when t h e  speed i s  80 km/h. This f requency w i l l  t y p i c a l l y  e x c i t e  a x l e  mot ions ,  

because t h e  v e h i c l e  has  a  l i g h t l y  damped v i b r a t i o n  mode i n  which t h e  mass of 

t h e  a x l e  and wheels v i b r a t e s  a g a i n s t  t h e  s i f f n e s s  of t h e  t i r e s .  These a x l e  

v i b r a t i o n s ,  having smal.1 d e f l e c t i o n  ampl i tudes  but  h igh  f requncy ,  a r e  sensed 

by t h e  roadmeter but  , a p p a r e n t l y  n o t  by t h e  p a s s e n g e r .  

F igure  D.2 shows s i m i l a r  p l o t s  and r e g r e s s i o n  r e s u l t s  f o r  t h e  RARS 

numeric computed from p r o f i l e  u s i n g  t h e  r e f e r e n c e  quar te r -ca r  s i m u l a t i o n  

(RQCS) d e s c r i b e d  i n  A.ppendix F. The r e g r e s s i o n s  a r e  very  s i m i l a r  t o  those  

ob ta ined  from t h e  RTRRMS f o r  t h e  lower speeds ,  but  f o r  t h e  h i g h e r  speeds ,  t h e  

r e g r e s s i o n  e q u a t i o n s  c o l l a p s e  approximate ly  i n t o  a  s i n g l e  r e l a t i o n s h i p .  Thus, 

t h e  s e n s i t i v i t y  of t h e  " re fe rence"  RTRRMS appears  t o  match t h e  pane l  judgement 

b e t t e r  than  t h e  ARS measures ob ta ined  from t h e  same v e h i c l e  used t o  t r a n s p o r t  

t h e  r a t e r s .  

F igure  D.3 shows t h e  r e l a t i o n s h i p s  between SR and t h r e e  o t h e r  

p ro f i l e -based  numerics : t h e  shor t -wave CP2 , 5 ,  t h e  medium-wave CP10 and 

Q J u s t  a s  t h e  RTR.RMS speed does  n o t  s t r o n g l y  i n f l u e n c e  t h e  q u a l i t y  of t h e  

c o r r e l a t i o n ,  t h e  cho ice  of a  moving average base leng th  f o r  t h e  CP a n a l y s i s  

does  n o t  appear  c r i t i c a l  u n l e s s  t h e  a n a l y s i s  emphasizes t h e  l o n g e s t  

wavelengths ,  i n  which c a s e  ( n o t  shown) poor c o r r e l a t i o n s  e x i s t .  The QI, 

numeric i s  seen  t o  be one of  t h e  b e s t  p r e d i c t o r s  of SR. The c o r r e l a t i o n  

between Q I r  and SR on t h e  unpaved r o a d s ,  i s  t h e  b e s t  o b t a i n e d ,  and t h e  

c o r r e l a t i o n  f o r  t h e  paved roads  i s  n e a r l y  a s  good a s  seen  f o r  t h e  RARS80 

numerics.  The r e g r e s s i o n  e q u a t i o n s  f o r  t h e  d i f f e r e n t  s u r f a c e  types  c o l l a p s e  

approximate ly  i n t o  a  s i n g l e  r e l a t i o n s h i p  between QIr and SR, a s  do t h e  

r e g r e s s i o n  e q u a t i o n s  f o r  RARS and R L I R S ~ ~ .  5 0 
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F i g u r e  D . 2 .  C o r r e l a t i o n s  be tween RARS from t h e  QCS and SR. 



cut 

cp2.5 

C P  2.5 f rom APL 72  
cp 10 

CP 10 from APL 72 

QI, - counts/km 

Q I  from Static Measures 

F i g u r e  D . 3 .  C o r r e l a t i o n s  between SR and s e v e r a l  p r o f i l e - b a s e d  numer ics .  





APPENDIX E 

prepared by 

The U n i v e r s i t y  of Michigan T r a n s p o r t a t i o n  Research I n s t i t u t e  (UMTRI). 

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

The French Bridge and Pavement Laboratory (LCPC), and 

The Belgian Road Research Center  (CRR) 

QI i s  t h e  name g iven  t o  t h e  roughness s c a l e  used i n  B r a z i l  dur ing and 

a f t e r  the  p r o j e c t ,  "'Research on t h e  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 "  (PICR). I n  a c t u a l i t y ,  

t h e r e  a r e  s e v e r a l  QI s c a l e s ,  which have s u b t l e  d i f f e r e n c e s .  During the  PICR 

p r o j e c t ,  t h e  QI s c a l e  evolved from a numeric t h a t  depended on t h e  s p e c i f i c  

p r o p e r t i e s  of a r e f e r e n c e  ins t rument  (des igna ted  QI, which s t a n d s  f o r  

Q u a r t e r  Car Index) ,  t o  a c a l i b r a t e d  measure from a response-type road - 
roughness measuring system (RTRRMS) ( t h e  c a l i b r a t e d  measure is  des igna ted  

QI*) [ 7 ] ,  t o  a roughness numeric de f ined  by t h e  t r u e  l o n g i t u d i n a l  p r o f i l e  of 

t h e  road (des igna ted  Q I r )  [ a ] .  

* 
The QI s c a l e  i s  of p a r t i c u l a r  i n t e r e s t ,  because t h e  c o s t  equa t ions  

developed i n  t h e  PICR p r o j e c t  t h a t  invo lve  road roughness a r e  based on 
* 

measurements of QI . 
* 

Although i t  i s  not  completely e q u i v a l e n t  t o  t h e  QI s c a l e ,  t h e  QIr 

s c a l e  i s  a l s o  of i n t e r e s t  because i t  i s  a prof i le-based roughness measure t h a t  

h a s  been suggested a s  a s t andard  f o r  f u t u r e  c a l i b r a t i o n  of RTRRMSs. In  

a d d i t i o n  t o  t h e  t e s t i n g  r e p o r t e d  i n  t h i s  r e p o r t ,  t h e  QIr s c a l e  has a l s o  seen 

l i m i t e d  u s e  i n  Bol iv ia  [26] and South Afr ica  [ 2 7 ] .  F u r t h e r ,  MO,  a  n e a r l y  

I d e n t i c a l  s c a l e ,  has  been used i n  Texas [ 2 8 ] .  

This  appendix d e s c r i b e s  1) t h e  development of t h e  v a r i o u s  v e r s i o n s  of QI 

i n  B r a z i l ,  2 )  t h e  mathematical  p r o p e r t i e s  of t h e  prof i le-based Q I  numeric, 3 )  
r 



requirements in profile measurement for valid measurement of QI; and 4) the 

compatibility of the QI, scale with the RTRRMSs that participated in the IRRE. 
r 

Many of the details of the procedures used for the QI and QIr numerics 

have been reported previously [7, 81 ,  so this appendix mainly covers new 

findings that have emerged during the IRRE. 

DEVELOPMENT OF THE QI ROUGHNESS SCALZ 

QI: The - Quarter-Car - Index 

The roughness scale initially used in the PICR project was based on the 

output from a GMR-type Inertial Profilometer (also called a Surface Dynamics 

Profilometer) used in the project [ 7 1 .  The Profilometer is equipped with a 

special purpose analog computer called a Quarter-Car Simulation (QCS) that is 

intended to replicate the dynamics of a BPR Roughometer [24]. To avoid 

confusion between this particular QCS .and others mentioned in this report, it 

is designated BPR/QCS. (See Appendix A for descriptions of the two BPR 

Roughometers that participated in this experiment, and Appendix F for a 

description of the BPR/QCS.) At the start of the project, both the 

profilometer speed and the simulation speed were set at 5 5  km/h, to correspond 

to the usage of a similar unit at The Pennsylvania State University. The 

BPR/QCS device produces a number of counts over each 1/10 mile of travel as a 

measure of road roughness. The scaling is such that each count corresponds to 

1/10 inch of accumulated positive suspension deflection of the simulated 

vehicle. Since the test length is 1/10 mile, the units can also be expressed 

as "inches/mile," as normally reported for a BPR Roughometer. Because the 

accumulation in a BPR roadmeter is only for deflection in one direction, the 

statisic produced is exactly half of the ARS (average rectified slope) numeric 

produced by roadmeters that accumulate in both directions. This number was 

multiplied by 0.6214 to convert to kilometers, and the result was reported as 

"QI" (Quarter-Car Index) with the .assumed units "counts/kilometer." The 

simulator was able to process only one profile at a time, so the QI was found 

for both the right and left wheel-tracks separately, and these measures were 

averaged to obtain the official QI for a test section. 



The P r o f i l o m e t e r  and i t s  r e l a t e d  equipment exper ienced  c o n s t a n t  

o p e r a t i o n a l  problems d u r i n g  t h e  PICR p r o j e c t .  Also,  t h e  o u t p u t  of t h e  

e l e c t r o n i c  QCS was found t o  va ry  w i t h  a  number of t e s t i n g  c o n d i t i o n s ,  s u c h  a s  

s p e e d ,  g a i n  s e t t i n g ,  and c h o i c e  of follower-wheel.  These v a r i a t i o n s  were 

c o n s i s t e n t  and l a r g e ,  i n d i c a t i n g  t h a t  t h e  i n s t r u m e n t  was n o t  a c t u a l l y  

measuring " p r o f i l e "  a s  i t  is  des igned  t o  do. (When used on ly  on t h e  smoother 

paved roads  i n  t h e  United S t a t e s ,  t h e  same roughness  numeric can be ob ta ined  

over  a range of t e s t i n g  c o n d i t i o n s  w i t h  a  GMR-type I n e r t i a l  P r o f i l o m e t e r . )  

None the less ,  when o p e r a t e d  under  t h e  same t e s t i n g  c o n d i t i o n s  ( s p e e d ,  e t c . )  t h e  

measurements were more t ime-s tab le  and t h u s  more r e l i a b l e  t h a n  t h o s e  of t h e  

RTRRMSs used t o  g a t h e r  t h e  bu lk  of t h e  roughness  d a t a  f o r  t h e  p r o j e c t .  I n  

t h i s  r e g a r d ,  t h e  QI measures from t h e  P r o f i l o m e t e r  he lped  p rov ide  a more t ime 

s t a b l e  roughness  s c a l e .  

During t h e  p r o j e c t ,  su rvey  p r o f i l e  measures were made o f  t h e  c o n t r o l  

s e c t i o n s  (used f o r  c a l i b r a t i n g  t h e  RTRRMSs) w i t h  t h e  rod and l e v e l  t e c h n i q u e ,  

a s  t h e  B r a z i l i a n  r e s e a r c h e r s  a n t i c i p a t e d  even f u r t h e r  problems w i t h  t h e  

equipment. E f f o r t s  were made t o  f i n d  a n  a l t e r n a t i v e  t o  t h e  BPR/QCS "QI" t h a t  

could  be c a l c u l a t e d  from t h e  rod and l e v e l  p r o f i l e  measurements. These 

e f f o r t s  were s u c c e s s f u l ,  and i n  1979, a f t e r  t h e  P r o f i l o m e t e r  reached t h e  p o i n t  

where t h e  c o s t  and e f f o r t  needed t o  keep i t  o p e r a t i o n a l  were t o o  g r e a t ,  i t  was 

"mothballed." From t h e n  on ,  t h e  a l t e r n a t i v e  d e f i n i t i o n  of QI t h a t  could be 

a p p l i e d  t o  Rod and Level  measures was used i n  t h e  p r o j e c t  [ 8 ] .  

QI,: A S t a t i s t i c  Computed from Bod and Level P r o f i l e  

Because of t h e  problems a s s o c i a t e d  w i t h  t h e  P r o f i l o m e t e r ,  a method f o r  

e s t i m a t i n g  QI from rod and l e v e l  measurements was developed. Rod and l e v e l  

p r o f i l e s  were made of t h e  c o n t r o l  s i t es ,  whose QI roughness  v a l u e s  were known. 

S e v e r a l  roughness  s t a t i s t i c s  t h a t  had been proposed i n  t h e  l i t e r a t u r e  were 

c a l c u l a t e d  from measured p r o f i l e s  t e s t e d  f o r  agreement w i t h  t h e  QI numerics 

ob ta ined  from t h e  Prof i l o m e t e r :  

1. RMSVA (root-mean-square v e r t i c a l  a c c e l e r a t i o n )  [ 2 5 ]  c a l c u l a t e d  f o r  

s e v e r a l  b a s e l e n g t h s  , 

2. MAVA (mean a b s o l u t e  v e r t i c a l  a c c e l e r a t i o n  = average  r e c t i f i e d  



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

base lengths  , 

3 .  Slope va r i ance ,  a l s o  ca l cu l a t ed  f o r  s e v e r a l  c h a r a c t e r i s t i c  

base lengths ,  inc lud ing  the  one f o r  t h e  publ ished geometry of t h e  

CHLOE p ro f i l ome te r ,  and 

4. Waveband a n a l y s i s ,  i n  which p r o f i l e  e l e v a t i o n  var iance  i s  computed 

f o r  s p e c i f i c  wavebands. 

Using each type of a n a l y s i s ,  t h e  "best"  model f o r  p r e d i c t i n g  t h e  QI a s  

determined by t h e  Prof i lometer  was developed, using l e a s t  squares  methods t o  

maximize f i t  and us ing  r i dge  ana lyses  t o  choose t h e  independent v a r i a b l e s .  It 

was found t h a t  e x c e l l e n t  c o r r e l a t i o n s  were obtained using e i t h e r  a  waveband o r  

an  RMSVA model. I n  e i t h e r  ca se ,  two independent v a r i a b l e s  were needed ( t h a t  

i s ,  two d i f f e r e n t  wavebands were needed f o r  t h e  waveband a n a l y s i s ,  and two 

d i f f e r e n t  base lengths  were needed f o r  t h e  RMSVA a n a l y s i s ) .  Computationally,  

t h e  RMSVA s t a t i s t i c  i s  much s impler  t o  o b t a i n ,  and thus i t  was adopted t o  

r ede f ine  QI f o r  cont inu ing  work [8 ] .  

QI*: Rescaled Measurements from RTBBWSs 

During t h e  PICR P r o j e c t ,  t h e  roughness s c a l e  was def ined  by e i t h e r  t h e  QI 

numeric obtained from t h e  BPR/QCS o r  t h e  QIr s t a t i s t i c ;  however, t he  a c t u a l  

roughness measurements were made wi th  RTRRMSs, composed of Chevrolet  Opala 

passenger c a r s  equipped with modified Maysmeter Roadmeters ( s e e  d e s c r i p t i o n s  

i n  Appendix B and Reference [ 4 ] ) .  With few except ions ,  t h e  RTRRMSs were 

operated a t  speeds of 80 km/h on paved roads and a t  50 km/h on unpaved roads.  

A t h i r d  s tandard  speed of 20 km/h was used on t h e  worst  roads ,  which amounted 

t o  only a  few percent  of the  t o t a l .  When operated a t  80 km/h (paved roads ) ,  

t h e  "raw" measures ( a s  read d i r e c t l y  from the  roadmeter d i s p l a y )  of t h e  RTRRMS 
* were transformed t o  QI through t h e  use of a  l i n e a r  r eg re s s ion  equa t ion ,  

which was i n  essence  t h e  c a l i b r a t i o n  f o r  t h a t  p a r t i c u l a r  RTRRMS. The measures 
* 

made a t  50 km/h were converted t o  QI through a  two-step process:  f i r s t ,  t h e  

"raw" measure was used t o  e s t ima te  what t h e  RTRRMS would have measured i f  

operated a t  80 km/h. Then, t he  r e s u l t i n g  es t imated  80 km/h measure was 

converted t o  QI* by us ing  t h e  c a l i b r a t i o n  equat ion.  On those  r a r e  occasions 



t h a t  a c t u a l  measures were made a t  20 km/h, a  th ree-s tep  process  was used,  i n  

which t h e  measure was transformed i n t o  an e s t ima te  of a  50 km/h measure, which 

was i n  t u r n  transformed i n t o  an  e s t ima te  of an 80 km/h measure, which was then 
jt 

transformed i n t o  QI . 

Although t h e  roughness s c a l e  has  been descr ibed  i n  terms of the  QI and 

QI, s c a l e s ,  t he  roughness d a t a  c o l l e c t e d  i n  t h e  PICR p r o j e c t ,  used a s  t h e  
* 

b a s i s  of t h e  roughness-related c o s t  equa t ions ,  a r e  composed completely of QI 

va lues :  r e sca l ed  ( c a l i b r a t e d )  RTRRMS measures. 

?iATHE?iATICAL DEFINIT'IONS OF THE QI SCALES 

QI: Q u a r t e r  Car Index 

I d e a l l y ,  t h e  mathematical p r o p e r t i e s  of t h e  QI numeric would be 

determined by t h e  publ ished response p r o p e r t i e s  of t h e  B P R ~ Q C S  device  [9, 241. 

Due t o  a  number of c i rcumstances,  t h e  QI numeric i nc ludes  a  number of 

equipment-related c h a r a c t e r i s t i c s  a s  w e l l ,  which a l s o  a f f e c t  t he  t o t a l  

roughness d e f i n i t i o n .  In  order  t o  understand the  s i g n i f i c a n c e  of t h e  QI 

numeric, i t  i s  necessary t o  a l s o  know something about t he  f a c t o r s  t h a t  

i n f luence  t he  ope ra t i on  of t h e  Prof i lometer  and the  BPR/QCS. 

C a l i b r a t i o n  Er ror .  The e l e c t r o n i c  B P R ~ Q C S  produces a  vo l t age  i n  

p ropor t i on  t o  a  s imula ted  axle-body v e l o c i t y ,  r e c t i f i e s  t h i s  s i g n a l  ( t a k e s  t he  

abso lu te  v a l u e ) ,  and i n t e g r a t e s  t h e  r e c t i f i e d  s i g n a l  over t h e  t e s t  l eng th  of 

0.10 m i l e  (0.160 km:) t o  o b t a i n  accumulated displacement.  The accumulated 

displacement  s i g n a l  runs  a  counter  t h a t  increments every time a  vo l tage  

t h r e sho ld  i s  reached and r e s e t s  t he  ou tput  of t he  i n t e g r a t o r  t o  zero.  The 

"counts" produced a s  t he  ou tput  a r e  thus  due t o  1 )  t h e  r a t e  a t  which t h e  

s i g n a l  i n c r e a s e s  ( i , , e . ,  average r e c t i f i e d  v e l o c i t y ,  ARV), and 2 )  t h e  vo l tage  

l e v e l  used a s  a  r e f e r ence  f o r  "one count." P a r t  of t h e  c a l i b r a t i o n  of t h e  

BPRIQCS e l e c t r o n i c  box involves  t h e  c a r e f u l  s e t t i n g  of t h i s  t h r e sho ld ,  such 

t h a t  each count shown corresponds t o  .10 i nch  of accumulated movement i n  one 

d i r e c t i o n  (0.20 inches  i n  both d i r e c t i o n s ) .  The c a l i b r a t i o n  i s  achieved by 

using a  s i n e  wave inpu t  of s p e c i f i e d  amplitude and frequency,  and a d j u s t i n g  



t h e  t h r e s h o l d  v a l u e  u n t i l  a  s p e c i f i e d  count  i s  o b t a i n e d .  During t h e  PICR 

p r o j e c t ,  however, t h e  c a l i b r a t i o n  p rocedure  o u t l i n e d  by t h e  manufac tu re r  w a s  

n o t  followed. The speed s e t t i n g  on t h e  QCS was n o t  a d j u s t e d  c o r r e c t l y ,  and a  

s q u a r e  wave was used r a t h e r  than  a  s i n e  wave. Not u n t i l  t h e  P r o f i l o m e t e r  was 

prepared f o r  t h e  IRRE were t h e  e f f e c t s  of t h e s e  e r r o r s  found [ 2 3 ] :  

1. The g a i n  was i n  e r r o r  such  t h a t  t h e  o u t p u t  had t h e  u n i t s  of .204 

i n c h l c o u n t  i n  one d i r e c t i o n  (.408 i n c h l c o u n t  i n  b o t h  d i r e c t i o n s )  

2. The g a i n  pushed t h e  v o l t a g e  t h r e s h o l d  n e a r  t h e  l i m i t s  of t h e  e l e c t o n i c  

c i r c u i t r y ,  where behav ior  i s  non- l inear  due t o  s a t u r a t i o n  of t h e  op-amps. 

The s e n s i t i v i t y  of t h e  c a l i b r a t i o n  was reduced,  such t h a t  f l u c t u a t i o n s  i n  

performance t h a t  would normal ly  be c o r r e c t e d  by a n  a c c u r a t e  c a l i b r a t i o n  

were n o t  e a s i l y  d e t e c t e d .  Hence t h e  main purpose of t h e  c a l i b r a t i o n  was 

p a r t i a l l y  thwarted.  

The s q u a r e  wave i n p u t  was used r a t h e r  t h a n  t h e  s i n e  wave because  t h e  

o u t p u t  d r i f t e d  w i t h  a  s i n e  wave i n p u t ,  making c a l i b r a t i o n  d i f f i c u l t .  The use  

of a  square  wave i n p u t  e l i m i n a t e d  t h e  symptom, b u t  n o t  t h e  c a u s e ,  which was 

found t o  be a  d e f e c t i v e  e l e c t o n i c  component ( r e p l a c e d )  d u r i n g  t h e  course  of 

p r e p a r i n g  f o r  t h e  IRRE. 

U s e  o f  the P r o f i l o m e t e r  a t  low speeds .  The GMR-type P r o f i l o m e t e r  

s e n s e s  vehic le- to-road d i s t a n c e  us ing  a  spr ing- loaded f o l l o w e r  wheel. On 

medium-quality paved r o a d s ,  t h e  f o l l o w e r  wheel bounces when t h e  P r o f i l o m e t e r  

i s  o p e r a t e d  a t  highway speeds  (50 kmlh and h i g h e r ) .  I n  o r d e r  t o  p reven t  

bounce of t h e  f o l l o w e r  wheel ,  lower  s p e e d s  were used d u r i n g  t h e  PICR p r o j e c t .  . 
This  i n t r o d u c e s  a n  a d d i t i o n a l  e r r o r  i n t o  t h e  BPR/QCS numeric,  however, because 

t h e  i n s t r u m e n t a t i o n  i n  t h e  P r o f i l o m e t e r  and t h e  BPR/QCS were des igned f o r  

h i g h e r  speeds .  S p e c i f i c a l l y ,  t h e  BPR/QCS h a s  a  high-pass e l e c t r o n i c  f i l t e r  

t h a t  a t t e n u a t e s  "very low" f r e q u e n c i e s .  The cut-off  f requency ,  which i s  t h e  

f requency a t  which a t t e n u a t i o n  becomes s i g n i f i c a n t ,  can be s e t  by t h e  o p e r a t o r  

t o  match c o n d i t i o n s .  The problem i s  t h a t  i n  o r d e r  t o  r u n  t h e  P r o f i l o m e t e r  

wi thou t  over load ing  t h e  a m p l i f i e r s  ( i n d i c a t e d  by l i g h t s  and b e e p e r s ) ,  t h e  

cut-off  f i l t e r  had t o  be set a t  t h e  medium s e t t i n g s ,  n e a r  0.5 Hz. The 

cor responding  wavelength  i s  determined by t h e  P r o f i l o m e t e r  t r a v e l  speed ,  and 

i s  18 m/cycle a t  a  measurement speed of 32 km/h. The response range of t h e  



B P R ~ Q C S  depends on t h e  s i m u l a t i o n  speed ,  w i t h  t h e  1.0 Hz lower l i m i t  

co r responding  t o  a  wavelength of 15 m a t  t h e  s i m u l a t i o n  speed of 55 km/h. 

Although t h e  high-pass f i l t e r  t r a n s m i t s  most of t h e  wavelengths  t h a t  

a f f e c t  t h e  QI numeric ,  those  n e a r  15 m and l o n g e r  a r e  a t t e n u a t e d  due t o  t h e  

low p r o f i l o m e t e r  speed.  T h e r e f o r e ,  t h e  QI measures probably  d i d  n o t  c o n t a i n  

a l l  of t h e  l o n g  wavelength  c o n t e n t  t h a t  would be expec ted  i f  t h e  i n p u t  t o  t h e  

BPR/QCS had been t h e  " t r u e "  p r o f i l e .  

Speed Correction. The BPR/QCS i s  supposed t o  c o r r e c t  f o r  

p r o f i l o m e t e r  measurement speed. During t h e  PICR p r o j e c t ,  t h e  c i r c u i t  was 

found t o  be d e f e c t i v e ,  t h e  manufac tu re r  w a s  c o n t a c t e d ,  and a  m o d i f i c a t i o n  t o  

f i x  t h e  c i r c u i t  was developed.  The m o d i f i c a t i o n  was n e v e r  implemented,  

however, s o  t h a t  thie numerics  produced by t h i s  p a r t i c u l a r  BPR/QCS had a  speed 

s e n s i t i v i t y .  While t h e  o v e r a l l  e f f e c t  can  be c o r r e c t e d  by a  speed r a t i o ,  

v a r i a t i o n s  i n  speed d u r i n g  measurement go u n d e t e c t e d  and can l e a d  t o  

v a r i a b i l i t y .  

Summary of "True" QI. The above f a c t o r s  could  p o s s i b l y  be taken i n t o  

account  t o  determin.e a  q u a n t i t a t i v e  d e f i n i t i o n  of QI. But f o r  a l l  p r a c t i c a l  

purposes ,  QI can  be: cons idered  a s  " the  number produced by t h e  BPR/QCS and t h e  

P r o f i l o m e t e r  a s  o p e r a t e d  d u r i n g  t h e  PICR." Because t h e  o r i g i n a l  QI was s o  

s p e c i f i c  t o  a  p a r t i c u l a r  p i e c e  of hardware and o p e r a t i o n a l  p r o c e d u r e s ,  i t  

cannot  be r e p l i c a t e d  w i t h  any assurance .  

The P r o f i l o m e t e r  was on ly  r a r e l y  used on s u r f a c e  t r e a t m e n t  and unpaved 

roads .  S ince  v e r y  few measurements were o b t a i n e d ,  t h e  o r i g i n a l  QI i s  

e f f e c t i v e l y  undef ined f o r  t h e s e  c o n d i t i o n s .  

Rather  t h a n  a t t e m p t i n g  t o  de te rmine  e x a c t l y  how t o  d e s c r i b e  t h e  o r i g i n a l  

QI, i t  h a s  been recommended t h a t  t h e  a l t e r n a t i v e  d e s c r i p t i o n ,  d e s i g n a t e d  QIr 

and d e s c r i b e d  below, be used as t h e  d e f i n i t i o n  of " t rue"  QI as determined from 

p r o f i l e  measurement [8]. 



QL: Defined by P r o f i l e  Geometry 

D e f i n i t i o n  of QIr. The QIr s t a t i s t i c  i s  computed d i r e c t l y  from 

measured p r o f i l e s .  F i r s t ,  t h e  p r o f i l e  i s  " f i l t e r e d "  t o  y i e l d  a  v a r i a b l e  t h a t  

h a s  been c a l l e d  " V e r t i c a l  A c c e l e r a t i o n , "  a l though  i t  w i l l  be shown l a t e r  t h a t  

t h e  name i s  n o t  t r u l y  a p p r o p r i a t e .  The " f i l t e r "  i s  de f ined  by t h e  e q u a t i o n :  

where 

x = l o n g i t u d i n a l  d i s t a n c e  (m) 

y ( x )  = e l e v a t i o n  of whee l t r ack  a t  p o s i t i o n  x (mm) 

b = base leng th  (m). 

Given measures of  y ( x )  t h a t  a r e  e q u a l l y  spaced ,  Eq. 1 can be  re -wr i t t en :  

where 

and 

i = i n d e x ,  corresponding t o  t h e  ith p r o f i l e  e l e v a t i o n  measure 

dx = d i s t a n c e  between p r o f i l e  measurements 

t h e r e f  o r e  

where 

n  = number of measurements 



The Est imate  of QI t:hat was developed through r e g r e s s i o n  methods i s :  

E [ Q I ]  QIr = -8.54 + 6.17 RMSVA1.O + 19.38 RMSVA2.5 (E-5) 

where 

E [ Q I ]  = expected v a l u e  of QI, and 

6 RMSVAb has  t h e  u n i t s :  s lope  x 10 . (These u n i t s  a r i s e  when b i s  measured a s  

m and e l e v a t i o n s  a r e  measured a s  mm.) 

Waveband Bespoase of BMSVA and QG. The wavelength s e n s i t i v i t y  of 

t h e  VA " f i l t e r "  can be c a l c u l a t e d  u s i n g  Laplace Transforms, which cons ider  a  

s i n u s o i d a l  i n p u t :  

where 

e j m  coswx + j sinwx 03-71 

w = s p a t i a l  c i r c u l a r  frequency (rad/m) = 2n / wavelength = 2 w  

wavenumber, Yo = s i n u s o i d a l  ampl i tude ,  and j = /y = t h e  

"imaginary" p a r t  of a  "complex" v e c t o r ,  90° o u t  of phase w i t h  t h e  " rea l "  

p a r t .  Eq. 6 describes a v a r i a b l e  t h a t  i s  s i n u s o i d a l  o v e r  l o n g i t u d i n a l  

d i s t a n c e .  

Combining Eqs. 1 and 6 y i e l d s :  



The "gain, ' I V A  / Y I , is therefore : 

where 

L = wavelength = 2n/w (E-11) 

This relationship is shown in Figure E.1. The figure also shows the 

wavelength sensitivity of double differentiation, which defines the true form 

of vertical acceleration. Differentiation of a variable is very simple in the 

frequency domain: 

The amplitude response of a double differentiation is obtained by applying Eq. 

12 twice : 

When the wavelengths are large relative to the RMSVA baselength, Eq. 10 

and 13yield similar results. In order for the difference to be less than 

lo%, the wavelengths must be at least 5.6 times longer than the baselength. 

For the QIr numeric, which uses a baselength of 2.5 m, this means that the 

transform approximates vertical acceleration only for wavelength8 longer than 

14 m, even though most of the "roughness" derives from shorter wavelengths. 

Thus, the name "RMSVA" is a misnomer, because the roughness statistic has 

virtually no relation to vertical acceleration of the profile. 

Eq. 10 also shows that the VA variable has no response to the wavenumber 



true vertical acceleration 

Wavenumber x b - cycle/baselength 

NOTE: Wavenumber = llwavelength 

Figure E.1. Sensitivity of RMSVA to Wavenumber 



= l / b  and a l l  m u l t i p l e s  (harmonics)  of t h i s  va lue .  It h a s  maximum s e n s i t i v i t y  

a t  wavenumbers . 5 / b ,  1 .5 /b ,  2 .5 /b ,  ... The VA v a r i a b l e  does  no t  have a 

bandwidth f o r  a n  a r b i t r a r y  e l e v a t i o n  i n p u t ,  being e q u a l l y  r e s p o n s i v e  t o  wave 

numbers .5 /b  and 1000.5/b. 

The RMSVA f i l t e r  i s  l i n e a r ,  bu t  Eq. 5 i s  n o t  because i t  adds  two RMS 

numerics t o  y i e l d  t h e  QIr s t a t i s t i c .  T h e r e f o r e ,  Q I r  does  n o t  have a t r u e  

waveband response  t h a t  a p p l i e s  t o  broad-band road i n p u t s .  (Tha t  i s ,  i f  t h e  

QI, numerics  t h a t  r e s u l t  f o r  two s e p a r a t e  i n p u t s  a r e  known, t h e r e  i s  no 

r e l a t i o n  between t h o s e  two numerics and t h e  QIr v a l u e  t h a t  would be ob ta ined  

from t h e  l i n e a r  sum of t h e  two i n p u t s . )  Nonetheless ,  t h e  response  of t h e  QIr 

a n a l y s i s  can be c a l c u l a t e d  f o r  a p u r e l y  s i n u s o i d a l  i n p u t  by combining eqs .  5 

and 10. (Note t h a t  t h e  s u b s t i t u t i o n  of t h e  r a t i o  of o u t p u t / i n p u t  from eq.  10 

i n t o  eq .  5 i m p l i e s  t h a t  t h e  s i n u s o i d a l  i n p u t  i s  c h a r a c t e r i z e d  by RMS 

ampl i tude . )  

( Q I r  + 8.54) / RMS Y = response  t o  s i n u s o i d a l  p r o f i l e  i n p u t  

Eq. 14 i s  shown p l o t t e d  i n  F igure  E.2a. While t h e  f i g u r e  shows t h a t  t h e  

QI, a n a l y s i s  a m p l i f i e s  t h e  p r o f i l e  i n p u t  f o r  s h o r t e r  wavelengths ,  i t  should 

be noted t h a t  t h e r e  i s  s u b s t a n t i a l l y  more road roughness c o n t e n t  a t  long  

wavelengths  when e l e v a t i o n  i s  used t o  d e f i n e  p r o f i l e .  (See Appendix I ,  which 

c o n t a i n s  t h e  PSD's of t h e  49 t e s t  s e c t i o n s  of t h e  IKRE.) Eq. 14 can be 

r e - w r i t t e n  t o  show t h e  r e l a t i v e  importance of wavelengths  t o  t h e  QIr numeric,  

by c o n s i d e r i n g  a p r o f i l e  i n p u t  d e f i n e d  by s l o p e .  Combining Eqs. 12 and 14 

g i v e s  : 



Wavenumber - cycle/m 

Sensitivity of Qlr t o  pure sinusoidal displacement 

Wavenumber - cycle/m 

b. Sensitivity of Qlr t o  pure sinusoidal slope input 
- 

Figure E.2. Sensitivity of QI, to Wavenumber 



(91, + 8 - 5 4 )  1 RHS Y' = response to sinusoidal slope input 

Eq. 15 is plotted in Fig. E.2b. 

One of the motives for determining the sensitivity of an analysis to 

different wavelengths is to help determine whether the analysis is compatible 

with band-limited measurements. In this case, the question is whether dynamic 

profilometers such as the APL trailer can be used to directly measure RMSVA 

and QIr. In an absolute sense, they cannot. Fig. E.2a shows that the QI, 

analysis is not band-limited. The bandwidth of the APL profilometer is 

limited, however, such that it is not capable of transducing very short 

wavelengths. If these wavelengths contribute to the RMSVA or QI, numerics 

when measured statically, then measures made using the profilometers will be 

in error since these wavelengths are omitted. If, on the other hand, most of 

the RMSVA numeric derives from wavelengths that are transduced by the 

profilometer, then the error can be negligible. 

The factor that determines whether or not QIr can be measured with a 

dynamic profilometer is the spectral content of the road itself. On roads 

having less short-wavelength roughness, the errors are slight, while on roads 

having significant short-wavelength roughness, results obtained from a dynamic 

profilometer will be more in error. The response to slope input shown in Fig. 

E.2b gives a fairly reasonable view of the significance of different 

wavelengths for typical road inputs. 

Effect of Measurement Interval. Eqs. 2 - 4 indicate that RMSVA can 

be computed using any baselength that is a multiple of the measurement 

interval (the distance between successive profile elevation measurements). 

The limiting case, of course, is where the baselength equals the measurement 



i n t e r v a l .  When t h e  measurement i n t e r v a l  i s  s h o r t e r ,  such  t h a t  t h e  b a s e l e n g t h  

i s  an  i n t e g e r  m u l t i p l e  of t h e  measurement i n t e r v a l ,  Eq. 4 can be r e - w r i t t e n :  

where 

and i t  i s  assumed ( f o r  mathemat ical  convenience i n  t h i s  d i s c u s s i o n  of 

measurement i n t e r v a l )  t h a t  t h e  q u a n t i t y  n  i s  an  i n t e g e r  m u l t i p l e  of k. Eq. 16 

can  be f u r t h e r  s i m p l i f i e d :  

where 

The above e q u a t i o n s  have a  s imple  i n t e r p r e t a t i o n ,  s i n c e  Eq. 19 i s  

e q u i v a l e n t  t o  Eq. 4 f o r  t h e  case  of k=l ( b a s e l e n g t h  = sample i n t e r v a l ) .  The 

RMSVA v a l u e  o b t a i n e d  w i t h  a  s m a l l  sample i n t e r v a l ,  i n  which c a s e  k  > 1 ,  i s  t h e  

RMS sum of  a l l  of t h e  p o s s i b l e  RMSVA v a l u e s  t h a t  can  be o b t a i n e d  by s k i p p i n g  

d a t a  p o i n t s .  

Although t h e  RMSVA f o r m u l a t i o n  h a s  always been p resen ted  i n  terms of a  

f i n i t e  number of d a t a  p o i n t s  [ 8 ,  25, 281,  t h e  d e f i n i t i o n  of RMSVA g i v e n  i n  

Eqs. 2 - 4 can be extended t o  a  l i m i t ,  where t h e  sample i n t e r v a l  dx approaches 

ze ro .  The " t r u e "  RMSVAb v a l u e  i s  t h u s :  

k-1 
" t r u e "  RMSVAb = Lim [ l / k  .z Rj2 l1l2 

I. / k-30 J '0 



Since  t h e  s e l e c t i o n  of t h e  beginning p o i n t  of t h e  p r o f i l e  measurement i s  

e s s e n t i a l l y  random over  a  d i s t a n c e  l y i n g  w i t h i n  t h e  b a s e l e n g t h  b ,  a s  opposed 

t o  being s y s t e m a t i c a l l y  s e l e c t e d  on t h e  b a s i s  of p r o f i l e  p r o p e r t i e s ,  t h e  b e s t  

e s t i m a t e  of any p a r t i c u l a r  R v a l u e  must be independent  of t h e  s t a r t i n g  p o i n t  
j 

j. That i s ,  t h e  b e s t  e s t i m a t e  of R .  w i l l  be t h e  same, whether t h e  
J 

computation s t a r t s  a t  t h e  f i r s t  p r o f i l e  e l e v a t i o n  measurement ( j = O ) ,  t h e  

second ( j = l ) ,  o r  any a r b i t r a r y  p o s i t i o n  between t h e  s t a r t  of t h e  d a t a  set and 

a  d i s t a n c e  corresponding t o  t h e  b a s e l e n g t h  b. This i s  t r u e  f o r  a  s t a t i o n a r y  

s i g n a l ,  and q u a l i f i e s  a s  a  v a l i d  "eng ineer ing  assumption" a s  long  a s  t h e  

l e n g t h  of t h e  p r o f i l e  i s  much l a r g e r  t h a n  t h e  base leng th .  

I f  t h e  expec ted  v a l u e  of R .  i s  independent  of j ,  t h e n  a l l  R.  v a r i a b l e s  
J J 

computed f o r  a  g i v e n  ( l o n g )  p r o f i l e  must have t h e  same expec ted  v a l u e ,  and 

t h u s  : 

I I  t r u e "  RMSVAb = Lim { I l k  k  E [ R ~ ' ]  }'/' 
1  /k-90 

I n  o t h e r  words,  t h e r e  i s  no b i a s  e r r o r  a s s o c i a t e d  w i t h  having a  p r o f i l e  

measurement i n t e r v a l  e q u a l  t o  t h e  RMSVA b a s e l e n g t h .  The on ly  e r r o r  i s  a  

random one ,  which i s  determined by t h e  (random) s e l e c t i o n  of a  s t a r t i n g  p o i n t  

f o r  t h e  RMSVA computation.  I f  a  p r o f i l e  h a s  t h e  same p r o p e r t i e s  a s  a  

s t a t i o n a r y  random s i g n a l ,  t h e  random e r r o r  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  

s q u a r e  r o o t  of n ,  t h e  number of independent  e l e v a t i o n  measures.  The e r r o r  i s  

t h u s  reduced by i n c r e a s i n g  n  i n  e i t h e r  of two ways: 1 )  use  a  s h o r t e r  sample 

i n t e r v a l ,  o r  2 )  use  a  longer  s e c t i o n  l e n g t h .  I n  a c t u a l i t y ,  no p r o f i l e  i s  

t r u l y  s t a t i o n a r y ,  n o r  random. T h e r e f o r e ,  t h e  random e r r o r  can be decreased  by 

i n c r e a s i n g  t h e  s e c t i o n  l e n g t h  on ly  t o  t h e  e x t e n t  t h a t  t h e  roughness  p r o p e r t i e s  

a r e  c o n s i s t e n t  over  t h e  e n t i r e  l e n g t h ,  i n  accordance w i t h  t h e  assumed 

s t a t i o n a r i t y .  On t h e  o t h e r  hand, d e c r e a s i n g  t h e  sample i n t e r v a l  w i l l  a lways 

b r i n g  t h e  e s t i m a t e  of RMSVA c l o s e r  t o  t h e  " t r u t h "  f o r  t h a t  p a r t i c u l a r  segment 

of p r o f i l e .  

Given t h e  a p p l i c a t i o n  of RMSVA, i n  which h i g h  accuracy f o r  a  s h o r t  

segment i s  n o t  t h e  pr imary mot ive ,  i n c r e a s i n g  t h e  s e c t i o n  l e n g t h  i s  p r e f e r a b l e  

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



l o n g e r  p r o f i l e  t e n d s  t o  b e t t e r  approach t h e  assumption of a  s t a t i o n a r y  random 

s i g n a l ,  and i s  l e s s  (dominated by any s i n g u l a r i t i e s  i n  i t s  v e r t i c a l  geometry. 

S ince  t h e  RMSVA numerics  have been sugges ted  a s  a  means f o r  c a l i b r a t i n g  

RTRRMSs, t h e r e  i s  a n o t h e r  r e a s o n  t o  u s e  l o n g e r  s e c t i o n  l e n g t h s  when p o s s i b l e ,  

because t h e  RTRRMS measurements a l s o  i n c l u d e  random e r r o r s  t h a t  a r e  decreased  

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

P h y s i c a l  I n t e r p r e t a t i o n  of RMSVA and QI, 

RWSVA. Even th rough  t h e  RMSVA s t a t i s t i c  i s  n o t  a  measure of v e r t i c a l  

a c c e l e r a t i o n ,  t h e  VA. " f i l t e r "  h a s  a  ve ry  s imple  i n t e r p r e t a t i o n :  i t  i s  

e q u i v a l e n t  t o  t h e  mid-chord d e v i a t i o n  t h a t  would be ob ta ined  from a  r o l l i n g  

s t r a i g h t e d g e .  As shown i n  F igure  E.3, t h e  d e v i a t i o n  of t h e  c e n t e r  of t h e  

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

average  of t h e  e leva . t ions  a t  t h e  two e n d p o i n t s  of t h e  chord :  

I n  comparing E q .  22 t o  Eq. 1 ,  i t  can be  seen  t h a t  t h e  two d i f f e r  on ly  by t h e  

s c a l e  f a c t o r  2  b'2. E q .  22 y i e l d s  a  numeric w i t h  u n i t s  of d e f l e c t i o n  (mm) 

and t h e  s imple  i n t e r p r e t a t i o n  of t h e  f i g u r e .  "RMSVA" i s  s imply t h e  RMS v a l u e  

of a  mid-chord d e v i a t i o n ,  a s  would be o b t a i n e d  from a  t h r e e - p o i n t  moving 

s t r a i g h t e d g e  hav ing  a l e n g t h  of 2b. 

QI,. The Q I r  numeric does  n o t  have any d i r e c t  p h y s i c a l  

i n t e r p r e t a t i o n .  It i s  a  weighted sum of two RMS mid-chord d e v i a t i o n s ,  based 

on chord l e n g t h s  of 2.0 and 5.0 m. S ince  it h a s  been used p r i m a r i l y  f o r  t h e  

c a l i b r a t i o n  of RTRRMSs, i t  can be thought of a s  a  r e f e r e n c e  RTRRMS, 

p a r t i c u l a r l y  s i n c e  t h e  measures a r e  r e p o r t e d  a s  "counts/km." One problem w i t h  

t h i s  i n t e r p r e t a t i o n  i s  t h a t  t h e  QIr numeric h a s  c e r t a i n  c h a r a c t e r i s t i c s  t h a t  

a r e  n o t  r e f l e c t e d  i n  RTRRMSs. For example, wavelengths  of 0.5 m a r e  

comple te ly  "invisib:Le," a s  can be expected from t h e  concept  of RMSVA a s  shown 

i n  Fig.  E.3, even though t h e y  a f f e c t  t h e  measure ob ta ined  from a  RTRRMS. 

Also, t h e  VA v a r i a b l e  d e f i n e d  i n  E q .  1 i s  d e f i n e d  a t  a l l  t i m e s  by t h e  p r o f i l e  

a t  t h r e e  d i s c r e t e  l o c a t i o n s .  Thus, a  s i n g u l a r  roughness e v e n t ,  such  a s  a b i g  



a. Schematic Representation of a Mechanical Rolling Straightedge 

MCD(x) = Mid Chord Deviation 

I ---- 

= measure 
moving reference 

b. Geometfy of Mid Chord Deviation 

Figure E.3. Physical Model of RMSVA analysis, 



p o t h o l e ,  w i l l  cause  on ly  t h r e e  l a r g e  VA v a l u e s .  A RTRRMS, on t h e  o t h e r  hand, 

w i l l  respond t o  t h e  s i n g u l a r i t y  f o r  some t ime a f t e r  encounte r ing  it.  

The QI* C a l i b r a t i o n  Method. 

A l l  of t h e  road roughness d a t a  measured i n  t h e  PICR P r o j e c t ,  a s  r e p o r t e d  
* 

and s t o r e d  i n  t h e  B r a z i l i a n  computer d a t a  f i l e s ,  a r e  on a  s c a l e  c a l l e d  QI . 
* 

QI is  t h e  c a l i b r a t e d  roughness  measure o b t a i n e d  w i t h  t h e  RTRRMSs used i n  

t h a t  p r o j e c t ,  which were t h e  Opala/modified Maysmeter sys tems d e s c r i b e d  i n  

Appendix A. When o p e r a t e d  a t  80 km/h (96% of paved road l e n g t h  was measured 

i n  t h e  v e h i c l e  c o s t  s t u d y  a t  80 km/h [ 1 4 ] ) ,  t h e  d i r e c t  ARS measures ( a s  read 

d i r e c t l y  from t h e  roadmeter  d i s p l a y )  of t h e  RTRRMS were t ransformed t o  QI* 

through t h e  u s e  of a  l i n e a r  e q u a t i o n  having t h e  form: 

The v a l u e s  of A and B were found f o r  each  RTRRMS d u r i n g  " c a l i b r a t i o n "  by 

r e g r e s s i n g  measures of QI ( i n  t h e  e a r l y  p a r t  of t h e  p r o j e c t )  o r  QIr ( i n  t h e  

l a t e r  p a r t  of t h e  p r o j e c t )  a g a i n s t  t h e  ARS80 measures o b t a i n e d  from t h a t  

RTRRMS on s p e c i a l  c a l i b r a t i o n  s i t e s  t h a t  were p e r i o d i c a l l y  re-measured t o  

de te rmine  c u r r e n t  OI/QI, roughness  l e v e l s .  The c a l i b r a t i o n  s i t e s  were a l l  on 

paved r o a d s  and had most ly  a s p h a l t i c  c o n c r e t e  s u r f a c e s .  Only a  few s e c t i o n s  

had double  s u r f a c e  t r e a t m e n t  c o n s t r u c t i o n ,  and t h e s e  were u s u a l l y  omit ted from 

c a l i b r a t i o n  computat ions  because  t h e y  were " o u t l i e r s , "  d e v i a t i n g  from t h e  

c o r r e l a t i o n  e q u a t i o n  found f o r  t h e  m a j o r i t y  of t h e  s i t e s .  

On unpaved r o a d s ,  t h e  RTRRMS was t y p i c a l l y  opera ted  a t  50 km/h (94% of 

t h e  t o t a l  l e n g t h  measured i n  t h e  v e h i c l e  o p e r a t i n g  c o s t  s t u d y  [141).  A s i n g l e  

"speed c o r r e c t  i o n  equa t ion"  

was used f o r  a l l  RTRRMSs, and s u r f a c e  t y p e s ,  t o  r e s c a l e  t h e  50 kmlh 

measurement t o  a n  approximat ion of what t h e  RTRRMS might have measured a t  80 

km/h. (Eq. 24 r e q u i r e s  t h e  ARS measures t o  have u n i t s  of m/km, a s  used f o r  

p r e s e n t i n g  a l l  of t h e  IRRE d a t a .  The o r i g i n a l  v e r s i o n  [ 7 ]  used -275 a s  t h e  



* o f f s e t ,  based on ARS measures wi th  t he  u n i t s :  mm/km.) To determine QI , t h e  

e s t ima te  of ARS80 from Eq. 24 would be re-scaled according t o  Eq. 23. 

When a speed of 50 km/h could no t  be used ,  a t h i r d  s tandard  speed of 20 

km/h was allowed. I n  t h i s  ca se ,  a t h i r d  conversion equa t ion  was a l s o  needed: 

The e s t i m a t e  of ARS50 i s  then  r e sca l ed  t o  an e s t ima te  of ARS8() us ing  Eq. 
* 

24,  which i s  i n  t u r n  re-scaled t o  QI us ing  t h e  c a l i b r a t i o n  equa t ion  

determined f o r  t h a t  RTRRMS (Eq. 23). 

The roughness range used i n  determining t h e  c r i t i c a l  " c a l i b r a t i o n  

equat ion" f o r  Eq. 23 was much l e s s  than the  range covered by t h e  RTRRMS, 

because only paved roads were used. The roughness of t h e  c a l i b r a t i o n  sites 
* 

never exceeded 100 counts/km, whi le  many of t he  QI values  obtained f o r  

unpaved roads were h ighe r  than  t h i s ,  ranging up t o  300 counts/km. Therefore ,  

c h a r a c t e r i s t i c s  of t h e  RTRRMS t h a t  were dependent on road roughness were no t  

cor rec ted  by t h i s  procedure.  To main ta in  cons is tency ,  a l l  RTRRMSs were based 

on the  same make, model, and year  of passenger ca r .  When veh ic l e  components 

such a s  shock absorbers  were damaged o r  wore o u t ,  they  were replaced only wi th  

OEM equ iva l en t s .  

* 
Mathematically,  t h e  QI roughness s c a l e  cannot be completely q u a n t i f i e d ,  

because i t  depends i n  p a r t  on t h e  c a l i b r a t i o n  procedure (Eqs. 23 - 25) ,  and i n  

p a r t  on the  response p r o p e r t i e s  of those  p a r t i c u l a r  RTRRMSs during t h e  PICR. 

Since d i f f e r e n t  methods were used on d i f f e r e n t  s u r f a c e s ,  t h e  QI* s c a l e  i s  

def ined  by s e v e r a l  procedures ,  each of which was appl ied  over  some of t h e  

condi t ions .  By su r f ace  type ,  t he se  a r e :  

* 
Asphal t ic  Concrete. The QI measures a r e  more-or-less equiva len t  t o  

t h e  Q I r  s c a l e ,  s i nce  t he  c a l i b r a t i o n  equa t ion  (Eq. 23) i s  v a l i d  over t h e  

roughness range ( 0  - 100 counts/krn), s u r f a c e  type ( a s p h a l t i c  conc re t e ) ,  and 

measurement speed (80 km/h) t h a t  were used t o  o b t a i n  t h e  a c t u a l  f i e l d  

measurements (96%). 

Surface Treatment. The c a l i b r a t i o n  si tes included a few su r f ace  



t r e a t m e n t  s i t e s ,  but  t h e  roughness measures were o f t e n  excluded from the  

r e g r e s s i o n  e q u a t i o n  because t h e r e  was poor agreement between t h e  ARS80 

measures from t h e  RTRRMS and t h e  QI/QIr r e f e r e n c e  measures. Nearly a l l  of 
* 

t h e  ARS measures were obta ined a t  80 km/h i n  t h e  PICR p r o j e c t ;  t h u s ,  the  QI 

va lues  obta ined a r e  ARSaO measures r e s c a l e d  according t o  Eq. 23. Because 

t h e  c a l i b r a t i o n  s i t e s  d id  no t  i n c l u d e  enough s u r f a c e  t r ea tment  s e c t i o n s ,  PI* 

i s  determined by 1) t h e  response of t h e  Opala ( a s  maintained i n  t h e  PICR 

p r o j e c t )  a t  80 km/h over  a  s u r f a c e  t r ea tment  road ,  and a l s o  2 )  i t s  response 

over a s p h a l t i c  c o n c r e t e  roads  a t  t h a t  speed.  

Unpaved Ebads. Nearly a l l  (94%) f i e l d  measurements on unpaved roads 

i n  t h e  u s e r  c o s t  survey were made a t  50 km/h. On t h e s e  r o a d s ,  t h e  QI* v a l u  

a r e  determined by: 1 )  t h e  response of t h e  Opala a t  50 km/h over unpaved r o a d s ,  

2 )  i t s  response a t  80 km/h over  a s p h a l t i c  concre te  r o a d s ,  and 3 )  an aggregate 

speed convers ion e q u a t i o n  (Eq. 24).  

Technical  Requirements f o r  Measuring QIr  

Measurement I n t e r v a l .  The e f f e c t  of p r o f i l e  measurement i n t e r v a l  on 

t h e  Q I ~  numeric has  been t e s t e d  and r e p o r t e d  p r e v i o u s l y ,  w i t h  t h e  conclus ion 

t h a t  a  500 mm i n t e r v a l  i s  s u f f i c i e n t  [ 8 ] .  The ana lyses  of t h e  QIr 

computation method, presented i n  t h e  p rev ious  s e c t i o n  (Eqs. 16 - 21) ,  prove 

t h a t  use  of a l t e r n a t e  i n t e r v a l s  cannot b i a s  t h e  expected v a l u e  of t h e  QIr 

numeric,  but  t h a t  r e p e a t a b i l i t y  should be improved when a  s h o r t e r  i n t e r v a l  i s  

used.  P r o f i l e s  obta ined from t h e  TRRL Beam (100 mm i n t e r v a l s )  and t h e  APL 72 

system (50 mm i n t e r v a l s )  were decimated t o  y i e l d  p r o f i l e s  w i t h  500 mm 

spacings .  QIr numerics computed before  and a f t e r  t h e  decimat ion agreed 

c l o s e l y ,  a s  had been found e a r l i e r .  

P r e c i s i o n  i n  t h e  E l e v a t i o n  Meaeurement. Based on exper ience w i t h  QCS 

numerics ,  i t  was a n t i c i p a t e d  t h a t  t h e  p r e c i s i o n  needed i n  p r o f i l e  measurement 

f o r  a c c e p t a b l e  accuracy i n  QIr depends on t h e  roughness.  A cand ida te  

s p e c i f i c a t i o n  was considered i n  which t h e  requ i red  p r e c i s i o n  of t h e  p r o f i l e  

e l e v a t i o n  measurement i s  simply p r o p o r t i o n a l  t o  t h e  roughness of a  r o a d ,  when 



expressed a s  QIr. An a n a l y s i s  of t h e  p r o f i l e  d a t a  obtained from t h e  TRRL 

Beam was performed t o  determine:  1) i f  t h i s  type of s p e c i f i c a t i o n  i s  

reasonable ,  and 2)  i f  i t  i s  reasonable ,  what q u a n t i t i e s  a r e  involved? 

In  t h i s  a n a l y s i s ,  t h e  p r e c i s i o n  of t h e  measurement was assumed t o  be 

l i m i t e d  s o l e l y  by the  q u a n t i z a t i o n  of t he  continuous he igh t  v a r i a b l e  i n t o  

d i g i t i z e d  q u a n t i t i e s ,  which were o r i g i n a l l y  1.0 mm. The random measurement 

e r r o r s  t h a t  a l s o  degrade p r e c i s i o n  were not considered.  For each of t he  28 

measured p r o f i l e s ,  t he  Q I r  value obtained wi th  t h e  o r i g i n a l  p r o f i l e  was used 

t o  determine a  new quan t i za t i on  l e v e l  ( g r e a t e r  than  1  mm). The p r o f i l e  was 

then quant ized t o  t h e  n e a r e s t  mu l t i p l e  of t h i s  new l e v e l ,  and re-processed t o  

y i e l d  a  new QIr numeric. Figure E.4 shows the  r e s u l t s  f o r  four  l e v e l s  of 

increased  q u a n t i z a t i o n  (degraded p r e c i s i o n ) .  In a l l  c a s e s ,  t h e  e f f e c t  of t h e  

degraded p r e c i s i o n  i s  an i n c r e a s e  i n  t h e  computed roughness numeric. The 

changes were ca l cu l a t ed  from t h e  d i f f e r e n c e  i n  t h e  ( s o l i d )  q u a d r a t i c  

r eg re s s ion  l i n e s  and the  (dashed) e q u a l i t y  l i n e  ( x  = y ) ,  and were found t o  be 

near ly  cons t an t  ac ros s  t h e  range of roughness when expressed a s  a  percentage. 

(For example, f o r  t h e  case  of p r e c i s i o n  = 0.03 QIr, shown i n  Fig.  E.4b, t he  

e r r o r s  were 1.8% a t  QIr = 50, and 1.9% a t  QIr =loo ,  150, and 200 counts/km. ) 

This i n d i c a t e s  t h a t  t h e  candida te  method of spec i fy ing  r equ i r ed  p r e c i s i o n  i n  

propor t ion  t o  roughness i s  v a l i d .  For QIr accuracy wi th in  l o o % ,  t h e  

p r e c i s i o n  (mm) should be about  0.02 QIr (counts lkm),  whi le  f o r  accuracy 

wi th in  2 % ,  t h e  p r e c i s i o n  should be l e s s  than  0.03 Q i r  Thus, on t h e  

smoothest s i tes ,  which had QIr va lues  nea r  20 countslkm, t h e  a c t u a l  

measurement p r e c i s i o n  of 1.0 mm probably l e d  t o  numerics t h a t  a r e  s e v e r a l  

percent  h igher  than t h e  " t rue" QIr va lues .  A measurement p r e c i s i o n  of 0.5 mm 

would have been b e t t e r .  A t  t h e  o t h e r  end of t h e  s c a l e ,  where roughness l e v e l s  

were g r e a t e r  than 150 counts/km, a  measurement p r e c i s i o n  of 3  mm ( l e s s  than 

0.02 01,) gave t h e  same r e s u l t s  a s  t h e  o r i g i n a l  p r e c i s i o n  of 1 mm. 

Slorary of QIr Data 

The summary QIr numerics t h a t  were obtained from fou r  methods of p r o f i l e  

measurement a r e  presented i n  Table E.1. Some of t h e  paved s e c t i o n s  were 

measured before  and du r ing  t h e  IRRE v i a  rod and l e v e l .  Those measured p r i o r  

a r e  i nd i ca t ed  a s  "RL 1" and those  measured dur ing  t h e  IRRE a r e  des igna ted  "RI, 



Qlr from degraded Beam Profile 

Qlr from degraded Beam Profile 

Qlr from degraded Beam Profile 

Qlr from degraded Beam Profile 



Table E.l Sumsry of the Qi r  kmerics Obtained in the 

Left Meeltrack 

Statlc R 1 R 2 bum A 72 A 25 ------ 
Right Meeltrack 

Static RL 1 RL 2 Bean An -- , Site - 

Tsol 
TS02 
TS03 
TS04 
TS05 
TS06 
Tso7 
m 
TS09 
TSlO 
Tsll 
TS12 

TEO l 
TE02 
TEO3 
E04 
TE05 
TE06 
m7 
TE08 
TE09 
E l 0  
TEll 
TEl2 

* rod and level measures using 100 arm interval between elevation measurements. 



2." I n  a d d i t i o n ,  6 wheel t racks  were measured by rod and l e v e l  us ing  a  

measurement i n t e r v a l  of 100 mm. These a r e  a l s o  shown i n  t h e  "RL 1" column, 

and a r e  i d e n t i f i e d  wi th  an a s t e r i s k .  The l a b e l s  "Beam," "A 72 ," and "A 25" 

i n d i c a t e  p r o f i l e s  measured wi th  t h e  TRRL Beam, t h e  APL T r a i l e r  i n  t h e  APL 72 

con f igu ra t i on ,  and the  APL T r a i l e r  i n  t h e  APL 25 conf igura t ion .  The r e s u l t s  

i nd i ca t ed  under t h e  headings "S ta t i c "  a r e  averages of t h e  numerics obtained 

wi th  t h e  s t a t i c  p r o f i l e  measurements, t h a t  i s ,  rod and l e v e l  and the  TRRL 

Beam. When examining c o r r e l a t i o n s  wi th  o t h e r  measures and s t a t i s t i c s ,  t h e  

numbers under t h e  "S ta t i c "  heading were used. 

Accuracy of QL, Computed from S t a t i c a l l y  Measured P r o f i l e s  

R e p e a t a b i l i t y  w i th  Bod and Level. Most of t he  sources  of e r r o r  t h a t  

plague roughness measurements us ing  RTRRMSs a r e  e l imina ted  when p r o f i l e s  a r e  

measured s t a t i c a l l y  w i th  rod and l e v e l :  t h e  same roughness computation method 

can be used,  e l i m i n a t i n g  v a r i a t i o n s  due t o  d i f f e r e n t  d e f i n i t i o n s  of roughness; 

and surveying equipment i s  s u f f i c i e n t l y  in te rchangeable  t o  e l i m i n a t e  problems 

of r e p r o d u c i b i l i t y .  The only remaining v a r i a t i o n  i s  t h e  r e p e a t a b i l i t y  t h a t  

can be achieved i n  measuring a  p r o f i l e .  The r e p e a t a b i l i t y  t h a t  can be 

achieved i s ,  i n  t h i s  c a s e ,  t h e  accuracy of t h e  roughness measurement. Since 

most of t h e  paved s i t e s  were p r o f i l e d  twice wi th  the  rod and l e v e l  method, t h e  

IRRE d a t a  g i v e  an i d e a  of t he  r e p e a t a b i l i t y  ach ievable  i n  u s ing  QIr a s  a  

roughness measure. 

Figure E.5a shows t h e  comparison of QIr measures obtained i n  two 

independent rod and l e v e l  surveys.  As  i n  o t h e r  p l o t s ,  t h e  dashed l i n e  i s  t h e  

l i n e  of e q u a l i t y  (x=y) ,  whi le  t h e  s o l i d  l i n e  i s  t h e  "best  f i t "  a s  obtained 

w i t h  a  q u a d r a t i c  regress ion .  The RMS e r r o r s  shown i n  t h e  f i g u r e s  a r e  wi th  

r e f e r ence  t o  t h e  l i n e  of e q u a l i t y ,  r a t h e r  than  t h e  r eg re s s ion  l i n e ,  s i n c e  

r eg re s s ion  methods would never be used t o  "cor rec t"  prof i le-based numerics. 

Note t h a t  t h e  accuracy l i m i t s  shown i n  t h e  f i g u r e s  apply only t o  t h e  IRRE 

s e c t i o n  l e n g t h  of 320 m ,  and should no t  be considered u n i v e r s a l  f o r  a l l  

s e c t i o n  l eng ths .  For roads whose roughness i s  more-or-less c o n s t a n t ,  i t  can 

be expected t h a t  b e t t e r  accuracy would be obtained f o r  longer  t e s t  s i t e  

l e n g t h s ,  because t h e  random sources  of v a r i a t i o n  would tend t o  average out .  

The expected change i n  accuracy i s  p ropor t i ona l  t o  t h e  square  r o o t  of l e n g t h ,  



QI, f r o m  lst Rod & Level QI, f r o m  TRRL Beam 

a. Rod & Level Repeatability b. Comparison of  Beam 
with Rod and Level 

RMS Diff. = 11.3 counts/km / RMS Diff. = 19.2 counts/km 

QI, f r om Static Measures QI, f r o m  Static Measures 

c. APL 72 d. APL 25 

Figure E.5. Comparison of QIr Measurements from nifferent Instruments. 



such  t h a t  t h e  random v a r i a t i o n s  i n d i c a t e d  i n  t h e  f i g u r e  would be c u t  i n  h a l f  

i f  t h e  s e c t i o n  length .  were i n c r e a s e d  by a  f a c t o r  of f o u r .  On t h e  o t h e r  hand, 

l a r g e r  e r r o r s  shou ld  be expected f o r  s h o r t e r  s e c t i o n s .  

V a l i d a t i o n  of t h e  TRRL Beam, Figure  E.5b compares t h e  Q I r  numerics 

o b t a i n e d  w i t h  rod and l e v e l  and t h e  TRRL beam. Approximately t h e  same 

r e p e a t a b i l i t y  i s  ob ta ined  a s  w i t h  repea ted  measures w i t h  rod and l e v e l ,  

i n d i c a t i n g  t h a t  t h e  TRRL Beam i s  a  v a l i d  means f o r  measuring l o n g i t u d i n a l  

p r o f i l e  f o r  t h e  purpose  of computing QIr* 

Direct Computation o f  QI, f rom Dynamically Measured P r o f i l e s  

APL 72. Figure  E.5c compares t h e  Q I r  numerics computed from t h e  

p r o f i l e  s i g n a l s  ob ta ined  from t h e  APL T r a i l e r  i n  i t s  APL 72 c o n f i g u r a t i o n  w i t h  

t h e  Q I r  numerics computed from t h e  s t a t i c a l l y  measured p r o f i l e s .  The 

measures ob ta ined  from t h e  APL 72 a r e  lower  t h a n  t h o s e  o b t a i n e d  s t a t i c a l l y ,  a s  

evidenced by t h e  f a c t  t h a t  t h e  q u a d r a t i c  r e g r e s s i o n  l i n e  l i e s  below t h e  l i n e  

of e q u a l i t y .  I n  a d d i t i o n  t o  t h i s  b i a s  e r r o r  ( f o r  t h e  rougher  s i t e s ) ,  t h e  

amount of s c a t t e r  (random e r r o r )  i s  much g r e a t e r  t h a n  when s t a t i c  p r o f i l e  

measurement methods a r e  used.  

The r e s u l t s  ob ta ined  w i t h  t h e  APL 72 s y s t e d  can  be exp la ined  by t h e  power 

s p e c t r a l  d e n s i t y  (PSD) p l o t s  p r e s e n t e d  i n  Appendix I. A t  72 km/h (20 m/sec) ,  

t h e  APL T r a i l e r  a t t e n u a t e s  i n p u t s  hav ing  wavelengths  s h o r t e r  t h a n  1.0 m ,  as 

shown i n  F igure  G.1.  When p r o f i l e s  were ob ta ined  by t h e  TRRL Beam u s i n g  an  

i n t e r v a l  of 100 mm, t h e  PSDs ob ta ined  from t h e  APL 72 can be compared w i t h  

s t a t i c  measures f o r  wavelengths  s h o r t e r  t h a n  1.0 m (wavenumbers h i g h e r  than  

1.0 cyc le lm) .  The comparisons v e r i f y  t h a t  t h e  APL 72 i s  a t t e n u a t i n g  t h e  

p r o f i l e  f o r  t h o s e  s h o r t  wavelengths .  S ince  t h e  Q I r  numeric i s  i n f l u e n c e d  by 

wavelengths  s h o r t e r  t h a n  1.0 m ( F i g .  E.2b) ,  i t  i n c l u d e s  t h e  f u l l  ampl i tude of 

t h e  s h o r t e r  wavelengths  when computed from s t a t i c a l l y  measured p r o f i l e s ,  bu t  

i s  "missing" some of t h e  ampl i tude  when measured dynamica l ly ,  due t o  t h e  

l i m i t a t i o n s  i n  t h e  response  of t h e  APL T r a i l e r .  

Note t h a t  t h e  wavelengths  a t t e n u a t e d  by t h e  APL 72 do n o t  i n f l u e n c e  t h e  

APL 72 numerics  normal ly  computed by LCPC. 



APL 25. Figure  E.5d compares t h e  QIr numerics  computed from t h e  

p r o f i l e  s i g n a l s  o b t a i n e d  from t h e  APL T r a i l e r  i n  i t s  APL 25 c o n f i g u r a t i o n  w i t h  

t h e  QI, numerics  computed from t h e  s t a t i c a l l y  measured p r o f i l e s .  The e r r o r s  

i n d i c a t e d  when Q I r  i s  computed d i r e c t l y  from t h e  APL 25 s i g n a l  a r e  a l s o  low, 

r e s u l t i n g  i n  l a r g e r  e r r o r s  t h a n  w i t h  t h e  APL 72. The reason  f o r  t h i s  can a l s o  

be s e e n  by examining t h e  PSD p l o t s  shown i n  Appendix I. The APL 25 a t t e n u a t e s  

wavenumbers below 0.07 (wavelengths  l o n g e r  t h a n  14 m), which a r e  t ransduced by 

t h e  s t a t i c  measurement methods,  and a l s o  t h e  APL 72. The PSD p l o t s  a l s o  

i n d i c a t e  t h a t  t h e  APL 25 s i g n a l s  a r e  c o n s i s t e n t l y  low f o r  wavenumbers between 

0.4 and 2  cyc le lm (wavelengths  from 0.5 - 2.5 m l o n g ) .  These wavenumbers 

c o n t r i b u t e  l i t t l e  t o  t h e  CAPL 25 numeric ,  and t h e r e f o r e  t h e  e r roneous  response 

i s  probably  n o t  a  problem when t h e  APL 25 system i s  used s o l e l y  f o r  measuring 

t h e  CAPL 25 c o e f f i c i e n t .  O v e r a l l ,  t h e  APL 25 p r o f i l e  s i g n a l  s imply d o e s n ' t  

cover  t h e  range r e q u i r e d  by t h e  QIr a n a l y s i s .  

Other  A l t e r n a t i v e s  f o r  t h e  C a l c u l a t i o n  o f  APL QI Values 

It i s  u s e f u l  t o  r e c a l l  t h a t  t h e  c h o i c e  of t h e  two RMSVA b a s e l e n g t h s  ( 1  m 

and 2.5 m) and t h e  numerical  c o e f f i c i e n t s  of t h e  QIr e q u a t i o n  (Eq. E.5) were 

determined e m p i r i c a l l y  d u r i n g  a  c o r r e l a t i o n  s t u d y  (which took p l a c e  b e f o r e  t h e  

IRRE) between t h e  GMR-type P r o f i l o m e t e r  r e s u l t s  and t h e  RMSVA v a l u e s  o b t a i n e d  

from rod and l e v e l  p r o f i l e s .  These r e g r e s s i o n s  r e f l e c t  t h e  s p e c t r a l  c o n t e n t s  

of t h e  p r o f i l e s  a s  measured by t h e  rod and l e v e l  method, t h e  P r o f i l o m e t e r ,  and 

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

Because t h e  t r a n s f e r  f u n c t i o n s  of t h e  APL a r e  d i f f e r e n t  from t h o s e  of t h e  

rod and l e v e l  sys tem and of t h e  TRRL Beam, t h e  s p e c t r a l  c o n t e n t s  of t h e  

p r o f i l e s  a r e  a l s o  d i f f e r e n t ,  and i t  i s  n o t  s u r p r i s i n g  t h a t  t h e  d i f f e r e n c e s  

shown i n  F igs .  E.5c and E.5d were found. 

A new s t a t i s t i c a l  a n a l y s i s  h a s  been performed by t h e  French Bridge and 

Pavement Laboratory  (LCPC) i n  o r d e r  t o  de te rmine  a  b e t t e r  e q u a t i o n  f o r  

e s t i m a t i n g  QI when u s i n g  t h e  APL T r a i l e r .  M u l t i l i n e a r  r e g r e s s i o n s  were 

computed between rod and l e v e l  QI v a l u e s  and t h e  RMSVAlmO and RMSVA2.5 

v a l u e s  as computed from APL 25 and APL 72 p r o f i l e s .  The s t a t i s t i c a l  



p o p u l a t i o n  of t h e  test s e c t i o n s  on which t h e  computat ions  were c a r r i e d  o u t  i s  

t h e  same a s  t h e  one which was cons idered  f o r  t h e  comparisons between rod and 

l e v e l  QIr and TRRL Beam QIr. 

F i g u r e  E.6 shows t h a t  i t  i s  p o s s i b l e  t o  f i n d  s e v e r a l  e s t i m a t o r s  f o r  QI 

which a r e  d i f f e r e n t  from t h o s e  used f o r  t h e  rod and l e v e l  p r o f i l e s ,  w h i l e  

s t i l l  u s i n g  t h e  1.0 and 2.5 m RMSVA b a s e l e n g t h s .  Note t h a t  t h e  s t a n d a r d  

e r r o r s  shown f o r  t h e  paved s i t e s  a r e  abou t  t h e  same as o b t a i n e d  f o r  t h e  

r e p e a t e d  rod and l e v e l  measures ,  and f o r  t h e  comparisons between TRRL Beam and 

rod and l e v e l .  I f  QI  i s  measured i n  t h e  f u t u r e  w i t h  APL sys tems ,  f u r t h e r  

improvement might be p o s s i b l e  by o p t i m i z i n g  t h e  RMSVA b a s e l e n g t h s  through a  

s t u d y  s i m i l a r  t o  t h e  one which was done f o r  t h e  rod and l e v e l  method [ 7 ] .  

The CP2,5 c o e f f i c i e n t ,  d e s c r i b e d  i n  Appendix G ,  can  a l s o  c o n s t i t u t e  a n  

e s t i m a t o r  f o r  Q I .  F i g u r e  E.7 g i v e s  t h e  c o r r e l a t i o n  between QI determined f o r  

r i g h t  and l e f t  t r a c k s  on a l l  s i t e s  CA,  TS, GR,  TE measured w i t h  t h e  TRRL Beam 

and t h e  CP2,5 v a l u e s  o b t a i n e d  from APL 72 s i g n a l s .  The v a l u e  of t h e  

c o e f f i c i e n t  of c o r r e : l a t i o n  r e v e a l s  a s i g n i f i c a n t  l i n e a r  r e l a t i o n s h i p  between 

t h e  two s c a l e s .  No b i a s  induced by s u r f a c e  t y p e s  was v i s i b l e .  
I 

CALIBRATION OF R m s  

A pr imary purpose  of a  p r o f i l e - b a s e d  roughness numeric such a s  QIr i s  

viewed i n  t h i s  r e p o r t  a s  being f o r  t h e  c a l i b r a t i o n  of RTRRMSs, u s i n g  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 n  a  c a l i b r a t i o n  by c o r r e l a t i o n ,  t h e  "raw" 

measures from t h e  RTRRMS a r e  used t o  e s t i m a t e  what t h e  r e f e r e n c e  measure would 

b e ,  based on a  r e g r e s s i o n  e q u a t i o n .  The o b j e c t i v e  i s  t o  produce t h e  most 

a c c u r a t e  e s t i m a t e s  of " t r u e  roughness ,"  over  t h e  e n t i r e  range  of c o n d i t i o n s  

t h a t  w i l l  be covered.  To t h i s  e n d ,  one o r  more r e g r e s s i o n  e q u a t i o n s  must be 

used t o  e s t i m a t e  t h e  " t r u t h "  from t h e  RTRRMS "raw" measure. I n  t h i s  c a s e ,  

QIr i s  t h e  c a n d i d a t e  f o r  " t r u e  roughness." Before t e s t i n g  t h e  c a l i b r a t i o n  by 
* c o r r e l a t i o n  method, r e s u l t s  a r e  p r e s e n t e d  u s i n g  t h e  QI procedures  d e s c r i b e d  

e a r l i e r .  
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Figure E.6. Comparison of QI values calculated from rod and level 
with QI values calculated from APL.25 and APL 72 profiles 
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p r o f i l e s  w i t h  CP ( 2 . 5 )  d e r i v e d  from APL 72 s i g n a l  



C a l i b r a t i o n  Using t h e  QI* Method 

The QI* c a l i b r a t i o n  method was t e s t e d  by adopt ing t h e  procedures  

followed i n  t h e  PICR p r o j e c t  [ 7 ] ,  us ing  t h e  RTRRMS speeds  t h a t  were used f o r  

t h e  m a j o r i t y  of t h e  PICR roughness measurements: 80 kmlh on paved roads  and 50 

km/h on unpaved roads  [ 1 4 ] .  Using t h e  d a t a  obta ined dur ing  t h e  IRRE, a  

c a l i b r a t i o n  e q u a t i o n  was determined f o r  t h e  f i v e  Opala and Caravan-based 

RTRRMSs t h a t  were opera ted  a t  80 kmlh on t h e  Aspha l t i c  Concrete (CA) s u r f a c e s  

(Eq. E-23). ARS80 measures on t h e  paved s i t e s  were r e s c a l e d  according t o  

t h a t  e q u a t i o n ,  whi le  ARSSO measures on t h e  unpaved s u r f a c e s  were r e s c a l e d  

accord ing  t o  Eqs. 2 3  and 2 4  t o g e t h e r .  Figure  E.8 shows how t h e  QI* numerics 

compare wi th  t h e  p ro f i l e -based  QIr r e f e r e n c e .  

* 
The f o u r  p l o t s  i n  F igure  E.8 i n d i c a t e  t h a t  t h e  QI c a l i b r a t i o n  method 

r e s u l t s  i n  a  s c a l e  t h a t  i s  not  e q u i v a l e n t  t o  Q I r  on a l l  s u r f a c e  types .  Figs .  

E.8a and E.8b show t h a t  t h e  non-equivalence of g r a v e l  and e a r t h  s u r f a c e s  (GR 

and TE) was e v i d e n t  mainly a t  h i g h  roughness l e v e l s .  Th i s  e f f e c t  can be 

a t t r i b u t e d  t o  t h e  i n a c c u r a c y  of t h e  speed convers ion used [ 1 4 ] .  The f o u r  

o u t l i e r s  on s u r f a c e  t r ea tments  a r e  a g a i n  t h e  r e s u l t  of t h e  tun ing  of t h e  Opal 

v e h i c l e s  t o  a  2m p e r i o d i c i t y  ( c o r r u g a t i o n ) .  The PICR method r e q u i r e d  t h a t  the  

c a l i b r a t i o n  ( l i n e a r  r e g r e s s i o n  ob ta ined  on CA s u r f a c e s )  be e x t r a p o l a t e d  t o  

cover  o t h e r  s u r f a c e  types  and a  wider  range of roughness ampl i tude than was 

covered i n  t h e  a c t u a l  c a l i b r a t i o n .  Also ,  t h e  s i n g l e  speed c o r r e c t i o n  e q u a t i o n  

(Eq. 24)  i n t r o d u c e s  b i a s  e r r o r s  t h a t  a r e  unique f o r  each RTRRMS. 

The f i g u r e  a l s o  shows t h a t  t h e  QI* c a l i b r a t i o n  method does  no t  r e s c a l e  

t h e  ARS measures from t h e  d i f f e r e n t  RTRRMSs the  same way; t h e  " c a l i b r a t e d "  

QI* numerics depend on both t h e  procedure and t h e  response  p r o p e r t i e s  of t h e  

i n d i v i d u a l  RTRRMS. Thus, t h e  method does not  a l l o w  comparison of roughness 

d a t a  ob ta ined  from d i f f e r e n t  sources .  Due t o  d i f f e r e n c e s  t h a t  occurred on ly  

on t h e  CA s i t e s  a t  80 km/h, t h e  n e a r l y  i d e n t i c a l  "raw" ARS measures obta ined 

w i t h  t h e  B I  and NAASRA roadmeters  ( t h e  measures a r e  compared i n  Appendix C) on 

t h e  rougher unpaved roads  a r e  r e s c a l e d  d i f f e r e n t l y ,  such  t h a t  t h e  QI* 

numerics ob ta ined  from t h e  B I  u n i t s  tend t o  be l e s s  than  t h e  r e f e r e n c e  QIr 

measures,  whi le  t h e  QI* numerics from the  NAASRA u n i t  a r e  g r e a t e r  than t h e  

Q I r  measures. 
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Although t h e  QI* numerics ob ta ined  from t h e  Opala sys tems d i f f e r  from 
* 

t h o s e  o b t a i n e d  w i t h  t h e  Caravan sys tems ,  t h e  QI c a l i b r a t i o n  method does  

r e s c a l e  t h e  t h r e e  Opala-Maysmeter ARS measures about  t h e  same. (The QI* d a t a  

from t h e  t h i r d  Opala-Maysmeter sys tem a r e  n o t  inc luded  i n  t h e  f i g u r e ,  bu t  

showed t h e  same r e l a t i o n  t o  QIr a s  t h e  o t h e r  two.) Th is  i s  t h e  c r i t i c a l  

f i n d i n g ,  i n  terms of t h e  q u a l i t y  of t h e  PICR roughness  d a t a ,  s i n c e  i t  i m p l i e s  

t h a t  t h e  QI* d a t a  c o l l e c t e d  i n  t h e  PICR p r o j e c t  from a  f l e e t  of 
* 

Opala-Maysmeter sys tems i s  i n t e r n a l l y  c o n s i s t e n t .  That i s ,  t h e  QI 

c a l i b r a t i o n  succeeds  i n  terms of b r i n g i n g  t h e  measures from d i f f e r e n t  

Opala-Maysmeter sys tems i n t o  agreement ,  even though i t  f a i l s  i n  b r ing  measures 

from o t h e r  R T W S s  i n t o  agreement.  

* 
I n  summary, t h e  QI c a l i b r a t i o n  method probably  helped t o  m a i n t a i n  a  

roughness  s c a l e  d u r i n g  t h e  PICR p r o j e c t  t h a t  was c o n s i s t e n t  and reasonab ly  

s t a b l e  w i t h  t ime.  The method r e q u i r e s  t h a t  t h e  RTRRMS have response 

p r o p e r t i e s  ve ry  s i m i l a r  t o  t h e  Opala-Maysmeter sys tem a s  main ta ined  a t  GEIPOT, 

s o  t h e  method i s  n o t  v a l i d  f o r  o t h e r  RTRRMSs, and should no t  be used i n  f u t u r e  
* 

work. The QI s c a l e  i s  n o t  complete ly  e q u i v a l e n t  t o  t h e  Q I r  s c a l e  on t h r e e  

of t h e  f o u r  s u r f a c e  t y p e s  t h a t  were inc luded  i n  t h e  IRRE. ( T h i s  h a s  l a r g e l y  

been compensated i n  subsequent  work [ I 4 1  .) 

C a l i b r a t i o n  th rough  C o r r e l a t i o n  

The comparisons between ARS measured w i t h  f o u r  of t h e  RTRRMSs and QIr 

a r e  i l l u s t r a t e d  i n  F igures  F.9 - 1 2 .  R e s u l t s  from t h e  Caravan-BI sys tem 

( n o t  p l o t t e d )  a r e  v i r t u a l l y  t h e  same a s  f o r  t h e  Caravan-NAASRA system. 

R e s u l t s  f o r  t h e  two Opala-Maysmeter sys tems t h a t  a r e  n o t  p l o t t e d  a r e  g e n e r a l l y  

s i m i l a r  t o  t h o s e  of t h e  system t h a t  i s  shown i n  t h e  f i g u r e s .  

I n  a l l  p l o t s ,  t h e  " s t a t i c 1 '  Q l r  v a l u e s  from Table E . l  were used.  

Comparisons w i t h  t h e  two s i n g l e - t r a c k  RTRRMSs (BI  T r a i l e r  and BPR Roughometer) 

a r e  on t h e  b a s i s  of s i n g l e  w h e e l t r a c k s ,  whi le  t h o s e  w i t h  t h e  two-track RTRRMSs 

u s e  t h e  average QIr f o r  b o t h  whee l t racks .  Thus, t h e  p l o t s  i n v o l v i n g  t h e  

t r a i l e r s  g e n e r a l l y  have twice  a s  many d a t a  p o i n t s .  I n  each  f i g u r e ,  t h e  s o l i d  

curved l i n e  i s  a  q u a d r a t i c  r e g r e s s i o n  l i n e  ob ta ined  from a l l  of t h e  d a t a  

p o i n t s  shown, based on minimizing t h e  RMS e r r o r  i n  e s t i m a t i n g  QI,. 
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Figure E.9. Example calibration plots to estimate QIr from ARS20* 
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Figure E.lO. Example calibration plots to estimate QIr from 
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Figure E.11. Example calibration plots to estimate QIr from ARS50* 
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a. Opala-Maysmeter #2 

Figure E.12. Example calibration plots to estimate QIr from ARSaO. 



These f o u r  f i g u r e s  l e a d  t o  t h e  f o l l o w i n g  o b s e r v a t i o n s :  

O v e r a l l  c o r r e l a t i o n .  By and l a r g e ,  Q I r  i s  h i g h l y  c o r r e l a t e d  w i t h  

t h e  ARS numerics  obt:ained from a l l  t y p e s  of RTRRMSs t h a t  p a r t i c i p a t e d  i n  t h e  

IRRE. Most of t h e  d a t a  p o i n t s  l i e  c l o s e  t o  t h e  r e g r e s s i o n  c u r v e  i n  each  

f i g u r e .  

E r r o r  d i s t r i b u t i o n .  E r r o r s ,  a s  d e f i n e d  by t h e  s c a t t e r  about  t h e  

r e g r e s s i o n  c u r v e s  i n  t h e  v e r t i c a l  d i r e c t i o n ,  a r e  f a i r l y  uniform a c r o s s  t h e  

roughness  range.  T h e r e f o r e ,  l e a s t - s q u a r e s  r e g r e s s i o n  models should  assume 

e q u a l  s i g n i f i c a n c e  of e r r o r  a c r o s s  t h e  s c a l e .  Trans format ions  of t h e  

v a r i a b l e s  t h a t  change t h e  weight ing of e r r o r ,  such a s  l i n e a r  r e g r e s s i o n s  of 

l o g  v a l u e s ,  should  be avoided ( f o r  c a l i b r a t i o n  p u r p o s e s )  because they  p l a c e  

less p r i o r i t y  on t h e  e r r o r s  on rougher  roads .  

S e n s i t i v i t y  t o  s u r f a c e  type.  Sur face  t y p e  s y s t e m a t i c a l l y  a f f e c t s  t h e  

r e g r e s s i o n s  i n  most of t h e  p l o t s .  The d a t a  p o i n t s  f o r  t h e  a s p h a l t i c  c o n c r e t e  

(CA) r o a d s  t y p i c a l l y  l i e  above t h e  r e g r e s s i o n  l i n e  ( i n d i c a t i n g  t h a t  t h e  QIr 

a n a l y s i s  i s  r e l a t i v e l y  more s e n s i t i v e  t h a n  t h e  RTRRMS t o  roughness  on those  

s u r f a c e s ) ,  w h i l e  po in t s  f o r  t h e  s u r f a c e  t r e a t m e n t  s i t e s  (TS) l i e  below t h e  

l i n e  ( i n d i c a t i n g  t h a t  t h e  QIr a n a l y s i s  i s  l e s s  s e n s i t i v e ) .  The i m p l i c a t i o n  

of t h i s  f i n d i n g  i s  t h a t  s e p a r a t e  c a l i b r a t i o n s  f o r  each s u r f a c e  type can g i v e  

b e t t e r  accuracy .  The d e g r e e  of s e n s i t i v i t y  t o  s u r f a c e  type v a r i e s  w i t h  t h e  

RTRRMS and t h e  s p e e d ,  and g e n e r a l l y  i s  worse a t  t h e  lower speeds .  The e f f e c t  

i s  minimal a t  50 kmlh, such t h a t  t h e  b i a s  i s  l e s s  t h a n  t h e  random e r r o r  

( s c a t t e r  about  t h e  r e g r e s s i o n  l i n e )  a s s o c i a t e d  w i t h  i n d i v i d u a l  s i t e s .  

The e f f e c t  of s u r f a c e  t y p e  can be  expected when c o n s i d e r i n g  t h e  

s e n s i t i v i t y  of t h e  QI, a n a l y s i s  t o  wavenumber, shown i n  Fig.  E.2b. The 

s e n s i t i v i t i e s  of the  RTRRMSs a r e  n o t  known p r e c i s e l y ,  but  a r e  g e n e r a l l y  ve ry  

s i m i l a r  t o  t h a t  of t h e  RQCS d e s c r i b e d  i n  Appendix F ,  p a r t i c u l a r l y  i n  terms of 

t h e  range  of wavenumbers sensed by t h e  RTRRMS. F igure  F.2 i n  t h a t  appendix 

shows t h e  s e n s i t i v i t y  of t h e  s imula ted  RTRRMS t o  wavenumber a t  a l l  f o u r  of t h e  

RTRRMS speeds .  The bandwidth of a  RTRRMS i s  somewhat b roader  t h a n  t h a t  of t h e  

Q I r  a n a l y s i s ,  such  t h a t  t h e  Q I r  numeric r e f l e c t s  a  narrower p o r t i o n  of t h e  

spectrum t h a n  a f f e c t s  a  RTRRMS. 



The PSD p l o t s  i n  Appendix I i n d i c a t e  t h a t  t h e  CA, TS, and unpaved (GR and 

TE)  roads have d i f f e r e n t  aggregate  s p e c t r a l  c h a r a c t e r i s t i c s .  The CA s u r f a c e s  

have a  h igher  p ropor t i on  of roughness cont r ibu ted  a t  low wavenumbers ( longer  

wavelengths,  such a s  5 m where t h e  QIr has i t s  maximum s e n s i t i v i t y  ( F i g -  

E.2b). The QIr "tunes i n "  t o  t h i s  p o r t i o n  of t h e  spectrum, r e s u l t i n g  i n  an 

upward b i a s  f o r  t h i s  s u r f a c e  type.  The TS s i t e s  have more of t h e  roughness 

d e r i v i n g  from h igher  wavenumbers, t o  which the  QIr a n a l y s i s  i s  l e s s  

s e n s i t i v e .  

Comparison of s ing l e - t r ack  trailers. Although both t h e  B I  T r a i l e r  

and t h e  "BPR Roughometer" made by S o i l t e s t ,  Inc. ,  a r e  s i m i l a r  i n  appearance 

and a r e  both based on the  BPR Roughometer [13 ] ,  they c o n t r a s t  i n  performance. 

The S o i l t e s t  BPR Roughometer, which proved t o  be too  f r a g i l e  f o r  t he  roads 

covered i n  t h e  IRRE ( s ee  Appendix A ) ,  produced measures t h a t  had t h e  l e a s t  

c o r r e l a t i o n  w i th  QI,. On the  o t h e r  hand, t h e  TRRL B I  T r a i l e r  measures showed 

about t h e  same c o r r e l a t i o n s  a s  t h e  RTRRMSs based on passenger ca r s .  

Ou t l i e r s .  The f o u r  roughest  s u r f a c e  t rea tment  s i t e s  appeared a s  

" o u t l i e r s "  when measured by t h e  Opala-Maysmeter systems a t  80 km/h (Fig.  

E.12a). (Although t h e  r e s u l t s  a r e  p l o t t e d  f o r  only one of t he se  systems,  a l l  

t h r e e  showed t h e  same behavior . )  On t h e s e  s i t e s  (TSO1, TS03, TS04, and TS05), 

t h e  RTRRMS responded much more than  t h e  QIr ana lys i s .  The power s p e c t r a l  

d e n s i t y  (PSD) p l o t s  shown i n  Appendix I f o r  t he se  four  s i t e s  a r e  s i m i l a r ,  and 

d i f f e r  from t h e  PSD p l o t s  f o r  most of t h e  o the r  t e s t  s i t e s .  A l l  f o u r  have 

more of t h e  roughness concentrated a t  h ighe r  wavenumbers, t o  which t h e  QIr 

a n a l y s i s  i s  less s e n s i t i v e .  Fu r the r ,  t h r e e  of t h e  s i t e s  show a  s i n g u l a r  peak 

a t  wavenumber 0.5 cyclelm ( 2  m wavelength, which appears  a s  a  frequency of 

11.1 Hz when t r ave r sed  a t  80 kmlh). 

The presence of a  s i n g u l a r  peak a t  0.5 cyclelm s i g n i f i e s  t h a t  t h e  road 

s i t e  has a  p e r i o d i c  d i s tu rbance  occur r ing  every 2 m. Although the  QI, 

a n a l y s i s  shows a  near-maximum g a i n  a t  t h a t  wavenumber (Fig.  E.2b), i t  i s  not  

a s  s e n s i t i v e  a s  t h e  t y p i c a l  passenger c a r  a t  t h a t  frequency [9]. Due t o  

n o n l i n e a r i t i e s ,  a  passenger  c a r  can over-respond when subjec ted  t o  a  pure ly  

p e r i o d i c  e x c i t a t i o n .  This i s  p a r t i c u l a r l y  t r u e  wi th  l i g h t l y  damped veh ic l e s .  

From t h e  s imple comparison of t h e  ARSaO and RARSaO numerics i n  Appendix F, 



t h e  Opala v e h i c l e  i s  s e e n  t o  be l e s s  damped t h a n  t h e  RQCS, as evidenced by t h e  

h i g h e r  ARSsO numerics.  Th i s  i n d i c a t e s  t h a t  s t i f f e r  shock a b s o r b e r  could be 

used w i t h  t h e  O p a l a ,  w i t h  t h e  expected r e s u l t  of b r i n g i n g  t h e  " o u t l i e r s "  

c l o s e r  t o  agreement wi.th t h e  rest of t h e  ST d a t a .  

C o r r e l a t i o n s  and Accuracy. Table  E.2 p r e s e n t s  t h e  r2 v a l u e s  

o b t a i n e d  when t h e  Q I r  numerics a r e  r e g r e s s e d  a g a i n s t  t h e  ARS numerics from 

t h e  RTRRMSs u s i n g  a  l i n e a r  p r e d i c t i o n  model. The r e g r e s s i o n s  were performed 

u s i n g  on ly  t h e  d a t a  cor responding  t o  t h e  combinat ion of speed and s u r f a c e  t y p e  

i n d i c a t e d .  When t h e  s u r f a c e  type  i s  i n d i c a t e d  a s  "ALL," t h e n  t h e  r e g r e s s i o n  

i n c l u d e d  a l l  measurements made a t  t h a t  s p e e d ,  and t h e  r2 d e s c r i b e s  a  

c a l i b r a t i o n  a c r o s s  s u r f a c e  type.  Table  E . 3  p r e s e n t s  t h e  r2 v a l u e s  ob ta ined  

when a  q u a d r a t i c  model i s  used.  Both models use  a  s imple  l e a s t - s q u a r e s  e r r o r  

approach ,  bu t  t h e  q u a d r a t i c  model i s  s l i g h t l y  more v e r s a t i l e ,  a s  i t  i n v o l v e s  

l e s s  i n  t h e  way of assumptions  abou t  t h e  l i n e a r i t y  of t h e  RTRRMS. I n  

comparing t h e  two t a b l e s ,  i t  c a n  be s e e n  t h a t  t h e r e  a r e  a  number of c a s e s  

where much b e t t e r  c o r r e l a t i o n  i s  o b t a i n e d  w i t h  t h e  q u a d r a t i c  model, i n c l u d i n g  

most of t h e  r e g r e s s i o n s  performed f o r  TS s u r f a c e s .  S ince  t h e r e  i s  no r e a l  

p e n a l t y  f o r  u s i n g  t h e  q u a d r a t i c  model ( o t h e r  t h a n  a  more complex 

computat ion-- typical ly  performed by compute r ) ,  t h e  q u a d r a t i c  model i s  

recommended t o  a l l o w  f o r  t h e  o c c a s i o n a l  c a s e  i n  which a  l i n e a r  model would n o t  

f i t  t h e  d a t a  o r  would l e a d  t o  an e r r o n e o u s  e x t r a p o l a t i o n .  

The c o r r e l a t i o n  c o e f f i c i e n t s  a r e  p r e s e n t e d  a s  one b a s i s  f o r  comparing t h e  

accuracy  t h a t  can be  ob ta ined .  Yet i t  should be unders tood t h a t  r2 v a l u e s  

are o n l y  one measure ,  w i t h  l i m i t e d  u t i l i t y .  The r2 v a l u e  i s  e s s e n t i a l l y  t h e  

f r a c t i o n  of t h e  v a r i a n c e s  of t h e  two v a r i a b l e s  t h a t  i s  accounted f o r  by t h e  

( l i n e a r  o r  quadra t i c . )  r e g r e s s i o n  model. Thus, r2 v a l u e s  depend both  on t h e  

agreement between t h e  measures ( a s  r e l a t e d  by t h e  r e g r e s s i o n  model) and 

t h e  range  of roughness  inc luded  i n  t h e  d a t a  s e t .  Since  r2 v a l u e s  can always 

be improved s imply by adding more very  smooth and very  rough s i t e s ,  t h e y  

should n e v e r  be used as t h e  s o l e  b a s i s  f o r  q u a n t i f y i n g  a  c a l i b r a t i o n  q u a l i t y .  

The a c t u a l  accu.racy of an e s t i m a t e  of QIr based on an  ARS measure can be 

d e f i n e d  as t h e  Standard E r r o r :  t h e  RMS d i f f e r e n c e  between t h e  estimate of QI ,  

and t h e  t r u e  QIr va lue .  The s t a n d a r d  e r r o r s  a s s o c i a t e d  w i t h  t h e  q u a d r a t i c  

model a r e  p r e s e n t e d  i n  Table  E.4. Whereas t h e  r2 v a l u e s  were d i m e n s i o n l e s s ,  



Table  E.2. R-Squared Values Obtained from L i n e a r  Regress ions  Between PIr and ARS 
from t h e  RTRRMSs. 

Opala Passenger  Cars Caravan Car Single-Track 
Sur face  w i t h  Modified Maysmeters w i t h  2 mete r s  T r a i l e r s  

Speed Type MM 01 MM 02 MM 03  B I NAASRA TRRL BI BPR 

C A 
T S 
GR 
TE 

ALL 

C A 
T S 
GR 
TE 

ALL 

C A 
TS 
GR 
TE 

ALL 

C A 
T S 
GR 
TE 

ALL 



Table E.3. R-Squared Values Obtained from Quadratic Regressions Between QI and 
ARS from RTRRMSs. 

r 

Opala Passenger Cars Caravan Car Single-Track 
Surface with Modified Maysmeters with 2 meters Trailers 

Speed Type MM 01 MM 02 MM 03 B I NAASRA TRRL BI BPR 

C A 
TS 
G R 
TE 

ALL 

C A 
TS 
G R 
TE 

ALL 

C A 
T S 
G R 
TE 

ALL 

C A 
TS 
GR 
TE 

ALL 



Table ~ . 4 .  Standard Error  f o r  Est imating QIr wi th  a Quadratic Regression Equation 
and ARS Measurements. 

Opala Cars wi th  Caravan Car Single-Track 
Surface Modified Maysmeters wi th  2 meters T r a i l e r s  

Speed Type M M O 1  MM02 MM03 B I  NAASRA B I  BPR 

20 C A 7 -6 6.4 6.1 6.9 6.7 9.9 13.8 
T S 4.0 3.7 2.9 3.2 3 -0 5 e0 3.8 
GR 6.5 9.7 19.8 5.1 5 -6 14.6 10.4 
TE 15.6 9.6 10.6 12.6 12.0 17.0 15.3 

ALL 14.5 17.1 18.5 15 -9 15.7 18.3 19.7 

32 C A 6 -0 4.4 9.0 5.2 4.7 8.8 12.0 
T S 2.9 2.9 2.7 3.3 3.1 4.1 3 -6 
GR 10 3 10.3 16.6 6.1 5.9 11.7 7.9 
TE 15.3 9.5 14.6 15 -8  13.6 18.0 8.0 

ALL 13.7 12.3 16.1 13.2 12.6 15.2 16.0 

C A 4.8 8.5 5.9 3.5 3.0 6.9 10 .O 
T S 4.1 3.6 4.2 3.8 3.7 3.9 4.4 
GR 6.4 7.3 9.9 7 08 7.1 14.3 8.7 
TE 9.1 11.1 14.8 17.6 12.5 21.0 10.6 

ALL 10.1 11.1 13 -4  12.5 11.0 14 -8  15 .O 

80 C A 4.6 3.9 8.2 5.7 4.0 ... 6.8 
TS 4.9 4.3 5.5 . . . ... ... . 
GR 6.8 5.9 6.9 ... . . . ... ... 
TE 15.7 8.6 11.0 . . . ... . . . . . . 

ALL 16.4 15 .O 17.2 5.7 4 -0  . 6.8 



a  s t a n d a r d  e r r o r  h a s  t h e  u n i t s  of t h e  QIr measure: countslkm. I n  e s s e n c e ,  

Table E.4 q u a n t i f i e s  t h e  accuracy  invo lved  when a  "raw" ARS measure i s  

re - sca led  ( a c c o r d i n g  t o  t h e  q u a d r a t i c  r e g r e s s i o n  e q u a t i o n )  t o  a  "Ca l ib ra ted"  

QI measure. 

The s t a n d a r d  e r r o r  d a t a  show t h a t  a  speed of 50 km/h g i v e s  t h e  b e s t  

accuracy  f o r  a l l  of t h e  RTRRMSs. T h e r e f o r e ,  RTRRMS measures should be 

conducted a t  50 kmlh i f  t h e  QI, numeric i s  used a s  t h e  c a l i b r a t i o n  r e f e r e n c e .  

The t a b l e  a l s o  i n d i c a t e s  t h e  t r a d e o f f  i n  accuracy  t h a t  o c c u r s  when a  s i n g l e  

c a l i b r a t i o n  i s  used a c r o s s  a l l  s u r f a c e  t y p e s ,  i n s t e a d  of conduct ing s e p a r a t e  

c a l i b r a t i o n s  f o r  each  s u r f a c e  type .  





APPENDIX F 
0 

The roughness measure from an "ideal" response-type road roughness 

measurement system (RTRRMS) can be obtained mathematically using a quarter-car 

simulation (QCS). The roughness numerics obtained via QCS are inherent 

characteristics of the true longitudinal road profile, and can be obtained 

with a variety of instrumentation and computation methods. To distinguish the 

particular set of QCS parameters used in this report from alternate sets used 

in other QCS applications, the analysis used in the IRRE is called the 

"Reference Quarter Car Simulation" (RQCS). This appendix describes 1) the 

development of the RQCS, 2) its mathematical properties, 3) computational 

details, and 4) the results obtained during the International Road Roughness 

Experiment (IRRE). Although the use of a QCS to quantify roughness is not 

new, there is presently no single source in the literature that covers the 

details of implementing a QCS. Therefore, this appendix includes additional 

background information in all sections when such information is useful but not 

readily available elsewhere. 

DEVELOPMENT Am HISrnBY 

Mathematical models of vehicle response have been used since the 1940s by 

engineers charged with the design and/or evaluation of airplanes and military 

vehicles. At that time, the effort associated with obtaining a profile with 

conventional survey methods and converting it into a form compatible with the 

computation methods of the day (analog computers) was far too great to 

consider using vehicle simulation for evaluating road roughness. But given 

the dire consequences of an aircraft failure while traversing a runway, or of 

a military vehicle traversing rugged terrain, the effort involved in 

conducting simulations was justified for those applications. 

In the early 1960s, General Motors Research (GMR) developed a 

"Profilometer," using modern instrumentation, that was capable of measuring 

the "dynamic" portion of a road profile responsible for inducing vehicle ride 



motions [ 2 1 ] .  Shor t ly  a f t e r  t h a t ,  t h e  Michigan Dept. of Transpor ta t ion  (MDOT, 

then c a l l e d  t h e  Mich. Dept. of S t a t e  Hwys and Transp. )  b u i l t  a  second GMR 

Prof i lomete r  i n  coopera t ion  wi th  GMR [22] .  A t  about t h e  same t i m e ,  GMR 

l i c e n s e d  K. J. Law, Inc .  t o  market t h e  Prof i lomete r  commercial ly.  

A t  t h a t  t i m e ,  t h e  most w e l l  known roughness measuring system was t h e  BPR 

Roughometer RTRRMS. In the  l a t e  l96Os, bo th  MDOT and K. J. Law, Inc.  developed 

e l e c t r o n i c  "equ iva len t "  BPR Roughometers, which employed a  v e h i c l e  s i m u l a t i o n  

us ing  an analog computer [22 ,  241. Since  t h e  BPR Roughometer has  but  one 

wheel ,  t h a t  v e h i c l e  s i m u l a t i o n  was c a l l e d  a  BPR Roughometer Quarter-Car 

Simulat ion (BPR/QCS). The BPR/QCSs used by MDOT and K.J. Law, Inc. have 

e q u a t i o n s  i d e n t i c a l  i n  form t o  a  textbook mathematical  model used t o  

c h a r a c t e r i z e  v a r i o u s  dynamic sys tems,  and a r e  the  f i r s t  a p p l i c a t i o n s  of t h a t  

model f o r  q u a n t i f y i n g  road roughness.  The QCS i s  i n  f a c t  t h a t  model, wi th  

parameter va lues  r e p r e s e n t a t i v e  of v e h i c l e s .  (The two BPR/QCSs used two 

d i f f e r e n t  s e t s  of parameter v a l u e s ,  each based on measurements of a  d i f f e r e n t  

"s tandard"  BPR Roughometer. ) Most of t h e  p r o f i l o m e t e r s  produced by K. J.  Law, 

Inc .  have included the  BPR s i m u l a t i o n .  Severa l  y e a r s  l a t e r ,  K . J .  Law, Inc .  

in t roduced a  second s e t  of parameter va lues  f o r  a  QCS t o  s imula te  a 1968 

Chevrole t  Impala passenger  c a r .  

One of t h e  GMR-type p r o f i l o m e t e r s  wi th  a  BPR/QCS was t h e  b a s i s  f o r  t h e  QI 

s c a l e  used i n  t h e  PICK p r o j e c t ,  a l t h o u g h ,  due t o  a  number of f a c t o r s ,  t h e  

dev ice  never  a c t u a l l y  measured p r o f i l e  dur ing  t h e  p r o j e c t  wi th  t h e  accuracy 

normally a s s o c i a t e d  wi th  t h a t  ins t rument .  The QI s c a l e  i s  t h e r e f o r e  no t  

e q u i v a l e n t  t o  t h e  publ ished c h a r a c t e r i s t i c s  of t h e  BPR/QCS. (See Appendix E 

f o r  d e t a i l s . )  

During t h e  l a t e  1970s,  a  l a r g e - s c a l e  NCHRP r e s e a r c h  p r o j e c t  was 

under taken a t  UMTRI ( t h e n  c a l l e d  The Highway Safe ty  Research I n s t i t u t e )  t o :  

1 )  s tudy  RTRRMSs, 2 )  determine 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  systems i n  

u s e ,  and 3 )  d e v i s e  a v a l i d  c a l i b r a t i o n  methodology. The r e s e a r c h  included 

e x t e n s i v e  t e s t i n g  of t h e  RTRRMS i n  a  l a b o r a t o r y  environment ,  along wi th  a  

formal t h e o r e t i c a l  a n a l y s i s  of t h e  RTRRMS concept and ins t rumenta t ion .  It 

became apparen t  t h a t  a  main source  of t h e  problems l a y  i n  t h e  f a c t  t h a t  the  

ins t ruments  were invented wi thou t  a  c l e a r  concept  of what "roughness" i s  o r  

how i t  should be measured. I n s t e a d ,  "roughness" had been de f ined  r a t h e r  



l o o s e l y  as:  "Whatever i t  i s  t h a t  t h e  RTRRMS measures ."  S ince  c a l i b r a t i o n  

r e q u i r e s  comparing t h e  measures from t h e  i n s t r u m e n t  b e i n g  c a l i b r a t e d  t o  " t r u e "  

v a l u e s  of t h e  v a r i a b l e s  be ing  measured ,  i t  was n e c e s s a r y  t o  d e f i n e ,  

m a t h e m a t i c a l l y ,  a  measu rab le  a s p e c t  of t h e  t r u e  l o n g i t u d i n a l  p r o f i l e  t h a t  

would s e r v e  a s  a  c a l i b r a t i o n  r e f e r e n c e .  

The r e f e r e n c e  t h a t  was s e l e c t e d  i s  t h e  QCS, w i t h  new model pa rame te r s  

chosen t o  o f f e r  maximum c o r r e l a t i o n  w i t h  e x i s t i n g  RTRRMSs. I n  a d d i t i o n  t o  a  

new s e t  of  p a r a m e t e r s ,  t h e  QCS was "upgraded" t o  a  h a l f - c a r  s i m u l a t i o n ,  

because  n e a r l y  a l l  of t h e  RTRRMSs used  i n  t h e  United S t a t e s  a r e  based on 

two- t rack  v e h i c l e s  ( p a s s e n g e r  c a r s  and two-wheeled t r a i l e r s ) .  The way a  t i r e  

"envelops"  s m a l l  bumps was found t o  have a  c r i t i c a l  i n f l u e n c e  when t h e  QCS was 

used t o  s i m u l a t e  low speeds .  Accord ing ly ,  t i r e  e n v e l o p i n g  was added t o  t h e  

model when low-speed s i m u l a t i o n s  were  performed.  The RQCS d e s c r i b e d  i n  t h i s  

r e p o r t  i s  n e a r l y  i d e n t i c a l  t o  t h e  NCHRP r e f e r e n c e ,  d i f f e r i n g  on ly  i n  t h e  t i r e  

enve lop ing  p a r a m e t e r ,  which was changed i n c o n s e q u e n t i a l l y  from 1  f t  (300 mm) 

t o  250 mm t o  s i m p l i f y  t h e  measurement r e q u i r e m e n t s  f o r  rod and l e v e l  methods. 

The NCHRP Repor t  228 recommended a  roughness  s t a t i s t i c  c a l l e d  " r e f e r e n c e  

a v e r a g e  r e c t i f i e d  v e l o c i t y "  ( R A R V )  which i s  u s e f u l  when comparing measurements 

made by RTRRMSs a t  more t h a n  one measurement speed .  The o t h e r  s t a t i s t i c  

a s s o c i a t e d  w i t h  t h e  RQCS i s  c a l l e d  " r e f e r e n c e  a v e r a g e  r e c t i f i e d  s l o p e "  (RARS). 

S ince  t h e  RARS numer ic  o b t a i n e d  w i t h  a  s i m u l a t i o n  speed of 80 km/h ( R A R S ~ ~ )  

i s  s e l e c t e d  i n  t h i s  r e p o r t  as t h e  b e s t  c h o i c e  f o r  a n  I n t e r n a t i o n a l  Roughness 

Index,  most o f  t h e  r e s u l t s  o b t a i n e d  w i t h  t h e  RQCS a r e  r e p o r t e d  as RARS v a l u e s .  

MTIEHAT1CA.L DEFINITION OF THE QUARTER CAR SIMULATION 

S-ry of the Beference Quarter-Car Simulation ( W S )  

F i g u r e  F. l  i l l u s t r a t e s  t h e  concep t  of t h e  RQCS a n a l y s i s  i n  te rms of t h e  

mechanica l  model ( l a )  and i t s  f r equency  r e s p o n s e  ( l b  and l c ) .  The RQCS 

c o n s i s t s  of  t h r e e  d i s t i n c t  ma themat i ca l  p r o c e d u r e s :  

1. Georetrically smooth the profile. A pneumatic t i r e  c o n t a c t s  t h e  



Frequency - Hz 

b. Frequency Response of RQCS t o  
Eleva t ion  Input 

Frequency - Hz 

c. Frequency Response of RQCS to  Slope Input 

Figure F.1. The Reference Q u a r t e r  Car Simulat ion (RQCS) 



road o v e r  a n  a r e a ,  r a t h e r  than  a t  a s i n g l e  p o i n t ,  and e f y e c t i v e l y  "envelops" 

s m a l l ,  s h a r p  roughness f e a t u r e s .  It h a s  been shown t h a t  t h i s  e f f e c t  i s  

s imula ted  q u i t e  we l l  w i t h  a "moving average"  smoothing t e c h n i q u e ,  u s i n g  a 

"moving average"  b a s e l e n g t h  approx imate ly  50% l o n g e r  t h a n  t h e  c o n t a c t  pa tch  

between t i r e  and road [9]. The moving average i s  d e f i n e d  f o r  a cont inuous  

p r o f i l e  measurement by a n  i n t e g r a l .  over  t h e  b a s e l e n g t h  of t h e  f i l t e r :  

where 

x = d i s t a n c e  t r a v e l l e d  

y r ( x )  = u n f i l t e r e d  "raw" v e r t i c a l  p r o f i l e  e l e v a t i o n  

y s ( x )  = smoothed v e r t i c a l  p r o f i l e  e l e v a t i o n  

b = b a s e l e n g t h  of moving average  

X = dummy v a r i a b l e  of i n t e g r a t i o n  

Due t o  t h e  p r a c t i c a l  advantage of measuring p r o f i l e  manually a t  c o n v e n i e n t l y  

marked i n t e r v a l s ,  a  b a s e l e n g t h  of b = 250 mm i s  proposed i n  t h i s  r e p o r t ,  which 

d i f f e r s  from t h e  1 f t  (300 mm) b a s e l e n g t h  used i n  t h e  NCHRP work. The e f f e c t  

of smoothing i s  o f t e n  n e g l i g i b l e  f o r  h i g h  s imula ted  s p e e d s ,  bu t  assumes 

g r e a t e r  importance f o r  lower s p e e d s ,  a s  shown l a t e r  i n  t h i s  s e c t i o n .  

2. F i l t e r  the p r o f i l e  signal. The mathemat ical  model shown i n  Figure  

F . l a  i s  d e f i n e d  mathemat ica l ly  by two second-order d i f f e r e n t i a l  e q u a t i o n s :  

.a 
zs + C (2, - A,) + K2 ( z s  - z u )  = 0 

where 

and 

y = p r o f i l e  e l e v a t i o n  i n p u t  



The mechanical system shown i n  t h e  f i g u r e  and descr ibed  by the  above 

equa t ions  i s  a band-pass f i l t e r ,  so-cal led because i t  t r ansmi t s  only a band of 

f r equenc i e s ,  " f i l t e r i n g  out"  t h e  rest. The f i g u r e  shows t h e  frequency 

response p l o t  of t he  RQCS f i l t e r ,  i n  t h e  form of "amplitude out"/"amplitude 

in . "  Note t h a t  t h e  sprung mass, i nd i ca t ed  i n  t h e  Figure a s  ms, i s  used t o  

normalize t h e  o the r  parametedand  i s  i t s e l f  no t  used i n  t h e  f i l t e r  

s p e c i f i c a t i o n .  

Methods t h a t  a r e  used t o  perform the  f i l t e r i n g  a r e  mentioned l a t e r  i n  

t h i s  s e c t i o n ,  and computational d e t a i l s  a r e  provided i n  t h e  next  s e c t i o n  f o r  

one approach t h a t  i s  p a r t i c u l a r l y  s u i t e d  f o r  manual p r o f i l e  measurement and 

computation wi th  microcomputers. 

3. Rec t i fy  and average t h e  f i l t e r e d  p r o f i l e  signal. .  To s imula te  a 

roadmeter,  t h e  axle-body v e l o c i t y  from t h e  QCS i s  r e c t i f i e d  and averaged t o  

y i e l d  an ARV s t a t i s t i c  s i m i l a r  t o  t h a t  ob ta ined  from t h e  roadmeter i n  a 

RTRRMS. The ARV numeric can be r e sca l ed  from u n i t s  of v e l o c i t y  t o  u n i t s  of 

s l o p e ,  t o  y i e l d  t h e  ARS numeric. Deriving from the  Reference, t h e  s t a t i s t i c  

i s  c a l l e d  RARS i n  t h i s  r epo r t  t o  d i f f e r e n t i a t e  i t  from t h e  "raw" ARS measure 

obtained from a mechanical RTRRMS. When t h e  RQCS i s  implemented a s  descr ibed  

l a t e r  i n  t h i s  appendix, t h e  ou tput  of t h e  f i l t e r  has  t h e  u n i t s  of s l o p e ,  and 

RARS i s  computed simply by r e c t i f y i n g  and averaging t h a t  output .  

Half-Car Simulat ion (HCS) 

The QCS i s  converted t o  a HCS by adding one more s t e p ,  which i s  t o  

average t h e  l e f t -  and right-hand wheel t rack p r o f i l e s ,  point-by-point, p r i o r  t o  

processing wi th  t h e  QCS. This s t e p  i s  included because roadmeters i n  

two-track RTRRMSs a r e  i n s t a l l e d  a t  t h e  cen t e r  of t h e  veh ic l e  a x l e ,  where they 

d e t e c t  v i r t u a l l y  no r o l l  motion of t h e  v e h i c l e  body o r  ax le .  This  s t e p  i s  not  

equiva len t  t o  processing t h e  two p r o f i l e s  independent ly  and then  averaging t h e  

summary s t a t i s t i c s ;  when the  p r o f i l e s  a r e  processed s e p a r a t e l y ,  a h igher  

roughness numeric i s  obtained because t h e  independent p r o f i l e  roughness 

numerics inc lude  c r o s s l e v e l  v a r i a t i o n s  t h a t  would not r e g i s t e r  on a roadmeter 

a t  t h e  a x l e  cen t e r .  The NCHRP Reference is  a HCS, while  most of t he  r e s u l t s  

obtained i n  t h e  IRRE were f o r  a QCS (each wheel t rack processed independently).  



Bandwidth of the BQCS 

In  o rde r  t o  d e r i v e  t h e  frequency response func t ions  of t h e  

above-described ope ra t i ons ,  i t  i s  convenient  t o  cons ider  complex s i n u s o i d a l  

v a r i a b l e s  of t h e  form: 

where 

w = c i r c u l a r  frequency = 2nf ,  and j = 1-1 = t h e  "imaginary" p a r t  

of a  "complex" v e c t o r ,  90' ou t  of phase wi th  t h e  " r ea l "  p a r t .  Eq. 5 

desc r ibes  a  v a r i a b l e  t h a t  i s  s i n u s o i d a l  wi th  d i s t a n c e  t r a v e l l e d ,  x ,  while Eq. 

6 desc r ibes  a  v a r i a b l e  t h a t  i s  s i n u s o i d a l  wi th  time t .  Depending on t h e  

con tex t ,  t h e  l e t t e r  w de s igna t e s  e i t h e r  s p a t i a l  c i r c u l a r  f requency,  with u n i t s  

of r a d i a n s l l e n g t h  i n  Eq. 5 ;  o r  temporal c i r c u l a r  frequency wi th  u n i t s  of 

r a d i a n s l s e c  i n  Eq. 6 .  Whether t h e  v a r i a b l e  i s  temporal o r  s p a t i a l ,  

d i f f e r e n t i a t i o n  i s  simple: 

y '  = dyldx = Yo j w  e j m  = j w  y  

o r  

9 = d y l d t  = Yo j w  ejWt = j w  Y 

The mving Average. The s p a t i a l  frequency response of a  moving 

average ,  def ined  a s  the  r a t i o  of t h e  output  "smoothed" p r o f i l e  y s ,  t o  t h e  

"raw" p r o f i l e ,  y r ,  i s  found by combining Eqs. 1  and 5: 

where X = dummy i n t e g r a t i o n  va r i ab l e .  Solving Eq. 10, 



where L = wavelength  = 2n/w* 

The moving average f i l t e r  i s  d e s c r i b e d  i n  more d e t a i l  i n  Appendix J ,  

which i n c l u d e s  t h e  e f f e c t  of s a m p l e  i n t e r v a l  on t h e  wavenumber s e n s i t i v i t y .  

The QCS F i l t e r .  Eqs 2  and 3 can  be conver ted t o  a l g e b r a i c  e q u a t i o n s  

dependent on f requency  by s u b s t i t u t i n g  j w  f o r  t h e  d e r i v a t i v e s ,  a s  shown i n  Eq.  

9 : 

Eqs. 12 and 13 can be solved f o r  t h e  two v a r i a b l e s  zu and zs t o  y i e l d  t h e  

temporal  f requency response  f u n c t i o n  of t h e  QCS: 

where 

and 



Eq. 14 c o n t a i n s  b o t h  ampl i tude  and phase  in format ion .  The ampl i tude of t h e  

Frequency Response Funct ion i s  : 

Eqs. 14 and 20 a r e  d i m e n s i o n l e s s ,  meaning t h a t  t h e  o u t p u t  ( z r )  w i l l  have 

t h e  same u n i t s  a s  t h e  i n p u t .  Thus,  t o  o b t a i n  a  s l o p e  o u t p u t ,  t h e  i n p u t  should 

be p r o f i l e  s l o p e .  Eq. 20 i s  shown p l o t t e d  a s  a  f u n c t i o n  of f requency i n  Fig .  

F . l c .  When t h e  i n p u t  i s  a  p r o f i l e  e l e v a t i o n ,  t h e n  t h e  f requency response 

f u n c t i o n  should i n c l u d e  t h e  d i f f e r e n t i a t i o n  invo lved  i n  t r ans forming  a 

d i sp lacement  t o  a  s l o p e .  When t h e  d i f f e r e n t i a t i o n  ( j w )  i s  combined w i t h  Eq. 

20, t h e  r e s u l t  i s :  

Eq. 21,  w i t h  u n i t s  l / s e c  i s  shown p l o t t e d  i n  Fig.  F . lb .  

Frequency Response o f  RQCS a t  f o u r  s i m u l a t i o n  speeds .  A s  shown i n  F igure  

F . l c ,  t h e  bandwidth of t h e  QCS f i l t e r  c o v e r s  temporal  f r e q u e n c i e s  between 0.8 

- 17 Hz, which can be r e l a t e d  t o  s p a t i a l  wavenumber ( 1 / L ,  L = wavelength)  by 

t h e  s i m u l a t i o n  speed:  

I n  a d d i t i o n ,  t h e  geomet r ic  smoothing l i m i t s  t h e  response  t o  s h o r t e r  

wavelengths  accord ing  t o  Eq. 1 1 ,  r e g a r d l e s s  of t h e  s i m u l a t i o n  speed.  F igure  

F.2 shows t h e  combined e f f e c t s  of t h e  f i l t e r i n g  and smoothing f o r  t h e  f o u r  

speeds  used i n  t h e  IRRE, o b t a i n e d  by combining Eqs. 11,  20,  and 22. When 

expressed  a s  wavelengths ,  t h e  bands a r e  approx imate ly :  
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Physical Interpretation of the RARS Statistic. 

The RQCS a n a l y s i s  d e s c r i b e d  above h a s  t h r e e  s imple  i n t e r p r e t a t i o n s :  

Reference RTRRMS. As shown i n  F igure  F . l a ,  t h e  a n a l y s i s  s i m u l a t e s  an 

i d e a l i z e d  RTRRMS, sometimes c a l l e d  t h e  "Golden Car , "  e q u i v a l e n t  i n  concept  t o  

a go ld-p la ted  r e f e r e n c e  measure. The RQCS h a s  t h e  same approximate 

s e n s i t i v i t y  t o  s u r f a c e  t y p e ,  roughness ,  and ( s i m u l a t e d )  measurement speed a s  

observed w i t h  a  RTRRMS, b u t  h a s  none of t h e  n o n l i n e a r i t i e s  t h a t  e x i s t  w i t h  

most v e h i c l e s  and roadmeters .  The RQCS g i v e s  t h e  o p e r a t o r  of a RTRRMS an  

o p p o r t u n i t y  t o  s e e  how t h e  RTRRMS compares w i t h  an  " i d e a l "  sys tem,  i n  terms of 

such performance f e a t u r e s  a s :  suspens ion  damping, roadmeter  n o n l i n e a r i t y ,  and 

t i r e l w h e e l  nonuniformity .  

Profile Slope. A l t e r n a t i v e l y ,  t h e  RQCS can be viewed a s  p rov id ing  a 

s t a t i s t i c  summarizing p r o f i l e  geometry. RARS i s ,  a s  t h e  name i m p l i e s ,  t h e  

average  r e c t i f i e d  s l o p e  of t h e  p r o f i l e  when wavelengths  a r e  a t t e n u a t e d  t h a t  

f a l l  o u t s i d e  t h e  range s p e c i f i e d  i n  Eq.  23. 

Vehicle Excitation. When t h e  roughness  s t a t i s t i c  i s  conver ted t o  

RARV, i t  i s  p r o p o r t i o n a l  t o  t h e  v e r t i c a l  e x c i t a t i o n  perce ived  by a  v e h i c l e  

t r a v e r s i n g  t h a t  road a t  t h e  s i m u l a t i o n  speed.  Thus, r o a d s  can  be compared i n  

terms of t h e i r  roughness a s  pe rce ived  by t h e  v e h i c l e ,  even when d i f f e r e n t  

speeds  a r e  i n v o l v e d ,  by u s i n g  a  s i m u l a t i o n  speed t h a t  cor responds  t o  t h e  

t r a f f i c  speed.  A h i g h e r  number always i m p l i e s  more v e h i c l e  e x c i t a t i o n ,  

r e g a r d l e s s  of t h e  s i m u l a t i o n  speed.  

Examples of the RQCS "Filter." To i l l u s t r a t e  t h e  n a t u r e  of t h e  RQCS, 

F i g u r e s  F.3 and F.4 show t h e  p r o f i l e  i n p u t s  and t h e  r e s u l t i n g  QCS o u t p u t .  

F igure  F.3 shows t h r e e  p l o t s  d e r i v e d  from a  s i n g l e  p r o f i l e  measured w i t h  t h e  

TRRL Beam d u r i n g  t h e  IRRE. Note t h a t  t h e  roughness i n f o r m a t i o n  i s  n o t  ve ry  



c. Slope Profile as Filtered by the KQCS 
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c. Slope Profile as Filtered by the RQCS 
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c l e a r  from t h e  e l e v a t i o n  p r o f i l e  (F ig .  F.3a) due t o  1)  t h e  u n d e r l y i n g  s l o p e  

of t h e  r o a d ,  and 2 )  t h e  f a c t  t h a t  road e l e v a t i o n  p r o f i l e s  a r e  dominated by t h e  

l o n g e s t  wavelengths  inc luded  i n  t h e  measurement. The p l o t  o f  p r o f i l e  s l o p e  

(F ig .  F.3b),  o b t a i n e d  by t a k i n g  point-by-point  d i f f e r e n c e s  i n  e l e v a t i o n ,  

normalized by t h e  measurement i n t e r v a l ,  more c l e a r l y  shows "roughness." The 

f i l t e r e d  s l o p e ,  a s  s e e n  through t h e  RQCS (F ig .  F.3c),  i s  v e r y  s i m i l a r  t o  t h e  

"raw" s l o p e ,  however, t h e  h i g h  f requency  "hash" i s  removed by t h e  RQCS 

bandpass f i l t e r .  Also,  t h e  non-zero mean s l o p e  i s  removed w i t h  t h e  l o n g e r  

wavelengths.  

F igure  F.4 shows cor responding  measurements ob ta ined  w i t h  t h e  APL T r a i l e r  

( i n  t h e  APL 72 c o n f i g u r a t i o n ) ,  d e s c r i b e d  i n  Appendices A and G. F i g u r e s  F.3 

and F.4 show t h a t  d i r e c t  comparison of t h e  e l e v a t i o n  " p r o f i l e "  s i g n a l s  ( F i g s .  

3 a  and 4 a )  i s  meaning less ,  s i n c e  t h e  APL s i g n a l  does  n o t  i n c l u d e  wavelengths  

l o n g e r  than  40 m. D i r e c t  comparison of t h e  s l o p e  " p r o f i l e "  s i g n a l s  ( F i g s .  3b 

and 4b)  i s  much c l o s e r ,  y e t  t h e  s i g n a l s  a r e  s t i l l  n o t  comparable due t o  

d i f f e r e n c e s  i n  t h e  i n s t r u m e n t a t i o n  approaches  of t h e  TRRL Beam and APL 

T r a i l e r .  A f t e r  t h e  s i g n a l s  a r e  f i l t e r e d  by t h e  RQCS, t h e  waveband of t h e  

s l o p e  p r o f i l e  h a s  been l i m i t e d  t o  t h e  band t h a t  e x c i t e s  t h e  RQCS a t  t h e  

s i m u l a t i o n  speed of 50 km/h. While e x a c t  agreement i s  n o t  o b t a i n e d ,  t h e  

s i g n a l s  now appear  much more s i m i l a r ,  and have c l o s e  RARS va lues .  

COMPUTATIONAL DETAILS 

Due t o  t h e  way t h e  RQCS i s  fo rmula ted ,  t h e  o u t p u t  of t h e  model h a s  t h e  

same u n i t s  a s  t h e  i n p u t .  Thus, a  s i n g l e  RQCS a l g o r i t h m  can p rov ide  RARS 

d i r e c t l y  from a  s l o p e  i n p u t  o r  RARV d i r e c t l y  from a  v e r t i c a l  v e l o c i t y  i n p u t ,  

wi thou t  m o d i f i c a t i o n .  

Since  t h i s  r e p o r t  emphasizes t h e  RARS s t a t i s t i c ,  r a t h e r  t h a n  t h e  RARV 

s t a t i s t i c ,  s p a t i a l  d e s c r i p t o r s  a r e  used when p o s s i b l e .  



Computational LIethods for Simulating Vehicle Dynamics 

The RQCS c a n  be implemented any number of ways, s i n c e  t h e  a n a l y s i s  i s  

d e f i n e d  by Eqs. 2  and 3 ,  r a t h e r  t h a n  a  s p e c i f i c  means of t h e i r  s o l u t i o n .  Four 

approaches t h a t  have been used s u c c e s s f u l l y  a r e  mentioned h e r e :  

Analog Computer. A s  noted e a r l i e r ,  t h e  f i r s t  QCSs used f o r  roughness 

e v a l u a t i o n  were e l e c t r o n i c  [ 2 2 ,  241. An e l e c t r o n i c  f i l t e r  i s  des igned  t h a t  

f o l l o w s  Eqs. 2  and 3 ,  t h u s  d e f i n i n g  a n  e l e c t r o n i c  ana log  of t h e  i d e a l  

mechanical  system. An ana log  computer r e q u i r e s  t h a t  t h e  p r o f i l e  be measured 

c o n t i n u o u s l y ,  t o  p r o v i d e  a  v o l t a g e  p r o p o r t i o n a l  t o  p r o f i l e  over  t h e  p r o p e r  

f requency range.  T h e r e f o r e ,  i t  cannot  e a s i l y  be used w i t h  measurement methods 

t h a t  on ly  p r o v i d e  t h e  p r o f i l e  numer ica l ly  a t  d i s c r e t e  i n t e r v a l s ,  such  a s  t h e  

Rod and Level and TRRL Beam. An ana log  computer h a s  s e v e r a l  p o t e n t i a l  

advan tages :  1)  i t  o p e r a t e s  i n  " r e a l  t ime, ' '  and t h e r e f o r e  does  n o t  r e q u i r e  t h a t  

p r o f i l e  be s t o r e d  on magnet ic  t a p e ,  2 )  summary r e s u l t s  a r e  ob ta ined  

immediate ly ,  and 3 )  i t  i s  i d e a l l y  s u i t e d  t o  an analog dynamic p r o f i l o m e t e r ,  

such a s  t h e  APL 72 ( d i g i t i z a t i o n  i s  n o t  n e c e s s a r y ) .  I n  p r a c t i c e ,  t h e  ana log  

QCSs have proven t roublesome t o  main ta in .  (For  example,  problems w i t h  t h e  

BPR/QCS used a s  t h e  b a s i s  of t h e  QI, a r e  mentioned i n  Appendix E.) 

Numerical Integration. The d i f f e r e n t i a l  e q u a t i o n s  can be  numer ica l ly  

i n t e g r a t e d  on a d i g i t a l  computer,  u s i n g  one of many p o s s i b l e  i n t e g r a t i o n  

approx imat ions  ( E u l e r ,  Runge-Kutta, Hammings P r e d i c t o r - C o r r e c t o r ,  e t c . ) .  The 

v a r i a b l e s  a r e  c a l c u l a t e d  a t  d i s c r e t e  t i m e s ,  spaced c l o s e l y  by t h e  small "time 

s t e p . "  A t  e a c h  t ime s t e p ,  t h e  d e r i v a t i v e s  a r e  e v a l u a t e d  (accord ing  t o  Eqs. 2  

and 3 )  and used t o  e s t i m a t e  t h e  v a r i a b l e s  a t  t h e  n e x t  s t e p .  While numerical  

i n t e g r a t i o n  i s  a n  approx imat ion ,  t h e  e r r o r s  can be k e p t  a t  n e g l i g i b l e  l e v e l s  

by p roper  c h o i c e  of t h e  t ime s t e p  i n t e r v a l  [36] .  

Estiration through Correlation. A number of a l t e r n a t i v e  a n a l y s e s  can 

be dev i sed  t h a t  y i e l d  s t a t i s t i c s  c o r r e l a t e d  w i t h  MRS. While a  r i g o r o u s  

mathemat ical  r e l a t i o n s h i p  might n o t  e x i s t ,  a  s t a t i s t i c a l  r e l a t i o n  can  be 

developed through r e g r e s s i o n  a n a l y s e s .  The QIr a n a l y s i s ,  d e s c r i b e d  i n  

Appendix E ,  e s t i m a t e s  t h e  o u t p u t  o f  a  BPR/QCS u s i n g  mid-chord d e v i a t i o n s  

(RMSVA) from two b a s e l e n g t h s .  The RMSD a n a l y s i s ,  d e s c r i b e d  i n  Appendix H ,  

e s t i m a t e s  t h e  ARS numeric o b t a i n e d  from a B I  T r a i l e r  a s  i t  e x i s t e d  i n  J u l y  



1982 d u r i n g  t h e  IRRE. Although a l t e r n a t e  s t a t i s t i c s  combined w i t h  r e g r e s s i o n  

e q u a t i o n s  a r e  n o t  u n i v e r s a l l y  e q u i v a l e n t  t o  d i r e c t  computation of a  QCS 

numeric from t h e  p r o f i l e  d a t a ,  t h e  a l t e r n a t e  s t a t i s t i c s  can sometimes be 

"conver ted"  t o  t h e  RARS roughness s c a l e  w i t h  l i t t l e  l o s s  i n  accuracy.  

S t a t e  T r a n s i t i o n  Matrix. Because t h e  d i f f e r e n t i a l  e q u a t i o n s  of t h e  

QCS a r e  l i n e a r ,  t h e  e x a c t  s o l u t i o n  can  be c a l c u l a t e d  i f  t h e  p r o f i l e  i n p u t  h a s  

a  known shape between measurements. The s o l u t i o n  method 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  m a t r i x  (STM) method, because t h e  d i f f e r e n t i a l  e q u a t i o n s  a r e  used t o  

d e f i n e  two f i x e d  m a t r i c e s  of c o n s t a n t  c o e f f i c i e n t s  t h a t  a r e  used t o  compute 

t h e  t r a n s i t i o n  o f  t h e  QCS over  each t ime s t e p  [ 3 7 ] .  This  method i s  d e s c r i b e d  

below. 

F i l t e r i n g  t h e  P r o f i l e :  The S t a t e  T r a n s i t i o n  Mat r ix  

The s t a t e  of t h e  mathemat ical  model shown i n  Fig.  F.l can be d e s c r i b e d  

complete ly  ( f o r  purposes  of de te rmin ing  RARS) by t h e  f o u r  s t a t e  v a r i a b l e s  

z S 1 ,  zSI1, z U 1 ,  and zu". The d i sp lacements  of t h e  sprung and unsprung 

masses ,  z s  and z u ,  can  a l s o  be computed, bu t  a r e  n o t  n e c e s s a r y  f o r  

de te rmin ing  t h e  suspens ion  motion d e t e c t e d  by a  roadmeter.  

Because t h e  RQCS i s  l i n e a r ,  t h e  new v a l u e  of e a c h  v a r i a b l e  c a n  be 

c a l c u l a t e d  a t  a  p o s i t i o n  x  a long  t h e  road i f  t h e  v a l u e s  of t h e  f o u r  v a r i a b l e s  

a r e  known a t  a  p rev ious  p o s i t i o n ,  and i f  t h e  p r o f i l e  shape i s  known over  t h e  

measurement i n t e r v a l .  For assumed c o n s t a n t  p r o f i l e  s l o p e  between 

measurements,  and a  c o n s t a n t  measurement i n t e r v a l ,  t h e  v a l u e s  of t h e  s t a t e  

v a r i a b l e s  a t  a  g i v e n  p o i n t  a r e  computed a s :  

where 



Z S 1 ,  ZS1',  Z U 1 ,  and ZU" a r e  t h e  va lues  of t h e  s t a t e  v a r i a b l e s  f o r  t h e  

c u r r e n t  p o s i t i o n ,  

z S 1 ,  zS1' ,  z U 1 ,  and zu" a r e  t h e  va lues  known f o r  t h e  previous 

p o s i t i o n ,  and 

y '  = p r o f i l e  s l ope  i npu t .  

The c o e f f i c i e n t s  s and p  ( j , k  = 1...4) a r e  c o n s t a n t s ,  which a r e  f i xed  by 
j k  j 

t h e  "time s t e p , "  which i s  the  time t h a t  would be needed f o r  a  veh i c l e  t o  

advance over one p r o f i l e  measurement i n t e r v a l  a t  t h e  s imula t ion  speed. 

I n  essence ,  t h e  RQCS c o n s i s t s  of Eqs. 24 - 27. Table F.1 l i s t s  the  

c o e f f i c i e n t s  requi red  :for s imu la t i on  speeds of 50 and 80 km/h, and measurement 

i n t e r v a l s  of 50, 100, 250, and 500 mm. 

The above computation method i s  r e c u r s i v e ,  meaning t h a t  i t  "marches" 

through the  p r o f i l e ,  basing new computed values  on both t he  new inpu t  and the  

previous values .  A s  such ,  i t  i s  always responding t o  p a s t  e x c i t a t i o n ,  j u s t  a s  

a  phys i ca l  v e h i c l e  does.  

Computation of the RQCS Coefficients 

When a  s imu la t i on  speed/measurement i n t e r v a l  combination i s  requi red  t h a t  

i s  not  included i n  Table F . l ,  t h e  necessary c o e f f i c i e n t s  can be computed 

d i r e c t l y .  To s imp l i fy  t h e  mathematical exp re s s ions ,  mat r ix  n o t a t i o n  w i l l  be 

used below. In  t h e  fol lowing equa t ions ,  a l l  one-dimensional (1x4) ma t r i ce s  

a r e  i nd i ca t ed  i n  bold p r i n t ,  whi le  two-dimensional ma t r i ce s  (4x4) a r e  both 

under l ined  and shown i n  bold p r i n t .  Although t h e  s t a t e  t r a n s i t i o n  computation 

method can  be used t o  g ive  a  s lope  o u t p u t ,  Eqs. 2  and 3 have time d e r i v a t i v e s .  

To so lve  those  equa t ions ,  i t  i s  more convenient i f  a l l  d e r i v a t i v e s  a r e  

temporal ,  and t h e r e f o r e  only t ime d e r i v a t i v e s  a r e  i nd i ca t ed  i n  t h i s  s ec t i on .  

Eqs. 24 - 27  can be re -wr i t ten  i n  mat r ix  form with temporal d e r i v a t i v e s  

a s  : 



Table F.l RQCS Coeff l c t e n t s  

d t  = 3.6 x sec, dx = 50 mm, V = 50 km/h (Va l id  f o r  any road surface) - 

d t  = 7.2 x sec, dx = 100 mn, V = 50 km/h (Val I d  f o r  road surfaces no t  havlng i so la ted  "bumpsvv 
shor ter  than 150 mm) 

d t  = .018 sec, dx = 250 mm, V = 50 km/h 
than 300 mm) 

.0171948155 

.9 17212924 
4.72363171 x 
.4 16049897 

Val I d  f o r  road surfaces no t  having iso lated vvbumpsw shorter 

d t  = .036 sec, dx = 500 mm, V = 50 km/h ( V a l i d  fo r  road surfaces n o t  having s i g n i f i c a n t  "shor t  wave 
roughness." Less accurate than when dx = 250 mm.) 

d t  = 2.25 x lo-' sec, dx = 50 mn, V = 80 km/h (Val i d  fo r  a l  I road surfaces) 

d t  = 4.5 x sec, dx = 100 mn, V = 80 km/h (Val i d  f o r  road surfaces n o t  having 1 solated "bumpsvv 
shor ter  than 150 mm) 

ST = .999401438 4.44235095 x lom3 2.18885407 x lo4 5.72179098 x 
-.257054857 .97 5036049 7.96622337 x 1 0 ' ~  .0245842747 
3.96037912 x 3.81452732 x lo4 .954804848 
1.68731199 - C .I63895165 -19.3426365 .794870062 

d t  = .01l25 sec, dx = 250 mm, V = 80 km/h (Val I d  f o r  road surfaces no t  having i so la ted  wbumpsvv shor ter  
than 300 mm) 

d t  = .0225 sec, dx = 500 mn, V = 80 km/h ( V a l i d  f o r  road surfaces not  having significant "shor t  wave 
roughnessvt) 

.02 12839445 -.0252093 147 

.900 16 1568 -3.39 136929 
.0638632609 6.61544461 x .240289418 9.86268262 x 

.4 18677898 -46.6788394 -.I14525219 



where 

and 

ST = 4x4 S t a t e  T r a n s i t i o n  Mat r ix  ( w i t h  c o e f f i c i e n t s  s l l  ... s ~ ~ )  - 
PR = 1x4 P a r t i a l  Response Matr ix  ( w i t h  c o e f f i c i e n t s  pl  ... p4)  

i = p r e s e n t  t ime s t e p  , i-1 = p r e v i o u s  t ime s t e p  

To make Eqs. 2  and 3 compat ible  w i t h  Eqs. 24 - 27 ,  b o t h  s i d e s  of Eqs. 2  and 3  

a r e  d i f f e r e n t i a t e d  w i t h  r e s p e c t  t o  t ime .  They can t h e n  be expressed  i n  t h e  

f o l l o w i n g  m a t r i x  form u s i n g  t h e  f o u r  s t a t e  v a r i a b l e s  of t h e  Z v e c t o r ,  

d e f i n e d  i n  Eq. 29: 

Z ( t ) =  A Z ( t ) +  B y ( t )  

The form of t h e  s o l u t i o n  f o r  Eqs. 30 and 31 h a s  a l r e a d y  been p resen ted  (Eq. 

28) .  For a  c o n s t a n t  t ime s t e p ,  o v e r  which t h e  i n p u t  y ( i )  i s  a  c o n s t a n t ,  

t h e  - ST and PR m a t r i c e s  can be computed from t h e  - A and 

B m a t r i c e s :  

where 



and - I i s  a  4 x  4 i d e n t i t y  matr ix .  The PR matr ix  a s  def ined  i n  Eq. 

33 i s  based on t h e  assumption of an i npu t  t h a t  remains cons t an t  over t he  

p r o f i l e  measurement i n t e r v a l .  That i s  why the  genera l ized  input  i n  Eqs. 24 - 

27 should be a  s l o p e ,  r a t h e r  than e l e v a t i o n :  an assumption of cons tan t  s l ope  

between p r o f i l e  measures i s  more reasonable  than an assumption of cons tan t  

e l eva t ion .  (Note t h a t  i f  an e l e v a t i o n  input  i s  used,  t h e  output  s i g n a l  w i l l  

a l s o  be an e l e v a t i o n ,  and t h a t  a  simple average would no t  y i e l d  RARS.) 

E q .  33 r e q u i r e s  a  mat r ix  i n v e r s i o n ,  which i s  no t  d e t a i l e d  he re  because i t  

i s  such a  common computer subrout ine .  The mat r ix  exponent i n  Eq. 32 i s  l e s s  

common, but  can be eva lua ted  wi th  a  Taylor s e r i e s  expansion: 

A d t  = I + A d t  + A A d t 2  / 2 + d t 3  / 3 !  + ... e- - - - - - 

For Eq. 35 t o  be p e r f e c t l y  e x a c t ,  N must approach i n f i n i t y .  I n  p r a c t i c e ,  

however, t he  s e r i e s  converges r ap id ly  t o  t h e  p r e c i s i o n  of  a computer when d t  

i s  small .  In c a l c u l a t i n g  t h e  c o e f f i c i e n t s  shown i n  Table F . l ,  t h e  computer 

program checked t h e  c o e f f i c i e n t s  a f t e r  each new term i n  t h e  s e r i e s  was added 

t o  determine i f  a  change i n  & d t  could be de t ec t ed ;  when a  change 

was no t  de t ec t ed  f o r  any of t h e  16 c o e f f i c i e n t s ,  then  the  program stopped 

s i n c e  t he  c o e f f i c i e n t s  were p r e c i s e  t o  t h e  l i m i t s  of t h e  computer. This 

g e n e r a l l y  occurs  a f t e r  about 10 terms (&lo ) .  

Conversion of Elevation Profiles to a Smothed Slope Input. 

A s  mentioned e a r l i e r ,  t h e  RQCS inc ludes  a  smoothing of t h e  i npu t  p r o f i l e ,  

using a  250 mm "moving average,"  and a l s o  u se s  e l e v a t i o n  changes ( s l o p e )  a s  

t h e  input  t o  t h e  QCS f i l t e r .  When the  two ope ra t i ons  a r e  combined, t h e  

r e s u l t i n g  ope ra t i on  i s  very simple: The s lope  input  used f o r  t he  QCS f i l t e r  

i s  t h e  change i n  e l e v a t i o n  over t h e  moving average baselength.  I f  t h e  p r o f i l e  

i s  measured cont inuous ly ,  then 



where y l ( x )  = smoothed s lope  input  t o  t h e  RQCS 

y r ( x )  = raw p r o f i l e  e l e v a t i o n  

( I t  i s  recognized t h a t  Eq. 35 in t roduces  a  phase s h i f t ,  equ iva l en t  t o  the  

d i s t a n c e  b/2 = 25012 = 125 mm). This has  no e f f e c t  on t he  roughness numerics 

and s i m p l i f i e s  t h e  conversion of t he  equa t ions  i n t o  computer code. For zero  

phase,  t h e  equa t ion  would be: y l ( x )  = [yr(x+b/2) - yr(x-b/2)]  / be)  

When p r o f i l e  e l e v a t i o n s  a r e  measured a t  cons tan t  i n t e r v a l s ,  t h e r e  a r e  two 

poss ib l e  r e l a t i o n s  between dx ,  t he  measurement i n t e r v a l ,  and b ,  t h e  baselength 

of t h e  moving average:  

1. dx - > b. In  t h i s  ca se ,  t h e  i npu t  t o  t h e  RQCS should be: 

The inpu t  i s  t h e  equiva len t  of a  p r o f i l e  smoothed wi th  a  moving average equa l  

t o  dx. I f  dx = b  = 250 mm, then  t h e  r e s u l t i n g  s lope  input  values  agree 

p e r f e c t l y  wi th  the  d e f i n i t i o n  of t h e  RQCS. Should dx be g r e a t e r  than b ( f o r  

example, 500 mm), then the  r e s u l t  i s  equ iva l en t  t o  t he  f i l t e r  po r t i on  of t he  

RQCS wi th  a  longer  moving average base length ,  equa l  t o  dx.  

2. dx < b. (Example: dx=100, b=250 rnrn.) I f  b  i s  not  an i n t e g e r  

mu l t i p l e  of dx ,  t hen  i n t e r p o l a t i o n  of p r o f i l e  p o i n t s  i s  needed t o  employ t h e  

c o r r e c t  baselength i n  t he  moving average:  

where 

k = INT( b/dx ) , B = ( b - k dx) /dx , and A = 1  - B (F-39) 

The func t ion  I N T  i n  Eq. 39 i s  t h e  INTeger func t ion  i n  t h e  BASIC and FORTRAN 

computer languages,  and des igna t e s  t runca t ion .  



I f  b  is  an  i n t e g e r  m u l t i p l e  of dx ( f o r  example, dx=50, b=250 mm), t h e n  

Eq. 38 i s  s i m p l i f i e d  because  A-1 and B=O. Eq. 38 t h e n  reduces  t o :  

I n i t i a l i z a t i o n .  

Because t h e  RQCS i s  always responding t o  bo th  new p r o f i l e  i n p u t  and i t s  

p r e s e n t  " s t a t e "  ( a s  d e f i n e d  by t h e  s p a t i a l  e q u i v a l e n t s  of v e r t i c a l  

a c c e l e r a t i o n  and v e r t i c a l  v e l o c i t y  of t h e  s imula ted  body and a x l e ) ,  t h e  

assumed i n i t i a l  v a l u e s  of t h e  f o u r  s t a t e  v a r i a b l e s  can i n f l u e n c e  t h e  RARS 

numeric. Th i s  r e p l i c a t e s  t h e  behav ior  of a  p h y s i c a l  RTRRMS which i s  

responding t o  t h e  road s u r f a c e  immediately p r i o r  t o  t h e  t e s t  s i t e  upon e n t r y .  

I n  o r d e r  t o  o b t a i n  t h e  t r u e  i n i t i a l  s t a t e  of t h e  RQCS, t h e  p r o f i l e  must 

be measured f o r  some d i s t a n c e  p r i o r  t o  t h e  s t a r t  of t h e  t e s t  s i t e .  The 

s i m u l a t i o n  should beg in  on t h e  l e a d - i n ,  t o  de te rmine  t h e  p roper  v a l u e s  of t h e  

v a r i a b l e s  z S 1 ,  zSI1, z U 1 ,  and zu" a t  t h e  s t a r t  of t h e  t e s t  s i t e .  

I n  t h e  IRRE, l ead- in  d a t a  were n o t  a v a i l a b l e  from t h e  s t a t i c  p r o f i l e  

measures o b t a i n e d  from Rod and Level and t h e  TRRL Beam, and i n i t i a l  c o n d i t i o n s  

had t o  be assumed. The assumed i n i t i a l  c o n d i t i o n s  a r e :  

where 

k = INT( 0.5 / d t )  (F-43 ) 

The above i n i t i a l  c o n d i t i o n s  assumed f o r  t h e  RQCS have a  p h y s i c a l  

i n t e r p r e t a t i o n :  i t  i s  a s  i f  t h e  Reference RTRRMS i s  approaching t h e  t e s t  s i t e  

on a  p e r f e c t l y  smooth r o a d ,  w i t h  a  g r a d e  e q u a l  t o  t h e  average  g rade  of t h e  

p r o f i l e  o v e r  t h e  f i r s t  0.5 second of s imula ted  t r a v e l  t ime. Note t h a t  Eq. 4 2  



i n i t i a l i z e s  the  RQCS f o r  a  s lope  i n p u t ,  s u i t a b l e  f o r  d i r e c t  computation of 

MRS. When RARV i s  computed, the dx v a r i a b l e  i n  Eq. 42 i s  replaced wlth d t  t o  

y i e l d  an i n i t i a l  v e r t i c a l  ve loc i ty .  Also, the  primes used t o  i n d i c a t e  s p a t i a l  

d e r i v a t i v e  should be replaced wlth d o t s  t o  i n d i c a t e  time de r iva t ives .  The 

p r o f i l e s  obtained duri.ng the  IRRE were analyzed t o  determine the  e r r o r s  

introduced using Eqs. 41 and 42 and, a s  shown i n  the next s e c t i o n ,  they were 

neg l ig ib l e .  

(A d i f f e r e n t  i n i t i a l i z a t i o n  was used a t  f i r s t  i n  the  IRRE analyses ,  which 

used only the  f L r s t  two p r o f i l e  po in t s  (k= l  i n  Eq. 42). The r e s u l t i n g  RQCS 

numerics, included i n  t he  December 1982 d r a f t  of t h i s  r e p o r t ,  showed s l i g h t l y  

higher  and more e r r a t i c  r e s u l t s  f o r  the  p r o f i l e s  measured with the  Beam and 

APL 7 2  system. The s h o r t e r  measurement i n t e r v a l s  made t h a t  i n i t i a l i z a t i o n  

more s e n s i t i v e  t o  t he  va lues  of the  f i r s t  two e l e v a t i o n  measures, in t roducing  

a  random e f f e c t  t h a t  degraded the  agreement between RQCS numerics obtained by 

d i f f e r e n t  p r o f i l e  measurement methods.) 

A Demonstration Computer Program. 

Figure F.5 p re sen t s  a  demonstration computer program t o  c a l c u l a t e  

RARSaO, using the BASIC computer language. The p r o f i l e  values needed t o  

compute the  s lope  input  a r e  kept  i n  a  b u f f e r ,  which i s  the  a r r a y ,  Y. The 

S t a t e  T rans i t i on  Matrix i s  s to red  i n  the ST a r r a y  (and read by the  program 

from the  DATA s ta tements  a t  the  bottom); t h e  P a r t i c u l a r  Response Matrix i s  

s to red  i n  the a r r a y  PR ( t h e s e  c o e f f i c i e n t s  a r e  a l s o  read from the DATA 

s t a t emen t s ) ;  DX i s  t he  measurement i n t e r v a l  (0.25 m i n  t he  program); the  Z 

a r r a y  conta lns  the  cu r r en t  values of the four  s t a t e  v a r i a b l e s ;  and the  Z1 

a r r a y  conta ins  t he  o ld  va lues  of the  s t a t e  v a r i a b l e s ,  from the  previous time 

s tep .  Although smoothing i s  not needed, due t o  the sample length  of 0.25 m ,  

t he  program has provis ion  f o r  smoothing wi th  smal le r  i n t e r v a l s .  When DX i s  

changed t o  values smal le r  than 0.25, then more elements Ln the Y bu f f e r  a r e  

used f o r  smoothing. The program vas w r i t t e n  a s  a  demonstration and i s  not 

p a r t i c u l a r l y  e f f i c i e n t .  For example, i t  should be modified t o  read the  

p r o f i l e  from a  f i l e ,  r a t h e r  than f o r  keyboard input .  I n  order  t o  convert  the  

program f o r  o t h e r  sample i n t e r v a l s  and/or  s imula t ion  speeds, l i n e s  1510-1550 

should be replaced with new values.  



R E M  This program demonstrates the IRI computation. 
REX 
REM ...................................... Initialize constants 

DIM Y(26) ,~(4) ,zl(4) ,'ST(4,4),pR(4) 
READ DX 
K = INT (.25 / DX +,.5)- + 1 
I F K < 2 T B E N K = 2  
BL = (K - 1) * DX 
FOR I = 1 TO 4 

FOR J = 1 TO 4 
READ ST(1,J) 

NEXT J 
READ PR(I) 

NEXT1 
RE'J4 ..................................... Initialize variables. 

INPUT "profile elevation 11 m from start:", Y(K) 
INPUT "X = 0. Elevation = ",Y(l) 
Zl(1) = (Y(K) - Y(1)) / 11 
Zl(2) = 0 
Zl(3) = Zl(1) 
Zl(4) = 0 
RS = 0 
IX = 1 
1 - 0  

~ e p ~  -------------- Loop to input profile and Calculate Roughness 
I = I + l  
PRINT "X = ";IX * DX, 
IX = IX + 1 
INPUT "Elev. = "; Y(K) 

REX ......................................... Compute slope input 
IF IX < K THEN Y(1X) = Y(K) 
IF IX < K THEN GOT0 1270 

YP = (Y(K) - Y(1)) / BL 
FOR J = 2 TO K 

Y(J-1) = Y(J) 
NKXTJ 

E M  .................................. Simulate vehicle response 
FOR J = 1 TO 4 

Z(J) = PR(J) * YP 
FOR JJ = 1 TO 4 

Z(J) = Z(J) + ST(J,JJ) * Zl(JJ) 
NEXT JJ 

NEXT J 
FOR J = 1 TO 4 

Zl(J) = Z(J) 
NEXT J 
RS = RS + ABS (Z(1) - Z(3)) 
PRINT "disp = ";RS * DX, "IRI = ";RS / I 
GOT0 1260 

END 
DATA -2 5 
D M A  -9966071 , .OlO91514,-.OO2083274 , .OOO319O145 , -005476107 
DATA -.5563044 , -9438768 -.8324718 .05064701 1.388776 
DHA .02153176 , .002126763 , .750871: .0082218b8 .2275968 
DATA 3.335013 , .3376467 ,-39.12762 , .:347564 , 35h262 

- -- 

Fig. F.5 Demonstration program for computing IRI with a microcomputer 



MEASUBglIENT OF RQCS NUMERICS IH THE IRRE 

The p r o f i l e  d a t a  ob ta ined  i n  t h e  IRRE provided a  number of new 

q u a n t i t a t i v e  f i n d i n g s  concerning t h e  accuracy of RQCS numerics  ob ta ined  us ing  

d i f f e r e n t  methods. 

Alternatives in  the Quarter-r Model 

Tire Enveloping. The t i r e  enveloping (moving a v e r a g e )  smoothing 

p o r t i o n  of t h e  RQCS i s  n o t  always used i n  t h e  United S t a t e s .  This i s  

j u s t i f i e d  by an  e a r l i e r  f i n d i n g  t h a t  t h e  smoothing had a  very s l i g h t  e f f e c t  on 

paved r o a d s  a t  t h e  highway speeds  (60 - 80 km/h) normally a s s o c i a t e d  wi th  

RTRRMS u s e  i n  t h e  United S t a t e s  [ 9 ] .  To de te rmine  t h e  s i g n i f i c a n c e  of t h e  

smoothing over  t h e  much broader  range of s u r f a c e  t y p e  and speed covered i n  t h e  

IRRE, t h e  p r o f i l e s  ob ta ined  from t h e  TRRL beam and t h e  APL 72 t r a i l e r  were 

p rocessed  w i t h  and wi thou t  t h e  smoothing. Fig.  F.6 shows t h e  RARS s t a t i s t i c s  

a s  ob ta ined  w i t h  and w i t h o u t  t h e  250 mm moving average.  A s  p r e d i c t e d  from t h e  

p l o t s  shown e a r l i e r  i n  Fig .  F.2, t h e  e f f e c t  i s  s l i g h t  a t  h i g h  s p e e d s ,  b u t  more 

s i g n i f i c a n t  a t  lower speeds .  F i g s .  6 a  and 6b show t h a t  smoothing must be 

inc luded  f o r  t h e  s i m u l a t i o n  speeds  of 20 and 32 km/h. Figs .  6 c  and 6d show 

t h a t  a  s m a l l  b u t  n o t i c e a b l e  e f f e c t  i s  p r e s e n t  f o r  50 km/h. For a  s i m u l a t i o n  

speed of 80 km/h ( d a t a  no t  shown), t h e r e  was no v i s i b l e  d i f f e r e n c e  between 

RARS numerics  o b t a i n e d  w i t h  and w i t h o u t  smoothing. 

Half-Car or Quarter Car. When p o s s i b l e ,  t h e  ARS s t a t i s t i c  was 

computed from b o t h  whee l t racks  t o g e t h e r ,  s i m u l a t i n g  a  h a l f - c a r .  Th i s  

computat ion r e q u i r e s  t h a t  t h e  p r o f i l e s  of both  whee l t racks  beg in  a t  t h e  same 

p o i n t ,  s o  t h a t  t h e  point-by-point  averag ing  can  be performed. Because of t h i s  

r e q u i r e m e n t ,  on ly  t h e  s t a t i c  p r o f i l e  measures were processed i n  t h i s  way. 

F igure  F.7 compares t h e  measures o b t a i n e d  p r o c e s s i n g  b o t h  whee l t racks  

t o g e t h e r  w i t h  t h e  measures o b t a i n e d  by p r o c e s s i n g  t h e  p r o f i l e s  s e p a r a t e l y  and 

t h e n  averag ing  t h e  RARS ob ta ined  f o r  each.  The f i g u r e  shows t h a t  f o r  t h e  

c o n d i t i o n s  covered i n  t h e  IRRE, t h e  two methods g i v e  h i g h l y  c o r r e l a t e d  

r e s u l t s ,  which can be approximately  "conver ted"  u s i n g  a r e g r e s s i o n  e q u a t i o n  

determined from t h e  IRRE d a t a :  



RARS, with 250 mm Smoothing RARS, with 250 mm Smoothing 

A. 20 km/h, data from TRRL Beam b.32 km/h. data from TRRL Beam 
? 

RARS, with 250 mm Smoothing 
0 5 10 15 20 

RARS, with 250 mm Smoothing 

C. 50 krn/h, data from TRRL Beam d .  50 km/h, APL 72 data 

Figure F . 6 .  Effect of Smoothing (Enveloping) on the KARS Numeric 
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Figure F . 7 .  Comparison of the RARS Obtained from Quarter-Car and Half-Car 
Simulations 



where 

ARSh = numerics computed from point-by-point  average  of b o t h  whee l t rack  

p r o f i l e s  (HCS), and 

RARSA = Average of two RARS numerics computed independen t ly  from t h e  two 

wheel t r a c k  p r o f i l e s .  

Eq. 44 r e f l e c t s  t h e  f a c t  t h a t  most of t h e  t e s t  s i tes  used i n  t h e  IRRE had 

very  s i m i l a r  roughness  l e v e l s  i n  t h e  two whee l t racks .  When one whee l t rack  i s  

s u b s t a n t i a l l y  rougher  t h a n  t h e  o t h e r ,  t h i s  e q u a t i o n  w i l l  n o t  be v a l i d .  I n  

f a c t ,  t h e  c a s e  f o r  one whee l t rack  much rougher  than  t h e  o t h e r  i s  r e l a t i v e l y  

e a s y  t o  ana lyze .  I n  t h e  l i m i t ,  where one whee l t rack  i s  p e r f e c t l y  smooth,  t h e n  

ARSh = RARSA. When one whee l t rack  i s  much smoother than  t h e  o t h e r ,  b u t  n o t  

p e r f e c t l y  smooth, t h e  r a t i o  of ARSh t o  RARSA should  be expected t o  l i e  

between 0.76 and 1.0. 

Technical Requirements for Profile Measurement 

Initialization and/or Lead-In. To o b t a i n  t h e  " t r u e "  RARS numeric ,  

t h e  p r o f i l e  p reced ing  a t e s t  s i t e  must be measured. To de te rmine  t h e  amount 

of l ead- in  r e q u i r e d ,  t h e  e r r o r s  in t roduced  by t h e  assumed i n i t i a l  c o n d i t i o n s  

of Eqs. 41 - 43 were e v a l u a t e d .  One of t h e  t e s t  s i t e s  was d i v i d e d  i n t o  16 

c o n s e c u t i v e  s e c t i o n s ,  20 m long.  The RQCS was run over  t h e  s i t e ,  s t a r t i n g  

f i r s t  a t  x=O, and f i n i s h i n g  a t  ~ 1 3 2 0 .  The RARS50 numeric was p r i n t e d  f o r  

each  of t h e  20 m s e c t i o n s ,  r a t h e r  t h a n  s imply f o r  t h e  t o t a l  l e n g t h .  This  was 

r e p e a t e d  14 t i m e s ,  s t a r t i n g  a t  x=20,  x=40, ... x=300. The r e s u l t s  a r e  shown 

i n  Table  F.2. The t e s t  s i t e ,  CA05, was chosen because i t  was known t o  have 

h i g h l y  v a r i a b l e  roughness  over  i t s  l e n g t h .  I n  t h e  t a b l e ,  t h e  f i r s t  ( t o p )  

numeric i n  each  column i s  based on t h e  assumed i n i t i a l  c o n d i t i o n s  of Eqs. 41 - 
43 ,  w h i l e  a l l  subsequent  numerics  a r e  i n i t i a l i z e d  " c o r r e c t l y "  ( t h e  i n i t i a l  

c o n d i t i o n  f o r  t h e  20 m s e c t i o n  i s  t h e  ending c o n d i t i o n  f o r  t h e  p reced ing  20 m 

s e c t i o n ) ,  as t h e  RQCS proceeded con t inuous ly .  The t a b l e  shows t h a t  t h e  e f f e c t  



Table F.2. Effect of RQCS In i t i a l i za t i on  

Sub-Section 
Starting Position where RQCS was s tar ted (m) 

- - 80 100 120 140 100 180 200 220 240 260 280 300 Position 2 20 40 3 - - - - - - - - - - - - 

NOTE: The above resu l t s  are fo r  the l e f t  wheeltrack of site CADS. S imla t ion  speed = 50 km/h. 



of t h e  i n i t i a l i z a t i o n  i s  ex t remely  s l i g h t ,  and d i s a p p e a r s  a f t e r  20  m ( a t  t h e  

s i m u l a t i o n  speed of 50 km/h). That i s ,  t h e  same roughness  numerics a r e  

o b t a i n e d  f o r  each  20 m s e c t i o n ,  a s  long  a s  t h e  RQCS i s  s t a r t e d  on a  p reced ing  

20 m s e c t i o n .  Even t h e  roughness numerics computed f o r  t h e  f i r s t  20 m s e c t i o n  

i n  each  of t h e  15 r u n s  show on ly  s l i g h t  e r r o r s .  The l a r g e  v a r i a t i o n s  i n  

roughness between some of t h e  s e c t i o n s  ( f rom 4.05 t o  14.88) a r e  a c t u a l  

v a r i a t i o n s  i n  road roughness ,  d u l y  r e f l e c t e d  i n  t h e  RARS50 s t a t i s t i c .  

The s e c t i o n  of CA05 from 6 0  - 8 0  m appears  i n  t h e  Table  a s  one i n  which 

t h e r e  i s  t h e  g r e a t e s t  d i f f e r e n c e  between u s i n g  t h e  assumed 

i n i t i a l i z a t i o n  of Eqs. 41- 43 and t h e  c o r r e c t  value .  T h e r e f o r e ,  i t  was used 

t o  show t h e  d i f f e r e n c e s  between t h e  o u t p u t  of t h e  RQCS f i l t e r  a s  i t  i s  

a f f e c t e d  by i n i t i a l i z a t i o n  i n  F igure  F.8. The f i g u r e  shows t h r e e  f i l t e r e d  

p r o f i l e s :  1 )  t h e  RQCS ou tpu t  s i g n a l  f o r  t h e  t h e o r e t i c a l l y  c o r r e c t  

i n i t i a l i z a t i o n ,  determined by t h e  60 m of p r o f i l e  p reced ing  t h i s  20 m s e c t i o n ,  

and d e s i g n a t e d  " t r u e  RQCS o u t p u t "  i n  t h e  f i g u r e ;  2 )  t h e  s i g n a l  ob ta ined  u s i n g  

t h e  i n i t i a l  c o n d i t i o n s  of Eqs. 41 - 43; and 3 )  a  d e l i b e r a t e l y  e r roneous  

i n i t i a l i z a t i o n ,  ob ta ined  by s t o p p i n g  t h e  computer s i m u l a t i o n  i n  p r o g r e s s  and 

changing one of t h e  v a r i a b l e s  d r a s t i c a l l y  b e f o r e  r e s t a r t i n g .  The t h i r d  t r a c e  

shows t h a t  even w i t h  an unreasonab le  i n i t i a l i z a t i o n ,  which might be caused by 

a  computer programming e r r o r ,  t h e  o u t p u t  of t h e  RQCS reached t h e  " c o r r e c t "  

response  w i t h i n  t h e  16 m shown i n  t h e  p l o t s .  

These r e s u l t s  i n d i c a t e  t h a t ,  f o r  a l l  p r a c t i c a l  purposes ,  no l ead- in  is  

r e q u i r e d  i f :  1 )  t h e  i n i t i a l i z a t i o n s  of Eqs. 41 - 43 a r e  u s e d ,  and 2 )  

c a l i b r a t i o n  s i t e s  a r e  s e l e c t e d  such t h a t  t h e  p reced ing  20 m have s i m i l a r  

roughness q u a l i t i e s .  

Measurement Interval. The " t rue"  RARS va lue  i s  ob ta ined  w i t h  a  

sample i n t e r v a l  approaching zero .  I n  o r d e r  t o  show t h e  e f f e c t s  of sample 

i n t e r v a l  on t h e  roughness  s t a t i s t i c s ,  t h e  28 p r o f i l e s  ob ta ined  w i t h  t h e  TRRL 

beam were decimated t o  y i e l d  p r o f i l e s  having i n t e r v a l s  t h a t  were m u l t i p l e s  o f  

t h e  o r i g i n a l  1 0 0  mm. Some of t h e  d a t a  o b t a i n e d  a r e  p l o t t e d  i n  F igure  F.9 t o  

show t h e  e f f e c t  of sample i n t e r v a l  on t h e  numeric. I n  each p l o t ,  t h e  

dashed l i n e  i s  t h e  l i n e  of e q u a l i t y ,  on which t h e  d a t a  p o i n t s  should l i e  f o r  

p e r f e c t  agreement. The s o l i d  l i n e s  are q u a d r a t i c  r e g r e s s i o n  c u r v e s ,  which 

i n d i c a t e  t r e n d s  i n  t h e  d a t a .  The p l o t s  i n d i c a t e  t h a t  as t h e  measurement 
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Figure F .  8 .  Initialization of RQC S 



RARS, f r o m  Decimated Data 

RARS, f r o m  Decimated Data 

RARS, w i th  Decimated Data 

N ""f UI 

RARS, f r o m  Decimated Data 



i n t e r v a l  i n c r e a s e s  up t o  500 mm, t h e r e  i s  n e g l i g i b l e  b i a s  i n t r o d u c e d ,  b u t  t h a t  

t h e  random e r r o r  ( s c a t t e r )  i n c r e a s e s  s l i g h t l y .  ( A  p o s s i b l e  e x c e p t i o n  might be 

t h e  two r o u g h e s t  measures shown i n  Fig .  9 c ,  i n  which t h e  RARSSO v a l u e s  from 

t h e  decimated p r o f i l e  d a t a  a r e  s l i g h t l y  lower ;  however, i t  i s  n o t  p o s s i b l e  t o  

say  whether  t h i s  b i a s  i s  due t o  a  c h a r a c t e r i s t i c  of rough unpaved r o a d s ,  o r  

simply chance,  s i n c e  t h e  e r r o r  i s  of t h e  same magnitude a s  t h e  random 

s c a t t e r . )  Fig .  9d i l l u s t r a t e s  t h e  b i a s  e r r o r  t h a t  o c c u r s  when t h e  sample 

i n t e r v a l  i s  s o  l a r g e  t h a t  s i g n i f i c a n t  v a r i a t i o n s  i n  p r o f i l e  between 

measurements a r e  missed:  numerics c a l c u l a t e d  from a  p r o f i l e  w i t h  t h e  

1.0 m s p a c i n g  a r e  low by 50%. 

The d a t a  shown i n  F igure  9 ,  a long  w i t h  s i m i l a r  d a t a  from t h e  APL T r a i l e r  

( n o t  shown), i n d i c a t e  t h a t  random e r r o r  i n  t h e  RARS50 computat ion can be 

h e l d  t o  n e g l i g i b l e  l e v e l s  by us ing  a  measurement i n t e r v a l  l e s s  t h a n  250 mm, 

w h i l e  unbiased b u t  l e s s  a c c u r a t e  measures can be ob ta ined  u s i n g  an  i n t e r v a l  of 

500 mrn. 

The i n t e r a c t i o n  of speed and r e q u i r e d  measurement i n t e r v a l  i s  i l l u s t r a t e d  

i n  F igure  F.lO, which shows t h a t  a  sample i n t e r v a l  of 500 mm i s  n o t  adequate  

f o r  t h e  lower s i m u l a t i o n  speeds  of 20 and 32 kmlh, b u t  t h a t  good r e s u l t s  a r e  

ob ta ined  f o r  a  s i m u l a t i o n  speed of 80 kmlh. For t h e  h i g h e r  speeds  of 50 and 

80 km/h, 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 ,  bu t  t h e  random e r r o r  s t i l l  e x i s t s ,  

i n d i c a t i n g  t h a t  a  s h o r t e r  i n t e r v a l  (250 mm) i s  needed f o r  t h e  b e s t  accuracy.  

Precision i n  the Elevation easurelent.  It h a s  been known t h a t  t h e  

p r e c i s i o n  needed i n  p r o f i l e  measurement f o r  a n a l y s i s  through QCS i s  a  f u n c t i o n  

of t h e  roughness ,  w i t h  b e t t e r  p r e c i s i o n  needed on smoother roads  [ 3 8 ] .  A 

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

being e v a l u a t e d .  A c a n d i d a t e  s p e c i f i c a t i o n  was cons idered  i n  which t h e  

r e q u i r e d  p r e c i s i o n  i s  simply p r o p o r t i o n a l  t o  t h e  roughness of a  r o a d ,  when 

expressed  a s  RARS50. An a n a l y s i s  of t h e  p r o f i l e  d a t a  ob ta ined  from t h e  TRRL 

Beam was performed t o  de te rmine :  1 )  i f  t h i s  type  of s p e c i f i c a t i o n  i s  

r e a s o n a b l e ,  and 2 )  i f  i t  i s  r e a s o n a b l e ,  what q u a n t i t i e s  a r e  invo lved?  

In  t h i s  a n a l y s i s ,  t h e  p r e c i s i o n  of t h e  measurement was assumed t o  be 

l i m i t e d  s o l e l y  by t h e  q u a n t i z a t i o n  of t h e  con t inuous  h e i g h t  v a r i a b l e  i n t o  

d i g i t i z e d  q u a n t i t i e s ,  which were o r i g i n a l l y  1.0 mm. The random measurement 



0 10 20 30 40 
RARS, from 100 mm data 

a. 20 km/h 

RARS, from 100 mm Data 

c. 50 km/h 

RARS, from 100 mm Data 

RARS, from 100 mm Data 

d. 80 km/h 

Figure  F.lO. I n t e r a c t i o n  of Measurement I n t e r v a l  and S imula t ion  Speed on t h e  
RARS Computation. 



e r r o r s  t h a t  a l s o  degrade  p r e c i s i o n  were n o t  cons idered .  For each of t h e  28  

measured p r o f i l e s ,  t h e  RARS50 v a l u e  o b t a i n e d  w i t h  t h e  o r i g i n a l  p r o f i l e  was 

used t o  de te rmine  a  new q u a n t i z a t i o n  l e v e l  ( g r e a t e r  t h a n  1 mm). The p r o f i l e  

was t h e n  q u a n t i z e d  t o  t h e  n e a r e s t  m u l t i p l e  of t h i s  new l e v e l ,  and re-processed 

t o  y i e l d  a  new RARS50 numeric.  F igure  F . l l  shows t h e  r e s u l t s  f o r  f o u r  

l e v e l s  of i n c r e a s e d  q u a n t i z a t i o n  (degraded p r e c i s i o n ) .  I n  a l l  c a s e s ,  t h e  

e f f e c t  of t h e  degraded p r e c i s i o n  i s  an i n c r e a s e  i n  t h e  computed roughness 

numeric. The changes were c a l c u l a t e d  from t h e  d i f f e r e n c e  i n  t h e  ( s o l i d )  

q u a d r a t i c  r e g r e s s i o n  l i n e s  and t h e  (dashed)  e q u a l i t y  l i n e  ( x  = y ) ,  and were 

found t o  be n e a r l y  c o n s t a n t  a c r o s s  t h e  range  of roughness  when expressed  a s  a  

p e r c e n t a g e .  (For  example, f o r  t h e  c a s e  of p r e c i s i o n  = 0.3 RARS, shown i n  Fig.  

F . l l c ,  t h e  e r r o r s  were 1.7% a t  RARS50 = 5 ,  2.0% a t  = 10 ,  1.7% a t  

RARSSO = 1 5 ,  and 1.2% a t  FURSSO = 20.) This i n d i c a t e s  t h a t  t h e  c a n d i d a t e  

method of s p e c i f y i n g  r e q u i r e d  p r e c i s i o n  i n  p r o p o r t i o n  t o  roughness  i s  v a l i d .  

For accuracy  w i t h i n  1 .0%,  t h e  p r e c i s i o n  (mm) shou ld  be l e s s  t h a n  0.2 

(mlkm), w h i l e  f o r  accuracy  w i t h i n  2%,  t h e  p r e c i s i o n  should be l e s s  

t h a n  0.3 Thus, on t h e  smoothest  s i t e s ,  which had RARS50 v a l u e s  

n e a r  2  mlkm, t h e  a c t u a l  measurement p r e c i s i o n  of 1.0 mm probably  l e d  t o  

numerics t h a t  a r e  s e v e r a l  p e r c e n t  h i g h e r  t h a n  t h e  " t r u e "  RARS50 v a l u e s .  A 

measurement p r e c i s i o n  of 0.5 mm would have been b e t t e r .  A t  t h e  o t h e r  end of 

t h e  s c a l e ,  where roughness  l e v e l s  were g r e a t e r  t h a n  15 m/km, a  measurement 

p r e c i s i o n  of 3  mm ( b e t t e r  t h a n  .2 RARS50) gave t h e  same r e s u l t s  a s  t h e  

o r i g i n a l  p r e c i s i o n  of 1 mm. 

Sumary of BQCS Data 

The summary RARS numerics t h a t  were ob ta ined  from f o u r  methods of p r o f i l e  

measurement a r e  p r e s e n t e d  i n  Tables  3  - 6. A l l  of t h e  RARS numerics have 

t h e  u n i t s :  s l o p e  x  (mlkm, mmlm,  e t c . ) .  Only t h o s e  numerics a r e  

p r e s e n t e d  f o r  which t h e  p r o f i l e  bandwidth covered t h e  RQCS bandwidth,  a s  

d e f i n e d  i n  Eq. 23. For t h e  lower  speeds  of 32 and 20 km/h, t h e  500 mm s p a c i n g  

used w i t h  t h e  rod and l e v e l  i s  i n a d e q u a t e ,  and t h e  RARS numerics a r e  no t  

shown. But a t  t h e  h i g h e r  s i m u l a t i o n  speeds  of 50 and 80 km/h, t h e  500 mm 

s p a c i n g  used w i t h  t h e  rod and l e v e l  was adequa te  ( a l t h o u g h  a  s h o r t e r  i n t e r v a l  

i s  recommended f o r  f u t u r e  work t o  improve r e p e a t a b i l i t y ) ,  and t h u s  a t  l e a s t  

one RARS numeric computed from a  s t a t i c a l l y  measured p r o f i l e  i s  p r e s e n t e d  f o r  
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Table F.3. Sunnary of the 

L e t t  W l t r a c k  Right  Weeltrack 

S i t e  S ta t i c  RL 1 RL 2 Beam ----- 
c m 1  
CAD2 
CA03 
Cm4 
CA05 
c m  
cA07 
c m  
c m  
CAlO 
CAl 1 
CAI2 
CAI3 

TS0l 
TS02 
TS03 
TS04 
TS05 
TS06 
TS07 
TSOB 
TS09 
TSlO 
TSl 1 
TS12 

m 1  
m 2  
m 3  
GR04 
m 5  
GR06 
m 7  
GW)8 

GFaD9 
GRlO 
GRll 
GR12 

TEOl 
TE02 
TE03 
TE04 
TE05 
TE06 
TE07 
TEW 
TE09 
TE 10 
Ell 
TE12 

S ta t i c  RL 1 -- Stat ic  RL 1 -- 

Average 
(L  + R)/2 

S t a t i c  



Table F.4. Surmry of the hla. 

Left Wheeltrack ---------- 
Site Static RL 1 RL 2 Beam A 72 A 25 ------- 
cm I 
c m  
CA03 
CA04 
cm5 
Cm6 
CA07 
cm 
cm 
CAlO 
CAl 1 
CAI2 
CAI3 

TS0 1 
TS02 
TS03 
TS04 
TS05 
TS06 
TS07 
TS08 
TS09 
TSlO 
TSll 
TS12 

GRo1 
GR02 
m 3  
GR04 
GRo5 
GRo6 
GRo7 
GR08 
GRo9 
GRlO 
Gull 
GR12 

TEO 1 
TE02 
TE03 
TEOQ 
TE05 
TE06 
TE07 
TE08 
TE09 
E l 0  
Ell 
TE12 

Right Meeltrack ---- 
Static RL 1 RL 2 Beem A 72 A 25 ------ 

b t h  Wee itracks ---- 
Static RL 1 RL 2 b a n  -- - 7 

Average 
(L + R)/2 

Slat ic  - 
.... .... .... 
6.5 
8.0 
8.7 .... .... .... 
4.3 .... 
3 -0 .... 
6 .O .... .... 
7.6 
7.5 
5.2 
5.5 .... .... .... .... .... 
6.8 .... .... .... 

13.4 .... 
9 .O .... .... .... .... 

16.4 

7.3 .... 
11.8 .... 
20.3 
25.4 .... .... .... .... 
15.3 .... 



Table F.5. Sumrary of the RARSW b t a  . 

Site . 

CAD1 
cm2 
CA03 
Cm4 
cm5 
Cm6 
CA07 
c m  
c m  
CAlO 
CAll 
CAI2 
CAI3 

TS0l 
m 2  
TS03 
TS04 
TS05 
TS06 
TS07 
Tso8 
TS09 
TSlO 
TSl 1 
TS12 

m 1  
GFu)2 
m 3  
GR04 
m 5  
GRD6 
m 7  
GRDB 
GW)9 

GRlO 
GRl 1 
GR12 

TEO 1 
TE02 
TE03 
TEOQ 
TE05 
TE06 
TE07 
TE08 
TE09 
E l 0  
TEl 1 
TE12 

Left Wheeltrack 
. . 
Static RL 1 RL 2 Beam A 72 A 25 ...... 

Right Wheeltrack 

Static RL 1 RL 2 Beam A 72 A 25 ...... 

b t h  Meel tracks Average 
.. (L + R)/2 

Static RL 1 .. 

3.9 4.0 
4.3 4.3 
5.5 5.4 
5.0 5.2 
5.9 5.9 
6.3 6.1 
2.1 1.9 
2.3 2.3 
2.9 3.0 
2.7 .... 
4.8 4.9 
1.6 1.6 
1.6 1.7 

3.9 3.9 
4.9 4.9 
5.0 5.0 
5.5 5.5 
5.3 5.4 
3.1 3.2 
3.2 3.3 
3.5 3.5 
3.9 4.0 
3.6 3.6 
2.6 2.6 
2.6 2.6 

3.5 .... 
3.9 .... 
6.9 .... 
5.8 .... 
8.7 9.0 
7.6 .... 
5.6 .... 
4.3 .... 
8.0 .... 
6.7 .... 

12.7 .... 
11.0 .... 
4.3 .... 
3.9 .... 
7.2 ..a . 
7.1 .... 

13.0 13.1 
15.3 
4.4 .... 
5.0 .... 
9.0 .... 

11.0 .... 
9.5 .... 
8.5 .... 

Static 

4.8 
5-6 
7-2 
6.2 
7.4 
8.2 
2.7 
3.1 
3.7 
3.6 
6.1 
2.2 
2.1 

5.1 
6.8 
6.7 
6.8 
6.6 
4.2 
4.3 
4.8 
5.3 
5.0 
3.5 
3.5 

5. 0 
5.4 
9.3 
8.1 

11.3 
10.4 
7.3 
5.8 

10.9 
8-9 

17.0 
14.4 

5.7 
5.3 
9.8 
9.7 

17.1 
20.6 
6. 0 
6.6 

122  
14.8 
12.5 
11.6 



Table F.6. Sumnary of the RPRSBO k t a  . 
Left Meeltrack - 

Site Static RL 1 RL 2 barn A 72 A 25 ....... 

cm 1 
cm2 
CAD3 
Cm4 
cA05 
CAD6 
CA07 
CADB 
c m  
CAI0 
CAl 1 
CAI2 
CAI3 

Tsol 
TS02 
TS03 
TS04 
TS05 
TS06 
TS07 
TS08 
TS09 
TSlO 
TSl 1 
TS12 

m1 
GR02 
m 3  
GR04 
m 5  
GROd 
m 7  
GRDB 
GRo9 
GRlO 
GRl 1 
GR12 

TEO 1 
TE02 
TE03 
TEOQ 
TE05 
TEm 
KO7 
KO8 
no9 
TElO 
El 1 
TE12 

Right Wheel track 

Static RL 1 RL 2 Beam A 72 A 25 ...... 

Both Wee l tracks Average 
(L  + R)/2 

Static RL 1 RL 2 BBan .... Static 

4.1 
4.6 
6.3 
5.3 
6.2 
7.3 
2.5 
2.6 
3.5 
3.3 
5.4 
1.9 
1.9 

4.3 
5.1 
4.7 
5.5 
5.7 
3.3 
3.3 
4. 0 
3.9 
3.8 
2.5 
2.5 

3.7 
3.8 
7.2 
6.4 
9.2 
8.3 
5.5 
4.4 
9.2 
7.1 

14.1 
12.7 

4.3 
4.1 
7 2  
7.3 

13.9 
16.6 
4.4 
5.0 
8.6 

10.2 
9.6 
9. 0 



e a c h  of t h e  98 whee l t racks .  The APL T r a i l e r  speeds  were such t h a t  t h e  

RARS20 numerics a r e  n o t  shown when t h e  p r o f i l e s  were measured i n  t h e  APL 72 

c o n f i g u r a t i o n  ( a t  7 2  km/h), w h i l e  n e i t h e r  t h e  RAMSO n o r  t h e  RARS80 

numerics a r e  shown when t h e  p r o f i l e s  were measured i n  t h e  APL 25 c o n f i g u r a t i o n  

(21.6 km/h). R e s u l t s  f o r  a l l  f o u r  s i m u l a t i o n  speeds  a r e  shown f o r  t h e  28 

p r o f i l e s  o b t a i n e d  s t a t i c a l l y  w i t h  t h e  TRRL Beam. 

Some of t h e  paved s e c t i o n s  were measured b e f o r e  and d u r i n g  t h e  IRRE v i a  

rod and l e v e l .  Those measured p r i o r  a r e  i n d i c a t e d  a s  "RL 1" and those  

measured d u r i n g  t h e  IRRE a r e  d e s i g n a t e d  "RL 2." I n  a d d i t i o n ,  6  w h e e l t r a c k s  

were measured by rod and l e v e l  u s i n g  a  measurement i n t e r v a l  of 100 mm. These 

a r e  a l s o  shown i n  t h e  "RL 1" column, and can be i d e n t i f i e d  because they a r e  

t h e  o n l y  rod and l e v e l  r e s u l t s  g iven  f o r  t h e  lower s i m u l a t i o n  speeds  of 20 and 

32 km/h. The l a b e l s  "Beam," "A 72 ," and "A 25" i n d i c a t e  p r o f i l e s  measured 

w i t h  t h e  TRRL Beam, t h e  APL T r a i l e r  i n  t h e  APL 72 c o n f i g u r a t i o n ,  and t h e  APL 

T r a i l e r  i n  t h e  APL 25 c o n f i g u r a t i o n .  The r e s u l t s  i n d i c a t e d  under t h e  head ings  

" S t a t i c "  a r e  averages  of t h e  numerics ob ta ined  w i t h  t h e  s t a t i c  p r o f i l e  

measurements,  t h a t  i s ,  rod and l e v e l  and t h e  TRRL Beam. When examining 

c o r r e l a t i o n s  w i t h  o t h e r  measures and s t a t i s t i c s ,  t h e  numbers under t h e  

" S t a t i c "  head ing  were used.  One o t h e r  column i s  i n c l u d e d ,  "Ave.," t h a t  l i s t s  

t h e  average of t h e  " S t a t i c "  RARS v a l u e  from t h e  l e f t  and r i g h t  whee l t racks .  

These average  RARS numerics a r e  used i n  comparisons w i t h  two-track RTRRMS 

measues. 

I n  o r d e r  t o  o b t a i n  e i g h t  more RARS e s t i m a t e s  f o r  c o r r e l a t i o n  a n a l y s e s  

w i t h  t h e  two-track RTRRMSs a t  t h e  lower s p e e d s ,  t h e  "Ave" RARS numerics shown 

i n  Tab les  F.3 and F.4 i n c l u d e  e i g h t  e s t i m a t e s  based on t h e  s i n g l e  RARS numeric  

computed from t h e  TRRL Beam, pro-ra ted accord ing  t o  t h e  r a t i o  betwsen t h e  

r i g h t -  and l e f t -hand  w h e e l t r a c k  roughness a s  computed from rod and l e v e l  d a t a  

a t  t h a t  speed.  

Accuracy of RARS Computed from Statically Measured Profiles 

Repeatability with Rod and Level. Most of t h e  s o u r c e s  of e r r o r  t h a t  

p lague  roughness  measurements u s i n g  RTRRMSs a r e  e l i m i n a t e d  when p r o f i l e s  a r e  

measured s t a t i c a l l y  w i t h  rod and l e v e l :  t h e  same roughness  computat ion method 

can  be u s e d ,  e l i m i n a t i n g  v a r i a t i o n s  due t o  d i f f e r e n t  d e f i n i t i o n s  of roughness ;  



and survey ing  equipment i s  s u f f i c i e n t l y  i n t e r c h a n g e a b l e  t o  e l i m i n a t e  problems 

of r e p r o d u c i b i l i t y .  The only  remaining v a r i a t i o n  is  t h e  r e p e a t a b i l i t y  t h a t  

can be achieved i n  measuring a  p r o f i l e .  The r e p e a t a b i l i t y  t h a t  c a n  be 

achieved i s ,  i n  t h i s  c a s e ,  t h e  accuracy  of t h e  roughness measurement. S ince  

most of t h e  paved s i t e s  were p r o f i l e d  t w i c e  w i t h  t h e  rod and l e v e l  method, t h e  

IRRE d a t a  g i v e  a n  i d e a  of t h e  r e p e a t a b i l i t y  a c h i e v a b l e  i n  u s i n g  RARS a s  a  

roughness measure. F igure  F.12 shows t h e  comparison of RARS measures 

o b t a i n e d  i n  two independent  rod and l e v e l  s u r v e y s  (12a and 12b).  A s  i n  o t h e r  

p l o t s ,  t h e  dashed l i n e  i s  t h e  l i n e  of e q u a l i t y  ( x = y ) ,  w h i l e  t h e  s o l i d  l i n e  i s  

t h e  "bes t  f i t "  a s  o b t a i n e d  w i t h  a  q u a d r a t i c  r e g r e s s i o n .  The RMS e r r o r s  shown 

i n  t h e  f i g u r e s  a r e  w i t h  r e f e r e n c e  t o  t h e  l i n e  of e q u a l i t y ,  r a t h e r  t h a n  t h e  

r e g r e s s i o n  l i n e ,  s i n c e  r e g r e s s i o n  methods would never  be used t o  " c o r r e c t "  

p r o f i l e - b a s e d  numerics.  Note t h a t  t h e  accuracy l i m i t s  shown i n  t h e  f i g u r e s  

app ly  on ly  t o  t h e  IRRE s e c t i o n  l e n g t h  of 320 m,  and should n o t  be cons idered  

u n i v e r s a l  f o r  a l l  s e c t i o n  l e n g t h s .  For roads  whose roughness  i s  more-or-less 

c o n s t a n t ,  i t  can  be expected t h a t  b e t t e r  accuracy would be ob ta ined  f o r  longer  

t e s t  s i t e  l e n g t h s ,  because  t h e  random s o u r c e s  of v a r i a t i o n  would tend t o  

average  o u t .  The expected change i n  accuracy  i s  p r o p o r t i o n a l  t o  t h e  square  

r o o t  of l e n g t h ,  such t h a t  t h e  random v a r i a t i o n s  i n d i c a t e d  i n  t h e  f i g u r e  would 

be c u t  i n  h a l f  i f  t h e  s e c t i o n  l e n g t h  were i n c r e a s e d  by a  f a c t o r  of four .  On 

t h e  o t h e r  hand ,  l a r g e r  e r r o r s  should  be expected f o r  s h o r t e r  s e c t i o n s .  

Validation of the TBBL Beam. Figure  F.12 a l s o  compares t h e  RARS 

numerics  ob ta ined  w i t h  road and l e v e l  and t h e  TRRL beam. Approximately t h e  

same r e p e a t a b i l i t y  i s  o b t a i n e d  a s  w i t h  r e p e a t e d  measures w i t h  rod and l e v e l ,  

i n d i c a t i n g  t h a t  t h e  TRRL Beam i s  a  v a l i d  means f o r  measuring l o n g i t u d i n a l  

p r o f i l e  f o r  t h e  purpose of computing RARS. 

(Although g r e a t e r  s c a t t e r  i s  e v i d e n t  i n  t h e  Beam/Rod and Level 

comparisons t h a n  i n  t h e  conpar i sons  between r e p e a t  rod and l e v e l  measures,  t h e  

Beam d a t a  s e t s  i n c l u d e  t h e  roughes t  s i t e s ,  w h i l e  t h e  r e p e a t  rod and l e v e l  

measures were made on ly  on paved roads .  When on ly  t h e  measures on paved r o a d s  

a r e  c o n s i d e r e d ,  t h e  same degree  of r e p e a t a b i l i t y  i s  seen . )  
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F i g u r e  F.12. R e p e a t a b i l i t y  (and t h u s  Accuracy) of RARS as  Measured S t a t i c a l l y  



Accuracy of BABS Computed from Dynamically Measured Profiles 

APL 72. F igure  F.13 compares t h e  RARS numerics computed from t h e  

p r o f i l e  s i g n a l s  ob ta ined  from t h e  APL T r a i l e r  i n  i t s  APL 72 c o n f i g u r a t i o n  w i t h  

RARS numerics computed from t h e  s t a t i c a l l y  measured p r o f i l e s .  For s i m u l a t i o n  

speeds  of 50 and 80 km/h, t h e  APL measures a r e  s l i g h t l y  h i g h e r  t h a n  t h e  " t r u e "  

( s t a t i c a l l y  measured) v a l u e s ,  a s  evidenced by t h e  q u a d r a t i c  r e g r e s s i o n  l i n e  

l y i n g  above t h e  l i n e  of e q u a l i t y .  Th i s  e r r o r  i s  s l i g h t ,  however, i n  

comparison w i t h  t h e  random e r r o r  seen.  These r e s u l t s  i n d i c a t e  t h a t  t h e  APL 

T r a i l e r ,  used accord ing  t o  t h e  APL 72 p r o c e d u r e s ,  can  indeed measure RARS, b u t  

w i t h  l e s s  accuracy  t h a n  would be o b t a i n e d  u s i n g  a  s t a t i c  p r o f i l e  measurement 

method. 

The p l o t s  i n d i c a t e  t h a t  w h i l e  t h e  accuracy a s s o c i a t e d  w i t h  t h e  APL 72 

system i s  n o t  a s  good a s  t h e  s t a t i c  p r o f i l e  measurement methods,  t h e  APL 

system i s  c o n s i s t e n t  o v e r  a l l  f o u r  road s u r f a c e  t y p e s  and t h e  e n t i r e  roughness  

range.  There a r e  no o u t s t a n d i n g  " o u t l i e r s . "  R e s u l t s  p r e s e n t e d  l a t e r  f o r  t h e  

RTRRMS c a l i b r a t i o n  i n d i c a t e  t h a t  t h e  RARS measures o b t a i n e d  w i t h  t h e  APL 72 

system have about  t h e  accuracy same a s  can be ob ta ined  w i t h  a  RTRRMS t h a t  h a s  

been c a l i b r a t e d  by c o r r e l a t i o n .  S ince  t h e  APL T r a i l e r  i s  independen t ly  

c a l i b r a t e d  accord ing  t o  methods s p e c i f i e d  by LCPC, t h e  problems of 

r e p r o d u c i b i l i t y  and t ime s t a b i l i t y  a s s o c i a t e d  w i t h  RTRRMSs a r e  e l i m i n a t e d .  

It should be noted t h a t  d u r i n g  t h e  IRRE, t h e  LCPC r e s e a r c h  team was 

p r i m a r i l y  i n t e r e s t e d  i n  o b t a i n i n g  t h e  APL numerics used i n  France ( s e e  

Appendix G ) ,  and had a  number of problems t o  overcome, such a s  t h e  

i n c o m p a t i b i l i t y  between t h e  s t a n d a r d  APL 72 t e s t  l e n g t h  of 200 m and t h e  320 m 

l e n g t h  of t h e  IRRE s i t e s .  During t h e  IRRE, t h e  APL 72 p r o f i l e s  were d i g i t i z e d  

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

p r o f i l e ,  r a t h e r  t h a n  f o r  any a n a l y s e s .  ( A  computer program had t o  be w r i t t e n  

i n  B r a s i l i a  t o  s t o r e  t h e  d i g i t i z e d  s i g n a l s  on f loppy  d i s k s . )  It i s  very 

p o s s i b l e  t h a t  t h e  accuracy  shown i n  t h e  f i g u r e  could  be improved i f  t h e  

measurement and d a t a  r e c o r d i n g  p rocedures  were des igned  w i t h  t h e  RQCS a n a l y s i s  

i n  mind. 

While t h e  e f f o r t  and c o s t  a s s o c i a t e d  w i t h  o b t a i n i n g  a  p r o f i l e  i s  

p r o p o r t i o n a l  t o  i t s  l e n g t h  when low-speed manual methods a r e  u s e d ,  t h e r e  i s  
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Figure  F.13. Accuracy of RARS a s  measured w i t h  APL 7 2 .  



only a  s l i g h t  c o s t  p e n a l t y  a s s o c i a t e d  wi th  longer  l e n g t h s  ( o r  repeated 

measurements) when an automated high-speed system such a s  t h e  APL T r a i l e r  i s  

used. Hence, i t  i s  p o s s i b l e  t h a t  accuracy could be improved by running 

repeated measurements o r  us ing longer  t e s t  l e n g t h s  t o  reduce random e r r o r .  

Although most of t h e  IRRE s i t e s  were measured s e v e r a l  t imes wi th  the  APL 72 

system, time c o n s t r a i n t s  a f t e r  t h e  IRRE prevented t h e  LCPC team from prepar ing 

more than one d i g i t i z e d  p r o f i l e  per  whee l t rack ,  s o  i t  was not  p o s s i b l e  t o  

determine whether averaging of r e p e a t  runs would improve accuracy.  

APL 25. Figure  F.14 compares t h e  RARS numerics computed from the  

p r o f i l e  s i g n a l s  ob ta ined  from t h e  APL T r a i l e r  i n  i t s  APL 25 c o n f i g u r a t i o n  wi th  

RARS numerics computed from t h e  s t a t i c a l l y  measured p r o f i l e s .  For t h e  

s i m u l a t i o n  speeds of 32 and 50 kmlh, t h e  RARS numerics obta ined wi th  t h e  APL 

T r a i l e r  a r e  c o n s i s t e n t l y  lower t h a n  those  obta ined from t h e  s t a t i c  p r o f i l e  

measurements. For t h e  h igher  s i m u l a t i o n  speed of 50 km/h, t h i s  i s  t o  be 

expec ted ,  s i n c e  t h e  frequency response of t h e  APL T r a i l e r  i s  n o t  broad enough 

t o  inc lude  t h e  longer  wavelengths t h a t  a f f e c t  RARS50 when t h e  t r a i l e r  i s  

towed a t  on ly  20.7 km/h. Ye t ,  t h e  same e f f e c t  i s  a l s o  s e e n  f o r  a  s imula t ion  

speed of 32 km/h, even though t h e  APL s i g n a l  t h e o r e t i c a l l y  has  t h e  requ i red  

bandwidth. Only f o r  a  s i m u l a t i o n  speed of 20 km/h i s  t h e  b i a s  e r r o r  

n e g l i g i b l e .  The reasons  f o r  t h e  i n v a l i d  RARS measures from t h e  APL 25 system 

were not  i n v e s t i g a t e d .  

CALIBRATION OF RTRRHSs 

A primary purpose of a  prof i le-based numeric such a s  RARS i s  viewed i n  

t h i s  r e p o r t  a s  being f o r  t h e  c a l i b r a t i o n  of RTRRMSs, us ing  a " c a l i b r a t i o n  by 

c o r r e l a t i o n . "  In a  c a l i b r a t i o n  by c o r r e l a t i o n ,  t h e  "raw" measures from t h e  

RTRRMS a r e  used t o  e s t i m a t e  what t h e  r e f e r e n c e  measure would be ,  based on a  

r e g r e s s i o n  equa t ion .  The o b j e c t i v e  i s  t o  produce t h e  most a c c u r a t e  e s t i m a t e s  

of " t r u e  roughness," over t h e  e n t i r e  range of c o n d i t i o n s  t h a t  w i l l  be covered.  

To t h i s  end,  one o r  more r e g r e s s i o n  equa t ions  must be used t o  e s t i m a t e  t h e  

" t r u t h "  from t h e  RTRRMS "raw" measure. The e s t i m a t e  of t h e  " t r u t h , "  i n  t h i s  

case  RARS, i s  de f ined  a s  " the  c a l i b r a t e d  RTRRMS measure," and des igna ted  

E[RARS] f o r  estimates of RARS. 
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Calibration when Simulation Speed = Measure~lent Speed. 

The comparisons between ARS measured w i t h  f o u r  of t h e  RTRRMSs and RARS 

a r e  i l l u s t r a t e d  i n  F i g u r e s  F.15 - 18. R e s u l t s  from t h e  Caravan-BI sys tem 

( n o t  p l o t t e d )  a r e  v i r t u a l l y  t h e  same a s  f o r  t h e  Caravan-NAASRA system. 

R e s u l t s  f o r  t h e  two Opala-Maysmeter sys tems t h a t  a r e  n o t  p l o t t e d  a r e  g e n e r a l l y  

s i m i l a r  t o  t h o s e  of t h e  sys tem t h a t  i s  shown i n  t h e  f i g u r e s .  

I n  e a c h  comparison,  t h e  s imula ted  speed of t h e  RQCS matches t h e  RTRRMS 

speed.  For t h e  passenger  car-based sys tems ,  t h e  "Ave." RARS v a l u e s  from 

Tables  F.3 - F.6 were used.  Comparisons w i t h  t h e  two s i n g l e - t r a c k  RTRRMSs ( B I  

T r a i l e r  and BPR Roughometer) a r e  on t h e  b a s i s  of s i n g l e  whee l t racks .  Thus, 

t h e  p l o t s  i n v o l v i n g  t h e  t r a i l e r s  g e n e r a l l y  have twice  a s  many d a t a  p o i n t s .  I n  

each  f i g u r e ,  t h e  s o l i d  curved l i n e  i s  a  q u a d r a t i c  r e g r e s s i o n  l i n e  ob ta ined  

from a l l  of t h e  d a t a  p o i n t s  shown, based on minimizing t h e  RMS e r r o r  i n  

e s t i m a t i n g  MRS. 

For t h e  lower  speeds  of 20 and 32 km/h, t h e r e  a r e  on ly  v a l i d  s t a t i c  

measures of RARS on 19 of t h e  t e s t  s i t e s  (30  w h e e l t r a c k s ) ,  and t h e r e f o r e  t h e  

RARS numerics  computed wfrom t h e  APL s i g n a l s  a r e  shown. (For  t h e  speeds  of 50 

and 80 km/h, RARS was measured s t a t i c a l l y  f o r  a l l  49 t e s t  s i t e s  (98 

w h e e l t r a c k s ) . )  

These f o u r  f i g u r e s  l e a d  t o  t h e  fo l lowing  o b s e r v a t i o n s :  

Overall correlation. By and l a r g e ,  t h e  RARS numeric i s  h i g h l y  

c o r r e l a t e d  w i t h  t h e  ARS numerics o b t a i n e d  from a l l  t y p e s  of RTRRMSs t h a t  

p a r t i c i p a t e d  i n  t h e  IRRE. Most of t h e  d a t a  p o i n t s  l i e  ve ry  c l o s e  t o  t h e  

r e g r e s s i o n  c u r v e  i n  each f i g u r e ,  and t h e  measures on a l l  f o u r  t y p e s  of s u r f a c e  

a r e  uniformly d i s t r i b u t e d  about  t h e  c u r v e  i n  most c a s e s  ( e x c e p t i o n s  a r e  noted 

below). 

Error distribution. E r r o r s ,  a s  d e f i n e d  by t h e  s c a t t e r  about  t h e  

r e g r e s s i o n  curves  i n  t h e  v e r t i c a l  d i r e c t i o n ,  a r e  f a i r l y  uniform a c r o s s  t h e  

roughness range.  T h e r e f o r e ,  l e a s t - s q u a r e s  r e g r e s s i o n  models should  assume 

e q u a l  s i g n i f i c a n c e  of e r r o r  a c r o s s  t h e  s c a l e .  Trans format ions  of t h e  

v a r i a b l e s  t h a t  change t h e  we igh t ing  of e r r o r ,  such  as l i n e a r  r e g r e s s i o n s  of 
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Figure F.15. Example calibration plots to estimate RARS20 from ARS measures. 

The RARS20 numerics were measured with the APL 25. 
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Figure F.16. Example calibration plots to estimate RARS32 from ARS measures. 

The RARS32 numerics were measured with the APL 72. 
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Figure F.17. Example calibration plots to estimate RARS50 from ARSSO measures. 
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Figure F.18. Example calibration plots to estimate RARSsO from ARSsO measures. 



l o g  v a l u e s ,  shou ld  b'e avoided because they p l a c e  l e s s  p r i o r i t y  on t h e  e r r o r s  

on rougher  roads .  

Sensitivity to surface type. Sur face  t y p e  sometimes s y s t e m a t i c a l l y  

a f f e c t s  t h e  r e g r e s s i o n s .  In  many of t h e  p l o t s ,  t h e  d a t a  p o i n t s  f o r  t h e  

unpaved r o a d s  l i e  above t h e  r e g r e s s i o n  l i n e  ( i n d i c a t i n g  t h a t  t h e  RQCS responds 

more t h a n  t h e  RTRRMS on t h o s e  s u r f a c e s ) ,  whi le  p o i n t s  f o r  t h e  s u r f a c e  

t r e a t m e n t  s i t e s  l i e  below t h e  l i n e  ( i n d i c a t i n g  t h a t  t h e  RQCS responds l e s s ) .  

These d i f f e r e n c e s  a r e  on ly  apparen t  on t h e  smoother s u r f a c e s ,  where RARS 

v a l u e s  a r e  l e s s  t h a n  10 m/km. This  behav ior  i s  evidenced mainly a t  t h e  lower 

speeds  by t h r e e  of t h e  RTRRMSs. The i m p l i c a t i o n  of t h i s  f i n d i n g  i s  t h a t  

s e p a r a t e  c a l i b r a t i o n s  f o r  e a c h  s u r f a c e  type  can g i v e  b e t t e r  accuracy .  The 

degree  of s e n s i t i v i t y  t o  s u r f a c e  t y p e  v a r i e s  w i t h  t h e  RTRRMS. For example, 

t h e  s c a t t e r  f o r  t h e  B I  T r a i l e r  i s  n o t  v i s i b l y  a f f e c t e d  by s u r f a c e  t y p e  a t  

speeds  of 32 and 50 km/h. 

Comparison of single-track trailers. Although b o t h  t h e  B I  T r a i l e r  

and t h e  "BPR Roughometer" made by S o i l t e s t ,  Inc . ,  a r e  s i m i l a r  i n  appearance 

and a r e  b o t h  based on t h e  BPR Roughometer [ 1 3 ] ,  t h e y  c o n t r a s t  i n  performance. 

The S o i l t e s t  BPR Roughometer, which proved t o  be t o o  f r a g i l e  f o r  t h e  roads  

covered i n  t h e  IRRE ( s e e  Appendix A),  produced t h e  most e r r a t i c  r e s u l t s .  On 

t h e  o t h e r  hand,  t h e  TRRL B I  T r a i l e r  produced h i g h  q u a l i t y  r e s u l t s ,  

p a r t i c u l a r l y  a t  i t s  d e s i g n  speed of 32 km/h. 

Outliers. The f o u r  roughes t  s u r f a c e  t r e a t m e n t  s i t e s  appeared a s  

" o u t l i e r s "  when measured by t h e  Opala-Maysmeter sys tems a t  80 km/h (F ig .  

F.18a). (Although t h e  r e s u l t s  a r e  p l o t t e d  f o r  on ly  one of t h e s e  sys tems ,  a l l  

t h r e e  showed t h e  same behav ior . )  On t h e s e  s i t e s  (TSO1, TS03, TS04, and TS05), 

t h e  RTRRMS responded much more than  t h e  RQCS. The power s p e c t r a l  d e n s i t y  

(PSD) p l o t s  shown i n  Appendix I f o r  t h e s e  f o u r  s i t e s  a r e  s i m i l a r ,  and d i f f e r  

from t h e  PSD p l o t s  f o r  most of t h e  o t h e r  t e s t  s i t e s .  A l l  f o u r  have r e l a t i v e l y  

low ampl i tudes  a t  wavenumber 0.1 cycle /m (10 m wavelength ,  which appears  as a  

f requency of 2.2 Hz a t  80 km/h), w i t h  most of t h e  roughness  c o n c e n t r a t e d  a t  

h i g h e r  wavenumbers. F u r t h e r ,  t h r e e  of t h e  s i t e s  show a  s i n g u l a r  peak a t  

wavenumber 0.5 cycle /m ( 2  m wavelength ,  which a p p e a r s  a s  a  f requency of 11.1 

Hz). 



The p resence  of a  s i n g u l a r  peak a t  0.5 cycle /m s i g n i f i e s  t h a t  t h e  road 

s i t e  h a s  a  p e r i o d i c  d i s t u r b a n c e  o c c u r r i n g  e v e r y  2 m. Although t h e  RQCS h a s  

i t s  maximum s e n s i t i v i t y  a t  t h a t  wavelength ,  a s  shown i n  F i g u r e  F.2d, t h e  RQCS 

was des igned  t o  be l e s s  r e s p o n s i v e  t h a n  t h e  t y p i c a l  passenger  c a r  a t  t h a t  

f r equency  [ 9 ] .  Unlike  t h e  RQCS, a  passenger  c a r  i s  no t  l i n e a r ,  and can 

over-respond when s u b j e c t e d  t o  a  p u r e l y  p e r i o d i c  e x c i t a t i o n .  T h i s  i s  

p a r t i c u l a r l y  t r u e  w i t h  l i g h t l y  damped v e h i c l e s .  From t h e  s imple  comparison of 

t h e  A R S ~ ~  and RARS80 numerics i n  Fig.  F.18a, t h e  Opala v e h i c l e  i s  s e e n  t o  

be l e s s  damped t h a n  t h e  RQCS, a s  evidenced by t h e  h i g h e r  ARS80 numerics.  

T h i s  i n d i c a t e s  t h a t  s t i f f e r  shock a b s o r b e r s  cou ld  be used w i t h  t h e  Opala ,  w i t h  

t h e  expec ted  r e s u l t  of b r i n g i n g  t h e  " o u t l i e r s "  i n t o  agreement w i t h  t h e  r e s t  of 

t h e  d a t a .  

The ARS80 measures on t h e s e  f o u r  TS s i t e s  were " o u t l i e r s "  r e l a t i v e  t o  

a l l  of  t h e  p r o f i l e - b a s e d  numerics t e s t e d ,  and t h e  RARS80 numeric a c t u a l l y  

comes t h e  c l o s e s t  t o  matching t h e s e  measures. 

Correlations and Accuracy. Table  F.7 p r e s e n t s  t h e  r2 v a l u e s  

o b t a i n e d  when t h e  RARS numerics  from t h e  s t a t i c a l l y  measured p r o f i l e s  a r e  

r e g r e s s e d  a g a i n s t  t h e  ARS numerics ,  u s i n g  a  l i n e a r  p r e d i c t i o n  model. The 

r e g r e s s i o n s  were performed u s i n g  on ly  t h e  d a t a  co r respond ing  t o  t h e  

combinat ion of speed and s u r f a c e  type  i n d i c a t e d .  When t h e  s u r f a c e  t y p e  i s  

indicated a s  "ALL," t h e n  t h e  r e g r e s s i o n  i n c l u d e d  a l l  measurements made a t  t h a t  

speed ,  and t h e  r2 d e s c r i b e s  a  c a l i b r a t i o n  a c r o s s  s u r f a c e  type.  Table  F.8 

p r e s e n t s  t h e  r2 v a l u e s  o b t a i n e d  when a  q u a d r a t i c  model i s  used. Both models 

use  a  s imple  l e a s t - s q u a r e s  e r r o r  approach ,  bu t  t h e  q u a d r a t i c  model i s  s l i g h t l y  

more v e r s a t i l e ,  a s  i t  i n v o l v e s  l e s s  i n  t h e  way of assumpt ions  about  t h e  

l i n e a r i t y  of t h e  RTRRMS. I n  comparing t h e  two t a b l e s ,  i t  can be s e e n  t h a t  

most of t h e  t ime t h e r e  i s  l i t t l e  d i f f e r e n c e .  T h i s  i n d i c a t e s  t h a t  a  l i n e a r  

r e g r e s s i o n  i s  u s u a l l y  s u i t a b l e  f o r  e s t i m a t i n g  t h e  " t r u t h "  ( a s  d e f i n e d  by RARS) 

from a  RTRRMS measure. However, t h e r e  a r e  a few c a s e s  where much b e t t e r  

c o r r e l a t i o n  i s  o b t a i n e d  w i t h  t h e  q u a d r a t i c  model, such a s  t h e  Caravan-BI 

sys tem a t  80 km/h on t h e  CA s u r f a c e s .  S i n c e  t h e r e  i s  no r e a l  p e n a l t y  f o r  

u s i n g  t h e  q u a d r a t i c  model ( o t h e r  than  a  more complex computa t ion- - typ ica l ly  

performed by computer) ,  t h e  q u a d r a t i c  model i s  recommended t o  a l l o w  f o r  t h e  

o c c a s i o n a l  c a s e  i n  which a  l i n e a r  model would n o t  f i t  t h e  d a t a  o r  would l e a d  

t o  a n  e r r o n e o u s  e x t r a p o l a t i o n .  



Tab le  F.7. R-Squared Values  Obta ined  from L i n e a r  R e g r e s s i o n s  Between RARS from RQCS 
and ARS from RTRRMSs. 

Opala Passenge r  Ca r s  Caravan Car Single-Track 
S u r f a c e  w i t h  Modified Maysmeters w i t h  2 meters T r a i l e r s  

Speed Type MM 01 MM 02 MM 03 B I NAASRA TRRL B I  BPR 

20 ALL 0.8699 0.9709 0.9482 0.9689 0.9637 0.9529 0.9216 

32 ALL 0.9070 0.9730 0.9194 0.9749 0.9716 0.9767 0.6663 

5 0 C A 0.9468 0.8781 0.9320 0.9650 0.9739 0.9104 0.8316 
TS 0.8998 0.9321 0.8715 0.9249 0.9178 0.8863 0.8132 
GR 0.9757 0.9655 0.9474 0.9623 0.9611 0.9554 0.8967 
TE 0.9696 0.9251 0.8969 0.8962 0.9161 0.8854 0.7529 

ALL 0.9323 0.9349 0.9158 0.9330 0.9321 0.9325 0.8090 

80 C A 0.9807 0.9935 0.9223 0.8994 0.9723 .... 0.8793 
TS 0.8013 0.8332 0.7807 .... .... .... .... .... GR 0.9328 0.9576 0.9506 .... .... .... 
TE 0.7095 0.9662 0.9560 .... .... .... .... 

ALL 0.7750 0.8505 0.7712 0.8994 0.9723 .... 0.8793 

Note : f o r  a l l  r e g r e s s i o n s ,  t h e  s i m u l a t i o n  speed was e q u a l  t o  t h e  RTRRMS measurement 
speed.  



Table F.8. R-Squared Values Obtained from Quadratic Regressions Between RARS from 
the RQCS, and ARS from the RTRRMSs. 

Opala Passenger Cars Caravan Car Single-Track 
Surface with Modified Maysmeters with 2 meters Trailers 

Speed Type MM 01 MM 02 MM 03  B I NAASRA TRRLBI BPR 

20 ALL 0.8829 0.9758 0.9589 0.9697 0.9645 0.9656 0.9216 

3 2 ALL 0.9076 0.9774 0.9275 0.9758 0.9721 0.9798 0.6887 

5 0 C A 0.9481 0.8787 0.9351 0.9708 0.9739 0.9264 0.8589 
TS 0.9017 0.9332 0.9050 0.9271 0.9220 0.9064 0.8175 
GR 0.9783 0.9666 0.9479 0.9626 0.9646 0.9596 0.9073 
TE 0.9697 0.9574 0.9581 0.9145 0.9583 0.8948 0.8234 

ALL 0.9421 0.9437 0.9275 0.9432 0.9488 0.9451 0.8105 

Note: All regressions were performed with the RQCS simulation speed equal to the 
RTRRMS measurement speed. 



The c o r r e l a t i o n  c o e f f i c i e n t s  a r e  p r e s e n t e d  a s  one b a s i s  f o r  comparing t h e  

accuracy  t h a t  can be o b t a i n e d  u s i n g  t h e  RQCS a s  a  d e f i n i t i o n  of " t r u t h "  w i t h  

t h e  accuracy  obtainab1.e u s i n g  o t h e r  numerics.  Yet i t  should  be unders tood 

t h a t  r2 v a l u e s  a r e  on1.y one measure ,  w i t h  l i m i t e d  u t i l i t y .  The r2 v a l u e  i s  

e s s e n t i a l l y  t h e  f r a c t i o n  of t h e  v a r i a n c e s  of t h e  two v a r i a b l e s  t h a t  i s  

accounted f o r  by t h e  ( l i n e a r  o r  q u a d r a t i c )  r e g r e s s i o n  model. Thus,  r2 v a l u e s  

depend b o t h  on t h e  agreement between t h e  measures  ( a s  r e l a t e d  by t h e  

r e g r e s s i o n  model) and t h e  range of roughness  i n c l u d e d  i n  t h e  d a t a  s e t .  

S ince  rL v a l u e s  can always be improved s imply by add ing  more v e r y  smooth and 

v e r y  rough s i t e s ,  they  should  never  be used a s  t h e  s o l e  b a s i s  f o r  q u a n t i f y i n g  

a  c a l i b r a t i o n  qua1it:y. 

The a c t u a l  accuracy  of a n  e s t i m a t e  of RARS, E[RARS], based on an ARS 

measure c a n  be d e f i n e d  a s  t h e  s t a n d a r d  e r r o r :  t h e  RMS d i f f e r e n c e  between 

E[RARS] ( t h e  estimat:e of RARS o b t a i n e d  u s i n g  t h e  r e g r e s s l o n  e q u a t i o n  and an 

ARS measure)  and t h e  t r u e  RARS value .  The s t a n d a r d  e r r o r s  a s s o c i a t e d  w i t h  t h e  

q u a d r a t i c  model a r e  p r e s e n t e d  i n  Table  F.9. Whereas t h e  r2 v a l u e s  were 

d i m e n s i o n l e s s ,  a  s t a n d a r d  e r r o r  h a s  t h e  u n i t s  of t h e  measure:  m/km. I n  

e s s e n c e ,  Tab le  F.9 q u a n t i f i e s  t h e  accuracy  invo lved  when a  "raw" ARS measure 

i s  re - sca led  ( a c c o r d i n g  t o  t h e  q u a d r a t i c  r e g r e s s i o n  e q u a t i o n )  t o  a  " C a l i b r a t e d  

ARS" (CARS) measure. The SE v a l u e s  o b t a i n e d  when t h e  APL s i g n a l s  a r e  

p rocessed  a r e  i n d i c a t e d  i n  F i g u r e s  15 and 16. 

Calibration to RARSsO 

The RQCS was developed f o r  maximum c o r r e l a t i o n  w i t h  RTRRMSs when t h e  

s i m u l a t i o n  speed i s  s e t  t o  t h e  measurement speed of t h e  v e h i c l e .  T h e r e f o r e ,  

f o r  c a l i b r a t i o n  t o  a common i n d e x ,  t h e  i n d e x  should  be based on a  s t a n d a r d  

speed b e s t  matched t.o t h a t  used i n  a c t u a l  p r a c t i c e .  A speed of  50 km/h was 

i n i t i a l l y  considered.  (and proposed i n  an  e a r l i e r  d r a f t  of  t h i s  r e p o r t )  f o r  t h e  

s t a n d a r d  because  of  i t s  good c o r r e l a t i o n  t o  RTRRMS performance,  and t h e  f a c t  

t h a t  i t  f a l l s  midway i n  t h e  range of speeds  used w i t h  RTRRMS equipment. Yet 

t h e  f a c t  t h a t  t h e  m a j o r i t y  of t e s t s  a r e  conducted a t  80 km/h a r g u e s  f o r  t h e  

c h o i c e  of t h a t  speed a s  t h e  s t a n d a r d  f o r  a n  I n t e r n a t i o n a l  Roughness Index 

( I R I ) .  



Table F.9. Standard Error for Estimating RARS with a Quadratic Regression 
Equation and ARS Measurements. 

Opala Cars with Caravan Car Single-Track 
Surface Modified Maysmeters with 2 meters Trailers 

Speed Type MM 01 MM 02 MM 03 BI NAASRA B I BPR 

2 0 ALL 1.72 1.02 1.33 1.14 1.24 1.14 1.65 

32 ALL 1.36 0.86 1.53 0.88 0.95 0.79 2.91 

5 0 C A 0.46 0.70 0.51 0.34 0.32 0.55 0.76 
TS 0.38 0.31 0.37 0.32 0.33 0.38 0.53 
GR 0.51 0.63 0.79 0.67 0.65 0.74 0.73 
TE 0.65 0.95 0.95 1.35 0.94 1.53 1.25 
ALL 0.88 0.97 1.10 0.97 0.92 0.97 1.13 

... 80 C A 0.23 0.14 0.47 0.30 0.16 0.36 
T S 0.36 0.32 0.43 ... ... ... ... ... GR 0.48 0.39 0.44 ... ... ... 
TE 1.03 0.41 0.44 ... ... ... ... 
ALL 1.00 0.84 1.02 0.30 0.16 ... 0.36 

Note: Simulation speed for RQCS matched the RTRRMS measurement speed for all of 
the above regression results. 



Recognizing t h a t  t he re  a r e  sometimes circumstances prevent ing RTRRMS use 

a t  80 km/h, the  d a t a  c o l l e c t e d  i n  t he  IRRE were a l s o  analyzed t o  determine the  

accuracy a s soc i a t ed  wi th  e s t ima t ing  RARS8O when a  d i f f e r e n t  RTRRMS speed i s  

used. Figures  F.19 - F.21 show the  comparisons between URS80 and ARS 

measured a t  speeds of 20, 32, and 50 km/h. The corresponding s tandard e r r o r s  

obtained a r e  presented i n  Table F.lO, and the r2 values a r e  shown i n  Table 

F . l l .  Since the  s tandard e r r o r  u n i t s  a r e  "m/km" f o r  RARS80, they a r e  

d i r e c t l y  comparable t o  the  s tandard e r r o r  r e s u l t s  i n  Table F.9. 

However, comparisons of the  r e s u l t s  i n  Table F.10 with Table F.9 a r e  not v a l i d  

f o r  s imula t ion  speeds o the r  than 80 km/h, s i n c e  RARS numerics a r e  speed 

dependent. 

Table F.10 provides a  good p i c t u r e  of the  nominal accuracy wi th  which the  

RARS80 can be est imated from measurements wi th  RTRRMS when operated a t  a  

speed of 80 km/h. When c a l i b r a t e d  sepa ra t e ly  on each su r f ace  type ,  an 

accuracy b e t t e r  than 0.5 m/km i s  f ea s ib l e .  The only except ion t o  t h i s  i s  MMOl 

on the  e a r t h  (TE) sur faces .  S l i g h t l y  higher  e r r o r s  a r e  i nd ica t ed  when 

es t imat ing  RARS80 from measurements a t  o t h e r  speeds. A t  50 km/h e r r o r s  on 

the  o rde r  of 0.75 m/km a r e  more typ ica l .  

While o v e r a l l  accuracy sometimes s u f f e r s  when a  low RTRRMS speed i s  used, 

t he  ARS20 and ARS32 numerics from a l l  of the  RTRRMSs show good c o r r e l a t i o n  

with RARS8O when the  r eg re s s ions  were performed sepa ra t e ly  f o r  d i f f e r e n t  

su r f ace  types.  For example, Fig. F.20a ( f o r  an Opala-Maysmeter system) shows 

t h a t  RARS8O numerics a r e  c o n s i s t e n t l y  "high" f o r  the  CA and GR s u r f a c e s  

( r e l a t i v e  t o  the regress ion  l i n e  obtained f o r  a l l  su r f ace  types ) ,  and "low" 

f o r  t he  TS and TE sur faces .  Table F.10 i n d i c a t e s  t h a t  the  s tandard e r r o r  

a s soc i a t ed  with t h a t  f i g u r e  i s  a s  low a s  0.25 (TS s u r f a c e s ) ,  when sepa ra t e  

r eg re s s ions  a r e  used. But s i n c e  sepa ra t e  c a l i b r a t i o n s  a r e  needed f o r  each 

su r f ace  type t o  ob ta in  t h i s  accuracy,  the  accuracy t h a t  would be obtained 

us ing  a  s i n g l e  c a l i b r a t i o n  ac ros s  su r f ace  type would not be a s  good, s i n c e  the  

CARSa0 numerics would inc lude  the  b i a s  e r r o r  (seen i n  the f i g u r e  a s  the  

average d i s t ance  t h a t  t he  TS d a t a  po in t s  l i e  above the  regress ion  l i n e ) .  

The su r f ace  type s e n s i t i v i t y  t h a t  appears when low RTRRMS speeds a r e  used 

toge the r  with RARS80 a s  t he  c a l i b r a t i o n  re ference  i s  expected. It occurs  



a. Opala-Maysmeter #2 b. Caravan-NAASRA 

c. BI Trailer d. BPR Roughometer 

Fig. F.19. Example calibration plots to estimate RARS from ARS20 measures. 
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Fig.  F.20. Example c a l i b r a t i o n  p l o t s  t o  e s t i m a t e  RARSaO from ARS3Z measures. 
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a. Opala-Maysmeter #2 b. Caravan-NAASRA 

c. BI Trailer d. BPR Roughometer 

Fig. F.21. Example calibration plots to estimate RARSBO from measures. 
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Table F.10 ,Standard Errors for Estimating R A M 8 0  from Quadratic 
Regression Equations and ARS Measurements. 

Opala Cars with ' . Caravan Car Single-track 
Surface Modified Maysmeters with 2 meters Trailers 

speed Type M M 0 1  M M 0 2  M M 0 3  BI NAASRA BI BPR 

C A 
T S 
GR 
TE 
ALL 

C A 
T S 
GR 
TE 
ALL 

C A 
T S 
GR 
TE 
ALL 

C A 
T S 
GR 
TE 
ALL 



Table F. 11. r 2  Values Obtained from Quadra t i c  Regressions Between 
RARS80 and t h e  ARS Measurements. 

Opala Cars with Caravan Car Single- t rack 
Surface Modified Maysmeters w i t h  2 meters T r a i l e r s  

speed Type MM 01 MM 02 MM 03 B I  NAASRA B I  BPR 

C A 
TS 
GR 
TE 
ALL 

C A 
T S 
GR 
TE 
ALL 

C A 
TS 
GR 
TE 
ALL 

C A 
T S 
GR 
TE 
ALL 



because  t h e  wavebands covered by t h e  RTRRMS no l o n g e r  match t h a t  of t h e  RQCS, 

due t o  t h e  speed d i f f e r e n c e .  The r e l a t i o n s h i p  between t h e  two depends on t h e  

r e l a t i v e  s p e c t r a l  c o n t e n t  of t h e  r o a d ,  which d i f f e r s  w i t h  s u r f a c e  type.  

One p h y s i c a l  r eason  f o r  t h e  f a i r l y  good r e s u l t s  o b t a i n e d  a t  lower speeds  

i s  t h a t  some of t h e  random e r r o r s  i n  t h e  RTRRMS measurement a r e  reduced by 

g r e a t e r  a v e r a g i n g ,  s i n c e  a  l o n g e r  t ime i s  s p e n t  making t h e  measurement. The 

same e f f e c t  can be o b t a i n e d  f o r  h i g h e r  speeds  by u s i n g  l o n g e r  c a l i b r a t i o n  

s i t e s .  

A second r e a s o n  f o r  b e t t e r  r e s u l t s  a t  low speeds  a p p e a r s  t o  app ly  t o  t h e  

BPR Roughometer. When o p e r a t e d  a t  t h e  lower  s p e e d s ,  t h e  RTRRMS i s  s u b j e c t e d  

t o  l e s s  e x c i t a t i o n  (ARV). E r r o r s  due t o  v i b r a t i o n  l e v e l s  exceeding t h e  d e s i g n  

l i m i t s  of t h e  v e h i c l e  and roadmeter  a r e  reduced by reduc ing  t h e  v i b r a t i o n  

l e v e l s .  Of c o u r s e ,  t h i s  e f f e c t  d i s a p p e a r s  when more rugged RTRRMSs a r e  used.  

Calibration Across Speed 

The I R I  s e l e c t e d  I n  t h i s  r e p o r t  i s  based on t h e  concept  t h a t  a  g i v e n  road 

has  o n l y  a  s i n g l e  " t r u e "  roughness  v a l u e ,  r e g a r d l e s s  of how i t  i s  used by t h e  

p u b l i c .  An alternative concept  i s  t h a t  a  road roughness  measure should  

r e f l e c t  how t h e  road i s  u s e d ,  such t h a t  a  h i g h - q u a l i t y  road used a t  h i g h  

speeds  might be r a t e d  t h e  same i n  terms of p e r c e i v e d  roughness  a s  a  lower 

q u a l i t y  road used a t  low speeds .  

When ARS numerics  a r e  used t o  e s t i m a t e  RARS o v e r  a  range of s p e e d s ,  t h e r e  

i s  a  q u e s t i o n  of how many c a l i b r a t i o n  c u r v e s  a r e  needed. Should a  s e p a r a t e  

c u r v e  be used f o r  e v e r y  speed encoun te red?  O r  can a  s i n g l e  c a l i b r a t i o n  curve  

be used a c r o s s  speed?  P r i o r  t o  t h e  I R R E ,  i t  h a s  been shown t h a t  s u b s t a n t i a l  

c a l i b r a t i o n  e r r o r s  can be i n t r o d u c e d  when ARS measures t a k e n  a t  d i f f e r e n t  

speeds  a r e  compared t o  t h e  cor respond ing  RARS measures ,  and t h a t  t h e  e r r o r s  

a r e  e l i m i n a t e d  by usLng ARV a s  t h e  roughness  numeric [ 9 ,  291. F i g u r e  F.22 

conf i rms  t h a t  a  s i n g l e  ARS/RARS c a l i b r a t i o n  a c r o s s  speed does  no t  e x i s t  f o r  

t h e  RTRRMSs t h a t  p a r t i c i p a t e d  i n  t h e  IRRE.  On paved r o a d s ,  s u b s t a n t i a l  e r r o r s  

would be i n t r o d u c e d  by u s i n g  a ARS-to-RARS r e g r e s s i o n  o b t a i n e d  f o r  one speed 

f o r  ARS-to-RARS r e s c a l i n g  a t  a  d i f f e r e n t  speed.  
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Figure F.22. Calibration across speed using ARS and RARS numerics. 



Figure F.23 shows t h e  same d a t a  p o i n t s ,  r e sca l ed  t o  ARV u n i t s  (mm/sec). 

When converted t o  AKV, the agreement i s  much b e t t e r ,  such t h a t  i t  would be 

reasonable t o  use a s i n g l e  c a l i b r a t i o n  ac ros s  speed. This  i s  because the  ARV 

i s  the  veh ic l e  response v a r i a b l e  a c t u a l l y  measured by the  RTRRMS. It i s  easy 

t o  show t h a t  i f  a v a l i d  ARV r e l a t i o n  e x i s t s ,  then  a corresponding ARS r e l a t i o n  

cannot e x i s t  except under c e r t a i n  condit ions.  A v a l i d  ARV c a l i b r a t i o n  ac ros s  

speed would have the  form: 

E [RARV] = CARV = A + B ARV + C A R V ~  (F-45) 

Since ARV and ARS a r e  r e l a t e d  by measurement speed, Eq. 45 can be converted t o  

an ARS equat ion:  

Eq. 46 cannot be independent of speed un le s s  t h e  o f f s e t  A and the  curva ture  C 

a r e  both zero. 

Although a c a l i b r a t i o n  ac ros s  speed can be demonstrated f o r  t he  RTRRMSs 

t h a t  p a r t i c i p a t e d  i n  the  I R R E ,  an ARV c a l i b r a t i o n  ac ros s  speed i s  not  

guaranteed due t o  t h e  presence of n o n l i n e a r i t i e s  i n  RTRRMSs [9]. Often, 

however, t he  f a c t o r s  t h a t  in t roduce  a speed dependency a r e  small  enough t h a t  a 

c a l i b r a t i o n  equat ion  obtained a t  one speed (e.g., 50 km/h) can be used a t  

another  speed (e.g., 32 km/h) i f  t he  RTRRMS and RQCS measures a r e  converted t o  

ARV u n i t s .  
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F i g c r e  F.23. C a l i b r a t i o n  a c r o s s  speed u s i n g  ARV and RARV numer ics .  



APPENDIX G 

APL ANbI.YSES USED I N  EUROPE 

prepared  by 

The French Bridge and Pavement Laboratory  (LCPC), 

The Belgian Road Research Cente r  (CRR), 

The U n i v e r s i t y  of Michigan T r a n s p o r t a t i o n  Research I n s t i t u t e  (UMTRI), and 

The B r a z i l i a n  Road Research I n s t i t u t e  ( IPR/DNER). 

The L o n g i t u d i n a l  P r o f i l e  Analyser (APL) T r a i l e r ,  developed by LCPC, 

produces  a  p r o f i l e  s i g n a l  which r e p l i c a t e s  t h e  f requency c o n t e n t  of t h e  

l o n g i t u d i n a l  p r o f i l e  of a  pavement s e c t i o n  over  t h e  f requency range  0.5 - 20 

Hz. The p r o f i l e  s i g n a l  o b t a i n e d  from t h e  APL T r a i l e r  can  t h e n  be processed 

any number of ways t o  p rov ide  s imple  and q u a n t i f i e d  roughness  i n f o r m a t i o n  

a p p r o p r i a t e  t o  a  p a r t i c u l a r  a p p l i c a t i o n .  The CAPL 25 measurement i s  used f o r  

low-speed (21.5 km/h) e v a l u a t i o n  of road q u a l i t y  d u r i n g  c o n s t r u c t i o n ,  whi le  

t h e  APL 72 system p r o v i d e s  f o r  t h e  high-speed measurement (72 km/h) of t h r e e  

independent  roughness  numerics t o  d e s c r i b e  t h e  c o n d i t i o n  of e x i s t i n g  roads  i n  

g r e a t e r  d e t a i l .  A ve ry  s i m i l a r  roughness  a n a l y s i s ,  which r e s u l t s  i n  t h r e e  

evenness  c o e f f i c i e n t s  (CP) ,  i s  used by CRR i n  Belgium. 

Appendix A d e s c r i b e s  t h e  APL i n s t r u m e n t  i t s e l f  and t h e  methods used t o  

record  p r o f i l e  d a t a  d u r i n g  t h e  I n t e r n a t i o n a l  Road Roughness Experiment (IRRE). 

Th is  appendix p r e s e n t s :  1 )  mathemat ical  p r o p e r t i e s  of t h e  CAPL 25 ,  APL 72 ,  

and CP numer ics ,  2 )  t h e  measures of t h e s e  numerics ob ta ined  i n  t h e  IRRE, 3 )  

c o r r e l a t i o n s  between t h e s e  measures and t h o s e  o b t a i n e d  from response-type road 

roughness measuring systems (RTRRMSs), and 4 )  examples of how p l o t t i n g  t h e  APL 

p r o f i l e  can  be used t o  v i s u a l l y  d iagnose  pavement c o n d i t i o n .  P l o t s  of power 

s p e c t r a l  d e n s i t y  (PSD) f u n c t i o n s  ob ta ined  from t h e  APL T r a i l e r  a r e  inc luded  i n  

Appendix I a long  w i t h  s i m i l a r  p l o t s  ob ta ined  from s t a t i c  p r o f i l e  measurements. 

A d d i t i o u a l  CP-type a n a l y s e s  a r e  p r e s e n t e d  i n  Appendix J ,  i n  which t h e  moving 

average  a n a l y s i s  i s  a p p l i e d  t o  b o t h  t h e  APL 72 p r o f i l e s  and s t a t i c a l l y  



measured p r o f i l e s .  

The r e s u l t s  repor ted  i n  t h i s  appendix were obtained dur ing  two a n a l y s i s  

opera t ions .  The f i r s t  was done i n  Braz i l  by t h e  LCPC team dur ing  t h e  IRRE, 

and provided t h e  CAPL 25 c o e f f i c i e n t s  and t h e  APL 72 i n d i c e s .  Fur ther  

ana lyses  were performed i n  Europe by ca r ry ing  out  s p e c t r a l  d e n s i t y  a n a l y s i s ,  

energy a n a l y s i s  (LCPC method), and c o e f f i c i e n t  of evenness (CP) a n a l y s i s  (CRR 

method). 

DESCRIPTION OF THE APL SULBlAgP NUMERICS 

CAPL 25 

The APL 25 con f igu ra t i on  of t h e  APL t r a i l e r  was o r i g i n a l l y  designed t o  

e v a l u a t e  t h e  q u a l i t y  of roughness of road l a y e r s  dur ing  cons t ruc t ion .  It had 

t o  meet t h e  o b j e c t i v e s  of g r e a t  e a s e  of use and of s impl - ic i ty  of d a t a  

a n a l y s i s .  A r e l a t i v e l y  low s tandard  speed of 21.6 kmlh (6.0 mlsec)  i s  used 

because high-speed measurements can g ive  rise t o  problems on a  cons t ruc t ion  

s i t e .  The name of t h e  measure i s  based on t h e  s tandard  t e s t  l e n g t h  of 25 

meters  which i s  used f o r  t h e  c a l c u l a t i o n  of a  roughness numeric c a l l e d  t h e  APL 

25 c o e f f i c i e n t  (CAPL 25). 

During t e s t i n g ,  t h e  t r ansduce r  s i g n a l  i s  recorded g r a p h i c a l l y  ( s c a l e  

11200) on an  analog paper r eco rde r ,  and a t  t h e  same t i m e ,  d i g i t i z e d  every 0.25 

meter.  The d i g i t i z i n g  equipment i s  set s o  t h a t  t h e  va lue  v a r i e s  about ze ro ,  

wi th  t he  va lue  ze ro  being obtained when t h e  system i s  a t  r e s t .  The abso lu t e  

va lues  of t h e  samples a r e  summed, and averaged over  t h e  25 m test s e c t i o n  (100 

samples).  This average i s  the  CAPL 25 c o e f f i c i e n t ,  which can be converted t o  

mi l l ime te r s  by a  s c a l e  f a c t o r  a s soc i a t ed  wi th  an a m p l i f i e r  g a i n  s e t t i n g .  

Phys i ca l l y ,  t h e  CAPL 25 i s  the  average r e c t i f i e d  displacement  of t h e  arm on 

t h e  t r a i l e r  suppor t ing  t h e  fo l lower  wheel, r e l a t i v e  t o  t h e  h o r i z o n t a l  pendulum 

used a s  an  i n e r t i a l  re fe rence .  The computation of t h e  CAPL 25 c o e f f i c i e n t s  i s  

c a r r i e d  out  dur ing  t h e  measurement and t h e i r  va lues  a r e  p r in t ed  on t h e  

r eco rde r  s t r i p  c h a r t .  When the  s e c t i o n s  t h a t  a r e  measured a r e  s e v e r a l  

k i l ome te r s  l ong ,  i t  i s  more convenient  t o  record t h e  d i g i t i z e d  s i g n a l  on 

magnetic t apes  .and have i t  processed wi th  a  mini-computer. Fur ther  



information about  t he  APL 25 methodology i s  a v a i l a b l e  i n  Reference [15] .  

The t r ansduce r  s i g n a l  processed t o  y i e l d  t he  CAPL 25 r e s u l t  i s  f i l t e r e d  

only by t h e  mechanical p r o p e r t i e s  of t h e  APL t r a i l e r ,  which a r e  shown by t h e  

Bode p l o t  i n  Figure G.1. A t  t h e  6.0 m / s  towing speed,  t h e  bandwidth of t h e  

APL s i g n a l  (approximately 0.4 - 20 Hz) i nc ludes  wavelengths from 0.3 t o  15 m,  

a s  shown i n  t h e  f i g u r e .  The normal s p e c t r a l  conten t  of roads i s  such t h a t  

when p r o f i l e  i s  cha rac t e r i zed  by a  displacement ( e l e v a t i o n )  measure such a s  

t h e  CAPL 25 numeric,  the  measure w i l l  be dominated by the  lowest wave numbers 

( l o n g e s t  wavelengths) wi th in  the  response range of t h e  t r a i l e r .  (See Appendix 

I f o r  more in format ion  on s p e c t r a l  conten t  of simple roughness numerics.)  

It w i l l  be seen l a t e r  t h a t  t h e  mode f o r  quan t i fy ing  roughness represen ted  

by t h e  CAPL 25, which i s  very we l l  adapted t o  judge t h e  q u a l i t y  of a  road 

cons t ruc t ion  o r  t o  eva lua t e  t h e  p re sen t  s t a t e  of a  road network, i s  not  t h e  

b e s t  method a v a i l a b l e  t o  provide an app rec i a t i on  of t h e  t y p i c a l  dynamic 

response of t h e  vehic le .  

But i n  t h e  same way t h a t  c o e f f i c i e n t s  of roughness were determined (CRR 

method, descr ibed  l a t e r )  from APL 72 s i g n a l s ,  i t  would have been poss ib l e  t o  

o b t a i n  analog c o e f f i c i e n t s  wi th  t h e  APL 25 s i g n a l  o f f e r i n g  b e t t e r  c o r r e l a t i o n s  

wi th  t h e  RTRRMSs. For example, CRR u se s  both t h e  APL 25 s i g n a l  and t h e  APL 72 

s i g n a l  t o  compute CP numerics. However, t he se  ana lyses  were no t  performed 

dur ing  t h e  IRRE because they would have been redundant t o  those  appl ied  t o  t h e  

APL 72. 

APL 72 Analyses used in France 

The APL 72 ana lyses  a r e  t h e  most commonly used i n  France by t h e  Road 

Adminis t ra t ions f o r  t h e  purpose of r o u t i n e  surveying of t h e  road networks 

[16 ] .  The measures a r e  taken  a t  72 km/h (20 mlsec) ,  because a t  t h i s  speed,  

t h e  APL T r a i l e r  d e t e c t s  p r o f i l e  v a r i a t i o n s  f o r  wavelengths between 1  and 40 m 

(Fig.  G.1). As descr ibed  i n  Appendix A ,  t h e  p r o f i l e s  a r e  s to red  on magnetic 

t a p e ,  t o  be played back l a t e r  i n  t h e  l a b o r a t o r y  f o r  a n a l y s i s .  

The APL 72 a n a l y s i s  used i n  France i s  based on t h e  g l o b a l  energy (mean 

square  va lue )  of a  s i g n a l .  Road roughness i s  cha rac t e r i zed  by t h r e e  numerics,  





computed f o r  e v e r y  200 m. The t h r e e  v a l u e s  a r e  o b t a i n e d  by p l a y i n g  t h e  s i g n a l  

back from t h e  t a p e  r e c o r d e r  through t h r e e  e l e c t r o n i c  band-pass f i l t e r s .  

During p layback ,  t h e  t a p e  speed i s  i n c r e a s e d  t o  reduce p r o c e s s i n g  t ime and t o  

avoid  t h e  need f o r  f i l t e r s  w i t h  ex t remely  low frequency c h a r a c t e r i s t i c s .  

The f i l t e r s  a r e  s e t  t o  s e p a r a t e  t h e  s h o r t ,  medium, and long wavelength 

roughness c o n t e n t .  These ranges  (wavebands) were chosen t o  d i s t i n g u i s h  

between p r o f i l e  roughness  a f f e c t i n g  u s e r  s a f e t y  ( s h o r t e r  wavelengths)  and 

t h o s e  a f f e c t i n g  u s e r  comfort  ( l o n g e r  wavelengths) .  The t h r e e  wavebands a r e :  

1.0 - 3.3 mlcycle  Shor t  Wavelength ( SW) 

3.3 - 1.3 m/cycle Medium Wavelength (MW) 

13 - 40 mlcycle  Long Wavelength (LW) 

The i n t e r m e d i a t e  l i m i t s  (3 .3  m and 13 m) where chosen t o  be r e l a t e d  t o  

t h e  c h a r a c t e r i s t i c s  of d e v i c e s  used p r e v i o u s l y  i n  France ( 3  m s t r a i g h t e d g e ,  

v iagraphe  ). 

The s i g n a l  d e l i v e r e d  by each  f i l t e r  i s  squared and i n t e g r a t e d  over  a  

l e n g t h  of 200 mete r s .  Thus, f o r  every  200 mete r s  of road t h r e e  mean-square 

v a l u e s  of energy  (W) a r e  ob ta ined  f o r  t h e  s i g n a l  (one f o r  e a c h  wavelength 

range) .  To each  of t h e s e  energy  v a l u e s ,  one can a s s o c i a t e  a  va lue  of 

"equ iva len t  ampl i tude"  (Y) expressed  i n  mm, which would be t h e  ampl i tude of a  

s i n u s o i d a l  s i g n a l ,  t h e  wavelength of which i s  t h e  median v a l u e  of t h e  f i l t e r  

r a n g e ,  and which would d e l i v e r  t h e  same energy.  

More u s u a l l y ,  t h e  energy v a l u e s  (W) a r e  sp read  w i t h i n  10 c l a s s e s  ( c a l l e d  

Index ( I )  f o r  t h e  IRRE) g r a d e d ,  from 1--the wors t  l e v e l  of roughness t o  

10--the b e s t  l e v e l ,  i n  an  approximately  l o g a r i t h m i c  way. F u r t h e r  d e t a i l s  of 

t h i s  APL 72 Ana lys i s  a r e  a v a i l a b l e  i n  Reference [ 1 7 ] ,  

I n  normal o p e r a t i o n ,  t h e  p r o f i l e s  o f  t h e  r i g h t  and l e f t  wheel- t racks  a r e  

measured s imul taneous ly  w i t h  two APL t r a i l e r s .  I n  t h i s  exper iment ,  t h e  t r a c k s  

were analyzed s e p a r a t e l y ,  and roughness measures were r e p o r t e d  f o r  each 

whee l t rack .  



APL Analyses used in Belgium 

The c h a r a c t e r i z a t i o n  of evenness ( roughness)  t h a t  i s  used i s  based on a  

geometr ic  type of r e p r e s e n t a t i o n  of t h e  l o n g i t u d i n a l  p r o f i l e .  This 

r e p r e s e n t a t i o n  makes use of a  numerical f i l t e r i n g  of t h e  measured p r o f i l e  wi th  

a  moving average technique. The op t ion  taken through t h i s  choice  of 

r e p r e s e n t a t i o n  o f f e r s  t h e  advantage of providing a  s t r a igh t fo rward  geomet r ica l  

i n t e r p r e t a t i o n ,  u s e f u l  i n  p r a c t i c e  [201. 

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  i s  obtained by eva lua t ing  

t h e  d i f f e r e n c e  of t h e  su r f ace  p r o f i l e  from t h e  re fe rence  l i n e  obtained by 

smoothing t h e  same p r o f i l e .  The process  of applying a  moving average t o  t he  

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  l e n g t h  i r r e g u l a r i t i e s .  For i t s  

a p p l i c a t i o n ,  t h i s  technique r e q u i r e s  t h e  numerical ly  sampled s i g n a l  recorded 

from t h e  APL t r a i l e r .  The d i s t a n c e  marks f o r  sampling a r e  provided by a  pu l se  

t r a i n  i s sued  from t h e  measuring wheel of t h e  APL mounted a s  an odometer. The 

sample i n t e r v a l  i s  such t h a t  a l l  of t h e  information contained wi th in  t h e  

bandwidth of t h e  APL t r a i l e r  i s  r e t a i n e d .  ( Informat ion  theory  r equ i r e s  a  

sampling frequency a t  l e a s t  equal  t o  twice t h e  h igher  cut-off frequency of t he  

APL measuring device . )  

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

va lues ,  those  va lues  a r e ,  i n  t u r n ,  smoothed using a  moving average over an 

a r b i t r a r y  baselength.  The mean abso lu t e  value of t he  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 over a  given s e c t i o n  i s  determined. 

This mean va lue ,  divided by two and expressed per  u n i t  l e n g t h ,  has  been 

def ined  a s  t h e  c o e f f i c i e n t  of evenness (CP: " c o e f f i c i e n t  de p lane i te l ' ) .  The 

CP u n i t  has  t h e  fol lowing dimensions: 

Since t h e  mean value i s  divided by two, one mm of t h e  mean abso lu t e  va lue  

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

involv ing  a  moving average has  a  va lue  dependent on t h e  baselength used. 

Thus, t he  CP va lue  must be a s soc i a t ed  wi th  t h e  base l e n g t h ,  e.g. ,  CP2.5. 

For a  g iven  base l eng 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 inc reases .  



The computations performed a t  t h e  Belgian Road Research Center (CRR) used 

t h e  APL 72 s i g n a l s  recorded i n  Braz i l  a t  a measurement speed of 72 Km/h (20 

m/s). The sampling s t e p  l eng th  used i s  113 meter ,  and the  c o e f f i c i e n t s  of 

evenness (CP) were determined f o r  t h e  base lengths  of 2.5 m y  10 m ,  and 40 m y  

which a r e  t he  convent ional  va lues  used. The CP i s  normally evaluated f o r  

hec tometr ic  (100 meters )  s ec t ions .  In t he  IRRE, t h e  CP of each 320 m p r o f i l e  

was t h e r e f o r e  chosen a s  t he  mean value of t h e  CP of t h r e e  contiguous 

hectometr ic  b locs ,  s t a r t i n g  a t  the  beginning of each s e c t i o n  t rack .  

As mentioned e a r l i e r ,  t he  same CP s t a t i s t i c  i s  appl ied i n  Belgium t o  APL 

25 measurements performed a t  t he  speed of 6 mls (21.6 Km/h). The sampling 

s t e p  l eng th  used i n  t h a t  case i s  of 116 meter and t h e  base lengths  considered 

f o r  the  moving average a r e  mainly 15 m and 2.5 m. 

The moving average f i l t e r  i s  analyzed i n  d e t a i l  i n  Appendix J ,  t o  de r ive  

i t s  frequency response,  inc luding  the  e f f e c t s  of sample i n t e r v a l .  

FINDINGS FROM m IRRE 

Measures of APL Summary Statistics 

CAPL 25. The APL 25 system produces CAPL 25 numerics f o r  every 25 m 

of t r a v e l l e d  road. Therefore,  each 320 t e s t  s e c t i o n  had 12 o r  13 assoc ia ted  

CAPL 25 numerics f o r  each wheeltrack. To f a c i l i t a t e  comparisons with o ther  

numerics, each p r o f i l e  i s  cha rac t e r i zed  by the  mean of t he  12 o r  13 CAPL 25 

values.  

The APL 25 r e s u l t s  t h a t  were obtained i n  t he  IRRE a r e  presented i n  Tables 

G . l  - G.4 .  In these  t a b l e s ,  t he  four  su r f ace  types a r e :  a s p h a l t i c  

concre te ,  s u r f a c e  t rea tment ,  g r a v e l ,  and e a r t h .  They a r e  abbreviated 

according t o  t h e i r  s p e l l i n g  i n  Portuguese a s  CA, TS, GR,  and TE, r e spec t ive ly .  

APL 72. During the  IRRE,  a l l  t h e  paved s e c t i o n s  (CA and TS) were 

measured by t h e  APL 72 i n  each t r a c k  ( r i g h t  and l e f t ) ,  s eve ra l  t imes f o r  some 



T a b l e  G . 1 .  Summary of APL R e s u l t s  f o r  t h e  A s p h a l t i c  C o n c r e t e  Roads. 

I N T E R N A T I O N A L  ROAD ROUGHNESS EXPERIMENT - BRAS11 I A  - JUNE 1932 

SITE REAS. 

CAOl 25 
25 
72 SY 
72 SY 
72 HY 
72 HY 
72 LW 
72 LY 

LA02 25 
25 
72 SY 
72 SY 
72 HY 
72 HY 
72 LY 
72 LY 

CA03 25 
25 
72 SY 
72 SY 
72 HY 
72 HY 
72 LY 
72 LY 

CA04 25 
25 
72 SY 
72 SY 
72 HW 
72' HY 
72 LY 
72 LY 

CA05 25 
25 
72 SY 
72 SY 
72 HY 
72 HY 
72 LY 
72 LY 

CAOb 25 
25 
72 SY 
72 SY 
72 RY 
72 HY 
72 LY 
72 LY 

CA07 25 
25 
72 SY 
72 SY 
72 HY 
72 HY 
72 LY 
72 LY 

APL TRAILER 

ROUGHNESS HEASUREHENTS 
RUN 1 RUN 2 RUN 3 TREND 

1 
0 
0 

is 
0 -. 5 -. 5 

0 
0 
.5 
.5 
.5 

6' 
0 

-1 
0 
1 
0 
0 
0 
-1 
-2 

- 1 
0 
0 
1 
1 
0 
0 
0 

0 
0 
- 1 
-1 
-2 
- 1 
1 
1 

0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 



I N T E R N A T I O N A L  

SITE  HEAS. 

Table  G . l  (Cont . )  

ROAD ROUGHNESS E X P E R I M E N T  - B R A S I L I A  - J U N E  2982 

TRACK 

R 
L 
R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 

R 
L 
R 
L 
R 
L 
R 
L 

A P L  TRAILER 

RDUGHIESS HEASUREHEITS 
RUN 1 RUN 2 RUN 3 SIGHA S/H TREND R 



Table G.2. Summary of APL Results for the Surface Treatment Roads. 

I N T E R N A T I O N A L  ROAD ROUGHNESS E X P E R I M E N T  - B R A S I L I A  - JUNE 1982 

SITE M A S .  TRACK 

APL TRAILER 

ROUGHNESS HEASUREHENTS 
RUN 1 R W  2 RUN 3 S16HA S/H TREW R 



Table  G. 2 (Cont .) 

I N T E R N A T I O N A L  ROAD ROUGHNESS E X P E R I M E N T  - 

SITE  HERS. TRACK 

W L  TRAILER 

ROUGHNESS HEASUREKNTS 
RUN 1 RUN 2 RUN 3 

B R A S I L I A  - JUNE 2982 

SIR  TREND 

,012 .2 
,021 -.3 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

,016 -.2 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

0 0 
,015 - . I  
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

,013 . l  
,015 .1 
0 0 
,129 -1 
,083 -1 
0 0 
0 0 
0 0 



Table G.3. Summary of APL Results for the Gravel Roads. 

I N T E R N A T I O N A L  ROAD R O U G H N E S S  E X P E R I M E N T  - B R A S I L I A  - JUNE 2932 

APL TRAILER 

SITE HEAS. 

6ROl 25 
25 
72 SY 
72 HY 
72 LH 

6R02 25 
25 
72 SY 
72 HY 
72 LY 

6R03 25 
25 
72 SY 
72 HY 
72 LY 

6R04 25 
25 
72 SY 
72 HY 
72 LY 

6R05 25 
25 
72 SY 
72 HY 
72 LY 

6ROb 25 
25 
72 SY 
72 HY 
72 LY 

6R07 25 
25 
72 SY 
72 HY 
72 LY 

6R00 25 
25 
72 SY 
72 HY 
72 LW 

6R09 25 
25 
72 SY 
72 HY 
72 LY 

6R10 25 
25 
72 SY 
72 HY 
72 LY 

6Rll 25 
25 

6R12 25 
25 

TRACK 

R 
L 
L 
L 
L 

R 
L 
L 
L 
L 

R 
L 
L 
L 
L 

R 
L 
L 
L 
L 

R 
L 
B 
8 
B 

R 
L 
B 
B 
B 

R 
L 
L 
L 
L 

R 
L 
L 
L 
L 

R 
L 
L 
L 
L 

R 
L 
L 
L 
L 

R 
L 

R 
L 

RUN 3 SIMA SlH TREND R 
ROUGHNESS HEASUREHENTS 
I RUW 1 RUW 2 

5.5 
6.1 
3 3 
7 7 
6 6  

6.8 
7.2 
3 3 
7 7 
3 4 

13.8 15.5 
19.9 18.4 
1 
3 
3 

14.8 14.4 
12.5 16.7 
1 
3 
5 

21.5 20.2 
19.7 18.3 
1 
3 
5 

19.9 18.9 
20.4 21.6 
1 
3 
5 

7 7 
7.9 9.1 
1 1 
4 5  
6 6  

7 6.7 
7.2 7.2 
2 2 
6 7 
6 7 

17.6 17.1 
16.2 16.5 
1 
3 
3 

10.9 10.9 
15.6 15.5 
1 
3 
6 

14.2 14.7 
12.4 12.3 

28.9 15.2 
14.3 13.5 



Table  G . 4 .  Summary of APL R e s u l t s  f o r  t h e  Ea r th  Roads. 

I N T E R N A T I O N A L  ROAD ROUGHNESS E X P E R I M E N T  - B R A S I L I A  - JUNE 1982 

APL T R A I L E R  

SITE HEAS. TRACK ROUGHNESS HEASUREHEWTS 
HEM RUN 1 RUN 2 RIM 3 TREND 

TEOl 25 R 10.1 9.5 10.4 10.4 
25 L 12.8 12.6 13 12.9 
72 SY R 3 3 3 
72 SY L 2 2 2 
72 HY R 5 5 5 
72HY L 4.5 4 5 
72 LY R 4 4 4 
72 LY L 3 3 3 

TEOb 25 R 20.1 20.1 0 0 0  0 
25 L 23.3 23 23.6 .4 .018 .b 1 



Table  G .  4 (Cont . ) 
I N T E R N R T I O N A L  ROAD ROUGHNESS E X P E R I M E N T  - B R A S I L I A  

SITE HEAS. TRACK 

A P L  T R A I L E R  

ROUGHNESS HEASUREHENTS 
RUN 1 RUN 2 RUN 3 SIGH4 S/H TREND 

- JUNE 1932 



of them. It was a l s o  t h e  c a s e  f o r  t h e  TE s e c t i o n s  ( e a r t h  r o a d s )  w i t h  t h e  

e x c e p t i o n  of s e c t i o n s  TE 05 and TE 06 which were n o t  measured. For t h e  g r a v e l  

road s e c t i o n s ,  t h e  measurement was c a r r i e d  o u t  on ly  i n  t h e  l e f t  t r a c k  (L) o f  

s e c t i o n s  GR 01 - GR 04 ,  GR 9 ,  and GR 10 ,  and between t r a c k s  ( r e p r e s e n t e d  by 

t h e  l e t t e r  B) f o r  t h e  s e c t i o n s  GR 05 t o  GR 08. S e c t i o n s  GR 11 and GR 12 were 

n o t  measured. 

Tab les  G . l  t o  G.4 show t h e  APL 72 i n d i c e s  ( I )  a s  t h e y  were c a l c u l a t e d  

d u r i n g  t h e  IRRE i n  B r a z i l .  The v a l u e s  provided a r e  f o r  on ly  a  200 m 

con t inuous  segment e n t i r e l y  i n c l u d e d  i n  each  320 m t e s t  s e c t i o n .  Of c o u r s e ,  

when t h e  t e s t  s e c t i o n s  a r e  n o t  homogeneous a long  t h e i r  l e n g t h s ,  t h e  r e p o r t e d  

v a l u e s  may n o t  t r u l y  r e p r e s e n t  t h e  average  APL 72 i n d e x  of t h e  whole s e c t i o n .  

But i n  t h e s e  c a s e s ,  t h e  c h o i c e  of on ly  one numeric t o  c h a r a c t e r i z e  t h e  whole 

s e c t i o n  roughness  would n o t ,  i t s e l f ,  be ve ry  r e p r e s e n t a t i v e .  

The t a b l e s  show t h a t  n e a r l y  a l l  of t h e  e a r t h  s e c t i o n s  have a n  APL 72 SW 

i n d e x  n e a r  1  ( t h e  c a t e g o r y  f o r  t h e  wors t  r o a d s ) ,  a s  d o  more t h a n  h a l f  of t h e  

g r a v e l  s e c t i o n s .  Indeed ,  t h e  APL 72 i n d e x  s c a l e s  used d u r i n g  t h e  IRRE were 

d e r i v e d  t o  match t h e  range of observed roughness i n  t h e  French road network,  

b u t  t h e y  could  be modif ied i n  o r d e r  t o  g i v e  r e p r e s e n t a t i o n  over  a  l a r g e r  

roughness  range  ( t h i s  w a s  n o t  done i n  t h e  IRRE). The f a c t  t h a t  t h e  APL 72 ( I )  

numeric does  n o t  d i s t i n g u i s h  roughness  l e v e l s  f o r  t h e  unpaved roads  i s  t h e  

r e s u l t  of t h e  c a t e g o r y  d e f i n i t i o n s ,  r a t h e r  t h a n  t h e  measurement and a n a l y s e s  

p reced ing  t h e  c a t e g o r i z a t i o n .  When t h e  APL 72 i n d e x  i s  n o t  u s e d ,  t h e  r o a d s  

can  be q u a n t i f i e d  by t h e  mean-square energy  (W) and e q u i v a l e n t  ampl i tude  ( Y )  

numerics.  

Tab les  G.5 and G.6 show t h e  complementary APL 72 r e s u l t s  a s  t h e y  a r e  

o b t a i n e d  i n  France by LCPC and i n  Belgium by CRR. They g i v e  ( f o r  one run 

on ly  ) : 

- The v a l u e s  of t h e  t o t a l  (mean s q u a r e )  energy (W) and t h e  e q u i v a l e n t  

d i sp lacement  (Y) f o r  a  200% con t inuous  segment e n t i r e l y  inc luded  i n  each  

320- t e s t  s e c t i o n  (LCPC method).  Both W and Y v a l u e s  a r e  g iven  f o r  t h e  

t h r e e  wavebands d e s c r i b e d  e a r l i e r :  Shor t  wavelengths  ( a b b r e v i a t e d  as SW), 

Medium wavelengths  ( M W ) ,  and Long wavelengths  (LW) 



SECTIONS A P L  - 
10 m 

TABLE G . 5  : COMPLEMENTARY A P L  72 R E S U L T S  OBTAINED ON THE PAVED 
ROADS ( C A  AND T S  S E C T I O N S )  



SECTIONS 
APL 72 

MU 

NO MEASUREMEN1 

1 
NO MEASUREMENT 

NO MEASUREMENT 

I 
NO MEASUREMENT 

APL 
10 rn 

Table  G . 6  : Complementary APL 72 r e s u l t s  ob t a ined  
on t h e  unpaved roads  (GR and TE s e c t i o n s )  



- The v a l u e s  of t h e  (CP) c o e f f i c i e n t s  determined by t h e  CRR method f o r  a 

s e t  of t h r e e  b a s e s  ( o f  moving a v e r a g e ) ,  namely, t h e  conven t iona l  v a l u e s  

i n  p r a c t i c e  i n  Belgium which a r e  2.5 m ,  10 m, and 40 m 

A d d i t i o n a l  a n a l y s e s  were performed by LCPC and CRR r e l a t e d  t o  t h e  QI 

roughness  s c a l e ,  and t h e s e  r e s u l t s  a r e  r e p o r t e d  i n  Appendix E.  A d d i t i o n a l  

computat ions  were performed a t  UMTRI u s i n g  (approx imate ly )  t h e  CP moving 

average  t e c h n i q u e ,  a p p l i e d  t o  b o t h  APL and s t a t i c a l l y  measured p r o f i l e  

s i g n a l s .  These r e s u l t s  a r e  r e p o r t e d  i n  Appendix J. 

Comparison of BPI. Results with RTBRMS Results 

Linear  r e g r e s s i o n s  were c a l c u l a t e d  between t h e  APL numerics and t h o s e  

ob ta ined  from t h e  RTRRMSs. The c o r r e l a t i o n s ,  d e f i n e d  by t h e  s q u a r e  of t h e  

c o r r e l a t i o n  c o e f f i c i e n t  (R-squared) a r e  summarized i n  t h e  c o r r e l a t i o n  m a t r i c e s  

p resen ted  i n  Tables  G.7 - G.lO. I n  performing t h e s e  r e g r e s s i o n s ,  t h e  t e s t  

d a t a  were s e g r e g a t e d  by speed and s u r f a c e  type.  For t h e  APL 72 energy v a l u e s  

(W) and t h e  APL 7 2  e q u i v a l e n t  d i sp lacement  (Y), l i n e a r  r e g r e s s i o n s  were 

c a l c u l a t e d  on ly  w i t h  Maysmeter 02 and Bump I n t e g r a t o r  t r a i l e r  r e s u l t s .  L i n e a r  

r e g r e s s i o n s  were used a s  a  f i r s t  s t e p  i n  t h e  a n a l y s i s ,  even w h i l e  recogniz ing  

t h a t  h i g h e r  c o r r e l a t i o n s  could  o f t e n  be o b t a i n e d  by n o n l i n e a r  r e g r e s s i o n  

models. 

The o v e r a l l  examinat ion of Tables  G.7 - G.10 shows t h a t  t h e  q u a l i t y  of 

t h e  c o r r e l a t i o n s  ob ta ined  depends n a t u r a l l y  on t h e  t y p e  of t e s t  s e c t i o n s ,  t h e  

t y p e s  of RTRRMSs, and t h e i r  measuring v e l o c i t y ,  b u t  t h a t  t h i s  q u a l i t y  is  most 

of a l l  i n f l u e n c e d  by t h e  model of p r o c e s s i n g  t h e  APL s i g n a l ,  p a r t i c u l a r l y  by 

t h e  c h o i c e  of t h e  wavelength range t h a t  i s  used.  The c o r r e l a t i o n s  ob ta ined  

f o r  each type  of APL a n a l y s i s  a r e  d i s c u s s e d  below. 

C m  25 .  S c a t t e r  p l o t s  between CAPL 2 5  and RTRRMS numerics ( n o t  

i n c l u d e d )  show t h a t  t h e  r e l a t i o n s h i p  between t h e  CAPL 25 and a  RTRRMS measure 

i s  s t r o n g l y  dependent on s u r f a c e  type .  As i n d i c a t e d  by t h e  c o r r e l a t i o n  

m a t r i c e s  i n  t h e  t a b l e s ,  good c o r r e l a t i o n s  a r e  found on ly  on t h e  a s p h a l t i c  

c o n c r e t e  s u r f a c e s ;  c o r r e l a t i o n s  a r e  p o o r e s t  f o r  t h e  s u r f a c e  t r e a t m e n t  and 

g r a v e l  s e c t i o n s .  As was seen  earl ier ,  t h e  CAPL t r e a t m e n t  i s  a n  ampl i tude  



ASPHALTIC CONCRETP TEST SITES (CAI 

GRAVEL SURFACE0 TEST SITES IGR) 

B I  CAR H M O 3  M C 0 1  

CAPL 25 

TEST SITES WITH SURFACE TREATMENT (TSI 

I4 M 0  2  

. 7 3 2 3  

. '1035 

. 5 5 5 1  

. 4 9 0 8  

- 
. 8 6 7 6  
. 7 5 3 9  
. 6 0 0 4  

r. 

. J P  

OL - 

TABLE G . 7  : CORRELATION MATRIX O F  R .  SQUARED VALUES FOR THE A P L  R E S U L T S  
AND RTRRMS MEASURES MADE A T  20 KM/H 

NAASRA 

Sd 
I n d  

LY 

S Y 
Y M Y  

LY 

s w  
Y nw 

LW 

2.C 
cp 10 

40 

IAVT I (AVE) 

. 7 6 0 6  

. 7 4 0 5  

. 5 8 0 6  

. 5 1 9 5  

. 8 5 0 9  

. 5 7 5 2  

. 8 4 3 9  

. 6 0 8 8  

. 9 1 0 1  

. 7 9 0 8  

. 6 2 2 5  

81 TRL 
(AVE) 

. 3 7 6 3  

. 8 2 5 3  . 0 7 5 7  . 0 0 0 2  

.a453 
, 0 0 6 2  

. 8 4 4 4  

. 0 2 2 3  

. 8 7 6 4  

. 5 7 7 4  

. 0 1 3 2  

BPR 
IAVE) 

. 7 4 7 8  

. 8 1 3 0  

. 8 5 3 3  

. 1 0 3 7  

. 8 2 9 5  

. 8 3 2 8  

. 1 8 9 9  

BPR 
(AYE I 

. 2 7 1 9  

. 7 0 4 6  

. 0 4 8 3  . 0 3 6 3  

. 8 8 7 1  

. 4 6 9 0  

. 0 1 7 4  

8 1  C A R  n M o 3 

. 5 3 2 2  

. 9 1 4 8  

. 2 2 4 8  

. 0 0 5 5  

. 9 3 0 2  

. 8 2 1 9  

. 0 0 3 5  

81 TRL 
( A M )  

. 4 4 9 1  

. 6 9 0 1  

. 7892 . 0 8 4 8  

. 7929 

. 8 0 1 2  

. 7 8 5 7  

. 8 0 9 9  

. 9242 . 9 0 3 0  

. 1 7 3 0  

. 8 0 5 7  

. 7 5 1 1  . 6 1 5 5  

. 6 0 5 4  

. 9 2 9 6  

. 8 3 5 7  

. 6 8 1 6  

N A A S R A  Y M O Z  

. 3 8 2 0  

. 8 4 1 6  

. 0 9 6 8  

. 0 0 4 4  

. 8 5 5 3  

. 0 0 6 3  

. 8 5 8 3  

. 0 2 5 9  

. 8 7 4 7  

. 6 3 7 1  

. 0 1 3 8  

~ M O I  

EATH (CLAY) SURFACE TEST SITES (TE) 

a n 0 2  

. 6 0 5 4  

. 6 9 8 2  

. 8 1 3 5  

. 0 9 6 1  

. 8 1 0 3  

. 8 0 4 2  

. 8 0 0 7  

. 8 2 0 7  

. 9 1 7 3  . 8 9 4 3  

. 1 8 5 5  

. 3 6 7 0  

. 8 3 8 3  

. 0 9 1 1  . 0 0 3 1  

. 8 7 3 8  

. 6 4 7 7  

. 0 2 3 1  

I 

. 4 2 t 8  . 4 5 7 0  CAPL 25 

N A A S R A  n n o 3  n n o l  

. 3 8 9 1  

. 7 3 7 3  

. BOOS 

. 0 8 8 1  
- 

. 9 0 0 9  

. 8 7 5 9  

. 1 6 3 6  

CAPL 25 

B P R  

( A M 1  

. 7 0 4 6  

. 6 0 0 2  . 6 7 0 9  . 0 6 8 4  

. 5 6 4 6  

. 4 2 7 0  

. 3 3 4 6  

. 4604 

. 7 3 3 4  

. 5 7 2 8  

. 5 1 6 6  

. 7 2 8 0  1 . 7 3 5 6  ( . 6 9 5 2  

. 8 6 1 1  

P 

2 

BI C A R  

r, * 
a '  
L - 

BI T R L  

( A n )  

. 6 6 6 9  

. 6034 

. 7 2 2 8  . 1 0 4 9  

1 . 7 0 4 1  
. 5 3 8 5  1 . 2:: 
. 4 9 3 5  . 5047 

1 
i 

. 8 8 9 8  . 8 8 6 4  

. 7 5 8 4  . 7736 

. 6 0 6 9  / . 6 2 5 3  

. 8 8 4 9  SY 

I MY 
LY 

SY 
Y MY 

LV 

sw 
Y MY 

LY 

2.5 
CP 10 

40 

. 4 9 7 3  

. 4966 

. 4 7 8 0  

. 0 0 2 0  

. 8 4 1 2  . 6 1 7 3  

. 0 2 4 4  

SY 
1 MY 

LY 

S W 

* M Y  
LW 

S w  
Y MW 

L Y  

2.5 
cp 10 

do 

N A A S R A  

. 7 2 6 1  

. 6 1 0 2  . 7402 

. 1 1 7 5  

. 6 8 4 7  

. 5825 

. 4608 

. 8 2 7 8  
4985 

. 8 0 5 1  

. 5238 

. 8 8 4 5  

. 7118 

. 5650 

I . 5 3 9 1  1 . 5 1 8 8  

. 7 3 4 4  ! . 7 2 6 0  

. 8 3 7 3  : . 8 1 6 5  

. 1 0 7 8  1 . 0 9 7 7  

I 

! 

. 9 0 7 6  1 . 9 0 6 8  

. 9 2 2 3  9 1 8 1  

. 1 9 8 0  1 : I 8 4 1  

. 1 0 0 0  j . 1 2 6 7  . 0 0 3 4  . 0 0 0 3  

I 
j 

n n o ,  

. 7 4 6 3  

. 7 3 1 9  

. 7 8 0 0  

. 0 9 1 2  

n n o 2  

. 7 4 8 1  

. 6 0 8 6  . 7 2 7 9  

. 1 0 6 0  

RTRRHS 

CAPL 25 

SY 
I M Y  

LY 

. 9 2 8 9  

. 7 0 0 2  

. 0 1 1 3  

B I C A R  

. 7 3 3 1  

. 6 1 7 4  

. 7 3 9 2  

. 1 1 4 0  

a 0 1 

. 8 1 2 0  

. 4 9 6 3  . 7 8 4 8  . 2 3 7 6  

. 9 2 8 3  

. 7 3 4 8  

. 0 0 8 5  



ASPHALTIC CONCkE7L T E S T  S I T E S  ( C A I  

T E S T  S I T E S  WITH SURFACE TREATMENT ( T S )  

ITH SURFACED T E S T  S I T E S  ( T E )  
I 1 

n u 0 3  

. 8 0 1 4  

. 7 8 5 9  

. 6 7 5 0  

. 5 4 3 3  

. 8 7 6 8  

. 8 3 5 5  

. 6 2 6 4  

M Y O Z  

. 8 3 5 3  

. 7 6 0 0  

. 6 5 9 7  

. 6 1 0 7  

. 8 7 2 2  

. 6 5 6 8  

. 8 6 3 2  

. 6 6 8 2  

. 9 2 6 7  

. 8 6 5 2  

. 7 2 7 4  

CAPL 25 

S V  
I M Y  

LV 

S Y 
Y MY 

LY 

5  
CP 1 0  

40  

CAPL 25 

GRAVEL SURFACED T E S T  S I T E S  (GR) 

TABLE G . 8  : CORRELATION MATRIX O F  R .  SQUARED VALUES FOR THE APL R E S U L T S  
AND RTRRMS MEASURES MADE AT 32 KM/H 

. 8 0 9 4  

. 7 3 6 1  

. 6 5 8 0  

. 5 6 8 5  

. 8 7 4 2  

. 8 3 4 1  

. 6 9 0 5  

0 1  TRL 
( A Y E 1  

-. 

BPR 
( A M )  8 1 C A R  I I M O 3  n n o i  

. 3 8 7 2  1 . 3 7 7 6  

S V  
I MY 

LY 

S W 
U M Y  
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ASPHALTIC COhCRETE TEST S I T E S  I C A )  

TEST S I T E S  WITH SURFACE TREATMENT I T S 1  

Y M O 1  1 1 1 1 0 2  M M O 3  B I C A R  N A A S R A  8 1  TRL BPR 
( A M 1  ( A M )  

GRAVEL SURFACED TOST S I T E S  LGRI 

8 1  CAR N A A S R A  8 1  T R L  B P R  
LAVE1 (AVE I 

LATH L C U Y )  SURFACE TEST S I T E S  LTE)  

M M 0 2 M U 0 3  8 l C A R  N A A S R A  8 1  T R L  B P R  
LAVE1 LAVE) 

CAPL 25 . 6 4 7 2  . 6 4 8 6  . 5 5 4 6  . 6 8 4 1  . 6 4 0 8  . 6 8 0 7  . 8 5 3 2  

TABLE G . 9  : CORRELATION MATRIX OF R.  SQUARED VALUES FOR THE APL RESULTS 
AND RTRRMS MEASURES MADE AT 50 KM/H 
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TABLE G . 1 0  : CORRELATION MATRIX OF R .  SQUARED VALUES FOR THE APL RESULTS 
AND THE RTRRMS MEASURES MADE AT 80 KM/H 

338 

BI TRL 
( A V E  I 

I I 

B I  C A R  

S V  
I W W  

LW 

2. 
C P  lo5 

40 

IPR 
r ~ v e )  

. 6597 

. 7019 

. 2952 

. 5012 

. 9348 . 6807 . 5526 

B I  T R L  
( A V E )  

I 

n M o 3 

. 8283 

. 6335 . 7576 . 0733 

. 9535 . 8884 

. 1723 

I 

M U 0 3  

C A P L  25 

B P R  
( A V E  ) 

m u 0 2  RTRRMS 

. 7546 

. 6157 

. 7221 

. 0836 

. 9055 

. 8388 

. 1683 

. 6828 

. 4207 

. 6819 . 2676 
, 6 1 5 1  
. 8363 . 3962 

N 

-I 

4 

. 7828 

. 7453 . 4312 

. 5994 

. 9438 . 8035 

. 6660 

, , 

B I C A R  

SW 
I MW 

LW 

2.3 
C P  10 

40 

. 8896 

. 5921 . 9197 . 4383 

. 6085 . 8615 

. 8291 
i 

. 7457 

. 7202 

. 7760 

. 0987 

. 8723 . 8658 

. 2922 

N A A S R A  

. 7692 

. 6219 . 7771 

. 1301 

. 9196 . 9011 . 3222 

8 1  T R L  
( A V E )  

J 

B P R  
( A V E )  



a n a l y s i s  of t h e  road s p e c t r a l  wavelengths l y i n g  between 0.3 m and 1 5  m (h igh  

and medium wavenumbers), dominated by t h e  i n f l u e n c e  of t h e  longer  wavelengths. 

When t h e  spectrum i s  very  r i c h  i n  small  wavelengths ,  which i s  p a r t i c u l a r l y  t h e  

case  f o r  s u r f a c e  t r ea tment  s e c t i o n s  (TS) ,  t h e  CAPL 2 5  w i l l  l e s s  e v i d e n t l y  

b r ing  out  t h e s e  e f f e c t s  than would t h e  RTRRMS o r  o t h e r  APL numerics. 

APL 72 Index (I). S c a t t e r  p l o t s  between t h e  SW and MW i n d i c e s  and 

t h e  RTRRElS measures ( n o t  shown) i n d i c a t e  t h a t  a  d e f i n i t e  r e l a t i o n s h i p  i s  

ev iden t  between t h e  SW index and t h e  RTRRMS measures on t h e  smoother s u r f a c e s  

t h a t  i s  n o t  s t r o n g l y  dependent on s u r f a c e  type.  But t h e  c o r r e l a t i o n  i s  

degraded on t h e  rougher s u r f a c e s  because t h e  roughness range f o r  t h e  SW index 

does no t  extend f a r  enough f o r  t h e  unpaved roads.  (The SW index i s  1--the 

bottom of t h e  scale-- for  most of t h e  unpaved roads and many of t h e  s u r f a c e  

t r ea tment  s i t e s . )  For t h e  MW i n d e x ,  r e l a t i o n s h i p s  can be seen wi th  t h e  RTRRMS 

measures,  which a r e  d i f f e r e n t  f o r  t h e  d i f f e r e n t  s u r f a c e  types .  Compared t o  

o t h e r  c o r r e l a t i o n s  observed i n  t h e  I R R E ,  t h e  c o r r e l a t i o n s  between t h e  MW index 

and t h e  RTRRMS measures a r e  n o t  very good. For t h e  LW i n d i c e s ,  t h e r e  i s  

v i r t u a l l y  no r e l a t i o n s h i p  wi th  t h e  RTRRMS measures ,  a s  i n d i c a t e d  i n  t h e  

c o r r e l a t i o n  m a t r i c e s .  Only on t h e  CA s e c t i o n s  do c o r r e l a t i o n s  e x i s t ,  and even 

t h e s e  a r e  poor.  Good c o r r e l a t i o n s  could no t  be expected because t h e  RTRRMSs 

do n o t  "see" t h e s e  long wavelengths. 

O v e r a l l ,  t h e  comparison of t h e  c o r r e l a t i o n s  ob ta ined  wi th  t h e  CAPL 25 

c o e f f i c i e n t s  o r  t h e  APL 7 2  index  show t h a t  when the  s m a l l  wavelengths  a r e  

i s o l a t e d  from t h e  r e s t ,  t h e  r e s u l t s  a r e  c l e a r l y  b e t t e r .  The remark made 

e a r l i e r  f o r  t h e  TS s e c t i o n s  ( r e g a r d i n g  c o r r e l a t i o n  wi th  t h e  CAPL 25 numeric) 

i s  i l l u s t r a t e d  i n  Tables G.7 t o  G.10 by t h e  d i f f e r e n c e s  obta ined between 

c o r r e l a t i o n s  wi th  t h e  SW index and the  MW index.  

APL 72 Energy Values (W) and APL 72 Equivalent Displacement (Y). 

Some of t h e  problems with  c o r r e l a t i n g  RTRRMS measures wi th  t h e  i n d i c e s  a r e  

e l imina ted  by cons ider ing  t h e  W and Y v a l u e s ,  which l i e  on a  continuous 

roughness s c a l e ,  r a t h e r  than t h e  d i s c r e t e  i n t e r v a l s  1 - 10. 

The l i n e a r  r e g r e s s i o n s  were c a l c u l a t e d  only wi th  t h e  Maysmeter 02 and t h e  

Bump I n t e g r a t o r  t r a i l e r  s i n c e  t h e  p r i n c i p l e  of g l o b a l  energy (W) and 

e q u i v a l e n t  d isplacement  a n a l y s i s  i s  n o t  d i f f e r e n t  from t h e  APL 7 2  Index ( I ) ,  



and t h a t  t h e  v a l u e s  (W), (Y) ,  ( I )  a r e  n o t  independent .  N e v e r t h e l e s s ,  t h e  

v a l u e s  of (W) and (Y) a r e  expressed  i n  s c a l e s  approximately  l i n e a r  and 

con t inuous .  Tables  G.7 t o  G.9 show t h a t  t h e  c o r r e l a t i o n s  w i t h  t h e  RTRRMSs a r e  

g e n e r a l l y  b e t t e r  f o r  ( W )  and (Y) than  f o r  ( I ) .  

F igure  G.2 shows example s c a t t e r  p l o t s  f o r  t h e  SW energy (W) v a l u e s ,  

a g a i n s t  t h e  ARS measures ob ta ined  from one of t h e  RTRRMSs. The r e g r e s s i o n  

l i n e s  a r e  a l s o  shown. The r e l a t i o n s h i p  w i t h  t h e  SW numerics i s  dependent on 

s u r f a c e  t y p e  f o r  t h e  lower RTRRMS s p e e d s ,  bu t  d imin i shes  f o r  t h e  speed of 5 0  

km/h. The c o r r e l a t i o n s  shown a r e  good enough, p a r t i c u l a r l y  f o r  t h e  RTRRMS 

speed of 5 0  km/h, t h a t  t h e  SW energy (W) numeric could  be cons idered  a s  a  

c a l i b r a t i o n  r e f e r e n c e  f o r  t h e  RTRRMS. 

F igure  G.3 shows s i m i l a r  p l o t s  f o r  t h e  MW energy  (W) numeric.  I n  t h i s  

c a s e ,  t h e  r e l a t i o n s h i p s  a r e  n o t  a s  good, and a r e  s t r o n g l y  i n f l u e n c e d  by 

s u r f a c e  type.  The c o r r e l a t i o n  w i t h  t h e  RTRRMS i s  almost  n o n e x i s t e n t  f o r  t h e  

s u r f a c e  t r e a t m e n t  (TS) s i t e s .  

The r e s u l t s  shown i n  F igs .  G.2 and G.3 d e r i v e  from t h e  d i f f e r e n c e s  i n  

wavenumber s e n s i t i v i t y  between t h e  APL numerics and t h e  RTRRMS. I n  comparing 

t h e  APL 7 2  wavebands t o  t h e  Reference Q u a r t e r  Car S imula t ion  (RQCS) i n  Fig.  

F.2 i n  Appendix F  ( q u a l i t a t i v e l y  s i m i l a r  t o  t h a t  of any RTRRMS), i t  can be 

s e e n  t h a t  t h e  RTRRMS responds t o  a  broad band of wavenumbers, whereas t h e  APL 

numerics s e l e c t i v e l y  i s o l a t e  narrow bands. Only t h e  SW numerics (W, Y ,  I )  

i n c l u d e  t h e  s h o r t e r  wavelengths ,  which c o n s t i t u t e  a  major p o r t i o n  of t h e  

RTRRMS measures on a l l  b u t  t h e  CA roads .  The waveband d a t a  shown i n  Tables  

G.5 and G.6 (and a l s o  t h e  Power S p e c t r a l  Densi ty  (PSD) f u n c t i o n s  p l o t t e d  i n  

Appendix I) a l l  i n d i c a t e  t h a t  t h e  CA s u r f a c e s  had p r o p o r t i o n a t e l y  more medium 

wavelength c o n t e n t  than  t h e  o t h e r  s u r f a c e  types .  A t  t h e  h i g h e r  speed of 5 0  

km/h, t h e  RTRRMS i s  more i n f l u e n c e d  by t h e  medium wavelengths ,  which l e a d s  t o  

t h e  observed reduced c o r r e l a t i o n  w i t h  t h e  SW numerics b u t  improved c o r r e l a t i o n  

w i t h  t h e  MW numerics ( r e l a t i v e  t o  t h e  c o r r e l a t i o n s  observed f o r  t h e  lower 

speeds  of 2 0  and 3 2  km/h). 

APL 72 CP Coefficients. Examination of Tables  G.7 - G.10 r e v e a l s  

t h a t  : 



Figure G.2. Comparison of APL 72 shor t  wave energy r e s u l t s  ( W )  with Mays Meter 02 r e s u l t s  



Figure G.3. Comparison of APL 72 medium wave energy r e s u l t s  (W) with' Mays Meter 02 r e s u l t s  



- The R-squared va lue  of t h e  c o e f f i c i e n t s  of c o r r e l a t i o n  reduces,  i n  

g e n e r a l ,  a s  t h e  base l e n g t h  f o r  de te rmina t ion  of t h e  CP va lues  i nc reases .  

- S i g n i f i c a n t  and h igh  c o r r e l a t i o n  va lues  a r e  obtained f o r  CP (base  2.5 m) 

with a l l  RTRRMS devices  on a l l  t e s t  s i tes and f o r  a l l  t he  t e s t  speeds. 

By merging a l l  d a t a  belonging t o  a  g iven  RTRRMS dev ice  and c a l c u l a t i n g  

t h e  l i n e a r  r eg re s s ion  c o e f f i c i e n t s  and t h e  c o r r e l a t i o n  c o e f f i c i e n t  f o r  each 

t e s t  speed,  one can expect  t o  eva lua t e  t h e  e f f e c t s  of speed and s i t e  f a c t o r s  

t h a t  could i n f luence  a  c a l i b r a t i o n  p l o t  t h a t  would be needed t o  e s t ima te  t h e  

CP (2.5) numerics from measurements made wi th  one RTRMMS. This case has  been 

examined f o r  both t h e  Maysmeter 02 and Bump I n t e g r a t o r  t r a i l e r s .  It has  been 

found t h a t  t h e  b e s t  f i t  f o r  t h e  CP (2.5) va lues  i s  obtained through 

c o r r e l a t i o n  wi th  both devices  t r a v e l i n g  a t  50 Km/h and t h a t  no s i t e  type  

i n f luences  t h e  c o r r e l a t i o n .  

The two examples a r e  i l l u s t r a t e d  i n  Figure G.4 .  Both c o r r e l a t i o n s  a r e  

s i g n i f i c a n t l y  h igh  ( r 2  > 0.90) and y i e l d  n e a r l y  i d e n t i c a l  l i n e a r  r eg re s s ion  

equa t ions .  

Figure G.5 shows t h e  i n f luence  of t h e  va lue  of t h e  moving average base 

(2.5 m o r  10 m) and t h e  v e l o c i t y  of measurement of t h e  Maysmeter 02 on the  

c o r r e l a t i o n s  between CP va lues  and Maysmeter 02 values .  These CP (10)  va lues  

br ing  o u t ,  j u s t  a s  do t h e  APL 72 MS (W) va lues ,  t he  p e c u l i a r i t y  of TS 

s e c t i o n s .  But,  i n  a  gene ra l  way, they confirm t h e  g r e a t e r  s e n s i t i v i t y  of t h e  

RTRRMSs t o  t he  sma l l e r  wavelengths. 

Of a l l  t h e  APL r e s u l t s  repor ted  i n  t h i s  appendix, t h e  CP (2.5) numerics 

produce t h e  b e s t  c o r r e l a t i o n s  w i th  t h e  RTRRMSs, and t h a t  agreement i s  b e s t  f o r  

a  RTRRMS speed of 50 km/h. 

No e f f o r t  was made t o  improve the  c o r r e l a t i o n s  by us ing  a l t e r n a t e  

base l eng ths ,  a l though i t  i s  l i k e l y  t h a t  b e t t e r  c o r r e l a t i o n  could be obtained 

by a d j u s t i n g  t h e  base length  t o  o b t a i n  app rop r i a t e  f i l t e r i n g .  This hypothes i s  

i s  supported by t h e  ana lyses  performed by TRRL, repor ted  i n  Appendix H,  where 

i t  was found t h a t  a  base length  of 1.8 m gave improved c o r r e l a t i o n s .  
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0.805 * ARV (50 Km/h) 

Deviation = 10 CP 

I / ' ALL SURFACE TYPES : C A ,  TS , GR, TE 
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Figure 6 . 4 .  Comparison of APL 72 CP (2.5)  values with RTRRMS Measures made a t  50 km/h 
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t ALL SECTIONS INCLUDED C A ,  TS, GR, TE : 

c P ( 2 . 5 ) ~  13.5 + 0.805 * ARV (50 Km/h) 
2 r = . 9221 

CP ( 2 . 5 )  = 23.4 + 0.929 ARV (32 Km/h) 

r 2 
= . 8767 

ALL SECTIONS INCLUDED CA; TS, GR,  TE : 

CP(10)= 44 + 1.11 * ARV (50  Km/h) 

CP(10)= 59.3 + 1.25 * ARV (32 Km/h) 

r 2 = . 7078 

....................................... 
SECTIONS TS ONLY : 

CP(10)==52.8 + 0.811 * ARV (32 Km/h) 
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Figure G . 5 .  Comparison of APL 72 CP (2 .5 )  and APL 72 CP (10)  with Mays ~ e t e r  $ 2 r e s u l t s  
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Adding t o  t h e  summary r e s u l t s  p r e s e n t e d ,  LCPC and CRR have provided a  

g r a p h i c a l  r e p r e s e n t a t i o n  of t h e  t e s t  s e c t i o n  p r o f i l e s  which were r u n  by t h e  

APL t r a i l e r ,  s i n c e  i t  was t h e  o n l y  a p p a r a t u s  p r e s e n t  d u r i n g  t h e  IRRE which 

conven ien t ly  produced such r e s u l t s .  

For each  t r a c k  of e a c h  t e s t  s e c t i o n  measured,  bu t  f o r  one run  o n l y ,  t h e  

g raphs  of APL 25 and APL 72 s i g n a l s  were r e p r e s e n t e d  f o r  road l e n g t h s  o f  about  

1000 mete r s  c o n t a i n i n g  t h e s e  t e s t  s e c t i o n s ,  and were made a v a i l a b l e  t o  t h e  

p a r t i c i p a n t s  i n  t h e  I R E .  This  r e p r e s e n t a t i o n  was achieved w i t h  t h e  h e l p  of a  

p l o t t e r  r e c o r d e r  l i n k e d  t o  a  micro-computer which t r e a t e d  t h e  d i g i t i z e d  

s i g n a l s .  (Sample i n t e r v a l s  were 250 mm f o r  t h e  APL 25 s i g n a l  and 50 mm f o r  

t h e  APL 72 s i g n a l . )  

I n  a d d i t i o n  t o  t h e  p r o f i l e  p l o t s ,  PSD f u n c t i o n s  were computed immediate ly  

a f t e r  t h e  IRRE from a l l  of  t h e  APL 72 s i g n a l s  f o r  which t h e  CP numerics were 

c a l c u l a t e d .  PSD f u n c t i o n s  were a l s o  computed a t  t h a t  t ime f o r  t h e  p r o f i l e s  

measured s t a t i c a l l y  w i t h  t h e  TRRL Beam, and both  s e t s  were d i s t r i b u t e d  t o  t h e  

p a r t i c i p a n t s  i n  t h e  IRRE. More r e c e n t l y ,  PSD f u n c t i o n s  were computed f o r  a l l  

of t h e  p r o f i l e  measurements ob ta ined  i n  t h e  IRRE, and t h o s e  p l o t s  a r e  inc luded  

i n  Appendix I. 

Some examples of g r a p h i c a l  r e p r e s e n t a t i o n s  of t h e  APL p r o f i l e s  a r e  

inc luded  i n  t h i s  appendix and d i s c u s s e d  below. 

F igure  G.6 shows t h e  r e p r e s e n t a t i o n s  of APL 25 and APL 72 s i g n a l s  

recorded on t h e  same t e s t  s e c t i o n  (CA 01 r i g h t  t r a c k ) .  F igure  G.6a g i v e s  t h e  

complete g r a p h i c a l  r e p r e s e n t a t i o n  of t h e  APL 72 ana log  s i g n a l  ( lower  p a r t  of 

t h e  f i g u r e )  and t h e  same s i g n a l  f o r  which t h e  wavelength  components above 18 

mete r s  have been e l i m i n a t e d  by e l e c t r o n i c  f i l t e r i n g .  F igure  G.6b shows t h a t  

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

APL p r o f i l e  ob ta ined  w i t h  t h e  APL 25 system a t  a  lower speed i n  a  d i f f e r e n t  

run.  F igure  G.6c shows t h e  p e r f e c t  ( w i t h i n  t h e  p l o t t i n g  p r e c i s i o n )  agreement 

between t h e  d i g i t i z e d  r e p r e s e n t a t i o n  of t h e  f u l l  APL 72 s i g n a l  and i t s  ana log  



Figure G.6. Different presentations of APL signals recorded on the section CA 01 Right Track 



r ep re sen t a t i on .  

Figure G.7 shows t h e  p r o f i l e s  obtained from t h e  APL 25 and 72 systems,  

and a l s o  t h e  complete record of CAPL 25 numerics a s  they were measured over 

t h e  l eng th  of t h e  left-hand wheel t rack of test  s i t e  TS 05. Figure G.8 

p re sen t s  s i m i l a r  measures f o r  t h e  lef t -hand wheeltrack of s i t e  TS 11. Figure 

G.9 compares t h e  PSD func t ions  of t he se  two TS sec t ions .  ( I n  prepar ing  t h e  

PSD p l o t s ,  a  sample i n t e r v a l  of 113 m was used. No e x t r a  f i l t e r i n g  o r  

windowing func t ions  were appl ied .  A s e c t i o n  l eng th  of 340 m was t ransformed,  

i n  o rde r  t o  o b t a i n  1024 samples a s  requi red  by the  Fas t  Four ie r  Transform 

(FFT) program used.)  The PSD p l o t s  show t h e  d i s t r i b u t i o n  of t h e  mean square  

of t he  APL 72 s i g n a l  ac ros s  wavnumber. Thus, t h e  v e r t i c a l  s c a l e  has  u n i t s  of 
2  3  displacement / (cycle/m) = m . The h o r i z o n t a l  s c a l e ,  which is  p l o t t e d  a s  

wavenumber (cycle/m),  i s  l a b e l l e d  wi th  wavelength (mlcycle)  f o r  convenience i n  

t h e  fol lowing d i scus s ion .  (PSDs of a l l  APL p r o f i l e s  a r e  provided i n  Appendix 

1. 1 

The conten t  of t h e  spectrum of s e c t i o n  TS 05 L r e v e a l s  t h e  important  

presence of s h o r t  wavelengths which appear a l s o  on t h e  r e p r e s e n t a t i o n  of t h e  

road p r o f i l e  a s  shown i n  Figure G.9. In  c o n t r a s t ,  s e c t i o n  TS 11 L has a  more 

r egu la r  spectrum where t he  s h o r t e r  wavelengths do not  p r e v a i l ,  which i s  a l s o  

confirmed by the  p r o f i l e  r e p r e s e n t a t i o n  (Fig.  G.lO). Along wi th  t h e  RTRRMS 

measures, t h e  APL 72 SW energy and the  APL 72 CP (2.5) (Table  G.5) r e f l e c t  

t h i s  d i f f e r e n c e  between s e c t i o n s  TS 05 and TS 11 ,  and i l l u s t r a t e  t he  

s e n s i t i v i t y  of t h e s e  modes of roughness q u a n t i f i c a t i o n  f o r  h igher  wavenumbers 

( s h o r t e r  wavelengths).  In  f a c t ,  t h e  TS 05 s i t e  was an  " o u t l i e r "  when RTRRMS 

measures made a t  80 km/h were compared t o  t h e  prof i le-based numerics. By 

in spec t ing  the  APL p r o f i l e  and PSD, t h e  cause of t h e  h igh  va lue  obtained from 

t h e  RTRRMSs could be determined ( t h e  remarkably r i c h  roughness conten t  a t  a  2  

m wavelength). 

Figure G.10 shows how t h e  APL p r o f i l e s  i d e n t i f y  he t e rogene i t i e s .  

Sec t ion  TS 08 i s  loca ted  a t  the  s t a r t  of a  s t e e p  s lope  ( i n  t h e  d i r e c t i o n  of 

measurement) and t h e  road i s  b u i l t  p a r t i a l l y  on an embankment which has  

s e t t l e d  over a  l e n g t h  of about 50 meters.  The APL 72 s i g n a l  r evea l s  t h e  s t e e p  

s lope  of t h e  p r o f i l e  over t h e  200 meters  t h a t  precede t h e  beginning of t h e  

test s ec t ion .  APL 25 and APL 72 s i g n a l s ,  toge ther  wi th  t h e  elementary va lues  



CRPL 

DISTANCE (M) 

___rC__ 

500 

Figure 6.7. APL signals measured on section test TS 05 left track 



CAPL 

n 
6 : - - -  - - - - - -  - - - - - - - -  

I l l  I I I li I lmw 

Figure G.8. APL signals measured on section 

350 

DISTANCE (M) - 

test TS 11 left track 





CAPL 

DISTANCE (M)  
v 

Figure G.10. APL signals measured on section test TS 08 left track 

352 



of CAPL 25 r e p r e s e n t a t i o n ,  c l e a r l y  show t h i s  embankment s e t t l e m e n t  e f f e c t .  

Considered a s  a  p r o f i l o m e t e r ,  t h e  APL T r a i l e r  i s  n o t  comparable t o  s t a t i c  

o r  q u a s i - s t a t i c  l e v e l i n g  systems which t a k e  t h e  a b s o l u t e  p r o f i l e  of a  road 

through an a l t i m e t r i c  p r o c e s s  based on a  f i x e d  h o r i z o n t a l  r e f e r e n c e .  

N e v e r t h e l e s s ,  t h e  p r o f i l o m e t r i c  q u a l i t i e s  of t h e  APL a r e  l a r g e l y  s u f f i c i e n t  t o  

g i v e  a  s i g n i f i c a n t  r e p r e s e n t a t i o n  of a  road p r o f i l e  i n  t h e  range of 

wavelengths  from 0.5 m t o  40 m e t e r s ,  a s  shown by t h e  l a b o r a t o r y  measurements 

of t h e  APL frequency response  i n  Fig .  G . l  and i n  t h e  comparisons of PSD 

f u n c t i o n s  i n  Appendix I. This  range i s ,  i n  i t s e l f ,  s u f f i c i e n t  t o  c h a r a c t e r i z e  

a l l  t h e  d e f e c t s  r e l a t e d  t o  a  road.  

Moreover, t h e  APL T r a i l e r  i s  a  dynamic d e v i c e  w i t h  a u t o m a t i c  modes of 

r e c o r d i n g  and of s i g n a l  p r o c e s s i n g  t h a t  a l l o w  e f f i c i e n t  d a t a  c o l l e c t i o n .  

During t h e  IRRE, where i t  exper ienced  p r a c t i a l l y  no f a i l u r e ,  t h e  APL T r a i l e r  

proved t h a t  i t  could  be used s u c c e s s f u l l y  on a l l  s u r f a c e  t y p e s  of roads  

inc luded  i n  t h e  IRRE, paved and unpaved, and under s e v e r e  environmental  

c o n d i t i o n s .  Because i t  i s  autonomous and r e q u i r e s  l i t t l e  t e c h n o l o g i c a l  

s u p p o r t ,  i t  can be run  i n  a l l  p a r t s  of t h e  world.  

The q u a l i t y  of c o r r e l a t i o n s  between t h e  RTRRMSs measurements and t h e  APL 

numerics depends  on t h e  way t h e  APL s i g n a l s  have been processed and ,  i n  

p a r t i c u l a r ,  on t h e  s e l e c t i o n  of t h e  wavelength ranges  which compose them. For 

t h i s  e x p e r i m e n t a t i o n ,  t h e  LCPC and t h e  CRR have a p p l i e d  methods of a n a l y s i s  

which a r e  used i n  a  s t a n d a r d i z e d  way i n  France and i n  Belgium. These methods 

have been developed f o r  t h e  purpose of e v a l u a t i n g  t h e  q u a l i t y  of road 

c o n s t r u c t i o n  o r  f o r  su rvey ing  road e v o l u t i o n  and i t s  s t a t e  of d e t e r i o r a t i o n .  

They were n o t  p a r t i c u l a r l y  o r i e n t e d  t o  r e p r e s e n t  t h e  response  of a  v e h i c l e  

r i d i n g  on t h a t  road and even l e s s  t o  c o n s t i t u t e  a  c a l i b r a t i o n  s c a l e  f o r  t h e  

RTRRMSs. N e v e r t h e l e s s ,  a n a l y s e s  based on a  s e p a r a t i o n  of t h e  s m a l l e r  

wavelengths  produce APL numerics  very w e l l  c o r r e l a t e d  w i t h  t h e  RTRRMS 

measures.  Th i s  i s  p a r t i c u l a r l y  t h e  c a s e  f o r  t h e  CP (2 .5 )  numer ics ,  and t h e  

r e s u l t s  r e p o r t e d  i n  Appendix H i n d i c a t e  t h a t  t h e  b a s e l e n g t h  can be opt imized 

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



In  Appendix E ,  i t  i s  shown t h a t  i t  i s  poss ib l e  t o  o b t a i n  e s t i m a t e s  of 

QIr, provided t h a t  t h e  parameters of t h e  model a r e  proper ly  ad jus t ed  t o  t h e  

s p e c t r a l  con ten t s  of t h e  APL p r o f i l e s .  In Appendix J ,  i t  i s  shown t h a t  t h e  

methods of a n a l y s i s  developed f o r  t h e  APL can be appl ied  s u c c e s s f u l l y  t o  

p r o f i l e s  obtained by o t h e r  means. And i n  Appendix F ,  i t  i s  shown t h a t  t h e  

RARS numeric (from t h e  RQCS) can be computed d i r e c t l y  from t h e  APL s i g n a l s ,  

us ing  t h e  APL 25 s i g n a l s  f o r  t h e  20 km/h RTRRMS speed and t h e  APL 72 s i g n a l  

f o r  t he  o t h e r  speeds of 32,  50, and 80 kmlh. The c o r r e l a t i o n s  obtained us ing  

t h e  RQCS a n a l y s i s  a r e  t h e  h ighes t  obtained.  

The APL T r a i l e r ,  l i k e  a l l  o t h e r  prof i lometer- type systems, o f f e r s  

increased  me t ro log ica l  and a n a l y s i s  p o s s i b i l i t i e s  when compared t o  RTRRMSs. 

As a  mat te r  of f a c t ,  t h e  continuous r e p r e s e n t a t i o n  of a  p r o f i l e ,  even i f  i t  

r e f l e c t s  on ly  p a r t  of i t s  wavelength s p e c t r a l  c o n t e n t ,  a l lows a  more p r e c i s e  

a n a l y s i s  of t h e  s t a t e  of degrada t ion  of a  road and of t h e  v a r i a t i o n s  of i t s  

r i d i n g  q u a l i t y :  i t  b r ings  i n t o  l i g h t  p a r t i c u l a r  zones,  and g i v e s  information 

on t h e  homogeneity of t h e  s e c t i o n  t e s t e d .  Moreover, one can compute from t h e  

recording of a  p r o f i l e  d i f f e r e n t  roughness indexes adapted t o  t he  a p p l i c a t i o n s  

i n  view and choose t h e  l e n g t h  of t h e  road cha rac t e r i zed  by t h i s  index. This 

l a s t  p roper ty  i s  very u s e f u l  f o r  quant i fy ing  l o c a l  d e f e c t s  of roughness i n  t h e  

s t u d i e s  concerning t h e  s a f e t y  of road use r s .  These supplementary met ro logica l  

p o s s i b i l i t i e s  become an app rec i ab l e  advantage when t h e  p ro f i l ome te r s  have 

ope ra t i ona l  q u a l i t i e s  equiva len t  t o  t hose  of t he  RTRRMSs. 

Regardless of t h e  q u a l i t i e s  of a  device  used f o r  measuring a  roughness 

index of a  road,  t h e  i n t e r p r e t a t i o n  of t h a t  index i n  view of determining a  

g loba l  l e v e l  of q u a l i t y  f o r  t h a t  road cannot be performed independent ly  from 

i t s  o t h e r  c h a r a c t e r i s t i c s :  n a t u r e  of degrada t ions  ( s t a t e d  v i s u a l l y  o r  

photographica l ly) ,  s t a t e  and c o n s t i t u t i o n  of t h e  s t r u c t u r e ,  importance of p a s t  

and f u t u r e  t r a f f i c ,  frequency of maintenance works--and f o r  t h e  reg ions  where 

t h e  problem e x i s t s ,  t h e  q u a l i t y  of sk id  r e s i s t a n c e  of pavements. This remark, 

which a p p l i e s  t o  a l l  types  of numerical parameters measured by a  device on t h e  

road ,  i s  i l l u s t r a t e d  by t h e  c a s e  of t h e  s u r f a c e  t rea tment  s ec t i ons .  The 

RTRRMSs ARS va lues ,  t h e  APL 72 SW Index, and t h e  CP (2.5) va lues  a l l  award t o  

s e c t i o n s  TS 01 t o  TS 05 a  l e v e l  of q u a l i t y  equ iva l en t  t o  t hose  of s e c t i o n s  CA 

01 t o  CA 06 which a r e  very degraded and h ighly  c i r c u l a t e d .  These 5 su r f ace  



treatment sections are on a road without degradation of which the 

constitutions seem to be adapted to the very low volume of traffic, which 

requires no maintenance, and which has an acceptable level of ride quality. 

The short wavelengths that dominate their profiles are those of the ancient 

gravel road which was not trimmed when the surface dressing was added; the 

short wavelengths cannot be attributed to an evolution of the state of 

deterioration of this road. 





APPENDIX H 

TRRL PROPOSALS FOR ROAD ROUGHNESS CALIBRATION AND STANDARDIZATION 

prepared by 

The B r i t i s h  Transport  and Road Research Laboratory (TRRL) 

1. INTRODUCTION 

The r e p o r t  p r e s e n t s  t h e  a n a l y s i s  and f i n d i n g s  from t h e  TRRL beam p r o f i l e  

d a t a  a s  analyzed by the  TKRL, and desc r ibes  a  complete instrument  package 

developed a t  TRRL t o  enable  u s e r s  t o  o b t a i n  c a l i b r a t e d  and s tandard ized  rough- 

ness  measures d i r e c t l y  from f i e l d  measurements using RTRRMS's. The r epo r t  

a l s o  p r e s e n t s  t h e  r e s u l t s  o f  a  s h o r t  v a l i d a t i o n  e x e r c i s e  t h a t  was conducted 

i n  t h e  Caribbean i s l a n d  of St. Lucia. 

Of t h e  49 test s e c t i o n s  s e l e c t e d  f o r  the  IRRE, t h e  TRRL beam p r o f i l e d  

on ly  18 s e c t i o n s  because of t h e  l a t e  a r r i v a l  of t h e  beam i n  Bras i l i a .  On 

t e n  of these  s e c t i o n s  both wheelpaths were p r o f i l e d ,  t h e  nea r s ide  wheelpath 

( r i g h t  wheel t rack)  on ly  on t h r e e  s e c t i o n s  and t h e  o f f s i d e  wheelpath ( l e f t  

wheel t rack)  on the  remaining f i v e  s ec t i ons .  Seven RTRMMSfs were used i n  t h e  

experiment,  but  i n  t h i s  r e p o r t  on ly  f o u r  of  t h e s e  systems were considered f o r  

ana lys i s .  They a r e  t he  TRRL Towed f i f t h  wheel B.1. t r a i l e r ,  t h e  c a r  mounted 

Bump I n t e g r a t o r ,  t h e  NAASRA meter, and t h e  Maysmeter 02. Maysmeters 01 and 

03 and the  BPR Roughometer were excluded from the  a n a l y s i s ,  a s  t h e  da t a  

ga the red  from t h e s e  ins t ruments  were ve ry  v a r i a b l e .  

2. TRRL BEAM PROFILE ANALYSIS 

Objectives 

The TRRL experimental  beam was developed t o  provide a  RTRRMS c a l i b r a t i n g  

c a p a b i l i t y .  This  development was based on pas t  TRRL experience i n  the  f i e l d  

of roughness measurement i n  developing coun t r i e s .  The concept of ' r i d e  c o w  

f o r t f  a s  adopted i n  t he  developed world a s  a  d i r e c t  measure of t h e  unevenness 

of  a  road s u r f a c e  a s  perceived by t h e  road u s e r  was no t  a p p l i c a b l e  t o  t h e  

road condi t ions  met i n  developing count r ies .  



I n  such c o u n t r i e s  r i d e  comfort  and l e v e l  of s e r v i c e  do n o t  have t h e  same 

importance a s  i n  t h e  developed c o u n t r i e s ,  a s  t h e  g r e a t e r  need i s  f o r  more 

r o a d s  t o  p rov ide  t h e  b a s i c  means of t r a n s p o r t a t i o n  and communication which 

a r e  o p e r a b l e  throughout  t h e  year .  Because of s h o r t a g e  o f  r e s o u r c e s  f o r  b u i l -  

d i n g  and main ta in ing  a l l  weather roads ,  a  lower s e r v i c e a b i l i t y  r a t i n g  is  t o l -  

e r a t e d  by t h e  use r .  However, t h e  lower q u a l i t y  of t h e  road  s u r f a c e  m a n i f e s t s  

i t s e l f  i n  h igher  v e h i c l e  o p e r a t i n g  c o s t s  through g r e a t e r  wear and t e a r  of t h e  

mechanical  components o f  t h e  v e h i c l e s .  Comfort t o  t h e  v e h i c l e  r a t h e r  t h a n  t o  

t h e  r i d e r  t a k e s  on a  g r e a t e r  importance.  

There  i s  very  l i t t l e  evidence t o  sugges t  what measure of roughness i s  

most a p p r o p r i a t e  t o  r e l a t e  t o  t h e  e f f e c t s  of ' v e h i c l e  comfort ' .  Measures i n  

use  have been g e n e r a l l y  s e l e c t e d  on t h e  b a s i s  of convenience,  s i m p l i c i t y  and 

p a s t  exper ience  o f  i n v e s t i g a t o r s ,  and t h e  most popula r  measure h a s  been t h e  

o u t p u t  of RTRRM's which measure t h e  displacement  of t h e  a x l e  r e l a t i v e  t o  t h e  

body of t h e  v e h i c l e  induced by t h e  roughness  of t h e  road  i t  i s  t r a v e r s i n g .  

The magnitude of t h e s e  response type measurements v a r i e s  accord ing  t o  t h e  

suspens ion  c h a r a c t e r i s t i c s  of t h e  v e h i c l e  used and a l s o  w i t h  t i m e  due t o  a  

change i n  t h e s e  c h a r a c t e r i s t i c s  through usage. Such measurements a r e  accept-  

a b l e  o n l y  i f  t h e y  cou ld  be c a l i b r a t e d  t o  a  g i v e n  s t a n d a r d  e n a b l i n g  measure- 

ments wi th  d i f f e r e n t  v e h i c l e s  a t  d i f f e r e n t  p e r i o d s  i n  t ime and space t o  be 

r e l a t e d  t o  t h a t  s t a n d a r d .  Desp i te  t h e s e  s e r i o u s  drawbacks RTRRMS's e n j o y  a  

g r e a t e r  p o p u l a r i t y  wi th  p r a c t i s i n g  e n g i n e e r s  and r e s e a r c h e r s  and a r e  i n  wide- 

s p r e a d  u s e  throughout  t h e  world. It i s  t o  be a c c e p t e d  t h a t  t h i s  method of 

measurement w i l l  p r e v a i l  f o r  some y e a r s  t o  come and t h e r e f o r e  the  n e c e s s i t y  

t o  p r o v i d e  a  v i a b l e  and r e a d i l y  a v a i l a b l e  c a l i b r a t i o n  system i s  u r g e n t .  

An a l t e r n a t i v e  t o  t h e  RTRRMS measure of roughness  i s  a  p r o f i l o m e t r y  bas-  

ed  measure of roughness ,  and t h i s  i s  an  obvious c a n d i d a t e  f o r  p rov id ing  a  ca- 

l i b r a t i o n  r e f e r e n c e  f o r  c a l i b r a t i n g  measurements of TRRMS. A major r e q u i r e -  

ment of any p r o f i l o m e t e r  based system i s  t h a t  it  should have t h e  a b i l i t y  t o  

a c c u r a t e l y  measure t h e  l o n g i t u d i n a l  p r o f i l e s  of test s e c t i o n s  o f  r o a d ,  and 

a l s o  be a b l e  t o  be c a l i b r a t e d  independen t ly  of o t h e r  measuring systems. It 

a l s o  r e q u i r e s  a  method of  p r o c e s s i n g  t h e  p r o f i l e  d a t a  t o  y i e l d  a s i n g l e  

roughness s t a t i s t i c  t o  d e s c r i b e  t h e  p r o f i l e  f o r  subsequent  c o r r e l a t i o n  wi th  

RTRRMS measures. 



A s u c c e s s f u l  c a l i b r a t i o n  system based on p r o f i l o m e t r y  f o r  use i n  devel-  

op ing  c o u n t r i e s  needs  t o  s a t i s f y  t h r e e  impor tan t  c o n d i t i o n s .  The c a l i b r a t i o n  

sys tem/ ins t rument  must be e a s i l y  t r a n s p o r t a b l e  p a r t i c u l a r l y  from count ry  t o  

country .  Appra i sa l  s t u d i e s  under taken  by c o n s u l t a n t s  f o r  deve lop ing  coun- 

t r i e s  a r e  u s u a l l y  of s h o r t  d u r a t i o n .  Th is  means t h a t  u n l e s s  t h e  ins t rument  

i s  e a s i l y  t r a n s p o r t a b l e  t o  t h e  c o u n t r y  and t h e  s i t e ,  i t  w i l l  n o t  be used by 

p r a c t i s i n g  e n g i n e e r s  and c o n s u l t a n t s ,  however good t h e  ins t rument  may be. 

Secondly t h e  i n s t r u m e n t  must be  r e a s o n a b l y  s imple  t o  o p e r a t e ,  and d a t a  man- 

agement, a n a l y s i s  and i n t e r p r e t a t i o n  must be a v a i l a b l e  immediately a f t e r  

measurement. Manual d a t a  p r o c e s s i n g  cannot  be under taken  by f i e l d  s t a f f ,  

t h e r e f o r e  t h e  g e n e r a t i o n  of p r o f i l e s  a l o n e  i n  t h e  f i e l d  and t h e  c r e a t i o n  of a 

l a r g e  d a t a  bank w i t h o u t  t h e  c a p a b i l i t y  of i n s t a n t  computat ion,  a n a l y s i s  and 

p r e s e n t a t i o n  of c a l i b r a t e d  r e s u l t s  i s  n o t  a c c e p t a b l e  a s  a  v i a b l e  method of 

c a l i b r a t i n g  roughness  measurements. The l a s t  and e q u a l l y  impor tan t  cons ider -  

a t i o n  i s  t h e  c o s t  of such an ins t rument .  The i n s t r u m e n t s  a v a i l a b l e  at  pre- 

s e n t  a r e  h i g h l y  s o p h i s t i c a t e d ,  and v e r y  expens ive  t o  a c q u i r e ,  which e f f e c -  

t i v e l y  p u t s  them out  of t h e  r e a c h  of t h e  p r a c t i t i o n e r .  

These t h r e e  c o n d i t i o n s  guided t h e  TRRL's approach t o  t h e  IRRE d a t a  ana- 

l y s i s ,  t h e  computat ion o f  a  s u i t a b l e  numeric f o r  c o r r e l a t i o n  w i t h  RTRRMS 

measurements and t h e  subsequent  development of t h e  beam a s  a  v i a b l e  roughness 

c a l i b r a t i n g  and s t a n d a r d i s i n g  i n s t r u m e n t ,  independent  o f  e x t e r n a l  computa- 

t i o n a l  requirements .  

lkthod of Analysis 

When a n a l y s i n g  t h e  d a t a ,  c o n s i d e r a t i o n  had t o  be g i v e n  t o  t h e  e f f e c t  o f  

d i f f e r e n t  s u r f a c e  types  and speeds  of measurement, and a l s o  t o  t h e  e f f e c t  of 

v a r i a b i l i t y  between wheelpaths .  These t h r e e  f a c t o r s  have been f u l l y  examined 

i n  t h e  main r e p o r t ,  c o n c l u s i o n s  reached,  and a n a l y s i s  proceeded w i t h ,  on t h e  

b a s i s  o f  t h e s e  conc lus ions .  I n  t h i s  r e p o r t  a l t e r n a t i v e  methods have been 

examined wi th  a  view t o  s i m p l i f y i n g  t h e  a n a l y s i s  f o r  p r a c t i c a l  use but  with- 

o u t  impa i r ing  t h e  c a l i b r a t i o n  accuracy.  In t h i s  r e p o r t  t h r e e  numerics have 

been developed a s  cand ida te  s t a t i s t i c s  f o r  c o r r e l a t i o n  wi th  RTRRMS, and t h e i r  

performance i s  d i s c u s s e d  and compared w i t h  t h e  o t h e r  r e f e r e n c e  s t a t i s t i c s  

developed by UMTRI and LCPCICRR. The t h r e e  numerics a r e  a  p r o f i l e  v a r i a n c e  



about a  moving average datum curve (M. Avg) , a  roo t  mean square of v e r t i c a l  

e l e v a t i o n  (RMSVE) from a  s t r a i g h t  l i n e  datum and a r o o t  mean square  of devia- 

t i o n  (RMSD) from a  l i n e a r  r eg re s s ion  l i n e .  A l l  t h r ee  numerics were examined 

f o r  va r ious  base lengths  and p r o f i l e  i n t e r v a l s .  

Early d r a f t s  of t h e  main r e p o r t  (UMTRI-82-45-1) d i scussed  t h e  e f f e c t  o f  

measuring roughness with RTRKMS's a t  d i f f e r e n t  speeds and suggested t he  use 

of an Average Rec t i f i ed  Veloci ty  (ARV) u n i t  i n  p lace  of t h e  more popular ly  

used Average Rec t i f i ed  Slope (ARS) u n i t  a s  t h i s  enabled comparison of RTRRMS 

measurements over  more than a  s i n g l e  t e s t  speed. However, t h e  a n a l y s i s  d i s -  

cussed i n  t h i s  r epo r t  uses  t he  ARS u n i t  of measurement, a s  t h e  c a l i b r a t i o n  

method proposed i s  confined t o  a  s i n g l e  s tandard  test speed. This d e c i s i o n  

was made i n  the  l i g h t  of a n a l y s i s  r e s u l t s  ob ta ined ,  and i s  discussed i n  

Chapter 3. Subsequent UMTRI proposals  t o  adopt a  s i n g l e  s tandard  speed o f  

measurement r e s u l t e d  a l s o  i n  t he  choice of an ARS u n i t ,  i n  pre fe rence  t o  a  

t r a f f i c  speed concept ARV measure. 

Boot &an Square of Vertical Elevation (RMSVE) 

This numeric was developed a s  a  method of f i nd ing  an  approximate v a l u e  

of  an a r ea  under a  given datum l i n e  t o  r e f l e c t  the  unevenness of t he  road 

p r o f i l e ,  and was der ived  from t h e  formula used t o  f i n d  t h e  r o o t  mean squa re  

va lue  of a  func t ion  a s  used i n  e l e c t r i c a l  engineer ing t o  desc r ibe  the  

p r o p e r t i e s  of a l t e r n a t i n g  cu r r en t s .  The c a l c u l a t i o n  was performed us ing  

'Simpson's Rule' f o r  approximate i n t e g r a t i o n  of an a r ea  under a  curve when 

e q u a l l y  spaced p o i n t s  a r e  a v a i l a b l e  a s  was t h e  ca se  wi th  p r o f i l e s  generated 

by the  beam a t  1OOmm i n t e r v a l s .  The roo t  mean square of v e r t i c a l  e l e v a t i o n  

f o r  a  base length  b  was c a l c u l a t e d  u s ing  t h e  formula: 

where h  i s  the  d i s t a n c e  between e l e v a t i o n  po in t s ,  and 

n  i s  t h e  number of e l e v a t i o n  p o i n t s  considered i n  t h e  

base length ,  be 



The RMSVE f o r  t h e  t e s t  s e c t i o n  of road c o n t a i n i n g  N b a s e l e n g t h s  of l e n g t h  b  

i s  g i v e n  by: 

RMSVE = 
/ G q  
7 

The RMSVE numeric was c a l c u l a t e d  f o r  a  number of d i f f e r e n t  b a s e l e n g t h s  

r a n g i n g  from 0.4 metres th rough  t o  10.0 met res  and f o r  p r o f i l e  i n t e r v a l s  from 

lOOmm t o  lOOOmm i n  s t e p s  of 100m.  These were then c o r r e l a t e d  wi th  t h e  
2 

RTRRMS1s measurements, and t h e  R v a l u e s  a r e  t a b u l a t e d  i n  Tables  H.l-H.4 f o r  

t h e  f o u r  d i f f e r e n t  measurement speeds  and f o r  p r o f i l e  i n t e r v a l s  up t o  500mm. 

T h e i r  performance i s  d i s c u s s e d  i n  Chapter 3. 

Moving Average Variance 

This  numeric p r e s e n t s  t h e  p r o f i l e  unevenness i n  terms of t h e  v a r i a n c e  o f  

t h e  d e v i a t i o n  of t h e  measured p r o f i l e s  about datum curves  d e r i v e d  from moving 

averages .  The p o i n t s  (7) of  a  moving average  datum curve  n  p o i n t s  i n  l e n g t h  

a r e  c a l c u l a t e d  us ing  t h e  measured p r o f i l e  d a t a  p o i n t s  ( y )  a s  fo l lows :  

- 1 i+n- 1 
y i + n - 1  = - I  n  f o r  i - > 1 
2 j=i 

For  c a l c u l a t i o n  of t h e  p r o f i l e  d e v i a t i o n s  from t h e  moving average datum, 

n  i s  always chosen t o  be a n  odd number. The p r o f i l e  d e v i a t i o n s  (d )  r e l a t i v e  

t o  a  moving average datum a r e  given by: 

- - 
dk - Yk - yk,  where k = i + n-l -T f o r  i > 1  - 

2 
The v a r i a n c e  (ab  ) of t h e s e  d e v i a t i o n s  over  a given sequence of N p r o f i l e  

p o i n t s  f o r  a  g iven  moving average  of l e n g t h  b  (n x p r o f i l e  i n t e r v a l )  is: 

L 
The v a r i a n c e  ub r e f l e c t s  t h e  unevenness i n  t h e  road p r o f i l e  t h a t  i s  a s s o c i -  

a t e d  w i t h  p r o f i l e  f e a t u r e s  t h a t  a r e  approximately  b  mete r s  i n  l e n g t h  o r  l e s s .  



The p r o f i l e s  of t h e  t e s t  s e c t i o n s  measured by t h e  TRRL beam a r e  def ined 

a t  p o i n t s  spaced lO0mm a p a r t .  Moving average va r i ances  were c a l c u l a t e d  f o r  a  

number of d i f f e r e n t  baselengths  (b)  ranging from 0.4 metres t o  10.0 metres 

and f o r  p r o f i l e  i n t e r v a l s  of 100mm, 200mm and 300mm. The previous RMSVE ana- 

l y s i s  i nd i ca t ed  t h a t  p r o f i l e  i n t e r v a l s  g r e a t e r  than 300mm produced weaker 

c o r r e l a t i o n s ,  and t h e r e f o r e  i n t e r v a l s  g r e a t e r  than  300mm were no t  analyzed,  

These var iances  were then c o r r e l a t e d  with t he  RTRRMS1s measurements made a t  

speeds of 20 km/h, 32 km/h and 50 km/h (and a t  80 km/h with t h e  MM02 only)  t o  

examine the  r e l a t i o n s h i p  between the  two f o r  use a s  a  c a l i b r a t i o n  measure. 

The r e s u l t s  of t h e s e  c o r r e l a t i o n s  a r e  given i n  Tables H.5 - H.8, and d i scus s -  

ed i n  Chapter 3  along with t he  o the r  numerics. 

Boot &an Square of Ikviation (RISD) 

The r o o t  mean square  of d e v i a t i o n  i s  a  ve ry  s imple numeric t h a t  suggest-  

ed  i t s e l f  a f t e r  examination of t h e  performance of t he  previous two numerics. 

It i s  der ived  by determining t h e  d e v i a t i o n s  from a s imple l i n e a r  r e g r e s s i o n  

l i n e  f o r  a  given baselength b, i n  meters ,  and p r o f i l e  i n t e r v a l  dx, i n  m i l l i -  

met res ,  and then  c a l c u l a t i n g  t h e  r o o t  mean square  of t h e s e  dev ia t i ons .  For a  

given baselength b, wi th  n p r o f i l e  po in t s ,  t he  r eg re s s ion  l i n e  y = A + Bx is  

c a l c u l a t e d  and the  dev ia t i ons  D i  evaluated.  

The RMSD f o r  t h e  test s e c t i o n  of road conta in ing  N base lengths  of l e n g t h  b 

and p r o f i l e  i n t e r v a l  dx i s  given by: 

RMSDd,,., was ca l cu l a t ed  f o r  d i s c r e t e  baselengths  a s  wel l  a s  f o r  

contiguous baselengths .  For t he  d i s c r e t e  baselength a n a l y s i s  t h e  baselengths  

used were consecut ive  and t h e  l a s t  p r o f i l e  po in t  of t h e  f i r s t  base length  was 

a l s o  t he  f i r s t  p r o f i l e  po in t  of t he  next consecut ive baselength,  whereas i n  



t h e  cont iguous  b a s e l e n g t h  a n a l y s i s  a l l  p r o f i l e  p o i n t s  were used s u c c e s s i v e l y  

t o  form a  base leng th .  For documentation purposes t h e s e  RMSDdx,b v a l u e s  a r e  

t a b u l a t e d  i n  Tab les  H.9 - H.12 f o r  a l l  combinations of b a s e l e n g t h s  and pro- 

f i l e  i n t e r v a l s  examined f o r  a l l  t h e  t e s t  s e c t i o n s  and wheelpaths  measured i n  

B r a z i l .  Tables  of R' v a l u e s  genera ted  through c o r r e l a t i o n  of KTRRMS's 

measurements wi th  RMSDdx,b f o r  t h e  n e a r s i d e  wheelpath  on ly  f o r  bo th  methods 

o f  a n a l y s i s  ( i . e . ,  d i s c r e t e  cont iguous  b a s e l e n g t h s )  a r e  g iven  i n  Tab les  H. 13 
2 

and H.14. Table H.15 t a b u l a t e s  t h e  R v a l u e s  f o r  t h e  o f f s i d e  wheelpath f o r  

t h e  d i s c r e t e  b a s e l e n g t h  a n a l y s i s  only .  A d e t a i l e d  examinat ion of t h e s e  

t a b l e s  i s  made i n  Chapter  3. 

3. INTERPRETATION AND DISCUSSION OF BESULTS 

lbasurement variables 

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

t a b u l a t e d  i n  Tab les  H.l-H.15 was t o  develop a  s u i t a b l e  s t a t i s t i c  t o  a c c u r a t e -  

l y  c h a r a c t e r i z e  a  road  p r o f i l e  such  t h a t  i t  cou ld  be  c o r r e l a t e d  w i t h  t h e  r e s -  

ponse of a roughness measuring v e h i c l e  t r a v e l l i n g  on i t ,  and the reby  produce 

a  s t a b l e  c a l i b r a t i n g  e q u a t i o n .  The a n a l y s i s  a l s o  s e r v e s  t h e  purpose  of exam- 

i n i n g  t h e  e f f e c t  of d i f f e r e n t  s u r f a c e  types  on RTRRMS1s, t h e  e f f e c t  of measu- 

r i n g  a t  d i f f e r e n t  s p e e d s ,  and a l s o  t h e  e f f e c t  o f  t h e  v a r i a t i o n  i n  wheelpath  

roughness on RTRRMS. 

1. S u r f a c e  types :  The main IRRE r e p o r t  examines t h e  e f f e c t  of s u r f a c e  type 

i n  d e t a i l  and conc ludes  t h a t  because  o f  t h e  i n t e r a c t i o n  of s u r f a c e  t y p e  and 

measurement speed it would be necessa ry  t o  p rov ide  s e p a r a t e  c a l i b r a t i o n  equa- 

t i o n s  f o r  paved and unpaved r o a d s  a t  50 km/h o r  l e s s ,  and a l s o  s e p a r a t e  c a l i -  

b r a t i o n s  f o r  a s p h a l t i c  c o n c r e t e  and s u r f a c e  t r e a t e d  roads  a t  80 km/h. I n  

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

t o  cons ider  t h e  phenomenon of roughness a s  being u n i v e r s a l  f o r  a l l  roads  

i r r e s p e c t i v e  of s u r f a c e  type .  Th is  could  be  ach ieved  ( a s  was mentioned i n  

t h e  main r e p o r t )  i f  t h e  i n f l u e n c e  of measurement speed could be e l imina ted .  

2. Measurement speed: Examination of t h e  R~ v a l u e s  c a l c u l a t e d  f o r  a l l  

combinat ions  o f  b a s e l e n g t h s ,  p r o f i l e  i n t e r v a l s ,  and wheelpaths  w i t h  t h e  f o u r  



RTRRMS1s show t h a t  a l l  t h r e e  c a l i b r a t i o n  s t a t i s t i c s  c o r r e l a t e  c o n s i s t e n t l y  

b e t t e r  a t  a  measurement speed of 32 km/h t h a n  a t  any o t h e r  a l t e r n a t i v e  

measurement speed. One reason  f o r  t h i s  f e a t u r e  may be t h a t  i t  i s  e a s i e r  t o  

p r o p e l  t h e  v e h i c l e  s t e a d i l y  a t  t h i s  speed wi thou t  i n t e r f e r e n c e  from s p u r i o u s  

a c c e l e r a t i o n  and d e c e l e r a t i o n  i n p u t s  and a l s o  t h a t  t h e  wheelpath can be con- 

s i s t e n t l y  adhered to .  A s  t h e  pr imary o b j e c t i v e  o f  t h e  IRRE was t o  deve lop  a  

c a l i b r a t i o n  s t a n d a r d  t h a t  was robus t  and could be e a s i l y  a p p l i e d  u n i v e r s a l l y  

i t  i s  sugges ted  t h a t  t h e  s t a n d a r d  speed f o r  c a l i b r a t i o n  measurement shou ld  be 

32 km/h f o r  RTRRMS1s i r r e s p e c t i v e  of t h e  a c t u a l  speeds  a t  which t h e  normal 

roughness  measurements a r e  made. Two immediate b e n e f i t s  t h a t  a c c r u e  from 

c a l i b r a t i n g  a t  a  speed of 32 km/h a r e  t h e  c r e a t i o n  of s t a t i s t i c a l l y  s t r o n g e r  

c a l i b r a t i o n  r e l a t i o n s h i p s  and t h e  e l i m i n a t i o n  of any p o s s i b l e  e f f e c t s  due t o  

road s u r f a c e  type on RTRRMS measurements. Routine roughness measurements a t  

speeds  o t h e r  t h a n  32 km/h, a l t h o u g h  n o t  recommended, could  s t i l l  be under- 

t a k e n  provided t h e  r e l a t i o n s h i p  between measurements a t  32 km/h and any o t h e r  

d e s i r e d  speed o f  measurement i s  e s t a b l i s h e d  dur ing  t h e  c a l i b r a t i o n  per iod .  

3. E f f e c t  of wheelpath  v a r i a t i o n  on RTRRMS c o r r e l a t i o n :  When RTRRMS1s 

measure roughness on a  road t h e  e f f e c t  of t h e  unevenness of both  wheelpaths  

a r e  assumed t o  p rov ide  i n p u t s  t o  t h e  numer ica l  measure o f  roughness.  Cor re l -  

a t i o n  wi th  s i n g l e  wheel t r a i l e r s  i s  u s u a l l y  improved by measuring both wheel- 

p a t h s  wi th  t h e  t r a i l e r s  and c o r r e l a t i n g  t h e  average  measure of t h e  two wheel- 

p a t h s  wi th  RTRRMS measures. Th i s  i s  f e a s i b l e  when measurements a r e  made a t  

r e a s o n a b l e  s p e e d s ,  but  p r o f i l o m e t r y  w i t h  manual sys tems s u c h  a s  t h e  Rod and 

Level and t h e  TRRL beam d i scourages  t h e  measurement of both  wheelpaths a s  

t h e s e  measurements a r e  t i m e  consuming. D e t a i l e d  a n a l y s i s  was t h e r e f o r e  

under taken t o  e s t a b l i s h  whether any p a r t i c u l a r  wheelpath had a  s t r o n g e r  in- 

f l u e n c e  on RTRRMS measures o r  whether i t  was t h e  rougher  o r  smoother wheel- 

p a t h  t h a t  i n f l u e n c e d  t h e  RTRRMS. A b r i e f  examinat ion of c o r r e l a t i o n s  of a l l  

t h e  rougher  wheelpaths  and a l l  t h e  smoother wheelpaths  measured d i d  n o t  pro- 

v i d e  any c o n c l u s i v e  r e s u l t s  f o r  p r e f e r r i n g  one t o  t h e  o t h e r .  Table  H.13 
2  

t a b u l a t e s  t h e  RMSDdx,b, R v a l u e s  f o r  t h e  n e a r s i d e  wheelpath ,  and Table  

H-15 t a b u l a t e s  t h e  comparable R~ v a l u e s  f o r  t h e  o f f s i d e  wheelpath f o r  a l l  

combinat ions  of s p e e d ,  p r o f i l e  i n t e r v a l ,  b a s e l e n g t h  and RTRRMS1s. Of t h e  2 1 3  

R~ v a l u e s  genera ted  f o r  each wheelpath i n  t h e s e  t a b l e s ,  i n  e v e r y  s i n g l e  c a s e  
2 

t h e  R v a l u e  f o r  t h e  n e a r s i d e  wheelpath  i s  s u p e r i o r  t o  t h e  o f f s i d e  whee lpa th ,  



s u g g e s t i n g  t h a t  p r o f i l e s  of t h e  n e a r s i d e  wheelpath on ly  need t o  be measured 

when u s i n g  manual p r o f i l i n g  methods. [The 1984 v e r s i o n  of t h e  TRRL beam per-  

m i t s  a  320 metre  wheelpath  t o  be surveyed i n  one hour ,  r educ ing  t h e  survey 

e f f o r t  c o n s i d e r a b l y .  Improved c o r r e l a t i o n s  between RTRRMS and p r o f i l e  based 

r e f e r e n c e  numerics can be achieved by u s i n g  t h e  mean v a l u e s  of t h e  two wheel- 

pa ths .  ] 

?karination of profile interval and baselength 

I n  a l l  t h e  t h r e e  a n a l y s e s  ( i . e . ,  Moving Average, RMSVE and RMSD) many 

combinat ions  of p r o f i l e  i n t e r v a l s  and base leng ths  have been ana lysed  and cor- 
2  

r e l a t e d  w i t h  RTRRMS measures. Examination o f  t h e  R v a l u e s  d e r i v e d  th rough  
2 

t h e  M. Avg. s t a t i s t i c  (Tab les  H.5 - H.8) show t h a t  t h e  b e s t  R v a l u e  t ends  t o  

v a r y  between r e s p o n s e  v e h i c l e s  a s  w e l l  a s  between measurement speed.  There 

i s  no c o n s i s t e n t  p a t t e r n  e v i d e n t  i n  t h e  improvement of t h e  R~ v a l u e  w i t h  any 

p a r t i c u l a r  combinat ion of p r o f i l e  i n t e r v a l s  o r  s p e e d ,  and t h i s  makes i t  d i f -  

f i c u l t  t o  d e c i d e  on a  ' b e s t '  p r o f i l e  i n t e r v a l  o r  speed t o  choose f o r  c a l i b r a -  
2  

t i o n  purposes.  Also t h e  R v a l u e s  a r e  i n f e r i o r  t o  t h o s e  produced by t h e  

o t h e r  two s t a t i s t i c s .  

The RMSVE s t a t i s t i c  on t h e  o t h e r  hand shows a  d e f i n i t e  t r e n d  towards 

peaking o f  t h e  R~ v a l u e  around c e r t a i n  p r o f i l e  i n t e r v a l s  and b a s e l e n g t h s  a t  

d i f f e r e n t  measurement speeds ,  w i t h  t h e  32 km/h speed c o n s i s t e n t l y  t h e  b e s t .  

The Table H.16a summarizes t h e  b e s t  R' v a l u e s  produced a t  a  measurement speed  

of 32 km/h f o r  t h e  t h r e e  b e s t  p r o f i l e  i n t e r v a l s  and base leng ths .  The b e s t  

average  R~ v a l u e  f o r  t h e  f o u r  RTRRMS's used i n  t h e  IRRE e x e r c i s e  i s  0.970 f o r  

a base leng th  o f  1.8 metres  us ing  a  p r o f i l e  i n t e r v a l  of 300mm. Thus t h e  RMSVE 

s t a t i s t i c  i s  c a p a b l e  of producing a  c a l i b r a t i o n  r e l a t i o n s h i p  w i t h  a  v e r y  h i g h  

l e v e l  of s t a t i s t i c a l  s i g n i f i c a n c e  us ing  p r o f i l e  p o i n t s  a t  300mm i n t e r v a l s  f o r  

a  b a s e l e n g t h  of 1.8 metres .  

Development of the RMSD profile s tat is t ic  

The s u c c e s s f u l  e s t a b l i s h m e n t  o f  an  RMSVE p r o f i l e  s t a t i s t i c  t o  c h a r a c t e r -  

i z e  t h e  unevenness of a  road s u r f a c e  c a l c u l a t e d  on a  b a s e l e n g t h  of 1.8 metres  

u s i n g  300mm spaced p r o f i l e  i n t e r v a l s  was t h e  r e s u l t  of s u c c e s s i v e  s t a g e s  of 



examina t ion  of t h e  h i g h l y  complex t h e o r y  of waveform a n a l y s i s .  The r e l a t i v e  

s i m p l i c i t y  o f  t h e  computat ion o f  t h e  RMSVE s t a t i s t i c  based on p r o f i l e  e l e v a -  

t i o n s  over  a  s h o r t  b a s e l e n g t h  sugges ted  t h a t  t h i s  p r i n c i p l e  could  be s i m p l i f i e d  

even f u r t h e r  by c a l c u l a t i n g  t h e  r o o t  mean s q u a r e  of t h e  d e v i a t i o n s  of t h e  

p r o f i l e  h e i g h t s  from an i d e a l  f l a t  smooth road s u r f a c e .  Thus t h e  RMSD, 

c a l c u l a t e d  from t h e  d e v i a t i o n s  from a  l i n e a r  r e g r e s s i o n  l i n e  was cons idered  f o r  

c o r r e l a t i o n  wi th  RTRRMS measures. Tab les  H.9 and H.10 show t h e  RMSDdx,b 

v a l u e s  computed f o r  d i s c r e t e  b a s e l e n g t h s  and Tab les  II.11 and H.12 l is t  t h e  
2  RMSDdx,b v a l u e s  computed f o r  cont iguous  base leng ths .  The R v a l u e s  ob ta ined  

a f t e r  r e g r e s s i o n  wi th  t h e  RTRRMS i s  g i v e n  i n  Table  H.13 f o r  d i s c r e t e  base- 

l e n g t h s ,  and Table H.14 f o r  con t iguous  base leng ths .  Comparing t h e  d i s c r e t e  
2 

b a s e l e n g t h  R v a l u e s  wi th  t h e  e q u i v a l e n t  R~ v a l u e s  from t h e  RMSVE a n a l y s i s  
2  

(Tables  H.l-H.4) i t  i s  s e e n  t h a t  t h e  R v a l u e s ,  though v e r y  s i m i l a r ,  a r e  

m a r g i n a l l y  b e t t e r  f o r  t h e  RMSD s t a t i s t i c .  ( D i r e c t  comparison i s  n o t  always 

p o s s i b l e  f o r  e v e r y  b a s e l e n g t h ,  because  t h e  RMSD a n a l y s i s  was conducted on 

b a s e l e n g t h s  c l o s e r  t o  t h e  'window' of i n t e r e s t  (1.8 met res )  than t h e  broader  

spaced b a s e l e n g t h s  examined i n  t h e  e a r l i e r  RMSVE a n a l y s i s ) .  Table H.16b 
2  

summarises R v a l u e s  produced over t h e  t h r e e  b e s t  p r o f i l e  i n t e r v a l l b a s e l e n g t h  

combinat ions  f o r  t h e  f o u r  RTRRTIS's o p e r a t e d  a t  32 kmlh. This  shows t h a t  t h e  

RMSD a n a l y s i s  produces r e s u l t s  on a  p a t t e r n  almost i d e n t i c a l  t o  t h e  RMSVE 

a n a l y s i s  and a g a i n  t h e  o v e r a l l  ' b e s t '  b a s e l e n g t h l p r o f i l e  i n t e r v a l  combination 

emerges a t  1.8 meters  and 300mn-1, producing an average  R* va lue  of 0.970. 

Comparison of discrete and contiguous baselength analyses 

Given a  l a r g e  number of c o n s e c u t i v e  e l e v a t i o n  p o i n t s ,  b a s e l e n g t h s  cou ld  

be  d e f i n e d  a s  d i s c r e t e  o r  cont iguous  a s  exp la ined  e a r l i e r  and it was necessa ry  

t o  examine t h e  r e s u l t s  produced by t h e  two d i f f e r e n t  d e f i n i t i o n s .  Therefore  

t h e  complete RMSD a n a l y s i s  was conducted us ing  both d e f i n i t i o n s  of b a s e l e n g t h  
2  and t h e  R v a l u e s  produced can  be compared between Table H.13 and Table H.14. 

Here a g a i n  t h e  p a t t e r n  of improvement o r  d e g r a d a t i o n  of t h e  R~ v a l u e s  wi th  

v a r i o u s  combinat ions  of p r o f i l e  i n t e r v a l ,  b a s e l e n g t h  and speed a r e  a lmost  iden-  

t i c a l ,  and o v e r a l l  it i s  observed t h a t  t h e  more complicated cont iguous  base- 

l e n g t h  a n a l y s i s  i s  o n l y  m a r g i n a l l y  b e t t e r  i n  about  f i f t y  p e r  c e n t  of t h e  c a s e s  

t h a n  t h e  much s imple r  d i s c r e t e  b a s e l e n g t h  a n a l y s i s  by a  few p o i n t s  i n  t h e  t h i r d  

decimal  place.  I n  t h e  p a r t i c u l a r  c a s e  of t h e  1.8 met res  b a s e l e n g t h  which h a s  



s o  f a r  emerged a s  t h e  most favoured f o r  c o r r e l a t i o n  wi th  RTRRMS, t h e  d i s c r e t e  

b a s e l e n g t h  a n a l y s i s  produces  b e t t e r  R~ v a l u e s  i n  t h r e e  o u t  o f  f o u r  cases .  

It i s  t h e r e f o r e  proposed t o  u s e  t h e  s i m p l e r  method of c a l c u l a t i n g  t h e  

RMSD s t a t i s t i c  us ing  d i s c r e t e  b a s e l e n g t h s ,  and RMSD300,1.8 has  been s e l e c t e  

a s  t h e  most a p p r o p r i a t e  r e f e r e n c e  numeric f o r  c o r r e l a t i o n  wi th  RTRRMS's opera  

t i n g  a t  a  speed  of 32 km/h. 

4. A STANDARD INTERNATIONAL ROUGENESS INDEX 

The a n a l y s i s  and d i s c u s s i o n  s o  f a r  h a s  c o n c e n t r a t e d  on producing s t a b l e  

c a l i b r a t i o n  r e l a t i o n s h i p s  f o r  c a l i b r a t i n g  RTRRMS over  a  pe r iod  of time. The 

second and e q u a l l y  impor tan t  requirement  i s  t o  e s t a b l i s h  a  s t a n d a r d  roughness  

s c a l e  t o  which a l l  RTRRMS's throughout  t h e  world could be c a l i b r a t e d ,  enab- 

l i n g  t h e  e f f e c t  o f  road  roughness  on highway u s e  and maintenance t o  be a s s e s -  

sed  on a  u n i v e r s a l  b a s i s .  The main r e p o r t  d i s c u s s e s  t h e  need f o r  an I n t e r n a -  

t i o n a l  Roughness Index,  o u t l i n e s  t h e  requ i rements  s u c h  a n  index  h a s  t o  satis- 

f y ,  and f i n a l l y  s u g g e s t s  t h e  use of an  RARSgo index  a s  processed v i a  a  

Quar ter  Car S imula t ion  (QCS). 

A n  a l t e r n a t i v e  Standard I n t e r n a t i o n a l  Roughness Index i s  d i s c u s s e d  

below, based on t h e  need f o r  a  p r a c t i c a l  and v i a b l e  system, and on a  s c a l e  

which i s  f a m i l i a r  and e a s i l y  unders tood by t h e  world highway community. 

I n  t h e  p r e v i o u s  d i s c u s s i o n  on c a l i b r a t i o n  r e l a t i o n s h i p s ,  i t  was e s t a b -  

l i s h e d  t h a t  a  s t a t i s t i c  g e n e r a t e d  through road p r o f i l e ,  such a s  RMSDdx,b, 

p r o v i d e s  a s a t i s f a c t o r y  numeric f o r  c o r r e l a t i o n  wi th  RTRRMS measures. RMSD 

i s  t h u s  a  s t a t i s t i c  t h a t  u n i q u e l y  c h a r a c t e r i z e s  a  p a r t i c u l a r  road p r o f i l e  and 

could  t h e r e f o r e  s e r v e  a s  a  common s t a n d a r d  roughness index.  But such a  s t a -  

t i s t i c  h a s  s e v e r a l  drawbacks when c o n s i d e r e d  a s  a  common roughness  index.  

I ts d e s c r i p t i v e  name would no t  be commonly unders tood ,  i t s  a b s o l u t e  numerical  

v a l u e  i s  smal l  and s p r e a d  o v e r  a  v e r y  narrow range  (0.3 t o  7.0 t o  r e p r e s e n t  

roughness rang ing  from 800mmlkm t o  15,00Omm/km r e s p e c t i v e l y )  and i t  has  no 

u n i v e r s a l  a s s o c i a t i o n  w i t h  s u r f a c e  unevenness. The most popula r  measure o f  

roughness  i s  t h e  ou tpu t  of RTRRMS based on t h e  dynamic motions i n  t h e  

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



The measurements o b t a i n e d  w i t h  t h e s e  i n s t r u m e n t s  a r e  i n  t h e  £ o n  of d i s -  

c r e t e  c o u n t s  where e a c h  coun t  cor responds  t o  a c e r t a i n  l e n g t h  of cumula t ive  

d e f l e c t i o n  of t h e  v e h i c l e  suspension.  A s  t h e  coun ts  themselves  a r e  no t  com- 

p a r a b l e  f o r  d i f f e r e n t  i n s t r u m e n t s ,  t h e y  need t o  be re - sca led  t o  a r e f e r e n c e ,  

which shou ld  l o g i c a l l y  be a l i n e a r  d i s t a n c e  per  d i s t a n c e  such a s  i n c h e s  pe r  

mile o r  m i l l i m e t e r s  p e r  k i l o m e t e r .  The TRRL Towed Bump I n t e g r a t o r  T r a i l e r  

which was developed from t h e  BPR Roughometer was s p e c i a l l y  des igned a s  a 

s t a n d a r d  response  measuring i n s t r u m e n t ,  w i t h  known response  c h a r a c t e r i s t i c s  

and i s  w e l l  known and used i n  many p a r t s  of t h e  world. Roughness measure- 

ments o b t a i n e d  from t h e  Bump I n t e g r a t o r  T r a i l e r  i n  mmlkm a r e  e a s i l y  i d e n t i -  

f i e d  by p r a c t i t i o n e r s  wi th  pe rce ived  l e v e l s  of roughness of roads  and have 

been e x t e n s i v e l y  used i n  t h e  p a s t  t o  a s s e s s  road and v e h i c l e  performance and  

should t h e r e f o r e  appear  a s  a s t r o n g  cand ida te  f o r  p rov id ing  a s t a n d a r d  rough- 

n e s s  s c a l e .  Moreover, t h e  mmlkm roughness  s t a t i s t i c  h a s  a h i s t o r i c a l  base  

due t o  i t s  predominant use i n  p a s t  roughness e v a l u a t i o n  s t u d i e s  and is  an 

important  i n p u t  parameter  f o r  t h e  RTIM2 and HDM-I1 road inves tment  models. 

However, because of t h e  i n h e r e n t  drawback of response measuring systems,  t h e  

t r a i l e r  i t s e l f  cannot  be  c o n s i d e r e d  a s  a s t a n d a r d  sys tem/ ins t ru rnen t ,  bu t  an  

e q u a t i o n  d e r i v e d  from an RMSD p r o f i l e  s t a t i s t i c  t o  e s t i m a t e  t h e  Rump I n t e g r a -  

t o r  T r a i l e r  r esponse  c h a r a c t e r i s t i c s  would p rov ide  a n  a c c e p t a b l e  s t a n d a r d  

r e f e r e n c e  roughness measure on a s c a l e  f a m i l i a r  t o  p r a c t i t i o n e r s .  One impor- 

t a n t  q u a l i f i c a t i o n  f o r  s u c h  a n  a c c e p t a n c e  though i s  t h a t  Bump I n t e g r a t o r  

T r a i l e r  measurements shou ld  i n  p r a c t i c e  c o r r e l a t e  w e l l  wi th  o t h e r  RTRRMS's. 

Figs.  H. 1, H.2 and H.3 show t h e  n e a r  p e r f e c t  c o r r e l a t i o n  between t h e  T r a i l e r  

measurements and t h e  t h r e e  response i n s t r u m e n t s  used i n  t h e  IRRE s tudy.  

S i m i l a r  c o r r e l a t i o n s  have been ach ieved  i n  p r e v i o u s  s t u d i e s  w i t h  o t h e r  

RTRRMS's. There fore  a s t a n d a r d  r e f e r e n c e  roughness e q u a t i o n  based on t h e  B I  

T r a i l e r  r esponse  c h a r a c t e r i s t i c s  would be deemed s u i t a b l e .  

Such a s t a n d a r d  r e f e r e n c e  roughness  e q u a t i o n  h a s  been developed f rom 

t h e  IRRE d a t a  and is  shown i n  Fig.  H.4, where t h e  e q u a t i o n  developed is i n  

a q u a d r a t i c  form w i t h  a n  R~ v a l u e  of 0.961. The q u a d r a t i c  form m a r g i n a l l y  

improves t h e  goodness of f i t  a t  t h e  upper end of t h e  roughness s c a l e .  The 

s t a n d a r d  r e f e r e n c e  roughness  e q u a t i o n  i s :  

ROUGHNESS (mmlkm) = 472 + 1437 (RMSD 300,1.8) + 225  (RMSD300, 1.8) 
2 



The above s t a n d a r d  r e f e r e n c e  roughness e q u a t i o n  w i l l  remain a permanent road 

roughness  e s t i m a t o r  through t i m e  and s p a c e ,  and w i l l  n o t  be s u b j e c t  t o  any 

change i n  t h e  f u t u r e .  

5, PROPOSED METBOD OF CALIBRATING AND STANDARDIZING OF BTBBMS's 

I n  Chapter  3 t h e  a n a l y s i s  o f  t h e  t h r e e  p r o f i l e  g e n e r a t e d  s t a t i s t i c s  were 

i n t e r p r e t e d  and d i s c u s s e d  t o g e t h e r  wi th  t h e  performance p a t t e r n  of t h e  R 
2 

v a l u e s  w i t h  r e s p e c t  t o  t h e  i n f l u e n c e  of s u r f a c e  t y p e ,  speed  o f  measurement 

and e f f e c t  of wheelpath roughness v a r i a t i o n s .  

Surface  t y p e  

It was a rgued  t h a t  roughness  s h o u l d  n o t  be d i s c r i m i n a t e d  by s u r f a c e  t y p e  

as  i t  should be regarded a s  a  phenomenon m a n i f e s t i n g  i t s e l f  on a l l  s u r f a c e  

t y p e s  i n  t h e  same manner and a f f e c t i n g  v e h i c l e  o p e r a t i o n  and road performance 

i n  t h e  same way. Any i n f l u e n c e  of s u r f a c e  type on roughness measures caused 

by v a r i a t i o n s  i n  measurement speed  a r e  p robab ly  a t t r i b u t a b l e  t o  s u s p e n s i o n  

c h a r a c t e r i s t i c s  r a t h e r  than s u r f a c e  type. It i s  proposed i n  t h i s  r e p o r t  t h a t  

s u r f a c e  t y p e  shou ld  n o t  be  d i s c r i m i n a t e d  e s p e c i a l l y  i n  view of  t h e  f u r t h e r  

p roposa l  t h a t  measurement speed should a l s o  be he ld  cons tan t .  

Heasurement speed 

The a n a l y s i s  o f  t h e  IRRE d a t a  s u g g e s t s  t h a t  measurements made a t  32 km/h 

p r o v i d e  c o n s i s t e n t l y  b e t t e r  c o r r e l a t i o n s  t h a n  a t  any o t h e r  measurement speed.  

C a l i b r a t i o n  and s t a n d a r d i z a t i o n  p rocedures  r e q u i r e  r o b u s t  and s t a b l e  r e l a t i o n  

n s h i p s ,  and every  s t a g e  of convers ion  of r e l a t i o n s h i p s  between speeds  t e n d s  

t o  weaken t h e  s t a b i l i t y  o f  t h e  r e l a t i o n s h i p .  It i s  t h e r e f o r e  proposed t h a t  

f o r  c a l i b r a t i o n  and s t a n d a r d i z a t i o n  purposes t h e  measurement speed be main- 

t a i n e d  a t  32 km/h, s o  t h a t  t h e  f i n a l  c a l i b r a t e d  and s t a n d a r d i z e d  roughness  

measure w i l l  always be expressed  i n  terms of a  measurement speed of 32 km/h 

and t h u s  d i r e c t l y  comparable u n i v e r s a l l y .  Users d e s i r i n g  t o  make r o u t i n e  

measures of roughness w i t h  RTRKMS's a t  speeds  o t h e r  than t h e  s t a n d a r d  speed 

of 32 km/h w i l l  need t o  c o r r e l a t e  t h e  roughness  measures a t  two d i f f e r e n t  

speeds  w i t h  a p a r t i c u l a r  r esponse  system, and then use t h e  e q u i v a l e n t  32 km/h 

measure f o r  c a l i b r a t i o n  and s t a n d a r d i z a t i o n .  



Variation in uheelpath roughness 

Slow manual methods of p r o f i l o m e t r y  have d i scouraged  t h e  measurement o f  

bo th  whee lpa ths ,  i f  t h e  measurement of one wheelpath a l o n e  was s u f f i c i e n t  t o  

produce a  s t r o n g  c o r r e l a t i o n .  The a n a l y s i s  has  shown t h a t  t h e  n e a r s i d e  wheel- 

p a t h  p r o f i l e  s t a t i s t i c s  always c o r r e l a t e d  b e t t e r  wi th  RTRRMS than t h e  o f f s i d e  

wheelpaths .  However, where p r o f i l e s  o f  b o t h  wheelpaths  a r e  a v a i l a b l e ,  t h e  

RMSD~OO,~.  8  of t h e  two wheelpaths  should be used t o  c o r r e l a t e  wi th  RTKRMS 

a t  32 kmlh. 

Choice of Profile Statistic 

Three p r o f i l e  based s t a t i s t i c s  were g e n e r a t e d  w i t h  t h e  TRRL beam p r o f i l -  

ometer ,  and a  f u r t h e r  t h r e e  s t a t i s t i c s  were developed and p resen ted  i n  t h e  

main r e p o r t .  It was shown i n  t h e  a n a l y s i s  i n  t h i s  Appendix t h a t  t h e  o v e r a l l  

b e s t  combination of p r o f i l e  i n t e r v a l  and base leng th  was observed t o  be t h e  

300mm i n t e r v a l  f o r  a b a s e l e n g t h  of 1.8 metres .  Table H.17 compares t h e  R 
2 

v a l u e s  produced by t h e s e  s i x  d i f f e r e n t  s t a t i s t i c s  when they  were c o r r e l a t e d  

a g a i n s t  t h e  f o u r  RTRRMS's used i n  t h e  B r a z i l  IRRE on t h e  28 wheelpaths  measu- 

r e d  by t h e  TRRL beam. A l l  t h e  s t a t i s t i c s  produced good t o  e x c e l l e n t  c o r r e l a -  

t i o n s  w i t h  t h e  f o u r  RTRRMS's, but  t h e  computa t iona l  e f f o r t  r e q u i r e d  t o  pro- 

duce them v a r i e d  widely.  The s t a t i s t i c  r e q u i r i n g  t h e  l e a s t  computat ional  

e f f o r t  and a l s o  producing t h e  b e s t  c o r r e l a t i o n  w i t h  t h e  RTRRMS i s  t h e  

RMSD300,1.8, and t h e r e f o r e  t h e  use  of t h i s  s t a t i s t i c  i s  proposed f o r  c a l i b -  

r a t i o n  and s t a n d a r d i z a t i o n  of response type roughness measurements made a t  

32 km/h. 

Calibrating and standardizing process 

The procedure  f o r  c a l i b r a t i o n  i s  t o  s e l e c t  a  number of s e c t i o n s  of road  

approx imate ly  200-300 metres  i n  l e n g t h ,  cover ing  a  range of roughness l e v e l s  

and c o n t a i n i n g  a s  many road s u r f a c e  t y p e s  as p o s s i b l e  ( a  minimum of t e n  

s e c t i o n s  is  recommended). These s e c t i o n s  a r e  then p r o f i l e d  on t h e  n e a r s i d e  

wheelpath  (and on t h e  o f f s i d e  wheelpath  where p o s s i b l e )  w i t h  the TRRL beam 

and t h e  Root Mean Square of Devia t ion  s t a t i s t i c  (mSD300,1.8) computed f o r  

e a c h  s e c t i o n .  The s e c t i o n s  a r e  a l s o  measured w i t h  t h e  response type v e h i c l e  



mounted roughness measuring instrument  a t  a  speed of 32 km/h and the  r e s u l t s  

expressed i n  mm/km. A l i n e a r  r e g r e s s i o n  of t h e  form y  = a+bx i s  c a l c u l a t e d  

us ing  RMSD a s  t he  independent v a r i a b l e  (x) and the RTRRMS measured a s  t he  

dependent v a r i a b l e  (y).  This equa t ion  now c o n s t i t u t e s  t h e  c a l i b r a t i o n  

equa t ion  f o r  t h a t  p a r t i c u l a r  RTRRMS. Routine f i e l d  roughness measurements 

can now be  made wi th  t h e  response instrument .  

The r o u t i n e  measurements need t o  be s tandard ized  i n  t h e  fo l lowing  

manner. S u b s t i t u t e  each f i e l d  measurement f o r  y  i n  the  equa t ion  y  = a+bx and 

c a l c u l a t e  x from x = (y-a)/b, t o  produce an e s t ima te  of RMSD300,1.8 a s  

perceived by t h a t  p a r t i c u l a r  RTRRMS. This es t imated  value of RMSD300,1.8 

i s  then  input  t o  the  Standard Reference Roughness equa t ion  

t o  produce a  s t anda rd i zed  roughness value. A l l  t h e  f i e l d  measurements a r e  

s tandard ized  i n  t h i s  manner. 

6. VALIDATION STUDY IN ST LUCIA 

The c a l i b r a t i n g  and s t anda rd i z ing  methodology was developed from d a t a  

c o l l e c t e d  from the  I n t e r n a t i o n a l  Road Roughness Experiment conducted i n  

Braz i l  i n  May 1982. It was decided t o  v a l i d a t e  t h i s  methodology by ob ta in ing  

d a t a  from a  d i f f e r e n t  geographical  environment, and using d i f f e r e n t  RTRRMS, 

and t h e r e f o r e  a  s tudy  was conducted i n  St. Lucia i n  t h e  Eas te rn  Caribbean i n  

March 1983. 

Time and f i n a n c i a l  c o n s t r a i n t s  r e s t r i c t e d  t h i s  s tudy t o  two weeks f i e l d  

work, with t h e  use of  two l o c a l l y  h i r e d  v e h i c l e s ,  a  Datsun 120 s t a t i o n  wagon 

and a  Cor t ina  e s t a t e  c a r ,  which were both instrumented with Bump I n t e g r a t o r  

u n i t s .  The experimental  cond i t i ons  were no t  a s  c o n t r o l l e d  a s  i n  t h e  IRRE 

s tudy ,  a s  t he  TRRL s t a f f  were working q u i t e  independent ly  without any i n s t i -  

t u t i o n a l  backup. There was l i t t l e  choice  i n  t h e  s e l e c t i o n  of t h e  h i r e  vehic-  

l e s  and t h e i r  mechanical condi t ions  was an unknown f a c t o r .  One veh ic l e  was 

d r i v e n  by t h e  h i r e  c a r  d r i v e r  himself who was l e s s  amenable t o  experimental  

c o n t r o l  than would be d e s i r a b l e ,  and the  l ack  of r e l i a b l e  t i re  pressure  



gauges  l e d  t o  t h e  v e h i c l e s  being opera ted  i n  a  p a r t i a l l y  u n c o n t r o l l e d  condi- 

t i o n .  These drawbacks,  a l t h o u g h  n o t  d e s i r a b l e ,  were i n  r e t r o s p e c t  welcome 

because  i n  t h e  r e a l  world t r a n s p o r t  p r a c t i t i o n e r s  a r e  l i k e l y  t o  have t o  oper- 

a t e  under  s i m i l a r  c o n d i t i o n s  and t h e  c a l i b r a t i o n  methodology needs  t o  be 

s u f f i c i e n t l y  r o b u s t  t o  cope wi th  t h e s e  s i t u a t i o n s .  

Nineteen t e s t  s e c t i o n s  of road were measured wi th  t h e  TRRL beam and t h e  

two RTRRMS1s, and t h e  d e t a i l s  of t h e s e  s e c t i o n s  t o g e t h e r  w i t h  t h e  RTRRMS 

measures a r e  g iven  i n  Table  H. 18. The t e s t  s e c t i o n  p r o f i l e s  were analyzed i n  

e x a c t l y  t h e  same manner a s  t h e  IRRE, B r a z i l  d a t a ,  and d i r e c t  comparisons a r e  

t h e r e f o r e  p o s s i b l e .  

Table  H. 19 t a b u l a t e s  t h e  R~ v a l u e s  o b t a i n e d  us ing  t h e  RMSVE s t a t i s t i c ,  
2  

and Table H.20 shows t h e  R v a l u e s  o b t a i n e d  w i t h  t h e  Moving Average Variance.  

As t h e  p r e f e r r e d  s t a t i s t i c  i s  t h e  RMSD, a  f u l l e r  documentation of t h e  

a n a l y s i s  i s  g iven  i n  t h e  fo l lowing  t a b l e s .  Tab les  H.21 and H.22 t a b u l a t e  t h e  

r o o t  mean s q u a r e  o f  d e v i a t i o n  us ing  t h e  d i s c r e t e  b a s e l e n g t h  method, and 

Tab les  H.23 and H.24 t h e  r e s u l t s  ob ta ined  us ing  t h e  cont iguous  base leng th  

method. These RMSDdx,b s t a t i s t i c s  were c o r r e l a t e d  a g a i n s t  t h e  Datsun and 

C o r t i n a  measures of roughness and t h e  r e s u l t i n g  R~ v a l u e s  a r e  p resen ted  i n  

Tables  H.25 and H.26 f o r  d i s c r e t e  and con t iguous  b a s e l e n g t h s  r e s p e c t i v e l y .  

It w i l l  be observed t h a t  t h e  p a t t e r n  of improvement o r  d e g r a d a t i o n  of t h e  R 
2 

v a l u e s  i s  i d e n t i c a l  t o  t h a t  observed i n  t h e  IRRE a n a l y s i s .  Table H.16b sum- 

marised the  R' v a l u e s  ob ta ined  f o r  t h e  Datsun and C o r t i n a  when c o r r e l a t e d  

w i t h  t h e  RMSDdx,b s t a t i s t i c ,  f o r  p r o f i l e  i n t e r v a l l b a s e l e n g t h  combinat ions  

s e l e c t e d  from t h e  IRRE s tudy .  The c o r r e l a t i o n s  a r e  s l i g h t l y  weaker than  

t h o s e  o b t a i n e d  i n  t h e  IRRE s t u d y ,  bu t  conf i rm t h a t  t h e  c a l i b r a t i o n  

methodology der ived  from t h e  IRRE s t u d y  i s  a p p l i c a b l e  i n  d i f f e r e n t  

environments  and w i t h  d i f f e r e n t  RTRRMS1s. 

Tables H.27 and H.28 t a b u l a t e  t h e  u n c a l i b r a t e d  and c a l i b r a t e d  roughness  

measurements f o r  t h e  IRRE and S t .  Lucia  s t u d y  r e s p e c t i v e l y ,  u s i n g  t h e  

c a l i b r a t i n g  and s t a n d a r d i z i n g  methodology d e s c r i b e d  i n  t h e  p rev ious  s e c t i o n .  



7. OPERATION OF THE TRBL ROUGHNESS CALIBJUTIOH AND STANDARDIZATION BEAM 

The TRRL beam has  now been developed a s  a compact, s e l f  contained road 

roughness c a l i b r a t i o n  and s t anda rd i za t i on  system. The road p r o f i l e s  measured 

by t h e  beam a r e  processed au toma t i ca l l y  through i t s  i n t e r n a l  micro-processor 

and the  RMSD300,1.8 i s  p r in t ed  out on completion of t h e  measurement of t h e  

test s ec t ion .  Af te r  measuring a l l  t he  t e s t  s e c t i o n s ,  t h e  ope ra to r  is  requi r -  

ed t o  input  t he  RMSD300,1.8 va lues  f o r  each s e c t i o n  toge ther  with t he  cor- 

responding RTWS measure through the  bu i l t - i n  key-pad f o r  computation of t he  
2 c a l i b r a t i o n  equat ion.  The equa t ion  i s  p r i n t e d  t oge the r  wi th  t h e  R value.  

The equa t ion  i s  output  f o r  the  o p e r a t o r ' s  in format ion  only ,  a s  he does no t  
2 

need t o  use i t .  The R va lue  w i l l  be p r i n t e d  wi th  a warning t h a t  t h e  c o r r e l -  

a t i o n  is not  s a t i s f a c t o r y  i f  the  value f a l l s  below 0.90. Af te r  the  equa t ion  

has  been computed and p r i n t e d ,  t h e  ope ra to r  i n p u t s  h i s  r o u t i n e  f i e l d  rough- 

nes s  measurements i n  mm/km and the  processor  w i l l  p r i n t  the  c a l i b r a t e d  stand- 

a r d  measure of  roughness which w i l l  be expressed i n  mm/km f o r  s tandard  speed 

f o r  32 km/h. 

A flow-chart  of t he  ope ra t i on  of t he  beam i s  given i n  Fig. H.5. 



TABLE H . l  

TABLE O F  F;: S G 2 U A R E  V A L U E S  O F  

RMS V E R T I C A L  E L E V A T I O N  vs  W T R R M S  

(US ING DISCRETE HASELENGTHS) R R A S I L  I R R E  DATA 

NEARSIDE WHEELPATH 
20 C:m/hr 
---- ---- - 

100mm INTERVAL  

T R A I L E R  0.765 0.879 0.899 0.911 0.928 0.919 0.896 0.865 0.823 0.817 0.789 0.823 0.817 0.762 
C A R B I  0.859 0.925 0.948 0.954 0.967 0.969 0.939 0.915 0.879 0.867 0.840 0.840 0.844 0.813 
NAASRA 0.849 0.920 0.944 0.950 0.965 0.967 0.938 0.915 0.879 0.868 0.840 0.842 0.847 0.814 
HH-02 0.879 0.932 0.952 0.957 0.962 0.964 0.929 0.901 0.864 0.848 0.826 0.920 0.820 0.792 

20Umm INTERVAL 

T R A I L E R  0.910 0.927 0.931 0.921 0.898 0.863 0.854 0.816 0.816 0.820 0.796 0.759 
CAR B I  0.947 0.962 0.963 0.965 0.940 0.908 0.902 0.860 0.849 0.834 0.826 0.810 
NAASRA 0.943 0.959 0.962 0.964 0.940 0.908 0.903 0.862 0.850 0.836 0.827 0.811 
HH-02 0.947 0.960 0.955 0.956 0.925 0.892 0.887 0.840 0.829 0.812 0.804 0.789 

T R A I L E R  0.932 0.925 0.901 0.894 0.869 0.849 0.819 0.810 0.814 0.819 0.792 
CAR 81 0.972 0.972 0.956 0.938 0.912 0.905 0.871 0.848 0.847 0.847 0.825 
NAASRA 0.970 0.971 0.955 0.937 0.912 0.906 0.872 0.849 0.848 0.849 0.827 
HH-02 0.968 0.962 0.945 0.927 0.897 0.891 0.851 0.829 0.829 0.822 0.800 

4 0 0 m m  INTERVAL  

T R A I L E R  0.923 0.892 0.892 0.860 0.849 0.823 0.805 0.811 0.793 0.811 
CAR B I  0.863 0.834 0.835 0.828 0.807 0.795 0.779 0.786 0.780 0.795 
NAASRA 0.858 0.830 0.833 0.826 0.805 0.794 0.779 0.787 0.781 0.796 
NH-02 0.862 0.829 0.828 0.817 0.797 0.783 0.761 0.767 0.759 0.773 

T R A I L E R  0.906 0.888 0.862 0.815 0.811 0.780 0.813 0.813 0.755 
CAR 81 0.849 0.856 0.835 0.792 0.793 0.766 0.789 0.791 0.744 
NAASRA 0.844 0.852 0.833 0.790 0.793 0.766 0.790 0.793 0.746 
HH-02 0.850 0.852 0.828 0.782 0.778 0.753 0.773 0.768 0.723 



TABLE H. 2 

T A B L E  O F  R SGBUARE V A L U E S  O F  

R M S  V E R T I C A L  E L E V A T I O N  vs  R T R R M S  

( U S I N G  DISCRETE BASELENGTHS) E R A S I L  I R R E  DATA 

NEARSIDE WHEELF'ATH 
32 K m / h r  
-------- 

1 0 0 m m  INTERVAL  

TRAILER 
CAR B I  
NAASRA 
HH-02 

T R A I L E R  
CAR B I  
NAASRA 
HH-02 

T R A I L E R  
CAR B I  
NAASRA 
HH-02 

T R A I L E R  
CAR B I  
WAASRA 
HH-02 

T R A I L E R  
CAR B I  
NAASRA 
HH-02 

2 0 0 m m  INTERVAL  

313Qmm INTERVAL  

4 0 0 m m  INTERVAL  

5 0 0 m m  INTERVAL  



TABLE H . 3  

T e B L E  O F  F2 SG2UFsKE VALUES O F  

RMS V E R T I C A L  E L E V A T I O N  v s  KTRRMS 

(USING DISCRETE BASELENGTHS) B R A S I L  I R R E  DATA 

NEARSIDE WHEELPATH 

1 0 0 m m  INTERVAL 

TRAILER 
CAR 81 
NAASRA 
M - 0 2  

TRAILER 
CAR BI  
NAASRA 
HH-02 

TRAILER 
CAR BI  
NAASRA 
nn-02 

TRAILER 
CAR 81 
NAASRA 
HH-02 

TRAILER 
CAR 81 
NAASRA 
1111-02 

2 0 0 m m  INTERVAL 

3 0 0 m m  INTERVAL 

SClOmm INTERVAL 



TABLE H . 4  

T A B L E  O F  R SG!!UGRE V A L U E S  O F  

RMS V E R T I C A L  E L E V G j T I O N  v s  RTRRMS 

(US ING DISCRETE BASELENGTHS) H R A S I L  I R R E  DATA 

NEARSIDE WHEELPATH 
80 K m / h r  
-------- 

100mm INTERVAL 

0.41 0.81 1.01 1.21 1.68 2.01 3.01 4.01 5.01 6.01 7.01 8.04 9-01 10 .h  

0.586 0.683 0.741 0.758 0.845 0.869 0.909 0.906 0.906 0.903 0.897 0.875 0.869 0.857 

200mm I NTEK'VAL 

0 . L  1.21 1.61 2.00 3.21 4.01 4.81 6.01 6.81 8 . h  8.81 10 .h  

0.738 0.792 0.868 0.880 0.904 0.909 0.913 0.903 0.889 0.875 0.868 0.859 

300mm INTERVAL 

1.21 1.81 2.41 3.01 4.21 4.81 6.01 7.21 7.81 9.01 10.2m 

0.809 0.875 0.907 0.913 0.912 0.909 0.904 0.887 0.880 0.869 0.859 

400mm INTERVAL 

1.61 2.41 3.21 4.01 4.81 5.64 7-21 8.01 8.81 9.61 

0.774 0.813 0.813 0.838 0.831 0.828 0.834 0.835 0.820 0.821 



TABLE H .  5 

TABLE O F  Fi: SQUFSRE VALUES O F  

M O V I N G  FSVEFXAGE vs RTRRMS 

NEARSIDE WHEELPATH B R A S I L  I H K E  DATA 

100mm I N T E R V A L  

TRAILER 0.831 0.956 0.955 0.931 0.877 0.822 0.801 0.794 
CAR B I  0.868 0.892 0.911 0.914 0.891 0.837 0.812 0.787 
NAASRA 0.867 0.895 0.915 0.918 0.894 0.840 0.815 0.792 
1111-02 0.859 0.864 0.878 0.880 0.856 0.801 0.775 0.745 

200mm I NTERVAL 

TRAILER 0.964 0.949 0.924 0.900 0.866 0.843 0.816 
CAR B I  0.891 0.905 0.906 0.899 0.875 0.851 0.827 
NAASRA 0.895 0.909 0.910 0.902 0.879 0.855 0.831 
1111-02 0.857 0.869 0.869 0.862 0.838 0.814 0.791 

300mm I N T E R V A L  

TRAILER 0.961 0.927 0.887 0.863 0.847 0.832 0.819 0.810 
C A R B I  0.903 0.912 0.901 0.884 0.867 0.852 0.841 0.831 
NAASRA 0.907 0.916 0.905 0.887 0.871 0.855 0.844 0.835 
1111-02 0.869 0.876 0.865 0.848 0.831 0.816 0.805 0.796 



TABLE H. 6 

T A B L E  O F  R SQUARE VALUES O F  

M O V I N G  AVERAGE vs  RTRRMS 

NEARSIDE WHEELPATH BRASIL IRRE DATA 

lOOmm INTERVAL 

TRAILER 0.770 0.935 0.966 0.959 0.924 0.881 0.861 0.846 
CARBI 0.800 0.852 0.893 0.910 0.913 0.885 0.869 0.841 
MASRA 0.801 0.859 0.901 0.919 0.921 0.892 0.876 0.850 
HE02 0.768 0.807 0.852 0.874 0.884 0.861 0.843 0.806 

200mm INTERVAL 

TRAILER 0.961 0.966 0.955 0.941 0.917 0.899 0.876 
CAR81 0.865 0.892 0.907 0.910 0.903 0.891 0.879 
MASRA 0.873 0.901 0.916 0.919 0.911 0.898 0.886 
HH-02 0.817 0.849 0.869 0.877 0.873 0.883 0.854 

300mm INTERVAL 

TRAILER 0.968 0.958 0.933 0.916 0.903 0.890 0.880 0.871 
CARBI 0.882 0.910 0.916 0.910 0.902 0.894 0.889 0.883 
NAASRA 0.890 0.919 0.924 0.918 0.909 0.901 0.895 0.890 
HH-02 0.837 0.874 0.886 0.883 0.875 0.869 0.865 0.860 



TABLE H. 7 

T A B L E  O F  F;: SfiUARIE VALUEES; O F  

MCIV ING A V E R A G E  . ~ . 5  RTRFtMS 

NEARS1 DE WHEELPATI4 H R A S I L  I R R E  DATA 

100mm I N T E R V A L  

TRAILER 0.712 0.898 0.951 0.953 0.927 0.881 0.857 0.828 
CAR B I  0.775 0.854 0.903 0.923 0.930 0.911 0.902 0.886 
NAASRA 0.766 0.854 0.911 0.937 0.953 0.938 0.928 0.910 
Hfl-02 0.741 0.811 0.868 0.897 0.921 0.913 0.905 0.877 

2CK)mm I N T E R V A L  

TRAlLER 0.935 0.951 0.950 0.940 0.918 0.899 0.874 
CAR B I  0.877 0.906 0.923 0.927 0.924 0.915 0.906 
NAASRA 0.881 0.916 0.938 0.947 0.948 0.941 0.933 
HH-02 0.833 0.870 0.898 0.910 0.915 0.911 0.909 

300mm I N T E R V A L  

TRAILER 0.948 0.955 0.938 0.921 0.907 0.894 0.883 0.874 
C A R B I  0.893 0.924 0.931 0.928 0.922 0.916 0.913 0.909 
NAASRA 0.899 0.939 0.952 0.952 0.947 0.943 0.939 0.936 
HH-02 0.853 0.898 0.918 0.921 0.919 0.917 0.915 0.914 



TABLE H .  8 

NEARSIDE WHEELFATH BRASIL IRRE DATA 

1 OOmm I NTERVAL 

0.4m 1.01 1.61 2.01 3.01 5.01 7.01 10.01 

nn-02 0.582 0.681 0.764 0.809 0.849 0.845 0.836 0.801 

ZOOinm INTERVAL 

1.21 1.61 2.01 2.41 3.21 4.01 5.21 

1111-02 0.720 0.773 0.815 0.836 0.846 0.843 0.843 

300rnm INTERVAL 

1.21 1.81 2.41 3.01 3.61 4 -21  4.81 5.41 

HI!-02 0.744 0.813 0.847 0.853 0.849 0.848 0.847 0.846 



SECTION 

CA04 
CA05 
CAOb 
CAlO 
CAI2 
TSOl 
1504 
TS05 
TSOb 
TS07 
TEOl 
TE03 
TEOb 
TEl l  
6RO 1 
6R05 
6R07 
6R12 . 

TABLE H. 9 
ROOT M E A N  S Q U e W E  O F  D E V I A T I O N  

(USING DISCRETE HASELENGTHS) RRASIL IRRE DATA 

l0Omm INTERVAL 

SECTION 

CA04 
CA05 
CAOb 
LA10 
CAI2 . 
TSOl 
1504 
TS05 
TSOb 
1507 
TEOl 
TE03 
TEOb 
TEl l  
6R01 
6R05 
6R07 
6R12 

1.81 2.01 2.21 
n l s  015 n l s  01s n l s  01s 

200mm INTERVAL 

1.61 1.81 2.01 
n l s  01s n l s  01s n l s  015 

1.231 1.591 1.373 1.654 1.456 1.720 
1.777 1.831 1.895 1.999 2.011 2.182 
2.085 2.213 2.143 2.467 2.246 2.715 
0.748 -- 0.782 -- 0.863 -- 
-- 0.657 -- 0.695 -- 0.749 
-- 1.279 -- 1.368 -- 1.398 
-- 1.501 -- 1.601 -- 1.676 
-- 1.759 -- 1.902 -- 1.965 

0.994 1.104 1.048 1.157 1.122 1.212 
-- 1.059 -- 1.081 -- 1.147 

1.557 1.808 1.632 1.900- 1.664 1.985 
2.021 2.987 2.161 3.123 2.200 3.281 
5.260 -- 5.513 -- 5.698 -- 
2.937 3.973 3.021 4.192 3.151 4.360 
1.356 -- 1.401 -- 1.458 -- 
2.483 3.209 2.643 3.386 2.762 3.423 
1.577 2.650 1.631 2.759 1.673 2.943 
3.553 4.511 3.590 5.179 3.839 5.187 

n l s  

1.740 
2.213 
2.571 
0.973 
-- 
-- 
-- 
-- 

1.157 -- 
1.807 
2.402 
6.147 
3.310 
1.562 
2.944 
1.810 
4.427 



TABLE H.10 

ROOT MEt=%N SGIUARE O F  D E V I a T I O N  

(USING DISCRETE BASELENGTHS) BRASIL IRRE DATA 

SECTION 

CM4 
En05 
CAOb 
CAlO 
cn12 
TSO 1 
TS04 
TS05 
TSOb 
TS07 
TEOl 
TE03 
TEOb 
TEl l  
6R01 
6R05 
6R07 
6R12 

SECTION 

CA04 
CA05 
CAOb 
CAI0 
CAl2 
TSOl 
TS04 
7505 
TSOb 
TS07 
TEO 1 
TE03 
TEOb 
TEl l  
6RO 1 
6R05 
6R07 
6R12 

3 0 0 m m  INTERVAL 

1-84 
nls 01s 

1.422 1.675 
1.899 2.036 
2.137 2.500 
0.788 -- 
-- 0.721 -- 1.387 
-- 1.603 
-- 1.951 

1.054 1.152 -- 1.087 
1.517 1.832 
2.195 3.103 
5.434 -- 
3.005 4.085 
1.359 -- 
2.651 3.433 
1.608 2.723 
3.687 5.263 

5 0 0 m m  INTERVAL 



TABLE H. 11 

ROOT MEAN SC2UeRE O F  D E V I A T I O N  

(USING CONTIGUOUS EASELENGTHS) ERASIL IRRE DATA 

lOOmm INTERVAL 

SECT ION 

CA04 
CA05 
CAO 6 
CAlO 
CAlZ 
TSOl 
TS04 
TS05 
TSOb 
TS07 
TEOl 
TE03 
TEOb 
TEl l  
6Ro 1 
6R05 
6R07 
6R12 

SECTION 

CA04 
CA05 
CAOb 
EAlO ' 

LA12 
TSOl 
TS04 
TSO5 
TSOb 
TS07 
TEOl 
TE03 
TEOb 
TEl l  
6ROl 
6R05 
6R07 
6R12 

1.51 
n l s  01s 

1.61 
nls  01s 

1.81 2. OD 2.21 
n l s  01s n ls  o/s n l s  01s 

200mm INTERVAL 

2.21 
n l s  01s 

1.530 -- 
2.102 -- 
2.412 -- 
0.912 -- 
-- 0.794 
-- 1.496 
-- 1.739 
-- 2.072 

1.143 -- 
-- 1.188 

1.742 -- 
2.304 -- 
5.945 -- 
3.205 -- 
1.505 -- 
2.868 -- 
1.783 -- 
4.199 -- 

2.61 
n l s  01s 

1.696 -- 
2.279 -- 
2.562 -- 
1.012 -- 
-- 0.872 
-- 1.599 
-- 1.847 
-- 2.172 

1.233 -- 
-- 1.260 

1.827 -- 
2.445 -- 
6.255 -- 
3.440 -- 
1.608 -- 
3.131 -- 
1.883 -- 
4.567 -- 



TABLE H. 12 

ROOT MEAN S G ! U I 1 W E  O F  D E W I F S T I O N  

(USING CONTIGUOUS RASELENGTHS) BRASIL IRHE DATA 

SECTION 

CA04 
CAO5 
CAOb 
CAlO 
CA12 
TSOl 
TS04 
1505 
TSOb 
TS07 
TEOl 
TE03 
TEOb 
TEll 
6R01 
6R05 

'I, 6R07 
6R12 

SECTION 

CA04 
CA05 
CAOb 
~ ~ 1 0 .  
CAlZ 
TSOl 
1504 
TS05 
TS06 
TS07 
TEOl 
TE03 
TEOb 
TEII 
6RO 1 
6R05 
6R07 
6R12 

1.81 2.18 
n l s  01s 111s 01s 

5 0 0 m m  INTERVAL 



TABLE H. 13 

TABLE OF R SQU-RE VfiLUE8 OF 

RMS D E V I A T I O N  v r  RTRRMS 

T r a i l e r  0.922 0.922 0.917 0.921 0.913 0.874 
100 nrn Car B I  0.967 0.970 0.968 0.963 0.957 0.934 

NAASRA 0.965 0.968 0.966 0.961 0.956 0.933 
MR-02 0.964 0.964 0.961 0.955 0.947 0.922 

(USING DISCRETE BASELENGTHS) BRAZIL IRRE DATA 
NEARSIDE WEELPATH 

T r a i l e r  0.925 0.919 0.916 0.919 0.910 0.952 0.951 0.950 0.952 0.047 
200 r Car B I  0.963 0.967 0.964 0.958 0.950 0.971 0.974 0.974 0.974 0.974 

NAASRA 0.962 0.966 0.963 0.957 0.949 0.972 0.975 0.976 0.975 0.976 
M-02 0.954 0.959 0.954 0.947 0.937 0.959 0.960 0.963 0.962 0.963 

Base 1.5. 1.8. 2-11 1.5. 1.8. 2.1. - 
T r a i l e r  

WAASRA 

50 b /  

1.5a 1 . 6  2 . b  2.21 

T r a i l e r  
500 r Car BJ 

NAASRA 
M-02 

32 b f h  

1.5. l . h  2 . k  2.2. 2.4. 2 . h  

I n t e r v a l  Type 

Base - 
20 b / h  

1.5. 1 . h  2 . b  2.21, 2 .  2 . h  



- 
h t e r v a  1  

100 mm 

Type 

Base - 
T r a i  l e r  
Car  B I  
NAASRA 
MM-02 

200 mm 

Base - 
T r a i  l e r  
Car B I  
NAASRA 
MM-02 

300 mm 

TABLE H.14 

T F S l R L E  O F  R SmUCIRE V-LUES O F  

RMS D E V X F S T I O N  vre RTRRMS 

Base - 
T r a i  l e r  
Car  B I  
NAASRA 
MM-02 

500 mm 

(USING CONTIGUOUS BASELENGTHS) BRAZIL IRRE DATA 

- - 

Base  - 
T r a i  l e r  
Car  B I  
NAASRA 
MM-02 

NEARSIDE WHEELPATH 



TABLE H. 1 5  

T r a i  Ler 
100 mm C a r  B I  

NAASRA 
MM-02 

T r a i  L e r  

NAASRA 
MM-02 

T r a i  L e r  

NAASRA 
MM-02 

T r a i  L e r  

NAASRA 
MM-02 

TClSBLE O F  R SG!UARE V A L U E S  O F  

R M S  D E V I A T I O N  vs  R T R R M S  

( U S I N G  D I S C R E T E  B A S E L E N G T H S )  B R A Z I L  I R R E  DATA 
O F F S I D E  WHEELPATH 



TABLE H.16a 

BEST R SQUARE VALUES-OF RMSVE v s  RESPONSE INSTRUMENTS- 

fo r  DIFFERENT PROFILE INTERVALS 8 BASE LENGTHS a t  32 K m / H  

BASE (m) 1.6 2.0 3.0 1.6 2.0 3.2 
BRASIL IRRE 

TRA I LER -944 .945 .940 .951 .951 .944 

PROF I LE 
INTERVAL 

I DATSUN 1 .a66 .go8 .go9 1.887 .917 .925 

100 rnm 

Average 
~2 

ST LUCIA 

200 mm 

TABLE H.16b 

.957 .965 .962 

CORT I NA 

BEST R SQUARE VALUES OF RMSD vs  RESPONSE INSTRUMENTS 

f o r  DIFFERENT PROFILE INTERVALS 8 BASE LENGTHS at 32 Km/H 

.963 .966 .961 

PROF I LE 
INTERVAL 

100 mm 

i 

.a93 .916 .954 

1 BASE (m) 1 2. o 2.2 2;; i BRASIL IRRE 

TRAILER .947 -949 

.a84 .go6 .960 

I CAR B I  .974 .975 .975 I 

Average 
~2 . 

.965 .966 .966 .- 
ST LUCIA 1 DATSUN 1 6 .PID 916 

I CORTINA I .918 .949. .94e I 



TABLE H.17  

COMPARISON OF R SQUARE VALUES OF 

DIFFERENT S T A T I S T I C S  CORRELATED AGAINST RTRRMS 

B R A S I L  I R R E  ----------- I T R A I L E R  

CAR 81 

NAASRA 

' MM-02 

Average 

R 

ST L U C I A  -------- I 
I / DATSUN I 

R SQUARE V A L U E S  

A P L  CP 
2.5 

R ARS 
32 

* - computed f o r  1.8m baselength us ing  300 mm p r o f i i e  i n t e r v a l s  

Measurement Speed f o r  RTRRMS is 32 K m / h r  



TABLE H. 18 

RTRRMS MEFrSUREMENTS MMPKM 3 

SECT I ON 

1 
2 
3 * 
4 
F 
J 

6 t 
7 
8 
9 
10 
11 
12 f f  
13 
14 t f f  
15 
lh 
17 
18 
19 ff* 

2979 
1012 
2564 
2908 
2865 
69 08 
4714 
5195 
4423 
4714 
2654 
€389 
2190 
83~19 
4328 
1801 
5965 

F'ATCHED 
6252 

CORT I NA 

2861 -- -- -- 
828 859 614 695 
1938 1491 954 835 
3036 265 1 2266 2266 
29C)8 2181 2095 2053 
7600 REGRAVELLED 

t - UNPAVED RUAD 

b t  - CONCRETE TEST TRACK 

f f f  - DISUSED PAVED ROUD 



TABLE H .19 

TFSBLE O F  R SQUFSRE VALUES O F  

RMS VERTICFSL ELEVFITION vs RTRRMS 

(USING DISCRETE BASELENGTHS) 
NEARSIDE WHEELPATH 

~ n t e r v a l l  Type 

C o r t i n a  

200  mm Datsun 
C o r t i n a  

Cor t  i n a  

5 0 0  mm Datsun 
C o r t i n a  

20 kmlh 

ST. LUCIA DATA 

- -  -p 

32 kmlh  5 0  kmlh  



TABLE H. 20 

Speed 

2Okm/h 

I 

I 

50km/h 

MOVING FSVERmGE vs  R T R R M S  

ST LUCIA DATA 

Cort  i n a  

300 mm Datsun 
Cort i na 

C o r t i n a  

1 Base - 
300 mm Datsun 

C o r t i n a  

100 mm Datsun 
Cort i n a  

300 mm a t s u n  
C r t i n a  C 8 

- 

Nea rs ide  Wheelpat h 1 O f f s i d e  Wheelpath 



( U S  I NG D I SCAETE BASELENGTHS ) ST L U C l A  DATA 

SECTION 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

SECTION 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

1.6r 
nis 01s 

1.722 1.511 
1.036 1.031 
1.405 2.198 
2.089 1.944 
1.870 2.058 
3.787 3.408 
2.873 2.204 
2.764 2.955 
2.304 3.073 
2.955 3.409 
1.841 2.026 
0.626 0.626 
1,606 1.612 
5.190 5.190 
3.438 2.478 
1.135 1.233 
2.929 3.631 
3.350 3.415 
3.143 4.509 

nls 

2.241 
1.271 
1.501 
2.401 
2.228 
5.088 
3.218 
3.639 
2.890 
3.894 
2.303 
0.852 
1.738 
5.460 
3.961 
1.460 
3.655 
4.096 
3.526 





SECTION 

!US I NG CONTIGUOUS BASEL-ENGTHS) ST LLJCIA DATA 

100mm 1'NTEWJAL 

SECTION 



( U S I N G  CONTIGUOUS BASELENGTCiS) S T  L U C I A  DATA 

300mm I N T E R V A L  

SECTION 

1 
2 
3 
4 
C 

6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

SECTION 

1 
2 
7 
J 

4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

1.5r 
n l s  0 1 s  

1.705 1.436 
0.965 0.994 
1.206 1.684 
1.981 1.934 
1.785 1.934 
3.787 3.417 
2.805 2.160 
2.857 2.881 
2.158 3.123 
2.881 3.123 
1.764 2.011 
0.615 0.615 
1.344 1.556 
4.734 4.734 
3.306 2.330 
1.117 1.207 
2.772 3.494 
3.282 3.295 
2.904 4.387 

1 . 8 ~  2. lr 
n l s  01s  n l s  01s  



TABLE H. 2s 

T C S B L E  O F  R S Q U C S R E  V C S L U E S  O F  

RMS D E V I C S T I O N  v RTRRMS 

(USING DISCRETE BASELENGTHS) ST. LUCIA DATA 

I I 200 mm I Datsun 
Cortina 

I I 1 Cortina 

I I 1 Base - 
I 1 500 mm I Datsun 

Cortina 

Base - 
100 mm Datsun 

Cort ina  

Base - 
200 mm Datsun 

Cortina 
32km/h 

Base - 
300 m Datsun 

Cortina 

Cort ina  
I I 

Base - 

Cart ina 
50km/h 

I ( 3 0 0 m m 1 D a t s u n  
Cort i na 

Cort i na 

Nearside Uheelpath Offside Uhe1?lp8th 

1.5m 1.8m 2.0m 2.2m 2.4m 2.6m 1.5m 1.8m 2.Om 

0.917 0.915 0.901 0.911 0.883 0.872 0.889 0.889 0.895 
0,933 0,957 0,955 0,966 0,958 0.956 0.886 0.894 0.895 

1 . h  1.8m 2.h  2.2m 2 .h  1 . h  l.8m 2.Om 

0.910 0.922 0.912 0.914 0.890 0.888 0.884 0.893 
0.945 0.956 0.955 0.964 0.962 0.908 0,907 0.901 



TABLE H . 2  6 

T A B L E  O F  R SQUARE V A L U E S  O F  

RMS D E V I A T I O N  v s  RTRRMS 

(USING CONTIGUOUS BASELENGTHS) ST. LUCIA DATA 

Speed 

Base - 
200 mm Datsun 

C o r t i n a  

Da t sun 
Cort  i na 

Dat sun 
C o r t i n a  

C o r t i n a  

200 I Datsun 
C o r t i n a  

300 mm Datsun 
C o r t i n a  

Nears ide  Wheelpath I O f f s i d e  Wheelpath I 



RMSD 

(300,1.8) 

1.422 
1.899 
2,137 
r:) . 788 
0.721 
1.387 
1.603 
1.951 
1 . !:I54 
1 . 087 
1.517 
2.195 
5.434 
3.005 
1.359 
2.651 
1.608 
3.687 

REFERENCE 
MM-02 ROUGHNESS 

U n c a l  

69C16 
8315 
926 1 
348(:) 
1219 
6217 
8430 
9436 
4220 
4248 
5959 

12767 
28635 
17224 
3578 

1 F j  173 
7490 

21615 



SECT I ON RMSD 

(3OO,l.8) 

DATSUN CORTINA 

U n c a l  U n c a l  

REFERENCE 
ROUEt-INESS 



FIG. H.1 

B I  TRAILER (Average) v s  CAR B I  
l0000 - 

ALL SURFACE TYPES - 32  KM/H 

16000 - 

14000 - 

12000 - 
10000 - 

0000 - 

6000 - 

4000 - 01 = 262 + 1. 141CARBI  

R SQUARE = 0.985 

CAR B I  ( MM/KM ) 

FIG. H.2 

B I  TRAILER (Average) v s  NAAS2A 
10000 - 

ALL SURFACE TYPES - 32 KM/H 

16000 - 

14000 - 

12000 - 

10000 - 

0000 - 

6000 - 
4000 - BI = 313 + 1.1743+NAASRA 

R SQUARE = 0. Q86 

I I I I 1 I I 

I 1 t ! 8 1 - ! - 1 'I 
8 

NAASRA METER ( MM/KM 



u 

10000 - 
Lx 
w 

8000 - < 
Lx 
k- 

b-, 
W O O  - 

m 

4000 - 

F I G .  H.3 

BI TRAILER (Average) vs MM-02 

A L L  SURFACE T Y P E S  - 32 K W H  

MAYS METER 02 ( MM/KM 1 

FIG. H.4 

STANDARDISED REFERENCE ROUGHNECS EQUATION 
( DERIVED FROM B I  T R A I L E R  i RMSD (300 ,  i. 8) CORRELATION ) 

ROUGHNESS ( m d k m )  = 472 + 1437.RMSO + 225. (RMSD) ,/' 
R SQUARE = 0.961 

/ / 

ROOT MEAN SQUARE OF D E V I A T I O N  (300 ,  1.8) ( MM 



F I G .  H. 5 

FLOW DIAGRAM OF THE OPERATION OF THE 
TRRL ROUGHNESS CALIBRATION BEAM 

MEASURE n SECTIONS OF ROAD WITH 

1 BEAM x i  and RESPONSE VEHICLE y i  
1 r 

INPUT n PAIRS OF x i  . y i  

THROUGH BEAM KEY PAD & PRINT 

PRINT EQUATION and R~ VALUE 

1 
I INPUT A VALUE OF Z I 

(F IELD ROUGHNESS MEASUREMENT) I 
I CALCULATE x FROM EQUATION 1 

CALCULATE CAL R FROM 

CR = 472 + 1437x + 225 x* 

PRINT Z and CR 



APPENDIX I 

SPECTRAL CONTENT OF ROAD PROFILES 

The many measures t h a t  have been used t o  q u a n t i f y  road roughness a t  f i r s t  

appear  t o  have l i t t l e  i n  common, y e t  o f t e n  r e s u l t  i n  h i g h l y  c o r r e l a t e d  summary 

s t a t i s t i c s .  The c o r r e l a t i o n s  between d i s s i m i l a r  numerics  a r e  determined i n  

p a r t  by t h e  mathemat ical  p r o p e r t i e s  of t h e  a n a l y s e s ,  and i n  p a r t  by t h e  

s t a t i s t i c a l  p r o p e r t i e s  of t h e  road p r o f i l e s .  Much of t h e  c o r r e l a t i o n  between 

numerics can be caused by c o r r e l a t i o n s  w i t h i n  t h e  road p r o f i l e  i n p u t  and can 

vary  w i t h  t h e  t y p e  of r o a d .  T h e r e f o r e ,  i n f o r m a t i o n  abou t  t h e  n a t u r e  of t h e  

l o n g i t u d i n a l  p r o f i l e s  of a c t u a l  roads  can  g i v e  c o n s i d e r a b l e  i n s i g h t  t o  some of 

t h e  exper imenta l  f i n d i n g s  d e a l i n g  w i t h  d i f f e r e n t  roughness  numerics.  

The purpose o f  t h i s  appendix i s  t o  p r e s e n t  a  few p l o t s  of t h e  s p e c t r a l  

c h a r a c t e r i s t i c s  of t h e  98 whee l t rack  p r o f i l e s  (49 l a n e s )  t h a t  were ob ta ined  i n  

t h e  IRRE. Each w h e e l t r a c k  p r o f i l e  was measured up t o  6 t i m e s ,  u s i n g  rod and 

l e v e l ,  t h e  TRRL Beam, and t h e  APL T r a i l e r  i n  b o t h  t h e  APL 25 and APL 7 2  modes 

of o p e r a t i o n .  The p l o t s  p resen ted  s e r v e  t o  q u a n t i f y  t h e  n a t u r e  of road 

roughness  i n  g r e a t  d e t a i l  o v e r  t h e  f o u r  s u r f a c e  t y p e s  inc luded  i n  t h e  I R E ,  

and a l s o  t o  show t h e  d i f f e r e n c e s  r e s u l t i n g  from a l t e r n a t i v e  measurement 

methods. 

Power Spectral Density (PSD) Functions 

A l o n g i t u d i n a l  road p r o f i l e  i s  f i x e d  i n  space  a n d ,  i n  t h e  s h o r t  t e rm,  i s  

a l s o  f i x e d  w i t h  t ime.  That i s ,  t h e  same p r o f i l e  should  be observed when 

e x a c t l y  t h e  same p a t h  i s  fol lowed w i t h i n  a  reasonab ly  s h o r t  p e r i o d  of t ime 

( p e r h a p s  y e a r s  f o r  paved r o a d s ,  and perhaps  minutes  f o r  unpaved roads  d u r i n g  

heavy r a i n ) .  Although a  road p r o f i l e  i s  d e t e r m i n i s t i c ,  i t  does  have t h e  

appearance of a  random s i g n a l ,  and s t a t i s t i c a l  d e s c r i p t i o n s  commonly used f o r  

random s i g n a l s  have proven t o  be u s e f u l  f o r  c h a r a c t e r i z i n g  road p r o f i l e .  By 

a n a l y z i n g  t h e  p r o f i l e  u s i n g  s t a t i s t i c a l  methods, t h e  ve ry  l a r g e  amount of 

i n f o r m a t i o n  (hundreds  o r  thousands  of independent  e l e v a t i o n  measurements) a r e  



reduced t o  a  manageable number of summary s t a t i s t i c s .  

For reasons  t h a t  w i l l  be d i s c u s s e d  below, v i r t u a l l y  every  roughness 

numeric computed from p r o f i l e  t h a t  h a s  proven u s e f u l  i n v o l v e s  i s o l a t i n g  a  band 

of wavenumbers (wavenumber = l l w a v e l e n g t h )  from t h e  o r i g i n a l  p r o f i l e  s i g n a l .  

It i s  t h e r e f o r e  h e l p f u l  t o  view t h e  v a r i a t i o n s  i n  p r o f i l e  i n  terms of 

wavenumber a m p l i t u d e s ,  u s i n g  t h e  s t a t i s t i c a l  power s p e c t r a l  d e n s i t y  (PSD) 

f u n c t i o n .  

P h y s i c a l l y ,  a  PSD f u n c t i o n  i s  t h e  v a r i a n c e  of t h e  v a r i a b l e  being measured 

( e l e v a t i o n ,  s l o p e ,  e t c . )  d i s t r i b u t e d  o v e r  wavenumber, having t h e  u n i t s :  

2 q u a n t i t y  measured /wavenumber. Thus, an  e l e v a t i o n  p r o f i l e  measured w i t h  t h e  

u n i t s  of mm would have PSD u n i t s :  mm2 mlcyc le ,  s i n c e  t h e  q u a n t i t y  measured i s  

mm and a  wavenumber ( s p a t i a l  f r e q u e n c y )  h a s  u n i t s :  cycle lm.  The i n t e g r a l  of a  

PSD f u n c t i o n  o v e r  a  band of wavenumbers (waveband) cor responds  t o  t h e  

c o n t r i b u t i o n  of t h a t  band t o  t h e  t o t a l  v a r i a n c e ,  w h i l e  t h e  i n t e g r a l  o v e r  a l l  

wavenumbers i s  e q u a l  t o  t h e  t o t a l  v a r i a n c e  of t h e  v a r i a b l e  measured. (An 

a l t e r n a t e  PSD d e f i n i t i o n ,  c a l l e d  a  "double-sided PSD," i s  sometimes used i n  

which c a s e  n e g a t i v e  wavenumbers a r e  a l s o  cons idered .  For a  double-s ided PSD 

f u n c t i o n ,  t h e  wavenumbers must be i n t e g r a t e d  from -00 t o  +oo t o  o b t a i n  t h e  

v a r i a n c e .  All PSD f u n c t i o n s  p resen ted  i n  t h i s  appendix a r e  s i n g l e - s i d e d ,  

meaning t h a t  t h e  v a r i a n c e  i s  d i s t r i b u t e d  on ly  over  wavenumbers rang ing  from 0 

t o  +oo.) 

F u r t h e r  i n f o r m a t i o n  about  t h e  usage of PSD f u n c t i o n s  and o t h e r  s p e c t r a l  

a n a l y s e s  of random (and random-like) s i g n a l s  can be ob ta ined  i n  Reference 

[ 3 9 ] ,  which a l s o  i n c l u d e s  formal  mathemat ical  d e f i n i t i o n s  of t h e  PSD f u n c t i o n .  

Although PSD f u n c t i o n s  were developed f o r  d e s c r i b i n g  random s i g n a l s ,  

e r r o r  a n a l y s e s  t h a t  assume t h e  s i g n a l  t o  be random a r e  n o t  a p p r o p r i a t e  f o r  

road p r o f i l e s ,  s i n c e  t h e  p r o f i l e  i s  n o t  random. The PSD f u n c t i o n  o f  a  road 

p r o f i l e  i s  n o t  an  e s t i m a t e ,  bu t  r a t h e r ,  an a l t e r n a t e  d e s c r i p t i o n  c o n t a i n i n g  

a lmost  a s  much (up  t o  h a l f )  of t h e  i n f o r m a t i o n  a s  t h e  o r i g i n a l  p r o f i l e  

measurement. 



Spectral Contents of Road Profiles 

Figure  1.1 shows t h r e e  PSD f u n c t i o n s ,  a l l  of which a r e  computed from a  

s i n g l e  measured p r o f i l e .  Since  road p r o f i l e  i s  measured a s  an  e l e v a t i o n ,  i t  

i s  n a t u r a l  t o  compute t h e  PSD f u n c t i o n  d i r e c t l y  from t h a t  measure. A s  Fig .  

I . l a  shows, t h e  c o n t r i b u t i o n  t o  e l e v a t i o n  v a r i a n c e  i s  much g r e a t e r  a t  t h e  

lower wavenumbers ( l o n g e r  wave leng ths ) .  

A PSD f u n c t i o n  computed f o r  a  measured v a r i a b l e  such  a s  road e l e v a t i o n  

can be conver ted  t o  t h e  PSD f u n c t i o n  of any o t h e r  v a r i a b l e ,  i f  t h e  two 

v a r i a b l e s  a r e  r e l a t e d  by a  l i n e a r  o p e r a t i o n .  S ince  most of t h e  roughness 

a n a l y s e s  i n v o l v e  l i n e a r  f i l t e r s  ( t h e  RQCS, RMSVA, moving a v e r a g e ,  CP, APL 7 2  

energy ( W ) ,  e t c . ) ,  t h e  PSD f u n c t i o n  of t h e  f i l t e r e d  p r o f i l e  can be computed 

d i r e c t l y  from t h e  PSD f u n c t i o n  of t h e  road p r o f i l e ,  t o g e t h e r  w i t h  t h e  

f requency response  p l o t  of t h e  l i n e a r  f i l t e r .  S ince  d i f f e r e n t i a t i o n  and 

i n t e g r a t i o n  a r e  l i n e a r  o p e r a t i o n s ,  t h e  PSD f u n c t i o n  can a l s o  be computed f o r  

t h e  d e r i v a t i v e s  of t h e  e l e v a t i o n  measurement: s l o p e ,  s l o p e  d e r i v a t i v e  ( s p a t i a l  

a c c e l e r a t i o n ,  e t c . ) ,  a s  shown by F i g s .  I . l b  and 1 . 1 ~ .  

As a  means f o r  c h a r a c t e r i z i n g  road p r o f i l e s ,  t h e  PSD f u n c t i o n  of s l o p e  

o f f e r s  two advan tages :  

1 )  The p l o t s  can be s c a l e d  t o  show more d e t a i l .  Note t h a t  t h e  e l e v a t i o n  and 

a c c e l e r a t i o n  f u n c t i o n s  cover  a  wider  range  of ampl i tudes  t h a n  t h e  s l o p e  

PSD over  t h e  wavenumber range .025 - 1  (wavelengths  1 - 40 m), r e q u i r i n g  

t h a t  t h e  p l o t s  be s c a l e d  down. 

2 )  A l t e r n a t e  roughness  a n a l y s e s  can be compared more r e a d i l y  u s i n g  t h e i r  

wavenumber response  p l o t s .  When response  p l o t s  a r e  c a l c u l a t e d  f o r  

d i sp lacement  i n p u t s ,  one must always remember t h a t  t h e r e  i s  much more 

i n p u t  a t  t h e  lower wavenumbers, and t h a t  even i f  t h e  a n a l y s i s  i s  l e s s  

respons ive  a t  those  wavenumbers, t h e y  can c o n s t i t u t e  much of t h e  numeric. 

But when response  p l o t s  a r e  c a l c u l a t e d  f o r  s l o p e  i n p u t s ,  what you s e e  i s  

what you g e t .  A h i g h  s e n s i t i v i t y  ( g a i n )  a t  any wavenumber band,  h i g h  o r  

low, i n d i c a t e s  t h a t  t h a t  band c o n t i b u t e s  h e a v i l y  t o  t h e  summary numeric.  

A l l  road  PSD f u n c t i o n s  t h a t  f o l l o w  i n  t h i s  appendix a r e  p resen ted  i n  





terms of p r o f i l e  s lope .  

Figure 1.2 p re sen t s  aggregate  PSD f u n c t i o n s ,  obtained by g raph ica l ly  

over lay ing  t h e  PSD func t ions  f o r  i nd iv idua l  p r o f i l e s  obtained with the  TRRL 

Beam. The amplitudes of each ind iv idua l  p l o t  were normalized by t h e  squared 

RARSSO roughness va lue  known f o r  t h a t  p a r t i c u l a r  wheeltrack. When t h e  PSD 

func t ions  a r e  normalized i n  t h i s  f a sh ion ,  many appear t o  have t h e  same shape, 

p a r t i c u l a r l y  when segregated by su r f ace  type. The p l o t s  show t h a t :  

1) The a s p h a l t i c  concrete  (CA)  s i t e s  had t h e  l e a s t  roughness 

concentrated i n  t h e  high wavenumbers of any of t he  s u r f a c e  types.  

Also, t h e r e  i s  l i t t l e  v e r t i c a l  s c a t t e r  when t h e  PSD funct ions  a r e  

normalized, i n d i c a t i n g  t h a t  most of t he  CA s i t e s  had very s i m i l a r  

s p e c t r a l  d i s t r i b u t i o n s .  The PSD shape shown c o n s t i t u t e s  a  

"s ignature" f o r  t h a t  type  of sur face .  

2 )  The su r f ace  t rea tment  (TS) s i t e s  a l s o  had a  s i g n a t u r e ,  d i s t inguished  

by a  r e l a t i v e  minimum over wavenumbers 0.1 - 0.4 (wavelengths 2.5 - 
10 m ) ,  wi th  increased  roughness content  f o r  wavenumbers ou t s ide  t h i s  

range. Also, s e v e r a l  of t he  TS s i t e s  d i sp layed  a  s p e c t r a l  peak a t  

wavenumber 0.5,  i n d i c a t i n g  a  pe r iod ic  roughness component occurr ing 

a t  2.0 m i n t e r v a l s .  

3 )  The PSD func t ions  f o r  t he  unpaved g rave l  (GR) and e a r t h  (TE) s i t e s  

show more v a r i a t i o n  i n  content  than do t h e  paved roads ,  bu t  t h i s  is  

not  unexpected s i n c e  they a l s o  cover a  g r e a t e r  range of roughness. 

Although they do show a  s l i g h t  minimum i n  the  c e n t e r  near  wavenumber 

0.1, t h e i r  roughness d i s t r i b u t i o n  i s  more uniform over t he  spectrum 

of wavenumbers, with t he  e a r t h  roads showing somewhat more roughness 

content  a t  t h e  h ighes t  wavenumbers than t h e  g rave l  roads. 

4 )  In  a l l  c a ses ,  t he  amplitudes r i s e  a t  t h e  h ighes t  wavenumbers covered 

(wavenumbers 2 - 5). This i s  due i n  p a r t  t o  a l i a s i n g ,  and i s  

discussed below. 





S e n s i t i v i t y  of Simple Variance t o  Measurement Methods 

Although d i f f e r e n t  types  of roads may have unique " s igna tu re s , "  a l l  come 

c l o s e r  t o  having a  uniform s lope  i n p u t  than a  uniform e l e v a t i o n  input  o r  

uniform a c c e l e r a t i o n  input .  This h a s  c e r t a i n  imp l i ca t i ons  regarding t h e  

measurement of s imple va r i ance  and RMS s t a t i s t i c s :  

1 )  RMS displacement  measures a r e  determined almost  completely by t h e  

lowest wavenumbers ( l onges t  wavelengths) included i n  t h e  

measurement. The lower t h e  wavenumber, t h e  l a r g e r  w i l l  be t h e  RMS 

displacement .  When t h e  measuring instrument  does no t  e x p l i c i t l y  

f i l t e r  t h e  p r o f i l e  (e .g . ,  rod and l e v e l ) ,  then t h e  lowest wavenumber 

i s  approximately determined by t h e  length  of t h e  p r o f i l e ,  and RMS 

e l e v a t i o n  w i l l  i nc rease  wi th  length .  

2 )  RMS a c c e l e r a t i o n  measures a r e  determined almost completely by t h e  

h i g h e s t  wavenumbers ( s h o r t e s t  wavelengths) included i n  t he  

measurement. The h igher  t h e  wavenumber range ,  t h e  h igher  w i l l  be 

t h e  RMS acce l e r a t i on .  When the  a c c e l e r a t i o n  i s  computed from a 

measured e l e v a t i o n  p r o f i l e ,  t h e  h ighes t  wavenumber can be l im i t ed  by 

e i t h e r  t h e  instrument  ( f o r  a  dynamic p ro f i l ome te r ) ,  o r  t h e  sample 

i n t e r v a l .  A s h o r t e r  sample i n t e r v a l  w i l l  g ive  h ighe r  RMS 

a c c e l e r a t i o n  numerics. 

3 )  RMS s lope  measures a r e  determined by the  width of t h e  waveband 

included i n  t h e  measurement. RMS s lope  numerics can be increased 

e i t h e r  by inc luding  h igher  wavenumbers o r  by inc lud ing  lower 

wavenumbers. For s t a t i c a l l y  measured p r o f i l e s ,  t he  waveband i s  not  

increased  s o  much wi th  p r o f i l e  l eng th  a s  by sample i n t e r v a l .  

Decreasing t h e  sample i n t e r v a l  w i l l  i n c r e a s e  t h e  s l o p e  numeric, 

a l though n o t  n e a r l y  a s  r a p i d l y  a s  f o r  an a c c e l e r a t i o n  numeric. 

Note t h a t  s imple RMS e l e v a t i o n ,  s l o p e ,  and a c c e l e r a t i o n  numerics a l l  can 

be increased  without  bound by inc reas ing  t h e  measurement waveband. Therefore ,  

road roughness cannot  be meaningfully cha rac t e r i zed  by a  numeric such a s  " t rue  

s l o p e  var iance"  o r  " t rue  RMS a c c e l e r a t i o n , "  s i n c e  t h e  measured numerics depend 

more on t h e  bandwidth of t h e  measurement than  on t h e  road. ( I n  f a c t ,  " t rue"  



s l o p e  v a r i a n c e  and RMS a c c e l e r a t i o n s  a r e  i n f i n i t e . )  I n s t e a d ,  t h e  numeric must 

e i t h e r  r e q u i r e  a  s t a n d a r d i z e d  measurement method, o r  e l s e  i n c l u d e  a  means f o r  

l i m i t i n g  t h e  bandwidth through p r o c e s s i n g  of t h e  measurement. When terms such 

a s  "s lope v a r i a n c e "  a r e  u s e d ,  t h e  numerics a r e  i n e v i t a b l y  more complicated and 

s p e c i a l i z e d  t h a n  impl ied  by t h e i r  names. 

Surary of the PSD Data from the ZBRE 

The remaining f i g u r e s  i n  t h i s  appendix ,  F igs .  1.3 - 1.10 show t h e  PSD 

f u n c t i o n s  measured f o r  each whee l t rack  of 8 of t h e  49 test sites used i n  t h e  IRRE. 

Each F i g u r e  can have up t o  e i g h t  i n d i v i d u a l  PSD p l o t s ,  co r responding  t o  

measures made by rod and l e v e l ,  t h e  APL 25 system,  t h e  APL 72 system,  and t h e  

TRRL Beam. I n  o r d e r  t o  f a c i l i t a t e  comparisons ,  a l l  p l o t s  a r e  made on log- log 

a x e s ,  and cover  t h e  same wavenumber range.  The v e r t i c a l  s c a l i n g  was 

determined a u t o m a t i c a l l y  by t h e  computer program t o  i n c l u d e  t h e  h i g h e s t  PSD 

ampl i tudes .  I n  e v e r y  c a s e ,  t h e  v e r t i c a l  s c a l e  c o v e r s  a  range of 100 : l .  Since  

t h e  p l o t s  a r e  l o g a r i t h m i c ,  t h e y  can be s h i f t e d  up o r  down t o  match t h e  y-axis  

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

The same a n a l y s i s  was a p p l i e d  t o  a l l  of t h e  p r o f i l e s :  

1 )  The 320 m long  p r o f i l e  was conver ted from an  e l e v a t i o n  t o  a  s l o p e  

p r o f i l e  (approx imate ly )  by t a k i n g  t h e  d i f f e r e n c e s  i n  a d j a c e n t  

e l e v a t i o n  v a l u e s ,  normalized by t h e  sample i n t e r v a l .  This  s t e p  

e l i m i n a t e s  t h e  mean v a l u e s ,  t r e n d s ,  and l a r g e  ampl i tudes  f o r  t h e  

long-wavelength v a r i a t i o n s  t h a t  appear  when p r o f i l e s  a r e  measured 

s t a t i c a l l y .  

2 )  The s l o p e  p r o f i l e  was "padded" w i t h  z e r o s  t o  i n c r e a s e  t h e  number of 

d a t a  p o i n t s  t o  t h e  n e x t  power of two, which depended on t h e  sample 

i n t e r v a l  used.  For t h e  rod and l e v e l  d a t a ,  t h e  641 d a t a  p o i n t s  were 

padded t o  o b t a i n  a  t o t a l  of 1024; f o r  t h e  APL 72 d a t a ,  t h e  6401 d a t a  

p o i n t s  were padded t o  o b t a i n  a  t o t a l  of 8192. 

3 )  The p r o f i l e  was processed v i a  t h e  F a s t  F o u r i e r  Transform (FFT), and 

t h e  ampl i tudes  of t h e  r e s u l t i n g  complex c o e f f i c i e n t s  were squared 



and s c a l e d  t o  PSD e n g i n e e r i n g  u n i t s .  

4 )  The f requency response  of t h e  numerical  d i f f e r e n t i a t i o n  used i n  s t e p  

1  was used t o  c o r r e c t  t h e  PSD ampl i tudes  a t  t h e  h i g h e r  wavenumbers 

t o  t h e  r e s u l t s  t h a t  would have been ob ta ined  by t r u e  

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

5 )  Adjacent PSD v a l u e s  were averaged over  a  wavenumber i n t e r v a l  of .01 

cyc le lm,  which t y p i c a l l y  meant t h a t  3  - 5 "raw" PSD v a l u e s  were 

averaged t o g e t h e r  t o  o b t a i n  t h e  v a l u e s  p l o t t e d .  

Comparison of the Mfferent Measurement Methods 

Rod and Level. The known l i m i t a t i o n s  of rod and l e v e l  a r e  i n  t h e  

p r e c i s i o n  of t h e  i n d i v i d u a l  measures ,  t h e  need f o r  a  l a r g e  sample i n t e r v a l  ( t o  

keep t h e  e f f o r t  r e a s o n a b l e ) ,  and t h e  p o t e n t i a l  f o r  human e r r o r .  Both 

p r e c i s i o n  limits and a l i a s i n g  c a n  cause  t h e  PSD f u n c t i o n s  t o  i n c r e a s e  

e r r o n e o u s l y  when t h e  wavenumbers approach t h e  upper  l i m i t  of 1.0 ( h a l f  t h e  

sample f requency of 2 sampleslm).  P a s t  e x p e r i e n c e  w i t h  t h e  p r e c i s i o n  

requ i rements  i n d i c a t e s  t h a t  t h e  1 mm i n t e r v a l  i s  adequa te  f o r  t h e  roughness 

range covered i n  t h e  IRRE [38] .  T h e r e f o r e ,  t h e  f a c t  t h a t  t h e  PSD f u n c t i o n s  

ob ta ined  by rod and l e v e l  r i s e  more w i t h  wavenumber t h a n  t h e  PSD f u n c t i o n s  

ob ta ined  by t h e  o t h e r  methods,  i n c l u d i n g  t h e  TRRL Beam, r e f l e c t s  a l i a s i n g .  

The very  good agreement w i t h  t h e  TRRL Beam f o r  many of t h e  s i t e s  i n d i c a t e  

t h a t  human e r r o r  was reduced o r  e l i m i n a t e d  by t h e  r o u t i n e  p rocedures  used i n  

B r a z i l .  

TBRL Beam. These measures match those  of t h e  rod and l e v e l  a lmost  

p e r f e c t l y  i n  many of  t h e  p l o t s ,  up u n t i l  t h e  h i g h e r  wavenumbers i n f l u e n c e d  by 

a l i a s i n g .  Since  t h e  h i g h e s t  wavenumbers f o r  t h e  rod and l e v e l  measures appear  

t o  be a r t i f i c i a l l y  h i g h  due t o  a l i a s i n g ,  t h i s  i s  probably  t r u e  a l s o  f o r  t h e  

Beam PSD f u n c t i o n ,  f o r  wavenumbers above 2 o r  3 cycle lm.  The 3  m l e n g t h  of 

t h e  Beam a f f e c t s  some of t h e  PSD p l o t s  f o r  t h e  smoothest  r o a d s ,  appear ing  as a 

s p e c t r a l  peak a t  wavenumber .33 ( 3  m wavelength) .  Th i s  would be caused by t h e  

s l i g h t  s e t u p  e r r o r  t h a t  o c c u r s  p e r i o d i c a l l y  i n  t h e  measurement p rocess .  The 



amount of var iance  contained wi th in  t h a t  peak i s  q u i t e  sma l l ,  however, due t o  

i t s  narrow width. Therefore ,  t he  s e tup  e r r o r ,  quan t i f i ed  by t h e  PSD, can be 

seen  t o  be n e g l i g i b l e .  (The s p e c t r a l  peak i s  no t  even v i s i b l e  f o r  t h e  rougher 

roads.  ) 

APL R a i l e r .  The APL T r a i l e r ,  which i s  designed t o  measure p r o f i l e  

over the  frequency range of 0.5 - 20 Hz, covers a  wavenumber range determined 

by i t s  t r a v e l  speed. A t  72 kmlh (APL 72 ) ,  t h i s  wavenumber range i s  .025 - 1 ,  

while f o r  t h e  speed of 21.6 km/h (APL 25)  t h i s  range i s  .08 - 3.3. The sample 

i n t e r v a l  f o r  t h e  APL 25 s i g n a l s  was 250 mm, which puts  t h e  maximum wavenumber 

a t  2.0, and means t h a t  a l i a s i n g  can be p re sen t  f o r  wavenumbers above 1. 

For many of t h e  s i t e s ,  t h e  agreement between the  APL 72 and APL 25 

s i g n a l s  and t h e  s t a t i c  measures i s  nea r ly  p e r f e c t  over t h e  waveband of t h e  

instrument .  The PSD p l o t s  i l l u s t r a t e  very c l e a r l y  t h e  f i d e l i t y  t h a t  can occur 

wi th in  t h a t  range ,  while  a l s o  showing how lower wavenumbers a r e  a t t enua t ed  by 

t h e  t r a i l e r .  

Like t h e  TRRL beam, t h e  APL s p e c t r a  show peaks on t h e  smoother s i tes  t h a t  

a r e  caused by the  measurement process .  The f i r s t  peaks occur a t  wavenumber 

0.6 and i t s  harmonics (1 .2 ,  1 .8 ,  ...). This  i s  caused by a  s l i g h t  p e r i o d i c  

d i s tu rbance  introduced by the  t r a i l e r  wheel (c i rcumference = 11.6 = 1.7 m), 

and,  because t he  peak i s  too narrow t o  inc lude  much va r i ance ,  i s  n e g l i g i b l e  i n  

terms of roughness measurement. 

I n  t he  case  of t h e  APL 72 d a t a ,  t h e  PSD func t ions  a l s o  c o n s i s t e n t l y  show 

a  peak ly ing  o u t s i d e  of the  des ign  range of t he  t r a i l e r ,  approximately a t  

wavenumber 3.5. This  corresponds t o  a  frequency of 70 Hz during measurement. 

Most of t he  ana lyses  a r e  ba re ly  in f luenced  by wavenumbers t h i s  h igh ,  s o  i t  

a l s o  i s  n e g l i g i b l e .  

The f a c t  t h a t  many of t h e  PSD func t ions  from t h e  APL T r a i l e r  match those  

obtained s t a t i c a l l y  i s  proof t h a t  t h e  APL T r a i l e r  a  v a l i d  prof i lometer  ( i n  

terms of amplitude response)  over  the  des ign  waveband range. Yet some of t h e  

t ime,  t h e  match i s  not  a s  good between the  t r a i l e r  and the  s t a t i c a l l y  measured 

p r o f i l e s .  These d i f f e r e n c e s  may, i n  many c a s e s ,  be caused by imprecis ion i n  

t he  l a t e r a l  pos i t i on ing  of the  towing veh ic l e  on t h e  test s i t e s ,  o r  by 



s t a r t i n g  t h e  s i g n a l  b e f o r e  o r  a f t e r  t h e  markings on t h e  road.  I n  a  s e n s e ,  t h e  

c a r e f u l  matching of t h e  rod and l e v e l  p r o f i l e s  and t h e  TRRL p r o f i l e s  i s  

a r t i f i c i a l ,  s i n c e  t h e  wheelpaths  were marked beforehand and fol lowed a lmost  

e x a c t l y  f o r  r e p e a t e d  s t a t i c  measurements. I n  a c t u a l  p r a c t i c e ,  t h e  c h o i c e  of 

where t h e  t r a v e l l e d  whee l t rack  l i e s  can i n f l u e n c e  t h e  measurement ob ta ined .  

The d e s i g n  of t h e  IRRE removed t h i s  s o u r c e  of v a r i a t i o n  from t h e  s t a t i c  

measures ,  but  n o t  from t h e  APL measures. 

V a l i d a t i o n  f o r  S p e c i f i c  Analyses. Although t h e  good match between 

t h e  PSD f u n c t i o n s  t e n d s  t o  conf i rm t h a t  a l l  of t h e  methods used can g i v e  

"va l id"  measures of p r o f i l e ,  t h e  a c t u a l  accuracy a s s o c i a t e d  w i t h  each method 

must be determined f o r  t h e  s p e c i f i c  a p p l i c a t i o n .  Th is  i s  p a r t i c u l a r l y  t r u e  

when h i g h  accuracy  requ i rements  a r e  s e t ,  s i n c e  ve ry  small d i f f e r e n c e s  a r e  

d i f f i c u l t  t o  s e e  i n  PSD p l o t s ,  u n l e s s  more complicated p r o c e s s i n g  methods a r e  

used. 
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APPENDIX J 

ADDITIONAL ANALYSES W I T H  THE M O V I E  AVERAGE 

A moving average a n a l y s i s  h a s  been app l i ed  t o  measured p r o f i l e s  by CRR 

(Appendix G )  and by TRRL (Appendix H ) ,  t o  o b t a i n  roughness numerics t h a t  

c o r r e l a t e  very  w e l l  wi th  t h e  measures obta ined wi th  response-type road 

roughness measuring systems (RTRRMSs). I n  each ca se ,  t h e  ana lyses  were a p p l i e d  

t o  p r o f i l e s  obta ined wi th  a s i n g l e  measurement method, and t h e  r e p r o d u c i b i l i t y  

of t h e  numerics w i t h  d i f f e r e n t  p r o f i l e  measurement methods had no t  been 

e s t a b l i s h e d  . 

The purpose of t h i s  appendix i s  t o  d e r i v e  t h e  response  p r o p e r t i e s  of t h e  

moving average ,  a s  was done f o r  t h e  QIr and RARS numerics (Appendices E and 

F), and a l s o  t o  apply  s e v e r a l  of t h e  moving average a n a l y s e s  t o  p r o f i l e s  

measured s t a t i c a l l y  and dynamically.  

Mathematical D e f i n i t i o n  of t h e  M o v i n g  Average 

The moving average a n a l y s i s  c o n s i s t s  of t h r e e  s t e p s :  

1. Geomet r i ca l ly  smooth the p r o f i l e .  A p r o f i l e  can be  smoothed a t  

each  p o i n t  by c o n s i d e r i n g  a n  average over  a base leng th :  

where 

x = d i s t a n c e  t r a v e l l e d  

y,(x) = u n f i l t e r e d  "raw" v e r t i c a l  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 

y s ( x )  = smoothed 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 

b , = base leng th  of moving average 

X = dummy v a r i a b l e  of i n t e g r a t i o n  



When t h e  p r o f i l e  i s  sampled,  t h e  i n t e g r a l  i n  Eq. 1  i s  rep laced  w i t h  a  

summation: 

where 

m = INT [ ( b  / d x )  /2 ] 

and 

i = i n d e x ,  i n d i c a t i n g  t h e  ith sample. 

dx = i n t e r v a l  between samples (m) 

INT = INTeger f u n c t i o n  used i n  FORTRAN and B A S I C ,  i n d i c a t i n g  t r u n c a t i o n .  

Eqs. 2  and 3  r e q u i r e  t h a t  t h e  b a s e l e n g t h  correspond t o  an odd i n t e g e r  

m u l t i p l e  of dx. Thus, f o r  a n  i n t e r v a l  of 500 mm, moving average  b a s e l e n g t h s  

can be 1.0 m ( 3  p o i n t s ) ,  2.0 m (5  p o i n t s ) ,  3.0 m ( 7  p o i n t s ) ,  and s o  on. When 

t h e  b a s e l e n g t h  r e q u i r e s  an  even  i n t e g e r  m u l t i p l e  of d x ,  then  t h e  smoothed 

average  would correspond t o  a  p o s i t i o n  between samples ,  and a  s l i g h t l y  

d i f f e r e n t  e q u a t i o n  can be u s e d :  

where t h e  i n d e x  (1-.5) i n d i c a t e s  t h a t  t h e  smoothed va lue  should occur  halfway 

between samples i and i-1. 

2. S u b t r a c t  t h e  smoothed p r o f i l e  f rom t h e  o r i g i n a l  p r o f i l e .  

where y f ( i )  i s  t h e  f i n a l ,  f i l t e r e d  p r o f i l e .  When t h e  number of p o i n t s  

inc luded  i n  t h e  average  i s  even ,  t h e n  t h e  smoothed v a l u e  should l i e  between 

samples ,  and an a l t e r n a t e  t o  Eq. 5 can be used :  



With t h i s  s t e p ,  t h e  smoothed p r o f i l e  i s  used a s  a r e f e r e n c e  o r  datum, from 

which d e v i a t i o n s  can be summarized i n  t h e  nex t  s t e p .  

3. Summarize the filtered profile. The yf v a r i a b l e  w i l l  va ry  about 

z e r o ,  and must e i t h e r  be r e c t i f i e d  o r  squared b e f o r e  averag ing  t o  o b t a i n  a 

non-zero roughness  numeric. I n  Belgium, t h e  v a l u e  i s  r e c t i f i e d  and m u l t i p l i e d  

by 50 (assuming t h e  p r o f i l e  had been s c a l e d  i n  mm) t o  o b t a i n  t h e  CP numeric.  

I n  Appendix H ,  t h e  RMS v a l u e  i s  used.  

Bandwidth of the Moving Average. 

I n  o r d e r  t o  d e r i v e  t h e  s e n s i t i v i t y  of t h e  moving average  f i l t e r  t o  

wavenumber, i t  i s  conven ien t  t o  c o n s i d e r  complex s i n u s o i d a l  v a r i a b l e s  of t h e  

form: 

where 

and 

L = wavelength  

j =fi 



The s e n s i t i v i t y  of t h e  moving average smoothing f i l t e r  t o  wavelength i s  found 

by s u b s t i t u t i n g  Eq. 7 i n t o  t h e  d e f i n i t i o n  ( f o r  a  cont inuous s i g n a l )  of Eq. 1:  

x-b /2 

Whew X = dummy v a r i a b l e  of i n t e g r a t i o n .  Solving Eq. 10, 

Therefore ,  t h e  s e n s i t i v i t y  of t h e  f i n a l  f i l t e r e d  v a r i a b l e  yf t o  wavelength 

i s  : 

Effect of !$ample Interval 

e) 
The numerical equ iva l en t s  t o  a  moving average g iven  i n  Eqs. 2 and 4 

approach t h e  " t rue1 '  moving average d e f i n i t i o n  (Eq. 1)  when t h e  sample i n t e r v a l  

i s  much smal le r  than  t h e  base l eng th ,  such t h a t  t h e r e  a r e  10 o r  more samples 

included i n  t h e  moving average. But the  r e s u l t s  repor ted  i n  Appendix H 

i n d i c a t e  t h a t  when t h e  base length  b i s  no t  much l a r g e r  than t h e  sample 



i n t e r v a l  d x ,  such  t h a t  th-ere  a r e  fewer  samples w i t h i n  t h e  moving a v e r a g e ,  t h e  

r e s u l t i n g  roughness  measure depends on b o t h  b  and dx. 

The s e n s i t i v i t y  of t h e  numer ica l  e q u i v a l e n t s  (Eqs.  5  and 6 )  t o  wavelength 

can a l s o  be c a l c u l a t e d ,  by s u b s t i t u t i n g  Eq. 7 i n t o  Eqs. 2  and 4.  Noting t h a t  

and t h a t  a l l  x v a l u e s  a r e  i n t e g e r  m u l t i p l e s  of dx ,  Eq. 5  can  be conver ted t o  

t h e  wavenumber domain a s :  

m 
y f / y r  = 1 - 1/(2m + 1 )  [ 1  + 2 2  c o s ( k  w d x )  

k= 1 

( f o r  b/dx = odd i n t e g e r  number) 

whi le  Eq. 6  can  be conver ted a s :  

y f / y r  = cos(.5w d x )  - 1/2m 5 2  cos({k-.5} w  d x )  
k= 1 

( f o r  b /dx = even i n t e g e r  number) 

Eqs. 14 and 15 were used t o  p r e p a r e  t h e  f o u r  p l o t s  shown i n  F igs .  J . l ,  

u s i n g  t h e  b a s e l e n g t h  o f  2.5 m w i t h  measurement i n t e r v a l s  of 50 and 500 mm, and 

t h e  b a s e l e n g t h  1.8 m w i t h  100 amd 300 mm i n t e r v a l s .  Note t h a t  t h e  moving 

average  f i l t e r  a t t e n u a t e s  wavelengths  l o n g e r  t h a n  t h e  b a s e l e n g t h ,  and 

t r a n s m i t s  wavelengths  t h a t  a r e  much s h o r t e r  t h a n  t h e  b a s e l e n g t h  w i t h  a  u n i t y  

g a i n .  For wavelengths  s l i g h t l y  s h o r t e r  t h a n  t h e  b a s e l e n g t h ,  t h e  g a i n  i s  

v a r i a b l e ,  r ang ing  from 1.2 t o  0.85. When t h e  sample i n t e r v a l  i s  l a r g e r ,  t h e  

p r o p e r t i e s  of t h e  f i l t e r  a r e  a f f e c t e d ,  because  wavelengths  t h a t  would be 

a t t e n u a t e d  by t h e  smoothing of a  t r u e  moving average can appear  a s  a  l o n g e r  

wavelength ( w i t h  l e s s  a t t e n u a t i o n )  due t o  a l i a s i n g .  S ince  t h e s e  wavelengths  

a r e  s t i l l  p r e s e n t  i n  t h e  smoothed s i g n a l ,  they c a n c e l  when s u b t r a c t e d  from t h e  

o r i g i n a l ,  c a u s i n g  t h e  lowered reponse shown i n  t h e  p l o t s .  

Although t h e  moving average a n a l y s i s  i s  a  high-pass  f i l t e r ,  g e n e r a l l y  

p a s s i n g  wavenumbers h i g h e r  t h a n  t h e  c u t - o f f ,  t h e  summary numeric i s  p r i m a r i l y  

i n f l u e n c e d  by t h e  l o n g e s t  wavelengths  t h a t  a r e  t r a n s m i t t e d ,  due t o  t h e  
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Figure J.1. Wavenumber Response Funct ions of t he  Moving Average for Baselengths 
and Sample I n t e r v a l s  Used i n  t h e  IRRE, f o r  an Eleva t ion  Input.  



s p e c t r a l  c o n t e n t  o f  r o a d s  (Appendix I). To b e t t e r  show t h e  a c t u a l  i n f l u e n c e  

of d i f f e r e n t  wavelengths  on t h e  roughness numeric ,  t h e  p l o t s  can  be conver ted  

f o r  t h e  c a s e  of a  s l o p e  i n p u t .  For t h e  s i n u s o i d a l  i n p u t ,  d i f f e r e n t i a t i o n  can 

be expressed  a l g e b r a i c a l l y :  

Thus , 

Eq. 17 was used t o  r e s c a l e  t h e  f o u r  p l o t s  i n  F igure  J.l f o r  t h e  c a s e  of a 

s l o p e  i n p u t ,  t o  o b t a i n  t h e  p l o t s  shown i n  F igure  5.2. 

Upon examining t h e  p l o t s  f o r  t h e  2.5 m b a s e l e n g t h  used f o r  t h e  CP 

s t a t i s t i c ,  i t  can be seen  t h a t  t h e  CP moving average  a n a l y s i s  used by CRR i s  

q u i t e  d i f f e r e n t  from t h e  But te rwor th  band-pass f i l t e r  a s  used by LCPC. But 

when road i n p u t s  a r e  cons idered  which have a  f a i r l y  uniform s p e c t r a l  c o n t e n t  

i n  terms o f  s l o p e  i n p u t ,  t h e n  t h e  CP f i l t e r  p r o p e r t i e s  appear  more l i k e  a  

band-pass. Th i s  i s  why t h e  LCPC and CRR a n a l y s e s  g i v e  h i g h l y  c o r r e l a t e d  

r e s u l t s  when comparing t h e  SW c o e f f i c i e n t s  t o  CP2.5, t h e  MW c o e f f i c i e n t s  t o  

CPI0, and t h e  LW c o e f f i c i e n t s  t o  CP40 (Appendix G ) .  

The p l o t s  shown f o r  t h e  1 .8  m b a s e l e n g t h  correspond t o  t h e  RMSD numeric 

d e s c r i b e d  i n  Appendix H ,  a l t h o u g h  n o t  complete ly  s i n c e  t h a t  a n a l y s i s  u s e s  a  

l i n e a r  r e g r e s s i o n  l i n e  o v e r  a  l e n g t h  of 1.8 m r a t h e r  t h a n  a  s imple  mean. The 

RMSD numeric does  n o t  have a  t r u e  l i n e a r  wavenumber r e s p o n s e ,  b u t  i s  so  

s i m i l a r  t o  a  moving average t h a t  g e n e r a l i z a t i o n s  about  t h e  wavenumber 

s e n s i t i v i t y  o f  one should ho ld  f o r  t h e  o t h e r .  The p l o t s  i n  t h e  two f i g u r e s  

i n d i c a t e  why t h e  RMSD numeric i s  dependent on sample i n t e r v a l ,  and why i t  i s  

lowered w i t h  i n c r e a s i n g  i n t e r v a l .  

Comparison of Dynadc and Static Measures of CP 

Although t h e  moving average  a n a l y s i s  was employed by both  CRR and TRRL 

( s e e  Appendix H), t ime c o n s t r a i n t s  p reven ted  t h e  d i r e c t  comparison of summary 
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Figure  5.2. Wavenumber Response Func t ions  of t h e  Moving Average f a r  Baselengths  
and Sample I n t e r v a l s  Used i n  t h e  IRRE, f o r  a Slope Inpu t .  



numerics based on t h e  moving average  f i l t e r ,  a s  computed from s t a t i c a l l y  

measured p r o f i l e s  ( rod  and l e v e l  o r  t h e  TRRL Beam) and from t h e  dynamical ly  

measured APL p r o f i l e s ,  by e i t h e r  of t h o s e  agenc ies .  S ince  t h e  r e s u l t s  

r e p o r t e d  from CRR and from TRRL were b o t h  ve ry  encourag ing ,  t h e  moving average 

a n a l y s i s  was performed more r e c e n t l y  a t  UMTRI on  both  t h e  APL 72 p r o f i l e s  

s u p p l i e d  by LCPC and t h e  rod and l e v e l  p r o f i l e s  s u p p l i e d  by The B r a z i l i a n  

T r a n s p o r t a t i o n  Planning Company (GEIPOT), u s i n g  t h e  same computer program 

(modi f i ed)  t h a t  produced t h e  QI, and RARS numerics r e p o r t e d  i n  Appendices E 

and F. These r e s u l t s ,  s c a l e d  w i t h  CP u n i t s ,  a r e  l i s t e d  i n  Table J.l 

The APL 72 s i g n a l s  were t h e  same ones used t o  compute QIr and RARS 

numer ics ,  and were ob ta ined  a t  50 mm i n t e r v a l s  a s  d e s c r i b e d  i n  Appendix A. 

The numer ica l  methods used f o r  bo th  t h e  APL and t h e  rod and l e v e l  p r o f i l e s  a r e  

t h o s e  d e s c r i b e d  i n  t h i s  appendix ,  and t h e r e f o r e  may n o t  e x a c t l y  match t h e  

procedure  used a t  CRR. For example, t h e  d a t a  p r o c e s s i n g  a t  CRR was r o u t i n e l y  

performed u s i n g  t h r e e  a d j a c e n t  s e c t i o n s  100 m l o n g ,  whereas t h e  p rocess ing  a t  

UMTRI was performed c o n t i n u o u s l y  f o r  each  320 m s i t e ;  a l s o  a  sample i n t e r v h  

of 113 m i s  normal ly  used a t  CRR i n  c o n t r a s t  t o  t h e  50 mm i n t e r v a l  used by 

LCPC . 
$3 

In comparing t h e  numerics i n  Table J.l t o  t h e  CP numerics  i n  Appendix G ,  

v e r y  good agreement i s  seen when t h e  b a s e l e n g t h  was 2.5 m ,  a l though  agreement 

i s  n o t  a s  c l o s e  f o r  b a s e l e n g t h s  of 10 and 40 m. (The numerics  r e p o r t e d  i n  

t h i s  appendix t end  t o  be  h i g h e r  by 5% - lo%. )  Even though t h i s  i n d i c a t e s  t h a t  

t h e  r e s u l t s  i n  t h i s  appendix a r e  n o t  comple te ly  e q u i v a l e n t  t o  t h e  CP numer$c 

9 a s  computed by CRR, t h e y  appear  t o  be s i m i l a r  enough t o  compare t h e  s t a t i c  and 

dynamic measurements, a s  long  a s  t h e  comparisons a r e  l i m i t e d  t o  t h e  r e s u l t s  

p r e s e n t e d  i n  t h i s  appendix.  ( U n f o r t u n a t e l y ,  t ime c o n s t r a i n t s  f o r  t h i s  r e p o r t  

prevented c o l l a b o r a t i o n  between UMTRI and CRR t o  r e s o l v e  t h e  d i f f e r e n c e s . )  

For convenience,  t h e  numerics a r e  r e f e r r e d  t o  a s  CP i n  t h e  fo l lowing  

d i s c u s s i o n ,  even though they  are " u n o f f i c i a l . "  

For t h e  CP2e5 numeric,  t h e  500 mm sample i n t e r v a l  used w i t h  t h e  rod and 

l e v e l  measures c a u s e s  t h e  d i g i t a l  f i l t e r  t o  behave d i f f e r e n t l y  than  a  t r u e  

moving a v e r a g e ,  a s  i n d i c a t e d  i n  F igs .  J . l b  and J.2b. There fore ,  t h e  28 

p r o f i l e s  from t h e  TRRL Beam were processed t o  o b t a i n  t h e  CP2,5 numeric ,  and 

t h e s e  r e s u l t s  a r e  l i s t e d  i n  t h e  Tab le ,  r a t h e r  t h a n  t h o s e  ob ta ined  from rod and 



Table J.1. Summary of Moving Average ( C P )  Numerics Obtained a t  UMTRI from 

Test 
S i t e  

----- 
CA 01 
CA 02 
CA 03 
CA 04 
CA 05 
CA 06 
CA 07 
CA 08 
CA 09 
CA 10 
CA 11 
CA 12 
CA 13 

TS 01 
TS 02 
TS 03 
TS 04 
TS 05 
TS 06 
TS 07 
TS 08 
TS 09 
TS 10 
TS 11 
TS 12 

GR 01 
GR 02 
GR 03 
GR 04 
GR 05 
GR 06 
GR 07 
GR 08 
GR 09 
GR 10 
GR 11 
GR 12 

TE 01 
TE 02 
TE 03 
TE 04 
TE 05 
TE 06 
TE 07 
TE 08 
TE 09 
TE 10 

s t a t i c a l l y  MeasuGed P p r o f i l e s  and from the  APL T r a i l e r .  



l e v e l .  

Figure 5.3 compares t h e  moving average measures s t a t i c a l l y  and from APL 

p r o f i l e s .  The f o u r  s c a t t e r  p l o t s  show t h a t :  

1. The CP2.5 numerics computed from the  APL 72 s i g n a l s  a r e  h ighe r  than  

those computed from rod and l e v e l .  This i s  t o  be expected from the  wavenumber 

s e n s i t i v i t y  p l o t s  shown i n  Figs.  J.l and 5.2. The r e s u l t s  shown he re  and i n  

Appendix H i n d i c a t e  t h a t  a  moving average a n a l y s i s  must r e q u i r e  e i t h e r  t h a t  

t h e  sample i n t e r v a l  be f i xed  ( a s  suggested i n  Appendix H), o r  t h a t  i t  be 

s u f f i c i e n t l y  smal l  t h a t  a l i a s i n g  w i l l  n o t  be s i g n i f i c a n t .  A problem with 

spec i fy ing  a  f i xed  sample i n t e r v a l  i s  t h a t  t h e  magnitude of t h e  a l i a s i n g  

e f f e c t  depends on t h e  s p e c t r a l  con ten t s  of t h e  p r o f i l e ,  which i s  l imi t ed  by 

the  bandwidth of t h e  APL t r a i l e r .  Hence, spec i fy ing  a  f i xed  sample i n t e r v a l  

could g ive  d i f f e r e n t  r e l a t i o n s h i p  between measures obtained wi th  t h e  APL and 

those  ob ta ined  s t a t i c a l l y .  A more p r a c t i c a l  problem i s  t h a t  a  s p e c i f i e d  

i n t e r v a l  dec reases  t he  op t ions  a v a i l a b l e  f o r  measuring p r o f i l e .  

On t h e  o t h e r  hand,  a l i a s i n g  can be e l imina ted  simply by using a  smal le r  

i n t e r v a l .  Fig. 5.3 i n d i c a t e s  good agreement between t h e  APL and Beam 

measures,  which used a  100 mm i n t e r v a l .  

2. The CPIO numerics a s  computed from t h e  APL 7 2  a r e  n e a r l y  i d e n t i c a l  

t o  those  obtained from the  rod and l e v e l ,  wi th  t h e  except ion  of two of t h e  

roughest unpaved roads ,  which appear a s  "ou t l i e r s . "  Excluding t h e  two 

" o u t l i e r s , "  t h e  p l o t  shows t h e  remaining 73 d a t a  p o i n t s  l y i n g  very c l o s e  t o  

t h e  l i n e  of e q u a l i t y ,  matching t h e  r e p e a t a b i l i t y  of t h e  s t a t i c a l l y  measured 

RARS numerics,  a l though the  APL measures a r e  about 5% lower than the  rod and 

l e v e l  measures. 

The " o u t l i e r s "  (GR 03 and TE 12)  both have corresponding PSD func t ions  

t h a t  a r e  q u i t e  d i f f e r e n t  i n  t he  two wheel t racks ( s e e  Appendix I ) ,  such t h a t  

t h e  l a t e r a l  p o s i t i o n i n g  of t h e  APL T r a i l e r  appears  t o  be c r i t i c a l  on t he se  

set-tions. For t h e  worst  " o u t l i e r "  (GR 03 ) ,  t he  l e f t  wheel t rack has  a  pe r iod i c  

component t h a t  occurs  e x a c t l y  a t  t h e  10 m wavelength. This  peak i s  seen i n  

t h e  PSD measured wi th  rod and l e v e l  bu t  no t  t h e  PSD obtained wi th  t h e  t r a i l e r ,  

expla in ing  why t h e  rod and l e v e l  measure i s  s o  much h igher .  



CP2.5 f r o m  Rod and Level CPI0 f r om Rod and Level 

b. 10 m Moving Average a. 2.5 m Moving Average 

CP2.5 f r o m  TRRL Beam CP40 f r om Rod and Level 

c. 40  m Moving Average d. 2.5 m Moving Average 

Figure  5.3. Comparison of CP Numerics from S t a t i c a l l y  Measured P r o f i l e s  and from 
t h e  APL T r a i l e r .  
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3. The CP40 measures o b t a i n e d  from t h e  APL a r e  about  10% lower t h a n  

t h o s e  ob ta ined  from t h e  rod and l e v e l .  I n  viewing t h e  response  p l o t  of t h e  CP 

a n a l y s i s  ( F i g .  J . 2 ) ,  i t  can  be s e e n  t h a t  wavelengths  l o n g e r  t h a n  t h e  

b a s e l e n g t h  a r e  n o t  comple te ly  a t t e n u a t e d .  For example, t h e  g a i n  a t  wavenumber 

0.2 (wavelength  = 5  m) i s  3 /4  of t h e  g a i n  a t  wavenumber 0.4 (wavelength = 2.5 

m = b a s e l e n g t h ) .  For t h e  c a s e  of 40 m b a s e l e n g t h ,  t h i s  means t h a t  t h e  

a n a l y s i s  i s  a f f e c t e d  by wavelengths  l o n g e r  t h a n  40 m.  But t h e  APL 72 response  

( F i g .  G . l  i n  Appendix G) does  n o t  i n c l u d e  t h e s e  l o n g e r  wavelengths ,  whereas 

t h e  s t a t i c  rod and l e v e l  method does .  Appendix I ,  which c o n t a i n s  PSD 

f u n c t i o n s  o b t a i n e d  from t h e  APL T r a i l e r ,  TRRL Beam, and rod and l e v e l ,  show 

t h e  d i f f e r e n c e  i n  s l o p e  i n p u t  a t  t h e  very long wavelengths  ( low wavenumbers). 

The d i f f e r e n c e s  shown i n  Fig .  G.4c may r e f l e c t  t h e  bandwidth l i m i t a t i o n  of t h e  

APL T r a i l e r .  

I n  summary, t h e  CP2.5 and CPIO can be o b t a i n e d  e i t h e r  w i t h  a  

s t a t i c a l l y  measured p r o f i l e  o r  w i t h  a n  APL T r a i l e r ,  wi thou t  any s i g n i f i c a n t  

e r r o r  beyond t h e  normal r e p e a t a b i l i t y  a s s o c i a t e d  w i t h  p r o f i l e  measurement. 

The sample i n t e r v a l  must be s m a l l ,  however, t o  o b t a i n  good agreement w i t h  t h e  

CP2,5 numeric. However, t h e  CP40 numeric i s  i n f l u e n c e d ,  i n  p a r t ,  by t h e  

r e s p o n s e  p r o p e r t i e s  of t h e  APL T r a i l e r  because  t h e  rod and l e v e l  measure 

i n c l u d e s  a  s l i g h t  e f f e c t  of wavenumbers t h a t  a r e  t o o  low t o  be sensed by t h e  

APL T r a i l e r .  





APPENDIX K 

SUBJECTIVE ESTIMATION OF BOUGHNgSS BY SCALE DESCRIPTOR METHOD 

Prepared by 

Will iam D.O. P a t e r s o n  (World Bank) 

Experiment 

Immediately a f t e r  t h e  complet ion of t h e  main exper iment  a  small s t u d y  

was performed i n  which 4 i n d i v i d u a l  o b s e r v e r s  e s t i m a t e d  t h e  roughness of each 

t e s t  s e c t i o n  d i r e c t l y  u s i n g  t h e  ' S c a l e  D e s c r i p t o r  Method'. Th i s  method, 

developed dur ing  World Bank s t u d i e s  i n  B r a z i l  fo l lowing  t h e  PICR p r o j e c t ,  

p r o v i d e s  a  s e t  of d e s c r i p t o r s  of t h e  road shape and r i d e  s e n s a t i o n s  a t  s i x  

l e v e l s  of roughness on a  r e f e r e n c e  ARS s c a l e  from 0 t o  25 m/km. Observers  

match t h e  r i d e  and t h e i r  assessment  of s u r f a c e  shape w i t h  t h e  d e s c r i p t o r s  and 

e s t i m a t e  roughness d i r e c t l y  i n  m/km u n i t s .  The method i s  d i s t i n c t l y  d i f f e r -  

e n t  from t h e  s u b j e c t i v e  p a n e l  r a t i n g  (Appendix D). I n  t h e  p a n e l  r a t i n g ,  

o b s e r v e r s  r a t e  t h e  r i d e  comfort  on a  0 t o  5 s c a l e  r e p r e s e n t i n g  t h e i r  i n d i v i -  

d u a l  p e r c e p t i o n s  of poor t o  p e r f e c t  road c o n d i t i o n s .  The s u b j e c t i v e  p a n e l  

r a t i n g  is  thus  an unanchored s c a l e  which i s  i n f l u e n c e d  by t h e  o b s e r v e r s '  pre- 

concep t ions  of s a t i s f a c t o r y  r i d e  comfort  and i s  known t o  va ry  from r e g i o n  t o  

r e g i o n  and coun t ry  t o  country .  The s c a l e  d e s c r i p t o r  method however employs 

an  anchored s c a l e  which i s  nominal ly  d i r e c t l y  e q u i v a l e n t  t o  a  RARS s c a l e .  

The o b s e r v e r s  were g i v e n  a  s e t  of i n s t r u c t i o n s  and two c h a r t s  summariz- 

i n g  t h e  s c a l e  f o r  paved roads  and unpaved roads  r e s p e c t i v e l y ,  a s  shown i n  

Figs .  K.1 and K.2. The s c a l e  was t h e  same f o r  b o t h  c a t e g o r i e s  of r o a d ,  o n l y  

some of t h e  d e s c r i p t o r s  d i f f e r e d  i n  examples of t y p i c a l  roads  and t h e  types  

of d i s t r e s s  a s s o c i a t e d  w i t h  e a c h  l e v e l  of roughness. The s c a l e  i n  t h e  method 

used f o r  t h e  su rvey  was c o n s t r u c t e d  on t h e  c a l i b r a t e d  ARS a t  80 km/h of t h e  

Opalas used i n  t h e  PICR. Included w i t h  t h e  s e t  of i n s t r u c t i o n s  was a  s e t  of 

two photographs of examples of road s u r f a c e  appearance a t  each of t h e  s i x  

l e v e l s  of roughness ( t h e s e  were n o t  of s e c t i o n s  i n c l u d e d  i n  t h e  e x p e r i m e n t ) ,  

but  i n  f a c t  t h e  o b s e r v e r s  made l i t t l e  r e f e r e n c e  t o  t h e s e  and used p r i m a r i l y  

t h e  w r i t t e n  d e s c r i p t o r s .  



The o b s e r v e r s  were d r i v e n  i n  one of t h e  Opala sedan c a r s  t h a t  had been 

used f o r  a  Maysmeter i n  t h e  main exper iment ,  o v e r  a l l  49 t e s t  s e c t i o n s  i n  

approximately  t h e  same random sequence a s  t h e  main experiment.  A speed of 

approx imate ly  80 kmlh was main ta ined  on t h e  paved roads  and a speed of 

approximately  50 km/h on t h e  unpaved roads.  There was no s t o p p i n g  a t  t h e  

i n d i v i d u a l  s i tes  and a l l  s e c t i o n s  were observed i n  t h e  c o u r s e  o f  one day. 

The o b s e r v e r ' s  e s t i m a t e  of roughness i n  mlkm was w r i t t e n  on a  f i e l d  form w i t h  

t h e  t e s t  s e c t i o n  number and o c c a s i o n a l l y  a  b r i e f  comment, f o r  example whether  

t h e  s u r f a c e  t e x t u r e  was ' n o i s y ' ,  whether t h e  v e h i c l e  was 'bot toming '  on t h e  

s u s p e n s i o n ,  e t c .  None o f  t h e  o b s e r v e r s  had a p p l i e d  t h e  method p r e v i o u s l y ,  

a l t h o u g h  two of t h e  four  had had some prev ious  exper ience  of t h e  s c a l e .  The 

c h a r a c t e r i s t i c s  o f  t h e  o b s e r v e r s  a r e  summarized i n  Table K.1. 

Data Analysis 

The d a t a  c o l l e c t e d  i n  t h e  s t u d y  a r e  p r e s e n t e d  i n  Table K.2, t o g e t h e r  

w i t h  t h e  RARS50 r e f e r e n c e  va lue  of roughness f o r  each t e s t  s e c t i o n  from 

T a b l e  F.5, Appendix F. These r e f e r e n c e  v a l u e s  were n o t  known t o  any of t h e  

o b s e r v e r s  and had n o t  been computed a t  t h e  t ime  of  t h e  survey.  Also presen-  

t e d  i n  t h e  t a b l e  a r e  t h e  means of t h e  o b s e r v e r s '  e s t i m a t e s  and t h e  a b s o l u t e  

d e v i a t i o n s  from t h e  r e f e r e n c e  va lue .  

The r e s u l t s  a r e  p l o t t e d  f o r  a l l  o b s e r v e r s  i n  Fig. K.3 and by i n d i v i d u a l  

o b s e r v e r  i n  Fig. K.4 showing s u r f a c e  type e f f e c t s .  The r e s u l t s  a r e  summariz- 

ed  by t h e  s t a t i s t i c s  p r e s e n t e d  i n  Table K.3 and a r e  d i s c u s s e d  under t h e  

a s p e c t s  of s y s t e m a t i c  b i a s ,  accuracy and c o r r e l a t i o n .  They a r e  e v a l u a t e d  

w i t h  t h e  e x p e c t a t i o n  t h a t  normal ly  o n l y  one o b s e r v e r  would under take  an  e s t i -  

mat ion survey and t h a t  averag ing  a c r o s s  o b s e r v e r s  i s  n o t  t h e  norm. 

Sys temat ic  b i a s  i s  t h e  measure of how t h e  o b s e r v e r ' s  s c a l e  compared w i t h  

t h e  r e f e r e n c e  s c a l e  and i n d i c a t e s  whe ther ,  on average ,  t h e r e  was any systema- 

t i c  u n d e r e s t i m a t i o n  o r  o v e r e s t i m a t i o n .  The mean r e f e r e n c e  roughness was 7.58 

m/km, and t h e  o b s e r v e r s '  means ranged from 7.00 t o  8.64 mlkm, w i t h  a n  average  

of 7.80 mlkm. This  i s  e q u i v a l e n t  t o  a b i a s  rang ing  from -7.6 t o  +14.0 per- 

c e n t  w i t h  an  average  of +3.0 p e r c e n t .  The o b s e r v e r s '  p e r c e i v e d  s c a l e s  based 

on t h e  su rvey  s c a l e  a r e  t h e r e f o r e  ve ry  c l o s e  t o  t h e  r e f e r e n c e  RARS50 s c a l e .  



The b i a s  would be f u r t h e r  reduced i n  a p p l i c a t i o n s  of t h e  method a s  t h e  obser-  

v e r  g a i n e d  e x p e r i e n c e  and i f  a  p r e l i m i n a r y  ' c a l i b r a t i o n '  s u r v e y  were conduct-  

ed f o r  t h e  observer .  The method i s  t h u s  s u c c e s s f u l  i n  both  anchor ing and 

c o n t r o l l i n g  t h e  s c a l e .  The s i g n i f i c a n c e  of a  low b i a s  i s  t h a t  a n  o b s e r v e r  i n  

t h e  course  of a  long survey w i l l  tend t o  produce an average r e s u l t  which i s  

w i t h i n  approx imate ly  10 p e r c e n t  of t h e  r e f e r e n c e .  It i s  a l s o  s i g n i f i c a n t  i n  

t h a t  t h e  RARS50 s c a l e  can be s u b s t i t u t e d  f o r  t h e  su rvey  s c a l e  i n  t h e  method 

w i t h o u t  need f o r  adjus tment  of t h e  d e s c r i p t o r s .  

The accuracy of e s t i m a t i o n  of roughness on an i n d i v i d u a l  s e c t i o n  i s  

q u a n t i f i e d  th rough  t h e  r o o t  mean s q u a r e  d e v i a t i o n  between t h e  o b s e r v e r ' s  

e s t i m a t e  and t h e  r e f e r e n c e  value .  For t h e  f o u r  o b s e r v e r s  t h i s  ranged from 27 

t o  48 p e r c e n t ,  s i n c e  t h e  e r r o r  i s  p r o p o r t i o n a l  t o  t h e  mean and i s  b e s t  ex- 

p r e s s e d  a s  a  pe rcen tage .  The two o b s e r v e r s  w i t h  some prev ious  exper ience  ( A  

and B) r a t e d  s l i g h t l y  b e t t e r  t h a n  t h e  two w i t h o u t  any p rev ious  e x p e r i e n c e  (C 

and D ) ,  i . e .  27 - 35 p e r c e n t  and 35 - 48 p e r c e n t ,  r e s p e c t i v e l y .  The maximum 

i n d i v i d u a l  e r r o r s  were d e v i a t i o n s  of 3.2 mlkm, o r  55 p e r c e n t  f o r  t h e  most ac-  

c u r a t e  o b s e r v e r  and +7.6 m/km o r  140 p e r c e n t  f o r  t h e  l e a s t  a c c u r a t e .  For a  

s u b j e c t i v e  method s u c h  a s  t h i s ,  g i v e n  t h a t  t h e  b i a s  i s  approx imate ly  random 

and g e n e r a l l y  l e s s  than  10 p e r c e n t ,  an e r r o r  of t h e  o r d e r  of 36 p e r c e n t  aver-  

age  (and l e s s  upon e x p e r i e n c e )  i s  p e r f e c t l y  a c c e p t a b l e  and h i g h l y  s a t i s f a c -  

t o r y .  It compares w i t h  an  e r r o r  of t h e  o r d e r  of 14 p e r c e n t  f o r  c a l i b r a t e d  

RTRRMSs and 6 p e r c e n t  f o r  s t a t i c  p r o f i l o m e t r y  methods. 

The c o r r e l a t i o n  between t h e  o b s e r v e r s '  e s t i m a t e s  and t h e  r e f e r e n c e  

i s  a  measure of t h e  o b s e r v e r ' s  accuracy i n  rank ing  t h e  s e c t i o n s  by roughness 

and of how w e l l  t h e  e s t i m a t e  r e l a t e s  t o  roughness.  The c o e f f i c i e n t s  of 

d e t e r m i n a t i o n  ( R ~ - v a l u e s )  range from 0.86 t o  0.92 which demonstra tes  t h a t  

t h e  method is h i g h l y  e f f e c t i v e  i n  t h e s e  r e s p e c t s .  

Although t h e  sample s i z e  i n  t h i s  s t u d y  was s m a l l ,  t h e  r e s u l t s  pre- 

s e n t e d  a r e  p robab ly  r e p r e s e n t a t i v e  of what cou ld  be expec ted  from competent 

pe rsonne l .  The r e s u l t s  a r e  s u f f i c i e n t  t o  i n d i c a t e  t h a t  t h e  method i s  a b l e  t o  

g i v e  s a t i s f a c t o r y  e s t i m a t e s  of roughness  w i t h  a n  e r r o r  o f  approx imate ly  36 

p e r c e n t ,  f r e e  from s i g n i f i c a n t  b i a s  and w i t h  h igh  r e l i a b i l i t y  f o r  rank ing  t h e  

roughness  o f  i n d i v i d u a l  s e c t i o n s  o v e r  a  wide range.  



Fol lowing t h e  s e l e c t i o n  of RARSso a s  t h e  I n t e r n a t i o n a l  Roughness Index 

( I R I ) ,  t h e  r a t i n g  s c a l e  r e q u i r e s  l i n e a r  ad jus tment  by t h e  f a c t o r  of 0.80 

(which i s  t h e  r a t i o  of t h e  means of RARS80 and RARSso i n  t h e  IRRE d a t a ) .  

Th i s  r e l a t i o n s h i p  between t h e  two s c a l e s  i s  n o t  mathemat ical  but  e m p i r i c a l :  

t h e r e  a r e  d i f f e r e n c e s  due t o  t h e  d i f f e r e n t  wavebands sensed a t  50 and 80 km/h 

b u t ,  a s  t h e s e  have n e g l i g i b l e  e f f e c t s  on t h e  pr imary c o n c l u s i o n s ,  t h e  

a n a l y s i s  was not  re-run. I n  o r d e r  f o r  t h e  r a t i n g  s c a l e s  i n  Figs .  K. l  and K.2 

t o  be used f o r  t h e  d i r e c t  e s t i m a t i o n  of I R I  t h e r e f o r e ,  t h e  s c a l e  v a l u e s  need 

t o  be m u l t i p l i e d  by 0.80; t h e  new ranges  a r e  thus  0  t o  10 f o r  paved roads and 

0  t o  2 4  f o r  unpaved roads .  



Table K.l: Description of observers for roughness estimation 

Code Country Occupation Sex 

A United States Mechanical Engineer 

B New Zealand Civil Engineer 

C Thailand Systems Engineer 

D United Kingdom Econometrician 

Male 

Male 

Male 

Male 





Table K. 3:  Summary s t a t i s t i c s  of accuracy of s u b j e c t i v e  e s t ima t ion  of 
roughness by the  'Scale  Descr ip tor  Method' ( c l a s s  4)  i n  t h e  
IRRE 

Method /ob 
parameter 

No. obser-  
v a t i o n s  

Mean rough- 
nes s  

Mean b i a s  

Mean b i a s  

RMS Error  

RMS Error  

3rver 
u n i t  ' 

m/ km 

m/ km 

f  r ac -  
t i o n  

m/ km 

f r a c -  
t i o n  

f rac-  
t i o n  

Reference 

RARS5 0 

Estimation by observer  
A B C D 

Average 
3s t imat ion 



ROUGHNESS (m/km) 

Ride comfortable over 120 lan/h. Undulations barely perceptible a t  
80 km/h i n  range 1,5-2,O.  No depressions, potholes o r  corrugations 
are noticeable; depressions < 2rrun/3m. Typical high quality AC 1,5- 
-2,5, high quality ST 2,O-3,5. 

Ride camfortable a t  100-120 h / h .  A t  80 k q h  moderately sharp movements 
o r  l ~ g e  undulations m y  be f e l t .  Defective surface:.,occasional de - 
pressions o r  potholes (e.g. 12-25rmn/3m o r  20-40rran/% with f r q .  3-1 
per 50m), o r  many shallow potholes (e.g. on ST shming extensive rav- 
e l l ing) .  Surface without defects: mderate corrugations o r  large un - 
dulations . 

Ride comfortable a t  70-90h/h, Frequent sharp mvements and swaying. 
Nearly always associated with severe defects: frequent deep and un- 
even depressions (e.g. 20-4Chnql3m o r  40-9hn /% w i t h  freq. 5-3 per 
50rn) , or  frequent potholes (e. g. 4-6 per 50m) . Surf ace without de - 
fects :  strong undulations o r  corrugations. 8 

Necessary t o  reduce velocity b e l m  50lan/h. Many deep potholes and 
severe disintegration (e.g. 40-80 m deep with freq. 10-20 per 50m). 

10 

F igure  K. 1: Road roughness e s t i m a t i o n  s c a l e  f o r  paved roads  
w i t h  a s p h a l t i c  c o n c r e t e  o r  s u r f a c e  t r e a t m e n t  
s u r f a c i n g s  



ROUGHNESS (m/km) 

Recently bladed surface of fine gravel or so i l  surface with excellent 
longitudinal and transverse profile. 2 

Ride o=xnfortable a t  80-100 krn/h, aware of gentle unalations or swaying. 
Negligible depressions (e.g. < %n/3m) and no potholes. 

4 

Ride comfortable a t  70-80 lan/h but aware of sharp m v m n t s  and sane 
wheel bounce. Frequent shallow-mderate depressions or shallm ptholes 
(e.g. 6-20rran/h with freq. 5-10 per 50m). bbderate corrugations (e.g. 
6-20nan/O, 7-1,511) . - 

Ride amfortable a t  50lan/h (40-70 lan/h on specific sections). Frequent 1 4  
rroderate transverse depressions (e.g. ?3-4Omm/3-5m a t  freq. 10-20 per 
50m) or occasional deep depressions or ptholes (e.g . 40-8W3m) . 
Strong arnlgai:ions (e .g. > 2hn/0,7-1 ,Sm) . 1 6  

Ride comfortable a t  30-40 km/h. Frequent deep transverse depression 20 
and/or ptholes  (e .g. 40-80rran/l-5m a t  f req. 5-10 per 50m) ; or occasional 
very deep depressions (e.g. > 8Omn/l-5m) with other shallm depressions. 
Not pss ib le  to avoid a l l  the depressions except the worst. 2 2 

Ride &ortable a t  20-30 km/h. Speeds higher than 40-50 km/h would 
cause extreme disasmfort, and possibly damage to  the car. On a good 
general profile : frequent deep depressions and/or potholes (e . g. 40- 

26 

80 m/l-5m a t  f r q .  10-15 per 50m) and occasional very deep depressions 
(e.g. > 8 h / O ,  6-2m) . 

On a p r  general profile: frequent mderate defects and depressions 2 8 
(e.g.  poor earth surface) . 

F i g u r e  K . 2 :  Road roughness  e s t i m a t i o n  s c a l e  f o r  unpaved roads  
w i t h  g r a v e l  o r  e a r t h  s u r f a c e s  



ESTIMATED ROUGHNESS (m/km> 

20- 

I A CB 

14- c c 

C C A  
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MEASURED ROUGHNESS. RARSSO (m /km> 

LEGEND8 A A A OBSERVER ' A '  B  0 OBSERVER 'B '  
c c c OBSERVER ' C '  D 0 OBSERVER '0'  

L I N E  OF EQUALITY 

Figure K.3: Comparison of observer-estimates of roughness with 
measured RARSSO index: collectively. 
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MEAYRED ROUCH&ESS. RARSSO l d k d  
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Figure K.4: Comparison of observer-estimates of roughness with measured 
RARSSO: for each observer separately. 
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37-3 H a y  3Chome. Bunkpku l 13 

:%31 438-261 1 

Mtcrotnfo Ltd 
PO Box 3 
Alton Hampshire GU 34 2PG 
unired Ktngdom 
Tel Airon 86848 

MllRlM 
bbcena Cd Esre 
Aptdo a 3 3 7  
Caracas 10604 
Tel 32 23 01/33 26 01 

JomM 
MEMRB 
PO Box 3143 
JaM 
A m m  

KLlJlA 
Afnca W IEAl  Ud 
P 0 Box 45245 
NairoOl 
Te! 2364 11330272 

@'a 
Tel 22 822 


