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1 a 0  SCOPE 

This document p resen t s  gu ide l ines  f o r  use by personnel i n  highway 

o rgan iza t ions  respons ib le  f o r  s e t t i n g  up o r  opera t ing road roughness 

monitoring programs. It provides  guidance on: 

- How t o  choose a method f o r  measuring road roughness i n  consonance with 

t h e  o b j e c t i v e s  of t h e  program 

- How t h e  measurement equipment should be c a l i b r a t e d  t o  a standard 

roughness s c a l e  

- The procedures t h a t  should be observed t o  ensure r e l i a b l e  measurements i n  

r o u t i n e  d a i l y  use 

The planning suggest ions  and measuring procedures presented here  a r e  

intended t o  guide the  p r a c t i t i o n e r  i n  a c q u i s i t i o n  of road rougllness da ta  from 

which t o  bui ld  a roughness d a t a  base f o r  a road network. Adherence t o  these  

gu ide l ines  w i l l  he lp  ensure:  

- That the  roughness d a t a  i n d i c a t e  road cond i t ion ,  a s  i t  a f f e c t s  using 

veh ic les  i n  terms of r i d e  q u a l i t y ,  u s e r  c o s t ,  and s a f e t y ;  

- That d a t a  acquired i n  r o u t i n e  measurement opera t ions  w i l l  be r e l a t e d  t o  a 

s t andard  roughness s c a l e ,  and t h a t  erroneous d a t a  can be i d e n t i f i e d  p r i o r  

t o  e n t r y  i n t o  the  d a t a  base;  

- That t h e  roughness d a t a  can be compared d i r e c t l y  t o  d a t a  acquired by 

o t h e r  highway o rgan iza t ions  a l s o  following the  g u i d e l i n e s ;  and 

- That t h e  roughness measures have the  same meaning on a l l  types of roads 

used by highway t rucks  and passenger c a r s ,  inc luding paveld, su r face  

t r ea tment ,  g rave l  and e a r t h  roads. 

The procedures presented i n  t h i s  document a r e  p r imar i ly  app l i cab le  t o  

roughness measurements of two types :  



- Direct measurement of roughness on the standard scale, derived from a rod 
and level survey of the profile 

- Estimation of the standard roughness measure, using calibrated 
Response-Type Road Roughness Measurement Systems (RTRRMSs) 

Other methods, involving procedures tailored to specific instruments, 

alternate profile measurement systems, and procedures that are still under 

development, are beyond the scope of this document. 



Terms t h a t  a r e  used i n  t h e s e  Guidelines t h a t  have specific:  meanings when 

used i n  t h e  con tex t  of road roughness measurement a r e  def ined below. 

Accuracy - The rootmean-square value  of the  e r r o r  f o r  a p a r t i c u l a r  

measurement method r e l a t i v e  t o  a r e fe rence  method. 

APL Trailer - A Prof i lometer  developed and operated by t h e  French LCPC. 

The APL T r a i l e r  uses  a tuned mechanical system t o  measure the  s u r f a c e  p r o f i l e  

of a s i n g l e  t r a v e l l e d  wheeltrack a t  highway speeds ,  over a waveband determined 

by i t s  response range and the  t r a v e l  speed. 

ARSV - Average Rec t i f i ed  Slope measured d i r e c t l y  by a RTRRMS at: speed V. 

A R S ~  i s  the  t o t a l  RTRRMS suspension displacement ( i n  both d i r e c t i o n s ) ,  

d iv ided by t h e  d i s t a n c e  t r a v e l l e d  dur ing the  roughness measurennent. 

CARS50 - ~ s t i m a t e  of RARS50 from an ARS value obtained wi th  a 

Ca l ib ra ted  RTRRMS. (Ca l ib ra ted  ARS) 

GHR-Type Profilometer - An instrumented van developed by General Motors 

Research and so ld  commercially by K.J.Law, Inc.  i n  the  United !states f o r  

measurement of road p r o f i l e s .  Ear ly  GMR Prof i lomete r s  used a combination of 

accelerometer ,  instrumented fol lower  wheel, and analog s i g n a l  process ing t o  

measure s u r f a c e  p r o f i l e  a t  highway speeds ,  over a waveband determined by the  

ins t rumenta t ion  q u a l i t y  and the  t r a v e l  speed. More r e c e n t  models have 

replaced t h e  fo l lower  wheel with non-contacting he igh t  s e n s o r s ,  and use 

d i g i t a l  process ing r a t h e r  than analog.  

I R I  - I n t e r n a t i o n a l  Roughness Index. computed from the  p r o f i l e  

of a s i n g l e  wheel t rack i s  the  s tandard I R I .  

I W  - I n t e r n a t i o n a l  Road Roughness Experiment, he ld  i n  B r a s i l i a  i n  1982. 

PCA Meter - An instrument s i m i l a r  t o  a roadmeter i n  which d i s c r e t e  l e v e l s  

of suspension displacement a r e  weighted before  summing. Most !PCA meters can 

a l s o  be used a s  simple roadmeters. 



Profilometer - AR instrument t h a t  t ransduces  the  l o n g i t u d i n a l  p r o f i l e  of a  

wheeltrack over a  waveband. Depending on the  ins t rument ,  the  p r o f i l e  can be 

e i t h e r  s t o r e d  o r  processed t o  y i e l d  summary numerics dur ing measurement. 

RARS50 - Reference Average R e c t i f i e d  Slope a t  50 km/h. The RARS50 

measure, obta ined from an i d e a l i z e d  Reference RTRRMS, i s  computed 

mathematically from the  measured l o n g i t u d i n a l  p r o f i l e  of a  t r a v e l l e d  

wheel t rack.  RARS50 i s  def ined mathematically i n  Reference [ 11 . 

Repeatability - The expected s tandard d e v i a t i o n  of measures obtained i n  

r e p e a t  t e s t s ,  us ing  t h e  same instrument on a  randomly s e l e c t e d  road.  

Reproducibility - The s tandard d e v i a t i o n  of the  e r r o r  included i n  a  s i n g l e  

measurement, r e l a t i v e  t o  a  r e fe rence  measure. The r e p r o d u c i b i l i t y  of an 

ins t rument  inc ludes  e r r o r s  t h a t  a r e  sys temat ic  with r e s p e c t  t o  t h a t  

ins t rument ,  but  random with  r e s p e c t  t o  a  p a r t i c u l a r  t e s t .  

Resolution - The smal les t  increment t h a t  can be measured wi th  an 

ins t rument ,  due t o  i t s  des ign.  

Roadmeter - An ins t rument  t h a t  i s  i n s t a l l e d  i n  a  v e h i c l e  t o  t ransduce and 

accumulate the  suspension s t r o k i n g  t h a t  occurs when t h e  v e h i c l e  t r a v e r s e s  a  

road.  The r e s u l t a n t  measure i s  p ropor t iona l  t o  t h e  t o t a l  accumulated 

suspension d e f l e c t i o n  t h a t  occurred dur ing t h e  t e s t .  

Roughness of a road - The v a r i a t i o n  i n  su r face  e l e v a t i o n  along a  road t h a t  

causes v i b r a t i o n s  i n  t r a v e r s i n g  veh ic les .  The s tandard summary s t a t i s t i c  t h a t  

q u a n t i f i e s  t h i s  v a r i a t i o n  i s  RARS50. 

RTRRMS - Response-Type Road Roughness Measuring System. These systems 

c o n s i s t  of 1 )  a  passenger c a r  o r  a  towed t r a i l e r  having e i t h e r  one o r  two 

wheels,  p lus  2 )  a  roadmeter i n s t a l l e d  t o  measure suspension d e f l e c t i o n s .  

Single-Track RTRRHS - A towed t r a i l e r  supported by a  s i n g l e  wheel, 

instrumented wi th  a  roadmeter. The roughness measure obtained a p p l i e s  only 

f o r  a  s i n g l e  wheeltrack.  



TRRL Beam - A p o r t a b l e  ins t rument  developed by TRRL f o r  s t a t i c  measurement 

of road p r o f i l e  over the  l eng th  of t h e  ins t rument ,  nominally 3 m. 

TRRL Laser  Profilometer - A prof i lomete r  developed and operated by TKRL. 

This p ro f i lomete r  uses  s e v e r a l  non-contacting l a s e r  he igh t  s e n s o r s ,  spaced 

over the  l eng th  of a  t r a i l e r ,  t o  compute su r face  p r o f i l e  a s  the  t r a i l e r  i s  

towed a t  highway speeds.  The p r o f i l e  i s  v a l i d  over a waveband determined by 

t h e  ins t rumenta t ion  q u a l i t y  and t h e  t r a v e l  speed. 

Two-Track RTRRMS - A RTRRYS based on a passenger c a r ,  l i g h t  t r u c k ,  o r  

towed two-wheel t r a i l e r .  The measure obtained i s  inf luenced by the  roughness 

i n  two wheel t racks .  

VTI Laser Profilometer - Prof i lometer  van developed and operated by the  

Swedish VTI. This p ro f i lomete r  uses  a combination of accelerometer ,  

non-contacting he igh t  s e n s o r s ,  and d i g i t a l  computation t o  measure s u r f a c e  

p r o f i l e s  i n  s e v e r a l  wheel t racks  a t  highway speeds. The p r o f i l e  i s  v a l i d  over 

a waveband determined by i t s  ins t rumenta t ion  q u a l i t y  and t h e  t r a v e l  speed. 

Waveband - A range of s p a t i a l  f r equenc ies  (wavenumber = 1 /wavelength) . 
Wavenumbers t h a t  l i e  o u t s i d e  t h i s  range a r e  not  included i n  the  waveband. 

Wheeltrack - The path  followed by the  t i r e  of a v e h i c l e  travera;ing a road.  

Each l a n e  has  two t r a v e l l e d  wheel t racks .  When measuring roughness,  t h e  

wheeltrack should fo l low a s t r a i g h t  l i n e .  



3.0 GUIDELINES FOR PLBNNrIK A ROUGHNESS MEASUREMENT PROJECT 

The des ign of' a p r o j e c t  f o r  surveying the  roughness of a road network 

should s t a r t  with a c l e a r  understanding of the  o b j e c t i v e s  t o  be achieved from 

t h e  measurement e f f o r t .  A s u b s t a n t i a l  investment of manpower and money can be 

consumed i n  a t y p i c a l  p r o j e c t ,  t h u s  i t  i s  d e s i r a b l e  t o  c a r e f u l l y  des ign the  

program. The des ign i t s e l f  i s  a s y n t h e s i s  process  taking i n t o  account t h e  

p r o j e c t  g o a l s ,  t h e  resources  a v a i l a b l e ,  and t h e  environment of t h e  p r o j e c t .  

This chapter  d e f i n e s  t h e  a l t e r n a t i v e  methods t h a t  can be used t o  measure 

roughness,  and d i s c u s s e s  t h e  accuracy requirements t h a t  might be adopted f o r  

d i f f e r e n t  o b j e c t i v e s ,  along wi th  t h e  accuracy l e v e l s  t h a t  can be obtained i n  

p r a c t i c e .  

3.1 Roughness Measurement Methods 

The many app1:oaches f o r  measuring road roughness i n  use throughout t h e  

world can be grouped i n t o  four  g e n e r i c  c l a s s e s  on the  b a s i s  of how d i r e c t l y  

t h e i r  measwes p e r t a i n  t o  RARSSO ( t h e  standard roughness d e f i n i t i o n ) ,  and 

t h e  c a l i b r a t i o n  requirements a s soc ia ted  wi th  t h e i r  use.  

3.1.1 Class 1: D i r e c t  measurement of RARS50. The road roughne!;~ i s  

determined i n  two s t a g e s :  F i r s t ,  accura te  and closely-spaced (0 .25  m or  

c l o s e r )  e l e v a t i o n  p o i n t s  a r e  measured along the  t r a v e l l e d  wheelpath. Second, 

the  measured p r o f i l e  i s  processed mathematically t o  y i e l d  t h e  

numeric. Although high-speed p ro f i lomete r s  o f f e r  a p o t e n t i a l  rneans f o r  

measuring RARS50 qu ick ly ,  the prof i lomete r  must be v a l i d a t e d  a g a i n s t  an 

e s t a b l i s h e d  procedure such a s  rod and l e v e l  t o  prove i t s  accuracy i n  t h i s  

a p p l i c a t i o n .  A t  t he  p resen t  t ime,  only rod and l e v e l  and t h e  TRRL Beam 

methods have been demonstrated t o  be v a l i d  "Class 1'' methods f o r  determining 

R.ARSSO over a broad range of roughness l e v e l s  and road types .  

The accuracy of a Class  1 method i s  l i m i t e d  s o l e l y  by t h e  r e p e a t a b i l i t y  

a s soc ia ted  wi th  t h e  measurement of p r o f i l e .  R e p e a t a b i l i t y  i s  l i m i t e d  by 

random e r r o r  a s soc ia ted  wi th  s e l e c t i n g  a wheeltrack l o c a t i o n ,  and wi th  

ob ta in ing  repeated measures i n  the  same wheel t rack when t h e  p r o f i l e  i s  sampled 

a t  f i n i t e  i n t e r v a l s .  Using t h e  g u i d e l i n e s  f o r  a Class  1 measurement i n  

Sect ion 4 . 1 ,  the  accuracy t h a t  i s  obtained wi th  t h i s  c l a s s  of measurement i s  



about 0.3 m/km on paved road s e c t i o n s  320 m long ,  and about O.? m/km f o r  a l l  

o t h e r  road types .  The accuracy i s  g e n e r a l l y  improved f o r  longer  s e c t i o n s ,  a s  

descr ibed i n  Sect ion 3.2.1.1. 

The accuracy obtained us ing a  Class  1 method g e n e r a l l y  ex~ceeds the  

requirements of even t h e  most demanding a p p l i c a t i o n s  f o r  roughness d a t a .  The 

primary disadvantage i s  the  g r e a t  d e a l  of l abor  involved i n  making t h e  many 

e l e v a t i o n  measurements and then e n t e r i n g  them i n t o  a  ca lcula to ' r  o r  computer. 

Approximately 8 man-days of l a b o r  a r e  required f o r  each ki lometer  of roadway 

lane  measured i n  both wheel t racks .  Thus the  method i s  viewed a s  having 

primary u t i l i t y  i n  c a l i b r a t i o n  of roughness measurement systems,  or  when 

s p e c i a l  high-accuracy d a t a  a r e  required.  

3.1.2 Class 2: Estimation of RARS50 using an independently calibrated 

ins t rument .  Methods i n  t h i s  c l a s s  g e n e r a l l y  involve  a  measure~nent of the  

p r o f i l e  (us ing hardware t h a t  can be 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 ) ,  though with l e s s e r  accuracy o r  bandwidth than t h e  Class  

1 method desc r ibed  previously .  Consequently, t h e  RARS50 value  computed from 

a  Class  2 p r o f i l e  measurement may not be a c c u r a t e ,  but n e v e r t h ~ e l e s s  i s  c l o s e l y  

c o r r e l a t e d  t o  the  t r u e  RARS5o va lue  over some range of cond i t ions .  This 

c l a s s  p r e s e n t l y  inc ludes  RARS50 values  computed from p r o f i l o m e t e r s ,  RARS50 

values  computed from s t a t i c  measures t h a t  do not  s a t i s f y  t h e  p r e c i s i o n  and/or 

measurement i n t e r v a l  requirements s p e c i f i e d  i n  4 . 1 ,  and es t ima tes  of RARS50 

computed from c e r t a i n  o t h e r  measurements with the  use of r eg ress ion  equat ions .  

A t  t he  p r e s e n t  t ime,  the  APL T r a i l e r  i s  t h e  only dynamic p r o f i l ~ ~ m e t e r  

t h a t  can be independently c a l i b r a t e d  so a s  t o  be v a l i d  over t h e  range of 

roughness covered i n  t h e  IRU. The GMR-type I n e r t i a l  Prof i lometer  with 

fo l lower  wheels i s  l i m i t e d  t o  roads wi th  roughness l e v e l s  l e s s  than an 

RARSSO value  of 3.6 m/km. (On rougher roads the  fo l lower  wheels bounce, a  

phenomenon which i s  not  accounted f o r  by t h e  c a l i b r a t i o n  of t h e  ins t rument . )  

Other p ro f i lomete r s  have no t  been t e s t e d  f o r  t h e i r  a b i l i t y  t o  measure RARS50 

a g a i n s t  rod and l e v e l ,  inc lud ing  t h e  TRRL Laser P rof i lomete r ,  the  VTI Laser 

P ro f i lomete r ,  and t h e  newer ve r s ions  of the  GMR Prof i lometer  t h a t  use 

non-contacting he igh t  sensors  t o  r e p l a c e  t h e  e a r l i e r  fo l lower  ,wheels. 

High-speed p ro f i lomete r s  have t h e  d isadvantage of being the  most expensive and 

complex ins t rumenta t ion  systems used t o  measure road roughness,  and g e n e r a l l y  



r e q u i r e  opera to r s  wi th  engineer ing background. Ye t ,  they o f f e r  a  g r e a t  

advantage i n  being a b l e  t o  o b t a i n  measurements r a p i d l y ,  without g r e a t  e f f o r t  

spent  i n  maintaini.ng c a l i b r a t i o n .  

Deta i led  procedures f o r  opera t ing  a  p ro f i lomete r  t o  o b t a i n  e s t i m a t e s  of 

RARSS0 ( o r  t o  measure i t  d i r e c t l y  i f  the  p ro f i lomete r  can be proved t o  

q u a l i f y  a s  a  Class 1 method) a r e  h igh ly  s p e c i f i c  t o  t h e  des ign  of t h e  

p r o f i l o m e t e r ,  and a r e  beyond the  scope of t h e s e  Guidelines.  

The accuracy assoc ia ted  wi th  a  Class  2 method i s  a l s o  highly  s p e c i f i c  t o  

the  ins t ruments  and procedures.  During the  I R R E ,  e s t i m a t e s  of RARS50 

computed from rod acd l e v e l  measures spaced a t  500 mm i n t e r v a l s ,  r a t h e r  than 

t h e  250 mm i n t e r v a l  recommended i n  t h e s e  g u i d e l i n e s ,  a r e  es t imated t o  have 

shown the  same accuracy a s  would have been obtained us ing a  Class 1 method on 

the  B r a z i l i a n  roads included i n  the  IRRE. Measures obtained from the  APL 

T r a i l e r  had an accuracy of approximately 1.3 m/km over t h e  320 m s e c t i o n s .  

Improved accuracy from the  APL T r a i l e r  could poss ib ly  be demonstrated 

( q u a l i f y i n g  i t  a s  e i t h e r  a  more accura te  Class  2  system, o r  even a  Class  1 

system) by us ing longer  s e c t i o n  l e n g t h s  o r  repeated runs on s h o r t  s e c t i o n s  

( s e e  Sect ion 3.2. X ). 

3.1 .3  Class 3: Estimation of RABS50 from measures calibrated tlhrough 

correlation. By f a r ,  t h e  major i ty  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  obtained wi th  RTRRMSs. Road roughness can be 

measured a t  normal highway speeds ,  thus  RTRRMS measurement can be q u i t e  r a p i d .  

The roadmeter ins t rumenta t ion  i s  u s u a l l y  simple and inexpensive.  A RTRRMS 

system i s  normally operated wi th  a  d r i v e r  and an ins t rumenta t ion  o p e r a t o r ,  

wi th  the  opera to r  needing l i t t l e  t r a i n i n g  i n  ins t rumenta t ion ,  e l e c t r o n i c s ,  o r  

engineer ing.  Because of a l l  t h e  var : iables  i n  t h e  opera t ion  of RTRRMS, very 

r igorous  maintenance and opera t ing  procedures must be employed, 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 ,  and .the system must 

be c a l i b r a t e d  a t  f r equen t  i n t e r v a l s .  Using t h e  c a l i b r a t i o n  methods descr ibed 

i n  Sect ion 4.2.4, an accuracy of 1.0 mlkm can be obtained over a l l  types of 

roads f o r  s e c t i o n s  320 m long ,  wi th  some improvement i n  accuracy p o s s i b l e  by 

using longer  s e c t i o n s  ( see  Sect ions  3.2.1 and 3.2.2). 

In a d d i t i o n  t o  RTRRMSs, t h i s  c l a s s  a l s o  inc ludes  o t h e r  rolughness 



measurement methods t h a t  a r e  not s t a b l e  with t ime,  such a s  sub jec t ive  panel  

r a t i n g s .  Within t h i s  c l a s s ,  RTRRMSs a r e  the recommended means f o r  ob ta in ing  

roughness d a t a .  

3.1.4 Class 4: Roughness measures t h a t  have no v e r i f i a b l e  l i n k  t o  

b?ARS50. There a r e  s i t u a t i o n s  i n  which a  roughness d a t a  base i s ;  needed, 

but h igh accuracy i s  not  e s s e n t i a l ,  o r  cannot be af forded.  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  the  measures t o  the  s tandard RARS s c a l e .  :In those  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 ,  involving e i t h e r  a  r i d e  exper ience  on the  road,  a  

v i s u a l  i n s p e c t i o n ,  or  a  measurement from an unca l ib ra ted  instrument could be 

used. The roughness d a t a  would then be converted t o  t h e  RARS50 s c a l e  on the  

b a s i s  of s u b j e c t i v e  judgement. In those c a s e s ,  the  approximatt. equivalence i s  

b e s t  e s t a b l i s h e d  by comparison t o  ve rba l  and 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  wi th  t h e i r  a s soc ia ted  RARSrjO v a l u e s v  A t  t h i s  t ime,  such methods 

have not  been s u f f i c i e n t l y  developed t o  j u s t i f y  i n c l u s i o n  i n  these  Guidelines.  

3.2 Defining Accuracy Requirements 

The end use of t h e  roughness d a t a  has  a d i r e c t  impact on the  accuracy 

t h a t  w i l l  be necessary  i n  the  measurement procedures,  whi le  the  accuracy t h a t  

i s  required w i l l ,  i n  t u r n ,  determine how much e f f o r t  must be devoted t o  

ob ta in ing  good d a t a .  

3.2.1 Sources of  e r r o r  and t h e i r  c o n t r o l .  The road roughness d a t a  base 

t h a t  w i l l  be acquired i n  the  p r o j e c t  may be used f o r  d i f f e r e n t  purposes,  each 

of which may have pecu l i a r  s e n s i t i v i t y  t o  d i f f e r e n t  e r r o r  sources .  It i s  

h e l p f u l  t o  r e a l i z e  t h a t  inaccuracy i n  roughness measurements r e s u l t  from t h r e e  

types  of e r r o r  sources .  

3.2.1.1 Repea tab i l i ty .  When repeated measurements a r e  matie wi th  an 

ins t rument ,  exact  agreement genera1l:y cannot be expected became the  

measurement process  incl.udes random e f f e c t s  t h a t  vary from mea!;urement t o  

measurement. The l e v e l  of r e p e a t a b i l i t y  may not always be e v i d e n t ,  because 

ins t ruments  o f t e n  involve  a  q u a n t i z a t i o n  of t h e  output  t h a t  malsks t h e  e f f e c t s  

of smal l  v a r i a t i o n s .  In these  c a s e s ,  t h e  r e p e a t a b i l t y  should be assumed t o  be 

no b e t t e r  than a t  l e a s t  h a l f  t h e  q u a n t i z a t i o n  s i z e .  For example, a  roadmeter 



t h a t  produces counts has  a  r e p e a t a b i l i t y  no b e t t e r  then the  l e v e l  a s soc ia ted  

wi th  112 count. 

Er ro r s  caused by r e p e a t a b i l i t y  l i m i t a t i o n s  a r e  g e n e r a l l y  random i n  

n a t u r e ,  and can thus  be c o n t r o l l e d  by repea t ing  the  measuring process and 

us ing the  average value of t h e  measures a s  t h e  " t rue"  measure t h a t  would have 

been obtained i f  r e p e a t a b i l i t y  were p e r f e c t .  As a  r u l e  of thwmb, f i v e  t e s t s  

a r e  recommended f o r  a  s e c t i o n  l eng th  of 320 m t o  o b t a i n  an average value  

reasonably f r e e  of t h i s  e r r o r .  

A l t e r n a t i v e l y ,  the  t e s t  s e c t i o n  l eng th  can be increased t o  reduce 

r e p e a t a b i l i t y  e r r o r s .  For s e c t i o n s  1.6 km long,  a  s i n g l e  measure can, be 

adequate i f  t h e  ins t rumenta t ion  i s  known t o  be r e l i a b l e .  When the  roughness 

q u a l i t i e s  of a  road a r e  homogeneous over a  long l e n g t h ,  a  longer  t e s t  l eng th  

r e s u l t s  i n  more averaging and thus  b e t t e r  r e p e a t a b i l i t y .  The r e p e a t a b i l i t y  

e r r o r  i s  i n v e r s e l y  p ropor t iona l  t o  t h e  square r o o t  of the  t o t a l  l e n g t h  covered 

( S  -m). The t o t a l  l eng th  can be increased e i t h e r  by using 

longer  t e s t  s i t e s ,  o r  by making repeated measurements on s h o r t  t e s t  s i t e s .  

Another means f o r  i n c r e a s i n g  t h e  averaging i s  t o  use a  lower RTR.RMS speed 

f o r  a  g iven l eng th  of t e s t  s i t e .  Since changing the  speed changes th.e meaning 

of the  roughness measure, t h i s  approach i s  not  recommended. 

When measuring road roughness by c a r e f u l l y  surveying t h e  l o n g i t u d i n a l  

p r o f i l e ,  t h e  p r e c i s i o n  i s  l imi ted  by 1 )  the  ins t rumenta t ion  used t o  measure 

the  p r o f i l e ,  2 )  t h e  partly-random s e l e c t i o n  of t h e  l a t e r a l  p o s i t i o n  of a  

t r a v e l l e d  whee l t r ack ,  and 3 )  t h e  random l o c a t i o n s  of the  s p e c i f i c  p o i n t s  where 

the  e l e v a t i o n  measures a r e  taken.  These e r r o r s  a r e  reduced by spec i fy ing  

h igher  q u a l i t y  p r o f i l e  measurements, i n  the  way of more accura te  e l e v a t i o n  

measurements and more c l o s e l y  spaced e l e v a t i o n  measurements. When these  e r r o r  

sources  a r e  c o n t r o l l e d ,  a s  suggested i n  4 . 1 ,  then imprecis ion associa. ted wi th  

i d e n t i f y i n g  t h e  wheel t rack l o c a t i o n  becomes t h e  most s i g n i f i c a n t  f a c t o r ,  

accounting f o r  v a r i a t i o n s  up t o  5% when the  wheel t rack l eng th  i s  320 m. 

When measuring roughness with a R T W S ,  r e p e a t a b i l i t y  i s  affected by the  

part-random p o s i t i o n  of t h e  RTRRMS ( l a t e r a l l y )  on t h e  road,  and a l s o  by o t h e r  

random f a c t o r s  such as  v a r i a t i o n s  i n  i t s  opera t ing  speed and small  changes i n  



t h e  v e h i c l e  dynamics t h a t  occur even over a  s h o r t  t ime.  These sources  of 

a measurement v a r i a b i l i t y  can be kept  t o  the  same l e v e l  a s  f o r  d i r e c t  p r o f i l t  

wi th  c a r e f u l  opera t ion .  

3.2.1.2 C a l i b r a t i o n  e r r o r .  Systematic e r r o r s  e x i s t  between 

ins t ruments  which cause t h e i r  measurements t o  d i f f e r  on a l l  roisds (of a  g iven 

t y p e ) ,  and can t h e r e f o r e  be cor rec ted  using a  c a l i b r a t i o n  equation.  In order  

t o  compare r e s u l t s  from d i f f e r e n t  ins t ruments ,  i t  i s  t h e r e f o r e  necessary  t o  

r e l a t e  the  measures t o  a  r e f e r e n c e  through a  c a l i b r a t i o n .  If t h e  c a l i b r a t i o n  

does not  cover a l l  of t h e  v a r i a b l e s  t h a t  a f f e c t  the  measurement, then a  

c a l i b r a t i o n  e r r o r  e x i s t s .  

C a l i b r a t i o n  e r r o r  i s  reduced us ing d i r e c t  p r o f i l e  measurements, because 

the  ins t ruments  t h a t  measure t h e  p r o f i l e  (rod and l e v e l )  a r e  c is l ibra ted  a t  the  

f a c t o r y  and t h e  c a l i b r a t i o n  does no t  change given reasonable  ca re .  

Nonetheless,  sys temat ic  e r r o r s  can appear i n  prof i le-based measures when: 1 )  

the  p r o f i l e  elevatzion measures con ta in  e r r o r s  (making t h e  p r o f i l e  seem rougher 

than i t  i s ) ,  2 )  when p r o f i l e  measures a r e  spaced too f a r  a p a r t  and miss 

roughness f e a t u r e s ,  and 3 )  when p r o f i l e  measures a r e  sub jec ted  t o  a  smoothing 

o r  a  waveband l i m i t a t i o n  ( a s  occurs wi th  a  p r o f i l o m e t e r )  t h a t  makes t h e  

p r o f i l e  seem smoother. The recommended procedures i n  4.1 were designed t o  

hold these  e f f e c t s  t o  n e g l i g i b l e  l e v e l s .  

C a l i b r a t i o n  by c o r r e l a t i o n  with a  r e fe rence  (descr ibed i n  Sect ion 4.2.4) 

i s  required f o r  a  RTRRMS because: 

1) The o v e r a l l  dynamic response of t h a t  p a r t i c u l a r  RTRRMS velnicle d i f f e r s  

from t h a t  of t h e  re fe rence .  This e f f e c t  can cause the  A R S 5 ~  measure 

from t h e  RTRRMS t o  be s i g n i f i c a n t l y  h igher  o r  lower than corresponding 

RARS50 va lues ,  depending on whether t h e  RTRRMS i s  more or  l e s s  

responsive  than the  re fe rence .  

2 )  The roadmeter i n  the  RTRRMS g e n e r a l l y  has f r e e p l a y  o r  o t h ~ e r  fo rms  of 

h y s t e r e s i s  t h a t  cause i t  t o  miss coun t s ,  r e s u l t i n g  i n  low~er roughness 

measures. 



3 )  The RTRRMS suspension motions r e s u l t  from f a c t o r s  o t h e r  than road 

roughness,  such a s  t i r e  out -of-roundness. This induces h igher  roughness 

measures. 

The sys temat ic  e r r o r  sources  i n  a  RTRRMS i n t e r a c t ,  and a r e  non l inea r .  

Their  e f f e c t  can change with roughness,  su r face  type ,  and temperature.  The 

only way they can be taken i n t o  account i s  through c o r r e l a t i o n  wi th  measures 

of R A R S ~ ~  obtained wi th  a  r e fe rence  method (Class  1  or  2 ) ,  a s  descr ibed i n  

Sect ion 4 . 2 . 4 .  This opera t ion  i s  e s s e n t i a l l y  a  " c a l i b r a t i o n  by c o r r e l a t i o n . "  

Following t h e  procedure i n  Sect ion 4.2.4 should r e s u l t  i n  a  n e g l i g i b l e  

c a l i b r a t i o n  e r r o r  f o r  RTRRMS measurements. 

3.2.1.3 Reproducibility. When measuring a  complex q u a l i  t:y such as 

road roughness wi th  a  method o t h e r  than d i r e c t  p r o f i l e  measurement, i t  i s  

p o s s i b l e  (and common) f o r  two d i f f e r e n t  ins t ruments  t o  rank s e v e r a l  roads i n  a  

d i f f e r e n t  o rde r  by roughness. An e r r o r  e x i s t s  t h a t  i s  random with  road 

s e l e c t i o n ,  but  i s  sys temat ic  f o r  t h e  ins t rument .  Even though the measures 

obtained wi th  one instrument ( o r  method) may be h igh ly  r e p e a t a b l e ,  they a r e  

not  reproduced when measures a r e  obta ined us ing a  d i f f e r e n t  instrument.  The 

problem i s  t h a t  the  two measuring methods have d i f f e r e n c e s  t h a t  a r e  more 

complex than  simple s c a l e  f a c t o r s .  While r e p e a t a b i l i t y  e r r o r s  can be 

c o n t r o l l e d  us ing repeated t e s t s  and averaging,  and c a l i b r a t i o n  e r r o r s  can be 

c o n t r o l l e d  by v a l i d  c a l i b r a t i o n  methods, r e p r o d u c i b i l i t y  e r r o r s  w i l l  always 

e x i s t  when t h e  measuring ins t rument  d i f f e r s  from t h e  re fe rence .  

When measures a r e  obtained from p r o f i l e  measurement (C lass  I ) ,  

r e p r o d u c i b i l i t y  e r r o r  i s  ev iden t  only because of t h e  r e p e a t a b i l i t y  l i m i t s .  

Repea tab i l i ty  c o n t r o l s  can be used t o  improve the  o v e r a l l  accuracy.  

When measures a r e  obtained from a  RTRRMS, t h e r e  i s  no method of t e s t  

des ign o r  d a t a  process ing t h a t  can reso lve  t h e  d i f f e r e n c e s  among ins t ruments  

t h a t  causes one t o  measure high on one road and low on ano the r .  What can be 

done,  however, i s  t o  adopt a  procedure t h a t  matches t h e  c h a r a c t e r i s t i c s  of t h e  

RTRRMS t o  t h e  re fe rence  t o  the  c l o s e s t  degree p o s s i b l e .  The g u i d e l i n e s  f o r  

opera t ing  a RTRRMS i n  Sect ion 4 . 2  a t tempt  t o  do t h i s .  

Another s t e p  t h a t  can be taken i s  t o  measure roughness f o r  longer  road 



s i t e s .  Since the  r e p r o d u c i b i l i t y  e r r o r  i s  random wi th  road se:Lection, i t  can 

be reduced somewhat through the  averaging t h a t  occurs when longer  road s i t e s  

a r e  used. Unlike the  r e p e a t a b i l i t y  e r r o r ,  t h i s  e r r o r  does not  n e c e s s a r i l y  

dec rease  wit11 the  square r o o t  of 1enj;th. 

Reproduc ib i l i ty  i s  not  improved by repea t ing  measures on 11he same s i t e ,  

s i n c e  the  e f f e c t  i s  sys temat ic  f o r  t h a t  s i t e .  

3.2.2 Significance of Error .  Roughness d a t a  a r e  normally u t i l i z e 6  i n  

analyses  r epresen t ing  two extremes - s t a t i s t i c a l  analyses  involving roughness 

measurements on a  major segment of road network,  and ind iv idua l  s t u d i e s  

r e l a t e d  t o  roughness a t  s p e c i f i c  road s i t e s .  An example of the  f i r s t  i s  a  

Road-User Cost Study i n  which the d a t a  base of opera t ing  c o s t s  f o r  a  f l e e t  of 

v e h i c l e s  i s  regressed a g a i n s t  t h e  d a t a  base of roughness f o r  the  roads on 

which those  v e h i c l e s  were opera ted.  In t h a t  c a s e ,  t h e  purpose of t h e  s tudy i s  

t o  determine t r e n d s ,  using regress ion  methods. Er ro r s  t h a t  a r e  random with  

i n d i v i d u a l  measurements o r  s i t e  s e l e c t i o n ,  caused by poor p r e c i s i o n  o r  a  

p e c u l i a r  road c h a r a c t e r i s t i c ,  w i l l  t o  some e x t e n t  average out  i f  the  study 

inc ludes  a  l a r g e  number of road s i t e s .  On the  o t h e r  hand,  a  sys temat ic  b i a s  

e r r o r  r e s u l t i n g  from poor c a l i b r a t i o n  p r a c t i c e s  i n  a  p r o j e c t  w i l l  i n f luence  

the  r e s u l t i n g  e q u a t i o n s ,  precluding t h e  d i r e c t  comparison of r e s u l t s  wi th  

o t h e r  s i m i l a r  s t u d i e s ,  or  the  a p p l i c a t i o n  ( t r a n s p o r t a t i o n )  of the  r e s u l t s  i n  

o t h e r  c o u n t r i e s .  

S tud ies  t h a t  involve  monitoring roadway d e t e r i o r a t i o n  o r  the  e f f e c t s  of 

maintenance a r e  erramples of t h e  second type of study.  In thest? c a s e s ,  i t  i s  

of i n t e r e s t  t o  mainta in  a  cont inuing record of smal l  changes i n  t h e  roughness 

cond i t ion  a t  s p e c i f i c  road s i t e s .  Random e r r o r s  i n  measurement can o b l i t e r a t e  

t h e  t r e n d s  of i n t e r e s t .  Thus f o r  measurements t o  be used f o r  these  

a p p l i c a t i o n s ,  t h e  p r a c t i t i o n e r  should employ procedures t h a t  w i l l  minimize the  

random e r r o r s  i n  measurement. This normally t r a n s l a t e s  i n t o  us ing the  same 

equipment and personnel f o r  r e g u l a r  monitoring of a  road s i t e ,  and u t i l i z i n g  

r e p e a t  t e s t s  t o  reduce r e p e a t a b i l i t y  e r r o r s .  



4.0 SELECTING MEASUREMENT PROCEDURES 

The execut ion of a h igh-qual i ty  road-roughness measuring program i s  

c r i t i c a l l y  dependent on e s t a b l i s h i n g  we l l  thought out  procedures t h a t  a r e  

s t r i c t l y  adhered t o  i n  a c o n s i s t e n t  f a sh ion  throughout the  p r o j e c t .  This 

s e c t i o n  inc ludes  gu ide l ines  f o r  measuring road roughness us ing 1 )  rod and 

l e v e l  (C lass  I ) ,  and 2 )  RTRRMSs (Class  3 )  methods. Xeasures involving o t h e r  

ins t ruments  w i l l  r e q u i r e  guidance from the  manufacturer,  al though some of the  

methods descr ibed here  may a l s o  apply i n  p a r t .  It i s  expected t h a t  i n  the  

major i ty  of p r o j e c t s ,  t h e  Class  3 RTRRMS method w i l l  be se lec ted  f o r  r o u t i n e  

roughness moni tor ing,  whereas t h e  Class 1 rod and l e v e l  method w i l l  be used 

f o r  c a l i b r a t i n g  the  RTRRMS. 

4.1 Direct Measurement of RARS5* Using Rod and Level 

4.1.1 Harking the wheeltrack.  For the  c a l i b r a t i o n  of a RTRRMS, the  

whee l t r acks ( s )  should be i d e n t i f i e d  t o  ensure t h a t  the  same l i n e s  along t h e  

roadway a r e  t r ave rsed  by the  t i r e ( s )  of the  RTRRMS as  a r e  measured by the  rod 

and l e v e l .  For a s ing le - t r ack  RTRRMS, only the  wheeltrack t r a v e l l e d  by the  

RTRRMS need be marked. For a two-track RTRRMS, both wheeltraclcs t r ave led  by 

the  v e h i c l e  should be marked, and t h e  space between t h e  marked wheeltracks 

should match the  spacing between t h e  t i r e s  on the  ax le  with the  roadmeter 

ins t rument .  A wheeltrack s e l e c t e d  f o r  c a l i b r a t i o n  of a RTRRMS should not have 

any d i s t i n g u i s h i n g  roughness f e a t u r e s  i n  the  15 m preceding the  wheel t rack,  a s  

they w i l l  a f f e c t  the  measure of t h e  RTRRMS, but  w i l l  no t  be r e f l e c t e d  i n  the  

RAjlS50 measure. The s t a r t i n g  p o i n t ,  t h e  ending p o i n t ,  and the  l a t e r a l  

l o c a t i o n  of t h e  wheeltrack should be c l e a r l y  marked t o  ensure  t h a t  t h e  survey 

crew measures the  c o r r e c t  p r o f i l e ,  and so t h a t  t h e  d r i v e r  of t h e  RTRRMS can 

o r i e n t  the  RTRRMS c o r r e c t l y .  

4.1.2 Measurement of  prof i le .  A survey crew using rod and l e v e l  o b t a i n s  

the  p r o f i l e  of t h e  marked wheeltrack by measuring e l e v a t i o n  a t  0.25 meter 

i n t e r v a l s  along the  wheeltrack.  The 0.25 m i n t e r v a l  i s  v a l i d  f o r  a l l  road 

su r face  types  except those  t h a t  have i s o l a t e d  "bumps" t h a t  c o n t r i b u t e  t o  t h e  

roughness a s  measured with a RTRRMS t h a t  would be missed us ing t h e  0.25 m 

i n t e r v a l .  (Examp1.e~ would be t a r  s t r i p s  o r  patches on an otherwise smooth 



s u r f a c e .  I f  such a road i s  measured, a smal ler  measurement i n t e r v a l  i s  

needed, and t h e  corresponding a l t e r n a t i v e  RARS50 computation from the  

a t t ached  appendix should be used. )  The required p r e c i s i o n  i n  t h e  e l e v a t i o n  

measurement depends on the  roughness of the  road. The requ i red  p r e c i s i o n s  f o r  

four  ranges of roughness a r e  a s  fo l lows:  

p r e c i s i o n  ( 0.5 mm : smooth paved roads (RARSrjO < 3.0 m/km) 

p r e c i s i o n  - < 1.0 mm: moderate and rough paved roads ,  smooth unpaved 

roads ,  (RARS < 8 m/km) 

p r e c i s i o n  - < 2 . 5  mm: moderate and rough unpaved roads (W\RS50 < 12 

m/km) 

p r e c i s i o n  - < 5.0 mm: very rough roads (PLARS~~ > 15 m/km) 

The exact  methodology adopted t o  measure and record the  e leva t ion  p o i n t s  

i s  not  c r i t i c a l ,  and can be matched t o  the  l o c a l  s i t u a t i o n  regarding a v a i l a b l e  

t ime ,  equipment, and manpower. Nonetheless,  i n  o rde r  t o  reduce t h e  p o t e n t i a l  

of e r r o r  i n  recording d a t a ,  i t  i s  e s s e n t i a l  t o  employ a well-organized 

procedure and t o  have e i t h e r  a p o r t a b l e  microcomputer f o r  e n t e r i n g  d a t a  i n  t h e  

f i e l d ,  o r  s p e c i a l  pre-pr in ted d a t a  forms f o r  recording d a t a  by hand. Recent 

improvements i n  procedure developed by the  B r a z i l i a n s  i n  ob ta in ing  rod and 

l e v e l  p r o f i l e s  may prove h e l p f u l ,  and a r e  suggested he re .  

I n  B r a z i l ,  t h e  survey crew c o n s i s t s  of t h r e e  persons:  a rod man, an 

ins t rument  man, and a note- taker .  When a v a i l a b l e ,  a f o u r t h  member i s  added t o  

a c t  a s  r e l i e f ,  so  t h a t  t h e  f o u r  can 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 .  A 

metal  t ape  i s  l a i d  down i n  the  marked wheel t r a c k  a s  a r e fe rence  f o r  the rod 

man. ( I t  i s  h e l p f u l  t o  mark t h e  0.25 m measurement i n t e r v a l s  on t h e  t ape  wi th  

p a i n t  t o  reduce the  chance of e r r o r  on the  p a r t  of t h e  rod man.) When t h e  

l e v e l  i s  s e t  up, t h e  rod man s t a r t s  a t  one end of t h e  t a p e ,  p lac ing  tlne rod on 

t h e  tape  i t s e l f .  The instrument man reads  t h e  rod measurement out  loud t o  the  

no te - t aker ,  who records  the  number and v e r b a l l y  acknowledges t h a t  he has heard 

t h e  number c o r r e c t l y .  The ins t rument  man then waves t o  the  rod  man, who 

proceeds t o  the  next mark on t h e  tape.  With p r a c t i c e ,  only a few seconds a r e  

needed f o r  each measurement'. When t h e  rod man reaches  the  end of t h e  t a p e ,  



t h e  tape i s  moved l a t e r a l l y  i n  o rde r  t o  do the  next  wheeltrack (when both 

wheel t racks  i n  a 1-ane a r e  being measured). Once t h e  survey crew has  some 

exper ience  i n  " p r o f i l i n g , "  human e r r o r  on the  p a r t  of t h e  rod rnan i s  near ly  

e l i m i n a t e d ,  and the  p o t e n t i a l  problems a r e  l i m i t e d  t o  t h e  reading and 

recording of t h e  numerical d a t a .  A team of t h r e e  can measure p r o f i l e  a t  0.25 

m interva1.s a t  t h e  r a t e  of 640 wheeltrack-meters per day (320 lane-meters = 

2560 e l e v a t i o n  measurement po in t s lday) .  

Obtaining the  measurements i s  about h a l f  of the  e f f o r t .  lU1 of the  

numbers must then be typed i n t o  a computer. In  B r a z i l ,  t h e  numbers a r e  

w r i t t e n  by the  note- taker  on s p e c i a l  f i e l d  forms, t h a t  have the  l o n g i t u d i n a l  

p o s i t i o n  ( d i s t a n c e  t r a v e l l e d )  prerecorded t o  reduce t h e  chances of missing o r  

r epea t ing  a measurement. The numbers a r e  l a t e r  inspected by an engineer f o r  

obvious mis takes ,  then given d i r e c t l y  t o  keypunch opera to r s  a t  t h e  computer 

f a c i l i t y  f o r  e n t r y .  After  t h e  d a t a  a r e  entered onto  t h e  computer, a  program 

i s  run t o  d e t e c t  d i f f e r e n c e s  i n  ad jacen t  e l e v a t i o n  values  exceeding a l e v e l  

t h a t  would i n d i c a t e  erroneous d a t a .  In some c a s e s ,  t h e  p r o f i l e s  a r e  a l s o  

p l o t t e d  t o  expose any e l e v a t i o n  values  t h a t  a r e  obviously i n c o r r e c t .  

During t h e  I R R E ,  f i e l d  d a t a  were entered d i r e c t l y  i n t o  a microcomputer, 

which can "check" the  d a t a  a s  i t  i s  being entered and warn t h e  t y p i s t  of 

p o s s i b l e  e r r o r s .  The microcomputer was programmed t o  use an inpu t  d i s p l a y  

format compatible wi th  the  paper t ape  output  of the  TRRL Beam, so  t h a t  t y p i s t s  

unfami l i a r  wi th  the  meaning of t h e  d a t a  could e n t e r  t h e  d a t a .  This approach 

avoids  the  de lays  and increased complexity involved i n  having the  d a t a  

manually checked and then en te red  i n t o  a l a r g e  computer f a c i l i t y .  Typing d a t a  

from t h e  paper t ape  output  of t h e  TR'RL Beam, a t y p i s t  was ab le  t o  e n t e r  about 

8000 e l e v a t i o n  measures/day . 

Because of r e c e n t  i n c r e a s e s  i n  performance and decreases  i n  c o s t ,  t h e  use 

of hand-held microcomputers should be considered a s  a replacement f o r  t h e  

t r a d i t i o n a l  notepad i n  the  f i e l d .  By typing t h e  f i e l d  measurements d i r e c t l y  

i n t o  an inexpensive hand-held microcomputer wi th  a paper-tape p r i n t e r  and 

c a s s e t t e  d a t a  s t o r a g e ,  the  e f f o r t  needed t o  o b t a i n  good p r o f i l e  measures 

should be a mere f r a c t i o n  of t h a t  needed i n  t h e  pas t .  The program should 

"echo" e n t r i e s  on p r in ted  t a p e ,  so  t h a t  a p r in ted  copy i s  c rea ted  as  the  d a t a  

a r e  e n t e r e d ,  c r e a t i n g  a back-up i n  t h e  event  t h a t  t h e  microcoml?uter f a i l s .  



Another approach f o r  reducing human e r r o r  t h a t  has  been used i n  Bol iv ia  

i s  t o  use two ins t rument  men and no te - t akers ,  t ak ing  readings  from the  same 

rod man. Since the  two l e v e l i n g  ins t ruments  a r e  not  a t  the  sane e l e v a t i o n ,  

the rod readings  a r e  not  i d e n t i c a l ,  but should c o n s i s t e n t l y  d i f f e r  by a  

constant  amount. This method al lows a convenient  check t o  quickly  discover  

any e r r o r s  i n  recording d a t a ,  and l ends  i t s e l f  t o  automatic e r r o r  d e t e c t i o n  by 

computer once the  d a t a  have been en te red .  

4.1.3 Computation of RARSSO. The c a l c u l a t i o n  of RARSSO i s  

accomplished by computing the  response of four  v a r i a b l e s  t o  thle measured 

p r o f i l e .  The equat ions  f o r  the  four  v a r i a b l e s  a r e  solved f o r  leach measured 

e l e v a t i o n  po in t  except t h e  f i r s t .  To handle the  f i r s t  i n t e r v a l ,  between 

p o i n t s  1  and 2 ,  t he  v a r i a b l e s  a r e  f i r s t  i n i t i a l i z e d  by ass ign ing  the following 

values  : 

where Yi  r e p r e s e n t s  t h e  "ith" p r o f i l e  e l e v a t i o n  p o i n t .  The use of the  

2gth d a t a  po in t  i n  the  f i r s t  equat ion e s t a b l i s h e s  i n i t i a l  va lues  equ iva len t  

t o  a  RTRRMS approaching the  t e s t  s e c t i o n  on a  smooth su r face  t h a t  matches t h e  

s lope  of the  a c t u a l  t e s t  s i t e  averaged over t h e  f i r s t  7 m. 

The fol lowing four  r ecurs ive  equa t ions  a r e  then solved f o r  each e l e v a t i o n  

measurement, from 2 t o  n  ( n  = number of e l e v a t i o n  measurements). 

where 

Y '  = (Yi - Yi-l) / 0.25 = s lope  inpu t  

and 

Z j  ' = Z .  from previous  p o s i t i o n ,  j = l , 4  
J 



Thus, eqs.  3 - 7 a r e  solved f o r  each p o s i t i o n  along t h e  wheel t rack,  a t  

i n t e r v a l s  of 0.25 m. Af te r  they a r e  solved f o r  one p o s i t i o n ,  eq.  8 i s  used t o  

r e s e t  the  values  of Z1 ' , Z 2 '  , Z3 , and Z 4  ' f o r  the  next p o s i t i o n .  For 

each p o s i t i o n ,  the  R e c t i f i e d  Slope of t h e  p r o f i l e  i s  computed ,as: 

The RARSS0 s t a t i s t i c  i s  the  average of t h e  RS v a r i a b l e  : 

The above equat ions  a r e  formulated f o r  t h e  e l e v a t i o n  measurement i n t e r v a l  

of 0.25 m. Thus oomputed RARS50 w i l l  have the  u n i t s :  e levat ion/m.  For 

example, i f  e l e v a t i o n  i s  measured a s  mm, RARS50 w i l l  have t h e  u n i t s  I I ' I ~ / ~  = 

m/km = s lope  x lo3. 

A demonstrat ion computer program f o r  performing t h e  above c a l c u l a t i o n s  i s  

presented i n  Figure 1 ,  which can be executed on n e a r l y  any mic:rocomputer t h a t  

uses  t h e  BASIC language. For p r a c t i c a l  u s e ,  t h e  program should be upgraded t o  

read p r o f i l e  e l e v a t i o n  values  from a f i l e  ( d i s k  o r  c a s s e t t e  t a p e )  compatible 

wi th  t h e  p a r t i c u l a r  microcomputer being used. 

4.2 Est imat ion of RARSS0 Using a Ca l ib ra ted  RTRRMS 

By f a r ,  most of t h e  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 

i s  obtained wi th  RTRRMSs. The re fe rence  d e f i n i t i o n  of roughness,  RARSSO, 

was designed t o  represen t  t h e  response of a s tandardized " ideal"  RTRRMS. 

4.2.1 Desc r ip t ion  of equipment. An RTRRMS c o n s i s t s  of a v e h i c l e ,  a  

t r ansducer  t h a t  d e t e c t s  r e l a t i v e  movement of t h e  suspension,  and a d i s p l a y  

t h a t  i s  connected e l e c t r i c a l l y  t o  the  t ransducer .  The t r ansducer  and d i s p l a y  

toge the r  a r e  c a l l e d  a roadmeter,  and a r e  purchased as  one item. 

4.2.1.1 The Roadmeter. Roadmeters a r e  a l s o  known by many o t h e r  

names : r i d e  m e t e r s ,  Maysmeters (Rainhar t  Company, USA), Bump I n t e g r a t o r s  



Figure 1. Demonstration Computer Program to calculate RARS f1:om Pro:file. 5 0 

100 F,EM This program is a demonstration of the RQCS. Simaulation 
110 REM speed is 50 km/h and the measurement interval is 0.25 m. 
120 REM The profile elevations should have units: mm. For other 
125 P 3 N  simulation speeds (V) or measurement interval (IIX) refer 
126 'EM to Appendix F in Reference [l]. 
130 REM 
140 DIM ~(1281),~(4),Z1(4),ST(4,4) ,PR(4) 
150 mAD V,DX 
160 FOR I =  1 TO 4 
170 FOR J = 1 TO 4 
180 READ ST(I,J) 
190 NEXT J 
200 READ PR(1) 
210 NEXT I 
220 INPUT "NUMBER OF PROFILE ELEVATION POINTS = ";N 
230 FOR I = 1 TO N 
240 PRINT "POINT #";I; 
250 INPUT " ELEVATION = ";Y(I) 
260 NEXT I 
310 REM 
320 REM Initialize RQCS. 
330 REM 
340 Zl(1) = (Y(N1 + I) - Y(1)) / 7 
350 Zl(2) = 0 
360 Zl(3) = Zl(1) 
370 Zl(4) = 0 
380 RS = 0 
390 REM Calculate Roughness RS 
400 REM 
410 FOR I = 2 TO N 
420 YP = (Y(1) - Y(I - 1)) / DX 
430 FORJ = 1 TO 4 
440 Z(J) = PR(J) * YP 
450 FOR JJ = 1 TO 4 
460 Z(J) = Z(J) + ST(J,JJ) * Zl(JJ) 
470 NEXT JJ 
480 NEXT J 
490 FOR J = 1 TO 4 
500 Zl (J) = Z(J) 
510 NEXT J 
520 BS = RS + ABS (Z(1) - Z(3)) 
530 NEXT I 
540 PRINT "RARS = ";RS / (N - 1) 
550 END 
560 DATA 50, a25 
570 REM 
580 DATA .992040026, e0171948155, -.0124196184, 7.08544757E-04, ,0203795897 
590 DATA -.789425935, ,917212924, -2.29510558, ,0624074845, 3.0845315 
600 DATA a0465278304, 4.723631713-03, e453113538, 9.9465964E--03, ,500358633 
610 DATA 3.89845779, .416049897, -47.1993075, .0835914715, 43.3008497 



(TRRL, UK), NAASRA meters (AARB, A u s t r a l i a ) ,  Cox meters (James Cox Company, 

USA), PCA mete r s ,  and o t h e r s .  Although t h e  many meters have d i f f e r e n t  names, 

and come wi th  incompatible i n s t r u c t i o n s  and recommendations f o r  u s e ,  they a r e  

f u n c t i o n a l l y  equ iva len t  when opera t ing  w i t h i n  t h e i r  des ign range. 

A roadmeter provides  a  number of counts f o r  a  t e s t ,  wi th  each count 

corresponding t o  a c e r t a i n  amount of suspension movement. By summing the  

counts--a t a s k  t h a t  may or may no t  be performed by t h e  instrument--a number i s  

obta ined t h a t  i s  p ropor t iona l  t o  t h e  t o t a l  accumulated suspension t r a v e l  t h a t  

occurred dur ing  a  t e s t .  When divided by t h e  l eng th  of t h e  t e s t  s e c t i o n ,  t h e  

r e s u l t  i s  a  measure of ARS f o r  t h a t  road/RTRRNS/speed combinat:ion. 

When s e l e c t i n g  the  roadmeter,  consider  i t s  ruggedness,  s i lnp l i c i ty  of u s e ,  

and range of roughness measurement, i n  a d d i t i o n  t o  cos t  and a v a i l a b i l i t y .  

Although most a r e  f u n c t i o n a l l y  equ iva len t  w i t h i n  t h e i r  opera t ing  ranges ,  no t  

a l l  roadmeters art? accep tab le  f o r  use i n  World Bank p r o j e c t s  due t o  outmoded 

des igns  of some systems. Also,  n o t e  t h a t  many roadmeters a r e  designed wi th  

the  e v a l u a t i o n  of new paved roads i n  mind, and may not  be a b l e  t o  cope wi th  

medium and h igh  roughness l e v e l s .  In  g e n e r a l ,  e l ec t ro -mechan ica l  components 

(mechanical c o u n t e r s ,  s t epper  motors) should be avoided because they a r e  

unable t o  keep up wi th  the high s t r o k i n g  r a t e s  of t h e  v e h i c l e  ,suspension t h a t  

occur on rougher roads .  Also, t h e i r  performance can depend on the  supply 

v o l t a g e ,  which may vary dur ing u s e ,  thus  adding t o  t h e  e r r o r s  i n  measurement. 

Some roadmeters such a s  t h e  PCA meter ,  have been used t o  compute a  "weighted" 

sum of coun t s ,  and may be wired s o  a s  t o  prevent a l l  counts from r e g i s t e r i n g .  

If not  a l l  counts r e g i s t e r ,  then the  r e l a t i v e  p r e c i s i o n  of t h e  RTRRMS i s  

degraded,  wi th  a  r e s u l t  of l e s s  accuracy.  

The only roadmeter des igns  t h a t  have been va l ida ted  f o r  use over t h e  f u l l  

range of roughness covered i n  t h e  IRRE have been developed by highway resea rch  

agencies  f o r  t h e i r  own use:  t h e  B I  u n i t  (TRRL), t h e  NAASRA u n i t  (AARB), and 

t h e  modified Maysmeter (GEIPOT). The commercial Maysmeter (Rainhar t ,  USA)  

cannot always provide  v a l i d  measures on rougher roads (RARSSO :> 4 m/km), 

Every roadmeter des ign i s  somewhat d i f f e r e n t ,  s o  the  i n s t r u c t i o n  manual 

should always be s tud ied  t o  understand the  p r i n c i p l e s  of i t s  opera t ion .  Be 

aware t h a t  t h e  i n s t r u c t i o n s  a r e  seldom s u f f i c i e n t  t o  e x p l a i n  how t o  ob ta in  



c a l i b r a t e d  roughness measurements, and t h a t  some of t h e  suggested procedures 

may be outdated.  Hence, t h e  manual should be used mainly t o  understand t h e  

o p e r a t i o n a l  p r i n c i p l e s  of t h e  i n s t r u m e n t a t i o n ,  whi le  t h e s e  Guidel ines  should 

be used t o  understand i t s  use. 

4 .2 .1 .2  The Vehicle. Three types  of v e h i c l e s  can be used together,  

wi th  a roadmeter t o  c o n s t i t u t e  a  RTRRMS: 

1 )  A passenger c a r  or  l i g h t  t r u c k  wi th  a s o l i d  r e a r  a x l e .  A veh ic le  wi th  

independent r e a r  suspension should not  be used. A rear-dr ive  veh ic le  i s  

recommended. 

2 )  A two-wheeled t r a i l e r  towed by.one v e h i c l e  t h a t  i s  always a v a i l a b l e  

f o r  t h a t  t a s k .  The t r a i l e r  should have a  s o l i d  ax le .  The a c t u a l  

c o n f i g u r a t i o n  of the  towing veh ic le  i s  no t  impor tan t ,  but  the  same towing 

v e h i c l e  must be used between c a l i b r a t i o n s ,  s ince  i t s  c h a r a c t e r i s t i c s  w i l l  

i n f l u e n c e  t h e  ARS measures. If a towing v e h i c l e  i s  r ep laced ,  t h e  RTRRMS 

must be re -ca l ib ra ted .  

3 )  A towed one-wheeled t r a i l e r .  As wi th  a  two-wheeled t r a i l e r ,  

r e c a l i b r a t i o n  i s  needed i f  t h e  towing veh ic le  i s  changed. The h . i tch  

arrangement must have p rov i s ion  t o  hold t h e  t r a i l e r  upr igh t  dur ing use .  

4.2.1.3 I n s t a l l a t i o n  of t h e  roadmeter i n  t h e  veh ic le .  In a  two-track 

v e h i c l e ,  t h e  roadmeter t ransducer  should be mounted v e r t i c a l l y  (wi th in  5 

degrees  of t r u e  v e r t i c a l )  between t h e  body ( o r  frame) and t h e  c e n t e r  of t h e  

a x l e .  Care should be taken t o  ensure  t h a t  t h e  t r ansducer  i s  loca ted  c o r r e c t l y  

t o  prevent the  roadmeter from r e g i s t e r i n g  e x t r a  counts caused by v e h i c l e  

b rak ing ,  a c c e l e r a t i n g ,  and corner ing .  

In  a  s ing le - t r ack  t r a i l e r ,  t h e  roadmeter i s  u s u a l l y  an i n t e g r a l  p a r t  of 

the  t r a i l e r .  I f  r ep laced ,  t h e  new roadmeter should be i n s t a l l e d  i n  t h e  same 

l o c a t i o n  a s  the  o r i g i n a l  u n i t ,  i n  a  v e r t i c a l  o r i e n t a t i o n .  

4.2.2 Method of measurement wi th  a  RTRRMS. The v e h i c l e  i s  run a t  a 

cons tan t  speed of 50 km/h over the  s e c t i o n  of road being measured. The 

v e h i c l e  should be brought t o  speed a t  l e a s t  s e v e r a l  seconds before  the  s t a r t  



of the  s e c t i o n ,  t o  ensure  t h a t  the  r e s u l t i n g  measure i s  no t  inf luenced by a  

speed t r a n s i t i o n .  The roadmeter i s  turned on a t  t h e  s t a r t  of the  s e c t i o n ,  and 

t h e  number of counts accumulated a t  t h e  end of t h e  s e c t i o n  i s  recorded. 

Adjacent s e c t i o n s  can be measured i n  one pass by not ing t h e  accumulated counts 

a t  the  boundary between s e c t i o n s ,  wi thout  r e s e t t i n g  t h e  disp1a.y. 

The number from t h e  roadmeter should be converted t o  a  form of A.RS50 

t h a t  i s  convenient  f o r  t h a t  p a r t i c u l a r  roadmeter,  such a s  "counts/km," 

I1in/mi," or  "m/km." ARSSO i s  computed by d i v i d i n g  t h e  counts accumulated 

by t h e  roadmeter while on t h a t  s e c t i o n  by the  l e n g t h  of each s e c t i o n .  (Thus,  

i f  ad jacen t  s e c t i o n s  of road a r e  measured, and accumulated counts a r e  noted 

between s e c t i o n s ,  the  ARSSO numeric should be computed from the  n e t  change 

i n  t h e  accumulated counts t h a t  occurred on each s e c t i o n . )  

The unca l ib ra ted  ARSSO numeric i s  converted t o  an  es t imat 'e  of Rh.RS50 

c a l l e d  CARS50 us ing t h e  c u r r e n t  c a l i b r a t i o n  equat ion.  

4 . 2 . 3  Sources of error and t h e i r  control. In order  f o r  t h e  r e s u l t s  

obtained from a  RTRRMS t o  be c o n s i s t e n t  and u s e f u l ,  the  mechanical p r o p e r t i e s  

of t h e  v e h i c l e  (and roadmeter)  must be kept  constant  through good maintenance 

and opera t ing  p r a c t i c e s ,  t o  prevent v a r i a t i o n s  i n  the  v e h i c l e  t h a t  w i l l  cause 

corresponding v a r i a t i o n s  i.n t h e  roughness measures. I n  s e l e c t i n g  and 

mainta ining t h e  v e h i c l e  f o r  use  i n  a  RTRRMS, t h e  p r a c t i t i o n e r  should be aware 

of the  fo l lowing s e n s i t i v i t i e s  [ 2 ] .  

4.2.3.1. Operating speed. The s tandard speed of 50 km/h was s e l e c t e d  

because most RTRRMSs can opera te  on even t h e  roughest  roads a t  t h i s  speed. 

The RARS50 numeric i s  designed t o  match t y p i c a l  opera t ion  of a  RTRRMS when 

operated a t  t h i s  speed,  t h u s ,  the  r e p r o d u c i b i l i t y  a s soc ia ted  wi th  a  R.TRRMS i s  

g e n e r a l l y  b e s t  when t h i s  speed i s  used. The ARS measures obtained by a  RTRRMS 

a r e  speed dependent,  and t h e r e f o r e  the  opera to r s  of t h e  ins t ruments  must 

a p p r e c i a t e  t h e  importance of making a l l  measurements a t  t h e  sa,me speed. There 

a r e  s i t u a t i o n s ,  however, when a  lower speed may be needed. Tht~se include 

cases  where : 

1)  A speed of 50 km/h i s  not  s a f e ,  f o r  reasons of t r a f f i c ,  pledestr ians,  

r e s t r i c t i v e  geometry, e t c .  



2 )  ' f ie  roadmeter produces erroneous and incons tan t  measures a t  50 k.m/h on 

t h e  rougher roads.  

3 )  The v e h i c l e  and/or  roadmeter p o r t i o n  of t h e  RTRRMS a r e  too f r a g i l e  f o r  

continued opera t ion  a t  t h a t  speed,  and must be operated slower i f  they 

a r e  t o  be operated a t  a l l .  

4 )  The p r o j e c t  w i l l  mainly cover s h o r t  t e s t  s e c t i o n s ,  and accuracy on 

i n d i v i d u a l  s i t e s  has a high p r i o r i t y .  The shor tness  of the  s i t e  i s  t o  

some e x t e n t  compensated by the  longer time needed t o  cover the  s i t e  a t  a  

reduced speed. 

The recommended s o l u t i o n  f o r  problems caused by t h e  mechanics of the  

RTRRMS i s  t o  r ep lace  the  veh ic le  and/or roadmeter i f  p o s s i b l e  wi th  something 

more rugged. I f  any of these  cond i t ions  a r e  unavoidable,  a  lower s tandard 

RTRRMS speed of 32 km/h should be adopted f o r  a l l  RTRRMS measurements. The 

c a l i b r a t i o n  re fe rence  i s  s t i l l  RARS50 thus  t h e  c a l i b r a t i o n  method descr ibed 

i n  Sect ion 4 . 2 . 4  should be fo l lowed,  wi th  the  d i f f e r e n c e  t h a t  the RTR.RMS i s  

o?era ted a t  t h e  speed of 3 2  kmlh. 

\ h e n  only a few s e c t i o n s  need t o  be measured a t  a  lower speed,  then  the  

speed c o r r e c t i o n s  methods descr ibed i n  Sect ion 4.2.7 can be used. 

4 . 2 . 3 . 2 .  Shock absorber  selection. The s i n g l e  most important  veh ic le  

component i n  terms of s e n s i t i v i t y  of t h e  RTRRMS t o  roughness i , s  the  shock 

absorber .  In  o rde r  t o  o b t a i n  the  b e s t  r e p r o d u c i b i l i t y  (and t h u s ,  o v e r a l l  

accuracy) ,  t h e  v e h i c l e  should be equipped wi th  very "s t i f  f "  shock absorbers .  

When " s o f t e r "  shock absorbers  a r e  used ( o f t e n  s e l e c t e d  by t h e  v e h i c l e  

manufacturer f o r  improved r i d e  q u a l i t y ) ,  a  p a r t i c u l a r  RTRRMS can "tune i n "  on 

c e r t a i n  roughness cond i t ions  t h a t  do not  a f f e c t  o t h e r  RTRRMSs or the  s tandard 

r e f e r e n c e ,  l ead ing  t o  " o u t l i e r "  d a t a  po in t s .  The use  of " s t i f f "  shock 

absorbers  a l s o  has an advantage i n  t h a t  the  e f f e c t s  of o t h e r  sources  of e r r o r  

a r e  reduced,  and t h e r e f o r e ,  l e s s  e f f o r t  i s  needed t o  mainta in  ,the RTRRMS i n  

c a l i b r a t i o n .  

The shock absorbers  a r e  such a c r i t i c a l  element of t h e  RTRRMS performance 



t h a t  a new c a l i b r a t i o n  i s  required whenever they a r e  r ep laced ,  even if  t h e  

replacement shock absorbers  a r e  of t h e  same make and model as  t h e  previous 

ones. Since r e c a l i b r a t i o n  i s  always r e q u i r e d ,  t h e r e  i s  no advantage i n  

s e l e c t i n g  replacements made by t h e  same manufacturer o r  f avor ing  models t h a t  

a r e  i n  wide supply.  The primary c h a r a c t e r i s t i c s  t o  look f o r  a r e  ruggedness, 

i n s e n s i t i v i t y  t o  temperature ,  and high damping ( t h e  shocks should be " s t i f f " ) .  

Whether t h e  i n s t a l l e d  shock absorbers  provide s u f f i c i e n t  damping can be judged 

by comparing t h e  abso lu te  magnitude of t h e  ARS values  measured by the! RTRRMS 

t o  t h e  RARS va lues  f o r  the  s u r f a c e s  dur ing c a l i b r a t i o n .  I f  t h e  measures from 

t h e  veh ic le  a r e  more than 20% g r e a t e r  on the  average than the  RARS or1 

moderately rough roads ,  more e f f e c t i v e  damping on t h e  v e h i c l e  suspension i s  

recommended. 

4.2 .3 .3 .  Vehicle loading.  The weight of the  v e h i c l e  body a f f e c t s  t h e  

roughness measures, such t h a t  i n c r e a s i n g  the  weight u s u a l l y  i n c r e a s e s  the  

measured ARS. This e f f e c t  i s  nea r ly  e l iminated when the  roadmeter i s  mounted 

i n  a  t r a i l e r .  But when the  roadmeter i s  mounted i n  a  c a r  or  t r u c k ,  c.are must 

be taken t o  always maintain the  same v e h i c l e  loading dur ing roughness 

measurement and c a l i b r a t i o n ,  a l though some v a r i a t i o n  i s  i n e v i t a b l e  due t o  t h e  

consumption of gaso l ine .  The v e h i c l e  should not  con ta in  e x t r a  cargo o r  

occupants during t e s t i n g .  

4.2 .3 .4 .  T i r e  pressure .  Measures of roughness i n c r e a s e  wi th  t i r e  

p ressure  ( f o r  both passenger car-  and t r a i l e r -based  RTRRMSs). Therefore ,  

p ressure  should be checked every morning be fore  t h e  v e h i c l e  has  been s t a r t e d  

and s e t  t o  a  value  s e l e c t e d  a s  being appropr ia te  f o r  t h e  v e h i c l e .  

4.2 .3 .5 .  Mechanical l i n k a g e s  i n  t h e  roadmeter. The roadmeter 

t r ansducer  i s  connected t o  the  a x l e  of t h e  veh ic le  by some type of 1i.nkage. 

I f  t h e  roadmeter t r ansducer  i s  sp r ing  loaded,  i t  can sometimes o s c i l l . a t e  

independently i f  the sp r ing  i s  not  s t i f f  enough, r e s u l t i n g  i n  increased 

counts .  I f  t h e  l inkages  between a x l e ,  t r ansducer ,  and v e h i c l e  body ( o r  

t r a i l e r  frame) a r e  a t  a l l  l o o s e ,  counts w i l l  be l o s t .  Pu l l eys  on sha.fts can 

s l i p ,  a l s o  r e s u l t i n g  i n  l o s t  counts .  Frequent i n s p e c t i o n  and maintenance of 

t h i s  l inkage  must be included i n  t h e  opera t ing  procedures e s t a b l i s h e d .  

4.2 .3 .6 .  Tire imbalance and out-of  -roundness. The r o t a t i n g  



t i r e /whee l  assemblies on the  a x l e  instrumented wi th  the  roadmeter w i l l  
- 

oscil.Late a s  a  r e s u l t  of imbalance and/or runout ,  causing an inc rease  i n  

roadmeter coun t s ,  and thus  ARS. The inc rease  i n  counts due t o  the  e x t r a  

v i b r a t i o n s  f o r  the  t i r e / w h e e l  assemblies i s  most important  on smoother roads ,  

where the  road-induced v i b r a t i o n s  a r e  smal ler .  This e f f e c t  can be reduced by 

us ing premium t i r e s ,  mounted on the  wheels with a t t e n t i o n  given t o  obta ining 

uniform bead sea t ing .  Damaged wheels o r  t i r e s  should be rep laced ,  a s  should 

t i r e s  t h a t  have been " f l a t  spo t t ed"  by t h e  skidding t h a t  occurs during 

emergency braking.  The t i r e /whee l  assemblies on the  instrumented ax le  should 

be s t a t i c a l l y  balanced (dynamic balancing has not  been shown t o  h e l p ) ,  t o  

wi th in  8 gram-meters ( 1 . 0  f t -oz )  f o r  rou t ine  use.  C a l i b r a t i o n  checks should 

be performed any time one of these  components i s  changed. 

4.2.3.7. Temperature e f f e c t s .  The most c r i t i c a l  mechanical behavior 

of t h e  RTRRMS veh ic le  i s  i t s  a b i l i t y  t o  damp suspension v i b r a t i o n s .  Low 

damping r e s u l t s  i n  many coun t s ,  whi le  h igh damping r e s u l t s  i n  few counts.  

The damping d e r i v e s  from the  mechanical p r o p e r t i e s  of the  shoclc absorbers ,  the  

t i r e s ,  and l inkages  i n  the  suspension.  Unfor tunate ly ,  t h e  damping changes 

s i g n i f i c a n t l y  wi th  the  temperatures of the  var ious  components t h a t  c o n t r i b u t e  

t o  the o v e r a l l  damping. I f  the  a i r  temperature i s  g r e a t e r  than 0 deg C ,  

changes i n  damping due t o  changes i n  a i r  temperature a r e  not  s i g n i f i c a n t  over 

a  range of 10 deg or  l e s s .  (For example, v a r i a t i o n s  between 20 - 30 deg C 

should not  have a  no t i ceab le  e f f e c t  on roughness measurements.) Greater  

v a r i a t i o n s  g e n e r a l l y  have a  n o t i c e a b l e  e f f e c t ,  wi th  t h e  h igher  temperatures 

r e s u l t i n g  i n  an inc rease  i n  counts.  When the  temperature drops t o  0 deg C. 

and lower ,  t h e  RTRRMS measurements become much more s e n s i t i v e  t o  a i r  

temperature.  

Under most opera t ing c o n d i t i o n s ,  t h e  f a r  g r e a t e r  in f luence  on component 

temperature i s  roughness i t s e l f :  t h e  v e h i c l e  shock absorbers  hea t  up ,much more 

on rougher roads than on smooth ones. For t h i s  reason,  s p e c i a l  a t t e n t i o n  

should be given t o  ensur ing adequate "warm-up" p r i o r  t o  recording roughness 

d a t a ,  i n  r o u t i n e  survey work and dur ing c a l i b r a t i o n .  The amount of time 

needed f o r  warm-up depends on t h e  veh ic le  and the  roughness l e v e l .  T:ypical 

t imes needed a r e  10 - 30 minutes,  and should be determined exper imenta l ly  f o r  

each RTRRMS a s  descr ibed i n  Sect ion 4.2 .6 .  The warm-up time should be spent 

opera t ing  the  RTRRMS a t  the  t e s t  speed on roads having approximately the same 



roughness l e v e l  a s  t h e  one being measured (wi th in  2 0 % ) .  Therefore ,  i f  t h e  

RTRRYS must trave.1 t o  a  t e s t  s i t e  over  good roads ,  and t h e  t e s t  s i t e  i t s e l f  i s  

a  rough road ,  a d d i t i o n a l  warm-up t ime w i l l  be needed a t  t h e  t e s t  s i t e .  

4.2.3.8. Water and mois ture  e f f e c t s .  The mechanical p r o p e r t i e s  of 

t h e  v e h i c l e  p a r t  of t h e  RTRRMS a r e  not  normally inf luenced d i r e c t l y  by the  

presence of water.  I n d i r e c t l y ,  however, r a i n  and su r face  water can a f f e c t  

roughness measurements by cooling components t o  lower-than-normal 

temperatures ,  wi th  the  r e s u l t  t h a t  fewer counts a r e  accumulated. The common 

problem i s  water sp lash ing  on t h e  t i r e s  and shock absorbers ,  cooling them i n  

the  process .  I f  t h e  c l ima te  i s  so wet t h a t  r a i n y  days a r e  the  norm r a t h e r  

than t h e  excep t ion ,  a  "wet c a l i b r a t i o n "  should be performed t o  conver t  raw 

measures taken on wet days t o  t h e  RARS roughness s c a l e .  

4.2.4 Calibration of a RTRRMS. Because t h e  response behavior of a  

p a r t i c u l a r  RTRRMS i s  unique and v a r i a b l e  wi th  t ime,  the  system must be 

c a l i b r a t e d  when i t  i s  i n i t i a l l y  put i n t o  s e r v i c e ,  and p e r i o d i c a l l y  throughout 

i t s  use.  C a l i b r a t i o n  i s  achieved by ob ta in ing  "raw" measures of roughness 

( t h e  "countslkm" o r  o t h e r  s i m i l a r  number produced a s  ou tpu t  by t h e  ins t rument )  

on s p e c i a l  c a l i b r a t i o n  s i t e s .  These s i t e s  a r e  s e c t i o n s  of road t h a t  have 

known RARS50 roughness values a s  determined wi th  a  C lass  1 method ( rod and 

l e v e l  o r  equ iva len t ) .  The RTRRMS i s  p e r i o d i c a l l y  run over the  c a l i b r a t i o n  

s i t e s  a t  t h e  s tandard speed a f t e r  s u i t a b l e  warm-up. The "raw" roughness 

values  from the  RTRRMS a r e  p l o t t e d  a g a i n s t  the  RARS50 va lues ,  with the  

RTRRMS va lues  on the x-axis and t h e  U S S O  values on t h e  y-axis,  a s  

i l l u s t r a t e d  i n  Figure 2 .  A l i n e  i s  f i t  t o  t h e  d a t a  p o i n t s  and used t o  

e s t i m a t e  RARS50 from RTRRMS measurements taken i n  t h e  f i e l d .  For a  s i n g l e  

speed,  one r e l a t i o n s h i p  w i l l  o f t e n  be obtained even f o r  d i f f e r e n t  su r face  

types  when t h e  "raw" measure i s  p l o t t e d  d i r e c t l y  a g a i n s t  RARS5,3 a s  shown i n  

the  f i g u r e .  When i t  i s  necessary ,  f o r  whatever reason,  t o  conduct t e s t s  a t  

any o t h e r  than the  s tandard speed,  t h i s  r e l a t i o n s h i p  does not  apply.  Separa te  

r e l a t i o n s h i p s  between t h e  "raw" measure and t h e  RARSSO must be developed f o r  

each of t h e  o t h e r  speeds ,  a s  descr ibed i n  t h e  Sect ion on Speed Compensation. 

Depending on t h e  required accuracy of the  c a l i b r a t e d  roughness d a t a  and 

t h e  l o c a l  roadbui ld ing p r a c t i c e s ,  s e p a r a t 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  may be 

warranted f o r  d i f f e r e n t  su r face  types  (paved and unpaved, f o r  example). This 



a. Opala-Maysmeter #2  

ARSSO - m/km 

c. BI Trai ler 

b. Opala-Maysmeter #2 

ARSZ2 - m / k m  

d. BI Trailer 

Figure 2 .  Example p l o t s  of c a l i b r a t i o n  curves and t h e  measurements used t o  
compute the  curves.  Separa te  c a l i b r a t i o n s  a r e  shown f o r  speeds of 
32 and 50 km/h. 



s e c t i o n  p r e s e n t s  g u i d e l i n e s  f o r  c a l i b r a t i o n  on a  single road s u r f a c e  type.  

Pas t  exper ience  has  i n d i c a t e d  t h a t  a  s i n g i e  c a l i b r a t i o n  i s  adequate f o r  

a s p h a l t i c  c o n c r e t e ,  PCC c o n c r e t e ,  double s u r f a c e  t r e a t m e n t ,  and Braz i l i an  

e a r t h  and g r a v e l  roads .  It may be expected t h a t  a  common 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 l l  be obta ined f o r  mzny o t h e r  road s u r f a c e  types ; however, 

roads  t h a t  have po tho les ,  c o r r u g a t i o n s ,  or  a r e  const ructed wi th  methods not  

common i n  t h e  United State.s and B r a z i l  may r e q u i r e  s e p a r a t e  c a l i b r a t i o n s .  

4.2.4.1 Considerations in site selection. For t h e  r e s u l t i n g  

c a l i b r a t i o n  t o  be v a l i d ,  t h e  c a l i b r a t i o n  s i t e s  must be r e p r e s e n t a t i v e  of t h e  

roads  being surveyed i n  t h e  p r o j e c t .  It i s  thus  e s s e n t i a l  t h a t  t h e  s e c t i o n s  

be " n a t u r a l l y  rough," e x h i b i t i n g  roughness r e s u l t i n g  from normal 

construction/maintenance/use h i s t o r i e s .  The c a l i b r a t i o n  i s  t e c h n i c a l l y  v a l i d  

only over t h e  range of roughness covered by t h e  c a l i b r a t i o n  s i t e s ,  hence 

e x t r a p o l a t i o n  should be avoided i f  a t  a l l  poss ib le .  I n  any c a s e ,  

e x t r a p o l a t i o n  beyond the  c a l i b r a t i o n  range by more than 30% i n  each d i r e c t i o n  

(30% l e s s  then t h e  smoothest c a l i b r a t i o n  s i t e  and 30% rougher than the  

roughes t )  i s  not  recommended. I f  t h e  a d d i t i o n a l  range i s  needed, then 

appropr ia te  c a l i b r a t i o n  s i t e s  must be found. 

The c a l i b r a t i o n  s i t e s  should be uniformly rough over t h e i r  l e n g t h s ,  such 

t h a t  t h e  r a t e  a t  which counts accumulate on t h e  roadmeter of t h e  RTRRMS i s  

f a i r l y  cons tan t  while t r a v e r s i n g  t h e  sec t ion .  A RTRRMS responds d i f f e r e n t l y  

t o  a  road wi th  uniform and moderate roughness than t o  a  road t h a t  i s  smooth 

over  ha l f  i t s  l e n g t h  and rough over the  o the r  h a l f .  

Remember t h a t  RTRRMSs always respond t o  t h e  road after they have 

passed over i t .  Therefore ,  avoid s i t e s  t h a t  have a  d i s t i n c t l y  d i f f e r e n t  

roughness c h a r a c t e r  immediately p r i o r  t o  the  s t a r t  of the  s i t e ,  

C a l i b r a t i o n  s i t e s  should always be on tangent  s e c t i o n s  of road. The road 

need not be l e v e l ,  but t h e r e  should be no n o t i c e a b l e  change i n  grade on o r  

immediately before  the  s i t e ,  a s  t h e  t r a n s i t i o n  i n  grade can a f f e c t  the  

measurement of a  RTRRMS. 

In  a d d i t i o n  t o  t h e  above concerns,  a  v a l i d  c a l i b r a t i o n  must meet c e r t a i n  

requirements r e l a t e d  t o  t h e  number of s i t e s ,  t h e i r  minimum l e n g t h s ,  and the 



roughness range covered. These requirements a r e  summarized i n  Table 1. 

~ a b i e  2 i s  a l s o  included t o  help determine approximate roughness ranges p r i o r  

t o  t h e  ca l - ib ra t ion ,  by desc r ib ing  s i x  broad ranges of roughness. Note t h a t  i t  

i s  impossible t o  des ign a  v a l i d  c a l i b r a t i o n  t h a t  i s  "minimal" i n  every respec t  

( j u s t  ba re ly  meets each requirement) .  For example, i f  the  p r o j e c t  covers a l l  

s i x  roughness l e v e l s ,  then a  minimum of 12 s i t e s  a r e  required (two pe r  

roughness l e v e l ) .  And i f  only 12 s e c t i o n s  a r e  used,  they must be a t  l e a s t  250 

m long (3000 m/12 s i t e  = 250 m / s i t e ) .  A l t e r n a t i v e l y ,  20 s e c t i o n s ,  each 150 m 

long ,  could be used. When more than two s i t e s  of each roughness l e v e l  a r e  

used,  the a d d i t i o n a l  s i t e s  should be se lec ted  t o  maintain uniform d i s t r i b u t i o n  

among the roughness l e v e l s .  A t  no time should the  number of s i t e s  f o r  the  

"most represented"  and " l e a s t  represented"  roughness l e v e l s  d i f f e r  by more 

than one. 

To o b t a i n  a  c a l i b r a t i o n  t h a t  r e s u l t s  i n  b e t t e r  accuracy,  the  t o t a l  

o v e r a l l  l eng th  should be inc reased ,  e i t h e r  by using longer  s i t e s ,  or  using 

more s i t e s .  A t  t he  p resen t  t ime,  however, the  o v e r a l l  accuracy i s  l a r g e l y  

l i m i t e d  by the  r e p r o d u c i b i l i t y  of the  RTRRMS, such t h a t  t h e  c a l i b r a t i o n  

requirements of the  t a b l e  lead t o  n e g l i g i b l e  c a l i b r a t i o n  e r r o r .  

A constant  t e s t  s i t e  l eng th  i s  needed during a  c a l i b r a t i o n ,  but t h i s  

r e s t r i c t i o n  does not  apply t o  the  rou t ine  measurement of road roughness. \ h e n  

c a l i b r a t i o n  s i t e s  a r e  measured wi th  a  rod and l e v e l  Class 1 method, i t  i s  

n a t u r a l  t o  s e l e c t  s h o r t  s i t e s  t o  minimize the  manual e f f o r t .  The c a l i b r a t i o n  

i s  v a l i d ,  however, f o r  any l eng th  of road having reasonable homogeneity. 

4.2.4.2 Data processing. The d a t a  from t h e  c a l i b r a t i o n  s i t e s  a r e  

used t o  r egress  RARS50 a g a i n s t  the  "raw" RTRRMS measurements using a  

quadra t i c  model, and minimization of t h e  squared e r r o r .  ("Error" i s  t h e  

d i f f e r e n c e  between t h e  " t rue"  RARS50 from the  Class 1  measurement, and the  

es t ima te  of i t  from the  RTRKMS measurement.) When a  s ing le - t r ack  RTR:RMS i s  

used,  the  regress ion  i s  computed on t:he b a s i s  of ind iv idua l  wheeltraclc 

measurements. When a  two-track RTRRMS i s  used ,  the  RARS50 i s  measured f o r  

both of the  wheeltracks t r a v e l l e d  by t h e  t i r e s  of the  RTRRMS, and the  two 

numbers a r e  averaged. The average i s  then used a s  a  s i n g l e  measureme~lt of 

RARS50 f o r  t h a t  l a n e ,  and regressed aga ins t  the  s i n g l e  measure obtained from 

t h e  two-track RTRRMS. 



Table 1 .  Summary of RTRRMS C a l i b r a t i o n  S i t e  Requirements. 

RTRRMS Type 
Two-Track Single-Tr ack 

Minimum Number of S i t e s  8 12 

bfinimum Number of S i t e s  f o r  f o r  Each 
Roughness Level (See Table 2 f o r  roughness 
d e s c r i p t i o n s . )  2 

Maximum Var ia t ion  i n  t h e  Number of S i t e s  Per 
Roughness Level ( i . e . ,  s i t e s  should be 
d i s t r i b u t e d  uniformly among d i f f e r e n t  
roughness l e v e l s )  1 

Minimum S i t e  Length 150 m 150 m 

Maximum Var ia t ion  i n  S i t e  Length ( i . e . ,  a l l  
s i t e s  should have the  same l e n g t h )  0 

Minimum Total  Length ( s i t e  l eng th  x number of 
s i t e s )  3 km 4.5 km 

Minimum "Lead-In" Distance f o r  RTRRMS 
(RTRRMS must be brough t o  speed before 
en te r ing  "Lead-in" a r e a )  30 m 30 m 

Minimum Number of Repeated RTRRMS Measures 
Per S i t e  3 

Note: Contiguous c a l i b r a t i o n  s i t e s  a r e  permitted.  



Table 2 D e s c r i p t i o n s  of Six  Ca tegor i e s  o f  Roughness 

(m/ km) D e s c r i p t i o n  of  Roughness Category - -"-- - -------- --- -- ---- -. - -- 
0 - 2  Extremely h i g h  q u a l i t y  new a s p h a l t  c o n c r e t e  pavement; 

f o r  high-speed motorways and a i r p o r t  runways. Uncommorlly 
smooth f o r  highways. 

2 - 3  T y p i c a l  h igh -qua l i t y  a s p h a l t i c  c o n c r e t e  pavement; v e r y  
good 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 .  No p o t h o l e s  o r  
c o r r u g a t i o n .  

3 - 5  Paved roads  showing e a r l y  s t a g e s  of d e t e r i o r a t i o n ;  good 
q u a l i t y  unpaved roads .  Occas iona l  p o t h o l e s  (1-3 p e r  
50 m) and d e s p r e s s i o n  (20-40 m/5m o r  10-20 mm/3m), 
T r a v e l  speeds  < 100 km/h. 

5 - 8  S e v e r e l y  d i s t r e s s e d  pavements ; deep and uneven 
d e p r e s s i o n s  (720 mm/3m) ; f r e q u e n t  p o t h o l e s  (5-10 p e r  
50 m) ; modera te ly  ma in ta ined  g r a v e l  ; sha l law/modera t  e 
c o r r u g a t i o n  (6-20 mm depth,  0.7-1.5 m s p a c i n g ) .  
Speeds < 80 krn/h. 

8 - 13 Unpaved r o a d s .  F requen t  t r a n s v e r s e  d e s p r e s s i o n s ,  

Occas iona l  deep d e p r e s s i o n s .  S t r o n g  c o r r u g a t i o n s  
(720 mm) f r e q u e n t  s h a l l o w  p o t h o l e s .  Speed u s u a l l y  
< 60 km/h 

1 3  - 18 Unpaved roads .  F requen t  deep d e p r e s s i o n s ,  pothol-es.  
Some v e r y  deep p o t h o l e s .  F requen t  t r a n s v e r s e  and 
l o n g i t u d i n a l  e r o s i o n  g u l l e y s ,  speed  g e n e r a l l y  < 50 km/h 



Subsequent e s t ima tes  of RARSSO made from the  RTRRMS us ing t h e  

c a l i b r a t i o n  equat ion a r e  i n  f a c t  t h e  c a l i b r a t e d  roughness measurements from 

the  RTRRMS, and a r e  c a l l e d  CARSSO f o r  Cal ibra ted  ARS50. The m,athematical 

d e t a i l s  needed t o  compute the  c a l i b r a t i o n  equat ion a r e  summarized i n  Table 3 .  

The accuracy assoc ia ted  with the. RTWIS can a l s o  be c a l c u l a t e d ,  and i s  

quan t i f i ed  by t h e  Standard Error  (SE) of the  CARS50 e s t i m a t e ,  using the  

equat ion given i n  the  Table. 

Each R T W f S  r e q u i r e s  a  s e p a r a t e  c a l i b r a t i o n  equa t ion ,  based on the  ARS 

measures t h a t  i t  produced on the  c a l i b r a t i o n  s i t e s .  

It should be mentioned here  t h a t  the  c a l i b r a t i o n  equat ion and Standard 

Error  a r e  computed i n  a  convention opposi te  t o  t h a t  normally used f o r  

s t a t i s t i c a l  a n a l y s i s  ( t h a t  i s ,  t h e  d e f i n i t i o n s  of x  and y a r e  reversed from 

what they would be i n  a  c l a s s i c a l  a n a l y s i s  of v a r i a t i o n s ) ,  s i n c e  the  

c a l i b r a t i o n  se rves  a  d i f f e r e n t  purpose. Rather than d e s c r i b i n g  t h e  s t a t i s t i c s  

of t h e  raw ARS measurement, t h e  p r a c t i t i o n e r  i s  concerned wi th  the  accuracy of 

the  f i n a l  roughness measure. Therefore ,  c a r e  should be taken i n  using 

s t a t i s t i c a l  a n a l y s i s  packages, t o  ensure  t h a t  the  x and y  v a r i a b l e s  a r e  

a ssoc ia ted  c o r r e c t l y  with ARS and RARS measures. 

4.2.4.3 Determining calibration site values - The Class 1 

measurement of RARS50 on paved c a l i b r a t i o n  su r faces  ( s e e  Sect ion 4 . 1 )  needs 

t o  be repeated p e r i o d i c a l l y .  For unpaved roads ,  roughness i s  s e n s i t i v e  t o  so  

many environmental cond i t ions  t h a t  the  measurement remains v a l i d  f o r  

a  much s h o r t e r  time. I f  t h e r e  i s  r a i n ,  s i g n i f i c a n t  change i n  humidity or  

temperature ,  o r  t r a f f i c  on the  s i t e ,  i t s  roughness can change i n  a  mat ter  of 

weeks, days ,  o r  even hours.  Therefore,  c a l i b r a t i o n s  involving unpaved roads 

should be planned so t h a t  t h e  RTRRMSs can be run over t h e  unpaved  sit^, a t  

approximately the  same time they a r e  measured wi th  a  Class  1 method. 

Na tu ra l ly ,  when c a l i b r a t i o n  s i t e s  a r e  exposed t o  any maintenance the  'RARS50 

values  a r e  a f f e c t e d ,  and e a r l i e r  measurements a r e  no longer  v a l i d  f o r  f u t u r e  

c a l i b r a t i o n .  

When t h e  RARSSO roughness value  f o r  a  road s i t e  has changeid, tha , t  s i t e  

cannot be used f o r  f u t u r e  c a l i b r a t i o n s  u n t i l  the  new RARSS~ i s  e s t a b l i s h e d .  



Table 3 .  Computation of the  C a l i b r a t i o n  Equation 

Tne c a l i b r a t i o n  equat ion f o r  a RTRRMS i s :  

ARS i s  t h e  "raw" measure wi th  u n i t s :  countslkm o r  an equ iva len t  ( i n / m i l e ,  mmlkm, 

e t c . ) ,  and CARS50 i s  t h e  "Cal ibra ted  ARS," having the  same u n i t s  used f o r  RARS50 
(mlkm i s  recommended). The c o e f f i c i e n t s  A ,  B ,  and C a r e  c a l c u l a t e d  a s  indicated 
below, where N = number of c a l i b r a t i o n  s i t e s ,  x i  = ARS measurement on i t h  s i t e ,  and 

y i  = RARSSO roughness of i th  s i t e  (computed from a measured p r o f i l e ) .  Ilhe 

accuracy of CARS50 measures i s  the  Standard Er ro r  (SE), which should a l s o  be 

c a l c u l a t e d  a s  ind ica ted  below. 

- 1 N 
xy = - xi8y i  = (X * y  +X * Y  t.. .X * J ) I N  

i=1 1 1 2 2  N N 



Technical ly ,  i t  does no t  ma t te r  whether the  o ld  s i t e  i s  re-measured, o r  a  new 

s i t e  i s  s e l e c t e d .  Given t h a t  normal p r a c t i c e  i s  t o  r e p a i r  t h e  "worst" roads ,  

i t  would be expected t h a t  some of the  "rough" c a l i b r a t i o n  s i t e s  would be 

scheduled f o r  maintenance during the  dura t ion  of a  long s tudy.  A s  long a s  

a l t e r n a t i v e  s i t e s  can be found having the  same roughness,  rou t ine  c a l i b r a t i o n  

of a RTRRMS can cont inue.  Whenever a RARS50 measurement must 11e made of a  

c a l i b r a t i o n  s i t e ,  the  "best" s i t e  (from the  s tandpoint  of l e n g t h ,  geometry, 

roughness, l o c a t i o n ,  and l ike l ihood  of remaining unchanged f o r  the  longest  

t ime)  should be s e l e c t e d .  Unless i t  i s  des i red  t o  monitor t h e  changes i n  

roughness of a c e r t a i n  c a l i b r a t i o n  s i t e  as  a  p a r t  of the  p r o j e c t ,  t h e r e  i s  no 

t e c h n i c a l  advantage i n  r o u t i n e l y  r e s e l e c t i n g  the  same s i t e s .  

4.2.5 Control tests for RTBBMS time s t a b i l i t y .  While the  previously  

descr ibed c a l i b r a t i o n  i s  needed t o  convert  RTRRMS measures t o  CARS50 

( e s t ima te  of RARS50), a  simpler t e s t  can be used t o  determine whether o r  not  

t h e  response of the  RTRRMS has changed on a  day-to-day b a s i s .  Change w i l l  

always occur ,  thus  severa l  "control"  s i t e s  of road should be se lec ted  i n  

l o c a t i o n s  c l o s e  t o  the  base of opera t ions  of the  RTRRMS f o r  pe r iod ic  check 

t e s t s .  Since t h e  purpose of a  c o n t r o l  t e s t  i s  t o  determine whether the  RTRRMS 

has  changed, t h e  RARS50 value f o r  a  c o n t r o l  t e s t  s i t e  need not be measured 

with a  Class 1 method. The recommended l eng th  f o r  a  c o n t r o l  s i t e  i s  i3 minimum 

of 1.6 km. Shor ter  s e c t i o n s  can be used,  but  i t  i s  more d i f f i c : u l t  t o  d i s c e r n  

changes i n  RTRRMS behavior because t h e  RTRRMS r e p e a t a b i l i t y  s u f f e r s  on the 

s h o r t e r  s e c t i o n s .  They should be por t ions  of paved roads t h a t  a r e  l i g h t l y  

t r a v e l l e d  and a r e  not  scheduled f o r  any maintenance over the  course o:E the  

p r o j e c t .  As  c o n t r o l  s i t e s ,  t h e i r  roughness i s  assumed t o  be constant  with 

t ime,  and c a r e  should be taken t o  ensure t h a t  t h i s  assumption i , s  reasonable.  

The beginning and end p o i n t s  of each s i t e  should be v i s i b l y  i d e n t i f i a b l e  

from landmarks o r  semi-permanent markings made f o r  t h a t  purpose. Immediately 

a f t e r  c a l i b r a t i o n ,  a l l  of t h e  c o n t r o l  s i t e s  should be measured, j u s t  as  any 

t e s t  s e c t i o n s  of road would be (cons tan t  speed,  RTRRMS "warmed-up"). The 

measurements should be recorded f o r  f u t u r e  reference .  A t  l e a s t  two c o n t r o l  

s i t e s  should be used i n  each check, covering a "smooth" s i t e  and a  "rough" 

s i t e .  This i s  because some e r r o r s  a f f e c t  only rough measurements and o the r s  

a f f e c t  only smooth measurements, a s  descr ibed i n  Sect ion 4.2 .3 .  The RTRRMS 

can then be p e r i o d i c a l l y  checked by comparing measurements t o  the  recorded 



reference  v a l u e s ,  and comparison t o  the  v a r i a b i l i t y  of measurements obtained 

i n  previous check!:. By l o c a t i n g  the  s i t e s  between the  s to rage  l o c a t i o n  of the  

RTRRElS and t h e  roads being measured a s  p a r t  of the  p r o j e c t ,  thle RTRWIS can be 

checked d a i l y  with l i t t l e  time o r  e f f o r t .  

On a d a i l y  b a s i s ,  t h e  c o n t r o l  s i t e  measures should always f a l l  wi th in  an 

acceptable  range,  where t h a t  range i s  determined by p r i o r  experience with the  

u n i t .  It should be kept i n  mind t h a t  the  c o n t r o l  l i m i t s  t o l e r a t e d  on the  

c o n t r o l  t e s t  s e c t i o n s  have an impact on the  genera l  l e v e l  of a~ccuracy t h a t  can 

be assoc ia ted  wi th  the  RTRRMS system. On c o n t r o l  s e c t i o n s  320 m long,  normal 

v a r i a t i o n s  can be - +5%, and changes of - t10% i n d i c a t e  t h a t  the  RTRRMS has 

changed. On s e c t i o n s  1.6 km long ,  normal v a r i a t i o n s  should be wi thin  - + 2 % ,  

allowing d e t e c t i o n  of smal ler  changes on the  order  of - t5% i n  t h e  RTRRMS. If 

measurements on the  c o n t r o l  s e c t i o n s  do not f a l l  wi th in  t h e  c o ~ ~ t r o l  l i m i t s ,  

then the  RTRRMS should be checked f o r  d e f e c t s .  A new c a l i b r a t i o n  i s  required 

un less  a  simple reason f o r  the  change can be found and correctrzd. When a  

problem i s  found, a l l  d a t a  gathered by t h a t  RTRRMS s i n c e  the  l isst  c o n t r o l  

check should be discarded.  

When an RTRRMS i s  operated over a  wide geographic a r e a ,  con t ro l  s e c t i o n s  

convenient t o  each a r e a  should be i d e n t i f i e d  so  t h a t  s i t e s  a r e  a v a i l a b l e  t o  

check the  RTRRMS every day. 

In  a d d i t i o n  t o  quickly  recognizing damage, malfunct ions ,  o r  changing 

p r o p e r t i e s  of t h e  RTRRMS, d a i l y  ( o r  o therwise  p e r i o d i c )  c o n t r o l  t e s t s  can be 

used t o  eva lua te  the  s e n s i t i v i t y  of the  RTRRMS t o  environmental changes. 

The c o n t r o l  procedures descr ibed i n  Reference [ 3 ]  a r e  suggested as  a  good 

re fe rence  f o r  developing p r a c t i c e s .  Control  t a b l e s  and c h a r t s  i l l u s t r a t e d  i n  

Figures 3 and 4 were maintained t o  record the  mean and range t o  help  

i n d i c a t e  when d e t a i l e d  inspec t ion  of t h e  RTRRMS was warranted.  

4.2.6 Temperature s e n s i t i v i t y  test. The responsiveness of a  RTRRMS t o  

roughness changes a s  veh ic le  components "warm-up" when t ravers ing rough roads. 

This t e s t  should  be conducted f o r  each RTRRMS when i t  i s  f i r s t  used t o  

determine the  amount of warm-up t ime t h a t  should be allowed f o r  d a i l y  

opera t ion ,  and a l s o  t o  quickly  iden tk fy  veh ic les  t h a t  a r e  undu1.y sens: i t ive  t o  
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temperature and thus  u n s u i t a b l e  f o r  RTRRMSs. 

A s e c t i o n  of road should be found t h a t  i s  a t  the  roughest  l e v e l  

ant icy~pated i n  the  study.  It should have the  minimum leng th  r~squired f o r  a 

c a l i b r a t i o n  s i t e ,  a s  defined i r ?  Table 1. (The roughest  c a l i b r , a t i o n  s i t e  i s ,  

i n  f a c t ,  a good choice of l o c a t i o n  f o r  t h i s  t e s t . )  The v e h i c l ~ e  should be 

instrumented wi th  a roadmeter and taken t o  the  se lec ted  s i t e ,  where i t  must be 

allowed t o  cool down. Allow one t o  two hours f o r  the  cool-dowin. The veh ic le  

can be considered "cool" 15 minutes a f t e r  the  shock absorbers  and t i r e s  no 

longer  f e e l  warm t o  the touch. 

When the  veh ic le  has cooled,  "measure" t h e  roughness of t h e  warm-up t e s t  

s i t e  a t  t h e  constant  t e s t  speed. Record t h e  time and t h e  roadmeter "measure." 

Conversion t o  the MRS s c a l e  i s  not  necessa ry ,  a s  t h e  i n t e r e s t  he re  i s  i n  the  

r e l a t i v e  change obtained.  Immediately repea t  t h e  t e s t ,  again ,recording the  

roadmeter reading and the  time. Continue u n t i l  the  roadmeter readings  reach a 

constant  l e v e l  f o r  a t  l e a s t  f i v e  consecut ive  runs. 

The amount of time needed t o  reach t h e  s teady readings  should always be 

used a s  a minimum warm-up time. If the  d i f f e r e n c e  between the  i n i t i a l  and 

f i n a l  reading i s  more than 30%, a l t e r n a t i v e  shock absorbers  should be 

considered f o r  t h e  veh ic le .  

4.2.7. Speed compensation. There may be occasions i n  a roughness survey 

p r o j e c t  where i t  i.s not poss ib le  t o  ob ta in  the  roughness measurements a t  t h e  

s tandard speed of 50 km/h. A lower speed may be required due t o  h igh d e n s i t y  

of l o c a l  t r a f f i c ,  r e s t r i c t i v e  geometry, o r  high roughness l e v e l s  t h a t  a r e  

beyond t h e  operati.ng range of a p a r t i c u l a r  RTRRMS, I n  those c a s e s ,  an 

a l t e r n a t i v e  speed of 32 km/h i s  recommended. Lower speeds should be avoided 

because the  measured ARS roughness becomes s t r o n g l y  af  f ec ted  by the  

envelopment p r o p e r t i e s  of the  t i r e s  used on t h e  RTRRMS. 

The p r a c t i t i o n e r  i s  then faced wi th  t h e  t a s k  of developing a speed 

conversion procedure f o r  t r a n s l a t i n g  t h e  ARS32 measurements t o  RARSC,~- 

Vehicle speed has a complex e f f e c t  on the  observed roughness of a road t h a t  

very s u b t l y  in f luences  how a RTRRMS should be c a l i b r a t e d  and used. It may be 

noted t h a t  i n  t h e  50-80 km/h speed range,  t h e  ARS roughness i s  someti~mes 



i n s e n s i t i v e  t o  speed,  which i s  f o r t u n a t e  i n  the  sense t h a t  i t  minimizes the  

e r r o r s  i n  s tandard measurements a r i s i n g  from minor speed v a r i a t i o n s  during 

t e s t .  However, roughness measurements made purposely a t  t e s t  speeds d i f f e r e n t  

than the standard 50 km/h n e c e s s i t a t e  t h a t  a  d i f f e r e n t  c a l i b r a t i o n  be used. 

Two b a s i c  methods a re  a v a i l a b l e  f o r  the ca l ib ra t ion /convers ion  process.  

4.2.7.1 D i r e c t  c a l i b r a t i o n  f o r  32 h / h  (Pre fe r red  method). The 

c a l i b r a t i o n  a s  descr ibed i n  Sect ion 4.2.4 i s  performed wi th  thle RTRRI4.S 

operated a t  32 km/h, r e l a t i v e  t o  MRS50 measures. This i s  a  c a l i b r a t i o n  

"across speed." In  t h i s  case ,  t h e  CARS50 measure obtained from the  RTRRMS 

i s  the  es t ima te  of RARS50 based on a  measure of ARS32. 

When a  speed of 32 km/h i s  used,  the  r e p r o d u c i b i l i t y  a s soc ia ted  wi th  the  

RTRWIS may s u f f e r  s l i g h t l y ,  and the  c a l i b r a t i o n  obtained may be s p e c i f i c  t o  

su r face  type. (That i s ,  while a  s i n g l e  c a l i b r a t i o n  may y i e l d  s u f f i c i e n t  

accuracy over severa l  su r face  types when ARS i s  measured a t  50 km/h, a  

sys temat ic  c a l i b r a t i o n  e r r o r  can be introduced f o r  some sur face  types  when ARS 

measures a r e  made a t  32 km/h, due t o  t h e  d i f f e r e n t  wavebands sensed by the  

RTRRMS a t  t h e  two speeds.)  

4.2.7.2 C o r r e l a t i o n  of ARS measures made a t  d i f f e r e n t  speeds 

( A l t e r n a t e  method). When circumstances prevent the  d i r e c t  method descr ibed 

above (4.2.7.1), a two-step conversion should be used. F i r s t ,  the  ARS32 

measure i s  used t o  es t ima te  what the  ARS50 measure would have been i f  

measurement a t  50 km/h were poss ib le .  Second, t h e  est imated AIlS50 value  i s  

used with the  c a l i b r a t i o n  equation f o r  t h a t  p a r t i c u l a r  RTRRMS t o  y i e l d  

To ob ta in  the  conversion from ARS32 t o  ARSSO, t h e  c a l i b r a t i o n  

procedure descr ibed i n  Section 4.2.4 i s  followed, except t h a t  the  ARS50 

measure obtained wi th  the  RTRRMS i s  used a s  t h e  "reference"  measure ins tead  of 

URS50. Therefore ,  p r o f i l e  measurement i s  not  required t o  determine the 

c o r r e l a t i o n  between and ARS50. 

Note t h a t  the  roughness range covered by t h i s  second method does n o t  need 

t o  cover the  rough,ness range of the  e n t i r e  p r o j e c t ,  but only t h e  rouglnness 

range over which speed conversions a r e  needed. The minimum recluireme~nts of 



Table 1 s t i l l  apply ,  however, meaning t h a t  a t  l e a s t  th ree  roughness l ~ e v e l s  

must be included.  

This second method i s  l e s s  accura te  than t h e  f i r s t ,  and can r e s u l t  i n  a 

c a l i b r a t i o n  e r r o r  due t o  t h e  combined use af  two regress ion  equat ions .  
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6.0. APPENDIX: GLOSSARY OF OTEER ROAD ROUGHNESS MEASURES 

This Appendix provides a s h o r t  a l p h a b e t i c a l  l i s t i n g  of th~e d i f f e r e n t  

measures and d e s c r i p t i o n s  of road roughness t h a t  a r e  not  genera l ly  r e l a t e d  t o  

t h e  RARS50 measure, but which the  p r a c t i t i o n e r  may encounter.  

APL 72 Waveband Analysis (LCPC) - an a n a l y s i s  appl ied  t o  t h e  p r o f i l e  

s i g n a l  obtained from the  APL T r a i l e r  t h a t  r e s u l t s  i n  th ree  roughness 

s t a t i s t i c s  t h a t  toge the r  desc r ibe  the  p resen t  cond i t ion  of the  roughness 

of a road. These measures a r e  widely used i n  France by t h e  Bridge and 

Pavement Laboratory (LCPC). Each of the  measures i s  the  var iance  of the  

APL s i g n a l  f i l t e r e d  t o  i s o l a t e  a p a r t i c u l a r  waveband, covering 

l l ~ h ~ r t - w a ~ e ,  "medium-wave ," and "long-wave" roughness p r o p e r t i e s .  The 

name APL 7 2  d e r i v e s  from the towing speed of the  t r a i l e r ,  which i s  72 

km/h. Three methods a r e  used t o  s c a l e  the  numerics ob ta ined ,  depending 

on the  app l i ca t ion .  The APL 72 "Energy" (W) i s  the  mean-!square value  of 

t h e  f i l t e r e d  p r o f i l e .  The APL 7 2  "Equivalent Amplitude" (Y) i s  the  

amplitude t h a t  would be assoc ia ted  wi th  a s  s inusoid  causing the  same 

Energy (W) numeric. Y i s  an RMS measure, whereas W i s  a squared measure. 

The APL 72 Index i s  a value i n d i c a t i n g  the  q u a l i t y  of a road f o r  each 

waveband, r e l a t i v e  t o  the  road network i n  France. 10 i s  the  b e s t ,  and 1 

i s  the  worst .  These Numerics a r e  obtained e l e c t r o n i c a l l y ,  and methods t o  

compute them with  rod and l e v e l  methods have not been developed. The 

short-wave numerics a r e  usua l ly  c o r r e l a t e d  wi th  RARS50 and RTRRMS 

measures, while the  medium and long-wave numerics cover wavebands t h a t  

a r e  not "seen" by a RTRRMS. A s i m i l a r  s e t  of t h r e e  waveband numerics i s  

used i n  Belgium, based on a moving average numeric c a l l e d  CP. (See CP.) 

APL 25 - see  CAPL 25 

ARV - an abbrev ia t ion  f o r  Average Rec t i f i ed  Velocity.  ARV i s  a gener ic  

name f o r  t h e  v e h i c l e  response v a r i a b l e  measured by a RTRREIS, and i s  the  

average s t r o k i n g  speed of the  suspension of the  vehic le-par t  of t h e  

RTRRMS. This s t a t i s t i c  has unit:s of t h e  form l e n g t h l t i m e ,  such a s  : 

i n l s e c ,  mmlsec, o r  counts/minutc!. ARV i s  the  d i r e c t  measure of veh ic le  



response ,  such t h a t  increased ARV always i n d i c a t e s  increa,sed veh ic le  

v i b r a t i o n s ,  r e g a r d l e s s  of the  measurement speed o r  source  of v i b r a t i o n .  

AKV = ARS x speed,  and i s  t h e r e f o r e  equivalent  when a s i n g l e  standard 

RTRUIS speed i s  used. 

BI - an abbrev ia t ion  f o r  Bump I n t e g r a t o r ,  the  B I  i s  a  Roadmeter used by 

the  B r i t i s h  TRRL, based on the  r o t a t i o n a l  c l u t c h  concept used with the  

e a r l y  BPR Roughometer. Most measurements made with B I  Roadmeters a r e  

presented wi th  the  u n i t s :  mmlkm. The raw measure corresponds t o  one-half 

of the  t o t a l  accumulated suspension d e f l e c t i o n ;  t h u s ,  B I  r e s u l t s  should 

be doubled t o  ob ta in  t h e  AKS s t a t i s t i c  f o r  d i r e c t  comparison with 

measures made wi th  o t h e r  Roadmeters. The B I  u n i t  has  been used i n  World 

Bank projects:  throughout the  world,  and has  proven t o  be capable of 

measuring v e h i c l e  response over the  e n t i r e  roughness range t h a t  can be 

expected t o  be encountered. The B I  u n i t  i s  not  t roub le - f ree ,  but i t s  

simple des ign  and cons t ruc t ion  f a c i l i t a t e  maintenance and r e p a i r  i n  

developing coun t r i e s .  As with any Roadmeter, the  roughness measures 

obtained with the  B I  depend on the  Vehicle p o r t i o n  of the  RTRRMS and the  

opera t ing procedures a s  much a s  on t h e  road roughness. 

B I  Trailer - a RTRRMS c o n s i s t i n g  of a s p e c i a l  single-wheeled t r a i l e r  t h a t  

i s  towed, and instrumented wi th  a B I  Roadmeter. The B I  T1:ailer has been 

developed by the  B r i t i s h  TRRL, based on the  des ign of the  e a r l i e r  BPR 

Roughometer. By using a s p e c i a l  t r a i l e r  dedicated t o  measurement of road 

roughness, t h e  v a r i a t i o n  between i n d i v i d u a l  RTRRMSs i s  reduced,  al though 

no t  e l iminated.  Compared t o  o t h e r  RTRRMSs, t h e  B I  t r a i l e r  has the  

advantage of having been used a g r e a t  d e a l  i n  r ecen t  World Bank p r o j e c t s ,  

so  t h a t  the  use r  can have an idea  about what t o  expect  i n  terms of the  

measurement magnitudes and r e p e a t a b i l i t y .  In  the  p a s t ,  t h e  B I  T r a i l e r  

has been used only a t  the  speed of 32  km/h; however, t h e  r e s u l t s  of the  

IRRE demonstrate t h a t  i t  can s u c c e s s f u l l y  be used a t  o t h e r  speeds f o r  

compat ib i l i ty  with o t h e r  RTRRMSs. The measurements obtained with the  B I  

T r a i l e r  a r e  t y p i c a l l y  repor ted  with the  u n i t s :  mm/km and should be 

doubled t o  y i e l d  ARS. 

In p a s t  World Bank p r o j e c t s ,  roughness d a t a  have been obtained wi th  B I  

T r a i l e r s  t h a t  have not been c a l i b r a t e d  a g a i n s t  a profi le-based roughness 



numeric. While TRRL has  attempted t o  maintain i n d i v i d u a l  B I  T r a i l e r s  so  

t h a t  they a r e  f u n c t i o n a l l y  in te rchangab le ,  t h e r e  i s  ample evidence t h a t  

each B I  Trail.er responds s l i g h t l y  d i f f e r e n t l y  t o  road roughness than 

another B I  T r a i l e r ,  and t h a t  a  c a l i b r a t i o n  by c o r r e l a t i o n  should be 

performed. Note t h a t  Figure 2.d can be used t o  approximately o b t a i n  the 

"rnm/kml' from the  RARS50 s tandard* 

EPB Boughometer - an e a r l y  RTRRMS used by the  Bureau of Public Roads. The 

BPR Roughoineter i s  a single-wheeled towed t r a i l e r  equipped with a  

mechanical Roadmecer t h a t  employs a  one-way c lu tch .  The BPR Roughometer 

has h i s t o r i c a l l y  been operated a t  32 km/h, but can be used a t  o the r  

speeds f o r  compat ib i l i ty  with o t h e r  RTRRMSs. The BPR Roughometer i s  

conceptual ly  the  same a s  the  B I  T r a i l e r ,  but i s  t y p i c a l l y  not  a s  rugged 

o r  a s  s tandardized [ I ,  21. 

CDL 25 - A numeric obtained with an a n a l y s i s / t e s t  procedure assoc ia ted  

with the  APL T r a i l e r  used widely i n  France t o  eva lua te  newly const ructed 

roads over s e c t i o n s  25 m long.  The CAPL 25 numeric can be measured only 

with the  APL T r a i l e r  a t  t h i s  time [ I ] .  

Counts/km, Counts/Hile - names t h a t  have been used i n  the  pas t  t o  r e f e r  t o  

the  ARS s t a t i s t i c .  These names have a l s o  been used t o  r e f e r  t o  the 

PCA-Sum-of-squares s t a t i s t i c ,  which i s  q u i t e  d i f f e r e n t  from ARS. 

CP - Coef f i c ien t  of Eveness, used by t h e  Belgian Road Research Center 

(CRR) a s  a  roughness numeric. CP i s  t h e  average r e c t i f i e d  value of a 

p r o f i l e  t h a t  has been f i l t e r e d  wi th  a  moving average,  and has  the  u n i t s :  

50 CP = 1 mm. The CP numerics a r e  t y p i c a l l y  computed from APL 25 and APL 

7 2  p r o f i l e s ,  using moving average baselengths  of 2.5, 10 ,  and 40 m f o r  

the  APL 7 2  si .gnals , and baselengths  of 2.5 and 15 m f o r  the  APL 2 5 .  The 

CP(2.5) and CP(10) numerics can a l s o  be obtained using o t h e r  p r o f i l e  

measurement methods such as  rod and l e v e l ,  provided t h a t  a small  enough 

sample i n t e r v a l  i s  used. The CP(2.5) numeric i s  highly  c o r r e l a t ~ e d  wi th  

RARSSO and RTRRMS measures, while the  CP numerics computecl f o r  longer 

baselengths  correspond t o  wavebands not "seen" by a RTRRMS. The CP 

numerics se rve  the  same purpose i n  Belgium a s  t h e  APL 72  numerics 



computed by LCPC i n  France, and cover approximately the  same wavebands. 

Golden Car - a  name t h a t  has been used f o r  the  p a r t i c u l a r  s e t  of 

parameters used t o  de f ine  the  RARS50 numeric. The s e t  of parameters i s  

a l s o  used f o r  a  Half-Car Simulation t h a t  processes two wheeltracks 

s imul taneously ,  r a t h e r  than s i n g l y  as  described i n  the  Guidelines.  

"Inches/Kile" - one of the  names tha, t  has  been used t o  r e f e r  t o  the  A.RS 

measure. 

Maysmeter - a  commercial Roadmeter made by t h e  Rainhart  company i n  the  

USA. The t ransducer  employs an o p t i c a l  encoder t o  produce e l e c t r o n i c  

pu l ses  t h a t  a r e  mechanically accumulated by a  one-way s t epper  motor 

connected t o  a  paper s t r i p - c h a r t  recorder .  When operated wi thin  i t s  

al lowable roughness range,  the  Maysmeter measures t h e  ARS s t a t i s t i c  with 

the  u n i t s  IncheslMile,  al though some agencies use t h e  l eng th  of the  paper 

advanced dur ing the  t e s t  ins tead  of t h e  a c t u a l  accumulated suspension. 

(The two measures d i f f e r  by a  f a c t o r  of 6.4.) The Maysmeter i s  one of 

t h e  most popular Roadmeters used i n  the  United S t a t e s .  LLthough the  

t ransducer  p o r t i o n  i s  genera l ly  accep tab le  f o r  use everywhere, t h e  

s t epper  motor has  response l i m i t s  t h a t  make the  Maysmeter u n s u i t a b l e  i n  

i t s  f a c t o r y  form f o r  h igher  roughness l e v e l s .  The f a c t o r y  ve r s ion  i s  

descr ibed i n  the  Mays Ride Meter Booklet ,  3rd Ed., Rainhart  Co., Austin 

Texas, 1973. 

Maysmeter Simulation - a  commercial computer program of fe red  with the  

d i g i t a l  GMR-type Prof i lometer  (model 690D) by t h e  K.J. Law Engineering 

Co., Farmington, Michigan. This program uses  t h e  Golden Car parameters 

with a  Half Car Simulation,  r a t h e r  than the  Q u a r t e r  Car Simulation used 

i n  the  Guidelines t o  d e f i n e  RARSSO, 

"mm/km" - one of the names t h a t  has  been used t o  desc r ibe  t h e  ARS measure. 

"mm/kml' i s  a l s o  the  name used t o  r e f e r  t o  roughness d a t a  measured with 

the  B I  T r a i l e r  i n  s e v e r a l  World Bank p r o j e c t s .  

Moving Average - A method of a n a l y s i s  used t o  o b t a i n  roughness numerics 

from p r o f i l e .  A new, smoothed p r o f i l e  i s  de f ined ,  point-by-point, where 



each point  corresponds t o  an average taken f o r  the  o r i g i n a l  p r o f i l e  over 

a  s p e c i f i e d  baselength d i s t a n c e .  The smoothed p r o f i l e ,  i s  subtracted 

from the  o r i g i n a l  t o  cancel  the  long wavelength geometry, leaving s h o r t e r  

wavelengths. The r e s u l t i n g  f i l t e r e d  p r o f i l e  i s  summarized by an average 

r e c t i f i e d  va lue ,  o r  by an RMS value .  When baselengths ranging from 1.5 - 
3 meters a r e  used,  high corre1ar:ions e x i s t  wi th  RTRRMSs t h a t  a r e  

genera l ly  unaffected by su r face  type. Moving average numerics can be 

measured d i r e c t l y  using e i t h e r  a prof i lometer  or s t a t i c  method (rod and 

l e v e l ,  TRRL Beam), providing t h a t  sample i n t e r v a l  i s  sufficiently small .  

NAASRA Meter - a  Roadmeter developed and used by t h e  Aus t ra l i an  Road 

Research Board (ARRB), toge the r  with a  " reference"  vehi.cle t o  d e f i n e  a  

NAASRA RTRRMS. The NAASRA Meter has been found capable of measuring the  

ARS and ARV s t a t i s t i c s  over the  f u l l  range of v e h i c l e  exc i t a t ion  ( a s  

defined by ARV). The NAASRA RTRRMS i s  "ca l ib ra ted"  by holding one RTRRMS 

i n  s to rage  a s  a  r e f e r e n c e ,  and c o r r e l a t i n g  t h e  o the r  RTRRMSs w i t ' h  i t .  

More r e c e n t l y ,  a  c a l i b r a t i o n  method based on a  drum r o l l e r  having 

a r t i f i c i a l  roughness and using ARV measures has  been repor ted .  (L. J. 

L i t t l e ,  "A New Method of C a l i b r a t i n g  NAASRA Roughness Meters. LRRB 

I n t e r n a l  Report ,  A I R  354-1 , 1980. 

Prof i lometer  - a  mobile instrument used f o r  analyzing the  1ongitudina:l 

p r o f i l e  of roads t h a t  does no t  inc lude  uncontrol led  dynamic responses i n  

the  measurement. A Prof i lometer  must have a  means f o r  ca l . ibra t ion,  o t h e r  

than the  empir ica l  r eg ress ion  methods needed f o r  RTRRMSs. The s i g n a l  

produced by a  Profi lometer i s  not the  " t rue"  p r o f i l e  t h a t  would be 

sampled wi th  the  rod and l e v e l  survey method, but i s  va l id  over il c e r t a i n  

range of wavelengths. (Most Prof i lometers  cannot sense a  s teady u p h i l l  

g rade ,  f o r  example, but ins tead  respond t o  changes i n  grade. )  

QI - t h i s  i s  the  o r i g i n a l  road roughness s t a t i s t i c  adopted f o r  use a s  a  

c a l i b r a t i o n  s tandard i n  the  Braz i l i an  I C R  P ro jec t  when i t  s t a r t e d  i n  

1975. Since the  s t a r t  of the  p r o j e c t ,  t h r e e  a l t e r n a t i v e  d e f i n i t i o n s  of 
* * 

QI have a l s o  been used,  which a r e  designated QI , QIr, and Qh* 
The o r i g i n a l  QI was based on the  readings  taken from a  p ra . t i cu la r  piece 

of hardware a s  operated on paved roads i n  Braz i l .  Due t o  a  number of 

equipment d e f e c t s  and e r r o r s  i n  c a l i b r a t i o n  methodology, the  o r i g i n a l  QI 



measure cannot be r e p l i c a t e d  [ I ] .  

QQ - t h i s  i s  a  prof i le-based roughness s t a t i s t i c  developed by Queiroz 

and o t h e r  B r a z i l i a n  resea rchers  t o  r ep lace  t h e  QI c a l i b r a t i o n  s c a l e .  ( C .  

Quei roz ,  "A Procedure f o r  Obtaining a  S tab le  Roughness Scale from Rod and 

Level P r o f i l e s . "  Working Document 2 2 ,  Research on t h e  In t i e r re la t ionsh ips  

between Costs of Highway Const ruct ion,  Maintenance and U t i l i z a t i o n ,  

Empresa B r a s i l e i r a  de Planejamento de Transportes (GEIPOT)., B r a z i l ,  Sept. 

1981.) Q I r  i s  computed from a  s i n g l e  s t a t i c a l l y  measured p r o f i l e ,  

t y p i c a l l y  obtained with the  Rod and Level method, us ing a  weighted sum of 

two RMSVA s t a t i s t i c s  ca lcu la ted  f o r  baselengths  of 1.0 and 2 . 5  m :  

The above equat ion requ i res  the  RMSVA measures t o  have the  u n i t s  l/km 

( .001/m, 10-6/mm), a s  obtained when p r o f i l e  e l e v a t i o n  i s  measured i n  mm. 

The above equat ion can only be appl ied  when p r o f i l e s  a r e  measured 

s t a t i c a l l y ,  as  with a  rod and l e v e l .  When a  p ro f i lomete r  i s  used ,  a  

d i f f e r e n t  equat ion i s  needed i n  order  t o  prevent s e r i o u s  b i a s  e r r o r s  [ I ] .  

Cor re la t ions  between QIr and RAWSO have been found t o  be e x c e l l e n t  

f o r  t h r e e  of the  four  types of road cons t ruc t ion  p resen t  :in the  IRRE; 

however, t h e  c o r r e l a t i o n  v a r i e s  with su r face  type.  In comparison with 

RTRRMSs, QIr numerics tend t o  be high on a s p h a l t i c  concrete  roads and 

low on s u r f a c e  t rea tment  roads.  

On a s p h a l t i c  concrete  roads ,  QI, i s  f u n c t i o n a l l y  equivalent  t o  the 

o r i g i n a l  QI, and i s  by d e f i n i t i o n  equivalent  t o  QI *, On o t h e r  types of 
* Jc 

roads ,  the  Q Z r  and QI roughness s c a l e s  a r e  not  equ iva len t  ( see  QI ). 

(The o r i g i n a l  QI was never measured on unpaved roads ,  so  t h e r e  c~an be no 

r e l a t i o n s h i p  between QI, and QI on these  roads . )  

QI* - The road roughness s t a t i s t i c  used f o r  a l l  of t h e  d a t a  measured i n  

the  I C R  Proje.ct ,  a s  repor ted  and s to red  i n  the  B r a z i l i a n  computer d a t a  
* 

f i l e s .  QI has been shown t o  depend on t h e  response of the  vehilcle used 

i n  t h e  RTRRMS, and t h e r e f o r e  i t  cannot be r e p l i c a t e d  except on a s p h a l t i c  

concrete  roads .  Assuming t h a t  the  RTRRMS v e h i c l e s  had not: change 
* 

s u b s t a n t i a l l y  between the I C R  p r o j e c t  and the  I R R E ,  QI numerics a r e  



l a r g e r  than corresponding QIr measures on unpaved roads ,  and 

s u b s t a n t i a l l y  h igher  (sometimes 100%) on su r face  t rea tment  roads. By 
* 

d e f i n i t i o n ,  Q L  i s  equ iva len t  t o  QIr on a s p h a l t i c  concret 'e  roads. 

* QL, - Engineering c o n s u l t a n t s  t o  t h e  World Bank have been 

re-processing much of t h e  roughness d a t a  obtained dur ing the ICR.  p r o j e c t  . 
The r e s u l t i n g  c o s t  equa t ions ,  when publ ished,  w i l l  d i f f e r  from the  

o r i g i n a l  ones ,  a s  they a r e  based on ye t  another  v a r i a t i o n  of QI. The 

d i f f e r e n c e  between QI* and Q ~ c  a p p l i e s  when t h e  RTRRMS was operated 

a t  speeds lower than 80 km/h, and ranges from -20% t o  +40%. The i n t e n t  
* 

of t h e  modi f i ca t ions  i s  t o  b r ing  t h e  QIw s t a t i s t i c  c l o s e r  t o  the  QIr 

s t a t i s t i c .  

QCS - s e e  Quarter-Car Simulation.  

Quarter-Car Simulation (QCS) - a  matlnematical t ransform t h a t  cixn be 

appl ied  t o  a  road p r o f i l e ,  t o  y i e l d  t h e  "simulated" response of a  

veh ic le .  The RARSSO numeric i s  computed us ing a  QCS. More d e t a i l s  a r e  

provided i n  Appendix F of Reference [ I ] .  

RARV - an abbrev ia t ion  f o r  Reference ARV. RARV = ARS from a QCS 

mul t ip l i ed  by the  s imulat ion speed. 

Ridemeter - An ins t rumenta t ion  package t h a t  i s  i n s t a l l e d  i n  a  veh ic le  t o  

measure v i b r a t i o n s .  Sometimes, the  word Ridemeter i s  used i n  o t h e r  

documents a s  a  s u b s t i t u t e  f o r  the  word Roadmeter; o t h e r  t imes the  word 

Ridemeter i s  appl ied  t o  ins t ruments  t h a t  measure v e h i c l e  response t o  

determine r i d e  q u a l i t y ,  r a t h e r  than the  roughness of the  road. 

RHSVA - an abbrev ia t ion  f o r  Root Mean Square V e r t i c a l  Accelerat.ion, t h i s  

roughness s t a t i s t i c  has  been proposed by McKenzie and Srinarawat ("Root 

Mean Square V e r t i c a l  Accelera t ion (RMSVA) a s  a  Basis f o r  Nays Meter 

Ca l ib ra t ion . "  B r a z i l  P r o j e c t  Memo BR-23, Center f o r  Transpor ta t ion  

Research,  The Univers i ty  of Texas a t  Aust in ,  February 1978) as  a  

prof i le-based c a l i b r a t i o n  r e f e r e n c e .  The s t a t i s t i c  i s  a  func t ion  of a  

measured p r o f i l e  s i g n a l ,  toge the r  wi th  a  s i n g l e  baselength parameter. 

The VA ( V e r t i c a l  Acce le ra t ion)  i s  def ined a t  l o n g i t u d i n a l  p o s i t i o n  x a s :  
b 
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where Y(x) i s  the  s i g n a l  amplitude ( p r o f i l e  e l e v a t i o n )  a t  p o s i t i o n  x ,  and 

B i s  t h e  baselength  parameter. A s  def ined by the  above equa t ion ,  RMSVA 

has no r e l a t i o n  t o  p r o f i l e  v e r t i c a l  a c c e l e r a t i o n ,  being ins tead  simply a 

measure of Mid-Chord Deviation with a s c a l e  f a c t o r  of 2ba2. 

The RMSVA s t a t i s t i c  was used t o  d e f i n e  t h e  QIr c a l i b r a t i o n  standard i n  

the  ICR p r o j e c t ,  and has  a l s o  been used t o  d e f i n e  a RTRRMS c a l i b r a t i o n  

s tandard f o r  use  i n  Texas. RMSVA measures obtained wi th  a prof i lometer  

w i l l  g e n e r a l l y  be i n  e r r o r  due t o  waveband l i m i t a t i o n s ,  and t h e r e f o r e  

regress ion  equat ions  must be der ived t o  compare RMSVA measures obtained 

with d i f f e r e n t  prof i lometry  methods. 

Slope Variance (SV) - a measure of road roughness t h a t  i s  the  var iance  of 

a s i g n a l  produced by the  e a r l y  AASHTO Prof i lometer  and CH1,OE 

Profi lometer.  The t r u e  var iance  of the  s lope  of a road p r o f i l e  is 

i n f i n i t e ,  s i n c e  the  t r u e  p r o f i l e  inc ludes  t e x t u r e  e f f e c t s .  As used t o  

desc r ibe  roughness,  Slope Variance (SV) r e f e r s  t o  the  var iance  of a 

s i g n a l  or  "p ro f i l e"  obtained by a s p e c i f i c  method. The SV i s  a c t u a l l y  

more s e n s i t i v e  t o  t h e  choice of p r o f i l e  measurement method than t o  

roughness,  and does not  desc r ibe  a s tandard roughness measure. Although 

the  simple geometry of the  e a r l y  "prof i lometers"  impl ies  t:hat Slope 

Variance can r e a d i l y  be computed mathematically from more accura te  

p r o f i l e  measures, the  e a r l i e r  ir ls trumentation systems had quirks  and 

complexi t ies  t h a t  have not  been wel l  documented, s o  t h a t  e s t ima tes  of 

Slope Variance made from measured p r o f i l e s  a r e  not equ iva len t  t o  the  

outputs  of t h e  o ld  ins t ruments .  Slope Variance measures have never been 

found t o  be very compatible with t h e  ARS and ARV measures obtained wi th  

RTRRMSS . 


