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The l n t e r n a t  iona l Road Roughness Experiment ( IRRE) was conducted i n  EPazl l i n  May-June 
1982. The purposes were t o  exami ne c o r r e l a t i o n s  between var ious road roughness measur ing 
equipment I n  use throughout the wor Id, and t o  I d e n t i f y  a standard roughness measure that' can 
be used as an ln te rna t iona  l Roughness lndex when exchange o f  roughness data i s  desired. The 
IRRE was a cooperat ive e f f o r t  i n i t i a t e d  by t h e  Wor Id Bank (IERD), and conducted by 
researchers from Braz i l (GEIPOT and iPR/DNER), England (TRRL), France (LCPC), k l g  ium (C:RR), 
and t h e  United States (UMTRI), Equipment was provlded by these agencies and a l s o  COPPEI'UFRJ 
(Braz i  I )  and ARRB ( A u s t r a l i a ) .  

The experiment involved masurement o f  49  t e s t  s i t e s ,  cover ing a wide range o f  rou~~hness  
over paved and unpaved roads, Each s i t e  was measured a t  several speeds by seven 
response-type road roughness measuri ng systems and evaluated s u b j e c t i v e l y  by a r a t i n g  pane I, 
The long i t u d l n a  I p r o f  i les o f  the t r a v e l  led wheel t racks  were measured both s t a t i c a l  l y  and 
dynamical ly w i t h  a p ro f i l omete r .  The p r o f i l e s  were processed t o  o b t a i n  spec t ra l  density '  
p l o t s  and a number o f  summary numel-ics t h a t  have been used t o  q u a n t i f y  roughness, inc lud ing 
waveband analyses, vehlc le  simu l a t  ion, moving average, RMSVA, and others. 

The data showed t h a t  excel l e n t  c o r r e l a t i o n  i s  seen between any two response-type sy8stems 
when operated under the  same cond i , t ions,  and t h a t  most d i f ferences o ther  than durabi l i t y  are 
cosmetic. A standard speed o f  50 km/h i s  recommended fo r  these systems when exchange of data 
i s  des i red.  A number o f  the prof i le-based numerics were inves t iga ted  as c a l i b r a t i o n  
references fo r  t h e  response-type systems, One, the  Reference Quarter-Car Simulat ion, WEIS 

shown t o  be compatible w i th  every measurement method Included i n  t h e  IRRE, and i t  i s  
recomended as the  In te rna t iona l  Roughness lndex f o r  d i r e c t  measurement w i t h  p r o f i l o m e t r i c  
methods and as a c a l i b r a t i o n  reference f o r  response-type systems. 
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The I n t e r n a t i o n a l  Road Roughness Experiment (IRRE) repor ted  here  was 

sponsored by a  number of i r ~ s t i t u t i o n s :  the  B r a z i l i a n  Transpor ta t ion  Planning 

Company (GEIPoT), t h e  World Bank (IBRD), the  B r a z i l i a n  Road Research I n s t i t u t e  

( I P R ~ D N E R ) ,  t h e  French Bridge and Pavement Laboratory (LCPC), t h e  B r i t i s h  

Transport  and Road Research Laboratory (TRRL), and t h e  Belgian Road R(2search 

Center (CRR). The Aus t ra l i an  Road Research Board (ARRB) and t h e  Federal  

Univers i ty  of Rio de Jane i ro  (COPPE/UFRJ) provided roughness measuring 

equipment. The Univers i ty  of Nichigan Transpor ta t ion  Research I n s t i t u t e  

(UMTRI) provided personnel and computer support  through c o n t r a c t  wi th  the  

World Bank. 

Appendix H ,  included :in t h i s  volume, was prepared by S. W .  Abaynayaka and 

Linda Pars ley  of TRRL. Appendices E and G were prepared j o i n t l y  by UNTRI, 

IPRIDNER, CRR, and LCPC. 

Many i n d i v i d u a l s  con t r ibu ted  towards t h e  completion of t h e  IRRE and t h e  

subsequent ana lyses  repor ted  h e r e ,  and i t  would be impossible t o  mention he re  

a l l  of t h e i r  names. However, t h e  p a r t i c i p a t i o n  of t h e  following people was 

inva luab le  f o r  the  success  of t h i s  work: H. Hide, and G.  Morosiuk for-med the  

resea rch  team from TRRL; M. Boulet ,  A. Viano, and F. Yarc formed t h e  research 

team from LCPC; M. I. Izabe l  (GEIPOT) supervised t h e  s u b j e c t i v e  r a t i n g  study 

and aided i n  t h e  d a t a  e n t r y ;  I. L. Martins (GEIPOT), Z. M. S. Mello 

(IPRIDNER), and H. Orel lana  (GEIPOT) aided i n  t h e  d a t a  e n t r y  and ana1:ysis; L. 

G .  Campos (GEIPOT) was respons ib le  f o r  s e l e c t i o n  of t e s t  s i t e s  and,  t~oge the r  

wi th  0. Viegas (IPRIDNER), provided day-to-day superv i s ion  and c o n t r o l  of the  

IRRE; M. Paiva (GEIPOT) repa i red  and c a l i b r a t e d  t h e  GMR Prof i lomete r ,  and 

worked toge the r  wi th  S. H. Bul ler  (GEIPOT) t o  provide t e c h n i c a l  support  during 

t h e  IRRE. 

Aid i n  t h e  planning of t h e  IRRE was provided by an exper t  working group 

t h a t  included W. R. Hudson, R. Haas, V. Anderson, R. S. M i l l a r d ,  and W. Phang. 

Help was a l s o  provided by A. Visser  and W.  Paterson.  
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APPENDIX A 

DESCRIPTION OF TBE EQUIPMENT 

This appendix desc r ibes  t h e  va r ious  ins t ruments  t h a t  were used i n ,  t h e  

I n t e r n a t i o n a l  Road Roughness Experiment ( I R R E )  t o  o b t a i n  measures of road 

roughness. In  a d d i t i o n  t o  d e t a i l i n g  t h e i r  des ign and normal usage,  

o p e r a t i o n a l  problems t h a t  occurred i n  t h e  IRRE a r e  noted.  

In  a l l ,  t h e r e  were seven Response-Type Road Roughness Measuring Systems 

(RTRRMSs), one APL dynamic p ro f i lomete r  (opera ted i n  two d i f f e r e n t  mocies), and 

two methods f o r  s t a t i c a l l y  measuring l o n g i t u d i n a l  p r o f i l e .  

A GMR-type p ro f i lomete r  was a l s o  used,  but i t  experienced a number of 

problems t h a t  prevented immediate d a t a  process ing.  (The problems were mainly 

r e l a t e d  t o  t h e  age of t h e  USA-made v e h i c l e  and t h e  f a c t  t h a t  i t  i s  not: 

normally so ld  or  serviced i n  B r a z i l ,  r a t h e r  than t h e  ins t rumenta t ion . )  The 

a v a i l a b i l i t y  of o t h e r  p r o f i l e  measurements reduced the  importance of tihis d a t a  

wi th  r e s p e c t  t o  t h e  o b j e c t i v e s  of t h e  IRRE, and the  s i g n a l s  were not  

processed.  

Texture dep th  measurements were made on t h e  paved road s e c t i o n s  by t h e  

sand patch method. The t e x t u r e  measures were found t o  be uncor re la ted  t o  any 

of the  roughness measures,  and a r e  no t  included i n  t h i s  r e p o r t .  

RESPONSE-TYPE ROAD ROUGHNESS MEASURING SY S T E E  ( RTRRMss ) 

A RTRRMS c o n s i s t s  of a v e h i c l e  instrumented wi th  a roadmeter,  which 

t ransduces  and accumulates the  suspension motion of t h e  veh ic le .  The measure 

obta ined from t h e  roadmeter i s  g e n e r a l l y  a number of coun t s ,  where each count 

corresponds t o  a c e r t a i n  amount of suspension displacement.  When the  measure 

i s  normalized by the  d i s t a n c e  t r a v e l l e d  during a t e s t ,  t h e  r e s u l t i n g  measure 

has  u n i t s  of s lope .  Since the  accumulation performed by t h e  roadmeter i s  

equ iva len t  t o  a r e c t i f i c a t i o n  of t h e  suspension s t r o k i n g  speed,  t h e  measure 

obtained i s  p ropor t iona l  t o  the  Average R e c t i f i e d  Veloci ty  (ARV) of the  



axle-body motion. When repor ted  a s  a  s l o p e ,  i t  i s  c a l l e d  Average Rec t i f i ed  

Slope (ARS), The ARV and ARS measures a r e  influenced by t h e  speed of the  

v e h i c l e ,  and t h e r e f o r e  the  RTRRMS speed i s  included i n  t h i s  r epor t  a s  a  

s u b s c r i p t ,  e  .g . , ARS50 would be the  measure obtained a t  50 km/h. 

Four types of RTRRMSs p a r t i c i p a t e d  i n  the  IRRE, and a r e  descr ibed below. 

The d e s c r i p t i o n s  focus on the  d i s t i n g u i s h i n g  f e a t u r e s  of each system; a  more 

complete t e c h n i c a l  d e s c r i p t i o n  of RTRRMS operat ion can be found i n  Reference 

[ 91  

Opdla-PIaysmeter Systems 

Three of t h e  RTRRMSs cons i s t ed  of Chevrolet Opala passenger c a r s ,  made i n  

B r a z i l ,  equipped wi th  Maysmeters t h a t  a r e  manufactured by the  Rainhart Company 

i n  the  USA 6101. The Opala-Maysmeter systems,  owned and operated by GEIPOT, 

had been used i n  the  I C R  p r o j e c t  (Research on the  I n t e r r e l a t i o n s h i p s  Between 

Costs of Highway Const ruct ion,  Maintenance and U t i l i z a t i o n )  [ 7 ] .  

As de l ive red  by Rainhar t ,  t he  Maysmeter c o n s i s t s  of two u n i t s :  a  

t ransducer  t h a t  i s  mounted i n  the  r e a r  of t h e  v e h i c l e ;  and a  s t r i p - c h a r t  

r ecorder ,  normally placed i n  the  f r o n t  s e a t  of the  v e h i c l e ,  which produces a 

paper p l o t  whose l eng th  a t  the  end of a  t e s t  i s  t h e  raw roughness numeric f o r  

t h a t  t e s t .  The u n i t s  of the  roughness measure a r e ,  t h e r e f o r e ,  those  of 

length .  The recorder  employs two s t epper  motors,  and i s  designed t o  advance 

the  paper i n  propor t ion t o  accumulated ax le  d e f l e c t i o n .  For low roughness 

l e v e l s ,  t h e  s t epper  motors perform a s  intended.  However, t h e  motors a r e  not  

capable of responding accura te ly  f o r  high roughness l e v e l s  t h a t  were covered 

i n  the ICR.  Accordingly, t h e  s t r i p - c h a r t  u n i t s  were replaced wi th  e l e c t r o n i c  

counters  and d i g i t a l  d i s p l a y s  [ 7 ] .  Each e l e c t r o n i c  pulse  t h a t  would normally 

be s e n t  t o  the  s t epper  motor i n s t e a d  increments an e l e c t r o n i c  counter.  The 

Braz i l i an  u n i t s  a r e  t h e r e f o r e  capable of accura te ly  measuring d e f l e c t i o n  f o r  

roughness l e v e l s  much higher  than would be poss ib le  wi th  unmodified u n i t s .  

(Laboratory measurements made a t  The Univers i ty  of Michigan showed t h a t  the  

t h e  s t epper  motors cannot t r a c k  s t r o k i n g  speeds i n  excess of 800 mm/sec [ 7 ]  .) 

The t ransducer  i s  based on an o p t i c a l  system, and produces counts when 

the  d e f l e c t i o n  c rosses  th resho lds ,  i n  e f f e c t ,  quan t i z ing  the  suspension 



d e f l e c t i o n .  In a d d i t i o n  tb t h e  q u a n t i z a t i o n ,  t h e  u n i t s  a r e  a f f e c t e d  by 

h y s t e r e s i s ,  caused by spaces between windows i n  t h e  f i l m  used by the alptical  

sensor .  Measurements of s i m i l a r  u n i t s  have shown quan t i za t ion  l e v e l s  of 2.54 

mm and h y s t e r e s i s  l e v e l s  of 0.75 mm [ 9 ] .  

In normal o p e r a t i o n ,  t h e  roughness measures a r e  repor ted  a s  "counts/km," 

and c a l i b r a t i o n  equat ions  a r e  used t o  conver t  t o  the  QI* roughness scalle used 

i n  Braz i l  and descr ibed i n  Appendix E. The Braz i l i an  meters were designed t o  

produce one count f o r  d e f l e c t i o n  q u a n t i t i e s  of 5.08 mm; however, i t  was found 

t h a t  one of  t h e  u n i t s  (des ignated MM 113) required 10.16 mm of d e f l e c t i o n  t o  

produce a  count. The reason f o r  t h i s  discrepancy was not  found. 

Normal opera t ing  speeds used by GEIPOT s i n c e  the  ICR p r o j e c t  a r e  80 ,  50,  

and 20 km/h. 

During the  IRRE,  t h e  r e s u l t s  of MM 113 were suspected of being i n v a l i d  

because they were much lower than the  readings from the  o t h e r  two systems. 

Also,  near  t h e  end of t h e  I R R E ,  one of the  mechanical connections loosened,  

causing a  p a r t  of the  t r ansducer  t o  f a l l  o f f .  The low readings  were l a t e r  

explained by the  d i f f e r e n t  d e f l e c t i o n / c o u n t  c a l i b r a t i o n ,  and even though t h e  

f a i l u r e  of t h e  roadmeter l ed  t o  e a r l y  specu la t ion  t h a t  t h e  d a t a  would not be 

u s a b l e ,  t h e  measures c o l l e c t e d  with MM /I3 compare c l o s e l y  wi th  measures 

obtained from t h e  o the r  two Opala-Maysmeter systems. 

The readings  from MM iril were a l s o  suspect .  C a l i b r a t i o n s  were performed 

by the  Braz i l i an  team f o r  a l l  t h r e e  Opala-Maysmeter Systems, before  and a f t e r  

the  experiment,  over a  s e r i e s  of c o n t r o l  s e c t i o n s  of road. The measures 

obtained wi th  Maysmeter #1 d i f f e r e d  by about 10% before  and a f t e r  the  

experiment,  i n d i c a t i n g  that: something was wrong. A quick examination of the  

ins t rument  a f t e r  the  discrepancy was found d id  not  r e v e a l  the  cause. Since 

t h i s  type  of v a r i a t i o n  i s  a normal c h a r a c t e r i s t i c  of RTRRMSs, the  r e s u l t s  a r e  

considered r e p r e s e n t a t i v e  and v a l i d .  

The Opala-Maysmeter system designated MM operated without any f a i l u r e s  

during the  IRRE,  and i s  usua l ly  used a s  the  example Opala-Maysmeter system i n  

p l o t s  and l imi ted  analyses .  



Caravan Car-Based Systems 

A Caravan s t a t i o n  wagon, made i n  B r a z i l ,  was instrumented wi th  two 

independent roadmeters: a B I  u n i t  and a NAASRA meter. Al l  measures taken by 

the  two roadmeters were made s imul taneously ,  and were operated by t h e  TRRL 

resea rch  team. Although n e i t h e r  t h e  B I  nor the  NAASRA meters a r e  normally 

used with t h i s  p a r t i c u l a r  passenger c a r ,  t h e  d a t a  obtained a l low comparison of 

the  meters ,  and provide what should be redundant measures. 

BI Roadmeter. The Bump I n t e g r a t o r  (BI)  i s  an ins t rument  manufactured 

by TRRL t h a t  mounts between t h e  ax le  and body of a veh ic le  and produces counts 

t h a t  a r e  p ropor t iona l  t o  suspension motion [ I l l .  The u n i t  c o n s i s t s  of a 

body-mounted t ransducer  conta ining a pul ley  on a s h a f t ,  which i s  spring-loaded 

t o  maintain a cab le  i n  tens ion t h a t  connects the  body and ax le  of the  veh ic le .  

Hence, the  pul ley  r o t a t e s  p ropor t iona te ly  t o  the  suspension motion. A 

mechanical c l u t c h  i s  used t o  t r ansmi t  r o t a t i o n  i n  one d i r e c t i o n  only t o  a 

pulse  genera to r  component. The o v e r a l l  e f f e c t  i s  t h a t  the  instrument follows 

the  suspension d e f l e c t i o n  i n  one d i r e c t i o n ,  while remaining unresponsive t o  

movement i n  the  o t h e r  d i r e c t i o n ,  thereby accumulating the  displacement. When 

the  accumulated movement reaches  25.4 mm (1.0 i n c h ) ,  a pulse i s  sen t  t o  an 

e l e c t r o n i c  counter .  Therefore,  each count corresponds t o  one inch of 

d e f l e c t i o n  i n  one d i r e c t i o n ,  o r  50.8 mm when considering both d i r e c t i o n s .  ARS 

numerics repor ted  f o r  the  B I  roadmeter i n  t h i s  r e p o r t  a r e  based on the  s c a l e  

f a c t o r  of 50.8 mm/count. Normally, TRRL r e p o r t s  the  measures using a s c a l e  

f a c t o r  of 25.4 mm/count, r e s u l t i n g  i n  numerics t h a t  would have 112 the  

amplitude of the  ARS measures repored here .  

Unlike the  Maysmeter, the  B I  t ransducer  has no des ign h y s t e r e s i s  or 

quan t i za t ion .  (The quan t i za t ion  involved i n  producing t h e  d i s c r e t e  counts 

occurs i n  the  d i s p l a y ,  r a t h e r  than the  t ransducer . )  In  p r a c t i c e ,  however, the 

t ransducer  has l i m i t a t i o n s  due t o  i t s  mechanical p r o p e r t i e s .  Very small  

v i b r a t i o n s  were seen t o  produce no response,  due t o  small  amounts of f r e e  play 

( h y s t e r e s i s )  i n  var ious  p a r t s  of the  system ( b e a r i n g s ,  l i n k a g e s ,  e t c . ) .  

During the  experiment,  the  B I  su f fe red  a broken sp r ing ,  which was 

replaced.  As soon a s  t h e  measurements were f i n i s h e d ,  t h i s  p a r t i c u l a r  B I  was 



i n s t a l l e d  i n  t h e  B I  t r a i l e r ,  t o  r ep lace  a more troublesome B I  roadmet~er. 

NABSRA Roadmeter. The NAASRA meter i s  a mechanical ins t rument  , that  

opera tes  on t h e  same p r i n c i p l e s  as the  B I .  One count produced by the  NAASRA 

meter corresponds t o  an accumulated d e f l e c t i o n  i n  one d i r e c t i o n  of 15.2 mm, o r  

a t o t a l  accumulated d e f l e c t i o n  i n  both d i r e c t i o n s  of 30.4 mm. ARS numerics 

presented i n  t h i s  r e p o r t  a r e  based on the  s c a l e  f a c t o r  of 30.4 mm/coumt. 

This meter a l s o  demonstrated a smal l  amount of mechanical h y s t e r e s i s  

( f r e e  p l a y ) ,  which was not  measured. 

The NAASRA meter was opera ted by members of t h e  the  TRRL resea rch  team. 

Although they had l i t t l e  exper ience  wi th  the  dev ice ,  i t  was simple t o  use ,  and 

only su f fe red  one problem with  a broken wire t h a t  was e a s i l y  r epa i red .  

The Bump I n t e g r a t o r  Trailer 

The B I  T r a i l e r ,  a l s o  s a l l e d  t h e  towed f i f t h  wheel ,  i s  b a s i c a l l y  a BPR 

Roughometer t h a t  has  undergone a g r e a t  d e a l  of development by TRRL. It 

c o n s i s t s  of a s ingle-wheeled t r a i l e r  wi th  a l e a f  sp r ing  suspension and s p e c i a l  

shock absorbers  and i s  shown i n  Figure 1 i n  the  main repor t .  The sho~ck 

absorbers  a r e  claimed t o  have,damping p r o p e r t i e s  t h a t  a r e  f a i r l y  inseins i t ive  

t o  time and opera t ing  cond i t ions .  A l l  B I  T r a i l e r s  a r e  const ructed t o  be 

n e a r l y  i d e n t i c a l .  Because most of t h e  v e h i c l e  p r o p e r t i e s  t h a t  in f luence  the  

roughness measure a r e  c o n t r o l l e d ,  measures from a B I  T r a i l e r  have beein 

repor ted  wi thout  any f u r t h e r  c o r r e c t i o n s  o r  c a l i b r a t i o n ,  u s u a l l y  i n  uinits of 

mm/km, corresponding t o  the  accumulated suspension movement i n  one d i r e c t i o n .  

The ARS measures repor ted  i n  t h i s  document assume a s c a l i n g  of 50.8 min/count, 

and a r e  twice t h e  value  of the  "mm/km" numeric normally repor ted  by TRRL, , 

s i n c e  ARS i s  based on the  accumulated motion i n  both d i r e c t i o n s .  

The B I  t r a i l e r  i s  designed t o  be unresponsive t o  movements of the  towing 

h i t c h  induced by t h e  towing v e h i c l e  through the  c a r e f u l  placement of the 

percuss ion c e n t e r  of the  t r a i l e r  frame. Never theless ,  the  t r a i l e r  used i n  t h e  

IRRE did  produce measurements i n  t h e  garage when the  towing v e h i c l e  was 



bounced, i n d i c a t i n g  t h a t  dynamic p r o p e r t i e s  of the  towing veh ic le  can 

in f luence  the roughness measures. The mechanical p r o p e r t i e s  of the  t r a i l e r  

a r e  checked p e r i o d i c a l l y  us ing simple bounce t e s t s  [ I l l ,  al though even when 

the  bounce t e s t s  a r e  wi thin  t o l e r a n c e s ,  changes i n  the  response p r o p e r t i e s  

have been observed [ 7 ]  . 
A B I  roadmeter i s  a t t ached  on one s i d e  of the  t r a i l e r  t o  measure the  

movement of the  ax le  r e l a t i v e  t o  the  t r a i l e r  frame. 

The normal towing speed of t h e  t r a i l e r  i s  32  km/h. 

The tow h i t c h  f o r  the t r a i l e r  was f a b r i c a t e d  i n  B r a s i l i a  f o r  the  

experiment,  and a  number of problems were experienced u n t i l  t h e  h i t c h  

attachment was p roper ly  s t rengthened and a l igned.  Other problems e x i s t e d  i n  

the  B I  u n i t  a t t ached  t o  the t r a i l e r .  A spr ing  broke and was r e p a i r e d ;  t h e  

c l u t c h  f a i l e d  and needed t o  be s t r i p p e d ,  c leaned,  and reassembled; and the  

u n i t  produced extraneous  counts on occas ions .  As a  r e s u l t ,  a l l  of the  t e s t s  

on t h e  paved s e c t i o n s  were repeated a f t e r  the  o t h e r  ins t ruments  had f i n i s h e d .  

During t h e  e n t i r e  experiment,  many of the  measurements made by t h e  B I  T r a i l e r  

were "make-ups, 'I made on week-ends , dur ing lunch,  e  t c  . The measurements made 

l a s t  were accomplished wi th  the  use of the  B I  Transducer t h a t  had been i n  t h e  

Caravan. 

BPB Roughometer 

The BPR Roughometer t h a t  p a r t i c i p a t e d  i n  the  IRRE, shown i n  Figure 1  i n  

the main r e p o r t ,  i s  a  single-wheeled t r a i l e r  b u i l t  t o  t h e  s p e c i f i c a t i o n s  

published i n  1940 by t h e  Bureau of Publ ic  Roads [13] by S o i l t e s t ,  Inc . ,  a s  t h e  

Road Roughness I n d i c a t o r  Model CT444. This t r a i l e r  i s  equipped wi th  a  

magnetic sensor  t h a t  produces a  pu l se  f o r  a  d e f l e c t i o n  of 0.002 inch i n  e i t h e r  

d i r e c t i o n .  Because the  o r i g i n a l  BPR mechanical t ransducer  measured d e f l e c t i o n  

i n  only one d i r e c t i o n ,  t h e  d i s p l a y  i s  sca led t o  show one h a l f  of the  

accumulated d e f l e c t i o n ,  i n  inches .  Although the  a c t u a l  t ransducer  i s  not  

mechanical ,  a  cab le  connection wi th  a  t ens ion  sp r ing  i s  employed, wi th  the  

p o t e n t i a l  f o r  v i b r a t i o n  problems a t  h igh roughness l e v e l s .  One gear  involved 

i n  the  l inkage  o f t e n  s l ipped on i t s  s h a f t ,  r e s u l t i n g  i n  a  l o s s  of counts.  



The normal measurement speed f o r  a BPR Roughometer i s  32  km/h ( 2 0  mph). 

During the  experiment,  the  BPR t r a i l e r  experienced breakdowns andl 

f a i l u r e s  almost on a d a i l y  b a s i s .  Support p i n s  f o r  t h e  shock absorb ex:^ were 

broken f r e q u e n t l y .  On two occas ions ,  s t u d s  f o r  u n i v e r s a l  j o i n t s  i n  t h e  shock 

absorber  connections were l o s t  and replacements had t o  be f a b r i c a t e d  i.n a 

l o c a l  machine shop. A l l  too  f r e q u e n t l y ,  screws t h a t  held a c r i t i c a l  gear  to  

t h e  main s h a f t  i n  t h e  t ransducer  loosened,  al lowing s l ippage  and t h e r e f o r e  

reduced roughness measures. A t  t h e  beginning of t h e  experiment,  t h e  t : r a i l e r  

was towed t o  and from the  t e s t  s i t e s .  Af ter  t h e  f i r s t  two weeks, i t  was 

c a r r i e d  i n  t h e  t ruck  t h a t  served a s  the  towing v e h i c l e ,  and unloaded a t  the  

t e s t  s i t e s  t o  minimize i t s  exposure t o  road v i b r a t i o n s  and damage. Al-so, t h e  

opera to r s  learned t h e  l i m i t s  of t h e  ins t rument ,  and dec l ined  t o  s u b j e c t  i t  t o  

t h e  more demanding cond i t ions  near  t h e  end of t h e  experiment. 

THE APL DYNAMIC PROFILOMETER 

The APL Trailer 

The Longi tudinal  Prof i . le  Analyser (APL) T r a i l e r ,  shown i n  Figure 2 i n  t h e  

r e p o r t ,  i s  an  ins t rument  developed by the  French Bridge and Pavement 

Laboratory (LCPC) t o  o b t a i n  a s i g n a l  p ropor t iona l  t o  p r o f i l e  over the  

frequency range 0.5 - 20 Hz [15,  16,  171. The t r a i l e r  c o n s i s t s  of t h r e e  

mechanical e lements :  a frame t h a t  a c t s  a s  a sprung mass, a fo l lower  wheel, 

and a h o r i z o n t a l  pendulum. The t r a i l e r  frame and the  suspension se rve  only t o  

keep t h e  fo l lower  wheel on t h e  road by reducing bouncing and osci l1at : ions .  

Compared t o  a passenger c a r ,  t h e  suspension i s  s o f t  and e x h i b i t s  high damping. 

The observed resonance of t h e  sprung mass i s  we l l  below 1 H z ,  and the  damping 

i s  c l o s e  t o  c r i t i c a l .  

Unlike t h e  B I  T r a i l e r  and BPR Roughometer, t h e  APL T r a i l e r  does not  

include a roadmeter,  and dues not  measure the  d e f l e c t i o n  between t h e  a x l e  and 

frame. I n s t e a d ,  a LVDT displacement t ransducer  i s  loca ted  between the  

t r a i l i n g  arm t h a t  suppor ts  the  fo l lower  wheel and the  h o r i z o n t a l  pendulum. 

The h o r i z o n t a l  pendulum c o n s i s t s  of an  arm wi th  weights a t  each end,  !supported 



i n  the  c e n t e r  by a Bendix-type pivot  wi th  crossed blades .  One of t h e  weights 

can be repos i t ioned ,  allowing adjustment of the  r o t a t i o n a l  moment of i n e r t i a .  

The pendulum i s  centered by a c o i l  s p r i n g ,  while damping i s  provided 

magnetically.  Together,  the  pendulum, s p r i n g ,  and damper c o n s t i t u t e  a 

mechanical system t h a t  i s  tuned i n  the  l abora to ry  t o  provide  a un i ty  ga in  f o r  

input  f r equenc ies  over 0.5 Hz. (Lower input  f requencies  r e s u l t  i n  an 

a t t enua ted  response.) 

The displacement t h a t  i s  measured i s  designed t o  r e p l i c a t e  the  wavenumber 

content  of t h e  l o n g i t u d i n a l  road p r o f i l e  over the  wave number range t h a t  

corresponds t o  the  frequency range of 0.5 - 20 Hz a t  t h e  measurement speed. 

The upper l i m i t  i s  imposed by the  dynamic response of the  follower-wheel 

assembly, which w i l l  a t t e n u a t e  any inpu t s  a t  f requencies  above 20 Hz. Rather 

than following changes i n  road e l e v a t i o n  a t  high f requenc ies ,  the follower 

wheel w i l l  absorb the  changes through d e f l e c t i o n s  of the  compliant t i r e .  This 

device  c o n t r a s t s  wi th  a conventional  passenger c a r  des ign ,  i n  which the  

unsprung mass ( a x l e  and wheels ) w i l l  over-respond a t  t h e  resonance frequency 

of the  unsprung mass. This behavior i s  avoided with the  APL T r a i l e r  because 

the  suspension i s  designed t o  provide much more damping. The lower limit of 

the  t r a i l e r  response a t  0.5 Hz i s  imposed by the  dynamic p r o p e r t i e s  of the  

hor izon ta l  pendulum. 

The t r a i l e r  i s  c e r t i f i e d  a t  manufacture by placing a dynamic shaker under 

the  fo l lower  wheel and measuring the  r a t i o  of the  output s i g n a l  amplitude t o  

t h e  inpu t  amplitude f o r  s i n u s o i d a l  i n p u t s .  The l o c a t i o n s  of the  shock 

absorber and c o i l  spr ing i n  t h e  suspension a r e  adjus ted  t o  optimize the  

response. The shaker i s  a l s o  placed under the  towing h i t c h ,  t o  a s s u r e  t h a t  

the t r a i l e r  i s  acceptably  unresponsive t o  these  movements. The t r a i l e r  used 

i n  the  IRRE was demonstrated t o  be completely unaffected by movements of the  

towing veh ic le .  With t h e  veh ic le  s t a t i o n a r y  i n  t h e  garage and the  

ins t rumenta t ion  func t ion ing ,  bouncing motions of the  towing v e h i c l e  d id  not 

cause any s i g n a l  t o  appear. This c o n t r a s t s  wi th  s i m i l a r  checks of the  o the r  

two t r a i l e r s  (BPR and BI), which showed t h a t  these  two systems were not  

decoupled,  but d id  i n  f a c t  respond t o  movements of t h e  h i t c h .  

The d i s t a n c e  t r a v e l l e d  and the  towing speed a r e  measured from a s i g n a l  

generated with t h e  use  of a toothed d i s k  a t tached t o  the  fo l lower  wheel. 



The ins t rumenta t ion  t h a t  i s  used t o  record d a t a  v a r i e s  w i t h  the  

c o n f i g u r a t i o n  of the  APL t r a i l e r  (APL 25 and APL 7 2 ) ,  descr ibed below. 

APL 25 System 

When operated f o r  t h e  APL 25 a n a l y s i s ,  t h e  t r a i l e r  was towed a t  21.6 km/h 

(6.0 m/s ) ,  and the  t ransducer  s i g n a l  was d i g i t i z e d  wi th  a  r e s o l u t i o n  of 1.0 mm 

a t  2 5 0  mm i n t e r v a l s  ( a s  d e t e c t e d  by t h e  d i s t a n c e  pulse  s i g n a l ) .  The samples 

were summed over an i n t e r v a l  of 25 m t o  y i e l d  t h e  CAPL 25 roughness s t a t i s t i c  

during measurement. (The CAPL 2 5  a n a l y s i s  i s  d iscussed i n  more d e t a i l  i n  

Appendix G.) The d i g i t i z e d  s i g n a l ,  and a l s o  the  CAF'L 2 5  numerics, were s to red  

i n  d i g i t a l  form on a  t ape  c a s s e t t e .  L a t e r ,  i n  t h e  l a b o r a t o r y ,  t h e  c a s s e t t e  

was played back i n t o  a  microcomputer ( a  European ve r s ion  of t h e  Apple I I + ,  

made by ITT) f o r  p l o t t i n g  of e i t h e r  the raw s i g n a l ,  o r  t h e  CAPL 25 

c o e f f i c i e n t s  as  func t ions  of the  d i s t a n c e  t r a v e l l e d ,  using a  d i g i t a l  X-Y 

r ecorder  (examples a r e  presented i n  Appendix G). The computer a l s o  c rea ted  

copies  of t h e  c a s s e t t e  d a t a  f i l e s  on f l e x i b l e  d i s k e t t e s ,  t o  f a c i l i t a t e  f u r t h e r  

analyses .  Copies of these  d i s k e t t e s  were used f o r  t h e  a l t e r n a t e  analyses  

descr ibed i n  Appendix E and F ,  performed a f t e r  t h e  completion of the  

experiment. 

APL 72 System 

During t e s t i n g  i n  t h e  APL 7 2  c o n f i g u r a t i o n ,  t h e  s i g n a l s  were recorded on 

an analog FM tape  recorder .  Back i n  the  l a b o r a t o r y ,  the  t apes  were played 

back,  wi th  t h e  p r o f i l e  s i g n a l  going i n t o  a  bank of t h r e e  e l e c t o n i c  processors .  

( S i x  processors  a r e  used when two APL T r a i l e r s  a r e  towed toge the r  over both 

t r a v e l l e d  wheel t racks . )  Each processor  passes the  s i g n a l  through an 

e l e c t r o n i c  bandpass f i l t e r ,  then squares  and i n t e g r a t e s  t h e  s i g n a l  over a  . 

t r a v e l l e d  d i s t a n c e  of 200 m. The r e s u l t i n g  th ree  numerics ( p e r  wheel t rack)  

a r e  the  APL 7 2  c o e f f i c i e n t s ,  descr ibed i n  more d e t a i l  i n  Appendix G. 

The t apes  were a l s o  played i n t o  a  microcomputer ( a  European equ iva len t  t o  

t h e  Apple 11+ made by ITT) through an 8-bi t  ( r e s o l u t i o n  = 0.35 mm) d i g i t i z e r ,  

sampling a t  50 mm i n t e r v a l s  f o r  p l o t t i n g  purposes. Normally, t h e  d i g i t i z e d  



d a t a  were p l o t t e d  but not  s to red  i n  d i g i t a l  form, s i n c e  the  r o u t i n e  ana lyses  

performed i n  Europe by LCPC use t h e  analog s i g n a l .  During t h e  IRRE,  a  program 

was w r i t t e n  on the  microcomputer t o  e d i t  and s t o r e  t h e s e  d a t a  on d i s k e t t e ,  f o r  

the  a l t e r n a t e  process ing of APL 7 2  s i g n a l s  descr ibed i n  Appendices E ,  F, and 

J. 

Afte r  r e t u r n i n g  t o  France,  t h e  t apes  were re-processed by LCPC t o  o b t a i n  

complementary numerics and t o  v a l i d a t e  the  r e s u l t s  provided by the  LCPC team 

i n  Braz i l .  The analog t apes  were loaned t o  t h e  Belgian Road Research Center 

(CRR) f o r  ana lyses  t h e r e .  A t  CRR, t h e  analog s i g n a l s  were d i g i t i z e d  a t  113 m 

i n t e r v a l s ,  us ing  equipment t h a t  processed 100 m s e c t i o n s .  These d i g i t i z e d  

s i g n a l s  were used t o  prepare  the  CP numeric repor ted  i n  Appendix G. 

STATIC PROFILE MEASUREMSNTS 

Rod and Level Survey 

The l o n g i t u d i n a l  p r o f i l e  of each wheeltrack was measured d i r e c t l y  wich 

the  convent ional  rod and l e v e l  method. In t h i s  measurement, a  crew of t h r e e  

persons was used ,  a s  shorn i n  Figure  3 i n  t h e  r e p o r t .  A surveying l e v e l  i s  

used t o  e s t a b l i s h  a  h o r i z o n t a l  r e f e r e n c e ,  and i s  operated by one of the  crew 

members. One of the  wheelpaths of t h e  t e s t  s i t e  i s  marked and a  su rveyor ' s  

t ape  i s  placed on i t  40 provide a  simple d i s t a n c e  re fe rence .  A second crew 

member holds  t h e  r o d ,  marked i n  mm, on t h e  t ape  a t  t h e  appropr ia te  d i s t a n c e .  

Sight ing through the  l e v e l ,  t h e  f i r s t  crew member c a l l s  ou t  t h e  reading from 

t h e  rod (which i s  the  d i f f e r e n c e  i n  e l e v a t i o n  between the  l e v e l  and the  road 

su r face  where t h e  rod i s  p laced)  t o  the  t h i r d  crew member, who w r i t e s  t h e  

f i g u r e  on a  s p e c i a l  coding. When p o s s i b l e ,  a f o u r t h  crew member was included.  

The members would r o t a t e  p o s i t i o n s  t o  reduce f a t i g u e .  In t h i s  experiment,  

e l e v a t i o n s  were measured a t  500 mm i n t e r v a l s .  It normally took about 3 - 112 

hours f o r  a  t r a i n e d  crew t o  complete both wheel t racks  of one of t h e  320 m long 

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

A l l  of t h e  paved t e s t  s e c t i o n s  were surveyed be fore  t h e  s t a r t  of t h e  

experiment.  During the  experiment,  many of the  s e c t i o n s  were re-surveyed. 

The second h a l f  of t h e  exper iment ,  covering unpaved s e c t i o n s ,  was scheduled 



such t h a t  a l l  of t h e  s e c t i o n s  were surveyed before  being measured by t h e  o the r  

equipment. In a l l  c a s e s ,  the survey was performed no more t h a t  two days 

before  the  o t h e r  equipment was run.  A t  t h e  end of t h e  experiment,  s i x  

wheelpaths were surveyed wi th  a  100 mm i n t e r v a l .  A t  var ious  times throughout 

the  p r o j e c t ,  t h e r e  were from one t o  t h r e e  crews opera t ing  simultaneously.  

The f i e l d  forms were checked back i n  the  o f f i c e s  a t  GEIPOT, and submitted 

t o  keypunchers who entered the  d a t a  i n t o  the  GEIPOT computer system. There, 

the  p r o f i l e  was computed, and checked f o r  obvious e r r o r s .  Fur ther  d e t a i l s  

about t h e  procedures used a r e  g iven i n  Reference [ 8 ] .  

A l l  of the  rod and l e v e l  p r o f i l e s  were put on an IBM 9-track t a p e ,  and 

taken t o  UMTRI, where they were copied onto f loppy d i s k e t t e s  f o r  d i s t r i b u t i o n  

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

The TRRL Ream 

The TKRL Beam i s  an experimental  device  developed by TRRL t o  measure 

l o n g i t u d i n a l  p r o f i l e ,  with l e s s  e f f o r t  than i s  needed wi th  t h e  rod and l e v e l  

surveying approach. A beam, 3 meters l o n g ,  i s  supported a t  each end by a  

t r ipod  wi th  a d j u s t a b l e  h e i g h t ,  a s  shown i n  Figure 4 i n  the  r e p o r t .  The beam 

a c t s  as a  t r a c k  and guide  f o r  an instrumented s l i d i n g  f i x t u r e ,  t h a t  c o n t a c t s  

the  ground v i a  a  250 mm fo l lower  wheel. The s l i d i n g  f i x t u r e  con ta ins  a  

t r ansducer  t h a t  d e t e c t s  i t s  p o s i t i o n  along t h e  l e n g t h  of t h e  beam, and a  

second t ransducer  t h a t  d e t e c t s  t h e  v e r t i c a l  p o s i t i o n  of the  fo l lower  r e l a t i v e  

t o  t h e  beam. The s i g n a l s  from t h e s e  two t r ansducers  a r e  fed t o  a  

microcomputer t h a t  d i g i t i z e s  the  v e r t i c a l  p o s i t i o n  s i g n a l  ( r e s o l u t i o n  = 1.0 

mm) a t  cons tan t  i n t e r v a l s .  

The Beam i s  operated by p lac ing  each t r ipod  on t h e  endpoints  of t h e  

three-meter s e c t i o n  of t r a c k  t o  be measured. One o r  both of t h e  t r i p o d s  a r e  

ad jus ted  t o  l e v e l  the  beam. The s l i d i n g  u n i t  i s  moved t o  t h e  "begin" end of 

t h e  beam, and t h e  ins t rumenta t ion  i s  a c t i v a t e d .  Then t h e  s l i d i n g  u n i t  i s  

moved t o  the  " f i n i s h "  end of t h e  beam, a t  a  normal walking pace ,  such t h a t  no 

bouncing of t h e  fo l lower  wheel occurs.  Then, the  e n t i r e  Beam assembly i s  

picked up and r e l o c a t e d ,  such t h a t  t h e  new " s t a r t "  p o s i t i o n  of t h e  f i r s t  



t r i p o d  co inc ides  wi th  the  o ld  " f i n i s h "  p o s i t i o n  of t h e  second t r i p o d .  The 

Beam i s  again  l e v e l l e d ,  and the  process  i s  repeated.  

A t  t he  time t h a t  t h e  experiment began, t h e  Beam was s t i l l  being t e s t e d  

and programmed i n  t h e  UK. The Beam d id  not  a r r i v e  i n  B r a s i l i a  u n t i l  the  

experiment was n e a r l y  f i n i s h e d  f o r  t h e  o t h e r  equipment; t h e r e f o r e ,  the  p r o f i l e  

measures made wi th  the  Beam were not  wi th in  t h e  same 1 - 2 day time frame a s  

the  o t h e r  measures. In  a l l ,  28 wheel t racks  were p r o f i l e d  with the  Beam, a t  

t h e  r a t e  of about two pe r  day. 

The microcomputer used i n  the  Beam was programmed t o  c a l c u l a t e  two 

roughness measures and t o  s t o r e  the  p r o f i l e  a t  100 mm i n t e r v a l s .  Only the 

p r o f i l e  measures ( r e l a t i v e  t o  t h e  Beam re fe rence  f o r  each set-up) were 

va l ida ted  by t h e  TRRL team, and submitted a s  v a l i d  d a t a .  These measures were 

a v a i l a b l e  only a s  paper p r i n t o u t s ,  and had t o  be typed i n t o  a computer system 

by hand f o r  a n a l y s i s .  A program was w r i t t e n  i n  B r a z i l i a  t o  a l low rap id  e n t r y  

of the d a t a  i n t o  an Apple 11+ computer, and the  d a t a  f o r  a l l  28 s e c t i o n s  were 

entered i n  B r a s i l i a  by members of t h e  GEIPOT s t a f f .  (Due t o  time l i m i t a t i o n s ,  

some of the  p r o f i l e s  were entered by the  TRRL team i n  t h e  UK using t h e  same 

computer program, so  t h a t  they could begin t h e i r  ana lyses  immediately.)  With 

p r a c t i c e ,  i t  took s l i g h t l y  under two hours t o  e n t e r  a l l  3,200 d a t a  p o i n t s  f o r  

one wheeltrack.  Once i n  the  computer, another  program was used t o  convert  

each s e t  of 30 r e l a t i v e  measurements corresponding t o  one Beam set-up t o  a 

continuous p r o f i l e  and check f o r  e r r o r s .  







DATA FROM THE RTIhffMSs 

This appendix p resen t s  a l l  of t h e  average r e c t i f i e d  s lope  (ARS) measures 

t h a t  were gathered by response-type road roughness measuring systems (RTRRMSs) 

dur ing the  I n t e r n a t i o n a l  Road Roughness Experiment ( IRRE). 

A l l  of t h e  roadmeters used i n  the  IRRE produce measurements t h a t  a r e  

e q u i v a l e n t ,  being the  accumulation of suspension d e f l e c t i o n  of the  hos t  

veh ic le .  Each ins t rument  r e p o r t s  t h e  measure i n  "counts , ' I  however, r a t h e r  

than a s tandard u n i t .  To f a c i l i t a t e  simple comparisons, a l l  of the  r e s u l t s  

have been converted t o  t h e  same u n i t s ,  namely, "s lope x 1000." The "slope" 

r e p r e s e n t s  the  accumulated suspension d e f l e c t i o n  ( i n  both d i r e c t i o n s )  divided 

by t h e  d i s t a n c e  t r a v e l l e d .  This measure i s  d imensional ly  equ iva len t  t o  t h e  

"Inches/Mile,"  "mm/km," and "counts/km" t h a t  a r e  used by d i f f e r e n t  ag'encies 

throughout the  world ,  wi th  t h e  s c a l i n g  d i f f e r e n c e s  c l e a r l y  def ined by t h e  

u n i t s .  The f a c t o r  of 1000 corresponds t o  the  met r i c  r a t i o s :  "m/kml' and 

Ifmm/m. " This p a r t i c u l a r  s c a l i n g  was s e l e c t e d  f o r  convenience i n  prepar ing 

t a b l e s  and f i g u r e s  f o r  t h i s  r e p o r t :  s lope  (m/m) values  were too smal l ,  and 

s lope  x 1,000,000 (mm/km) f i g u r e s  were too  l a r g e  f o r  f i t t i n g  onto the  t a b l e s  

and p l o t  axes.  

Tables B.l - B.28 p resen t  t h e  r e s u l t s  f o r  t h e  RTRRMSs. The paved 

s e c t i o n s  were d ivided i n t o  c a t e g o r i e s  of a s p h a l t i c  concre te  and s u r f a c e  

t rea tment  types .  The unpaved s e c t i o n s  were s p l i t  i n t o  groups wi th  g r a v e l  and 

e a r t h  s u r f a c e s .  These four  s u r f a c e  types  a r e  abbrevia ted  (based on t h e i r  

. s p e l l i n g  i n  Portuguese) a s  CA,  TS, GR, and TE, r e s p e c t i v e l y .  During t e s t i n g ,  

the  car-based systems g e n e r a l l y  made f i v e  consecut ive  measurements f o r  each 

s e c t i o n .  These measures a r e  l i s t e d  a s  "RUN 1 , I 1  "RUN 2 , I 1  e t c .  The "B" l i s t e d  

under TRACK i n d i c a t e s  t h a t  t h e  v e h i c l e  t r a v e l l e d  both t h e  r i g h t -  and lef t -hand 

t r a c k s  s imul taneously  during each r u n ,  and t h a t  t h e  RTRRMS was a "two-track" 

type. The two s ing le - t r ack  t r a i l e r  ins t ruments  u s u a l l y  made t h r e e  r e p e a t s  i n  



each of t h e  two wheel-tracks.  The t r a c k  i s  ind ica ted  by an "R" o r  "L ,"  f o r  

r i g h t  or  l e f t .  

The mean and standard d e v i a t i o n  of the  t e s t  r e s u l t s  a r e  l i s t e d  under MEAN 

and SIGMA, whi le  the  r e l a t i v e  e r r o r ,  defined by SIGMA/MEAN i s  l i s t e d  under 

S/M. Although t h e  t e s t i n g  procedure was intended t o  a l low each veh ic le  t o  

"warm up" p r i o r  t o  t e s t i n g ,  the  p o s s i b i l i t y  e x i s t s  t h a t  the  shock absorbers or  

pneumatic t i r e s  had not  reached s t eady-s ta te  temperature ,  and were changing 

during t e s t i n g .  To examine t h i s  p o s s i b i l i t y ,  a  r eg ress ion  was performed 

between the  measures and the  run number f o r  each t e s t  cond i t ion  ( s i t e  and 

speed).  The s lope of the  r e g r e s s i o n  equa t ion ,  wi th  u n i t s  "s lope x 1000/run," 

i s  repor ted  under TREND, whi le  the  c o r r e l a t i o n  c o e f f i c i e n t  i s  repor ted  under 

R. These two columns al low one t o  determine,  a t  a  g lance ,  whether o r  not  the  

measures were c o n s i s t e n t l y  inc reas ing  o r  decreas ing dur ing t e s t i n g  f o r  any 

condi t ion.  

Tables B.29 - B.32 summarize t h e  r e s u l t s  of a l l  seven ins t ruments ,  by 

p resen t ing  only the  mean values .  The d a t a  from the t r a i l e r s  a r e  combined t o  

y i e l d  t h e  average of the  two wheeltrack measures f o r  each s i t e ,  f o r  comparison 

wi th  the  two-track RTRRMS measurements. 

Discussion 

Tables B.1 - B628 i n d i c a t e  t h a t ,  by and l a r g e ,  the  r e p e a t a b i l i t y  of t h e  

ins t ruments  i s  b e t t e r  than 5% (S/M), wi th  a  r e p e a t a b i l i t y  of around 3% being 

t y p i c a l  f o r  t h i s  t e s t  l eng th  of 320 m a  Re la t ive  measurement e r r o r  i s  l a r g e r  

on the  smoothest s e c t i o n s ,  al though i n  a b s o l u t e  u n i t s ,  the  e r r o r s  a r e  s t i l l  

smal ler  than t h e  e r r o r s  on the rougher s e c t i o n s .  I n  most c a s e s ,  t r ends  were 

very smal l ,  l ead ing  t o  the  conclus ion t h a t  the  warm-up procedures used i n  the  

t e s t i n g  were adequate. However, t h e r e  was concern t h a t  t h e  warm-up was 

i n s u f f i c i e n t  f o r  the  roughest  s u r f a c e s ,  which show high R values .  Some repea t  

t e s t s  were made wi th  one of t h e  Maysmeter systems on t h e  roughest  s e c t i o n s  

(GR11, GR12, TE05, and TE06) a f t e r  the  IRRE was complete, t o  ensure t h a t  

s t eady-s ta te  cond i t ions  had been achieved.  In  each c a s e ,  1 2  o r  more 

consecut ive  measures were made. These r e s u l t s  ind ica ted  t h a t  an abso lu te  

s teady s t a t e  was d i f f i c u l t  t o  o b t a i n ,  but t h a t  t h e  r e s u l t s  obtained e a r l i e r  

were r e p r e s e n t a t i v e .  In  p r a c t i c e ,  a  t r u e  s teady s t a t e  may not e x i s t  f o r  t h e  



extremely rough s e c t i o n s  because t h e  rough s e c t i o n s  of t h e  road a r e  q u i t e  

s h o r t .  The b e s t  p r a c t i c e  h e r e  i s  t o  use  heavy-duty shock absorbers ,  s e l e c t e d  

f o r  maximum damping and minimum s e n s i t i v i t y  t o  temperature.  

Tables B.29 - B.36 o f f e r  a  d i r e c t  comparison of the  d i f f e r e n t  RTRRMSs. A 

l a r g e r  number f o r  one system i n  comparison wi th  another  means t h a t  t h e r e  was 

more response ,  e i t h e r  by t h e  v e h i c l e  o r  by the  meter. In most cases ,  the  

r e s u l t s  of a l l  f i v e  of t h e  car-based systems a r e  s i m i l a r .  As should be 

expected,  the  measures from the  B I  and the  NAASRA meter ,  which were b~oth 

mounted i n  t h e  same v e h i c l e ,  were u s u a l l y  redundant. These d a t a  a r e  analyzed 

i n  Appendix C ,  i n  terms of c o r r e l a t i o n .  





Table B. 2. Summary of Results from Mays Meter ill  on the Surface 
Treatment Roads. 
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Table B. 5 .  Summary of Resu l t s  from Mays Meter 112 on t h e  
Aspha l t i c  Concrete Roads. 

MkYS METER #2  

SITE SPEED TRGCE ROUGHHESS ff EASUREHENT [SLOPE X 1 0 0 0 )  
[K lH j  HEAR RUN 1 RUN ? RUN 3 RUN 4 RUN 5 S16HA S I E  TREHD R 
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Table B . 7 .  Summary of Resu l t s  f rom Mays Meter / I2 on t h e  
Gravel  Roads. 
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Tab le  B .  9.  Summary o f  R e s u l t s  f ron  Mays Meter  113 on t h e  
A s p h a l t i c  Conc re t e  Roads. 

SITE SPEED TRbCE RDUEHNESS REASUREREMTS (SLDPE I E3! 
IK!Hi NEkN RUM 1 RUM 2 RUN 3 RUN 4 RUN 5 SIGlk SIN TREND R 



Table B.10. Summary n f  Results from Mays Meter 83 on t h e  
Surface Treatment Roads. 

SITE SPEED TRACK ROUGHHESS f?EASUREt!EHTS ISLDPE X E3) 
iK /H)  HiAH RUM 1 RUti 2 RUN 3 RUN 4 RUN 5 SI6Hk S/N TREND R 



Table B.11. Summary o f  Results from Mays Meter !/3 on t h e  
Gravel Roads. 

MAYS METER #3 

S I T E  SPEED TRkCL RDUGHMESS tlEASUREHEHTS (SLOPE 1 E3) 
IK!H) MEAN HUH 1 RUM 2 RUN 3 RUM 4 RUN 5 SIERA S/#  TREMD R 

GROJ 20 B 3.19 3.21 3.33 2,98 3.17 3.27 . I 3  ,041 -3E-03 -.038 
32 B 2.5 5.81 2-22 2.03 2.44 2,48 7 .27 -.244 -.551 
50 B 2.25 1.97 2,41 2.32 2.29 2.29 .17 ,075 ,051 ,478 
80 B 2.74 1 5  2.73 2.16 3.52 3.71 .9 ,328 .505 ,088 



Table B . 1 2 .  Summary of  Results from Mays Meter 113 on t h e  
Earth Roads. 

SITE SPEED TRACK RDUEHHESS l4EASUREWEMTS [SLD PE Z E 3 )  
(K:'N) #EAN RUN 1 RUM 2 RUM 3 RUH 4 RUN 5 SIE#A Sin THEME R 
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Table B.15.  Summary of R e s u l t s  from t h e  Car-Mounted B I  on 
t h e  Gravel  Roads. 

SITE SPEED TRBCK ROUGHNESS KASURERENT tStOPE X 1000) 
(K!HI HEAH RUN 1 RUN 2 RUM 3 RUN 4 RUN 5 SIERA S !  TREHD I 



Table B.16. Summary of Results from the Car-Mounted B I  on 
the E a r t h  Roads. 

SITE SPEED TRBCK RDUEHHESS REASUREtiEMT (SLOPE X 1000! 
(6:IH) NEAN RUH 1 RUN 2 R N  3 RUli 4 RUN 5 S16HB S I H  TREND R 





Table 5.18. Summary of  Results from t h e  NAASRA Meter on the 
Surf ace Treatment Roads. 

CAR--MCSLJNTED !+IAASRif; METER 

SITE SPEED TRACE 
(K iH !  

RUUGHHESS BEASUREREMT !SLOPE X 1000! 
BEAH RU!4 1 RUN 2 RUW 3 RUH 4 RUN 5 



Table B.19. Summary of R e s u l t s  from t h e  NAASRA Meter on t h e  
Gravel Roads. 

CAR--f"iOUP:!TED t?IAASEA METER 

SITE SPEEC TEAS): ROUEHNESS KASUREREMT (SLDPE X 1 0 0 0 )  
[ ? : / ~ )  Ekil ,  RUE 1 RUM 2 RUH 3 RUN 4 RUN 5 SIGRA S i f l  



Table B.20. Summary of R e s u l t s  from t h e  NAASRA Meter  on t h e  
E a r t h  Roads. 

."$ , , r rJ rc.fi!i/A r : 0 f $ x  RDF~?: :~  ! : ~ , y s k f i ~ : ; : ~  ~ ~ p ~ , y ~ f i : j ' f . ; ; ; ~  - ~ R A S I L  I,L;, - ,~l;t:!l ,I 5,;: .. ,, 9 ,.. 

SITE SPEED TRACE RDUGH#ESS HEASURE#EMT !S!CPE X 10001 
[i.:!'H! REAY RUN 1 RUN ? RUN 3 RUM 4 RUE 5 SIGHA S!!i TREHD R 



Table B . 2 1 .  Summary of Results from the BI Trailer on the 
Asphaltic Concrete Roads. 

J'T.{TERNATJfi / \ i t r)L ROAD R$!r!G,$'/$ESS E ) i F ' E b i J & ' E N ? "  - B R A S J L J A  -. J I j N E  15182 

BUMP INTEGRATOR TRAILER 

SITE SPEED TRACK ROUGHNESS tiEASURERENTS (SLOPE X E3) 
lK!HJ niAM RUH 1 RUM 2 RUM 3 S!&HA S!n T R E E  R 



Table B. 2 1  (Cont. ) 

BUMP INTEGRATOR TRAILER 

S I T E  SPEED TRACK ROUGHMESS REASURMEWTS (SLOPE X E 3 )  
(Kin.! HEAH RUN 1 RUN 2 RUM 3 Sl6M S/# TREMD H 

- ?7R 
l L Y Y  

-.159 
0 
,159 
,079 
.f5? 



Table B . 2 2 .  Summary of  Resu l t s  from the  B I  T r a i l e r  on the  
Surf ace Treatment Roads. 

IWTERUh?TILi!$AL /?,!?A,? ,!?!:iliGir'P;'ESS E X F ' E / ? , T M E N T  - 3 ~ 4 ~ 2 . ~  X A  - J L ~ N E  ,5$,fip 

BUMp I NTEGkkTOH TRAILER 

SITE SPEED TRACK Rff UEHHESS HEASUREHEMTS (SLOPE X E3) 
IK/H! HEAN RUB I RUN 2 RBI 3 SI6HA SlH TREND R 

TSO? 20 R 7.83 7.78 7-70 7,94 .09 .Of2 ,079 ,865 
20 t 8.1 8.1 8.1 8,1 0 0 0  0 
32 R 6.4 6.35 b.35 b.51 .09 ,014 ,079 .8bb 
32 L 5.19 h.35 b,19 6.03 . I b  ,020 -.I59 -1 
50 R 5.29 5.24 5.4 5.24 .09 ,017 0 0 
50 L 5.13 5.24 5.08 5.08 .0? ,018 -.@!? -.8bb 



i 

Table B. 22 (Cont . ) 
I f lTE f i / $ATJ ( / / \ !AL  A$AD AflL/G#NESS E ; i P s R I M E N T  - B R f i $ X L I j J  - J U M E  J9&2 

S I T E  SPEED TRBC?: RDUGHNESS RASUREREMTS tShOPE X E3)  
!!:!Hi HEAK RUN i RUN 2 RUM 3 S i6HA SIW T E E M  R 

ii. 19 
6.51 
4.13 
4.92 
3,17 
3-49 



Table B.23.  Summary of Results from t h e  B I  Trailer on t h e  
Grave l  Roads. 

. ? f * !TERf iAT IONAL  ROAR ROUGHNESS EXP£RI)b iEMT - B R A S I L  .?A - JUME 1982 

BUMP I NTEGRATOH TRAILER 

SITE SPEED TRACK RDUGHHESS HEASUREtiE#TS (SLOPE X E3) 
(K iH)  t4EkN RUN I RUM 2 RUN 3 S16HR S l f l  TREND R 

lb ,08 
11.75 
l b .  19 
10.95 
1 4 . 7 6  



Table B . 2 3  (Cont.) 

BUMP INTEGRATOR TRA I LEH 

SITE SPEED TRACK RDUGHHESS HEASUREMEHTS (SLOPE X E3! 
l K i H j  REAN HUH 1 RUM 2 RUN 3 51611~ S!H TREND R 





Q I-. r - a - 0 - n  
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o-mm - 
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Tab le  B.25. Summary of R e s u l t s  f rom t h e  BPR Roughometer on 
t h e  A s p h a l t i c  Concre te  Roads. 

I N  T,L',L!fi/,lj TiOf?ik3L R ; ? N  f i f i i iG ,$ 'NEz: j  E x F ' L : e J f l E f ?  T - B R A S I L  I A  - J i , ! f i E  2 F $ P  

HPR ROUGHOMETER 

SITE SPEED TRACK RDUGHHESS flEASUREHENT9 [SLOPE X € 3 )  
[KIH) REAK RUN 1 RUN 2 RUN 3 SIBHA stn TREHD R 



Table B. 25 (Cont. ) 

FPR ROUGHOMETER 

S I T E  SPEEP TRACK ROUGHNESS HEASURERENTS [SLOPE I E3! 
(KIH) HEIN RUH 1 RUN 2 RUH 3 SIBM srn  TREND R 
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Table B . 2 7  (Con t , )  

BPH ROUGHOMETER 

SITE SPEED THhCL ROUGHNESS tlEASUREllEHTS (StD PE X 1000) 
!K,'lil 8EAN RUN 1 RUN 2 RUM 3 SIfflk S/tl TREMD R 

6R0? 20 R 7.95 7.97 7.95 7.92 .02 3E-03 -.024 -.Ye2 
20 L 9.35 7-29 9.4 9.37 -06 6E-03 -04  ,693 
32 R b.55 5.72 6.b8 6-57 -07 ,01 -.063 -.?bl 

L 8.61 8.52 8.62 8.7 .O? -01 ,087 ,999 
R 5.55 5.b? 5.45 5.59 .09 ,017 -.Oib -.I?! 

50 i 5.91 b.?! 0 0 0 0 



Table B.28.  Summary of Results from the BPR Roughometer on 
the Earth Roads. 

SITE SPEED TRACK ROUGHHESS #EASURE#EMTS [SLOPE X 1000) 
( # / H I  #EAH RUN 1 RUN 2 RUN 3 SIGKk Sit! TREID R 

TED? 20 R 5.35 5.41 5.35 5.29 .06 ,012 -,063 -1 
20 L 5.94 6 b.lb 5,b? -25 ,042 - 6 7  -.bb4 
32 R 4.4 4.51 4.35 4.35 .09 ,021 -.079 -.a66 
32 L 4.82 4.87 4.79 4,78 -05 ,011 -.048 -.933 
50 R 3.48 3.48 0 0 0  0 



Table B. 28 (Cont.  ) 

S I T E  SPEED TRACK ROUGHUESS tiEASUREflEMTS ISLOPE X 1000) 
K!H) WEAN RUH 1 RUH 2 RUH 3 S16M S!fl TREND R 



Table B.29. Summary of A l l  ARS Numerics Obtained Direct ly with RTRRMSs a t  20 h / h .  

Opala Cars with 
l bd i f i ed  Maysmeters 

MM 01 MM 02 MM 03 -- -- -- 
Caravan Car 

with 2 meters 
B I  NAASRA - -  
2.16 1.98 
3.11 3.15 
6.19 6.29 
5.43 5.34 
7.27 7.22 
8.13 8.15 
1.78 1.48 
1.75 1.41 
3.11 3.02 
2.51 2.30 
6.16 6.29 
0.95 0.80 
0.98 0.78 

B I  T ra i l e r  
(Wheel t rack)  

Left  Right Ave. - - 
4.82 4.92 4.87 
5.77 5.03 5.40 
8.47 8.57 8.52 
7.83 7.25 7.54 
9.63 9.15 9.39 

11.06 10.37 10.72 
5.34 4.02 4.68 
4.71 4.18 4.44 
6.56 4.97 5.77 
6.30 4.44 5.37 
7.94 8.94 8.44 
4.07 3.76 3.92 
3.86 3.55 3.70 

BPR Roughometer 
(Wheeltrack) 

Left  Right Ave. - - 
S i t e  

CAO 1 
CA02 
CA03 
CA04 
CA05 
CA06 
CA07 
CA08 
CA09 
CAlO 
CAl 1 
CAI 2 
CAI 3 

TSO 1 
TS02 
TS03 
TS04 
TS05 
TS06 
TS07 
TS08 
TS09 
TSlO 
TSll 
TS12 

GRO 1 
GR02 
GR03 
GR04 
GR05 
GR06 
GRO7 
GRD8 
GRD9 
GRl 0 
GRl 1 
GR12 

TE0 1 
TE02 
TEO 3 
T E O ~  
TE05 
TE06 
TE07 
TEO 8 
TEO 9 
TElO 
TEll 
TE12 



Tab le  B.30, Summary of A l l  ARS Numerics Obtained Direct ly with RTRRMSs a t  32 km/h. 

S i t e  

TSO 1 
TS02 
TS03 
TS04 
TS05 
TS06 
TS07 
TSO8 
TS09 
TSlO 
TSll 
TS12 

GRol 
GR02 
GR03 
GR04 
GR05 
GR06 
GR07 
GR08 
GRo9 
GRlO 
GRl 1 
GRl2 

TEO 1 
TE02 
TE03 
TE04 
TE05 
TE06 
TE07 
TE08 
TE09 
TElO 
T E l l  
TE12 

Opala Cars with 
Modified Maysmeters 

FGY01 MM02 MM03 -- -- -- 
3.13 3.68 3.83 
3.78 4.53 4.11 
6.12 7.37 4.94 
5.86 6.91 6.54 
7.27 8.32 6.76 
7.50 9.26 8.62 
2.11 2.36 3.06 
1.75 1.71 2.06 
3.47 3.78 3.66 
2.98 3.48 3.71 
6.72 7.03 6.78 
1.32 1.22 0.42 
1.14 1.38 0.65 

Caravan Car 
with 2 meters 
BI NAASRA - -  
2.98 3.02 
4.03 3.93 
6.57 6.54 
6.13 6.10 
7.91 7.56 
8.60 8.40 
2.35 2.11 
1.87 1.77 
3.52 3.31 
3.05 2.87 
6.41 6.48 
1.27 1.03 
1.24 1.10 

B1 Tra i l e r  
(Wheeltrack) 

L e f t  Right & - 
4.02 3.86 3.94 
4.97 4.39 4.68 
6.93 7.83 7.38 
6.93 6.19 6.56 
8.78 8.10 8.44 

10.74 9.37 10.05 
4.18 2.96 3.57 
4.02 3.07 3.55 
5.56 4.13 4.84 
5.24 3.70 4.47 

BPR Roughometer 
(Wheeltrack) 

Left Right Ave. - 
2.53 2.36 2.45 
2.85 2.52 2.69 
5.82 5.33 5.57 
5.52 4.43 4.98 

13.08 10.75 11.91 
13.45 11.85 12.65 
2.13 1.90 2.01 
2.05 1.87 1.96 
1.64 1.06 1.35 
1.83 0.80 1.31 
3.32 3.20 3.26 
1.55 1.57 1.56 
1.59 1.48 1.53 



Table B.31. Summary of All ARS Numerics Obtained Direct ly with RTRREISs a t  50 h / h ,  

S i t e  

CAD4 
CA05 
CA06 
CA07 
CA08 
CAD9 
CAlO 
CAl 1 
CA12 
CA13 

TSO 1 
TS02 
TS03 
TS04 
TS05 
TS06 
TS07 
TS08 
TS09 
TSlO 
TSll 
TS12 

GRO 1 
GR02 
GRO3 
GR04 
GR05 
GR06 
GR07 
GR08 
GR09 
GRlO 
GRl 1 
GR12 

TEO 1 
TE02 
TEO 3 
TE04 
TE0 5 
TE06 
TEO 7 
TEO8 
TEO 9 
TElO 
7x11 
TE12 

Opala Cars with 
Modified Playsmeters 

MM31 MMO2 MMO3 -- -- -- 

Caravan Car 
with 2 meters 

B I  NAASRA - -  
3.97 3.97 
4.95 4.69 
7.33 6.71 
6.48 6.18 
7.87 7.11 
9.62 8.42 
2.57 2.49 
2.25 2.15 
3.97 3.72 
3.71 3.46 
6.22 5.97 
1.59 1.39 
1.56 1.35 

BI Tra i le r  
(Wheeltrack) 

Left Right Ave. - - 
BPR Roughometer 

(Wheeltrack) 
Lef t  Right Ave. - - 
1.43 1.67 1.55 
2.07 1.78 1.92 
3.55 4.02 3.79 
3.57 2.98 3.28 
5.31 3.55 4.43 
3.94 4.18 4.06 
1.39 0.94 1.16 
1.15 0.77 0.96 
2.30 1.11 1.71 
1.69 1.21 1.45 
3.03 3.39 3.21 
1.19 1.21 1.20 
1.33 1.29 1.31 

. . . . . . a .  I * . .  

a * . .  .... .... 











APPENDIX C 

CORRELATIONS BETWEEN RTRRMS EPEASUBES 

In t h i s  appendix, the average r ec t i f i ed  slope (ARS) measures t ha t  were 

obtained from the response-type road roughness measuring systems (RTRIQfSs) are  

compared between instruments and across operating speed. A number of s c a t t e r  

p lo ts  a r e  presented tha t  show how the d i f f e r en t  RTRRMSs "seet' roughness, 

r e l a t i v e  t o  each other .  

A simple cor re la t ion  exercise  was performed, i n  which the ARS measures 

from each RTRRMS were regressed against  those of the others .  The squared 

co r re l a t ion  co f f i c i en t s  (R-squared) a r e  presented f o r  comparative purposes, 

and a re  a l l  based on l i n e a r  regressions. 

Purpose of the Comparisons 

It i s  general ly  recognized t h a t  RTRRMSs change with time. The da ta  

obtained i n  the IRRE should not be used t o  estimate the measures of one RTRRMS 

from the measure of another ,  s ince the mechanical proper t ies  of the 

par t ic ipa t ing  RTRRMSs are  now only h i s t o r i c a l  . Recognizing tha t  there i s  

l i t t l e  merit  i n  attempting t o  estimate one RTRRMS measure from another ,  the 

object ive of t h i s  appendix i s  t o  ind ica te  the best agreement t h a t  i s  possible 

between two RTRRMSs, by comparing measures made a t  the same time under the 

same conditions over the same t e s t  s i t e s .  This l eve l  of agreement es tab l i shes  

a standard against  which a ca l ib ra t ion  methodology can be evaluated. 

In t h i s  r epo r t ,  the source of e r r o r  (differences i n  measures obtained 

from two systems) a r e  c l a s s i f i ed  i n t o  three categories:  

Repeatability. Whenever repeated measurements a r e  made, there w i l l  

not be per fec t  agreement due t o  sources t ha t  a r e  uncontrolled and random. 

Because the e r ro r  i s  random, i t  can be reduced by averaging, e i t h e r  b:y using 

longer t e s t  s i t e s  or by making repeated runs. 



Calibration Error. The measures from one system a r e  c o n s i s t e n t l y  

h igher  than those  of the  o the r .  I f  t h e  d i f f e r e n c e  i s  c o n s i s t e n t  f o r  a c l a s s  

of measurement c o n d i t i o n s ,  i t  can be determined exper imenta l ly  and compensated 

by using a c a l i b r a t i o n  curve. This i s  done f o r  a RTRREiiS by exper imenta l ly  

determining an equat ion f o r  e s t ima t ing  the  reference  measure from the  RTRRMS 

measure. The regress ion  equat ion i s  t h e  c a l i b r a t i o n  curve ,  and the  method i s  

a c a l i b r a t i o n  by c o r r e l a t i o n .  I f  t h e  c a l i b r a t i o n  curve i s  i n  e r r o r  then the  

c a l i b r a t e d  measures w i l l  be biased.  

Reproducibility. Even when two systems a r e  proper ly  c a l i b r a t e d  t o  a 

r e f e r e n c e ,  and r e p e a t  measures a r e  made t o  e l imina te  the  e f f e c t  of random 

e r r o r ,  the  measures obtained wi th  one system w i l l  g e n e r a l l y  not  be p e r f e c t l y  

reproduced by another .  This e r r o r  e x i s t s  because no two RTRRMSs respond 

e x a c t l y  t h e  same t o  road roughnessD If  a number of roads a r e  measured wi th  

two RTRRMSs, they w i l l  be ranked i n  a d i f f e r e n t  order .  No amount of r e s c a l i n g  

o r  manipulating of d a t a  can avoid the  f a c t  t h a t  two roads can be ranked 

d i f f e r e n t l y  by two RTRRMSs. 

This appendix d e a l s  with the  r e p r o d u c i b i l i t y  e r r o r ,  which cannot be 

e l iminated by c a l i b r a t i o n .  I f  a  c a l i b r a t i o n  re fe rence  i s  "pe r fec t "  f o r  one 

RTRRMS, then i t  must have a c o r r e l a t i o n  with another  RTRRMS t h a t  i s  no b e t t e r  

than the  c o r r e l a t i o n  t h a t  e x i s t s  d i r e c t l y  between the  two RTRRMSs. (And s i n c e  

a "pe r fec t "  c a l i b r a t i o n  re fe rence  has  y e t  t o  be found f o r  any RTRRMS, t h e  

r e p r o d u c i b i l i t y  w i l l  always be l e s s  than what i s  demonstrated i n  d i r e c t  

comparisons between RTRRMSs.) 

Correlations 

Tables C.1 - C.10 ( loca ted  a t  t h e  end of t h i s  appendix) show t h e  

c o r r e l a t i o n  mat r i ces  of r-squared values  f o r  a l l  s imple speed combinations of 

measurements when t h e  r e s u l t s  a r e  segregated by su r face  type. Tables C . l l  - 
C.14 show c o r r e l a t i o n  mat r i ces  t h a t  a r e  obtained when t h e  d a t a  sub-sets  a r e  

lumped toge the r  by su r face  type and speed. Before c a l c u l a t i n g  l i n e a r  

r eg ress ion  equat ions  between the  d i f f e r e n t  measures, the  measures obtained 

from the  t r a i l e r s  (Bump I n t e g r a t o r  T r a i l e r  and BPR Roughometer) f o r  each wheel 

t r a c k  were used t o  c a l c u l a t e  an average and d i f f e r e n c e  numeric f o r  each 



section/speed condition. The average of the measures should approximate the 

roughness input t o  a vehicle t h a t  causes bounce and pitching motions, while 

the difference i s  representat ive of the r o l l  input t o  a vehicle.  

In addi t ion t o  the cor re la t ion  t a b l e s ,  a number of s c a t t e r  p lo t s  were 

prepared and examined, which more d i r e c t l y  show the re la t ionships  between the 

ARS measures obtained from the d i f f e r en t  systems. Some of these plotls a r e  

a l so  attached a t  the end of the appendix. 

The s c a t t e r  p lo t s  and the cor re la t ion  tables  lead t o  these observations: 

Measurement speed. Correlations between the measures obtained with 

d i f f e r e n t  systems are  best when the two systems a re  operated a t  the same t e s t  

speed. Correlations a r e  degraded when the difference i n  speed of the two 

systems i s  increased. Figure C.1 compares measures made a t  d i f f e r en t  speeds. 

I n  a l l  of the p lo t s  shown, regression l i n e s  a re  p lo t t ed ,  based on a quadratic 

regression using the da ta  points  shown i n  the p lo t .  Figures C.2 - C.5 show 

s imi la r  p lo t s  made when ARS measures made a t  the same speeds a r e  compared. 

(The f igures  a re  attached a t  the end of the appendix.) 

Surface type. When the same speed i s  used f o r  two RTRRMSs, the 

regression l i n e s  obtained fo r  d i f f e r en t  surface types a r e  nearly the same, 

ind ica t ing  tha t  the underlying re la t ionship  i s  not influenced s trongly by 

surf ace type. 

Dis t r ibu t ion  of Scat ter .  The variance about the regression l i n e s  i s  

f a i r l y  uniform over the e n t i r e  range of roughness. An assumption of equal 

s c a t t e r  over the range i s  a much b e t t e r  approximation than an assumption of 

s c a t t e r  proportional t o  roughness. 

In te rac t ion  between speed and surface type. When ARS measures made 

a t  d i f f e r e n t  speeds a re  compared (Fig. C . l ) ,  the regression l i n e s  for  

d i f f e r e n t  speeds diverge,  and would ind ica te  t h a t  s c a t t e r  increases  with 

roughness i f  the data  fo r  the d i f f e r en t  surface types were combined. Thus, 

the in t e r r e l a t ionsh ip  between s c a t t e r  and roughness t h a t  appears when measures 

a r e  made a t  d i f f e r en t  speeds i s  not due t o  random e f f e c t s ,  but to  an 

in t e rac t ion  between surface type and measurement speed. 



Appendix I shows t h a t  the  s p e c t r a l  contents  of road p r o f i l e s  d i f f e r  with 

su r face  type,  and Appendix F shows appproximately t h e  waveband seen by a 

RTRRMS a t  the  d i f f e r e n t  t e s t  speeds. On t h e  unpaved r o a d s ,  t h e r e  i s  more 

short-wave roughness, which i s  "seen" more by t h e  RTRRMSs a t  lower speeds. On 

the  a s p h a l t i c  concrete  (CA) roads ,  t h e r e  i s  r e l a t i v e l y  l i t t l e  short-wave 

roughness. Therefore ,  when a paved and unpaved road have the  same roughness 

when measured a t  a  h igh speed,  t h e  unpaved road w i l l  have more roughness input  

t o  the  RTRRMS a t  a  lower speed. 

Choice of roadmeter. Figure C.6 compares the  ARS measures from the  

B I  and NAASRA meters mounted i n  the  same veh ic le .  The agreement i s  near ly  

p e r f e c t  except f o r  a few of t h e  80 km/h t e s t s .  (Comparisons wi th  the  o the r  

systems i n d i c a t e  t h a t  t h e  NAASRA readings  a r e  more c o n s i s t e n t . )  Except f o r  

the  80 km/h t e s t s ,  t h e  B I  and NAASRA r e s u l t s  a r e  equivalent  f o r  a l l  p r a c t i c a l  

purposes,  and can be considered t o  be redundant measures made by one system. 

The BPR Roughometer. The BPR Roughometer tends t o  have t h e  lowest 

c o r r e l a t i o n  wi th  the  o t h e r  ins t ruments .  Not s u p r i s i n g l y ,  i t s  measures usua l ly  

agree c l o s e s t  wi th  those of t h e  B I  T r a i l e r .  The problem appears t o  be t h a t  

t h i s  RTRRMS was no t  rugged enough f o r  t h e  cond i t ions  included i n  the  IRRE, 

with the  r e s u l t  t h a t  many of t h e  readings  were f a u l t y  due t o  veh ic le  damage. 

Range of cond i t ions  f o r  c o r r e l a t i o n .  Any given instrument has 

c e r t a i n  combinations of speed and su r face  type t h a t  show e i t h e r  h igh o r  low 

c o r r e l a t i o n s  wi th  t h e  o t h e r  ins t ruments ,  but o v e r a l l ,  no t r end  i s  evident .  

Agreement between the  d i f f e r e n t  ins t ruments  i s  more-or-less equ iva len t  over 

a l l  of the  t e s t  cond i t ions  when t h e  t e s t  speeds a r e  equal  (wi th  t h e  exception 

of the  BPR Roughometer). 

Sum and d i f f e r e n c e  measures. The d i f f e r e n c e  measures obtained from 

the  two t r a i l e r s  do not appear u s e f u l  f o r  p r e d i c t i n g  measures made wi th  o t h e r  

systems. The simple average of  t h e  roughness measures of the  r i g h t  and l e f t  

wheeltracks has  such a high c o r r e l a t i o n  with the  o t h e r  measures t h a t  l i t t l e  

can be gained by adding the  d i f f e r e n c e  measures t o  a regress ion .  

C o r r e l a t i o n  a c r o s s  speed. The form of veh ic le  response t o  road 



roughness t h a t  i s  measured by a  roadmeter i s  the  r a t e  of motion of the  

suspension,  t e c h n i c a l l y  c a l l e d  t h e  average r e c t i f i e d  v e l o c i t y  (ARV). ARV i s  

measured by d i v i d i n g  t h e  accumulated axle-body d e f l e c t i o n  measured by t h e  

roadmeter by the  e lapsed time of the  measurement, y i e l d i n g  a  numeric with the  

u n i t s  "length/t ime." The ARV thus  measures the  s e v e r i t y  of v i b r a t i o n  ( i n  the  

veh ic le  suspension)  caused by t h e  road roughness. 

When t h e  accumulated d e f l e c t i o n  i s  divided by t h e  l eng th  of the ,road t e s t  

s e c t i o n ,  the  r e s u l t  has the  u n i t s  of average r e c t i f i e d  s lope  (ARS). ARS i s  

not  a  measure of t h e  v e r t i c a l  d e v i a t i o n s  i n  the  road su r face  pe r  u n i t  of road 

l eng th .  Rather ,  i t  i s  the  r a t i o  of mean suspension ( v i b r a t i o n )  v e l o c i t y  t o  

t r a v e l  v e l o c i t y .  The d i f f e r e n c e  i s  s u b t l e ,  but  e x p l a i n s  why ARV should be 

used when comparing measures made by d i f f e r e n t  RTRRMSs over a  range oE speeds. 

A simple r e l a t i o n s h i p  can u s u a l l y  be found between t h e  responsiv~eness  of 

one RTRRMS r e l a t i v e  t o  ano the r ,  but  due t o  n o n l i n e a r i t i e s  i n  the  vehilales, t h e  

roadmeters,  and a l s o  t h e  presence of e x t r a  v i b r a t i o n  from t i r e  and wheel 

nonun i fo rmi t i e s ,  t h e  r e l a t i o n s h i p  w i l l  not  be l i n e a r  and may have an o f f s e t ,  

such t h a t  a  ze ro  reading f o r  one system corresponds t o  a  non-zero reading f o r  

the  o the r .  The n o n l i n e a r i t i e s  a r e  due t o  v e h i c l e  p r o p e r t i e s ,  and a r e  

p r imar i ly  inf luenced by the  amplitude of inpu t  a s  perceived by t h e  v e h i c l e ,  

r e g a r d l e s s  of t h e  t r a v e l  speed. This i s  i l l u s t r a t e d  i n  Figure C.7, w'hich 

shows t h e  ARV measures from d i f f e r e n t  RTRRMSs p l o t t e d  toge the r  f o r  th ree  of 

t h e  IRRE t e s t  speeds.  The s e p a r a t e  r egress ion  equat ions  computed f o r  each 

speed c o l l a p s e  i n t o  a  s i n g l e  r e l a t i o n .  But because ARS i s  t h e  ARV resca led  by 

t r a v e l  speed,  t h e  simple o f f s e t  t h a t  appears i n  t h e  p l o t s  i n  Figure C . 7  w i l l  

vary wi th  speed when the  d a t a  a r e  compared a s  ARS measures. Figure C.8 shows 

t h a t  d i f f e r e n t  r e l a t i o n s  between ARS measures e x i s t  f o r  t h e  d i f f e r e n t  

measurement speeds.  

The d a t a  show t h a t  a  r e l a t i o n s h i p  found between two RTRRMSs when both a r e  

operated a t  one speed w i l l  u s u a l l y  be v a l i d  a t  o t h e r  speeds ,  i f  t h e  r'oadmeter 

numerics a r e  converted t o  ARV u n i t s .  





Table C . 2 .  Correlation Tables of R-Squared Values f o r  20 and 
3 2  km/h. 

ASPHALTIC COERETE TEST SITES 
20 t!R 01 HE 02 Rtl 03 51 CAR NAASRb 51 TRL B I  TRL BPR 3PR 

32 iAVE) IDIFF) (AM!  !DIFF 

nn a2 
tin 03 
81  CAR 
NAASRA 
51 TRL (AVE! 
B I  TRL LDIFF! 
BPR IAYE! 
BPF! !D!FF! 

TEST SITE! bfITH SURFACE TREATflEHT 

77 
20 nn 01 nn 02 nn 03 BI EAR NAASRA 51 TRL 51 TRL BPR BPR 

+ A  I A K )  [DIFF) !AYE! !!IFF) 

nn oi ,9476 ,9507 ,9209 ,9684 , 9028 ,9475 , 1661 ,8537 ,3474 
fltl 02 ,9534 ,9551 ,9239 ,9743 ,9697 ,9469 ,1729 ,8534 ,3303 
HH 03 ,8417 .883 ,9739 ,9433 ,9497 ,8476 ,2362 ,8764 ,3558 
51  CAR ,9706 ,9716 ,9271 ,9936 ,9791 ,9623 ,1527 .?992 ,2919 
NAASRA .9544 ,9625 ,9386 ,985 ,9815 ,9494 ,1524 ,7976 ,2841 
B l T R L ( A V E )  ,9352 ,9568 ,8995 ,9719 ,9646 ,9638 ,0965 ,9437 ,2484 
51  TRL IDIFF! ,6645 .0590 1 8  ,1106 ,1061 ,0641 ,6062 ,2963 ,5324 
RPR IAVE! ,946 ,9589 .9163 ,9746 ,9669 ,9432 ,1755 ,8673 ,308 
BPR !!IFF! ,3762 ,4299 ,4429 ,5201 ,4842 .3?8i ,1786 ,5643 ,1526 

GRAVEL SURFACED TEST SITES 
'?1 

20 tin 01 HM 02 nn 03 ar CAR NAASRA 51 TRL 51 TRL BPR BPR 
r l i  [AYE) IDIFF) IAVE) (DIFF) 

In or 
nfl 02 
HM 03 
B I  CAR 
NAASRh 
51 TRL !A!IE) 
B I  TRL (DIFF) 
BPR IAVE) 
BPR IDIFF) 

EARTH ICLAYI SURFICE TEST SITES 
20 nH 01 tin 02 HK 03 51 CAR NAASRA $1 TRL B I  TRL BPR BPR 

32 tAVE) IDIFF) !AYE) !DIFF) 

tfH 01 ,978 
nn 02 ,8685 
I 03 ,7903 
51 CAR ,8193 
HCIRSEA ,8268 
51 TRL (AVE! ,8147 
BI TRL [DIFF) ,338 
EPR (AYE) ,835 
BPR [RIFF) ,1644 
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T a b l e  C .  4 .  C o r r e l a t i o n  T a b l e s  of R-Squared Values  f o r  20 and 
80 km/h, 

ASPHALTIC CONCRETE TEST SITES 
20 nlr 01 HI! 02 [ti 03 B l  CAR MAASRA B I  TRL 81 TRL BPR BPR 

80 IAVE) I D I F F )  (AYE) [? IFF1  

tin 03 ,8652 
B I  CAR ,7787 
NAF~SRR . a553 
31 TRL (AYE) 0 
Bi TRL (DIFF!  0 
BPF: i A K !  ,9701 
BPR I D I F F )  ,0658 

TEST SITES WITH SURFACE TREATHEMT 
20 nn 01 WK 02 nn 03 B r  CAR NAASRA BI TRL BI TRL BPI BPR 

80 (AYE) ! D I F F l  (AYE! [ D M )  

flfl 01 ,7165 ,7287 ,7582 7 ,7575 ,7049 .2051 ,9354 ,4244 
lrtt 02 ,7398 ,7592 .798 ,8104 ,7985 ,7399 .I800 ,9408 ,3912 
Htl 03- !677 ,6891 ,7652 ,7361 .7?59 ,6451 :2635 ,8952 ,4565 

GRAVEL SURFRCED TEST SITES 
20 HI! 01 Htl 02 HH 03 B I  EAR NAASRA B I  TRL %I TRL B P I  BPR 

8 0  (A\JEI !DIFF)  ( M E )  I D I F F )  

f l ~  01 .9397 ,9224 -896 ,9074 .?O?b ,9241 ,2666 .8659 ,3819 
fftl 02 ,9553 ,9448 .8607 ,9369 ,9308 ,9389 ,2291 ,8942 ,3358 
nil 03 ,9358 ,8891 ,8525 ,8943 .8?3& ,8933 ,2867 ,9099 ,3003 

EARTH {CLAY! SURFACE TEST SITES 
20 nn o i  nn 02 nn 03 B I  CAR NAASRA BI TRL EI TRL BPR BPR 

86 IRSE) !LUFF) IA1'El I D I F F )  

tin 01 ,9758 ,7393 ,6014 ,725 ,7438 ,7158 ,5714 ,6732 ,4304 
rtfl 02 .PO89 .'?688 ,9334 ,9485 .954b ,9698 ,3895 ,9409 ,2366 
HR 03 ,9461 .??I1 ,9114 ,9923 ,9952 .??a1 ,3968 .?b45 ,2881 
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Tab le  C.7. C o r r e l a t i o n  Tab le s  of R-Squared Values f o r  32 and 
80 KM/h. 

ASPHkLTlC CDMCRETE TEST S ITES 
32 f!R 01 HE 02 flt! 03 EI CAR NAAStk  B I  TRL B I  TRL EPR BPR 

80 (AYE) ! D I F F I  W E )  I D I F F }  

m 01 
ntt 02 
Et l  03 
B I  CAR 
NAASRA 
81 TRL (AYE) 
BI TRL ( D I F F )  
BPR !AYE) 
BPR I D I F F )  

TEST S I T E S  U I T H  SURFACE TREATHENT 
32 tifl 61 HH 02 flH 03 0 1  CAR NAASRA B I  TRL BI TRL BPR BPR 

80 [AYE) [ D f F F )  ( A i E )  I D I F F )  

GRAVEL SURFACED TEST S ITES 
32 Hn 01 tifl 02 #H 0 3  $1 CAR HAASRA BI TRL B i  TRL BPR BPR 

50 IAVE) [ R I F F )  tAVE l  (R IFF1  

Htz 01 ,9645 -923 ,5884 ,9255 ,9373 ,9034 ,3249 ,9299 ,206 
fin 02 ,9713 ,9302 ,8507 ,9417 ,9503 ,9213 ,2848 ,9695 ,1925 
Hf l  03 ,4445 ,8557 ,9211 .59f9 ,9037 ,5697 ,3259 ,8841 ,2089 

EARTH (CLAY) SURFACE TEST S I T E S  
32 nn ol nn 02 nn 03 a] CAR NRRSRR BI TRL 01 TRL BPR BPR 

80 iAVEf  [!IFF) IAVE) !D IFF)  

nfl 01 ,8968 ,7804 ,522 . 6923 ,7304 .?h?3 ,6397 ,7337 ,4627 
f l#  02 .?555 ,9932 ,4052 ,9127 ,7529 ,9847 ,431 ,766 ,2b13 
M 03 ,4528 ,9954 .883! ,9358 ,9665 ,9749 ,4294 ,9817 ,3203 







Table C.10. Correlation Tables of  R-Squared Values f o r  80 km/h. 

ASPHALTIC CONCRETE TES T S ITES 
n~ 01 nn 02 nn 03 a1 CAR NAASRA BI TRL 81 TRL BPR BPR 

(AYE) !L)IFF) (AYE) !DIFF)  

It# 01 
nn 02 
Wtl 03 
3 1  CAR 
NAASRA 
8 1  TRL (bii'E! 
B I  TRL (DIFF!  
BPI? W E )  
BPR I D I F F I  

fln 01 
Kn 02 
Kn 03 

TEST S ITES Y I T H  SURFACE TREATNEHT 
Hfl 01 HN 02 Bfl 03 

GRAVEL SURFACED TEST S I T E S  
nn oi MN 02 ~n 03 

EARTH ICLAY) SURFACE TEST S ITES 
nfl 01 HH 02 Hfl 03 



Table C. 11. Corre la t ion  Tables of R-Squared Values without 
Segregating Surface  Type. 

HEASURES MADE AT 20 F/H 
BI CAR NAASRA BI TRL 

(AYE! 
flk 01 

1 
,917 
.8??8 
,9348 . 9366 
,8867 
,5444 
,8853 
,2745 

81 TRL 
(DIFFI 

,5444 
,3169 
,359 
,3087 
,2993 
,2452 
1 
,2237 
,4901 

BPR 
(AK) 

.8853 
,956 
,8997 
,9486 
,9459 
,9408 
,2237 
1 
.Oh65 

BPR 
IDIFF) 

,2745 
,0863 
,0925 
,0822 
,0762 . C382 
,4801 
.06bt 
1 

nn 01 
nn 02 
ftM 03 
BI CAR 
HAASRa 
BI TRL (AVE) 
El TRL (DIFF 
BPR !AYE! 
BPI! IDIFF! 

HEASURES BADE AT 32 K/H 
HI! 01 Kti  02 IN 03 BI CAR NhASRA BI TRL BI TRL BPR BPR 

IAVEI (DIFF) (AYE) (DIFF) 

nfl 01 
ntl 02 
Xtl 03 
bI CAR 
ECAASRA 
EI TRL (AYE) 
BI TRL iDIFF 
BPR (AVE) 
BPR (DIFF) 

Hi4 01 1 ,9695 ,4571 ,940.4 ,9657 ,9365 ,5934 ,8012 ,151 1 
tifl 02 .9596 1 ,9814 ,9716 ,9871 ,974 ,3435 ,7626 ,1474 
fin 03 .95?1 .98i4 i ,9677 ,9849 ,9562 ,2882 ,7434 ,125 
EI CAR ,9106 ,9716 ,9677 1 ,9902 ,9831 ,3058 ,7897 ,1708 
HAASRA ,9657 ,9871 ,9849 ,9902 1 ,981 .??I6 .7921 ,134 
61 TRL (BYE! ,9365 .974 .9562 ,9831 ,981 I ,3293 ,8107 .I927 
BI TRL !DIFF! ,5834 ,3435 .2882 ,3058 ,??lb ,3293 1 ,367 ,5473 
BPR !AVE) ,8012 ,7626 ,7434 ,7897 ,7921 ,8107 ,357 1 ,2275 
BPR IDIFF! ,1511 ,1474 ,125 .1708 ,134 ,1929 ,5473 ,2275 1 

HEASURES HADE AT 80 K f H  
BI CAR MARSRA BI TRL BI TRL 

IRVE) IDIFF) 
tin 02 BPR 

(AVEI 
BPR 
[DIFF) 

03 ,9178 
Bl CAI? .a721 
NAASRk ,955 
BI TRL (AVE! 0 
31 TRL IDIFF) 0 
BFR IAVE! ,9369 
BPR ID!FF) ,0743 



Table C. 1 2 .  Cor re la t ion  Tables of R-Squared Values without 
Segregating Measurement Speeds. 

ASPHALTIC CDNCRETE TEST SITES 
18 0 1  Hfl 02 t!R 0 3  B I  CAR NBASRk BI TRL B i  TRL BPR 5PR 

(AYE) I D I F F )  !RYE! !DIFF! 

tin 0 1  
nn 0 2  
tfH 0 3  
bI CAR 
MAtiSRA 
2 1  TRL i A V i )  
O I  TRL ( D l F F )  
BPR !AVE! 
BPR !R IFF)  

TEST SITES # I T H  SURFACE TREATREHT 
Hti 0 3  E l  CAR MAASRk B I  TRL B I  TRL 

!AYE) !RIFF) 

nn 0 2  
rtrt 0 3  
B I  CRR 
NAASRA 
B I  TRL !AYE) 
B I  TRL ID IFF !  
BPFI (AYE) 
BPR !DIFF) 

GRAVEL SURFACED TEST SITES 
H I  0 1  tin 0 2  Ht i  0 3  B I  CAR MAASRA B I  TRL Bl TRL BPR BPR 

(AVE) I D I F F )  M E !  ( D I F F I  

Hfl 0 1  
n)4 0 2  
n #  53 
E l  CAR 
NGASRA 
3 1  TRL [AVE) 
3 1  TRL ID IFF !  
BPR (AYE) 
BPR [D IFF !  

EARTH (CLAY! SURFACE TEST SITES 
nn 03  BI c A e  HAASRA BI TRL BI TRL BPR BPR 

(RVEl I D I F F )  [AVE) [ D I F F )  

flrt 0 3  
B I  CAR 
NAASRA 
B I  TRL (AYE) 
B I  TRL !RIFF 
BPR I h V E l  
BPI! !RIFF)  



T a b l e  C.13. C o r r e l a t i o n  T a b l e s  of R-Squared Values a f t e r  Convers ion 
t o  ARV, w i t h o u t  s e g r e g a t i n g  Measurement Speeds .  

ASPHALTIC CONCRETE TEST SITES 
ft! 01 flfl 02 RK 03 81 CAR NAASRA B I  TRL 31 TRL BPk BPR 

!AVE) !D IFF I  (AVE) (DIFF!  

bI CAR 
MAASRii 
EI TRL LASE) 
B I  TRL (DIFF!  
BPR (AYE) 
6PR I D I F F )  

nn 02 
nfl 03 
6! CAR 
NAASRA 
81 TRL (AVE; 
6 1  TRL (D IFF)  
BPR (ASE) 
BPI! [D lFF !  

TEST SITES WITH SURFACE TREATIENT 
flfl 01 flfl 02 flK 03 6 1  CAR MAASRA B I  TRL 6 1  TRL BPR BPR 

W E )  I D I F F )  (APE) (D IFF)  

6RAVEL SURFACED TEST SITES 
f lR 01 flti 02 flti 03 6 1  CAR NAkSRA B l  TRL 31 TRL BPR BPR 

!AYE) I D I F F )  (Ai1E) I D I F F )  

Hlt 01 t ,9424 ,9286 ,9395 ,9422 ,9529 ,6594 .8b2b ,2495 
fln 02 ,9424 1 ,9744 ,9931 ,9923 .9848 ,7487 ,8227 .2384 
flH 03 .?28b ,9744 1 ,3579 ,9589 ,9495 ,7011 ,7289 -2219 
31 CRR ,9395 ,9932 ,9578 1 ,9975 ,9935 .7327 ,8157 .?OBb 
MAASRA . 9422 T ,9923 ,7589 ,9975 1 ,9907 ,7442 . a 1 ~ 1  . 2 1 ~  
B I T R L I A V E )  ,9529 ,9848 ,9495 ,9935 ,9907 1 ,6903 ,8267 ,2227 
6 1  TRL (!IFF) ,6594 ,7487 ,7611 ,7327 ,7442 ,6903 1 ,4598 ,3116 
IPR !AYE) .am ,8227 ,7289 ,8157 .BIY .a267 ,4596 1 ,4662 
B P R ( D I F F 1  ,2495 ,2384 ,2219 ,208b ,2162 ,2227 ,3110 ,4bb2 1 

EhRTH !CLAY)  SURFACE TEST S ITES 
nti oi nn 02 nn 05 er CAR NAASRA 81  TRL BI TRL BPR BPR 

LAVE) I D I F F )  (AVE) I D I F F )  

flfl 01 1 
nn 02 ,35112 
flfl 03 ,8483 
El CAR ,8808 
N A ~ S R A  ,8977 
B I  TRL !AVEi ,8734 
B l  TRL !DIFF! ,2707 
BPR LAVE! ,1517 
BPR i P ! F i i  . i t 5  





ARS32 from MM #2 ARSSo from MM #2 

ARSsQ from MM #2 ARSBo from MM #2 

Figure C.1.  Comparison of ARS measures made at different speeds by two 
RTRRMSs. 



ARSIO from MM #2 ARSzO from MM #2 

IcIccI+....( 
I 30 

ARSPO from NAASRA ARSZO from BPR Trailer 

Figure C.2. Comparison of ARS measures made by four RTRRMSs. 20 



ARS32 from MM #2 ARSJP from MM #2 

ARSS2 from NAASRA ARSS2 from BPR Trailer 

Figure C.3. Comparison of measures made by four RTRRMSs. 

C - 22 



ARSSO from MM #2 

ARSso from NAASRA 

ARSs0 from MM #2 

ARSS0 from BPR Trailer 

Figure (2.4. Comparison of ARS50 measures made by four RTRRMSs. 

c - 2 3  



ARSao from MM # I  ARSBo from MM #3 

Figure C.5. Comparison of ARSsO measures made by three RTRRMSs. 



ARS from NAASRA 

Figure C.6. Comparison of ARS measures made with two roadmeters in the same 
vehicle. 
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F i g u r e  C.7 Comparison of  ARV Measures from Three RTRRMSs Taken a t  Three 
Speeds on A s p h a l t i c  Concre te  Roads. 



""t 
m4 

8 2 4 6 8 i 0 
M A Y S  M E T E R  # 2  - M J K M  
SkbRIF="arpGP=.Ei= B=a 

CjFFEDS= 2 ( . r l  xz s t 3  

00 

r 
4' 

$ w  

t 

E *  
V )  
Q 
a 
z CIT 

m 
0 2 4 6 8 10 

M A Y S  M E T E R  # 2  - M H K M  
SURFfiGF-53 = GFb 

SF'r=.EDS= 2 t : 2  32 S C L 3  

m i  
0 2 4 6 8 10 

N A A S R A  - M J K M  

Figure (2.8 comparison of ARS Measures from Three RTRRMSs Taken a t  Three 
Speeds on Asphal t ic  Concrete Roads. c - 27 









APPENDIX D 

SUBJECTIVE UTINGS 

Experiment 

A t  t h e  completion of t h e  experiment,  a  s h o r t  s tudy was performed i n  which 

a  panel  of 18 persons assigned a  s u b j e c t i v e  r i d e  r a t i n g  t o  each t e s t  sec t ion .  

The s t a f f  a t  GEIPOT had performed a  s i m i l a r  s tudy i n  l a t e  1978 f o r  the p r o j e c t  

"Research on t h e  I n t e r r e l a t i o n s h i p s  Between Cost of Highway Const ruct ion,  

Maintenance and U t i l i z a t i o n "  (ICR) t o  r e l a t e  t h e  QI s c a l e  t o  use r  opinion [ 7 ] .  

The procedures used t o  g a t h e r  d a t a  i n  the  e a r l i e r  s tudy were repea ted ,  using 

a n  i n t e r n a t i o n a l  panel  of men and women, whose backgrounds a r e  summarized i n  

Table D.1. A l l  of t h e  panel  members were d r iven  over the  t e s t  s e c t i o n s  by a 

s t a f f  member f a m i l i a r  wi th  t h e  r o u t e  i n  one of t h r e e  Chevrolet  Opala passenger 

c a r s .  These were the  same t h r e e  c a r s  equipped wi th  Maysmeters t h a t  were used 

i n  the main experiment. The v e h i c l e  speed was 50 km/h f o r  a l l  of the  unpaved 

s e c t i o n s  and 80 km/h f o r  a l l  of the  paved s e c t i o n s .  The panel  members r a t e d  

t h e  s e c t i o n  by marking a  g r a p h i c a l  s c a l e  on a  f i e l d  form, which showed a s  

s c a l e  ranging from 0 t o  5 ,  wi th  5.0 being a  p e r f e c t  road. Back i n  the  off  i c e ,  

t h e  l o c a t i o n  of t h e  mark was measured wi th  a  r u l e r  and entered i n t o  the  

computer, which converted the  measure t o  a  value between 0 and 5. 

Data Normalization 

The d a t a  c o l l e c t e d  i n  the  s tudy  a r e  presented i n  Table D.2. The mean 

and s t andard  d e v i a t i o n  (MEAN and SIGMA) a r e  l i s t e d  f o r  each t e s t  s e c t i o n  and 

f o r  each panel  member. The mean va lue  f o r  a l l  r a t i n g s  i s  2 .7  and the  average 

s tandard d e v i a t i o n  f o r  a l l  the  members i s  1. When the  r a t i n g s  from each r a t e r  

a r e  simply averaged,  t h e  r e s u l t s  a r e  more inf luenced by those  members who used 

more of t h e  a v a i l a b l e  s c a l e  ( s i g n i f i e d  by l a r g e r  SIGMA v a l u e s )  than those  who 

used only a  smal l  por t ion .  To g ive  each member equal  weighting i n  the  f i n a l  

average,  t h e  r a t i n g s  f o r  each member were normalized by t h e  process  of 

s u b t r a c t i n g  t h e  mean value  f o r  t h a t  r a t e r  from a l l  of h i s l h e r  r a t i n g s ,  and 

d i v i d i n g  t h e  r e s u l t s  by h i s / h e r  s tandard d e v i a t i o n .  After  normal iza t ion,  the  



Table Dn1. Description of panel of r a t e r s  

Number Country 

United States  

Brazil  

Brazil  

Brazil  

Brazil  

United States 

Brazil  

Brazil  

Brazil  

Brazil  

Brazil  

Brazil  

Brazil  

New Zealand 

France 

France 

Brazi l  

Brazil  

Occupation Sex 

Mechanical Engineer 

Secretary 

Secretary 

Draftsman 

Accountant 

Economist/Editor 

Civi l  Engineer 

Civ i l  Engineer 

Translator 

Clerk 

Draftsman 

Secretary 

Technician 

Civ i l  Engineer 

Civ i l  Engineer 

Civ i l  Engineer 

Clerk 

Civ i l  Engineer 

Male 

Female 

Female 

Male 

Male 

Male 

Male 

Male 

Male 

Male 

Male 

Female 

Male 

Male 

Male 

Male 

Ma1 e 

Female 
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r a t i n g s  of each member had a  mean value  of ze ro  and a  s t andard  d e v i a t i o n  of 

1.0. The normalized r a t i n g s  a r e  presented i n  Table D.3 .  I d e a l l y ,  t h e r e  

should be no missing d a t a ,  because the  c a l c u l a t e d  values  of t h e  mean and 

s tandard d e v i a t i o n  can then be erroneous.  In t h i s  c a s e ,  t h e r e  were t e n  

missing va lues  o u t  of a  t o t a l  of 882. The t e s t  s e c t i o n s  t h a t  were missing 

were not  extremely smooth o r  extremely rough; hence the e r r o r s  in t roduced t o  

the  f i n a l  r a t i n g  f o r  t h e  s e c t i o n s  a r e  assumed t o  be n e g l i g i b l e .  

A c r i t i c a l  phase of analyzing s u b j e c t i v e  r a t i n g  (SR) d a t a  i s  c a l l e d  

"anchoring t h e  s c a l e "  t o  a s s i g n  a b s o l u t e  roughness va lues  t o  each road 

s e c t i o n ,  based on a  comparison of the  range of SR values  obta ined from t h e  

r a t e r s  t o  a  r e f e r e n c e  range. Since t h e  i n t e r e s t  here  i s  i n  seeing t h e  

c o r r e l a t i o n  of SR wi th  t h e  o t h e r  measures and comparing t h e  roughness 

r ank ings ,  t h e  a r b i t r a r y  normalized s c a l e  of Table D.3 was considered 

s u f f i c i e n t ,  I f  d e s i r e d ,  t h e  SR numerics can be "anchoreds' t o  any one of the  

many o b j e c t i v e  roughess measures used i n  the  IRRE. 

Example C o r r e l a t i o n s  With Objective Roughness Heasures 

Figure D.1 shows s c a t t e r  p l o t s  of SR a g a i n s t  t h e  roughness measures 

obta ined from one of t h e  response-type road roughness measurement systems 

(RTRRMSs). The p l o t s  a l s o  inc lude  q u a d r a t i c  r e g r e s s i o n  l i n e s ,  whose 

c o e f f i c i e n t s  were computed s e p a r a t e l y  f o r  each s u r f a c e  type.  The s tandard 

e r r o r  (SE) i s  i n d i c a t e d  f o r  each r e g r e s s i o n ,  and has  t h e  same a r b i t r a r y  u n i t s  

a s  SR. The p l o t s  a l s o  inc lude  the  r2 value  f o r  each of the  regress ions .  Tne 

f i g u r e  r e v e a l s  t h a t  about t h e  same q u a l i t y  of c o r r e l a t i o n  i s  obtained a t  a l l  

f o u r  speeds ,  and t h a t  s u r f a c e  type i n f l u e n c e s  the  r e g r e s s i o n s  the  most when 

the  RTRRMS was run a t  80 km/h. These a r e  unexpected f i n d i n g s ,  g iven t h a t  the  

SR values  a r e  based on t r a v e l  speeds of 80 km/h f o r  t h e  paved roads and 50 

km/h f o r  t h e  unpaved. B e t t e r  c o r r e l a t i o n  was expected when t h e  RTRRMS 

measurement speed matches the t r a v e l  speed during t h e  SR experiment. In these  

examples, a  s i n g l e  non- l inear  r e l a t i o n s h i p  seems t o  e x i s t  t h a t  r e l a t e s  the  

RTRRMS measure t o  SR f o r  t h r e e  of the  s u r f a c e  types  a s  a  func t ion  only of 

roughness,  a s  measured by e i t h e r  the  SR or  RTRRMS s c a l e .  But a  s e p a r a t e  

r e l a t i o n s h i p  i s  needed f o r  t h e  s e c t i o n s  wi th  s u r f a c e  t rea tment  (TS). The SR 

r a t i n g s  do no t  d i s c r i m i n a t e  among these  s e c t i o n s  a s  much as  t h e  RTRRMS, and 

the  SR i s  g e n e r a l l y  h igh compared t o  comparable RTRRMS roughness l e v e l s  f o r  
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Figure D.l..Correlations between SR and ARS measures from a RTRRMS. 



o t h e r  s u r f a c e  types .  The cause of these  r e s u l t s  over t h e  TS s i r e s  i s  revealed 

by the  PSD f u n c t i o n s  i n  Appendix I ,  which show t h a t  t h e  four  "roughest" of the  

TS s e c t i o n s  have a  p e r i o d i c  v a r i a t i o n  t h a t  i s  seen by t h e  veh ic le  a t  11 Hz 

when t h e  speed i s  80 km/h. This frequency w i l l  t y p i c a l l y  e x c i t e  ax le  motions,  

because t h e  v e h i c l e  has a  l i g h t l y  damped v i b r a t i o n  mode i n  which the  mass of 

the  a x l e  and wheels v i b r a t e s  a g a i n s t  the  s i f f n e s s  of t h e  t i r e s .  These ax le  

v i b r a t i o n s ,  having smal l  d e f l e c t i o n  amplitudes but  h igh frequncy,  a r e  sensed 

by the  roadmeter but apa ran t ly  not  by t h e  passenger.  

Figure D.2 shows s i m i l a r  p l o t s  and regress ion  r e s u l t s  f o r  t h e  RARS 

numeric computed from p r o f i l e  us ing the  re fe rence  quar ter -car  s imulat ion 

(RQCS) descr ibed i n  Appendix F. The regress ions  a r e  very s i m i l a r  t o  those  

obtained from t h e  RTRRMS f o r  the  lower speeds ,  but  f o r  t h e  h igher  speeds ,  the  

r e g r e s s i o n  equa t ions  c o l l a p s e  approximately i n t o  a  s i n g l e  r e l a t i o n s h i p .  Thus, 

the  s e n s i t i v i t y  of the  "reference"  RTRRMS appears t o  match t h e  panel  judgement 

b e t t e r  than t h e  ARS measures obtained from t h e  same v e h i c l e  used t o  t r a n s p o r t  

the  r a t e r s .  

Figure D.3 shows the  r e l a t i o n s h i p s  between SR and t h r e e  o t h e r  

prof i le-based numerics : the  short-wave CP2, 5 ,  the  medium-wave CP10 and 

QIr. J u s t  a s  t h e  RTRRMS speed does no t  s t r o n g l y  in f luence  the  q u a l i t y  of the  

c o r r e l a t i o n ,  t h e  choice of a  moving average baselength  f o r  t h e  CP a n a l y s i s  

does not  appear c r i t i c a l  u n l e s s  t h e  a n a l y s i s  emphasizes t h e  longes t  

wavelengths,  i n  which case  (no t  shown) poor c o r r e l a t i o n s  e x i s t .  The QIr 

numeric i s  seen t o  be one of t h e  b e s t  p r e d i c t o r s  of SR. The c o r r e l a t i o n  

between Q I r  and SR on t h e  unpaved roads ,  i s  t h e  b e s t  ob ta ined ,  and t h e  

c o r r e l a t i o n  f o r  t h e  paved roads i s  nea r ly  a s  good a s  seen f o r  the  RAR.S80 

numerics. The r e g r e s s i o n  equat ions  f o r  the  d i f f e r e n t  s u r f a c e  types  c o l l a p s e  

approximately i n t o  a  s i n g l e  r e l a t i o n s h i p  between QIr and SR, a s  do the  

r e g r e s i o n  equa t ions  f o r  RARS50 and MRS 
80 ' 
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Figure D. 3. Correlations between SR and several  profile-based numerics. 
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QI i s  the  name given t o  t h e  roughness s c a l e  used i n  B r a z i l  dur ing and 

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

Highway Const ruct ion,  Maintenance and U t i l i z a t i o n "  (ICR). In  a c t u a l i t y ,  t h e r e  

a r e  s e v e r a l  QI s c a l e s ,  which have s u b t l e  d i f f e r e n c e s .  During t h e  I C R  

p r o j e c t ,  t h e  QI s c a l e  evolved from a numeric t h a t  depended on the  s p e ~ ~ i f i c  

p r o p e r t i e s  of a r e fe rence  ins t rument  (des ignated QI,  which s t ands  f o r  

Q u a r t e r  Car Index) ,  t o  a numeric p a r t l y  def ined by a r e fe rence  - - 
ins t rument  and p a r t l y  def ined by the  response p r o p e r t i e s  of t h e  Opala 

passenger c a r  (des ignated (11") [ 7 ]  , t o  a roughness def ined by t h e  t r u e  

l o n g i t u d i n a l  p r o f i l e  of the  road (des ignated Q I r )  [ 8 ] .  

* 
The QI s c a l e  i s  of p a r t i c u l a r  i n t e r e s t ,  because t h e  c o s t  equat ions  

developed i n  t h e  I C R  p r o j e c t  t h a t  involve  road roughness a r e  based on 
* 

measurements of QI . 
* 

Although i t  i s  not  completely equ iva len t  t o  t h e  QI s c a l e ,  the  QIr 

s c a l e  i s  a l s o  of i n t e r e s t  because i t  i s  a prof i le-based roughness measure t h a t  

has  been suggested a s  a s t andard  f o r  f u t u r e  c a l i b r a t i o n  of response-t:ype road 

roughness measuring systems (RTRRMSs). I n  a d d i t i o n  t o  the  t e s t i n g  repor ted  i n  

t h i s  r e p o r t ,  t h e  QI, s c a l e  has  a l s o  seen l imi ted  use i n  Bol iv ia  [ 2 6 ]  and 

South Af r i ca  [ 2 7 ] .  Fur the r ,  M O ,  a  nea r ly  i d e n t i c a l  s c a l e ,  has  been used i n  

Texas [ 2 8 ] .  

This appendix desc r ibes  1 )  t h e  development of t h e  va r ious  ve r s ions  of QI 



i n  B r a z i l ,  2 )  t h e  mathematical  p r o p e r t i e s  of t h e  prof i le-based QIr numeric, 3 )  

requirements i n  p r o f i l e  measurement f o r  v a l i d  measurement of QI r ,  and 4 )  the  

c o m p a t i b i l i t y  of the  QIr s c a l e  wi th  t h e  RTRRMSs t h a t  p a r t i c i p a t e d  i n  the  IRRE.  

Many of the  d e t a i l s  of the  procedures used f o r  t h e  QI and QIr numerics 

have been repor ted  previously  [ 7 ,  81 , s o  t h i s  appendix mainly covers new 

f ind ings  t h a t  have emerged dur ing the  IRRE. 

DEVeLOPMENT OF THE QI ROUGHNESS SCALE 

QI: the Quar ter -Car  - Index 

The roughness s c a l e  i n i t i a l l y  used i n  t h e  I C R  p r o j e c t  was based on the  

output  from a GMR-type I n e r t i a l  Prof i lometer  ( a l s o  c a l l e d  a Surface  Dynamics 

Prof i lomete r )  used i n  the  p r o j e c t  [ 7 ] .  The Prof i lomete r  i s  equipped wi th  a 

s p e c i a l  purpose analog computer c a l l e d  a Quarter-Car Simulation (QCS) t h a t  i s  

intended t o  r e p l i c a t e  the  dynamics of a BPR Roughometer [ 2 4 ] .  To avoid 

confusion between t h i s  p a r t i c u l a r  QCS and o t h e r s  mentioned i n  t h i s  r e p o r t ,  i t  

i s  des ignated BPRIQCS. (See Appendix A f o r  d e s c r i p t i o n s  of t h e  two BPR 

Roughometers t h a t  p a r t i c i p a t e d  i n  t h i s  experiment,  and Appendix F f o r  a 

d e s c r i p t i o n  of t h e  BPR/QCS.) A t  t h e  s t a r t  of the  p r o j e c t ,  both the  

p ro f i lomete r  speed and the  s imula t ion  speed were s e t  a t  55 km/h, t o  correspond 

t o  the  usage of a s i m i l a r  u n i t  a t  The Pennsylvania S t a t e  Univers i ty .  The 

BPR/QCS device  produces a number of counts  over each 1/10 mile  of t r a v e l  a s  a 

measure of road roughness. The s c a l i n g  is  such t h a t  each count corresponds t o  

1/10 inch  of accumulated p o s i t i v e  suspension d e f l e c t i o n  of t h e  simulated 

v e h i c l e .  Since t h e  t e s t  l e n g t h  i s  1/10 m i l e ,  the  u n i t s  can a l s o  be expressed 

a s  " inches lmi le , "  a s  normally repor ted  f o r  a BPR Roughometer. Because the  

accumulation i n  a BPR roadmeter i s  only f o r  d e f l e c t i o n  i n  one d i r e c t i o n ,  t h e  

s t a t i s i c  produced i s  e x a c t l y  h a l f  of t h e  ARS (average r e c t i f i e d  s l o p e )  numeric 

produced by roadmeters t h a t  accumulate i n  both d i r e c t i o n s .  This number was 

mul t ip l i ed  by 0.6214 t o  conver t  t o  k i l o m e t e r s ,  and t h e  r e s u l t  was repor ted  a s  

"QI" (Quarter-Car Index) wi th  t h e  assumed u n i t s  "counts /k i lometer  . ' I  The 

s imula to r  was ab le  t o  process  only one p r o f i l e  a t  a t ime ,  so  the  QI was found 

f o r  both  t h e  r i g h t  and l e f t  wheel-tracks s e p a r a t e l y ,  and these  measures were 

averaged t o  o b t a i n  t h e  o f f i c i a l  QI f o r  a t e s t  s e c t i o n .  



The Prof i lometer  and i t s  r e l a t e d  equipment experienced cons tan t  

o p e r a t i o n a l  problems dur ing t h e  I C R  p r o j e c t .  Also, the  output of the 

e l e c t r o n i c  QCS was found t o  vary wi th  a  number of t e s t i n g  cond i t ions ,  such a s  

speed,  g a i n  s e t t i n g ,  and choice of follower-wheel. These v a r i a t i o n s  were 

c o n s i s t e n t  and l a r g e ,  i n d i c a t i n g  t h a t  the  ins t rument  was n o t  a c t u a l l y  

measuring " p r o f i l e "  a s  i t  i s  designed t o  do. (When used only on the  smoother 

paved roads i n  the  United S t a t e s ,  t h e  same roughness numeric can be o'btained 

over a  range of t e s t i n g  cond i t ions  wi th  a  GMR-type I n e r t i a l  P ro f i lomete r . )  

Nonetheless ,  when operated under t h e  same t e s t i n g  cond i t ions  (speed,  ~ e t c . )  t h e  

measurements were more t ime-s table  and thus  more r e l i a b l e  than those  of the  

RTRRMSs used t o  ga the r  t h e  bulk of t h e  roughness d a t a  f o r  t h e  p r o j e c t .  In 

t h i s  r egard ,  the  QI  measures from t h e  Prof i lometer  helped provide a  more time 

s t a b l e  roughness s c a l e .  

During the  p r o j e c t ,  survey p r o f i l e  measures were made of t h e  c o n t r o l  

s e c t i o n s  (used f o r  c a l i b r a t i n g  t h e  RTRRMSs) wi th  the  rod and l e v e l  technique,  

a s  t h e  B r a z i l i a n  resea rchers  a n t i c i p a t e d  even f u r t h e r  problems wi th  the  

equipment. E f f o r t s  were made t o  f i n d  an a l t e r n a t i v e  t o  t h e  BPR/QCS "QI" t h a t  

could be c a l c u l a t e d  from t h e  rod and l e v e l  p r o f i l e  measurements. These 

e f f o r t s  were s u c c e s s f u l ,  and i n  1 9 7 9 ,  a f t e r  the  Prof i lometer  reached the  point  

where the  c o s t  and e f f o r t  needed t o  keep i t  o p e r a t i o n a l  were too g r e a t ,  i t  was 

"mothballed." From then on, the  a l t e r n a t i v e  d e f i n i t i o n  of QI t h a t  could be 

appl ied  t o  Rod and Level measures was used i n  t h e  p r o j e c t  [ a ] .  

01,: A Statistic Computed from Rod and h v e l  Profile 

Because of t h e  problems a s s o c i a t e d  wi th  the  Prof i lomete r ,  a  method f o r  

e s t ima t ing  QI from rod and l e v e l  measurements was developed. Rod and l e v e l  

p r o f i l e s  were made of t h e  c o n t r o l  s i t e s ,  whose QI roughness values  were known. 

Several  roughness s t a t i s t i c s  t h a t  had been proposed i n  t h e  l i t e r a t u r e  were 

c a l c u l a t e d  from measured p r o f i l e s  t e s t e d  f o r  agreement with the  QI numerics 

obtained from t h e  Prof i lometer  : 

1. RMSVA (root-mean-square v e r t i c a l  a c c e l e r a t i o n )  [ 2 5 ]  c a l c u l a t e d  f o r  

s e v e r a l  baselengths  , 



2 .  MAVA (mean abso lu te  v e r t i c a l  a c c e l e r a t i o n  = average r e c t i f i e d  

a c c e l e r a t i o n ) ,  a l s o  ca lcu la ted  f o r  severa l  " c h a r a c t e r i s t i c  

baselengths  , I '  

3 .  Slope va r i ance ,  a l s o  ca lcu la ted  f o r  severa l  c h a r a c t e r i s t i c  

baselengths ,  inc luding the  one f o r  the  published geometry of the  

CHLOE prof i lomete r  , and 

4 .  Waveband a n a l y s i s ,  i n  which p r o f i l e  e l e v a t i o n  var iance  i s  computed 

f o r  s p e c i f i c  wavebands. 

Using each type of a n a l y s i s ,  t h e  "bes t t '  model f o r  p r e d i c t i n g  the  QI a s  

determined by t h e  Prof i lometer  was developed, using l e a s t  squares methods t o  

maximize f i t  and using r idge analyses  t o  choose the  independent v a r i a b l e s .  It 

was found t h a t  e x c e l l e n t  c o r r e l a t i o n s  were obtained using e i t h e r  a  waveband o r  

an RMSVA model. In e i t h e r  c a s e ,  two independent v a r i a b l e s  were needed ( t h a t  

i s ,  two d i f f e r e n t  wavebands were needed f o r  t h e  waveband a n a l y s i s ,  and two 

d i f f e r e n t  baselengths  were needed f o r  the  RMSVA a n a l y s i s ) .  Computationally, 

the  KMSVA s t a t i s t i c  i s  much simpler t o  o b t a i n ,  and thus  i t  was adopted t o  

r edef ine  QI f o r  continuing work [ 8 ]  . 

QI* : Rescaled Measurements from RTRRMSs 

During t h e  I C R  P r o j e c t ,  t h e  roughness s c a l e  was def ined by e i t h e r  t h e  QI 

numeric obtained from the  BPRIQCS or  t h e  QIr s t a t i s t i c ;  however, the  a c t u a l  

roughness measurements were made wi th  RTRRMSs, composed of Chevrolet Opala 

passenger c a r s  equipped with modified Maysmeter Roadmeters ( s e e  d e s c r i p t i o n s  

i n  Appendix B and Reference [ 4 ]  ). With few excep t ions ,  t h e  RTRRMSs were 

operated a t  speeds of 80 km/h on paved roads and a t  50 km/h on unpaved roads.  

A t h i r d  s tandard speed of 20 km/h was used on t h e  worst  roads ,  which amounted 

t o  only a  few percent  of the  t o t a l .  When operated a t  80 km/h (paved r o a d s ) ,  

the  "raw" measures ( a s  read d i r e c t l y  from the  roadmeter d i s p l a y )  of the  RTRRMS 
* 

were transformed t o  QI through t h e  use  of a  l i n e a r  r eg ress ion  equa t ion ,  

which was i n  essence t h e  c a l i b r a t i o n  f o r  t h a t  p a r t i c u l a r  RTRRMS. The measures 
* 

made a t  50 km/h were converted t o  QI through a two-step p rocess :  f i r s t ,  the  

"raw" measure was used t o  es t ima te  what t h e  RTRRMS would have measured i f  

operated a t  80 km/h. Then, t h e  r e s u l t i n g  es t imated 80 km/h measure was 



* 
converted t o  QI by using the  c a l i b r a t i o n  equat ion.  On those  r a r e  occasions 

t h a t  a c t u a l  measures were made a t  20 km/h, a three-s tep  process  was used,  i n  

which the  measure was transformed i n t o  an es t ima te  of a 50 km/h measure, which 

was i n  t u r n  transformed i n t o  an es t ima te  of an 80 km/h measure, which was then 
* 

transformed i n t o  QI . 
Although the  roughness s c a l e  has  been descr ibed i n  terms of t h e  (21  and 

QI, s c a l e s ,  t h e  roughness d a t a  c o l l e c t e d  i n  the  I C R  p r o j e c t ,  used a s  the  
d( 

b a s i s  of t h e  roughness-related cos t  equa t ions ,  a r e  composed completely of QI 

values :  r e sca led  ( c a l i b r a t e d )  RTRRMS measures. 

M A m T I G A L  DEFINITIONS OF THE QI SCALES 

QI: Quarter Car Index 

I d e a l l y ,  t h e  mathematical p r o p e r t i e s  of the  QI numeric would be 

determined by the published response p r o p e r t i e s  of the  BPR/QCS device  [9, 2 4 1 ,  

Due t o  a number of c i rcumstances ,  t h e  QI numeric inc ludes  a number of 

equipment-related c h a r a c t e r i s t i c s  a s  w e l l ,  which a l s o  a f f e c t  the  t o t a l  

roughness d e f i n i t i o n .  In  order  t o  understand t h e  s i g n i f i c a n c e  of the  QI 

numeric, i t  i s  necessary t o  a l s o  know something about t h e  f a c t o r s  t h a t  

in f luence  t h e  opera t ion  of t h e  Prof i lometer  and the  BPR/QCS. 

C a l i b r a t i o n  Error .  The e l e c t r o n i c  BPR/QCS produces a vol tage  i n  

p ropor t ion  t o  a simulated axle-body v e l o c i t y ,  r e c t i f i e s  t h i s  s i g n a l  ( t a k e s  the  

abso lu te  v a l u e ) ,  and i n t e g r a t e s  the  r e c t i f i e d  s i g n a l  over the  t e s t  l eng th  of 

0.10 mile  (0.160 km). The i n t e g r a t e d  s i g n a l  runs  a counter t h a t  incr'ements 

every time a vo l t age  threshold  i s  reached and r e s e t s  the  output of th'e 

i n t e g r a t o r  t o  zero .  The "counts" produced a s  t h e  output a r e  thus  due t o  1 )  

t h e  r a t e  a t  which t h e  s i g n a l  i n c r e a s e s  ( i . e . ,  average r e c t i f i e d  v e l o c i t y ,  

ARV), and 2 )  t h e  vol tage  l e v e l  used a s  a r e fe rence  f o r  "one count." Pa r t  of 

t h e  c a l i b r a t i o n  of the  BPR/QCS e l e c t r o n i c  box involves  t h e  c a r e f u l  s e t t i n g  of 

t h i s  th resho ld ,  such t h a t  each count shown corresponds t o  . I0  inch of 

accumulated movement i n  one d i r e c t i o n  (0.20 inches i n  both d i r e c t i o n s ) .  The 

c a l i b r a t i o n  i s  achieved by using a s i n e  wave inpu t  of s p e c i f i e d  amplitude and 



frequency,  and a d j u s t i n g  the  threshold  value u n t i l  a  s p e c i f i e d  count i s  

obta ined.  During the  I C R  p r o j e c t ,  however, the  c a l i b r a t i o n  procedure ou t l ined  

by the  manufacturer was not  followed. The speed s e t t i n g  on the  QCS was not 

adjus ted  c o r r e c t l y ,  and a square wave was used r a t h e r  than a s i n e  wave. Not 

u n t i l  the  Prof i lometer  was prepared f o r  the IRRE were the  e f f e c t s  of these  

e r r o r s  found 1231 : 

1. The ga in  was i n  e r r o r  such t h a t  the  output  had t h e  u n i t s  of ,204 

inchlcount i n  one d i r e c t i o n  ( .408 inch/count i n  both d i r e c t i o n s )  

2 .  The ga in  pushed the  vol tage  threshold  near  the  l i m i t s  of t h e  e l e c t o n i c  

c i r c u i t r y ,  where behavior i s  non-l inear due t o  s a t u r a t i o n  of the op-amps. 

The s e n s i t i v i t y  of the  c a l i b r a t i o n  was reduced, such t h a t  f l u c t u a t i o n s  i n  

performance t h a t  would normally be corrected by an accura te  c a l i b r a t i o n  

were not  e a s i l y  de tec ted .  Hence the  main purpose of t h e  c a l i b r a t i o n  was 

p a r t i a l l y  thwarted. 

The square wave i n p u t  was used r a t h e r  than the  s i n e  wave because the  

output  d r i f t e d  wi th  a s i n e  wave i n p u t ,  making c a l i b r a t i o n  d i f f i c u l t .  The use 

of a square wave inpu t  e l iminated the  symptom, but  n o t  t h e  cause ,  which was 

found t o  be a d e f e c t i v e  e l e c t o n i c  component ( r ep laced)  during the  course  of 

preparing f o r  t h e  IRRE. 

Use of the Profilometer at low speeds. The GMR-type Profi lorneter  

senses  vehicle-to-road d i s t a n c e  using a spring-loaded fo l lower  wheel. On 

medium-quality paved roads ,  t h e  fo l lower  wheel bounces when t h e  Prof i lometer  

i s  operated a t  highway speeds ( 5 0  km/h and higher) .  In order  t o  prevent 

bounce of t h e  fo l lower  wheel, lower speeds were used dur ing the  I C R  p r o j e c t .  

This in t roduces  an a d d i t i o n a l  e r r o r  i n t o  the  BPR/QCS numeric, however, because 

t h e  ins t rumenta t ion  i n  the  Prof i lometer  and the  BPR/QCS were designed f o r  

h igher  speeds. Specif i ca f  l y  , t h e  BPR/QCS has a high-pass e l e c t r o n i c  f i l t e r  

t h a t  a t t e n u a t e s  "very low" f requenc ies .  The cut-off frequency,  which i s  t h e  

frequency a t  which a t t e n u a t i o n  becomes s i g n i f i c a n t ,  can be s e t  by the  opera to r  

t o  match cond i t ions .  The problem i s  t h a t  i n  order  t o  run the  Prof i lometer  

without overloading the  a m p l i f i e r s  ( i n d i c a t e d  by l i g h t s  and beepers ) ,  the  

cut-off f i l t e r  had t o  be s e t  a t  t h e  medium s e t t i n g s ,  near  0.5 Hz. The 

corresponding wavelength i s  determined by t h e  Prof i lometer  t r a v e l  speed, and 



i s  18 mlcycle a t  a measurement speed of 3 2  km/h. The response range of  t h e  

BPR/QCS depends on the  s imula t ion  speed,  wi th  the  1.0 Hz lower l i m i t  

corresponding t o  a wavelength of 15 m a t  the  s imulat ion speed of 55 km/h. 

Although t h e  high-pass f i l t e r  t r a n s m i t s  most of t h e  wavelengths t h a t  

a f f e c t  t h e  QI numeric,  those  near  15 m and longer  a r e  a t t enua ted  due t o  t h e  

low prof i lomete r  speed. Therefore ,  t h e  QI measures probably d id  not con ta in  

a l l  of t h e  long wavelength con ten t  t h a t  would be expected i f  t h e  inpu t  t o  t h e  

BPR/QCS had been t h e  " t rue"  p r o f i l e .  

Speed Correction. The BPR/QCS i s  supposed t o  c o r r e c t  f o r  

p ro f i lomete r  measurement speed. During t h e  I C R  p r o j e c t ,  t h e  c i r c u i t  was found 

t o  be d e f e c t i v e ,  t h e  manufacturer was con tac ted ,  and a modi f i ca t ion  t o  f i x  t h e  

c i r c u i t  was developed. The modi f i ca t ion  was never implemented, however, s o  

t h a t  the numerics produced by t h i s  p a r t i c u l a r  BPR/QCS had a speed s e n s i t i v i t y .  

While the  o v e r a l l  e f f e c t  can be cor rec ted  by a speed r a t i o ,  v a r i a t i o n s  i n  

speed dur ing measurement go undetected and can l ead  t o  v a r i a b i l i t y .  

Summary of "True" 01. The above f a c t o r s  could poss ib ly  be taken i n t o  

account t o  determine a q u a n t i t a t i v e  d e f i n i t i o n  of QI. But f o r  a l l  p r , a c t i c a l  

purposes ,  QI can be considered a s  " the  number produced by t h e  BPRIQCS and the  

Prof i lometer  a s  operated dur ing t h e  I C R . "  Because t h e  o r i g i n a l  QI was s o  

s p e c i f i c  t o  a p a r t i c u l a r  p iece  of hardware and o p e r a t i o n a l  procedures ,  i t  

cannot be r e p l i c a t e d  wi th  any assurance.  

The Prof i lometer  was never  used on unpaved roads ,  and only r a r e l y  used on 

s u r f a c e  t rea tment  roads.  Therefore ,  t h e  o r i g i n a l  QI i s  undefined f o r  these  

cond i t ions .  

Rather than a t tempt ing t o  determine e x a c t l y  how t o  d e s c r i b e  t h e  o r i g i n a l  

QI, i t  has  been recommended t h a t  the  a l t e r n a t i v e  d e s c r i p t i o n ,  designated QI, 

and descr ibed below, be used as  the  d e f i n i t i o n  of " t rue"  QI a s  determined from 

p r o f i l e  measurement [ 8 ] .  



QT: Defined by Profile Geometry 

Definition of QI,. The QIr s t a t i s t i c  i s  computed d i r e c t l y  from 

measured p r o f i l e s .  F i r s t ,  t he  p r o f i l e  i s  " f i l t e r e d 1 '  t o  y i e l d  a  v a r i a b l e  t h a t  

has been c a l l e d  "Ver t i ca l  Acce le ra t ion , "  al though i t  w i l l  be shown l a t e r  t h a t  

the  name i s  not  t r u l y  appropr ia te .  The " f i l t e r "  i s  def ined by the  equat ion:  

where 

x = l o n g i t u d i n a l  d i s t a n c e  (m) 

y (x )  = e l e v a t i o n  of wheeltrack a t  p o s i t i o n  x (mm) 

b = baselength  (m). 

Given measures of y (x )  t h a t  a r e  equa l ly  spaced,  Eq. 1 can be re-wri t ten:  

where 

and 

i = index,  corresponding t o  t h e  ith p r o f i l e  e l e v a t i o n  measure 

dx = d i s t a n c e  between p r o f i l e  measurements 

t h e r e f o r e  

n-k 2 112 @iSVAb = [ 1 1  (n - 2  k) 2 VA(i) I 
i=k 

where 

n  = number of measurements 



The e s t i m a t e  of QI t h a t  was developed through regress ion  methods i s :  

E [QI] = QI, = -8.54 + 6.17 RMSVAleO + 19.38 (E-5)  

where 

E [QI] = expected value of QI, and 

6 RMSVAb has the  u n i t s :  l / m m  x  10 . (These u n i t s  a r i s e  when b i s  measured a s  

m and e l e v a t i o n s  a r e  measured a s  mm.) 

Waveband Response of RMSVA and QI,. The wavelength s e n s i t i v i t y  of 

the  VA " f i l t e r 1 '  can be ca lcu la ted  us ing Laplace Transforms, which consider  a  

s i n u s o i d a l  i n p u t :  

Y(W,X)  Yo ejwx = inpu t  

where 

e j W X  = coswx + j sinwx (E-7)  

w = s p a t i a l  c i r c u l a r  frequency (rad/m) = 271 / wavelength = 2n - 
wavenumber, Yo = s i n u s o i d a l  ampl i tude,  and j  = 1-1 = the  

"imaginary1' p a r t  of a  "complex" v e c t o r ,  90' out  of phase wi th  t h e  " rea l "  

p a r t .  Eq. 6 d e s c r i b e s  a  v a r i a b l e  t h a t  i s  s i n u s o i d a l  over l o n g i t u d i n a l  

d i s t a n c e .  

Combining Eqs. 1  and 6 y i e l d s :  

= y(w,x> [ e  jwb + ,-jwb - 2 1 b-2 



The "gain ," I VA / Y / , i s  t h e r e f o r e  : 

where 

L = wavelength = 2n/w (E-l l  ) 

This r e l a t i o n s h i p  i s  shown i n  Figure E.1. The f i g u r e  a l s o  shows the  

wavelength s e n s i t i v i t y  of double d i f f e r e n t i a t i o n  , which de f ines  t h e  t r u e  form 

of v e r t i c a l  a c c e l e r a t i o n .  D i f f e r e n t i a t i o n  of a v a r i a b l e  i s  very simple i n  the  

frequency domain: 

The amplitude response of a double d i f f e r e n t i a t i o n  i s  obtained by applying Eq. 

1 2  twice  : 

When t h e  wavelengths a r e  l a r g e  r e l a t i v e  t o  t h e  RMSVA baselength ,  Eq. 10 

and 13 y e i l d  s i m i l a r  r e s u l t s .  In  o rde r  f o r  the  d i f f e r e n c e  t o  be l e s s  than 

l o % ,  the  wavelengths must be a t  l e a s t  5 .6 t imes longer  than t h e  baselength.  

For t h e  QIr numeric,  which uses a baselength  of 2.5 m ,  t h i s  means t h a t  the  

transform approximates v e r t i c a l  a c c e l e r a t i o n  only f o r  wavelengths longer  than 

14 m ,  even though most of t h e  "roughness" d e r i v e s  from s h o r t e r  wavelengths. 

Thus, t h e  name "RMSVA" i s  a misnomer, because the  roughness s t a t i s t i c  has 

v i r t u a l l y  no r e l a t i o n  t o  v e r t i c a l  a c c e l e r a t i o n  of t h e  p r o f i l e .  

Eq. 10 a l s o  shows t h a t  the  V A  v a r i a b l e  has  no response t o  the  wavenumber 



true vertical acceleration 

Wavenumber x b - cycle/baselength 

NOTE : Wavenumber = 1 /wavelength 

Figure E.1 .  Sensitivity of RMSVA to Wavenumber 



= l / b  and a l l  m u l t i p l e s  (harmonics) of t h i s  value .  It has naximum s e n s i t i v i t y  

a t  wavenumbers .5 /b ,  1 .5 /b ,  2.5/b, ... The VA v a r i a b l e  does not  have a 

bandwidth f o r  an a r b i t r a r y  e l e v a t i o n  i n p u t ,  being equa l ly  responsive t o  wave 

numbers .5/b and 1000.5/b. 

The RMSVA f i l t e r  i s  l i n e a r ,  but  Eq.  5 i s  not  because i t  adds two RMS numerics 

t o  y i e l d  t h e  QIr s t a t i s t i c .  Therefore ,  QIr does not  have a t r u e  waveband 

response t h a t  a p p l i e s  t o  broad-band road inpu t s .  (That i s ,  i f  t h e  QI, 

numerics t h a t  r e s u l t  f o r  two s e p a r a t e  i n p u t s  a r e  known, t h e r e  i s  no r e l a t i o n  

between those  two numerics and the  QIr value t h a t  would be obtained from the  

l i n e a r  sum of the  two i n p u t s . )  Nonetheless, the  response of the  QIr a n a l y s i s  

can be ca lcu la ted  f o r  a pure ly  s i n u s o i d a l  inpu t  by combining eqs.  4 ,  5 ,  and 

11 : 

(QI ,  + 8.54) / Yo response t o  s i n u s o i d a l  p r o f i l e  inpu t  

Eq. 14 i s  shown p l o t t e d  i n  Figure E.2a. While the  f i g u r e  shows t h a t  t h e  

QIr a n a l y s i s  ampl i f i e s  the  p r o f i l e  inpu t  f o r  s h o r t e r  wavelengths, i t  should 

be noted t h a t  t h e r e  i s  s u b s t a n t i a l l y  more road roughness content  a t  long 

wavelengths when e l e v a t i o n  i s  used t o  d e f i n e  p r o f i l e .  (See Appendix I ,  which 

con ta ins  t h e  PSD's of the  49 t e s t  s e c t i o n s  of the  IRRE.) Eq. 14 can be 

re-wri t ten  t o  show the  r e l a t i v e  importance of wavelengths t o  the  QIr numeric, 

by consider ing a p r o f i l e  inpu t  def ined by slope.  Combining Eqs. 12 and 14 

g ives  : 

1 ( Q I r  + 8.54) / Y ' / = response t o  s i n u s o i d a l  s lope  inpu t  



Wavenumber - cycle/m 

a. Sensitivity of Qlr t o  pure sinusoidol displacement 

Wavenumber - cycle/m 

b. Sensitivity of Qlr to  sinusoidal slope input 

Figure E.2. Sensitivity of QI, to Wavenumber 



Eq. 15 is plotted in Fig. E.2b. 

One of the motives for determining the sensitivity of an analysis to different 

wavelengths is to help determine whether the analysis is compatible with 

band-limited measurements. In this case, the question is whether dynamic 

profilometers such as the A P L  trailer can be used to directly measure RMSVA 

and @I,. In an absolute sense, they cannot. Fig. E.2a shows that the QIr 

analysis is not band-limited. The bandwidth of the A P L  profilometer is 

limited, however, such that it is not capable of transducing very short 

wavelengths. If these wavelengths contribute to the RMSVA or @Ir numerics 

when measured statically, then measures made using the profilometers will be 

in error since these wavelengths are omitted. If, on the other hand, most of 

the RMSVA numeric derives from wavelengths that are transduced by the 

profilometer, then the error can be negligible. 

The factor that determines whether or not QIr can be measured with a dynamic 

profilometer is the spectral content of the road itself. On roads having less 

short-wavelength roughness, the errors are slight, while on roads having 

significant short-wavelength roughness, results obtained from a dynamic 

profilometer will be more in error. The response to slope input shorn in Fig. 

E.2b gives a fairly reasonable view of the significance of different 

wavelengths for typical road inputs. 

Effect of Measurement Interval. Eqs. 2 - 4 indicate that RMSVA can be 

computed using any baselength that is a multiple of the measurement interval 

(the distance between successive profile elevation measurements). The 

limiting case, of course, is where the baselength equals the measurement 

interval. When the measurement interval is shorter, such that the baselength 

is an integer multiple of the measurement interval, Eq. 4 can be re-written: 



where 

and i t  i s  assumed ( f o r  mathematical convenience i n  t h i s  d i s c u s s i o n  of 

measurement i n t e r v a l )  t h a t  t h e  q u a n t i t y  n  i s  an  i n t e g e r  mul t ip le  of k. Eq. 16 

can be f u r t h e r  s i m p l i f i e d :  

where 

The above equa t ions  have a  simple i n t e r p r e t a t i o n ,  s i n c e  Eq. 19 i s  

e q u i v a l e n t  t o  Eq. 4 f o r  t h e  case  of k = l  (baselength  = sample i n t e r v a l ) .  The 

RMSVA value  obtained wi th  a  smal l  sample i n t e r v a l ,  i n  which case  k  > 1 ,  i s  the  

RMS sum of a l l  of the  p o s s i b l e  RMSVA va lues  t h a t  can be obtained by skipping 

d a t a  p o i n t s .  

Although t h e  RMSVA formulat ion has  always been presented i n  terms of a  

f i n i t e  number of d a t a  p o i n t s  [ 8 ,  25, 281, t h e  d e f i n i t i o n  of RMSVA given i n  

Eqs. 2 - 4 can be extended t o  a  l i m i t ,  where t h e  sample i n t e r v a l  dx approaches 

zero .  The " t rue"  RMSVAb value  i s  t h u s :  

k-l 2  1 / 2  " t rue"  RMSVAb = Lim I l / k  R j  1 
1  /k-+O j =O 

Since t h e  s e l e c t i o n  of t h e  beginning po in t  of the  p r o f i l e  measurement i s  

e s s e n t i a l l y  random over a  d i s t a n c e  l y i n g  wi th in  t h e  baselength  b ,  a s  opposed 

t o  being s y s t e m a t i c a l l y  s e l e c t e d  on t h e  b a s i s  of p r o f i l e  p r o p e r t i e s ,  the  b e s t  



es t ima te  of any p a r t i c u l a r  R. va lue  must be independent of t h e  s t a r t i n g  po in t  
J 

j .  That i s ,  t h e  b e s t  e s t ima te  of R .  w i l l  be the  same, whether the  
J 

computation s t a r t s  a t  the  f i r s t  p r o f i l e  e l e v a t i o n  measurement ( j=O) ,  t h e  

second ( j = l ) ,  or any a r b i t r a r y  p o s i t i o n  between the  s t a r t  of t h e  d a t a  s e t  and 

a  d i s t a n c e  corresponding t o  t h e  base leng th  b. This i s  t r u e  f o r  a  s t a t i o n a r y  

s i g n a l ,  and q u a l i f i e s  a s  a  v a l i d  "engineering assumption" a s  long a s  the  

l e n g t h  of t h e  p r o f i l e  i s  much l a r g e r  than  t h e  baselength .  

If the  expected value of R.  i s  independent of j ,  then a l l  R .  v a r i a b l e s  
J J 

computed f o r  a  g iven ( long)  p r o f i l e  must have t h e  same expected v a l u e ,  and 

thus  : 

" t rue"  RMSVAb = Lim { 1 / k k  E [ R ~ ~ ]  ) I i 2  
1 /k-30 

In o t h e r  words, t h e r e  i s  no b i a s  e r r o r  a s soc ia ted  wi th  having a  p r o f i l e  

measurement i n t e r v a l  equal  t o  t h e  RMSVA baselength .  The only e r r o r  i s  a  

random one,  which i s  determined by t h e  (random) s e l e c t i o n  of a  s t a r t i n g  p o i n t  

f o r  t h e  RMSVA computation. I f  a  p r o f i l e  has  t h e  same p r o p e r t i e s  as  a  

s t a t i o n a r y  random s i g n a l ,  the  random e r r o r  is  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  

square  r o o t  of n ,  t h e  number of independent e l e v a t i o n  measures. The e r r o r  i s  

thus  reduced by i n c r e a s i n g  n  i n  e i t h e r  of two ways: 9 )  use  a  s h o r t e r  sample 

i n t e r v a l ,  o r  2 )  use  a  longer  s e c t i o n  l eng th .  I n  a c t u a l i t y ,  no p r o f i l e  i s  

t r u l y  s t a t i o n a r y ,  nor  random. Therefore ,  the  random e r r o r  can be decreased by 

i n c r e a s i n g  t h e  s e c t i o n  l eng th  only t o  t h e  e x t e n t  t h a t  t h e  roughness p r o p e r t i e s  

a r e  c o n s i s t e n t  over t h e  e n t i r e  l e n g t h ,  i n  accordance wi th  t h e  assumed 

s t a t i o n a r i t y .  On the  o t h e r  hand,  dec reas ing  t h e  sample i n t e r v a l  w i l l  always 

br ing the  e s t i m a t e  of RMSVA c l o s e r  t o  t h e  " t r u t h "  f o r  t h a t  p a r t i c u l a r  segment 

of p r o f i l e .  

Given t h e  a p p l i c a t i o n  of RMSVA, i n  which high accuracy f o r  a  s h o r t  

segment i s  not  t h e  primary motive,  i n c r e a s i n g  the  s e c t i o n  l e n g t h  i s  p r e f e r a b l e  

t o  dec reas ing  t h e  measurement i n t e r v a l  when poss ib le .  This i s  because t h e  

longer  p r o f i l e  tends  t o  b e t t e r  approach the  assumption of a  s t a t i o n a r y  random 

s i g n a l ,  and i s  l e s s  dominated by any s i n g u l a r i t i e s  i n  i t s  v e r t i c a l  geometry. 

Since t h e  RMSVA numerics have been suggested a s  a  means f o r  c a l i b r a t i n g  



RTRRMSs, t h e r e  i s  another  reason t o  use longer  s e c t i o n  l e n g t h s  when p o s s i b l e ,  

because t h e  RTRRMS measurements a l s o  inc lude  random e r r o r s  t h a t  a r e  decreased 

with longer  s e c t  ions .  

Physical  I n t e r p r e t a t i o n  of RHSQA and QIr 

RMSVA. Even through t h e  RMSVA s t a t i s t i c  i s  not  a  measure of  v e r t i c a l  

a c c e l e r a t i o n ,  t h e  VA " f i l t e r "  has  a  very simple i n t e r p r e t a t i o n :  i t  i s  

equ iva len t  t o  the  mid-chord d e v i a t i o n  t h a t  would be obta ined from a  r o l l i n g  

s t r a igh tedge .  A s  shown i n  Figure E . 3 ,  t h e  d e v i a t i o n  of t h e  c e n t e r  of the  

chord i s  t h e  d i f f e r e n c e  between t h e  p r o f i l e  e l e v a t i o n  a t  t h a t  po in t  and the  

average of t h e  e l e v a t i o n s  a t  t h e  two endpoints of t h e  chord:  

In comparing Eq. 22 t o  Eq. 1 ,  i t  can be seen t h a t  the  two d i f f e r  only by t h e  

s c a l e  f a c t o r  2 b-2. Eq. 22 y i e l d s  a  numeric wi th  u n i t s  of d e f l e c t i o n  (mm) 

and the  simple i n t e r p r e t a t i o n  of t h e  f i g u r e .  "RMSVA" i s  simply t h e  RIYS va lue  

of a  mid-chord d e v i a t i o n ,  a s  would be obtained from a  three-point  mov:tng 

s t r a i g h t e d g e  having a  l eng th  of 2b. 

QG. The QIr numeric does no t  have any d i r e c t  phys ica l  

i n t e r p r e t a t i o n .  It i s  a  weighted sum of two RMS mid-chord d e v i a t i o n s ,  based 

on chord l e n g t h s  of 2.0 and 5.0 m. Since i t  has been used p r imar i ly  f o r  t h e  

c a l i b r a t i o n  of RTRRMSs, i t  can be thought of a s  a r e fe rence  RTRRMS, 

p a r t i c u l a r l y  s i n c e  t h e  measures a r e  repor ted  a s  "counts/km." One prol~lem with  

t h i s  i n t e r p r e t a t i o n  i s  t h a t  t h e  QIr numeric has c e r t a i n  c h a r a c t e r i s t i c s  t h a t  

a r e  not  r e f l e c t e d  i n  RTRRMSs. For example, wavelengths of 0.5 m a r e  

completely " i n v i s i b l e , "  a s  can be expected from t h e  concept of RMSVA a s  shown 

i n  Fig.  E.3, even though they a f f e c t  t h e  measure obta ined from a  RTRNYS. 

Also, t h e  VA v a r i a b l e  defined i n  Eq. 1 i s  def ined a t  a l l  t imes by the  p r o f i l e  

a t  t h r e e  d i s c r e t e  l o c a t i o n s .  Thus, a  s i n g u l a r  roughness e v e n t ,  such i3s a  b ig  

po tho le ,  w i l l  cause only t h r e e  l a r g e  VA values .  A RTRRMS, on t h e  o t h e r  hand, 

w i l l  respond t o  t h e  s i n g u l a r i t y  f o r  some t ime a f t e r  encountering i t .  



a. Schematic Representation of a Mechanical Rolling Straightedge 

MCD(x) = Mid Chord Deviation 

b. Geometry of Mid Chord Deviation 

Figure E . 3 .  Physical Model of RMSVA analysis. 



The QI* C a l i b r a t i o n  Method. 

A l l  of t h e  road roughness d a t a  measured i n  the  I C R  P r o j e c t ,  a s  repor ted  
* 

and s t o r e d  i n  t h e  B r a z i l i a n  computer d a t a  f i l e s ,  a r e  on a  s c a l e  calleid QI . 
* 

QI i s  t h e  c a l i b r a t e d  roughness measure obtained wi th  the  RTRRMSs used i n  

t h a t  p r o j e c t ,  which were t h e  Opala/modified Maysmeter systems descr ibed i n  

Appendix A. When operated a t  80 km/h (96% of paved road l e n g t h  was measured 

i n  t h e  v e h i c l e  c o s t  s tudy a t  80 km/h [ 1 4 ] ) ,  the  d i r e c t  ARS measures ( a s  read 

d i r e c t l y  from the  roadmeter d i s p l a y )  of t h e  RTRRMS were transformed t o  QI* 

through t h e  use of a  l i n e a r  equat ion having the  form: 

QI* = A + B ARS80 (E-23) 

The va lues  of A and B were found f o r  each RTRRMS dur ing " c a l i b r a t i o n "  by 

regress ing  measures of QI ( i n  the  e a r l y  p a r t  of t h e  p r o j e c t )  o r  QIr ( i n  the  

l a t e r  p a r t  of t h e  p r o j e c t )  a g a i n s t  the  ARS80 measures obtained from t h a t  

RTRRMS on s p e c i a l  c a l i b r a t i o n  s i t e s  t h a t  were p e r i o d i c a l l y  re-measured t o  

determine c u r r e n t  QI/QIr roughness l e v e l s .  The c a l i b r a t i o n  s i t e s  were a l l  on 

paved roads  and had mostly a s p h a l t i c  concrete  s u r f a c e s .  Only a  few s e c t i o n s  

had double s u r f a c e  t rea tment  c o n s t r u c t i o n ,  and t h e s e  were u s u a l l y  omitted from 

c a l i b r a t i o n  computations because they were " o u t l i e r s  , I t  d e v i a t i n g  from the  

c o r r e l a t i o n  equat ion found f o r  the  major i ty  of t h e  s i t e s .  

On unpaved roads ,  t h e  RTRRMS was t y p i c a l l y  operated a t  50 km/h (94% of 

t h e  t o t a l  l e n g t h  measured i n  the  v e h i c l e  opera t ing  c o s t  s tudy [ 1 4 ] ) .  A s i n g l e  

"speed c o r r e c t i o n  equat ion"  

was used f o r  a l l  RTRRMSs, and s u r f a c e  t y p e s ,  t o  r e s c a l e  t h e  50 km/h 

measurement t o  an approximation of what t h e  RTRMS might have measured a t  80 

km/h. (Eq. 24 r e q u i r e s  t h e  ARS measures t o  have u n i t s  of m/km, a s  used f o r  

p resen t ing  a l l  of t h e  IRRE da ta .  The o r i g i n a l  v e r s i o n  [7 ]  used -275 as  the  
* 

o f f s e t ,  based on ARS measures wi th  the  u n i t s :  mm/km.) To determine QI , t h e  

es t ima te  of ARS80 from Eq. 24 would be re-scaled according t o  Eq. 23. 

When a  speed of 50 km/h could not  be used,  a  t h i r d  s t andard  speed of 20 



km/h was al lowed, In  t h i s  c a s e ,  a  t h i r d  conversion equa t ion  was a l s o  needed: 

The es t ima te  of ARS5* i s  then resca led  t o  an e s t i m a t e  of ARSBO using Eq. 
* 

24, which i s  i n  t u r n  re-scaled t o  QI using the  c a l i b r a t i o n  equat ion 

determined f o r  t h a t  RTRRMS (Eq. 23) .  

The roughness range used i n  determining t h e  c r i t i c a l  " c a l i b r a t i o n  

equat ion"  f o r  Eq. 23 was much l e s s  than the  range covered by the  RTRRMS, 

because only  paved roads were used. The roughness of t h e  c a l i b r a t i o n  s i t e s  
* 

never exceeded 100 counts/km, while many of the  QI values  obta ined f o r  

unpaved roads were h igher  than t h i s ,  ranging up t o  300 counts/km. Therefore ,  

c h a r a c t e r i s t i c s  of the  RTRRMS t h a t  were dependent on road roughness were not  

co r rec ted  by t h i s  procedure. To mainta in  cons i s t ency ,  a l l  RTRRMSs were based 

on the  same make, model, and year of passenger ca r .  When v e h i c l e  components 

such a s  shock absorbers  were damaged o r  wore o u t ,  they were replaced only with 

OEM equ iva len t s .  

* 
Mathematically,  t h e  QI roughness s c a l e  cannot be completely q u a n t i f i e d ,  

because i t  depends i n  p a r t  on the  c a l i b r a t i o n  procedure (Eqs. 23 - 25) ,  and i n  

p a r t  on t h e  response p r o p e r t i e s  of those  p a r t i c u l a r  RTRRMSs dur ing the  ICR. 
* 

Since d i f f e r e n t  methods were used on d i f f e r e n t  s u r f a c e s ,  the  QI s c a l e  i s  

defined by s e v e r a l  procedures ,  each of which was appl ied  over some of the  

condi t ions .  By su r face  type,  these  a r e :  

* 
Asphaltic Concrete. The QI measures a r e  more-or-less equ iva len t  t o  

t h e  QIr s c a l e ,  s i n c e  the  c a l i b r a t i o n  equa t ion  (Eq. 23) i s  v a l i d  over the  

roughness range (0 - 100 counts/km), s u r f a c e  type ( a s p h a l t i c  c o n c r e t e ) ,  and 

measurement speed (80 km/h) t h a t  were used t o  ob ta in  the  a c t u a l  f i e l d  

measurements (96%) .  

Surface Treatment. The c a l i b r a t i o n  s i t e s  included a  few s u r f a c e  

t rea tment  s i t e s ,  but t h e  roughness measures were o f t e n  excluded from the  

regress ion  equa t ion  because t h e r e  was poor agreement between the  ARSSO 

measures from t h e  RTRRMS and t h e  QI/QI, re fe rence  measures. Nearly a l l  of 
* 

t h e  ARS measures were obta ined a t  80 km/h i n  the  ICR p r o j e c t ;  t h u s ,  t h e  QI 



values  obtained a r e  ARSsO measures r esca led  according t o  Eq. 2 3 .  Bec,ause 
* 

t h e  c a l i b r a t i o n  s i t e s  d id  no t  inc lude  enough su r face  t rea tment  s e c t i o n s ,  QI 

i s  determined by 1 )  t h e  response of the  Opala ( a s  maintained i n  the  I C R  

p r o j e c t )  a t  80 km/h over a s u r f a c e  t rea tment  road,  and a l s o  2 )  i t s  response 

over a s p h a l t i c  concre te  roads a t  t h a t  speed. 

Unpaved Roads. Nearly a l l  ( 9 4 % )  f i e l d  measurements on unpaved roads 
* 

were made a t  50 km/h. On these  roads ,  t h e  QI va lues  a r e  determined 'by: 1) 

the  response of the  Opala a t  50 km/h over unpaved roads ,  2 )  i t s  response a t  80 

km/h over a s p h a l t i c  concre te  roads ,  and 3 )  an agrega te  speed conversion 

equa t ion  (Eq. 2 4 ) .  

Technical  Requirements f o r  kkasur ing QIr 

Measurement Interval. The e f f e c t  of p r o f i l e  measurement i n t e r v a l  on 

t h e  Q I r  numeric has  been t e s t e d  and repor ted  p rev ious ly ,  wi th  t h e  conclusion 

t h a t  a 500 mm i n t e r v a l  i s  adequate [ 7 ]  The ana lyses  of t h e  QIr computation 

method, presented i n  the  previous  s e c t i o n  (Eqs. 16 - 21) ,  prove t h a t  .use of 

a l t e r n a t e  i n t e r v a l s  cannot b i a s  t h e  expected va lue  of t h e  QIr numeric,  but  

t h a t  r e p e a t a b i l i t y  should be improved when a s h o r t e r  i n t e r v a l  i s  used. 

P r o f i l e s  obta ined from the  TRRL Beam (100 mm i n t e r v a l s )  and the  APL 7 2  system 

(50 mm i n t e r v a l s )  were decimated t o  y i e l d  p r o f i l e s  wi th  500 mm spacings .  QIr 
numerics computed before  and a f t e r  the  decimation agreed c l o s e l y ,  a s  'had been 

found e a r l i e r .  

P r e c i s i o n  i n  t h e  E leva t ion  Measurement. Based on exper ience  wi th  QCS 

numerics,  i t  was a n t i c i p a t e d  t h a t  t h e  p r e c i s i o n  needed i n  p r o f i l e  measurement 

f o r  accep tab le  accuracy i n  QIr depends on t h e  roughness. A cand ida te  

s p e c i f i c a t i o n  was considered i n  which t h e  required p r e c i s i o n  of t h e  p r o f i l e  

e l e v a t i o n  measurement i s  simply p r o p o r t i o n a l  t o  the  roughness of a road ,  when 

expressed a s  QIr. An a n a l y s i s  of the  p r o f i l e  d a t a  obtained from t h e  TRRL 

Beam was performed to  determine:  1 )  i f  t h i s  type  of s p e c i f i c a t i o n  i s  

r easonab le ,  and 2 )  if i t  i s  r easonab le ,  what q u a n t i t i e s  a r e  involved? 



In  t h i s  a n a l y s i s ,  t h e  p r e c i s i o n  of t h e  measurement was assumed t o  be 

l imi ted  s o l e l y  by the  q u a n t i z a t i o n  of t h e  continuous he igh t  v a r i a b l e  i n t o  

d i g i t i z e d  q u a n t i t i e s ,  which were o r i g i n a l l y  1.0 mm. The random measurement 

e r r o r s  t h a t  a l s o  degrade p r e c i s i o n  were no t  considered.  For each of the  28 

measured p r o f i l e s ,  t h e  QIr va lue  obta ined with t h e  o r i g i n a l  p r o f i l e  was used 

t o  determine a new q u a n t i z a t i o n  l e v e l  ( g r e a t e r  than 1  mm). The p r o f i l e  was 

then quant ized t o  the  n e a r e s t  m u l t i p l e  of t h i s  new l e v e l ,  and re-processed t o  

y i e l d  a  new QIr numeric. Figure E.4  shows the  r e s u l t s  f o r  four  l e v e l s  of 

inc reased  q u a n t i z a t i o n  (degraded p r e c i s i o n ) .  I n  a l l  c a s e s ,  t h e  e f f e c t  of the  

degraded p r e c i s i o n  i s  an i n c r e a s e  i n  t h e  computed roughness numeric. The 

changes were c a l c u l a t e d  from t h e  d i f f e r e n c e  i n  the  ( s o l i d )  q u a d r a t i c  

r eg ress ion  l i n e s  and the  (dashed) e q u a l i t y  l i n e  ( x  = y ) ,  and were found t o  be 

n e a r l y  cons tan t  a c r o s s  the  range of roughness when expressed a s  a  percentage.  

(For example, f o r  the  case  of p r e c i s i o n  = 0.03 QIr, shown i n  Fig. E.4b, the  

e r r o r s  were 1.8% a t  QIr = 50 ,  and 1.9% a t  QIr 1100, 150,  and 200 counts/km.) 

This i n d i c a t e s  t h a t  t h e  candidate  method of spec i fy ing  requ i red  p r e c i s i o n  i n  

p ropor t ion  t o  roughness i s  v a l i d .  For QIr accuracy w i t h i n  1.0%, t h e  

p r e c i s i o n  (mm)  should be about 0.02 QIr (counts/km),  whi le  f o r  accuracy 

w i t h i n  2 % ,  t h e  p r e c i s i o n  should be l e s s  than  0.03 Qi,. ~ h u s ,  on the  

smoothest s i t e s ,  which had QI, values  nea r  20 counts/km, t h e  a c t u a l  

measurement p r e c i s i o n  of 1.0 mm probably l ed  t o  numerics t h a t  a r e  s e v e r a l  

percent  h igher  than  the  " t rue"  Q I r  va lues .  A measurement p r e c i s i o n  of 0.5 mm 

would have been b e t t e r .  A t  t h e  o t h e r  end of the  s c a l e ,  where roughness l e v e l s  

were g r e a t e r  than  150 counts/km, a  measurement p r e c i s i o n  of 3 mm ( l e s s  than 

0.02 Q I r )  gave t h e  same r e s u l t s  a s  t h e  o r i g i n a l  p r e c i s i o n  of 1  mm, 

Summary of Q L ,  Data 

The summary QIr numerics t h a t  were obtained from f o u r  methods of p r o f i l e  

measurement a r e  presented i n  Table E.1. Some of t h e  paved s e c t i o n s  were 

measured before  and dur ing t h e  IRRE v i a  rod and l e v e l .  Those measured p r i o r  

a r e  i n d i c a t e d  a s  "RL 1" and those  measured dur ing t h e  IRRE a r e  des ignated "RL 

2." In  a d d i t i o n ,  6 wheel t racks  were measured by rod and l e v e l  us ing a  

measurement i n t e r v a l  of 100 mm. These a r e  a l s o  shown i n  t h e  "RL 1" column, 

and a r e  i d e n t i f i e d  wi th  a n  a s t e r i s k .  The l a b e l s  "Beam," "A 72,"  and "A 25" 
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Table E.1 Sumry of the Q l r  Numrics O b h i n e d  i n  the IRRE 

Lef t  Wee l track ---------- 
Stat ic  RL 1 RL 2 Beam - - -- 

Right Wheel track -------------- 
Stat ic  R L l  R L 2 k a m  A 7 2  A 2 5  ------ 

Ebth Wheel tracks : Average ----------------- 
Stat ic  RL 1 RL 2 Beam A 72 A 25 ------ Site - 

C N  1 
CA02 
CA03 
CAM 
CA05 
CA06 
CA07 
CA08 
CA09 
CAlO 
CAll 
CAI2 
CA13 

TSO 1 
TS02 
TS03 
TSCM 
TS05 
TS06 
TS07 
TS08 
TS09 
TSlO 
TSl l  
TS12 

GRO 1 
m2 
GRO3 
GR04 
GR05 
GR06 
GR07 
em8 
GR09 
@lo 
GRl 1 
GR12 

TEO 1 
TE02 
TE03 
TEW 
TE05 
TE06 
TE07 
TEO8 
TE09 
TElO 
TEl 1 
TE12 

* rod and l e v e l  measures using 100 mm i n t e r v a l  between e l e v a t i o n  measurements. 



i n d i c a t e  p r o f i l e s  measured with t h e  TRRL Beam, t h e  APL T r a i l e r  i n  the  APL 7 2  

c o n f i g u r a t i o n ,  and the  APL T r a i l e r  i n  t h e  APL 25 conf igura t ion .  The r e s u l t s  

i n d i c a t e d  under t h e  headings " S t a t i c "  a r e  averages of t h e  numerics obtained 

wi th  the  s t a t i c  p r o f i l e  measurements, t h a t  i s ,  rod and l e v e l  and t h e  TRRL 

Beam. When examining c o r r e l a t i o n s  with o t h e r  measures and s t a t i s t i c s ,  t h e  

numbers under t h e  " S t a t i c "  heading were used. 

Accuracy of QZ, Computed from S t a t i c a l l y  Measured P r o f i l e s  

R e p e a t a b i l i t y  w i t h  Rod and Level. Most of t h e  sources  of e r r o r  t h a t  

plague roughness measurements us ing RTRMSs a r e  e l iminated when p r o f i l e s  a r e  

measured s t a t i c a l l y  wi th  rod and l e v e l :  the  same roughness computation method 

can be used,  e l i m i n a t i n g  v a r i a t i o n s  due t o  d i f f e r e n t  d e f i n i t i o n s  of roughness; 

and surveying equipment i s  s u f f i c i e n t l y  in terchangeable  t o  e l imina te  problems 

of r e p r o d u c i b i l i t y .  The only remaining v a r i a t i o n  i s  t h e  r e p e a t a b i l i t y  t h a t  

can be achieved i n  measuring a p r o f i l e .  The r e p e a t a b i l i t y  t h a t  can be 

achieved i s ,  i n  t h i s  c a s e ,  t h e  accuracy of t h e  roughness measurement. Since 

most of t h e  paved s i t e s  were p r o f i l e d  twice wi th  the  rod and l e v e l  method, the  

IRRE d a t a  g ive  an  i d e a  of the  r e p e a t a b i l i t y  achievable  i n  using QIr a s  a  

roughness measure. 

Figure E.5a shows the  comparison of QIr measures obtained i n  two 

independent rod and l e v e l  surveys.  As i n  o t h e r  p l o t s ,  t h e  dashed l i n e  i s  the  

l i n e  of e q u a l i t y  (x=y) ,  while  t h e  s o l i d  l i n e  i s  t h e  "bes t  f i t "  a s  obtained 

wi th  a  q u a d r a t i c  r eg ress ion .  The RMS e r r o r s  shown i n  t h e  f i g u r e s  a r e  wi th  

re fe rence  t o  t h e  l i n e  of e q u a l i t y ,  r a t h e r  than the  r e g r e s s i o n  l i n e ,  s i n c e  

regress ion  methods would never be used t o  "cor rec t "  prof i le-based numerics. 

Note t h a t  t h e  accuracy l i m i t s  shown i n  the  f i g u r e s  apply only  t o  the  LRRE 

s e c t i o n  l e n g t h  of 320 m ,  and should not  be considered u n i v e r s a l  f o r  a:Ll 

s e c t i o n  l e n g t h s .  For roads whose roughness i s  more-or-less c o n s t a n t ,  i t  can 

be expected t h a t  b e t t e r  accuracy would be obtained f o r  longer  t e s t  s i t e  

l e n g t h s ,  because t h e  random sources  of v a r i a t i o n  would tend t o  average ou t .  

The expected change i n  accuracy i s  p ropor t iona l  t o  t h e  square  r o o t  of l e n g t h ,  

such t h a t  the  random v a r i a t i o n s  i n d i c a t e d  i n  the  f i g u r e  would be cu t  i n  h a l f  

i f  t h e  s e c t i o n  l e n g t h  were increased by a  f a c t o r  of four .  On t h e  o t h e r  hand, 

l a r g e r  e r r o r s  should be expected f o r  s h o r t e r  s e c t i o n s .  
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Figure E.5. Comparison of QI, Measurements from Different Instruments. 



Val ida t ion  of the TBRZ Beam. Figure E.5b compares t h e  QIr numer.ics 

obtained with rod and l e v e l  and t h e  TRRL beam. Approximately t h e  same 

r e p e a t a b i l i t y  i s  obta ined a s  wi th  repeated measures w i t h  rod and l e v e l ,  

i n d i c a t i n g  t h a t  the  TRRL Beam i s  a v a l i d  means f o r  measuring l o n g i t u d i n a l  

p r o f i l e  f o r  t h e  purpose of computing QIr. 

Direct Computation of QI, from Dynamically Measured P r o f i l e s  

APL 72. Figure  E.5c compares t h e  QIr numerics computed from t h e  

p r o f i l e  s i g n a l s  obtained from the  APL T r a i l e r  i n  i t s  APL 7 2  conf igura t ion  wi th  

t h e  QIr numerics computed from the  s t a t i c a l l y  measured p r o f i l e s .  The 

measures obta ined from the  APL 7 2  a r e  lower than those  obta ined s t a t i c a l l y ,  a s  

evidenced by t h e  f a c t  t h a t  the  q u a d r a t i c  r eg ress ion  l i n e  l i e s  below the  l i n e  

of e q u a l i t y .  In a d d i t i o n  t o  t h i s  b i a s  e r r o r  ( f o r  the  rougher s i t e s ) ,  the  

amount of s c a t t e r  (random e r r o r )  i s  much g r e a t e r  than when s t a t i c  p r o f i l e  

measurement methods a r e  used. 

The r e s u l t s  obtained wi th  the  APL 7 2  system can be expla ined by t h e  power 

s p e c t r a l  d e n s i t y  (PSD) p l o t s  presented i n  Appendix I. A t  7 2  km/h (20  m/sec),  

t h e  APL T r a i l e r  a t t e n u a t e s  i n p u t s  having wavelengths s h o r t e r  than 1.0 m ,  a s  

shown i n  Figure G.1. When p r o f i l e s  were obtained by the  TRRL Beam using an 

i n t e r v a l  of 100 mm, t h e  PSDs obtained from the  APL 7 2  can be compared wi th  

s t a t i c  measures f o r  wavelengths s h o r t e r  than 1.0 m (wavenumbers h igher  than 

1.0 cycle/m).  The comparisons v e r i f y  t h a t  t h e  APL 7 2  i s  a t t e n u a t i n g  t h e  

p r o f i l e  f o r  those  s h o r t  wavelengths. Since the  QIr numeric i s  inf luenced by 

wavelengths s h o r t e r  than 1.0 m (F ig .  E .2b) ,  i t  inc ludes  t h e  f u l l  ampli.tude of 

t h e  s h o r t e r  wavelengths when computed from s t a t i c a l l y  measured p r o f i l e s ,  but 

i s  "missing" some of t h e  amplitude when measured dynamical ly ,  due t o  t:he 

l i m i t a t i o n s  i n  the  response of t h e  APL T r a i l e r .  

Note t h a t  t h e  wavelengths a t t e n u a t e d  by the  APL 7 2  do not  in f luence  the  

APL 7 2  numerics normally computed by LCPC. 

APL 25. Figure E.5d compares the  QIr numerics computed from the  

p r o f i l e  s i g n a l s  obta ined from the  APL T r a i l e r  i n  i t s  APL 25 conf igura t ion  wi th  



t h e  QIr numerics computed from t h e  s t a t i c a l l y  measured p r o f i l e s .  The e r r o r s  

i n d i c a t e d  when Q I r  i s  computed d i r e c t l y  from the  APL 2 5  s i g n a l  a r e  a l s o  low, 

r e s u l t i n g  i n  l a r g e r  e r r o r s  than wi th  t h e  APL 7 2 .  The reason f o r  t h i s  can a l s o  

be seen by examining t h e  PSD p l o t s  shown i n  Appendix I. The APL 25 a t t e n u a t e s  

wavenumbers below 0.07 (wavelengths longer  than 14 m), which a r e  transduced by 

the s t a t i c  measurement methods, and a l s o  the  APL 7 2 .  The PSD p l o t s  a l s o  

i n d i c a t e  t h a t  t h e  APL 25 s i g n a l s  a r e  c o n s i s t e n t l y  low f o r  wavenumbers between 

0.4 and 2  cycle/m (wavelengths from 0.5 - 2.5 m long) .  These wavenumbers 

c o n t r i b u t e  l i t t l e  t o  t h e  CAPL 2 5  numeric,  and t h e r e f o r e  the  er roneous  response 

i s  probably no t  a  problem when the  APL 2 5  system i s  used s o l e l y  f o r  measuring 

the  CAPL 25 c o e f f i c i e n t .  Overa l l ,  t h e  APL 25 p r o f i l e  s i g n a l  simply doesn ' t  

cover t h e  range requ i red  by t h e  QIr a n a l y s i s .  

Other Alternatives f o r  t h e  C a l c u l a t i o n  of APL QI Values 

It i s  u s e f u l  t o  r e c a l l  t h a t  t h e  choice  of the  two RMSVA baselengths  (1 m 

and 2.5 m) and t h e  numerical  c o e f f i c i e n t s  of the  QIr equa t ion  (Eq.  E.5) were 

determined e m p i r i c a l l y  dur ing a  c o r r e l a t i o n  study (which took p lace  before  t h e  

IRRE) between t h e  GMR-type Prof i lometer  r e s u l t s  and t h e  RMSVA values  obtained 

from rod and l e v e l  p r o f i l e s .  These regress ions  r e f l e c t  t h e  s p e c t r a l  con ten t s  

of the  p r o f i l e s  a s  measured by the  rod and l e v e l  method, t h e  Prof i lomete r ,  and 

t h e  var ious  f a c t o r s  t h a t  inf luenced t h e  o r i g i n a l  QI numeric. 

Because the  t r a n s f e r  f u n c t i o n s  of t h e  APL a r e  d i f f e r e n t  from those  of t h e  

rod and l e v e l  system and of t h e  TRRL Beam, the  s p e c t r a l  con ten t s  of the  

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

shown i n  Figs.  E.5c and E.5d were found. 

A new s t a t i s t i c a l  a n a l y s i s  has  been performed by t h e  French Bridge and 

Pavement Laboratory (LCPC) i n  order  t o  determine a  b e t t e r  equat ion f o r  

e s t ima t ing  QI when using the  APL T r a i l e r .  M u l t i l i n e a r  r e g r e s s i o n s  were 

computed between rod and l e v e l  QI values  and t h e  RMSVA1,O and RMSVA2.5 

va lues  a s  computed from APL 2 5  and APL 7 2  p r o f i l e s .  The s t a t i s t i c a l  

popula t ion of t h e  t e s t  s e c t i o n s  on which the  computations were c a r r i e d  out  i s  

the  same a s  the  one which was considered f o r  t h e  comparisons between rod and 

l e v e l  QIr and TRRL Beam Q I r o  



Figure E.6 shows t h a t  i t  i s  p o s s i b l e  t o  f ind  s e v e r a l  e s t ima tors  f o r  @I 

which a r e  d i f f e r e n t  from those  used f o r  t h e  rod and l e v e l  p r o f i l e s ,  whi le  

s t i l l  us ing t h e  1.0 and 2.5 m RMSVA baselengths .  Note t h a t  t h e  s tandard 

e r r o r s  shown f o r  t h e  paved s i t e s  a r e  about the  same a s  obtained f o r  t h e  

repeated rod and l e v e l  measures,  and f o r  t h e  comparisons between TRRL Beam and 

rod and l e v e l .  I f  @I i s  measured i n  the  f u t u r e  wi th  APL systems,  f u r t h e r  

improvement might be p o s s i b l e  by optimizing the  RMSVA baselengths  through a 

study s i m i l a r  t o  t h e  one which was done f o r  the  rod and l e v e l  method [ 7 ] .  

The CP2.5 c o e f f i c i e n t ,  descr ibed i n  Appendix G ,  can a l s o  c o n s t i t u t e  an 

es t ima tor  f o r  @I. Figure E.7 g i v e s  t h e  c o r r e l a t i o n  between QI determined f o r  

r i g h t  and l e f t  t r a c k s  on a l l  s i t e s  C A ,  TS, G R ,  TE measured wi th  the  TRRL Beam 

and the  C P 2 , 5  va lues  obtained from APL 7 2  s i g n a l s .  The value  of the  

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

t h e  two s c a l e s .  No b i a s  induced by s u r f a c e  types was v i s i b l e .  

CALIBRATION OF RTBRMSs 

A primary purpose of a prof i le-based roughness numeric such a s  QI, i s  

viewed i n  t h i s  r e p o r t  a s  being f o r  the  c a l i b r a t i o n  of RTRRMSs, us ing a 

" c a l i b r a t i o n  by c o r r e l a t i o n . "  In  a c a l i b r a t i o n  by c o r r e l a t i o n ,  t h e  "raw" 

measures from t h e  RTRRMS a r e  used t o  e s t i m a t e  what the  re fe rence  measure would 

b e ,  based on a r e g r e s s i o n  equat ion.  The o b j e c t i v e  i s  t o  produce the  most 

a c c u r a t e  e s t i m a t e s  of " t rue  roughness,"  over t h e  e n t i r e  range of cond i t ions  

t h a t  w i l l  be covered. To t h i s  end,  one o r  more r e g r e s s i o n  equa t ions  must be 

used t o  es t ima te  the  " t r u t h "  from t h e  RTRRMS "raw" measure. In t h i s  case ,  

Qir i s  t h e  cand ida te  f o r  " t rue  roughness." Before t e s t i n g  t h e  c a l i b r a t i o n  by 
* 

c o r r e l a t i o n  method, r e s u l t s  a r e  presented us ing t h e  QI procedures de,scribed 

e a r l i e r .  

* 
Calibration Using the QI Method 

* 
The Qi c a l i b r a t i o n  method was t e s t e d  by adopting the  procedures 

followed i n  t h e  I C R  p r o j e c t  [ 7 ] ,  us ing t h e  RTRRMS speeds t h a t  were used f o r  

t h e  major i ty  of t h e  I C R  roughness measurements: 80 km/h on paved roads and 50 
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km/h on unpaved roads [ 1 4 ] .  Using the  d a t a  obtained dur ing the  IRRE, a 

c a l i b r a t i o n  equa t ion  was determined f o r  the  f i v e  Opala and Caravan-based 

RTRRMSs t h a t  were operated a t  80 km/h on t h e  Asphal t ic  Concrete (CA) su r faces  

(Eq. E-23). ARS80 measures on t h e  paved s i t e s  were resca led  according t o  

t h a t  e q u a t i o n ,  whi le  ARS5-, measures on t h e  unpaved s u r f a c e s  were rescaled 
* according t o  Eqs. 23 and 24 toge the r .  Figure E.8 shows how the  QI numerics 

compare wi th  t h e  prof i le-based QIr re fe rence .  

* 
The f o u r  p l o t s  i n  Figure E.8 i n d i c a t e  t h a t  the  QI c a l i b r a t i o n  method 

r e s u l t s  i n  a s c a l e  t h a t  i s  not  equ iva len t  t o  QIr on a l l  s u r f a c e  types .  The 

method r e q u i r e s  t h a t  the  c a l i b r a t i o n  ( l i n e a r  r eg ress ion  obtained on CA 

s u r f a c e s )  be ex t rapo la ted  t o  cover o t h e r  su r face  types and a wider range of 

roughness amplitude than was covered i n  the  a c t u a l  c a l i b r a t i o n .  Also, the 

s i n g l e  speed c o r r e c t i o n  equa t ion  (Eq. 2 4 )  in t roduces  b i a s  e r r o r s  t h a t  a r e  

unique f o r  each RTRRMS. 

* 
The f i g u r e  a l s o  shows t h a t  t h e  QI c a l i b r a t i o n  method does no t  r e s c a l e  

the  ARS measures from the  d i f f e r e n t  RTRRMSs the  same way; t h e  "ca l ib ra ted"  
* 

QI numerics depend on both t h e  procedure and the  response p r o p e r t i e s  of the  

i n d i v i d u a l  RTRRMS, Thus, the  method does not  a l low comparison of roughness 

d a t a  obtained from d i f f e r e n t  sources .  Due t o  d i f f e r e n c e s  t h a t  occurred only 

on t h e  CA s i t e s  a t  80 km/h, the  n e a r l y  i d e n t i c a l  "raw" ARS measures obtained 

wi th  t h e  B I  and NAASRA roadmeters ( t h e  measures a r e  compared i n  Appendix C) on 
* 

the  rougher unpaved roads a r e  r esca led  d i f f e r e n t l y ,  such t h a t  the  QI 

numerics obta ined from the  B I  u n i t s  tend t o  be l e s s  than the  re fe rence  QIr 
* 

measures, while the  QI numerics from t h e  NAASRA u n i t  a r e  g r e a t e r  than t h e  

QIr measures. 

* 
Although t h e  QI numerics obtained from the Opala systems d i f f e r  from 

* 
those  obta ined wi th  the  Caravan systems,  the  QI c a l i b r a t i o n  method does , 

r e s c a l e  the  t h r e e  Opala-Maysmeter ARS measures about t h e  sane. (The QI* d a t a  

from the  t h i r d  Opala-Maysmeter system a r e  not  included i n  t h e  f i g u r e ,  but  

showed the  same r e l a t i o n  t o  QIr a s  the  o t h e r  two.) This i s  t h e  c r i t i c a l  

f i n d i n g ,  i n  terms of t h e  q u a l i t y  of t h e  ICR roughness d a t a ,  s i n c e  i t  impl ies  
* 

t h a t  t h e  QI d a t a  c o l l e c t e d  i n  the  I C R  p r o j e c t  from a f l e e t  of * 
Opala-Maysmeter systems i s  i n t e r n a l l y  c o n s i s t e n t .  That i s ,  the  QI 

c a l i b r a t i o n  succeeds i n  terms of br inging t h e  measures from d i f f e r e n t  
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Figure E.8. Comparisons between QI from the RTRRMSs and QI, from p , ro f i l e .  



Opala-Maysmeter systems i n t o  agreement,  even though i t  f a i l s  i n  bring measures 

from o t h e r  RTRRMSs i n t o  agreement. 

* 
I n  summary, t h e  QI c a l i b r a t i o n  method probably helped t o  mainta in  a 

roughness s c a l e  dur ing t h e  I C R  p r o j e c t  t h a t  was c o n s i s t e n t  and reasonably 

s t a b l e  wi th  time. The method r e q u i r e s  t h a t  the  RTRRMS have response 

p r o p e r t i e s  very  s i m i l a r  t o  the  Opal-Maysmeter system a s  maintained a t  GEIPOT, 

so  the  method i s  not  v a l i d  f o r  o t h e r  RTRRMSs, and should not  be used i n  f u t u r e  
* 

work. The QI s c a l e  i s  not  equ iva len t  t o  the  Qir s c a l e  on t h r e e  of t h e  f o u r  

s u r f a c e  types  t h a t  were included i n  the  IRRE. 

C a l i b r a t i o n  through C o r r e l a t i o n  

The comparisons between ARS measured wi th  four  of t h e  RTRRMSs and QI, 

a r e  i l l u s t r a t e d  i n  Figures  F.9 - 12. Resu l t s  from t h e  Caravan-BI system 

(no t  p l o t t e d )  a r e  v i r t u a l l y  t h e  same a s  f o r  t h e  Caravan-NAASRA system. 

Resu l t s  f o r  the  two Opala-Maysmeter systems t h a t  a r e  no t  p l o t t e d  a r e  g e n e r a l l y  

s i m i l a r  t o  those  of t h e  system t h a t  i s  shown i n  t h e  f i g u r e s .  

In a l l  p l o t s ,  the  " s t a t i c "  QIr values  from Table E . l  were used.  

Comparisons wi th  the  two s i n g l e - t r a c k  RTRRMSs (BI  T r a i l e r  and BPR Roughometer) 

a r e  on t h e  b a s i s  of s i n g l e  whee l t r acks ,  while those  wi th  the  two-track RTRRMSs 

use t h e  average QIr f o r  both wheel t racks .  Thus, t h e  p l o t s  involving t h e  

t r a i l e r s  g e n e r a l l y  have twice  a s  many d a t a  po in t s .  I n  each f i g u r e ,  t h e  s o l i d  

curved l i n e  i s  a q u a d r a t i c  r e g r e s s i o n  l i n e  obtained from a l l  of t h e  d a t a  

p o i n t s  shown, based on minimizing t h e  RMS e r r o r  i n  e s t i m a t i n g  QIr. 

These f o u r  f i g u r e s  l ead  t o  t h e  fo l lowing obse rva t ions :  

Overa l l  c o r r e l a t i o n .  By and l a r g e ,  QIr i s  h igh ly  c o r r e l a t e d  with 

t h e  ARS numerics obta ined from a11 types  of RTRRMSs t h a t  p a r t i c i p a t e d  i n  the  

IRRE. Most of t h e  d a t a  p o i n t s  l i e  c l o s e  t o  t h e  r e g r e s s i o n  curve i n  each 

f i g u r e .  

E r r o r  d i s t r i b u t i o n .  E r r o r s ,  a s  de f ined  by t h e  s c a t t e r  about the  

r e g r e s s i o n  curves i n  t h e  v e r t i c a l  d i r e c t i o n ,  a r e  f a i r l y  uniform a c r o s s  t h e  
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Figure E.9. Example calibration plots to estimate QI, from ARS20* 
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Figure E.12. Example calibration plots to estimate QI,. from ARSBO. 



roughness range.  Therefore ,  l eas t - squares  r e g r e s s i o n  models should assume 

equal  s i g n i f i c a n c e  of e r r o r  ac ross  t h e  s c a l e .  Transformations of the  

v a r i a b l e s  t h a t  change the  weighting of e r r o r ,  such a s  l i n e a r  r eg ress ions  of 

log v a l u e s ,  should be avoided ( f o r  c a l i b r a t i o n  purposes)  because they p lace  

l e s s  p r i o r i t y  on t h e  e r r o r s  on rougher roads.  

Sensitivity t o  surface type. Surface type s y s t e m a t i c a l l y  a f f e c t s  the  

r e g r e s s i o n s  i n  most of t h e  p l o t s .  The d a t a  p o i n t s  f o r  t h e  a s p h a l t i c  concrete  

( C A )  roads t y p i c a l l y  l i e  above the  r e g r e s s i o n  l i n e  ( i n d i c a t i n g  t h a t  the  QIr 

a n a l y s i s  i s  r e l a t i v e l y  more s e n s i t i v e  than the  RTRRMS t o  roughness on those  

s u r f a c e s ) ,  whi le  p o i n t s  f o r  the  su r face  t rea tment  s i t e s  ('Ts) l i e  below the  

l i n e  ( i n d i c a t i n g  t h a t  t h e  QIr a n a l y s i s  i s  l e s s  s e n s i t i v e ) .  The impl ica t ion  

of t h i s  f i n d i n g  i s  t h a t  s e p a r a t e  c a l i b r a t i o n s  f o r  each s u r f a c e  type can g ive  

b e t t e r  accuracy.  The degree of s e n s i t i v i t y  t o  s u r f a c e  type v a r i e s  wi th  the  

RTRRMS and t h e  speed,  and g e n e r a l l y  i s  worse a t  the  lower speeds.  The e f f e c t  

i s  minimal a t  50 km/h, such t h a t  t h e  b i a s  i s  l e s s  than  t h e  random e r r o r  

( s c a t t e r  about the  regress ion  l i n e )  a s soc ia ted  wi th  i n d i v i d u a l  s i t e s .  

The e f f e c t  of s u r f a c e  type can be expected when consider ing the  

s e n s i t i v i t y  of the  QI, a n a l y s i s  t o  wavenumber, shown i n  F ig .  E.2b. The 

s e n s i t i v i t i e s  of t h e  RTRRMSs a r e  n o t  known p r e c i s e l y ,  bu t  a r e  g e n e r a l l y  very  

s i m i l a r  t o  t h a t  of t h e  RQCS descr ibed i n  Appendix F ,  p a r t i c u l a r l y  i n  terms of 

t h e  range of wavenurnbers sensed by t h e  RTRRMS. Figure  F.2 i n  t h a t  appendix 

shows t h e  s e n s i t i v i t y  of the  simulated RTRRMS t o  wavenumber a t  a l l  four  of t h e  

RTRRMS speeds.  The bandwidth of a RTRRMS i s  somewhat broader than t h a t  of t h e  

QIr a n a l y s i s ,  such t h a t  the  Q I r  numeric r e f l e c t s  a narrower p o r t i o n  o.E the  

spectrum than  a f f e c t s  a RTRRMS. 

The PSD p l o t s  i n  Appendix I i n d i c a t e  t h a t  t h e  CA, TS, and unpaved (GR and 

TE) roads have d i f f e r e n t  aggregate s p e c t r a l  c h a r a c t e r i s t i c s .  The CA s u r f a c e s  

have a h igher  p ropor t ion  of roughness con t r ibu ted  a t  low wavenumbers ( longer  

wavelengths,  such a s  5 m where t h e  QIr has  i t s  maximum s e n s i t i v i t y  (Fig .  

E.2b). The QIr "tunes i n "  t o  t h i s  p o r t i o n  of t h e  spectrum, r e s u l t i n g  i n  an 

upward b i a s  f o r  t h i s  s u r f a c e  type.  The TS s i t e s  have more of the  roughness 

d e r i v i n g  from higher  wavenumbers, t o  which the  Q$ a n a l y s i s  i s  l e s s  

s e n s i t i v e .  



Comparison of single-track trailers. Although both  t h e  B I  T r a i l e r  

and t h e  "BPR Roughometer" made by S o i l t e s t ,  Inc. ,  a r e  s i m i l a r  i n  appearance 

and a r e  both  based on the  BPR Roughometer [ 13 1 , they c o n t r a s t  i n  performance. 

The S o i l t e s t  BPR Roughometer, which proved t o  be too f r a g i l e  f o r  the  roads 

covered i n  t h e  IRRE ( s e e  Appendix A ) ,  produced measures t h a t  had t h e  l e a s t  

c o r r e l a t i o n  wi th  QIr. On t h e  o t h e r  hand, t h e  TRRL B I  T r a i l e r  measures showed 

about t h e  same c o r r e l a t i o n s  a s  the  RTRRMSs based on passenger c a r s .  

Outliers. The f o u r  roughest  s u r f a c e  t rea tment  s i t e s  appeared as  

" o u t l i e r s "  when measured by t h e  Opala-Maysmeter systems a t  80 km/h (Fig .  

E.12a). (Although t h e  r e s u l t s  a r e  p l o t t e d  f o r  only one of these  systems,  a l l  

t h r e e  showed t h e  same behavior . )  On t h e s e  s i t e s  (TSO1, TS03, TS04, and TS05), 

t h e  RTRRMS responded much more than the  QI, a n a l y s i s .  The power s p e c t r a l  

d e n s i t y  (PSD) p l o t s  s h o v  i n  Appendix I f o r  t h e s e  f o u r  s i t e s  a r e  s i m i l a r ,  and 

d i f f e r  from t h e  PSD p l o t s  f o r  most of t h e  o t h e r  t e s t  s i t e s .  A l l  f o u r  have 

more of the  roughness concentra ted  a t  h igher  wavenumbers , t o  which the  QIr 

a n a l y s i s  i s  l e s s  s e n s i t i v e .  Fur the r ,  t h r e e  of the  s i t e s  show a s i n g u l a r  peak 

a t  wavenumber 0.5 cycle/m ( 2  m wavelength,  which appears a s  a frequency of 

11.1 Hz when t r aversed  a t  80 km/h). 

The presence of a s i n g u l a r  peak a t  0.5 cycle/m s i g n i f i e s  t h a t  t h e  road 

s i t e  has  a p e r i o d i c  d i s tu rbance  occur r ing  every 2 m.  Although the  QIr 

a n a l y s i s  shows a near-maximum g a i n  a t  t h a t  wavenumber ( F i g .  E.2b), i t  i s  not  

a s  s e n s i t i v e  a s  the  t y p i c a l  passenger c a r  a t  t h a t  frequency [9]. Due t o  

n o n l i n e a r i t i e s ,  a  passenger ca r  can over-respond when sub jec ted  t o  a pure ly  

p e r i o d i c  e x c i t a t i o n .  This i s  p a r t i c u l a r l y  t r u e  wi th  l i g h t l y  damped veh ic les .  

From the  simple comparison of t h e  ARSaO and RARSgO numerics i n  Appendix F, 

t h e  Opala v e h i c l e  i s  seen t o  be l e s s  damped than t h e  RQCS, a s  evidenced by t h e  

h igher  ARSg0 numerics. This i n d i c a t e s  t h a t  s t i f f e r  shock absorber  could be 

used wi th  the  Opala, with t h e  expected r e s u l t  of b r ing ing  the  " o u t l i e r s "  

c l o s e r  t o  agreement wi th  the r e s t  of t h e  ST d a t a .  

Correlations and Accuracy. Table E.2 p resen t s  the  r2 values  

obta ined when t h e  BI, numerics a r e  regressed a g a i n s t  t h e  ARS numerics from 

the  RTRRMSs us ing a l i n e a r  p r e d i c t i o n  model. The regress ions  were performed 

using only t h e  d a t a  corresponding t o  t h e  combination of speed and s u r f a c e  type 

i n d i c a t e d .  When t h e  s u r f a c e  type i s  i n d i c a t e d  a s  "ALL," then the  r e g r e s s i o n  



Table E.2.  R-Squared Values Obtained from Linear  Regressions Between QIr and ARS 
from the  RTRRMSs. 

Opala Passenger Cars 
Surf ace w i t h  Modified Maysmerers 

Speed Type MM 0 1  MM 0 2  MM 03  

2 0 C A 0.9068 0.9343 0.9451 
T S  0.8484 0.8439 0 *9295  
GR 0.9814 0.9262 0.7785 
TE 0.8555 0.9675 0.9572 

ALL 0.8830 0.8692 0.8437 

3 2 C A 0.9435 0.9695 0.8824 
T S 0.8975 0.8928 0.9070 
CR 0.9175 0.9476 0.8474 
TE 0.8697 0.9674 0.9207 

ALL 0.8878 0.9324 0.8792 

5 0 C A 0.9660 0 .8941 0.9476 
T S 0.8482 0.8694 0.7841 
GR 0.9805 0.9712 0.9403 
TE 0.9539 0.9336 0.8823 

ALL 0.9448 0 .9424 0.9138 

80 C A 0.9700 0 * 9780 0.9039 
TS 0.6589 0.7048 0.6507 
GR 0.9041 0.9317 0.9114 
TE  0.7502 0.9365 0.8978 

ALL 0.7088 0.7658 0.6709 

Caravan Car 
wi th  2 meters 

B I NAAS RA 

Single-Track 
T r a i l e r s  

TRRL B:l. BPR 



inc luded a l l  measurements made a t  t h a t  speed,  and t h e  r2 d e s c r i b e s  a 

c a l i b r a t i o n  ac ross  s u r f a c e  type.  Table E.3 p r e s e n t s  the  r2 values  obta ined 

when a q u a d r a t i c  model i s  used.  Both models use a s imple  l eas t - squares  e r r o r  

approach, but  t h e  q u a d r a t i c  model i s  s l i g h t l y  more v e r s a t i l e ,  a s  i t  involves  

l e s s  i n  t h e  way of assumptions about t h e  l i n e a r i t y  of t h e  RTRRMS, In  

comparing t h e  two t a b l e s ,  i t  can be seen t h a t  t h e r e  a r e  a number of cases  

where much b e t t e r  c o r r e l a t i o n  i s  obta ined with t h e  q u a d r a t i c  model, inc lud ing  

most of t h e  r e g r e s s i o n s  performed f a r  TS s u r f a c e s .  Since t h e r e  i s  no r e a l  

pena l ty  f o r  us ing t h e  q u a d r a t i c  model ( o t h e r  than a more complex 

computation--typically performed by computer) ,  t h e  q u a d r a t i c  model i s  

recommended t o  a l low f o r  the  occas iona l  case  i n  which a l i n e a r  model would not  

f i t  t h e  d a t a  o r  would lead t o  an  erroneous e x t r a p o l a t i o n .  

The c o r r e l a t i o n  c o e f f i c i e n t s  a r e  presented a s  one b a s i s  f o r  comparing the  

accuracy t h a t  can be obta ined.  Yet i t  should be understood t h a t  r2 values  

a r e  only  one measure, wi th  l i m i t e d  u t i l i t y .  The r2 value  i s  e s s e n t i a l l y  t h e  

f r a c t i o n  of the  va r i ances  of t h e  two v a r i a b l e s  t h a t  i s  accounted f o r  by the  
2 ( l i n e a r  o r  q u a d r a t i c )  r e g r e s s i o n  model. Thus, r va lues  depend both on the 

agreement between the  measures ( a s  r e l a t e d  by the  regress ion  model) and 
2 the  range of roughness included i n  t h e  d a t a  s e t .  Since r va lues  can always 

be improved simply by adding more very smooth and very rough s i t e s ,  they 

should never be used a s  t h e  s o l e  b a s i s  f o r  quan t i fy ing  a c a l i b r a t i o n  q u a l i t y .  

The a c t u a l  accuracy of an es t ima te  of QIr based on an ARS measure can be 

def ined a s  t h e  Standard E r r o r :  t h e  RHS d i f f e r e n c e  between t h e  es t ima te  of QT 
and t h e  t r u e  Q I r  va lue .  The s tandard e r r o r s  a s s o c i a t e d  wi th  the  q u a d r a t i c  

2 model a r e  presented i n  Table E . 4 .  Whereas t h e  r values  were d imensionless ,  

a  s tandard e r r o r  has the  u n i t s  of t h e  QIr measure: counts/km. I n  essence ,  

Table E.4 q u a n t i f i e s  t h e  accuracy involved when a "raw" ARS measure i s  

re-scaled (according t o  the  q u a d r a t i c  r e g r e s s i o n  equa t ion)  t o  a "Cal ibra ted"  

Q I measure. 

The s t andard  e r r o r  d a t a  show t h a t  a speed of 50 km/h g i v e s  the  b e s t  

accuracy f o r  a l l  of the  RTRRMSs. Therefore ,  RTRRMS measures should be 

conducted a t  50 km/h if t h e  QIr numeric i s  used a s  the  c a l i b r a t i o n  re fe rence .  

The t a b l e  a l s o  i n d i c a t e s  the  t r a d e o f f  i n  accuracy t h a t  occurs  when a s i n g l e  

c a l i b r a t i o n  i s  used a c r o s s  a l l  s u r f a c e  t y p e s ,  i n s t e a d  of conducting s e p a r a t e  

c a l i b r a t i o n s  f o r  each s u r f a c e  type.  



Table E.3. R-Squared Values Obtained from Quadratic Regressions Between QI and r 
ARS from RTRRMSs. 

Opala Passenger Cars Caravan Car Single-Track 
Surf ace with Modified Maysmeters with 2 meters Trailers 

Speed Type MM 0 1  MM 02 MM 03 BI NAASRA TRRL BI BPR 

3 2 C A 0.9481 0.9721 0.8825 0.9605 0.9676 0.8918 0.7996 
TS 0.9346 0.9333 0.9451 0.9128 0.9250 0.8763 0.9058 
GR 0.9538 0.9536 0.8797 0.9835 0.9848 0.9436 0.9158 
TE 0.8738 0.9683 0.9250 0.9120 0.9352 0.8940 0.9692 

ALL 0.8982 0.9326 0.8845 0.9220 0.9294 Om9009 0.8056 

50 C A 0.9664 0.8956 0.9492 0.9826 0.9866 0.9339 0.8615 
TS 0.8711 0.8974 0.8602 0.8895 0.8958 0.8893 0.8583 
GR 0.9822 0.9766 0.9576 0.9736 0.9783 0.9155 0.8985 
TE 0.9554 Om9568 0.9229 0.8903 0.9449 0.8556 0.8372 

ALL 0.9448 0.9454 0.9201 0.9303 0.9466 0.9059 0.6958 

80 C A 0.9700 0.9785 0.9039 0.9398 0.9709 s e e .  0.8442 .... TS 0.8103 0.8533 0.7633 .*.. 0 . e .  b e . .  .... .... .... G R 0.9261 0.9441 0.9236 * . I .  .... TE 0.8013 0.9398 0.9023 o m . .  e... ...a 

ALL 0.7303 0.7738 0.7032 0.9398 0.9709 .... 0 8442 



Table E.4. Standard Error  f o r  Estimating QIr with  a Quadra t i c  Regression Equation 
and ARS Measurements. 

Opala Cars with Caravan Car Single-Track 
Surf ace Nodif ied  Maysneters with 2 meters T r a i l e r s  

Speed Type MMO1 MM02 MM03 B I  NAASRA BZ BPR 

2 0 C A 7.6 6.4 6 e 1 6 a 9 6.7 9.9 13.8 
T S 4.0 3.7 209 3 e 2 3 .O 5.0 3.8 
GR 6 e.5 9.7 19.8 5.1 5.6 14.6 10.4 
TE 15.6 9.6 10.6 12.6 12.0 17.0 15.3 

ALL 14.5 17.1 18.5 15.9 15.7 18.3 19.7 

32 C A 6 .O 4.4 9.0 5.2 4.7 8.8 12.0 
TS 2.9 2.9 2.7 3.3 3 1 4.1 3 e 6  

GR 10.3 10.3 16.6 6.1 5.9 11.7 7.9 
TE 15.3 9.5 14.6 15.8 13.6 18.0 8 .O 

ALL 13.7 12.3 16.1 13.2 12.6 15.2 16.0 

50 C A 4.8 8.5 5.9 3.5 3 e0 6.9 10.0 
TS 4.1 3.6 4.2 3.8 3.7 3.9 4.4 
GR 6.4 7.3 909 7 * 8  7.1 14.3 8 . 7  
TE 9.1 11.1 14.8 17.6 12.5 21.0 10.6 

ALL 10.1 11.1 13.4 12.5 11.0 14.8 15.0 

... 8 0 C A 4.6 3.9 8.2 5.7 4.0 6.8 ... ... ... ... T S 4.9 4.3 5.5 ... ... ... ... GR 6.8 5.9 6 9 ... ... TE 15.7 8.6 11.0 . o m  . m e  ... ALL 16.4 15.0 17.2 5.7 4.0 6.8 







APPENDIX F 

QUARTER-CAR SIMULATION 

The roughness measure from an " idea l "  response-type road roughness 

measurement system .(RTRRMS) can be obtained mathematically using a  quar te r -ca r  

s imula t ion  (QCS). The roughness numerics obtained v i a  QCS a r e  inheren t  

c h a r a c t e r i s t i c s  of t h e  t r u e  l o n g i t u d i n a l  road p r o f i l e ,  and can be obtained 

wi th  a  v a r i e t y  of ins t rumenta t ion  and computation methods. To d i s t i n g u i s h  the  

p a r t i c u l a r  s e t  of QCS parameters used i n  t h i s  r e p o r t  from a l t e r n a t e  s e t s  used 

i n  o t h e r  QCS a p p l i c a t i o n s ,  the  a n a l y s i s  used i n  the  IRRE i s  c a l l e d  t h e  

"Reference Q u a r t e r  Car Simulation" (RQCS). This appendix desc r ibes  1) the  

development of the  RQCS, 2 )  i t s  mathematical p r o p e r t i e s ,  3 )  computational  

d e t a i l s ,  and 4 )  t h e  r e s u l t s  obta ined dur ing t h e  I n t e r n a t i o n a l  Road Roughness 

Experiment (IRRE). Although the  use of a  QCS t o  quan t i fy  roughness i s  not  

new, t h e r e  i s  p r e s e n t l y  no s i n g l e  source i n  t h e  l i t e r a t u r e  t h a t  covers t h e  

d e t a i l s  of implementing a  QCS*  Therefore ,  t h i s  appendix inc ludes  a d d i t i o n a l  

background informat ion i n  a l l  s e c t i o n s  when such informat ion i s  u s e f u l  but  not  

r e a d i l y  a v a i l a b l e  elsewhere.  

DEVELOPMENT AWD HISTORY 

Mathematical models of v e h i c l e  response have been used s i n c e  t h e  1940s by 

engineers  charged wi th  t h e  des ign and/or eva lua t ion  of a i r p l a n e s  and m i l i t a r y  

v e h i c l e s .  A t  t h a t  t ime,  t h e  e f f o r t  a s soc ia ted  wi th  ob ta in ing  a  p r o f i l e  wi th  

convent ional  survey methods and conver t ing i t  i n t o  a  form compatible wi th  the  

computation methods of the  day (analog computers) was f a r  too g r e a t  t o  

cons ide r  us ing v e h i c l e  s imulat ion f o r  eva lua t ing  road roughness. But g iven 

t h e  d i r e  consequences of a n  a i r c r a f t  f a i l u r e  whi le  t r a v e r s i n g  a  runway, o r  of 

a  m i l i t a r y  v e h i c l e  t r a v e r s i n g  rugged t e r r a i n ,  the  e f f o r t  involved i n  

conducting s imula t ions  was j u s t i f i e d  f o r  those  a p p l i c a t i o n s .  

In t h e  e a r l y  1960s, General Motors Research (GMR) developed a  

"Prof i lomete r , "  us ing modern i n s t r u m e n t a t i o n ,  t h a t  was capable of measuring 

the  "dynamic" p o r t i o n  of a  road p r o f i l e  r e spons ib le  f o r  inducing v e h i c l e  r i d e  



motions I 2 1 1 .  Shor t ly  a f t e r  t h a t ,  t h e  Michigan Dept. of Transpor ta t ion (MDOT, 

then c a l l e d  the  Mich. Dept. of S t a t e  Hwys and Transp.) b u i l t  a  second GMR 

Prof i lometer  i n  cooperat ion wi th  GMR [ 2 2 ] .  A t  about t h e  same t ime,  GMR 

l i censed  K.J. Law, Inc .  t o  market the  Prof i lometer  commercially. 

A t  t h a t  t ime ,  t h e  most we l l  known roughness measuring system was t h e  BPR 

Roughometer RTRRMS. In the  l a t e  1960s, both  MDOT and K. J.  Law, Inc.  developed 

e l e c t r o n i c  "equivalent"  BPR Roughometers, which employed a  veh ic le  s imulat ion 

us ing an analog computer [ 2 2 ,  2 4 1 .  Since the  BPR Roughometer has but  one 

wheel,  t h a t  v e h i c l e  s imulat ion was c a l l e d  a  BPR Roughometer Quarter-Car 

Simulation (BPRIQCS). The BPR/QCSs used by MDOT and K. J. Law, Inc. have 

equat ions  i d e n t i c a l  i n  form t o  a  textbook mathematical model used t o  

c h a r a c t e r i z e  va r ious  dynamic systems,  and a r e  the  f i r s t  a p p l i c a t i o n s  of t h a t  

model f o r  quan t i fy ing  road roughness. The QCS i s  i n  f a c t  t h a t  model, wi th  

parameter values  r e p r e s e n t a t i v e  of v e h i c l e s .  (The two BPR/QCSs used two 

d i f f e r e n t  s e t s  of parameter v a l u e s ,  each based on measurements of a  d i f f e r e n t  

"standard" BPR Roughometer.) Most of the  p ro f i lomete r s  produced by K.J. Law, 

Inc.  have included the  BPR s imulat ion.  Several  yea r s  l a t e r ,  K . J .  Law, Inc .  

introduced a second s e t  of parameter values  f o r  a  QCS t o  s imula te  a  1968 

Chevrolet  Impala passenger c a r .  

One of the  GMR-type p ro f i lomete r s  wi th  a  BPR/QCS was t h e  b a s i s  f o r  the  QI 

s c a l e  used i n  t h e  I C R  p r o j e c t ,  a l though,  due t o  a number of f a c t o r s ,  the  

device  never a c t u a l l y  measured p r o f i l e  during t h e  p r o j e c t  wi th  t h e  accuracy 

normally assoc ia ted  with t h a t  ins t rument .  The QI s c a l e  i s  t h e r e f o r e  not  

equ iva len t  t o  the  published c h a r a c t e r i s t i c s  of t h e  BPR/QCS, (See Appendix E 

f o r  d e t a i l s .  ) 

During t h e  l a t e  1970s, a  l a rge - sca le  NCWRP resea rch  p r o j e c t  was 

undertaken a t  UMTRI ( then c a l l e d  The Highway Safe ty  Research I n s t i t u t e  ) t o  : 

1 )  s tudy RTRRMSs, 2 )  determine c o r r e l a t i o n s  between t h e  d i f f e r e n t  systems i n  

u s e ,  and 3 )  dev i se  a  v a l i d  c a l i b r a t i o n  methodology. The resea rch  included 

ex tens ive  t e s t i n g  of t h e  RTRRMS i n  a  l abora to ry  environment, along wi th  a  

formal t h e o r e t i c a l  a n a l y s i s  of t h e  RTRRMS concept and ins t rumenta t ion.  It 

became apparent  t h a t  a  main source of the  problems l a y  i n  the  f a c t  t h a t  the  

ins t ruments  were invented without a  c l e a r  concept of what "roughness" i s  o r  

how i t  should be measured. I n s t e a d ,  "roughness" had been def ined r a t h e r  



l o o s e l y  a s  : "Whatever i t  i s  t h a t  t h e  RTRRIIS measures . ' I  Since c a l i b r a t i o n  

r e q u i r e s  comparing t h e  measures from the  ins t rument  being c a l i b r a t e d  t o  " t rue"  

va lues  of the  v a r i a b l e s  being measured, i t  was necessary  t o  d e f i n e ,  

mathemat ica l ly ,  a  measurable a spec t  of t h e  t r u e  l o n g i t u d i n a l  p r o f i l e  t h a t  

would se rve  a s  a c a l i b r a t i o n  re fe rence .  

The re fe rence  t h a t  was s e l e c t e d  i s  the  QCS, w i t h  new model parameters 

chosen t o  o f f e r  maximum c o r r e l a t i o n  wi th  e x i s t i n g  RTRRMSs. In  a d d i t i o n  t o  a 

new s e t  of parameters ,  the  QCS was "upgradedt' t o  a ha l f -ca r  s imula t ion ,  

because nea r ly  a l l  of the  RTRRMSs used i n  t h e  United S t a t e s  a r e  based on 

two-track v e h i c l e s  (passenger  c a r s  and two-wheeled t r a i l e r s ) .  The way a t i r e  

"envelops" smal l  bumps was found t o  have a c r i t i c a l  i n f l u e n c e  when thte QCS was 

used t o  s imula te  low speeds.  Accordingly,  t i r e  enveloping was added t o  the  

model when low-speed s imula t ions  were performed. The RQCS descr ibed i n  t h i s  

r e p o r t  i s  n e a r l y  i d e n t i c a l  t o  t h e  NCHRP r e f e r e n c e ,  d i f f e r i n g  only i n  t h e  t i r e  

enveloping parameter,  which was changed inconsequen t i a l ly  from 1 f t  (300 mm) 

t o  250 mm t o  s i m p l i f y  the  measurement requirements f o r  rod and l e v e l  methods. 

The NCHRP Report 228 recommended a roughness s t a t i s t i c  c a l l e d  "reference  

average r e c t i f i e d  veloci ty ' '  (RARV) which i s  u s e f u l  when comparing measurements 

made by RTRRMSs a t  more than one measurement speed. The o t h e r  s t a t i s t i c  

a s s o c i a t e d  wi th  t h e  RQCS i s  c a l l e d  "reference  average r e c t i f i e d  s lope"  (RARS). 

Since t h e  RARS numeric obtained wi th  a s imulat ion speed of 50 km/h ( R A R S ~ ~ )  

i s  s e l e c t e d  i n  t h i s  r e p o r t  a s  t h e  b e s t  choice  f o r  an  I n t e r n a t i o n a l  Roughness 

Index, most of the  r e s u l t s  obtained wi th  t h e  RQCS a r e  repor ted  a s  RARS values .  

MATHE3fATICAL DEFINITION OF THE QUARTER CAR SMJLATION 

Summary of t h e  Reference Quarter-Car Simulation (RQCS) 

Figure F.l i l l u s t r a t e s  t h e  concept of t h e  RQCS a n a l y s i s  i n  terms of t h e  

mechanical model ( l a )  and i t s  frequency response ( l b  and l c ) .  The RQCS 

c o n s i s t s  of t h r e e  d i s t i n c t  mathematical  procedures:  

1. Geometrically smooth t h e  p r o f i l e .  A pneumatic t i r e  c o n t a c t s  the  
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road over an a r e a ,  r a t h e r  than a t  a  s i n g l e  p o i n t ,  and e f f e c t i v e l y  "en~velopes" 

s m a l l ,  sharp roughness f e a t u r e s .  It has  been shown t h a t  t h i s  e f f e c t  i s  

s imulated q u i t e  we l l  wi th  a "moving average" smoothing technique,  using a  

"moving average" baselength  approximately 50% longer than the  con tac t  patch 

between t i r e  and road [ 9 ] .  The moving average i s  def ined f o r  a  continuous 

p r o f i l e  measurement by an i n t e g r a l  over the  baselength  of t h e  f i l t e r :  

where 

x = d i s t a n c e  t r a v e l l e d  

y r ( x )  = u n f i l t e r e d  "raw" v e r t i c a l  p r o f i l e  e l e v a t i o n  

ys (x )  = smoothed v e r t i c a l  p r o f i l e  e l e v a t i o n  

b  = baselength  of moving average 

X = dummy v a r i a b l e  of i n t e g r a t i o n  

Due t o  the  p r a c t i c a l  advantage of measuring p r o f i l e  manually a t  conveniently 

marked i n t e r v a l s ,  a baselength  of b = 250 mm i s  proposed i n  t h i s  r e p o r t ,  which 

d i f f e r s  from the  1 f t  (300 mm) baselength  used i n  t h e  NCHRP work. The e f f e c t  

of smoothing i s  o f t e n  n e g l i g i b l e  f o r  high simulated speeds ,  but assumes 

g r e a t e r  importance f o r  lower speeds ,  a s  shown l a t e r  i n  t h i s  sec t ion .  

2. Filter the profile signal. The mathematical model shown i n  Figure 

F . l a  i s  def ined mathematically by two second-order d i f f e r e n t i a l  equa t ions :  

where 

and 

y = p r o f i l e  e l e v a t i o n  inpu t  



The mechanical system shown i n  the  f i g u r e  and descr ibed by the  above equat ions  

i s  a band-pass f i l t e r ,  so-called because i t  t ransmits  only a band of 

f r equenc ies ,  " f i l t e r i n g  out" t h e  r e s t .  The f i g u r e  shows the  frequency 

response p l o t  of the RQCS f i l t e r ,  i n  the  form of "amplitude outt ' /"amplitude 

i n .  I '  

Methods t h a t  a r e  used t o  perform the  f i l t e r i n g  a r e  mentioned l a t e r  i n  

t h i s  s e c t i o n ,  and computational  d e t a i l s  a r e  provided i n  the  next s e c t i o n  f o r  

one approach t h a t  i s  p a r t i c u l a r l y  s u i t e d  f o r  manual p r o f i l e  measurement and 

computation wi th  microcomputers. 

3.  Bectify and average the filtered profile signal. To s imulate  a 

roadmeter, t h e  axle-body v e l o c i t y  from the  QCS is  r e c t i f i e d  and averaged t o  

y i e l d  an ARV s t a t i s t i c  s i m i l a r  t o  t h a t  obtained from t h e  roadmeter i n  a 

RTRRMS. The ARV numeric can be resca led  from u n i t s  of v e l o c i t y  t o  u n i t s  of 

s l o p e ,  t o  y i e l d  the  ARS numeric. Deriving from t h e  Reference,  the  s t a t i s t i c  

i s  c a l l e d  U R S  i n  t h i s  r epor t  t o  d i f f e r e n t i a t e  i t  from t h e  "raw" ARS measure 

obtained from a mechanical RTRRMS. When the  RQCS i s  implemented as  descr ibed 

l a t e r  i n  t h i s  appendix, the output  of the  f i l t e r  has t h e  u n i t s  of s l o p e ,  and 

RARS i s  computed simply by r e c t i f y i n g  and averaging t h a t  output.  

Half -Car Simulation (HCS) 

The QCS i s  converted t o  a HCS by adding one more s t e p ,  which i s  t o  

average t h e  l e f t -  and right-hand wheeltrack p r o f i l e s ,  point-by-point, p r i o r  t o  

process ing wi th  t h e  QCS. This s t e p  i s  included because roadmeters i n  

two-track RTRRMSs a r e  i n s t a l l e d  a t  t h e  c e n t e r  of the  veh ic le  a x l e ,  where they 

d e t e c t  v i r t u a l l y  no r o l l  motion of the veh ic le  body o r  axle .  This s t e p  i s  not  

equivalent  t o  process ing t h e  two p r o f i l e s  independently and then averaging t h e  

summary s t a t i s t i c s ;  when the  p r o f i l e s  a r e  processed s e p a r a t e l y ,  a  h igher  

roughness numeric i s  obtained because the  independent p r o f i l e  roughness 

numerics inc lude  c r o s s l e v e l  v a r i a t i o n s  t h a t  would not  r e g i s t e r  on a roadmeter 

a t  t h e  ax le  c e n t e r .  The NCHRP Reference i s  a HCS, while most of the  r e s u l t s  

obtained i n  the  IRRE were f o r  a QCS (each wheeltrack processed independently).  



Bandwidth of the WCS 

In  o rde r  t o  d e r i v e  the  frequency response func t ions  of t h e  

above-described o p e r a t i o n s ,  i t  i s  convenient  t o  consider  complex s i n u s o i d a l  

v a r i a b l e s  of t h e  form: 

where 

- 
w = c i r c u l a r  frequency = 2 n f ,  and j = 1-1 = t h e  "imaginary" p a r t  

of a "complex" v e c t o r ,  90' out  of phase with the  " r e a l "  p a r t .  Eq. 5 

d e s c r i b e s  a  v a r i a b l e  t h a t  i s  s i n u s o i d a l  wi th  d i s t a n c e  t r a v e l l e d ,  x ,  while Eq. 

6 d e s c r i b e s  a  v a r i a b l e  t h a t  i s  s i n u s o i d a l  wi th  time t .  Depending on t h e  

c o n t e x t ,  the  l e t t e r  w des igna tes  e i t h e r  s p a t i a l  c i r c u l a r  frequency,  wi th  u n i t s  

of r a d i a n s l l e n g t h  i n  Eq. 5 ,  o r  temporal c i r c u l a r  frequency wi th  u n i t s  of 

r a d i a n s l s e c  i n  Eq. 6.  Whether the  v a r i a b l e  i s  temporal o r  s p a t i a l ,  

d i f f e r e n t i a t i o n  i s  simple:  

The Moving Average. The s p a t i a l  frequency response of a  moving 

average,  def ined as  the  r a t i o  of t h e  output  "smoothed" p r o f i l e  y s ,  t o  the  

"raw" p r o f i l e ,  y r ,  i s  found by combining Eqs. 1 and 5 :  

where X = dummy i n t e g r a t i o n  v a r i a b l e .  Solving Eq. 10, 



where L = wavelength = 2 n / w *  

The moving average f i l t e r  i s  descr ibed i n  more d e t a i l  i n  Appendix J ,  

which inc ludes  t h e  e f f e c t  of samnple i n t e r v a l  on t h e  wavenumber s e n s i t i v i t y .  

The QCS Filter. Eqs 2 and 3 can be converted t o  a l g e b r a i c  equa t ions  

dependent on frequency by s u b s t i t u t i n g  jw f o r  t h e  d e r i v a t i v e s ,  a s  shown i n  Eq. 

9 : 

Eqs. 12 and 13 can be solved f o r  t h e  two v a r i a b l e s  z, and zs t o  y i e l d  the  

temporal frequency response func t ion  of t h e  QCS: 

where 

and 



Eq. 14 c o n t a i n s  bo th  ampl i tude  and phase in fo rma t ion .  The ampl i tude  of t h e  

Frequency Response Funct ion  i s  : 

Eqs. 14 and 20 a r e  d imens ion le s s ,  meaning t h a t  t h e  o u t p u t  ( z r )  w i l l  have 

t h e  same u n i t s  a s  t h e  input:. Thus, t o  o b t a i n  a  s l o p e  o u t p u t ,  t h e  i n p u t  should 

be p r o f i l e  s l o p e .  Eq. 20  i s  shown p l o t t e d  a s  a f u n c t i o n  of f requency i n  Fig.  

F . l c .  When t h e  i n p u t  i s  a  p r o f i l e  e l e v a t i o n ,  t hen  t h e  frequency response  

f u n c t i o n  should  i n c l u d e  t h e  d i f f e r e n t i a t i o n  involved  i n  t r ans fo rming  i3 

disp lacement  t o  a  s l o p e .  When t h e  d i f f e r e n t i a t i o n  (jw) i s  combined w i t h  Eq. 

20,  t h e  r e s u l t  i s :  

Eq .  21 ,  w i t h  u n i t s  l / s e c  i s  shown p l o t t e d  i n  Fig.  F , l b .  

Frequency Response of RQCS at four simulation speeds. As shown i n  F igu re  

F . l c ,  t h e  bandwidth of t h e  QCS f i l t e r  cove r s  tempora l  f r e q u e n c i e s  between 0.8 

- 17 Hz, which can be r e l a t e d  t o  s p a t i a l  wavenumber ( 1 / L ,  L  = wavelength)  by 

t h e  s i m u l a t i o n  speed : 

I n  a d d i t i o n ,  t h e  geometr ic  smoothing l imi ts  t h e  r e sponse  t o  s h o r t e r  

wavelengths  acco rd ing  t o  Eq. 1 1 ,  r e g a r d l e s s  of t h e  s i m u l a t i o n  speed.  F igure  

F.2 shows t h e  combined e f f e c t s  of t h e  f i l t e r i n g  and smoothing f o r  t h e  f o u r  

speeds  used i n  t h e  IRRE, ob ta ined  by combining Eqs. 1 1 ,  20 ,  and 22. When 

expressed  a s  wavelengths ,  t h e  bands a r e  approximate ly :  



WAVELENGTH - Pvl/CYCLE 

mm smoothin 

z 
6' 

with 250 mm smoothing 

0 

without 250  mm smoothing 

z - 
< ?  
C3 

with 250  mm smoothing 

0 

z 
- X F  
C3 

with 250 mm smoothing 

0 

m 
4 -  
C3 

with 250 m m  smoothing 

0 

WAVE NUMBER - CYCLE/M 

k'igure F. 2 .  Sensitivity of R(&S to  Different Wavelengths 

F - 10 



Physical  I n t e r p r e t a t i o n  of t h e  RARS S t a t i s t i c .  

The RQCS a n a l y s i s  desc.ribed above has  t h r e e  simple i n t e r p r e t a t i o n s :  

Beference RTRRMS. As  shown i n  Figure F . l a ,  the  a n a l y s i s  simu1att:s an 

i d e a l i z e d  RTRRMS, sometimes c a l l e d  t h e  "Golden Car,"  e q u i v a l e n t  i n  concept t o  

a gold-plated re fe rence  measure. The RQCS has the  same approximate 

s e n s i t i v i t y  t o  s u r f a c e  t y p e ,  roughness,  and ( s imula ted)  measurement speed a s  

observed wi th  a  RTRRMS, but: has  none of t h e  n o n l i n e a r i t i e s  t h a t  e x i s t  wi th  

most v e h i c l e s  and roadmete1:s. The RQCS g i v e s  t h e  opera to r  of a  RTRRMt3 an 

oppor tuni ty  t o  s e e  how t h e  RTRRMS compares with an " idea l "  system, i n  terms of 

such performance f e a t u r e s  a s :  suspension damping, roadmeter n o n l i n e a r i t y ,  and 

t i r e l w h e e l  nonuniformity.  

P r o f i l e  Slope. A l t e r n a t i v e l y ,  t h e  RQCS can be viewed as  providing a 

s t a t i s t i c  summarizing p r o f i l e  geometry. RARS i s ,  a s  t h e  name i m p l i e s ,  the 

average r e c t i f i e d  s lope  of the  p r o f i l e  when wavelengths a r e  a t t enua ted  t h a t  

f a l l  o u t s i d e  the  range s p e c i f i e d  i n  Eq. 23. 

Vehicle Exc i t a t ion .  When t h e  roughness s t a t i s t i c  i s  converted t o  

RARV, i t  i s  p ropor t iona l  t o  the  v e r t i c a l  e x c i t a t i o n  perceived by a  v e h i c l e  

t r a v e r s i n g  t h a t  road a t  t h e  s imula t ion  speed. Thus, roads can be compared i n  

terms of t h e i r  roughness a s  perceived by the  v e h i c l e ,  even when d i f f e r e n t  

speeds a r e  invo lved ,  by us ing a  s imulat ion speed t h a t  corresponds t o  the  

t r a f f i c  speed. A higher  number always impl ies  more v e h i c l e  e x c i t a t i o n ,  

r e g a r d l e s s  of t h e  s imula t ion  speed. 

Examples of t h e  RQCS "Fi l ter ."  To i l l u s t r a t e  t h e  na tu re  of t h e  RQCS, 

Figures  F.3 and F.4 show t h e  p r o f i l e  inpu t s  and t h e  r e s u l t i n g  QCS outlput. 

Figure F.3 shows t h r e e  p l o t s  der ived from a  s i n g l e  p r o f i l e  measured wi th  the  

TRRL Beam dur ing t h e  IRRE. Note t h a t  t h e  roughness informat ion i s  not  very 
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c l e a r  from the  e l e v a t i o n  p r o f i l e  (Fig.  F.3a) due t o  1 )  t h e  underlying s lope  

of the  road,  and 2 )  the  f a c t  t h a t  road e l e v a t i o n  p r o f i l e s  a r e  dominated by t h e  

longes t  wavelengths included i n  t h e  measurement. The p l o t  of p r o f i l e  s lope 

(Fig .  F ,3b) ,  obtained by taking point-by-point d i f f e r e n c e s  i n  e l e v a t i o n ,  

normalized by the  measurement i n t e r v a l ,  more c l e a r l y  shows "roughness." The 

f i l t e r e d  s l o p e ,  a s  seen through t h e  RQCS (Fig .  F.3c), i s  very s i m i l a r  t o  the  

"raw" s l o p e ,  however, the  high frequency "hash" i s  removed by the  RQCS 

bandpass f i l t e r .  Also, the  non-zero mean s lope  i s  removed wi th  the  longer 

wavelengths. 

Figure F.4 shows corresponding measurements obtained with the  APL T r a i l e r  

( i n  the APL 7 2  c o n f i g u r a t i o n ) ,  descr ibed i n  Appendices A and G.  Figures F.3 

and F.4 show t h a t  d i r e c t  comparison of the  e l e v a t i o n  " p r o f i l e "  s i g n a l s  (F igs .  

2a and 3a )  i s  meaningless,  s i n c e  the  APL s i g n a l  does not  inc lude  wavelengths 

longer than 40 m. Direct  comparison of t h e  s lope " p r o f i l e "  s i g n a l s  (F igs .  2b 

and 3b) i s  much c l o s e r ,  y e t  the  s i g n a l s  a r e  s t i l l  not  comparable due t o  

d i f f e r e n c e s  i n  the  ins t rumenta t ion approaches of the  TRRL Beam and APL 

T r a i l e r .  Af ter  the s i g n a l s  a r e  f i l t e r e d  by t h e  RQCS,  t he  waveband of the 

s lope  p r o f i l e  has been l imi ted  t o  t h e  band t h a t  e x c i t e s  the  RQCS a t  the  

s imulat ion speed of 50 km/h. While exac t  agreement i s  not  ob ta ined ,  the  

s i g n a l s  now appear much more s i m i l a r ,  and have c lose  RARS values .  

COMPUTATIONKL DETAILS 

Due t o  t h e  way the  RQCS i s  formulated,  t h e  output of the  model has the  

same u n i t s  a s  the  inpu t .  Thus, a  s i n g l e  RQCS a lgor i thm can provide RARS 

d i r e c t l y  from a  s lope  inpu t  o r  RARV d i r e c t l y  from a  v e r t i c a l  v e l o c i t y  i n p u t ,  

without modif ica t ion.  

Since t h i s  r e p o r t  emphasizes t h e  RARS s t a t i s t i c ,  r a t h e r  than t h e  RARV 

s t a t i s t i c ,  s p a t i a l  d e s c r i p t o r s  a r e  used when poss ib le .  



Computational Hethods f o r  Simulating Vehicle Dynamics 

The RQCS can be impleniented any number of ways, s i n c e  t h e  a n a l y s i s  i s  

def ined by Eqs. 2 and 3 ,  r a t h e r  than a s p e c i f i c  means of t h e i r  s o l u t i o n .  Four 

approaches that: have been used s u c c e s s f u l l y  a r e  mentioned he re :  

Analog Computer. As noted e a r l i e r ,  t h e  f i r s t  QCSs used f o r  roughness 

eva lua t ion  were e l e c t r o n i c  [22,  241. An e l e c t r o n i c  f i l t e r  i s  designed t h a t  

follows Eqs. 2 and 3 ,  thus  d e f i n i n g  an e l e c t r o n i c  analog of t h e  i d e a l  

mechanical system. An analog computer r e q u i r e s  t h a t  t h e  p r o f i l e  be measured 

cont inuously ,  t o  provide a vo l t age  p ropor t iona l  t o  p r o f i l e  over t h e  proper 

frequency range.  Therefore ,  i t  cannot e a s i l y  be used with measurement methods 

t h a t  only provide the  p r o f i l e  numerically a t  d i s c r e t e  i n t e r v a l s ,  such a s  t h e  

Rod and Level and TRRL Beam. An analog computer has  s e v e r a l  potentia:L 

advantages:  1 )  i t  opera tes  i n  " r e a l  t ime,"  and t h e r e f o r e  does no t  r e q u i r e  t h a t  

p r o f i l e  be s to red  on magnetic t a p e ,  2 )  summary r e s u l t s  a r e  obtained 

immediately, and 3 )  i t  i s  i d e a l l y  s u i t e d  t o  an analog dynamic p ro f i lo lne te r ,  

such a s  the  APT.. 72 ( d i g i t i z a t i o n  i s  not  necessary) .  In  p r a c t i c e ,  the  analog 

QCSs have proven troublesome t o  maintain.  (For example, problems wit'h the  

BPR/QCS used a s  the  b a s i s  of the  QI,  a r e  mentioned i n  Appendix E.) 

Numerical I n t e g r a t i o n -  The d i f f e r e n t i a l  equa t ions  can be numerilcally 

i n t e g r a t e d  on a d i g i t a l  computer, using one of many p o s s i b l e  i n t e g r a t i o n  

approximations (Euler  , Runge-Kutta, Hammings Predic tor-Corrector  , e t c .  ) . The 

v a r i a b l e s  a r e  c a l c u l a t e d  a6 d i s c r e t e  t imes ,  spaced c l o s e l y  by the  small "time 

s t ep . "  A t  each time s t e p ,  t h e  d e r i v a t i v e s  a r e  evaluated (according t o  Eqs. 2 

and 3 )  and used t o  es t ima te  the  v a r i a b l e s  a t  the  next  s t e p .  While numerical 

i n t e g r a t i o n  i s  an approximation,  t h e  e r r o r s  can be kep t  a t  n e g l i g i b l e  l e v e l s  

by proper choice of the  time s t e p  i n t e r v a l  E361. 

Est imat ion through Cor re la t ion .  A number of a l t e r n a t i v e  analyses  can 

be devised t h a t  y i e l d  s t a t i s t i c s  c o r r e l a t e d  wi th  RARS. While a r igorous  

mathematical r e l a t i o n s h i p  might no t  e x i s t ,  a s t a t i s t i c a l  r e l a t i o n  can be 

developed through regress ion  analyses .  The QIr a n a l y s i s ,  descr ibed i n  

Appendix E ,  e s t i m a t e s  t h e  output  of a BPR/QCS using mid-chord dev ia t ions  

(RMSVA) from two baselengths .  The RMSD a n a l y s i s ,  descr ibed i n  Appendix H ,  

e s t i m a t e s  the  ARS numeric obtained from a B I  T r a i l e r  as  i t  e x i s t e d  i n  Ju ly  



1982 during the IRRE. Although a l t e r n a t e  s t a t i s t i c s  combined wi th  regress ion  

equat ions  a r e  not  un ive r sa l ly  equivalent  t o  d i r e c t  computation of a QCS 

numeric from the  p r o f i l e  d a t a ,  t h e  a l t e r n a t e  s t a t i s t i c s  can sometimes be 

"converted" t o  the  RARS roughness s c a l e  with l i t t l e  l o s s  i n  accuracy. 

S t a t e  T r a n s i t i o n  Matrix. Because the  d i f f e r e n t i a l  equat ions  of the  

QCS a r e  l i n e a r ,  the  exact  s o l u t i o n  can be ca lcu la ted  i f  the  p r o f i l e  inpu t  has  

a known shape between measurements. The 'solut ion method i s  c a l l e d  t h e  s t a t e  

t r a n s i t i o n  matr ix  (STM) method, because the  d i f f e r e n t i a l  equat ions  a r e  used t o  

d e f i n e  two f ixed  matr ices  of constant  c o e f f i c i e n t s  t h a t  a r e  used t o  compute 

the  t r a n s i t i o n  of the  QCS over each time s t e p  [ 3 7 ] .  This method i s  described 

below. 

F i l t e r i n g  the Profi le:  The State Trans i t ion  Matrix 

The s t a t e  of the  mathematical model shown i n  Fig. F . l  can be described 

completely ( f o r  purposes of determining RARS) by the  four  s t a t e  va r i ab les  

z ,  zs", z U t  and zu". The displacements of the  sprung and unsprung 

masses, zs  and z u ,  can a l s o  be computed, but a r e  not  necessary  f o r  

determining the  suspension motion detected by a roadmeter. 

Because t h e  RQCS i s  l i n e a r ,  the  new value of each v a r i a b l e  can be 

ca lcu la ted  a t  a  p o s i t i o n  x along the  road i f  the  values of the  four  v a r i a b l e s  

a r e  known a t  a previous p o s i t i o n ,  and i f  the  p r o f i l e  shape i s  known over t h e  

measurement i n t e r v a l .  For assumed constant  p r o f i l e  s lope between 

measurements, and a constant  measurement i n t e r v a l ,  t h e  values  of the  s t a t e  

v a r i a b l e s  a t  a  given po in t  a r e  computed a s :  

where 



Z S t  , Z S t l ,  Z U 1 ,  and ZU1' a r e  the  values  of t h e  s t a t e  v a r i a b l e s  f o r  the  

c u r r e n t  p o s i t i o n ,  

z S 1 ,  zS1 ' ,  z U 1 ,  and 2," a r e  t h e  va lues  known f o r  t h e  previous 

p o s i t i o n ,  and 

y '  = p r o f i l e  s lope  i n p u t .  

The c o e f f i c i e n t s  s  and p: ( j , k  = 1 . . .4 )  a r e  c o n s t a n t s ,  which a r e  f ixed  by 
j k  .I 

the  "time s t e p , "  which is  the  time t h a t  would be needed f o r  a  v e h i c l e  t o  

advance over oi1e p r o f i l e  measurement i n t e r v a l  a t  t h e  s imula t ion  speed. 

I n  essence ,  t h e  RQCS c o n s i s t s  of Eqs. 24 - 27, Table F.1 l i s t s  the  

c o e f f i c i e n t s  r equ i red  f o r  s imula t ion  speeds of 50 and 80 km/h, and measurement 

i n t e r v a l s  of 50,  100, 250, and 500 mm. 

The above computation method i s  r e c u r s i v e ,  meaning t h a t  i t  "marc'hes" 

through the  p r o f i l e ,  basing new computed values  on both the  new inpu t  and the  

previous  values .  As such,  i t  i s  always responding t o  p a s t  e x c i t a t i o n ,  j u s t  a s  

a  phys ica l  v e h i c l e  does.  

Computation of the RQCS Coefficients 

When a  s imula t ion  speedlmeasurement i n t e r v a l  combination i s  required t h a t  

i s  not included i n  Table F.1, t h e  necessary  c o e f f i c i e n t s  can be computed 

d i r e c t l y .  To s impl i fy  t h e  mathematical e x p r e s s i o n s ,  matr ix  n o t a t i o n  w i l l  be 

used below. In t h e  fo l lowing equa t ions ,  a l l  one-dimensional (1x4) mat r i ces  

a r e  i n d i c a t e d  i n  bold p r i n t ,  whi le  two-dimensional ma t r i ces  (4x4) a r e  both 

under l ined and shown i n  bold p r i n t .  Although the  s t a t e  t r a n s i t i o n  computation 

method can be used t o  g ive  a  s lope  o u t p u t ,  Eqs. 2 and 3 have time d e r i v a t i v e s .  

To so lve  those  e q u a t i o n s ,  i t  i s  more convenient  i f  a l l  d e r i v a t i v e s  a r e  

temporal ,  and t h e r e f o r e  only time d e r i v a t i v e s  a r e  i n d i c a t e d  i n  t h i s  sec t ion .  

Eqs. 24 - 27 can be re -wr i t t en  i n  matr ix  form with  temporal d e r i v a t i v e s  

a s  : 



Table F.l RQCS C o e f f i c i e n t s  

d t  = 3.6 x 1 0 ' ~  sec, dx = 50 mm, V = 50 km/h (Val id  f o r  any road sur face)  
r 

ST = 1.99961 1699 - 3.56272188 x loe3 1.92070642 x 1 f 4  3.71002355 x 10-51 PR = 1.96228971 x 10 
1 -.209863995 .9797 19377 ,0483 W 3033 .0200843925 
'2.57625371 x lom3 2.47334903 x .970650997 
1 + 1.38542279 .I3389595 - 15.8388928 3.32009264 .839331301 x lo-? 5:?%.2 14.4534699 1 

d t  = 7.2 x los3 sec, dx = 100 mm, V = 50 km/h ( V a l i d  f o r  road surfaces no t  having i s o l a t e d  Irbumpsrt 
shor te r  than 150 mrn) 

d t  = ,018 sec, dx = 250 mrn, V = 50 km/h (Val i d  f o r  road surfaces n o t  having i so la ted  rrbumpslr shor te r  
than 300 mm) - 

ST = j ,992040026 - ,0171948155 -.0124196184 
1 -.789425935 .9 172 12924 -2.295 10558 
j ,0465276304 4.72363171 x 1 0 ' ~  ,4531 13538 
' 3.89845779 
i .4 16049897 -47.1993075 .0835914715 

d t  = ,036 sec, dx = 500 mm, V = 50 km/h (Val i d  f o r  road surfaces n o t  having s i g n i f i c a n t  "shor t  wave 
r o u g h n e s ~ . ~  Less accurate than when dx = 250 mm.) 

d t  = 2.25 x sec, dx = 50 m, V = 80 km/h ( V a l i d  f o r  a l l  road sur faces)  

d t  = 4.5 x 1 0 ' ~  sec, dx = 100 mm, V = 80 km/h (Val i d  f o r  road surfaces n o t  having i s o l a t e d  "burnpslt 
shor te r  than 150 mm) 

ST = r.999401438 - 4.44235095 x 2e\8885407 x lom4 5,72179098 x IO-1 FR =[,79676767 x 
-.257054857 .97 5036049 7.96622337 x lom3 .0245842747 .249088634 
3 . 9 6 0 3 7 9 9 2 ~  lom3 3 . 8 1 4 5 2 7 3 2 ~  1 0 ' ~  .954804848 4.05558755 x 1 0 ' ~  .04 1234773 
1.68731199 ,163895165 -19.3426365 ,794670062 17.6553245 

d t  = ,01125 sec, dx = 250 mm, V = 80 km/h (Val i d  f o r  road sur faces n o t  having i s o l a t e d  "bumpsr1 shor te r  
than 300 mm) 

d t  = ,0225 sec, dx = 500 m, V = 80 km/h ( V a l i d  fo r  road surfaces n o t  having s i g n i f i c a n t  I r shor t  wave 
roughness" 

7 

ST = / ,988172567 .0212839445 - .0252093 147 9.92316691 x 
-.928516044 ,900 16 1568 -3.39136929 .06280 16846 
,0638632609 6.61544461 x 1 0 ' ~  ,240289418 9.86268262 x lom3 
3.74329442 - L .4 18677898 -46.6788394 -.I14525219 



where 

and 

ST = 4x4 Sta te  Transition Matrix (with coe f f i c i en t s  s l l  ... s ~ ~ )  - 
PR = 1x4 P a r t i a l  Response Matrix (with coe f f i c i en t s  p l  .. . p 4 )  

i = present time s tep  , i-1 = previous time s tep  

To make Eqs. 2 and 3 compatible with Eqs. 24 - 2 7 ,  both s ides  of E q s .  2 and 3 

are  d i f f e r en t i a t ed  with respect t o  time. They can then be expressed i n  the 

following matrix form using the four s t a t e  var iables  of the Z vector ,  

defined i n  E q .  2 9 :  

The form of the solut ion fo r  Eqs. 30 and 31 has already been presented ( E q .  

28). For a  constant time s t e p ,  over which the input S ( i )  i s  a  constant ,  

the - ST and PR matrices can be computed from the - A and 

B matr ices:  

PR = A - ~  (ST - I ) B - - - 

where 

d t  ( s ec )  = dx (m) 3600 ( sec /h)  0001 (km/m) / V (km/h) 



and - I i s  a  4 x  4 i d e n t i t y  mat r ix .  The PB matr ix  a s  def ined i n  Eq. 

33 i s  based on t h e  assumption of an i n p u t  t h a t  remains cons tan t  over the  

p r o f i l e  measurement i n t e r v a l .  That i s  why the  genera l i zed  inpu t  i n  Eqs. 2 4  - 
2 7  should be a  s l o p e ,  r a t h e r  than e l e v a t i o n :  an assumption of cons tan t  s lope  

between p r o f i l e  measures i s  more reasonable  than an assumption of constant  

e l e v a t i o n .  (Note t h a t  i f  an  e l e v a t i o n  inpu t  i s  used,  the  output  s i g n a l  w i l l  

a l s o  be an e l e v a t i o n ,  and t h a t  a  simple average would not  y i e l d  RARS.) 

Eq. 33 r e q u i r e s  a  matr ix  i n v e r s i o n ,  which i s  not  d e t a i l e d  he re  because i t  

i s  such a common computer subrou t ine .  The matr ix  exponent i n  Eq. 32 i s  l e s s  

common, but can be evaluated wi th  a  Taylor s e r i e s  expansion: 

A d t  = I + A d t  t A A d t 2  / 2  t d t 3  / 3! + ... e- - - - - - 

For Eq. 35 t o  be p e r f e c t l y  e x a c t ,  N must approach i n f i n i t y .  In  p r a c t i c e ,  

however, t h e  s e r i e s  converges r a p i d l y  t o  t h e  p r e c i s i o n  of a  computer when d t  

i s  small.  In c a l c u l a t i n g  t h e  c o e f f i c i e n t s  shown i n  Table F.1, the  computer 

program checked t h e  c o e f f i c i e n t s  a f t e r  each new term i n  the  s e r i e s  was added 

t o  determine i f  a change i n  eA d t  could be d e t e c t e d ;  when a  change 

was not  de tec ted  f o r  any of t h e  16 c o e f f i c i e n t s ,  then t h e  program stopped 

s i n c e  the  c o e f f i c i e n t s  were p r e c i s e  t o  t h e  l i m i t s  of t h e  computer. This 

g e n e r a l l y  occurs  a f t e r  about 10 terms (N=10). 

Conversion of E l e v a t i o n  P r o f i l e s  t o  a Smoothed Slope Input .  

As mentioned e a r l i e r ,  t h e  RQCS inc ludes  a  smoothing of t h e  inpu t  p r o f i l e ,  

using a  250 rnm "moving average , "  and a l s o  uses  e l e v a t i o n  changes ( s l o p e )  a s  

t h e  inpu t  t o  t h e  QCS f i l t e r .  When the  two opera t ions  a r e  combined, t h e  

r e s u l t i n g  o p e r a t i o n  i s  very s imple:  The s lope  inpu t  used f o r  the  QCS f i l t e r  

i s  t h e  change i n  e l e v a t i o n  over t h e  moving average baselength .  If t h e  p r o f i l e  

i s  measured con t inuous ly ,  then 



where y t ( x )  = smoothed s lope  inpu t  t o  t h e  RQCS 

y,(x) = raw p r o f i l e  e l e v a t i o n  

( I t  i s  recognized t h a t  E q .  35 in t roduces  a  phase s h i f t ,  equ iva len t  t o  the  

d i s t a n c e  b/2 = 250/2 = 125 mm). This has  no e f f e c t  on the  roughness r~umerics 

and s i m p l i f i e s  t h e  conversi,on of the  equat ions  i n t o  computer code. For zero  

phase,  t h e  equat ion would be:  y ' ( x )  = [yr(x+b/2)  - yr (x -b /2 ) l  be )  

When p r o f i l e  e l e v a t i o n s  a r e  measured a t  constant  i n t e r v a l s ,  t h e r e  a r e  two 

p o s s i b l e  r e l a t i o n s  between dx ,  the  measurement i n t e r v a l ,  and b ,  t h e  baselength  

of t h e  moving average : 

1. dx - > b. In  t h i s  e a s e ,  t h e  inpu t  t o  t h e  RQCS should be: 

The inpu t  i s  the  equ iva len t  of a  p r o f i l e  smoothed wi th  a  moving average equal  

t o  dx. If dx = b = 250 mm, then t h e  r e s u l t i n g  s lope  input  values  agree 

p e r f e c t l y  wi th  the  d e f i n i t i o n  of t h e  RQCS. Should dx be g r e a t e r  than b  ( f o r  

example, 500 mm), then the  r e s u l t  i s  equ iva len t  t o  t h e  f i l t e r  por t ion  of the  

RQCS wi th  a longer  moving average base leng th ,  equa l  t o  dx,  

2. dx < b. (Example: dx=100, b=250 mm.) I f  b  i s  not  an  i n t e g e r  

m u l t i p l e  of dx ,  then  i n t e r p o l a t i o n  of p r o f i l e  p o i n t s  i s  needed t o  emp:Loy t h e  

c o r r e c t  baselength  i n  the  moving average:  

where 

k = INT( b /dx  ) , B = ( b - k dx) /dx , and A = 1 - B (P-39) 

The func t ion  INT i n  Eq. 39 i s  t h e  INTeger func t ion  i n  t h e  BASIC and FORTRAN 

computer languages ,  and d e s i g n a t e s  t r u n c a t i o n .  



I f  b  i s  an i n t e g e r  mul t ip le  of dx ( f o r  example, dx=50, b=250 mm), then 

Eq. 38 i s  s i m p l i f i e d  because As1 and B=O. Eq. 38 then reduces t o :  

Initialization. 

Because the  RQCS i s  always responding t o  both new p r o f i l e  inpu t  and i t s  

p resen t  " s t a t e "  ( a s  def ined by the  s p a t i a l  equ iva len t s  of v e r t i c a l  

a c c e l e r a t i o n  and v e r t i c a l  v e l o c i t y  of t h e  simulated body and a x l e ) ,  t h e  

assumed i n i t i a l  va lues  of the  f o u r  s t a t e  v a r i a b l e s  can i n f l u e n c e  t h e  RARS 

numeric. This r e p l i c a t e s  t h e  behavior of a  phys ica l  RTRRMS which i s  

responding t o  the  road s u r f a c e  immediately p r i o r  t o  the  t e s t  s i t e  upon en t ry .  

In  o rde r  t o  o b t a i n  the  t r u e  i n i t i a l  s t a t e  of t h e  RQCS, t h e  p r o f i l e  must 

be measured f o r  some d i s t a n c e  p r i o r  t o  the  s t a r t  of t h e  t e s t  s i t e .  The 

s imula t ion  should begin on the  l e a d - i n ,  t o  determine t h e  proper values  of t h e  

v a r i a b l e s  z S 1 ,  zS",  z U 1 ,  and zus' a t  t h e  s t a r t  of the  t e s t  s i t e .  

I n  t h e  IRRE, lead- in  d a t a  were not a v a i l a b l e  from t h e  s t a t i c  p r o f i l e  

measures obta ined from Rod and Level and t h e  TRRL Beam, and i n i t i a l  cond i t ions  

had t o  be assumed, The assumed i n i t i a l  cond i t ions  a r e :  

where 

k = INT( 0.5 / d t )  (F-43 ) 

The above i n i t i a l  condf t i o n s  assumed f o r  t h e  RQCS have a  phys ica l  

i n t e r p r e t a t i o n :  i t  i s  as  i f  t h e  Reference RTRRMS i s  approaching t h e  t e s t  s i t e  

on a  p e r f e c t l y  smooth road ,  wi th  a  grade equal  t o  t h e  average grade of t h e  

p r o f i l e  over  the  f i r s t  0.5 second of s imulated t r a v e l  time. Note t h a t  Eq. 4 2  



i n i t i a l i z e s  t h e  RQCS f o r  a  s lope  i n p u t ,  s u i t a b l e  f o r  d i r e c t  computation of 

RARS. When KARV i s  computed, t h e  dx v a r i a b l e  i n  Eq. 42 i s  replaced wi th  d t  t o  

y i e l d  an i n i t i a l  v e r t i c a l  v e l o c i t y .  Also,  t h e  primes used t o  i n d i c a t e  s p a t i a l  

d e r i v a t i v e  should be replaced wi th  d o t s  t o  i n d i c a t e  time d e r i v a t i v e s .  The 

p r o f i l e s  obtained dur ing the  IRRE were analyzed t o  determine t h e  e r r o r s  

in t roduced us ing Eqs. 41 and 42 and,  a s  shown i n  t h e  next s e c t i o n ,  they were 

n e g l i g i b l e .  

( A  d i f f e r e n t  i n i t i a l i z a t i o n  was used a t  f i r s t  i n  the  IRRE a n a l y s e s ,  which 

used only t h e  f i r s t  two p r o f i l e  p o i n t s  (k=l i n  Eq. 42). The r e s u l t i n g  RQCS 

numerics,  included i n  t h e  December 1982 d r a f t  of t h i s  r e p o r t ,  showed s l i g h t l y  

higher and more e r r a t i c  r e s u l t s  f o r  the  p r o f i l e s  measured wi th  t h e  Beam and 

APL 72 system. The s h o r t e r  measurement i n t e r v a l s  made t h a t  i n i t i a l i z a . t i o n  

more s e n s i t i v e  t o  the  values  of the  f i r s t  two e l e v a t i o n  measures, in t roducing 

a  random e f f e c t  t h a t  degraded t h e  agreement between RQCS numerics obtarined by 

d i f f e r e n t  p r o f i l e  measurement methods. ) 

A Demonstration Computer Program. 

Figure F.5 p r e s e n t s  a  demonstrat ion computer program t o  c a l c u l a t e  

RARS50, us ing t h e  BASIC computer language. The p r o f i l e  values  a r e  s t o r e d  i n  

the  a r r a y  Y. The S t a t e  T r a n s i t i o n  Matrix i s  s t o r e d  i n  the  ST a r r a y  (and read 

by t h e  program from the  DATA s ta tements  a t  t h e  bottom); t h e  P a r t i c u l a r  

Response Matrix i s  s t o r e d  i n  the  a r r a y  PR ( t h e s e  c o e f f i c i e n t s  a r e  a l s o  read 

from the  DATA s t a t e m e n t s ) ;  N i s  the number of p r o f i l e  p o i n t s  ; DX i s  the  

measurement i n t e r v a l  ( s e t  a t  0.25 m i n  t h e  demonstra t ion) ,  V i s  t h e  si.mulation 

speed (50 km/h), N1 i s  the  number of p o i n t s  needed t o  proceed f o r  0.5 seconds 

t o  i n i t i a l i z e  t h e  v e r t i c a l  v e l o c i t y  v a r i a b l e s ;  t h e  Z a r r a y  con ta ins  the  

c u r r e n t  values  of the  four  s t a t e  v a r i a b l e s ;  and t h e  Z1 a r r a y  con ta ins  t h e  o ld  

values  of the  s t a t e  v a r i a b l e s ,  from t h e  previous time s t e p .  Although 

smoothing i s  no t  needed, due t o  the  sample l eng th  of 0.25 m ,  t he  program 

inc ludes  a  "one s i z e  f i t s  a l l "  Eq.  38 ( l i n e  #420 i n  t h e  program l i s t i n g )  t o  

compute t h e  p r o f i l e  s lope  inpu t  t o  t h e  RQCS f i l t e r .  The program was w r i t t e n  

f o r  ease  of unders tanding,  and i s  no t  p a r t i c u l a r l y  e f f i c i e n t .  Note t h a t  t h e  

"one s i z e  f i t s  a l l "  smoothing equat ion i s  over ly  complex when DX = 0.25 m ,  

s i n c e  K = l ,  A = l ,  and B=O. 



Figure F.5. Demonstration Computer Program for the RQCS 

100 REM This program is a demonstration of the RQCS. Simulation 
110 REM speed is 50 km/h and the measurement interval is 0.25 m. 
120 REM The profile elevations should have units: mm. 
130 REM 
140 DIM ~(1281),Z(4),21(4) ,sT(4,4),~~(4) 
150 READ V,DX,BL 
160 FOR I = 1 TO 4 
170 FOR J = 1 TO 4 
180 READ ST(1, J) 
190 NEXT J 
200 READ PR( I) 
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 
270 K = INT (BL / DX) 
280 B = (BL - K * DX) / DX 
290 A = 1 - B 
300 NI = INT (.5 * V  / 3.6 / DX) + 1 
310 REM 
320 REM Initialize RQCS with average slope over the first 0.5 sec. 
330 REM 
340 Zl(1) = (Y(N1 + 1) - ~(1)) / N1 / DX 
350 Zl(2) = 0 
360 Zl(3) = Zl(1) 
370 Zl(4) = 0 
380 RS = 0 
390 REM Calculate Roughness RS 
400 REM 
410 FOB I = 1 TO INT (N - K - B) 
420 YP = (A * Y(I + K) + B * Y(1 -t K + 1) - Y ( 1 ) )  / BL 
430 FOR J = 1 TO 4 
440 Z(J) = PR(J) * YP 
450 FOR JJ = I 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 RS = RS + ABS (~(1) - Z(3)) 
530 NEXT I 
540 PRINT "RARS = ";RS / I N T  ( N  - K - B) 
550 END 
560 DATA 50,025, e25 
570 REM 
580 DATA ,992040026, .0171948155, -.0124196184, 7.085447573-04, e0203795897 
590 DATA -.789425935, ,917212924, -2.29510558, ,0624074845, 3.0845315 
600 DATA ,0465278304, 4-723631713-03, ,453113538, 9.94659643-03, ,500358633 
610 DATA 3.89845779, a416049897, -47.1993075, o0835914715, 43.3008497 



KEASUPlEHENT OF RQCS NUMERICS IN THE IBRE 

The p r o f i l e  d a t a  obtained i n  t h e  IRRE provided a number of new 

q u a n t i t a t i v e  f ind ings  concerning t h e  accuracy of RQCS numerics obtained using 

d i f f e r e n t  methods. 

Alternatives i n  the Quarter-Car Model 

T i r e  Enveloping. The t i r e  enveloping (moving average)  smoothing 

p o r t i o n  of t h e  RQCS i s  not  always used i n  t h e  United S ta tes .  This i s  

j u s t i f i e d  by an e a r l i e r  f ind ing  t h a t  t h e  smoothing had a very s l i g h t  e f f e c t  on 

paved roads a t  t h e  highway speeds (60 - 80 km/h) normally assoc ia ted  with 

RTRRMS use  i n  t h e  United S t a t e s  [ 9 ] .  To determine the  s i g n i f i c a n c e  of t h e  

smoothing over the  much broader range of su r face  type and speed coverled i n  the  

IRRE, t h e  p r o f i l e s  obtained from the  TRRL beam and t h e  APL 7 2  t r a i l e r  were 

processed wi th  and wi thout  the  smoothing, Fig. F.6 shows t h e  PARS s t a t i s t i c s  

a s  obtained wi th  and wi thout  the  250 mm moving average. As pred ic ted  from the  

p l o t s  shown e a r l i e r  i n  Fig. F.2, the  e f f e c t  i s  s l i g h t  a t  high speeds ,  but  more 

s i g n i f i c a n t  a t  lower speeds.  Figs .  6a and 6b show t h a t  smoothing must be 

included f o r  the s imula t ion  speeds of 20 and 32 km/h. Figs.  612 and 6d show 

t h a t  a smal l  but  n o t i c e a b l e  e f f e c t  i s  p resen t  f o r  50 km/h. For a s imula t ion  

speed of 80 km/h ( d a t a  not shown), t h e r e  was no v i s i b l e  d i f f e r e n c e  between 

RARS numerics obtained wi th  and without smoothing. 

Half-Car o r  Quarter Car. When p o s s i b l e ,  t h e  ARS s t a t i s t i c  was 

computed from both  wheeltracks t o g e t h e r ,  s imula t ing  a ha l f  -car.  This 

computation r e q u i r e s  t h a t  the  p r o f i l e s  of both wheeltracks begin a t  t h e  same 

p o i n t ,  s o  t h a t  t h e  point-by-point averaging can be performed. Because of t h i s  

requirement ,  only the  s t a t i c  p r o f i l e  measures were processed i n  t h i s  way. 

Figure  F.7 compares t h e  measures obtained process ing both wheeltracks 

toge the r  wi th  t h e  measures obtained by process ing the  p r o f i l e s  s e p a r a t e l y  and 

then averaging t h e  RARS obtained f o r  each. The f i g u r e  shows t h a t  f o r  t h e  

cond i t ions  covered i n  t h e  LRRE, the  two methods g ive  h igh ly  c o r r e l a t e d  

r e s u l t s ,  which can be approximately "converted" us ing a r e g r e s s i o n  equat ion 

determined from t h e  IRRE d a t a :  



RARS, with 250 mm Smoothing RARS, with 250 mm Smoothing 

a. 20 km/h, data from TRRL Beam b.32 km/h, data from TRRL Beam 

RARS. with 250 mm Smoothing RARS. with 250 rnm Smoothing 

C. 50 krn/h, data from TRRL Beam d.  50 km/h, APL 72 data 

Figure F.6. Effect of Smoothing (Enveloping) on the KAHS Numeric 



RARS from Quarter Car 

Figure F.7. Comparison of the KARS Obtained from Quarter-Car and half-Car 
Simulations 



where 

AR% = numerics computed from point-by-point average of both wheeltrack 

p r o f i l e s  (HCS), and 

RARSA = Average of two RARS numerics computed independently from the  two 

wheel t r a c k  p r o f i l e s .  

Eq, 44 r e f l e c t s  the  f a c t  t h a t  most of t h e  t e s t  s i t e s  used i n  the  IRRE had 

very s i m i l a r  roughness l e v e l s  i n  the  two wheel t racks .  When one wheeltrack i s  

s u b s t a n t i a l l y  rougher than t h e  o t h e r ,  t h i s  equat ion w i l l  no t  be v a l i d .  I n  

f a c t ,  the  case  f o r  one wheeltrack much rougher than the  o t h e r  i s  r e l a t i v e l y  

easy t o  analyze.  In  t h e  l i m i t ,  where one wheeltrack i s  p e r f e c t l y  smooth, then 

A R S ~  = MRSA.  When one wheeltrack i s  much smoother than t h e  o t h e r ,  but  not 

p e r f e c t l y  smooth, t h e  r a t i o  of ARSh t o  RARSA should be expected to  l i e  

between 0.76 and 1.0. 

Technical Requirements for Profile Measurement 

Initialization and/or Lead-In. To o b t a i n  t h e  " t rue"  RARS numeric, 

t h e  p r o f i l e  preceding a t e s t  s i t e  must be measured. To determine t h e  amount 

of lead- in  r e q u i r e d ,  the  e r r o r s  introduced by the  assumed i n i t i a l  cond i t ions  

of Eqs. 41 - 43 were evaluated.  One of the  t e s t  s i t e s  was divided i n t o  16 

consecut ive  s e c t i o n s ,  20 m long.  The RQCS was run over t h e  s i t e ,  s t a r t i n g  

f i r s t  a t  x=O, and f i n i s h i n g  a t  ~ 3 3 2 0 .  The RARSSO numeric was p r i n t e d  f o r  

each of the  20 m s e c t i o n s ,  r a t h e r  than simply f o r  the  t o t a l  l eng th .  This was 

repeated 14 t imes , s t a r t i n g  a t  xs20,  x=40, . . . x=300. The r e s u l t s  a r e  shown 

i n  Table F.2. The t e s t  s i t e ,  CA05, was chosen because i t  was known t o  have 

highly  v a r i a b l e  roughness over i t s  l e n g t h .  In  t h e  t a b l e ,  t h e  f i r s t  ( t o p )  

numeric i n  each column i s  based on the  assumed i n i t i a l  cond i t ions  of Eqs. 41 - 
43,  whi le  a l l  subsequent numerics a r e  i n i t i a l i z e d  "cor rec t ly"  ( t h e  i n i t i a l  

cond i t ion  f o r  t h e  20 m s e c t i o n  i s  t h e  ending cond i t ion  f o r  t h e  preceding 20 m 

s e c t i o n ) ,  a s  t h e  RQCS proceeded continuously.  The t a b l e  shows t h a t  the  e f f e c t  



Table F.2. Effect of RQCS Initialization 

Sub-section 
Starting Position where RQCS was started (m) 
Position 2 - 20 - 40 - 60 80 100 120 140 160 180 200 220 240 260 280 300 - - - - - - - - -  - - -  

NOTE: The above results are for the left wheeltrack of site CA05. Simulation speed = 50 km/h. 



of t h e  i n i t i a l i z a t i o n  i s  extremely s l i g h t ,  and d i sappears  a f t e r  20 m ( a t  the  

s imula t ion  speed of 50 km/h). That i s ,  the  same roughness numerics a r e  

obtained f o r  each 20 m s e c t i o n ,  a s  long a s  the  RQCS i s  s t a r t e d  on a  preceding 

20 m sec t ion .  Even the  roughness numerics computed f o r  the  f i r s t  20 m s e c t i o n  

i n  each of t h e  15 runs show only s l i g h t  e r r o r s .  The l a r g e  v a r i a t i o n s  i n  

roughness between some of the  s e c t i o n s  (from 4.05 t o  14.88) a r e  a c t u a l  

v a r i a t i o n s  i n  road roughness,  du ly  r e f l e c t e d  i n  the  RARS50 s t a t i s t i c .  

The s e c t i o n  of CA05 from 60 - 80 m appears i n  t h e  Table a s  one i n  which 

t h e r e  i s  the  g r e a t e s t  d i f f e r e n c e  between RARSSO using t h e  assumed 

i n i t i a l i z a t i o n  of Eqs. 41- 43 and the  c o r r e c t  value.  Therefore ,  i t  was used 

t o  show the  d i f f e r e n c e s  between t h e  output  of t h e  RQCS f i l t e r  a s  i t  i s  

a f f e c t e d  by i n i t i a l i z a t i o n  i n  Figure F.8. The f i g u r e  shows t h r e e  f i l t e r e d  

p r o f i l e s :  1 )  t h e  RQCS output  s i g n a l  f o r  the  t h e o r e t i c a l l y  c o r r e c t  

i n i t i a l i z a t i o n ,  determined by t h e  60 m of p r o f i l e  preceding t h i s  20 m s e c t i o n ,  

and des ignated " t r u e  RQCS output ' '  i n  t h e  f i g u r e ;  2 )  t h e  s i g n a l  obtained using 

t h e  i n i t i a l  cond i t ions  of Eqs. 41 - 43; and 3 )  a  d e l i b e r a t e l y  erroneous 

i n i t i a l i z a t i o n ,  obta ined by s topping the  computer s imula t ion  i n  progress  and 

changing one of t h e  v a r i a b l e s  d r a s t i c a l l y  before  r e s t a r t i n g .  The t h i r d  t r a c e  

shows t h a t  even wi th  an unreasonable i n i t i a l i z a t i o n ,  which might be caused by 

a  computer programming e r r o r ,  the  output  of t h e  RQCS reached t h e  "cor rec t "  

response w i t h i n  the  16 m shown i n  the  p l o t s .  

These r e s u l t s  i n d i c a t e  t h a t ,  f o r  a l l  p r a c t i c a l  purposes,  no lead- in  i s  

required i f  : 1 ) the  i n i t i a l i z a t i o n s  of Eqs . 41 - 43 a r e  used ,  and 2 )  

c a l i b r a t i o n  s i t e s  a r e  s e l e c t e d  such t h a t  the  preceding 20 m have s i m i l a r  

roughness q u a l i t i e s .  

Measurement Interval. The " t rue"  RARS value i s  obtained wi th  a  

sample i n t e r v a l  approaching zero.  In order  t o  show the  e f f e c t s  of sample 

i n t e r v a l  on the  roughness s t a t i s t i c s ,  t h e  28 p r o f i l e s  obtained wi th  the TRRL 

beam were decimated t o  y i e l d  p r o f i l e s  having i n t e r v a l s  t h a t  were m u l t i p l e s , o f  

t h e  o r i g i n a l  100 mm. Some of the  d a t a  obta ined a r e  p l o t t e d  i n  Figure F.9 t o  

show the  e f f e c t  of sample i n t e r v a l  on t h e  RARS50 numeric. In  each p l o t ,  the  

dashed l i n e  i s  t h e  l i n e  of e q u a l i t y ,  on which t h e  d a t a  p o i n t s  should l i e  f o r  

p e r f e c t  agreement. The s o l i d  l i n e s  a r e  q u a d r a t i c  r eg ress ion  curves ,  which 

i n d i c a t e  t r e n d s  i n  the  d a t a .  The p l o t s  i n d i c a t e  t h a t  a s  t h e  measurement 
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i n t e r v a l  i n c r e a s e s  up t o  500 mm, t h e r e  i s  n e g l i g i b l e  b i a s  in t roduced ,  but  t h a t  

t h e  random e r r o r  ( s c a t t e r )  i n c r e a s e s  s l i g h t l y .  ( A  p o s s i b l e  except ion might be 

the  two roughest  measures shown i n  Fig.  9 c ,  i n  which t h e  RARS50 va lues  from 

t h e  decimated p r o f i l e  d a t a  a r e  s l i g h t l y  lower; however, i t  i s  not  poss ib le  t o  

say whether t h i s  b i a s  i s  due t o  a  c h a r a c t e r i s t i c  of rough unpaved r o a d s ,  o r  

simply chance, s i n c e  the  e r r o r  i s  of the  same magnitude a s  t h e  random 

s c a t t e r . )  Fig. 9d i l l u s t r a t e s  the  b i a s  e r r o r  t h a t  occurs when t h e  szmple 

i n t e r v a l  i s  so  l a r g e  t h a t  s i g n i f i c a n t  v a r i a t i o n s  i n  p r o f i l e  between 

measurements a r e  missed:  RARS50 numerics c a l c u l a t e d  from a  p r o f i l e  wi th  t h e  

1.0 m spacing a r e  low by 50%. 

The d a t a  shown i n  Figure 9 ,  along wi th  s i m i l a r  d a t a  from t h e  APL T r a i l e r  

(no t  shown), i n d i c a t e  t h a t  random e r r o r  i n  t h e  RARS50 computation can be 

held t o  n e g l i g i b l e  l e v e l s  by using a  measurement i n t e r v a l  l e s s  than 250 mm, 

whi le  unbiased but  l e s s  accura te  measures can be obtained us ing an i n t e r v a l  of 

500 mm. 

The i n t e r a c t i o n  of speed and required measurement i n t e r v a l  i s  i l l u s t r a t e d  

i n  Figure F.10, which shows t h a t  a  sample i n t e r v a l  of 500 mm i s  not  adequate 

f o r  t h e  lower s imula t ion  speeds of 20 and 32 km/h, bu t  t h a t  good r e s u l t s  a r e  

obtained f o r  a  s imula t ion  speed of 80 km/h. For the  h igher  speeds of 50 and 

80 km/h, t h e r e  i s  n e g l i g i b l e  b i a s  e r r o r ,  but t h e  random e r r o r  s t i l l  e x i s t s ,  

i n d i c a t i n g  t h a t  a  s h o r t e r  i n t e r v a l  (250 mm) i s  needed f o r  the  b e s t  accuracy. 

Precision in the Elevation Measurement. It has  been known t h a t  t h e  

p r e c i s i o n  needed i n  p r o f i l e  measurement f o r  a n a l y s i s  through QCS i s  a  func t ion  

of t h e  roughness,  wi th  b e t t e r  p r e c i s i o n  needed on smoother roads [38] . A 

s ta tement  of necessary  p r e c i s i o n  t h e r e f o r e  depends on the  range of roughness 

being eva lua ted .  A candidate  s p e c i f i c a t i o n  was considered i n  which t h e  

required p r e c i s i o n  i s  simply p ropor t iona l  t o  the  roughness of a  road ,  when 

expressed a s  RARS50. An a n a l y s i s  of t h e  p r o f i l e  d a t a  obtained from t h e  TRRL 

Beam was performed t o  determine:  1) i f  t h i s  type  of s p e c i f i c a t i o n  i s  

r easonab le ,  and 2 )  i f  i t  i s  reasonab le ,  what q u a n t i t i e s  a r e  involved? 

In t h i s  a n a l y s i s ,  the  p r e c i s i o n  of the  measurement was assumed t o  be 

l i m i t e d  s o l e l y  by t h e  q u a n t i z a t i o n  of t h e  continuous he igh t  v a r i a b l e  i n t o  

d i g i t i z e d  q u a n t i t i e s ,  which were o r i g i n a l l y  1.0 mm. The random measurement 
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Figure  F. 10. I n t e r a c t i o n  of Measurement I n t e r v a l  and Simulat ion  Speed on t h e  
RARS Computation. 



e r r o r s  t h a t  a l s o  degrade p r e c i s i o n  were not  considered.  For each of the  28 

measured p r o f i l e s ,  the  RARS50 value  obta ined wi th  t h e  o r i g i n a l  p r o f i l e  was 

used t o  determine a  new qulsntization l e v e l  ( g r e a t e r  than 1 mm). The p r o f i l e  

was then quant ized t o  the  n e a r e s t  m u l t i p l e  of t h i s  new l e v e l ,  and re-processed 

t o  y i e l d  a  new RARSSO numeric. Figure F.11 shows the  r e s u l t s  f o r  four  

l e v e l s  of inc reased  q u a n t i z a t i o n  (degraded p r e c i s i o n ) .  In a l l  c a s e s ,  the  

e f f e c t  of t h e  degraded p r e c i s i o n  i s  an i n c r e a s e  i n  t h e  computed roughness 

numeric. The changes were c a l c u l a t e d  from the  d i f f e r e n c e  i n  t h e  ( s o l i d )  

q u a d r a t i c  r e g r e s s i o n  l i n e s  and the  (dashed) e q u a l i t y  l i n e  ( x  = y ) ,  and were 

found t o  be nea r ly  constant  ac ross  the  range of roughness when expressed a s  a  

percentage.  (For example, f o r  the  case  of p r e c i s i o n  = 0.3 RARS, shown i n  Fig. 

F . l l c ,  t h e  e r r o r s  were 1.7% a t  RARS50 = 5 ,  2.0% a t  RARSS0 = 10,  1.7% a t  

RARS50 = 1 5 ,  and 1.2% a t  RARS50 = 20.) This i n d i c a t e s  t h a t  t h e  candidate  

method of spec i fy ing  required p r e c i s i o n  i n  propor t ion t o  roughness i s  v a l i d .  

For RARS50 accuracy wi thin  1 .0%,  t h e  p r e c i s i o n  (mm) should be l e s s  than  0.2 

RARS50 (m/km), whi le  f o r  accuracy w i t h i n  2 % ,  t h e  p r e c i s i o n  should be l e s s  

than 0.3 RARS50. Thus, on t h e  smoothest s i t e s ,  which had values  

near  2 m/km, t h e  a c t u a l  measurement p r e c i s i o n  of 1.0 mm probably l e d  t o  

numerics t h a t  a r e  s e v e r a l  pe rcen t  h igher  than the  " t rue"  RARS50 values .  A 

measurement p r e c i s i o n  of 0.5 mm would have been b e t t e r .  A t  t he  o t h e r  end of 

the  s c a l e ,  where roughness l e v e l s  were g r e a t e r  than 15 m/km, a measurement 

p r e c i s i o n  of 3  mm ( b e t t e r  than .2 R A R S ~ ~ )  gave the  same r e s u l t s  a s  th'e 

o r i g i n a l  p r e c i s i o n  of 1  mm. 

Summary of RQCS Data 

The summary RARS numerics t h a t  were obtained from four  methods of p r o f i l e  

measurement a r e  presented i n  Tables 3 - 6 .  A l l  of t h e  RARS numerics 'have 

t h e  u n i t s :  s l o p e  x  (m/km, mm/m, e t c . ) .  Only those  numerics a r e  

presented f o r  which t h e  p r o f i l e  Bandwidth covered t h e  RQCS bandwidth, a s  

def ined i n  Eq. 23. For t h e  lower speeds of 32 and 20 km/h, t h e  500 m spacing 

used with t h e  rod and l e v e l  i s  inadequate ,  and t h e  RARS numerics a r e  not 

shown. But a t  t h e  h igher  s imula t ion  speeds of 50 and 80 km/h, the  503 mm 

spacing used wi th  t h e  rod and l e v e l  was adequate (a l though a s h o r t e r  i n t e r v a l  

i s  recommended f o r  f u t u r e  work t o  improve r e p e a t a b i l i t y ) ,  and thus  a t  l e a s t  

one RARS numeric computed from a  s t a t i c a l l y  measured p r o f i l e  i s  presented f o r  
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Table F.4. Sumrary of the RARS32 Data. 

Left Whee 1 track ------------ 
Site Static RL 1 RL 2 Beam A 72 A25 ------- 

Right Wheeltrack -------- 
Static RL 1 RL 2 barn A 72 A 25 ------ 

b t h  b l t r a c k s  ------- 
Static RL 1 RL 2 barn --- - 

Average 
(L + R)/2 

Static 

CPO 1 
CA02 
CA03 
CAM 
CA05 
CA06 
CA07 
CA08 
CA09 
CAlO 
CAl 1 
CA12 
CAI3 

TSO 1 
TS02 
TS03 
TS04 
TS05 
TS06 
TSO7 
TS08 
TS09 
TSlO 
TS11 
TS12 

TEO 1 
TE02 
TE03 
TE04 
TE05 
TE06 
TE07 
TEO8 
TE09 
TElO 
Ell 
TE 12 



Table F.5. Sumry of the RARS% Data. 

Lef t  Wnee ttrack Right Wheeltrcck b t h  Weeltracks 
----_.------- -- -- 
S t a t i c R L 1  R L 2  Bmrn A 7 2  A25 S t a t i c R L l  f U 2  Bern ------ ----- 

Average 
( L  + R)/2 

Static - Site - Static RL 1 -- 
CAa 1 
CPa2 
CAO3 
CA04 
CA05 
CAM 
CA07 
CA08 
CA09 
CAlO 
CAll 
CAI2 
CAI3 

TSO 1 
TS02 
TSO3 
TS04 
TS05 
TS06 
TS07 
TS08 
TS09 
TSlO 
TSll 
TS12 



Table F.6. Sumry  of the RAEIS80 kta. 

Left Wheeltrack ---------- 
Static RL 1 RL 2 barn h 72 A 25 ------ 

Right Wheeltrzk ------------- 
Static RL 1 RL 2 B w m  A 72 A 25 ------ 

b t h  Wneel tracks -- 
Static RL 1 RL 2 barn -- - - 

Average 
(L + R)/2 

S l a t  ic - Site - 
CAO 1 
CAO2 
CA03 
CM4 
CA05 
CA06 
CA07 
CM8 
cA09 
CAlO 
CAl 1 
CAI2 
CA13 

TSO 1 
TS02 
TS03 
To4 
TS05 
TSM 
TS07 
TSO8 
TS09 
TSlO 
TSll 
TS12 

TEOl 
KO2 
TE03 
TEW 
TE05 
TEN 
TED7 
TEO8 
TE09 
TEtO 
El 1 
E l 2  



each of the  98 wheel t racks .  The APL T r a i l e r  speeds were such t h a t  t h e  

RARSzO numerics a r e  not shown when the  p r o f i l e s  were measured i n  t h e  APL 7 2  

c o n f i g u r a t i o n  ( a t  72 km/h), whi le  n e i t h e r  t h e  RARS50 nor  the  RARS80 

numerics a r e  shown when the  p r o f i l e s  were measured i n  t h e  APL 25 conf igura t ion  

(21 .6  km/h). Resu l t s  f o r  a l l  four  s imulat ion speeds a r e  shown f o r  the  28 

p r o f i l e s  obtained s t a t i ca1 : ly  wi th  t h e  TRRL Beam. 

Some of t h e  paved s e c t i o n s  were measured before  and dur ing t h e  IRRE v i a  

rod and l e v e l .  Those measured p r i o r  a r e  ind ica ted  a s  "RL 1"  and those 

measured dur ing t h e  IRRE a r e  des ignated "RL 2." In  a d d i t i o n ,  6 wheel t racks  

were measured by rod and l e v e l  us ing a  measurement i n t e r v a l  of 100 mm. These 

a r e  a l s o  shown i n  t h e  "RL 1" column, and can be i d e n t i f i e d  because they a r e  

the  only rod and l e v e l  r e s u l t s  g iven f o r  the  lower s imula t ion  speeds of 20 and 

32 km/h. The l a b e l s  "Beam," "A 72 , I t  and "A 25" i n d i c a t e  p r o f i l e s  measured 

wi th  t h e  TRRL Beam, the  APL T r a i l e r  i n  t h e  APL 72 c o n f i g u r a t i o n ,  and the  APL 

T r a i l e r  i n  the  APL 25 conf igura t ion .  The r e s u l t s  i n d i c a t e d  under the  headings 

" S t a t i c "  a r e  averages of t h e  numerics obtained wi th  the  s t a t i c  p r o f i l e  

measurements, t h a t  i s ,  rod and l e v e l  and t h e  TRRL Beam. When examining 

c o r r e l a t i o n s  wi th  o t h e r  measures and s t a t i s t i c s ,  the  numbers under the  

" S t a t i c "  heading were used. One o the r  column i s  inc luded ,  "Ave.," t h a t  l i s t s  

the  average of the  " S t a t i c t t  RARS value from the  l e f t  and r i g h t  wheel t racks .  

These average RARS numerics a r e  used i n  comparisons wi th  two-track RTRRMS 

measues + 

In  o rde r  t o  o b t a i n  e i g h t  more RARS es t ima tes  f o r  c o r r e l a t i o n  ana lyses  

wi th  t h e  two-track RTRRMSs a t  t h e  lower speeds ,  t h e  "Ave" EARS numerics shown 

i n  Tables F.3 and F . 4  inc lude  e i g h t  e s t ima tes  based on the  s i n g l e  RARS numeric 

computed from t h e  TRRL Beam, pro-rated according t o  the  r a t i o  between the  

r i g h t -  and lef t -hand wheeltrack roughness a s  computed from rod and l e v e l  d a t a  

a t  t h a t  speed. 

Accuracy of RARS Computed from Statically Measured Profiles 

Repeatability with RoJ and Level. Most of the  sources  of e r r o r  t h a t  

plague roughness measurements using RTRRMSs a r e  e l imina ted  when p r o f i . l e s  a r e  

measured s t a t i c a l l y  wi th  rod and l e v e l :  the  same roughness computation method 

can be used,  e l i m i n a t i n g  v a r i a t i o n s  due t o  d i f f e r e n t  d e f i n i t i o n s  of rloughness; 



and surveying equipment i s  s u f f i c i e n t l y  in terchangeable  t o  e l i m i n a t e  problems 

of r e p r o d u c i b i l i t y .  The only remaining v a r i a t i o n  i s  t h e  r e p e a t a b i l i t y  t h a t  

can be achieved i n  measuring a  p r o f i l e .  The r e p e a t a b i l i t y  t h a t  can be 

achieved i s ,  i n  t h i s  c a s e ,  the  accuracy of the  roughness measurement. Since 

most of t h e  paved s i t e s  were p r o f i l e d  twice wi th  t h e  rod and l e v e l  method, the  

IRRE d a t a  g ive  an i d e a  of t h e  r e p e a t a b i l i t y  achievable  i n  using RARS a s  a  

roughness measure. Figure F.12 shows t h e  comparison of RARS measures 

obta ined i n  two independent rod and l e v e l  surveys (12a and 1 2 b ) .  As i n  o t h e r  

p l o t s ,  t h e  dashed l i n e  i s  t h e  l i n e  of e q u a l i t y  (x=y) ,  whi le  t h e  s o l i d  l i n e  i s  

t h e  "best  f i t "  a s  obta ined with a  q u a d r a t i c  r eg ress ion .  The RMS e r r o r s  shown 

i n  t h e  f i g u r e s  a r e  w i t h  r e f e r e n c e  t o  the  l i n e  of e q u a l i t y ,  r a t h e r  than the  

regress ion  l i n e ,  s i n c e  r e g r e s s i o n  methods would never be used t o  "cor rec t "  

prof i le-based numerics. Note t h a t  t h e  accuracy l i m i t s  shown i n  the  f i g u r e s  

apply only t o  the  IRRE s e c t i o n  l eng th  of 320 m,  and should not  be considered 

u n i v e r s a l  f o r  a l l  s e c t i o n  l e n g t h s .  For roads  whose roughness i s  more-or-less 

c o n s t a n t ,  i t  can be expected t h a t  b e t t e r  accuracy wouPd be obtained f o r  longer  

t e s t  s i t e  l e n g t h s ,  because the  random sources  of v a r i a t i o n  would tend t o  

average ou t .  The expected change i n  accuracy i s  p ropor t iona l  t o  the  square 

r o o t  of l e n g t h ,  such t h a t  t h e  random v a r i a t i o n s  i n d i c a t e d  i n  t h e  f i g u r e  would 

be c u t  i n  h a l f  i f  t h e  s e c t i o n  l e n g t h  were increased by a  f a c t o r  of four .  On 

t h e  o t h e r  hand,  l a r g e r  e r r o r s  should be expected f o r  s h o r t e r  s e c t i o n s .  

Validation of the TRRI, Beam. Figure F.12 a l s o  compares t h e  RARS 

numerics obta ined wi th  road and l e v e l  and t h e  TRRL beam. Approximately t h e  

same r e p e a t a b i l i t y  i s  obta ined a s  wi th  repeated measures wi th  rod and l e v e l ,  

i n d i c a t i n g  t h a t  t h e  TRRL Beam i s  a  v a l i d  means f o r  measuring l o n g i t u d i n a l  

p r o f i l e  f o r  t h e  purpose of computing RARS. 

(Although g r e a t e r  s c a t t e r  i s  e v i d e n t  i n  t h e  Beam/Rod and Level 

comparisons than i n  t h e  conpar isons  between r e p e a t  rod and l e v e l  measures, t h e  

Beam d a t a  s e t s  i n c l u d e  t h e  roughest  s i t e s ,  whi le  t h e  repea t  rod and l e v e l  

measures were made only on paved roads .  When only the  measures on paved roads 

a r e  cons ide red ,  t h e  same degree of r e p e a t a b i l i t y  i s  seen . )  
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Accuracy of BABS Computed from Dynamically Measured P r o f i l e s  

APL 72. Figure F.13 compares the  RARS numerics computed from the  

p r o f i l e  s i g n a l s  obtained from t h e  APL T r a i l e r  i n  i t s  APL 7 2  conf igura t ion  wi th  

RARS numerics computed from the  s t a t i c a l l y  measured p r o f i l e s .  For s imulat ion 

speeds of 50 and 80 km/h, t h e  APL measures a r e  s l i g h t l y  h igher  than the  " t rue"  

( s t a t i c a l l y  measured) va lues ,  a s  evidenced by the  q u a d r a t i c  r eg ress ion  l i n e  

ly ing  above t h e  l i n e  of e q u a l i t y .  This e r r o r  i s  s l i g h t ,  however, i n  

comparison wi th  the  random e r r o r  seen. These r e s u l t s  i n d i c a t e  t h a t  the  APL 

T r a i l e r ,  used according t o  the  APL 7 2  procedures ,  can indeed measure RARS, but  

with l e s s  accuracy than would be obtained using a  s t a t i c  p r o f i l e  measurement 

method. 

The p l o t s  i n d i c a t e  t h a t  whi le  the  accuracy assoc ia ted  with the  APL 7 2  

system i s  not  a s  good a s  the  s t a t i c  p r o f i l e  measurement methods, t h e  APL 

system i s  c o n s i s t e n t  over a l l  f o u r  road s u r f a c e  types  and t h e  e n t i r e  roughness 

range. There a r e  no outs tanding " ~ u t l i e r s . ~ '  Resul ts  presented l a t e r  f o r  the  

RTRRMS c a l i b r a t i o n  i n d i c a t e  t h a t  t h e  RARS measures obta ined wi th  t h e  APL 72 

system have about the  accuracy same a s  can be obtained wi th  a  RTRRMS t h a t  has  

been c a l i b r a t e d  by c o r r e l a t i o n .  Since t h e  APL T r a i l e r  i s  independently 

c a l i b r a t e d  according t o  methods s p e c i f i e d  by LCPC, t h e  problems of 

r e p r o d u c i b i l i t y  and time s t a b i l i t y  a s soc ia ted  wi th  RTRRMSs a r e  e l iminated.  

It should be noted t h a t  dur ing the  IRRE, t h e  LCPC resea rch  team was 

p r imar i ly  i n t e r e s t e d  i n  obta ining t h e  APL numerics used i n  France ( s e e  

Appendix G ) ,  and had a  number of problems t o  overcome, such a s  the  

i n c o m p a t i b i l i t y  between t h e  s tandard APL 7 2  t e s t  l eng th  of 200 m and the  320 m 

l e n g t h  of t h e  IRRE s i t e s .  During t h e  IRRE, the  APL 7 2  p r o f i l e s  were d i g i t i z e d  

s o l e l y  f o r  the  purpose of prepar ing g r a p h i c a l  p l o t s  of t h e  l o n g i t u d i n a l  

p r o f i l e ,  r a t h e r  than  f o r  any analyses .  ( A  computer program had t o  be w r i t t e n  

i n  B r a s i l i a  t o  s t o r e  t h e  d i g i t i z e d  s i g n a l s  on floppy d i s k s . )  It i s  very 

poss ib le  t h a t  t h e  accuracy shown i n  t h e  f i g u r e  could be improved i f  the  . 

measurement and d a t a  recording procedures were designed with t h e  RQCS a n a l y s i s  

i n  mind. 

While t h e  e f f o r t  and c o s t  a s soc ia ted  with ob ta in ing  a  p r o f i l e  i s  

p ropor t iona l  t o  i t s  l eng th  when low-speed manual methods a r e  used,  t h e r e  i s  
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only a  s l i g h t  c o s t  pena l ty  a s s o c i a t e d  wi th  longer  l e n g t h s  ( o r  repeated 

measurements) when an automated high-speed system such a s  t h e  APL T r a i l e r  i s  

used. Hence, i t  i s  p o s s i b l e  t h a t  accuracy could be improved by running 

repeated measurements o r  using longer  t e s t  l e n g t h s  t o  reduce random e r r o r .  

Although most of t h e  IRRE s i t e s  were measured s e v e r a l  t imes wi th  the  APL 7 2  

system, time c o n s t r a i n t s  a f t e r  t h e  IRRE prevented t h e  LCPC team from prepar ing 

more than one d i g i t i z e d  p r o f i l e  pe r  wheel t rack,  so  i t  was not  p o s s i b l e  t o  

determine whether averaging of r epea t  runs would improve accuracy.  

D L  25. Figure F.14 compares t h e  FURS numerics computed from the 

p r o f i l e  s i g n a l s  obta ined from the  APL T r a i l e r  i n  i t s  APL 25 c o n f i g u r a t i o n  wi th  

RARS numerics computed from t h e  s t a t i c a l l y  measured p r o f i l e s .  For t h e  

s imula t ion  speeds of 32 and 50 km/h, t h e  RARS numerics obtained wi th  t h e  APL 

T r a i l e r  a r e  c o n s i s t e n t l y  lower than those  obtained from t h e  s t a t i c  p r o f i l e  

measurements. For t h e  h igher  s imula t ion  speed of 50 kmlh, t h i s  i s  t o  be 

expected,  s i n c e  t h e  frequency response of the  APL T r a i l e r  i s  no t  broad enough 

t o  inc lude  t h e  longer  wavelengths t h a t  a f f e c t  RARS50 when t h e  t r a i l e r  i s  

towed a t  only  20.7 km/h. Ye t ,  t h e  same e f f e c t  i s  a l s o  seen  f o r  a  s imulat ion 

speed of 32 kmlh, even though the  APL s i g n a l  t h e o r e t i c a l l y  has the  required 

bandwidth. Only f o r  a  s imula t ion  speed of 20 km/h i s  the  b i a s  e r r o r  

n e g l i g i b l e .  The reasons  f o r  the  i n v a l i d  RARS measures from t h e  APL 25 system 

were not i n v e s t i g a t e d .  

CALIBRATION OF RTRRMSs 

A primary purpose of a  prof i le-based numeric such a s  RARS i s  viewed i n  

t h i s  r e p o r t  a s  being f o r  the  c a l i b r a t i o n  of RTRRMSs, us ing a  " c a l i b r a t i o n  by 

c o r r e l a t i o n .  " In  a  c a l i b r a t i o n  by c o r r e l a t i o n ,  t h e  "raw" measures from t h e  

RTRRMS a r e  used t o  es t ima te  what the  re fe rence  measure would be ,  based on a  

r e g r e s s i o n  equat ion.  The o b j e c t i v e  i s  t o  produce the  n o s t  accura te  e s t ima tes  

of ' ' t rue  roughness,"  over t h e  e n t i r e  range of cond i t ions  t h a t  w i l l  be covered. 

To t h i s  end,  one o r  more r e g r e s s i o n  equa t ions  must be used t o  es t ima te  the  

" t ru th"  from t h e  RTRRMS "raw" measure. The es t ima te  of t h e  " t r u t h , "  i n  t h i s  

case  RARS, i s  def ined a s  " the  c a l i b r a t e d  RTRRMS measure," and des ignated CARS 

f o r  Ca l ib ra ted  ARS. 
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C a l i b r a t i o n  when Simulat ion Speed = Measurement Speed. 

The comparisons between ARS measured wi th  four  of t h e  RTRRMSs and BARS 

a r e  i l l u s t r a t e d  i n  Figures  F.15 - 18. Resul ts  from the  Caravan-BI system 

(no t  p l o t t e d )  a r e  v i r t u a l l y  the  same a s  f o r  the  Caravan-NAASRA system. 

Resul ts  f o r  t h e  two Opala-Maysmeter systems t h a t  a r e  no t  p l o t t e d  a r e  g e n e r a l l y  

s i m i l a r  t o  those  of t h e  system t h a t  i s  shown i n  the  f i g u r e s .  

In  each comparison, t h e  simulated speed of the  RQCS matches the  RTRRMS 

speed. For t h e  passenger car-based systems,  t h e  "Ave." RARS values  from 

Tables F.3 - F.6 were used. Comparisons wi th  the two s i n g l e - t r a c k  RTRRMSs ( B I  

T r a i l e r  and BPR Roughometer) a r e  on t h e  b a s i s  of s i n g l e  wheel t racks .  Thus, 

t h e  p l o t s  invo lv ing  t h e  t r a i l e r s  g e n e r a l l y  have twice a s  many d a t a  p o i n t s .  In 

each f i g u r e ,  t h e  s o l i d  curved l i n e  i s  a q u a d r a t i c  r e g r e s s i o n  l i n e  obtained 

from a l l  of the  d a t a  p o i n t s  shown, based on minimizing the  RMS e r r o r  i n  

e s t ima t ing  BARS. 

For t h e  lower speeds of 20 and 32  km/h, t h e r e  a r e  only v a l i d  s t a t i c  

measures of RARS on 19 of the  t e s t  s i t e s  (30 whee l t r acks ) ,  and the re f  ore  the  

RARS numerics computed wfrom the  APL s i g n a l s  a r e  shown. (For t h e  speeds of 50 

and 80 km/h, RARS was measured s t a t i c a l l y  f o r  a l l  49 t e s t  s i t e s  (98 

whee l t r acks ) . )  

These f o u r  f i g u r e s  l ead  t o  t h e  fo l lowing obse rva t ions :  

Overa l l  c o r r e l a t i o n .  By and l a r g e ,  t h e  RA.RS numeric i s  highly  

c o r r e l a t e d  wi th  t h e  ARS numerics obta ined from a l l  types  of RTRRMSs t h a t  

p a r t i c i p a t e d  i n  the  I R E .  Most of t h e  d a t a  p o i n t s  l i e  very c l o s e  t o  the  

r e g r e s s i o n  curve  i n  each f i g u r e ,  and t h e  measures on a l l  f o u r  types  of s u r f a c e  

a r e  uniformly d i s t r i b u t e d  about t h e  curve i n  most cases  ( excep t ions  a r e  noted 

below). 

E r r o r  d i s t r i b u t i o n .  E r r o r s ,  a s  def ined by the  s c a t t e r  about the  

r e g r e s s i o n  curves i n  t h e  v e r t i c a l  d i r e c t i o n ,  a r e  f a i r l y  uniform ac ross  t h e  

roughness range.  Therefore ,  l eas t - squares  r e g r e s s i o n  models should assume 

equa l  s i g n i f i c a n c e  of e r r o r  a c r o s s  the  s c a l e .  Transformationsl of the  

v a r i a b l e s  t h a t  change the  weighting of e r r o r ,  such a s  l i n e a r  r e g r e s s i o n s  of 



ARS2, - m/km 

a. Opala-Maysmeter #2 

ARS2, - m/km 

d. BPR Roughometer 

Figure F.15. Example c a l i b r a t i o n  p l o t s  t o  e s t ima te  RARSZO from ARS measures. 

The RARSZO numerics were measured wi th  t h e  APL 25. 



a. Opala-Maysmeter #2 b. Caravan-NAASRA 

c. BI Trailer d. BPR Roughometer 

Figure F.16. Example c a l i b r a t i o n  p l o t s  t o  e s t ima te  RARS32 from ARS measures. 

The R A R S C ~ ~  numerics were measured wi th  t h e  APL 72. 
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Figure F.17. Example cal ibrat ion plots  to estimate RARS from ARS50 meissures. 5 0 



a. Opala-Maysmeter #2 

Figure F.18. Example calibration plots to estimate RARSBO from ARS80 measures* 



log  v a l u e s ,  should be avoided because they p lace  l e s s  p r i o r i t y  on the  e r r o r s  

on rougher roads .  

S e n s i t i v i t y  t o  s u r f a c e  type. Surface type sometimes sys temat ica l ly  

a f f e c t s  t h e  regress ions .  In many of t h e  p l o t s ,  the  d a t a  p o i n t s  f o r  t'he 

unpaved roads l i e  above the  r e g r e s s i o n  l i n e  ( i n d i c a t i n g  t h a t  t h e  RQCS responds 

more than the  RTRRMS on those  s u r f a c e s ) ,  while p o i n t s  f o r  the  su r face  

t rea tment  s i t e s  l i e  below the  l i n e  ( i n d i c a t i n g  t h a t  t h e  RQCS responds l e s s ) .  

These d i f f e r e n c e s  a r e  only apparent  on t h e  smoother s u r f a c e s ,  where RARS 

values  a r e  l e s s  than 10 m/km. This behavior i s  evidenced mainly a t  t h e  lower 

speeds by t h r e e  of the  RTRRMSs. The impl ica t ion  of t h i s  f ind ing  i s  t:hat 

s e p a r a t e  c a l i b r a t i o n s  f o r  each s u r f a c e  type can g ive  b e t t e r  accuracy.  The 

degree of s e n s i t i v i t y  t o  s u r f a c e  type v a r i e s  with the  RTRRMS. For example, 

t h e  s c a t t e r  f o r  t h e  B I  T r a i l e r  i s  no t  v i s i b l y  a f f e c t e d  by s u r f a c e  type a t  

speeds of 32  and 50 km/h. 

Comparison of single-track trailers. Although both the  B I  T r a i l e r  

and t h e  "BPR Roughometer" made by S o i l t e s t ,  Inc. ,  a r e  s i m i l a r  i n  appearance 

and a r e  both based on t h e  BPR Roughometer [ 1 3 ] ,  they c o n t r a s t  i n  performance. 

The S o i l t e s t  BPR Roughometer, which proved t o  be too f r a g i l e  f o r  the  roads 

covered i n  the  IRRE ( s e e  Appendix A ) ,  produced t h e  most e r r a t i c  r e s u l t s .  On 

t h e  o t h e r  hand, t h e  TRRL B I  T r a i l e r  produced high q u a l i t y  r e s u l t s ,  

p a r t i c u l a r l y  a t  i t s  des ign  speed of 32 km/h. 

Outliers. The four  roughest  s u r f a c e  t rea tment  s i t e s  appeared as  

" o u t l i e r s "  when measured by t h e  Opala-Maysmeter systems a t  80 km/h (Fig .  

F.18a). (Although the  r e s u l t s  a r e  p l o t t e d  f o r  only one of these  systems,  a l l  

t h r e e  showed the  same behavior.)  On these  s i t e s  (TSO1, TS03, TS04, and TS05), 

the  RTRRMS responded much ruore than the  RQCS. The power s p e c t r a l  d e n s i t y  

(PSD) p l o t s  shown i n  Appendix I f o r  these  f o u r  s i t e s  a r e  s i m i l a r ,  and d i f f e r  

from t h e  PSD p l o t s  f o r  most of t h e  o t h e r  t e s t  s i t e s .  A l l  four  have r e l a t i v e l y  

low amplitudes a t  wavenumber 0.1 cycle/m (10 m wavelength,  which appears a s  a 

frequency of 2 . 2  Hz a t  80 kmlh), wi th  most of t h e  roughness concentra ted  a t  

h igher  wavenumbers. Fur the r ,  t h r e e  of t h e  s i t e s  show a s i n g u l a r  peak a t  

wavenumber 0.5 cycle/m ( 2  m wavelength, which appears as  a frequency of 11.1 

Hz). 



The presence of  a s i n g u l a r  peak a t  0.5 cyclelm s i g n i f i e s  t h a t  the  road 

s i t e  has a p e r i o d i c  d i s tu rbance  occur r ing  every 2 m. Although t h e  RQCS has 

i t s  maximum s e n s i t i v i t y  a t  t h a t  wavelength,  a s  shown i n  Figure  F.2d, t h e  RQCS 

was designed t o  be l e s s  responsive  than the  t y p i c a l  passenger c a r  a t  t h a t  

frequency [ 9 ] .  Unlike the  RQCS, a passenger c a r  i s  not  l i n e a r ,  and can 

over-respond when subjected t o  a pure ly  p e r i o d i c  e x c i t a t i o n .  This i s  

p a r t i c u l a r l y  t r u e  wi th  l i g h t l y  damped v e h i c l e s .  From t h e  simple comparison of 

the  ARS80 and RARSsO numerics i n  Fig. F . l8a ,  t h e  Opala v e h i c l e  i s  seen t o  

be l e s s  damped than the  RQCS, a s  evidenced by t h e  h igher  ARSs0 numerics. 

This i n d i c a t e s  t h a t  s t i f f e r  shock absorbers  could be used wi th  the  Opala, with 

t h e  expected r e s u l t  of br inging t h e  " o u t l i e r s "  i n t o  agreement wi th  the  r e s t  of 

t h e  d a t a .  

The ARS80 measures on these  f o u r  TS s i t e s  were " o u t l i e r s "  r e l a t i v e  t o  

a l l  of the  prof i le-based numerics t e s t e d ,  and t h e  URS80 numeric a c t u a l l y  

comes t h e  c l o s e s t  t o  matching t h e s e  measures. 

Correlations and Accuracy. Table F.7 p resen t s  t h e  r2 va lues  

obta ined when t h e  RARS numerics from t h e  s t a t i c a l l y  measured p r o f i l e s  a r e  

regressed a g a i n s t  t h e  ARS numerics,  us ing  a l i n e a r  p r e d i c t i o n  model. The 

r e g r e s s i o n s  were performed us ing only the  d a t a  corresponding t o  the  

combination of speed and s u r f a c e  type i n d i c a t e d .  When t h e  su r face  type i s  

ind ica ted  a s  "ALL," then the  r e g r e s s i o n  included a l l  measurements made a t  t h a t  

speed,  and the  r 2 d e s c r i b e s  a c a l i b r a t i o n  a c r o s s  s u r f a c e  type. Table F.8 

p r e s e n t s  t h e  r2 va lues  obtained when a q u a d r a t i c  model i s  used. Both models 

use  a simple l eas t - squares  e r r o r  approach,  but  t h e  q u a d r a t i c  model i s  s l i g h t l y  

more v e r s a t i l e ,  a s  i t  invo lves  l e s s  i n  t h e  way of assumptions about t h e  

l i n e a r i t y  of the  RTRRMS. In comparing the  two t a b l e s ,  i t  can be seen t h a t  

most of t h e  t ime t h e r e  i s  l i t t l e  d i f f e r e n c e .  This i n d i c a t e s  t h a t  a l i n e a r  

r e g r e s s i o n  i s  u s u a l l y  s u i t a b l e  f o r  e s t i m a t i n g  the  " t r u t h s '  ( a s  def ined by RARS) 

from a RTRRMS measure. However, t h e r e  a r e  a few cases  where much b e t t e r  

c o r r e l a t i o n  i s  obta ined wi th  t h e  q u a d r a t i c  model, such a s  t h e  Caravan-BI 

system a t  80 km/h on the  CA s u r f a c e s .  Since t h e r e  i s  no r e a l  pena l ty  f o r  

us ing the  q u a d r a t i c  model ( o t h e r  than a more complex computation--typically 

performed by computer) ,  t h e  q u a d r a t i c  model i s  recommended t o  a l low f o r  t h e  

occas iona l  case  i n  which a l i n e a r  model would not  f i t  t he  d a t a  or  would l ead  

t o  an erroneous e x t r a p o l a t i o n .  



Table F.7. R-Squared Values Obtained from Linear Regressions Between RARS from RQCS 
and ARS from RTRRMSs. 

Opala Passenger Cars Caravan Car Single-Track 
Surface with Modified Maysmeters with 2 meters Trailers 

Speed Type MM 01 IvfM 02 MM 03 B I NAASRA TRRL BI BPR 

20 ALL 0.8699 0.9709 019482 0.9689 0.9637 0.9529 0.9216 

32 ALL 0.9070 0.9730 0.9194 0.9749 0.9716 0.9767 0.6663 

5 0 C A 0.9468 0.8781 0.9320 0.9650 0.9739 0.9104 0.8316 
TS 0.8998 0.9321 0.8715 0.9249 0.9178 0.8863 0.8132 
G R 0.9757 0.9655 0.9474 0.9623 0.9611 0.9554 0.8967 
TE 0.9696 0.9251 0.8969 0.8962 0.9161 .0*8854 0.7529 
ALL 0.9323 0.9349 0.9158 0.9330 0.9321 0.9325 0.8090 

8 0 C A 0.9807 0.9935 0.9223 0.8994 0.9723 e . . .  0.8793 
T S 018013 0.8332 0.7807 .... .... I . .  a a * . .  

G R 0.9328 0.9576 0.9506 .... . . . . .... ...e 

TE 0.7095 0.9662 0.9560 . . . .  . . . . .... . . . .  
ALL 0.7750 0.8505 0.7712 0.8994 0.9723 m . . .  0.8793 

Note: for all regressions, the simulation speed was equal to the RTRRMS measurement 
speed. 



Table F.8. R-Squared Values Obtained from Quadratic Regressions Between RARS from 
the RQCS, and ARS from the RTRRMSs, 

Opala Passenger Cars Caravan Car Single-Track 
Surface with Modified Maysmeters with 2 meters Trailers 

Speed Type MM 01 MM 02 MM 03 B I NAASRA TRRL BI BPR 

20 ALL 0.8829 0.9758 0.9589 0.9697 0.9645 0.9656 0.9216 

3 2 ALL 0.9076 0.9774 0.9275 0.9758 0.9721 0.9798 0.6887 

50 C A 0.9481 0.8787 0.9351 0.9708 0.9739 0.9264 018589 
TS 0.9017 0.9332 0.9050 0.9271 0.9220 0.9064 0.8175 
GR 0.9783 0.9666 0.9479 0.9626 0.9646 0.9596 0.9073 
TE 0.9697 0.9574 0.9581 0.9145 0.9583 0.8948 0.8234 

ALL 0.9421 0.9437 0.9275 0.9432 0.9488 0.9451 018105 

Note: A l l  regressions were performed with the RQCS simulation speed equal to the 
RTRRIS measurement speed. 



The c o r r e l a t i o n  c o e f f i c i e n t s  a r e  presented a s  one b a s i s  f o r  comparing t h e  

accuracy t h a t  can be obtained us ing the  RQCS a s  a d e f i n i t i o n  of "trut 'h" wi th  

t h e  accuracy o b t a i n a b l e  us ing o t h e r  numerics. Yet i t  should be understood 
2 2 t h a t  r values  a r e  only  one measure, wi th  l i m i t e d  u t i l i t y .  The r value i s  

e s s e n t i a l l y  the  f r a c t i o n  of t h e  va r i ances  of the  two v a r i a b l e s  t h a t  i s  

accounted f o r  by t h e  ( l i n e a r  o r  q u a d r a t i c )  r eg ress ion  model. Thus, r2 values  

depend both on the  agreement between t h e  measures ( a s  r e l a t e d  by t h e  

regress ion  model) and the  range of roughness included i n  t h e  d a t a  s e t .  

Since rL va lues  can always be improved simply by adding more very smooth and 

very rough s i t e s ,  they should never be used a s  the  s o l e  b a s i s  f a r  quaintifying 

a c a l i b r a t i o n  q u a l i t y .  

The a c t u a l  accuracy of an es t ima te  of RARS based on an ARS measure can be 

defined a s  t h e  s tandard e r r o r :  t h e  RMS d i f f e r e n c e  between CARS ( t h e  es t ima te  

of RARS obtained us ing t h e  regress ion  equat ion and an ARS measure) and t h e  

t r u e  RARS value .  The s tandard e r r o r s  a s soc ia ted  wi th  t h e  quadra t i c  model a r e  
2 presented i n  Table F.9. Whereas t h e  r values  were d imensionless ,  a  

s tandard e r r o r  has  t h e  u n i t s  of t h e  measure: m/km. In essence ,  Table F.9 

q u a n t i f i e s  t h e  accuracy involved when a "raw" ARS measure i s  re-scaled 

(according t o  t h e  q u a d r a t i c  r e g r e s s i o n  equa t ion)  t o  a "Calibrated ARSU' (CARS) 

measure. The SE values obtained when t h e  APL s i g n a l s  a r e  processed a r e  

ind ica ted  i n  Figures  15 and 16. 

Calibration when Simulation Speed = 50 km/h 

The RQCS was developed f o r  maximum c o r r e l a t i o n  wi th  RTRRMSs when the  

s imulat ion speed i s  s e t  t o  t h e  measurement speed of the  veh ic le .  A "standard" 

RTRRMS speed of 50 km/h i s  s e l e c t e d  i n  t h i s  r e p o r t  a s  the  b e s t  s i n g l e  speed t o  

be used a s  a b a s i s  f o r  an  I n t e r n a t i o n a l  Roughness Index ( I R I ) .  From t h i s  

d e c i s i o n ,  the  b e s t  candidate  RQCS numeric i s  RARS50, which i s  recommerlded i n  

t h i s  r e p o r t  a s  t h e  most s u i t a b l e  f o r  the  I R I .  Recognizing t h a t  t h e r e  a r e  

sometimes circumstances prevent ing RTRRMS use a t  50 km/h, the  d a t a  c o l l e c t e d  

i n  t h e  IRRE were a l s o  analyzed t o  determine the  accuracy assoc ia ted  with 

es t ima t ing  RARSSO when a d i f f e r e n t  RTRRMS speed i s  used. Figures F.19 - 
F.21 show t h e  comparisons between RARS50 and ARS measured a t  speeds of 



Table F.9. Standard Error fo r  Estimating RARS with a Quadrat ic  Regression 
Equation and ARS Measurements. 

Opala Cars with Caravan Car Single-Track 
Surface Modified Maysmeters with 2 meters Tra i le rs  

Speed Type MM 01 MI4 02 MM 03 BI NAASRA B I  BPR 

20 ALL 1.72 1.02 1.33 1.14 1.24 1.14 1.65 

3 2 ALL 1.36 0.86 1.53 0.88 0.95 0.79 2.91 

50 C A 0.46 0.70 0.51 0.34 0.32 0.55 0.76 
TS 0.38 0.31 0.37 0.32 0.33 0.38 0.53 
GR 0.51 0.63 0.79 0.67 0.65 0.74 0.73 
TE 0.65 0095 0.95 1.35 0.94 1.53 1.25 

ALL 0.88 0.97 1.10 0.97 0.92 0.97 1.13 

8 0 C A 0.23 0.14 0.47 0.30 0.16 0.36 
T S 0.36 0.32 0.43 a m *  e m .  ... e . *  

GR 0.48 0.39 0.44 . * *  ... I . .  ... 
TE 1.03 0.41 0.44 . * e  . e e ... . e m  

ALL 1.00 0.84 1.02 0.40 0.16 0 . .  0.36 

Note: Simulation speed f o r  RQCS matched the RTRRMS measurement speed f o r  a l l  of 
the above regression r e su l t s .  



a. Opala-Maysmeter #2 

ARSZO - m/km 

C. BI Trailer d. BPR Roughometer 

Figure F.19. Example calibration plots to estimate RARSSO from ARS20 measures. 



0 I 0 2'0 SQ 
ARS32 - m/km 

a. Opala-Maysmeter #2 

c. 81 Trailer 

ARS32 - m/km 

d. BPR Roughometer 

Figure F.20. Example calibration plots to estimate RARSSO from ARS3* measures. 



a. Opala-Maysmeter #2 b. Caravan-NAASRA 

Figure F.21. Example calibration plots to estimate RARSSO from ARSBO measures. 



20,  3 2 ,  and 80 km/h. The corresponding s tandard e r r o r s  obta ined a r e  presented 

i n  Table F, 10. Since the  s tandard e r r o r  u n i t s  a r e  m/km f o r  RARS50, they 

a r e  d i r e c t l y  comparable t o  t h e  RARSSO standard e r r o r  r e s u l t s  i n  Table F.9. 

However, comparisons of t h e  r e s u l t s  i n  Table F.10 wi th  Table F.9 a r e  not  v a l i d  

f o r  s i ~ n u l a t i o n  speeds o t h e r  than 50 km/h, s i n c e  RARS numerics a r e  speed 

dependent. 

The f i g u r e s  and t a b l e s  show t h a t  a RTRRMS speed of 80 km/h degrades the  

c o r r e l a t i o n  wi th  R L ~ R S ~ ~ ,  which means t h a t  t h e  CARSSO measures obtained a t  

80 km/h would be l e s s  accura te .  On t h e  o t h e r  hand, b e t t e r  r e s u l t s  a r e  

sometimes obta ined when a lower RTRRMS speed i s  used. The Caravan-based 

systems gave b e t t e r  accuracy when opera ted a t  20 and 3 2  km/h than when 

opera ted a t  50,  and c o r r e l a t i o n s  wi th  t h e  BI T r a i l e r  were b e s t  a t  32 km/h. 

This f ind ing  i s  encouraging,  because i t  means t h a t  t h e  RARS50 numeric can be 

es t imated q u i t e  w e l l  when f i e l d  cond i t ions  prevent  opera t ion  of t h e  RTRRMS a t  

50 km/h. 

While o v e r a l l  accuracy sometimes s u f f e r s  when a low RTRRMS speed i s  used,  

t h e  ARS20 and ARS32 numerics from a l l  of t h e  RTRRMSs show good c o r r e l a t i o n  

wi th  RARSSO when t h e  r e g r e s s i o n s  were performed s e p a r a t e l y  f o r  d i f f e r e n t  

su r face  types.  For example, Fig* Fb20a ( f o r  an Opala-Maysmeter system) shows 

t h a t  RARS50 numerics a r e  c o n s i s t e n t l y  "high" f o r  t h e  CA and GR s u r f a c e s  

( r e l a t i v e  t o  t h e  r e g r e s s i o n  l i n e  obtained f o r  a l l  s u r f a c e  t y p e s ) ,  and "low" 

f o r  t h e  TS and TE s u r f a c e s .  Table F.10 i n d i c a t e s  t h a t  t h e  s tandard e r r o r  

a s soc ia ted  wi th  t h a t  f i g u r e  i s  a s  low a s  0.22 (TS s u r f a c e s ) ,  when s e p a r a t e  

r egress ions  a r e  used. But s i n c e  s e p a r a t e  c a l i b r a t i o n s  a r e  needed f o r  each 

s u r f a c e  type t o  o b t a i n  t h i s  accuracy,  t h e  accuracy t h a t  would be obta ined 

us ing a s i n g l e  c a l i b r a t i o n  ac ross  s u r f a c e  type would not  be a s  good, s i n c e  the  

CARSS0 numerics would include t h e  b i a s  e r r o r  ( seen  i n  the  f i g u r e  a s  t h e  

average d i s t a n c e  t h a t  t h e  TS d a t a  p o i n t s  l i e  above t h e  r e g r e s s i o n  l i n e ) .  

The s u r f a c e  type s e n s i t i v i t y  t h a t  appears when low RTRRMS speeds a r e  used 

t o g e t h e r  wi th  R I L R S ~ ~  a s  the  c a l i b r a t i o n  re fe rence  i s  expected.  It occurs  

because t h e  wavebands covered by t h e  RTRRMS no longer  match t h a t  of the  RQCS, 

due t o  t h e  speed d i f f e r e n c e .  The r e l a t i o n s h i p  between t h e  two depends on t h e  

r e l a t i v e  s p e c t r a l  con ten t  of the  road,  which d i f f e r s  with s u r f a c e  type. 



Table F.10. Standard Error  f o r  Estimating RARSSO with  a Quadratic Regression 
Equation and ARS Measurements. 

Opala Cars wi th  Caravan Car Single-Track 
Surface Modified Maysmeters with 2 meters T r a i l e r s  

Speed Type 1\Q.I01 MM02 MM03 R I  NAASRA B I  BPR 

20 C A 0.64 0.57 0.53 0.59 0.57 0.75 1.02 
TS 0.35 0.35 0.36 0.31 0.31 0.43 0137 
GR 0.77 0.88 1.48 0.64 0.63 0.79 0.70 
TE 1.47 0.58 0.56 0.78 0.77 0.99 0.77 

ALL 1.10 0.97 1.17 0.88 0.90 1.03 1.35 

32 C A 0.55 0.44 0.79 0.49 0.46 0.68 0.84 
TS 0.21 0.22 0.37 0.25 0.25 0.37 0.34 
GR 0.34 0.91 1.25 0.68 0.64 0.76 0.65 
TE 1.46 0.75 0.83 1.14 0.97 1.08 0.73 

ALL 0.95 0.80 1.20 0.86 0.83 0.86 1.57 

50 C A 0.46 0.70 0.51 0.34 0.32 0.55 0.76 
T S 0.38 0.31 0.37 0.32 0.33 0.38 0.53 
GR 0.51 0.63 0.79 0.67 0.65 0.74 0.73 
TE 0.65 0.95 0.95 1.35 0.94 1.53 1.25 

ALL 0.88 0.97 1.10 0.97 0.92 0.97 1.13 

80 C A 0.41 0.32 0.67 0.39 0.30 * * .  0.39 
T S 0.53 0.49 0.66 a * .  . . . . . . • . 
GR 0.51 0.38 0.49 * . *  ..e * a .  0 . .  

TE 1.72 0.81 0.80 e . 1  e e e  e e e  . . . 
ALL 1.64 1.40 1.63 0.39 0.30 * * *  0.39 



One phys ica l  reason f o r  the  f a i r l y  good r e s u l t s  obtained a t  lower speeds 

i s  t h a t  some of the  random e r r o r s  i n  t h e  RTRRMS measurement a r e  reduced by 

g r e a t e r  ave rag ing ,  s i n c e  a longer  time i s  spent making t h e  measurement. The 

same e f f e c t  can be obtained f o r  h igher  speeds by using longer  c a l i b r a t i o n  

s i t e s .  

A second reason f o r  b e t t e r  r e s u l t s  a t  low speeds appears  t o  apply t o  t h e  

BPR Roughometer. When operated a t  the  lower speeds ,  the  RTRRMS i s  subjected 

t o  l e s s  e x c i t a t i o n  (ARV). Er ro r s  due t o  v i b r a t i o n  l e v e l s  exceeding the  des ign 

l i m i t s  of t h e  v e h i c l e  and roadmeter a r e  reduced by reducing t h e  v i b r a t i o n  

l e v e l s .  O f  c o u r s e ,  t h i s  e f f e c t  d i sappears  when more rugged RTRRMSs a r e  used. 

Calibration Across Speed 

The IRI s e l e c t e d  i n  t h i s  r e p o r t  i s  based on t h e  concept t h a t  a given road 

has  only a s i n g l e  " t rue"  roughness v a l u e ,  r e g a r d l e s s  of how i t  i s  used by t h e  

pub l i c .  An a l t e r n a t i v e  concept i s  t h a t  a road roughness measure should 

r e f l e c t  how t h e  road i s  used,  such t h a t  a h igh-qual i ty  road used a t  h igh 

speeds might be r a t e d  t h e  same i n  terms of perceived roughness a s  a lower 

q u a l i t y  road used a t  low speeds.  

When ARS numerics a r e  used t o  e s t i m a t e  RARS over  a range of speeds,  t h e r e  

i s  a ques t ion  of how many c a l i b r a t i o n  curves a r e  needed. Should a separa te  

curve be used f o r  every speed encountered? O r  can a s i n g l e  c a l i b r a t i o n  curve 

be used a c r o s s  speed? P r i o r  t o  t h e  IRRE, i t  has been shown t h a t  s u b s t a n t i a l  

c a l i b r a t i o n  e r r o r s  can be in t roduced when ARS measures taken a t  d i f f e r e n t  

speeds a r e  compared t o  t h e  corresponding MRS measures, and t h a t  the  e r r o r s  

a r e  e l imina ted  by us ing ARV a s  t h e  roughness numeric 19,  291. Figure F.22 

confirms t h a t  a s i n g l e  ARS/RARS c a l i b r a t i o n  ac ross  speed does not  e x i s t  f o r  

t h e  RTRRMSs t h a t  p a r t i c i p a t e d  i n  t h e  IRRE. On paved r o a d s ,  s u b s t a n t i a l  e r r o r s  

would be in t roduced by using a ARS-to-RARS regress ion  obta ined f o r  one speed 

f o r  ARS-to-RARS r e s c a l i n g  a t  a d i f f e r e n t  speed. 

Figure F.23 shows t h e  same d a t a  p o i n t s ,  r e sca led  t o  ARV u n i t s  (rnm/sec). 

When converted t o  ARV, t h e  agreement i s  much b e t t e r ,  such t h a t  i t  would be 

reasonable  t o  use a s i n g l e  c a l i b r a t i o n  a c r o s s  speed. This i s  because t h e  ARV 



i s  the  v e h i c l e  response v a r i a b l e  a c t u a l l y  measured by t h e  RTRRMS. It i s  easy 

t o  show t h a t  i f  a v a l i d  ARV r e l a t i o n  e x i s t s ,  then a corresponding ARS r e l a t i o n  

cannot e x i s t  except under c e r t a i n  cond i t ions .  A va l id  ARV c a l i b r a t i o n  across  

speed would have t h e  form: 

E [RARV] - CARV = A + B ARV t C A R V ~  (F-45 ) 

Since ARV and ARS a r e  r e l a t e d  by measurement speed,  Eq.  4 5  can be converted t o  

an  ARS equat ion:  

Eq. 46  cannot be independent of speed un less  the  o f f s e t  A and t h e  curvature  C 

a r e  both zero .  

Although a c a l i b r a t i o n  across  speed can be demonstrated f o r  the  RTRRMSs 

t h a t  p a r t i c i p a t e d  i n  the  IRRE, an ARV c a l i b r a t i o n  across  speed i s  not 

guaranteed due t o  the  presence of n o n l i n e a r i t i e s  i n  RTRRMSs [!?I.  Often,  

however, the  f a c t o r s  t h a t  in t roduce a speed dependency a r e  small  enough t h a t  a 

c a l i b r a t i o n  equat ion obtained a t  one speed (e.g.,  5 0  kmlh) can be used a t  

another speed (e.g.,  32 km/h) i f  the  RTRRMS and RQCS measures a r e  converted t o  

ARV u n i t s  . 
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Figure F.22. Calibration across speed using ARS and RARS numerics. 
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Figure  F.23. C a l i b r a t i o n  a c r o s s  speed us ing  ARV and M R V  numerics.  









APL ANALYSES USED I N  EUROPE 

prepared by 

The French Bridge and Pavement Laboratory (LCPC), 

The Belgian Road Research Center (CRR) , 
The Univers i ty  of Michigan Transpor ta t ion  Research I n s t i t u t e  (UMTRI), and 

The B r a z i l i a n  Road Research I n s t i t u t e  ( IPR~DNER).  

The Longi tudinal  P r o f i l e  Analyser (APL) T r a i l e r ,  developed by LCPC, 

produces a  p r o f i l e  s i g n a l  which r e p l i c a t e s  t h e  frequency content  of t h e  

l o n g i t u d i n a l  p r o f i l e  of a  pavement s e c t i o n  over t h e  frequency range 0.5 - 20 

Hz. The p r o f i l e  s i g n a l  obta ined from the  APL T r a i l e r  can then be processed 

any number of ways t o  provide simple and q u a n t i f i e d  roughness informat ion 

appropr ia te  t o  a  p a r t i c u l a r  a p p l i c a t i o n .  The CAPL 25 measurement i s  used f o r  

low-speed (21.6 km/h) e v a l u a t i o n  of road q u a l i t y  dur ing c o n s t r u c t i o n ,  whi le  

the  APL 72 system provides  f o r  t h e  high-speed measurement ( 7 2  km/h) of t h r e e  

independent roughness numerics t o  desc r ibe  t h e  cond i t ion  of e x i s t i n g  roads i n  

g r e a t e r  d e t a i l .  A very s i m i l a r  roughness a n a l y s i s ,  which r e s u l t s  i n  t h r e e  

evenness c o e f f i c i e n t s  (CP), i s  used by CRR i n  Belgium. 

Appendix A d e s c r i b e s  t h e  APL ins t rument  i t s e l f  and t h e  methods used t o  

record p r o f i l e  d a t a  during the  I n t e r n a t i o n a l  Road Roughness Experiment (IRRE). 

This appendix p r e s e n t s :  1) mathematical p r o p e r t i e s  of t h e  CAPL 25 ,  AlPL 72 ,  

and CP numerics,  2 )  the  measures of these  numerics obtained i n  the  I R I E ,  3 )  

c o r r e l a t i o n s  between these  measures and those  obta ined from response-type road 

roughness measuring systems ( RTRRMSs ) , and 4) examples of how p l o t t i n g  t h e .  APL 

p r o f i l e  can be used t o  v i s u a l l y  diagnose pavement cond i t ion .  P l o t s  of power 

s p e c t r a l  d e n s i t y  (PSD) f u n c t i o n s  obtained from the  APL T r a i l e r  a r e  included i n  

Appendix I a long wi th  s i m i l a r  p l o t s  obtained from s t a t i c  p r o f i l e  measurements. 

Addi t ional  CP-type ana lyses  a r e  presented i n  Appendix J ,  i n  which the  moving 

average a n a l y s i s  i s  appl ied  t o  both  the  APL 72 p r o f i l e s  and s t a t i c a l l y  



measured prof i ' 1 e s .  

The r e s u l t s  repor ted  i n  t h i s  appendix were obta ined dur ing  two a n a l y s i s  

opera t ions .  The f i r s t  was done i n  B r a z i l  by t h e  LCPC team dur ing  the  IRRE, 

and provided t h e  CAPL 25 c o e f f i c i e n t s  and t h e  APL 7 2  i n d i c e s .  Fur the r  

analyses  were performed i n  Europe by c a r r y i n g  out  s p e c t r a l  d e n s i t y  a n a l y s i s ,  

energy a n a l y s i s  (LCPC method ) , and c o e f f i c i e n t  of evenness (CP) a n a l y s i s  ( CRR 

method ) . 

DESCRIPTIONS OF TBE APL SlMMAIE NUMERICS 

The APL 25 c o n f i g u r a t i o n  of t h e  APL t r a i l e r  was o r i g i n a l l y  designed t o  

e v a l u a t e  t h e  q u a l i t y  of roughness of road l a y e r s  dur ing  cons t ruc t ion .  It had 

t o  meet t h e  o b j e c t i v e s  of g r e a t  e a s e  of use and of s i m p l i c i t y  of d a t a  

a n a l y s i s .  A r e l a t i v e l y  low s tandard speed of 21.6 km/h (6.0 rn/sec) i s  used 

because high-speed measurements can g ive  r i s e  t o  problems on a  c o n s t r u c t i o n  

s i t e .  The name of t h e  measure i s  based on the  s t andard  t e s t  l e n g t h  of 25 

meters which i s  used f o r  t h e  c a l c u l a t i o n  of a  roughness numeric c a l l e d  the  APL 

25 c o e f f i c i e n t  (CAPL 25). 

During t e s t i n g ,  t h e  t r ansducer  s i g n a l  i s  recorded g r a p h i c a l l y  ( s c a l e  

1 /200)  on an analog paper r e c o r d e r ,  and a t  the  same t ime,  d i g i t i z e d  every 0.25 

meter.  The d i g i t i z i n g  equipment i s  s e t  s o  t h a t  the  va lue  v a r i e s  about z e r o ,  

wi th  the  va lue  ze ro  being obta ined when t h e  system i s  a t  r e s t .  The abso lu te  

va lues  of t h e  samples a r e  summed, and averaged over t h e  25 m t e s t  s e c t i o n  (100 

samples).  This average i s  the  CAPL 25 c o e f f i c i e n t ,  which can be converted t o  

m i l l i m e t e r s  by a  s c a l e  f a c t o r  a s s o c i a t e d  wi th  an a m p l i f i e r  g a i n  s e t t i n g .  

Phys ica l ly ,  t h e  CAPL 25 i s  the  average r e c t i f i e d  displacement of the  arm on 

t h e  t r a i l e r  suppor t ing  t h e  fo l lower  wheel, r e l a t i v e  t o  t h e  h o r i z o n t a l  pendulum 

used a s  an i n e r t i a l  r e fe rence .  The computation of t h e  CAPL 25 c o e f f i c i e n t s  i s  

c a r r i e d  out  dur ing t h e  measurement and t h e i r  va lues  a r e  p r i n t e d  on the  

recorder  s t r i p  c h a r t .  When t h e  s e c t i o n s  t h a t  a r e  measured a r e  s e v e r a l  

k i lomete r s  l o n g ,  i t  i s  more convenient  t o  record the  d i g i t i z e d  s i g n a l  on 

magnetic t a p e s  and have i t  processed w i t h  a  mini-computer. Fur the r  



informat ion about the  APL 25 methodology i s  a v a i l a b l e  i n  Reference [15] .  

The t r ansducer  s i g n a l  processed t o  y i e l d  the  CAPL 25 r e s u l t  i s  f i l t e r e d  

only by t h e  mechanical p r o p e r t i e s  of t h e  APL t r a i l e r ,  which a r e  shown by t h e  

Bode p l o t  i n  Figure  G.1. A t  t h e  6.0 m/s towing speed,  the  bandwidth of  the  

APL s i g n a l  (approximately 0.4 - 20 Hz) inc ludes  wavelengths from 0.3 t o  15 m, 

a s  shown i n  t h e  f i g u r e .  The normal s p e c t r a l  content  of roads i s  such t h a t  

when p r o f i l e  i s  charac te r i zed  by a displacement ( e l e v a t i o n )  measure such a s  

t h e  CAPL 25 numeric, t h e  measure w i l l  be dominated by the  lowest  wav~e numbers 

( l o n g e s t  wavelengths) wi th in  the response range of t h e  t r a i l e r .  (See Appendix 

I f o r  more informat ion on s p e c t r a l  content  of simple roughness numerics.) 

It w i l l  be seen l a t e r  t h a t  t h e  mode f o r  quan t i fy ing  roughness represented 

by the  CAPL 2 5 ,  which i s  very w e l l  adapted t o  judge the  q u a l i t y  of a road 

c o n s t r u c t i o n  o r  t o  eva lua te  t h e  p r e s e n t  s t a t e  of a road network, i s  not  the  

b e s t  method a v a i l a b l e  t o  provide an a p p r e c i a t i o n  of the  t y p i c a l  dynamic 

response of t h e  veh ic le .  

But i n  the  same way t h a t  c o e f f i c i e n t s  of roughness were determined (CRR 

method, descr ibed l a t e r )  from APL 7 2  s i g n a l s ,  i t  would have been p o s s i b l e  t o  

o b t a i n  analog c o e f f i c i e n t s  wi th  t h e  APL 25 s i g n a l  o f f e r i n g  b e t t e r  c o r r e l a t i o n s  

wi th  t h e  RTRRMSs. For example, CRR uses  both  t h e  APL 25 s i g n a l  and t h e  APL 72 

s i g n a l  t o  compute CP numerics. However, these  ana lyses  were not  performed 

dur ing t h e  IRRE because they would have been redundant t o  those  appl ied  t o  t h e  

APL 7 2 .  

APL 72 Analyses used in France 

The APL 7 2  ana lyses  a r e  t h e  most commonly used i n  France by t h e  Road 

Adminis t ra t ions  f o r  t h e  purpose of r o u t i n e  surveying of t h e  road networks 

[ 1 6 ] .  The measures a r e  taken a t  7 2  km/h (20  m/sec ) ,  because a t  t h i s  speed,  

t h e  APL T r a i l e r  d e t e c t s  p r o f i l e  v a r i a t i o n s  f o r  wavelengths between 1 and 40 m 

(F ig .  G.1). As descr ibed i n  Appendix A ,  t h e  p r o f i l e s  a r e  s to red  on magnetic 

t a p e ,  t o  be played back l a t e r  i n  the  l a b o r a t a t o r y  f o r  a n a l y s i s .  

The APL 7 2  a n a l y s i s  used i n  France i s  based on t h e  g l o b a l  energy (mean 

square  v a l u e )  of a s i g n a l .  Road roughness i s  cha rac te r i zed  by t h r e e  numerics, 





computed for  every 200 m. The three values a re  obtained by playing the s igna l  

back from the tape recorder through three e l ec t ron ic  band-pass f i l t e r s .  

During playback, the tape speed i s  increased to reduce processing time and to 

avoid the need for  f i l t e r s  with extremely low frequency cha rac t e r i s t i c s .  

The f i l t e r s  a r e  s e t  t o  separate  the sho r t ,  medium, and long wavelength 

roughness content.  These ranges (wavebands) were chosen t o  d is t inguish  

between p r o f i l e  roughness a f fec t ing  user sa fe ty  ( shor te r  wavelengths) and 

those af fec t ing  user comfort (longer wavelengths ) . The three wavebands a re  : 

1.0 - 3 . 3  mlcycle Short Wavelength ( SW) 

3.3 - 13 m/cycle Medium Wavelength (MU) 

13 - 40 m/cycle Long Wavelength (LW) 

The intermediate l i m i t s  (3.3 m and 13 m) where chosen t o  be re la ted  t o  

the  cha rac t e r i s t i c s  of devices used previously i n  France (3  m s t raightedge,  

viagraphe). 

The s igna l  del ivered by each f i l t e r  i s  squared and integrated over a 

length of 200 meters. Thus, fo r  every 200 meters of road three mean-square 

values of energy (W) a re  obtained f o r  the s igna l  (one f o r  each wavelength 

range). To each of these energy values,  one can assoc ia te  a value of 

"equivalent amplitude" (Y) expressed i n  mm,  which would be the amplitude of a 

s inusoidal  s i g n a l ,  the wavelength of which i s  the median value of the f i l t e r  

range, and which would de l iver  the same energy. 

More usua l ly ,  the energy values (W) a re  spread within 10 c lasses  (ca l led  

Index ( I )  fo r  the 'LRRE) graded, from 1--the worst l e v e l  of roughness t o  

10--the best l e v e l ,  i n  an approximately logarithmic way. Further d e t a i l s  of 

t h i s  APL 7 2  Analysis are  avai labale  i n  Reference [17] .  

In normal operat ion,  the p ro f i l e s  of the r i g h t  and l e f t  wheel-tracks a r e  

measured simultaneously with two APL t r a i l e r s .  In t h i s  experiment, tlne t racks 

were analyzed separa te ly ,  and roughness measures were reported fo r  each 

wheeltrack. 



APL Analyses used in Belgium 

The c h a r a c t e r i z a t i o n  of evenness (roughness) t h a t  i s  used i s  based on a  

geometric type of r e p r e s e n t a t i o n  of t h e  l o n g i t u d i n a l  p r o f i l e .  This 

r e p r e s e n t a t i o n  makes use of a  numerical  f i l t e r i n g  of t h e  measured p r o f i l e  with 

a  moving average technique.  The op t ion  taken through t h i s  choice  of 

r e p r e s e n t a t i o n  o f f e r s  t h e  advantage of providing a  s t r a i g h t f o r w a r d  geometr ica l  

i n t e r p r e t a t i o n ,  u s e f u l  i n  p r a c t i c e  [20] .  

The c h a r a c t e r i z a t i o n  of t h e  measured p r o f i l e  i s  obtained by eva lua t ing  

t h e  d i f f e r e n c e  of t h e  su r face  p r o f i l e  from t h e  re fe rence  l i n e  obtained by 

smoothing t h e  same p r o f i l e .  The process  of applying a  moving average t o  the 

s i g n a l  a c t s  a s  a  f i l t e r  a t t e n u a t i n g  s h o r t  l eng th  i r r e g u l a r i t i e s .  For i t s  

a p p l i c a t i o n ,  t h i s  technique r e q u i r e s  the  numerical ly  sampled s i g n a l  recorded 

from t h e  APL t r a i l e r .  The d i s t a n c e  marks f o r  sampling a r e  provided by a  pulse  

t r a i n  i s sued  from t h e  measuring wheel of t h e  APL mounted a s  an odometer. The 

sample i n t e r v a l  i s  such t h a t  a l l  of t h e  informat ion conta ined w i t h i n  t h e  

bandwidth of t h e  APL t r a i l e r  i s  r e t a i n e d .  ( Informat ion theory r e q u i r e s  a  

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

APL measuring device . )  

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

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

a r b i t r a r y  baselength .  The mean abso lu te  value of t h e  d i f f e r e n c e  between the  

o r i g i n a l  p r o f i l e  and the  smoothed one over a g iven s e c t i o n  i s  determined. 

This mean v a l u e ,  d iv ided by two and expressed per  u n i t  l e n g t h ,  has  been 

def ined a s  t h e  c o e f f i c i e n t  of evenness (CP: " c o e f f i c i e n t  de  p l a n e i t e " ) .  The 

CP u n i t  has  t h e  fo l lowing dimensions:  

Since t h e  mean value  i s  d ivided by two, one mm of t h e  mean a b s o l u t e  value  

i s  equal  t o  50 CP u n i t s .  It should be noted t h a t  t h e  process  of summation 

involving a  moving average has  a  value  dependent on t h e  base leng th  used. 

Thus, the  CP value  must be assoc ia ted  wi th  t h e  base l e n g t h ,  e .g . ,  CP2.5. 

For a  g iven base leng th ,  t h e  roughness l e v e l  i n c r e a s e s  a s  t h e  CP i n c r e a s e s .  



The computations performed a t  t h e  Belgian Road Research Center (CRR) used 

the  APL 72 s i g n a l s  recorded i n  B r a z i l  a t  a measurement speed of 72 Kmlh (20 

m/s). The sampling s t e p  l e n g t h  used i s  113 mete r ,  and the  c o e f f i c i e n t s  of 

evenness (CP) were determined f o r  t h e  baselengths  of 2.5 m ,  10 m ,  and 40 m ,  

which a r e  t h e  convent ional  values  used. The CP i s  normally evaluated f o r  

hectometr ic  (100 mete r s )  s e c t i o n s .  In  t h e  IRRE,  t h e  CP of each 320 m p r o f i l e  

was t h e r e f o r e  chosen a s  the  mean value  of t h e  CP of t h r e e  contiguous 

hectometr ic  b l o c s ,  s t a r t i n g  a t  the  beginning of each s e c t i o n  t r a c k .  

As mentioned e a r l i e r ,  t h e  same CP s t a t i s t i c  i s  appl ied  i n  Belgium t o  APL 

25 measurements performed a t  the  speed of 6 m/s (21.6 Km/h). The sampling 

s t e p  l e n g t h  used i n  t h a t  case  i s  of 1 / 6  meter and t h e  base leng ths  considered 

f o r  the  moving average a r e  mainly 15 rn and 2.5 m. 

The moving average f i l t e r  i s  analyzed i n  d e t a i l  i n  Appendix J ,  t o  d e r i v e  

i t s  frequency response ,  inc lud ing  the  e f f e c t s  of sample i n t e r v a l .  

FINDINGS FROM TEE IRRE 

Measures of APL Summary Statistics 

CAPL 25. The APL 25 system produces CAPL 25 numerics f o r  every 25 m 

of t r a v e l l e d  road. Therefore ,  each 320 t e s t  s e c t i o n  had 12 o r  13 assoc ia ted  

CAPL 25 numerics f o r  each wheeltrack.  To f a c i l i t a t e  comparisons wi th  o the r  

numerics,  each p r o f i l e  i s  c h a r a c t e r i z e d  by the  mean of the  12 o r  13 CAPL 25 

va lues .  

The APL 25 r e s u l t s  t h a t  were obtained i n  t h e  IRRE a r e  presented i n  Tables 

G.1 - G.4. In these  t a b l e s ,  t h e  four  su r face  types  a r e :  a s p h a l t i c  

concre te ,  s u r f  ace t r ea tment ,  g r a v e l ,  and e a r t h .  They a r e  abbrevia ted  

according t o  t h e i r  s p e l l i n g  i n  Portuguese a s  CA, TS,  GR, and TE,  r e s p e c t i v e l y .  

APL 72. During the  IRRE,  a l l  t h e  paved s e c t i o n s  (CA and TS) were 

measured by t h e  APL 72 i n  each t r a c k  ( r i g h t  and l e f t ) ,  s e v e r a l  t imes f o r  some 



Table G . 1 .  Summary of APL R e s u l t s  f o r  t h e  A s p h a l t i c  Conc re t e  Roads. 

I N T E R N A T I O N A L  ROAD R O U G H N E S S  E X P E R I M E N T  - B R A S I L I A  - JUNE f 95Ll 

APL T R A I L E R  

SITE HEAS. TRACE ROUGHNESS WEASUREHENTS 
tiEAN RUN 1 RUN 2 RUN 3 SIGf lA SlH TREND R 

CRO! 25 R 18.5 10 19 . 7  ,030 1 
25 L 15 15 15 0 0 0  

1 

4 
0 

72 SW R 4 4 4 0 0 0 0 
72 SW L 3.3 3 3 4 .b ,173 .5 ,866 
72 HU R 3 3 3 3  0 0 0  0 
72 HU L 3 3 3 3  0 0 0  0 
7 2 L Y  R 3.3 4 3 3 .b ,173 -.5 -.8bb 
72 LW L 3 4 2 3  1 .333 -.5 -,5 

CAOb 25 R 18 10 
25 L 20 20 
72 SW R 2 2 
72 SW b 1 1 
72 flW R 4 4 

CA07 25 R 7 7 7 8 0 0  0 
25 L 7 7 7 0 0 0  0 
72 Sb' R 4 4 4 0 0 0 0 
72 SH L 3 3 3 0 0 0  0 
72 WW R b b b  0 0 0 0 
72 nn L b b b  0 0 0  o 
72 EW R b b b  0 0 0  0 
72 LY L 8 0 8 0 0 0  0 

G - 8  



Table G. 1 (Cont . ) 

I N T E R N A T I U f i A L  ROAD ROUGHMESS , E X P E R I M E N T  - E R A S I L J A  - J U N E  1982 

APL TRAILER 

SITE nEAS. TRACK RDUGHNESS REASUREHENTS 
HEAN RUH 1 RUH 2 RUN 3 SI6HA SlH TREND R 

CAOB 





Table G . 2  (Cont . )  

I N T E R N A T I O N A L  R O A D  R O U G H N E S S  E X P E R I h I E N T  - R R A S I L  I A  - JUNE 15'82 

APL TRAILER 

S I T E  HEAS. TRACK ROUGHNESS WEASUREHENTS 
fliAN RUN 1 RUN 2 RUN 3 SlEWk SIR TREND R 



Table G . 3 .  Summary of APL Results f o r  t h e  Gravel Roads. 

IMTERNATIONAL RCIAD RO!!GHNESS Eh'PERi'filENT - E R A S I L l f ?  - Jl iNE 1932 

APL TRAILER 

S I T E  HEAS. TRACK 

72 sn L 
72 HW L 
72 LLI L 

RDUGHNESS HEASUREHENTS 
FEAN RUN 1 RUN 2 RUN 3 S16RA Slti 

6R09 25 R 1 7 . 4  17.6 13,l 
25 L 16.4 16.2 lb.5 
72 SLI L 1 1 
72 H i  L 3 3 
72 L# L 3 3 



Table G . 4 .  Summary of APL Results f o r  the Earth Roads. 

I N T E R N A T I : i N f i L  ROAD RCII!GHNESL; E X P E R I W E N T  - B R A S I L J A  - J i ! N E  29E2 

APL TRAILER 

SITE REAS. TRACK RDUGHHESS HEASUREHENTS 
HEAN RUN 1 RUN 2 RUN 3 S1GHA Sin TREND R 

TEOb 25 R 20.1 20.1 
25 L 23.3 23 23.6 



Table G. 4 (Cont .) 

APL TRAILER 

S I T E  BEAS. TRACK 

TE09  2 5  R 

ROUGHNESS IEASUREWENTS 
nEAH RUN % RUN 2 RUH 3 



of them. It was a l s o  t h e  case  f o r  the  TE s e c t i o n s  ( e a r t h  roads )  wi th  the  

except ion of s e c t i o n s  TE 05 and TE 06 which were not  measured. For the  g r a v e l  

road s e c t i o n s ,  t h e  measurement was c a r r i e d  out  only i n  t h e  l e f t  t r a c k  (L) of 

s e c t i o n s  GR 01 - GR 04 ,  GR 9 ,  and G R  10 ,  and between t r a c k s  ( represen ted  by 

t h e  l e t t e r  B) f o r  the  s e c t i o n s  GR 05 t o  GR 08.  Sect ions  GR 11 and GR 12 were 

not  measured. 

Tables G . l  t o  G.4 show t h e  APL 7 2  i n d i c e s  ( I )  a s  they were ca lcu la ted  

dur ing t h e  IRRE i n  B r a z i l .  The values  provided a r e  f o r  only a 200 m 

continuous segment e n t i r e l y  included i n  each 320 m t e s t  s e c t i o n .  Of course ,  

when t h e  t e s t  s e c t i o n s  a r e  not  homogeneous along t h e i r  l e n g t h s ,  the  repor ted  

va lues  may not  t r u l y  represen t  t h e  average APL 72 index of the  whole s e c t i o n .  

But i n  t h e s e  c a s e s ,  the  choice of only one numeric t o  c h a r a c t e r i z e  t h e  whole 

s e c t i o n  roughness would n o t ,  i t s e l f ,  be very r e p r e s e n t a t i v e .  

The t a b l e s  show t h a t  nea r ly  a l l  of t h e  e a r t h  s e c t i o n s  have a n  APL 72 SW 

index nea r  1 ( t h e  category f o r  t h e  worst r o a d s ) ,  a s  do more than h a l f  of t h e  

g r a v e l  s e c t i o n s .  Indeed, the  APL 72 index s c a l e s  used dur ing t h e  IRRE were 

derived t o  match t h e  range of observed roughness i n  the  French road network, 

bu t  they could be modified i n  order  t o  g ive  r e p r e s e n t a t i o n  over a l a r g e r  

roughness range ( t h i s  was not  done i n  the  IRRE). The f a c t  t h a t  t h e  APL 72 ( I )  

numeric does not  d i s t i n g u i s h  roughness l e v e l s  f o r  the  unpaved roads i s  t h e  

r e s u l t  of t h e  ca tegory d e f i n i t i o n s ,  r a t h e r  than the  measurement and analyses  

preceding t h e  c a t e g o r i z a t i o n .  When t h e  APL 72 index i s  not  used,  the  roads 

can be q u a n t i f i e d  by t h e  mean-square energy (W) and equ iva len t  amplitude ( Y )  

numerics. 

Tables G.5 and G.6 show the  complementary APL 72 r e s u l t s  a s  they a r e  

obta ined i n  France by LCPC and i n  Belgium by CRR. They g i v e  ( f o r  one run 

only ) : 

- The va lues  of t h e  t o t a l  (mean square )  energy (W) and t h e  equ iva len t  

displacement ( Y )  f o r  a 200111 continuous segment e n t i r e l y  included i n  each 

320-m t e s t  s e c t i o n  (LCPC method). Both W and Y values  a r e  g iven f o r  t h e  

t h r e e  wavebands descr ibed e a r l i e r :  Short wavelengths (abbrevia ted  a s  SW), 

Medium wavelengths (MW), and Long wavelengths (LW) 



TABLE G.5 : COMPLEMENTARY A P L  72 R E S U L T S  OBTAINED ON THE PAVED 
ROADS ( C A  AND T S  S E C T I O N S )  

SECYIONS 

P 
L 

F 
C A 0 2  L 

- ( k t )  APL 72 
se M w LW 

8.e 124 .6  1430.4 
9 . 9 .  119.9 1571.9 

1 2  83.9 785.4 
1 2 . 1  76 .9  754.6 

iY I APL 7 2  I ? k ? ~  72 
se 

2 .9  
1 

3.L 
3.4 

Mk 

11.3 
10 .9  

9.1 
8.7 

Le 

37.e 
39.6 

28 
27.4 

2 , 5 r  

56 
54 

62 
67 

1 c m  

176 
153 

158 
169 

4 : ~  

536 
n p g  

386 
4 5 3  



Table G . 6  : Complementary APL 72 results obta ined 
on t h e  unpaved roads  (GR and TE s e c t i o n s )  

R 
L 

R GR O2 L 

R GR 03 L 

R GR O4 L 

R GR05 B 

R GR06 B 

R GR 07 B 

R 
O9 L 

R G R 1 O  L 

R GR11 

R GR 12 

13.3 

12.9 

33.4 

36 

37.2 

37.2 

30.6 

15.3 

37.2 

37.2 

17.4 

14.2 

94.6 

109.9 

104.1 

117.8 

42.4 

16.9 

98.6 

94.6 

355.2 

733.6 

1079.9 

574.5 

064.4 

525.4 

270.9 

179.1 

965.5 

359.2 

NO 

3.6 

3.5 

5.7 

6 

6.1 

6.1 

5.5 

3.9 

6.1 

6.1 

MEASUREMENT 

I 
NO MEASUREMENT 

I 
- 

4.1 

3.7 

9.7 

10.4 

10.2 

10.8 

6.5 

L . l  

9.9 

9.7 

- i 

18.8 

27 

32.8 

23.9 

21.5 

22.9 

16.4 

13.3 

31 

18,9 

58 

58 

103 

113 

169 

153 

89 

75 

139 

134 

85 

9 1  

184 

176 

217 

2?1 

121 

108 

200 

202 

348 

428 

464 

404 

402 

393 

298 

329 

482 

372 



- The values  of the  (CP) c o e f f i c i e n t s  determined by t h e  CRR method f o r  a  

s e t  of t h r e e  bases (of  moving average) ,  namely, t h e  conventional  values 

i n  p r a c t i c e  i n  Belgium which a r e  2 . 5  m ,  10 m ,  and 4 0  m 

Addi t ional  ana lyses  were performed by LCPC and CRR r e l a t e d  t o  the  QI 

roughness s c a l e ,  and these  r e s u l t s  a r e  r epor ted  i n  Appendix E. Addi t ional  

computations were performed a t  UMTRI us ing (approximately) t h e  CP moving 

average technique,  appl ied  t o  both APL and s t a t i c a l l y  measured p r o f i l e  

s i g n a l s .  These r e s u l t s  a r e  repor ted  i n  Appendix J. 

Comparison of APL Results with RTRRMS Results 

Linear r egress ions  were ca lcu la ted  between the  APL numerics and those  

obtained from t h e  RTRRMSs. The c o r r e l a t i o n s ,  def ined by t h e  square  of t h e  

c o r r e l a t i o n  c o e f f i c i e n t  (R-squared) a r e  summarized i n  the  c o r r e l a t i o n  matr ices  

presented i n  Tables G.7 - G.10.  In  performing these  r e g r e s s i o n s ,  t h e  t e s t  

d a t a  were segregated by speed and s u r f a c e  type. For the  APL 7 2  energy values 

(W) and the  APL 7 2  equ iva len t  displacement (Y), l i n e a r  r e g r e s s i o n s  were 

c a l c u l a t e d  only wi th  Maysmeter 02 and Bump I n t e g r a t o r  t r a i l e r  r e s u l t s .  Linear 

r egress ions  were used a s  a  f i r s t  s t e p  i n  t h e  a n a l y s i s ,  even while recognizing 

t h a t  h igher  c o r r e l a t i o n s  could o f t e n  be obtained by non l inea r  r eg ress ion  

models. 

The o v e r a l l  examination of Tables G.7 - G.10 shows t h a t  the  q u a l i t y  of 

t h e  c o r r e l a t i o n s  obtained depends n a t u r a l l y  on the  type of t e s t  s e c t i o n s ,  the  

types  of RTRRMSs, and t h e i r  measuring v e l o c i t y ,  but  t h a t  t h i s  q u a l i t y  i s  most 

of a l l  inf luenced by the  model of process ing t h e  APL s i g n a l ,  p a r t i c u l a r l y  by 

t h e  choice  of t h e  wavelength range t h a t  i s  used,  The c o r r e l a t i o n s  obtained 

f o r  each type of APL a n a l y s i s  a r e  d iscussed below. 

CAPL 25. S c a t t e r  p l o t s  between CAPL 2 5  and RTRRMS numerics (no t  

included)  show t h a t  t h e  r e l a t i o n s h i p  between the  CAPL 25 and a  RTRRMS measure 

i s  s t r o n g l y  dependent on s u r f a c e  type.  As i n d i c a t e d  by t h e  c o r r e l a t i o n  

mat r i ces  i n  t h e  t a b l e s ,  good c o r r e l a t i o n s  a r e  found only on t h e  a s p h a l t i c  

concrete  s u r f a c e s ;  c o r r e l a t i o n s  a r e  poores t  f o r  t h e  s u r f a c e  t rea tment  and 

g r a v e l  s e c t i o n s .  As was seen e a r l i e r ,  the  CAPL t rea tment  i s  an amplitude 
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TEST S I T E S  WIT4 SURFACE TREATNEN: ITS1  

j 1 40 1 . 0231 1 . 0:38 1 . 0035 / . 0113 / . C O B S  , 0132 1 . 0 1 7 4  j 
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. 6557 . 7565 
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2,5 . 8175 . 9103 . 8366 1 . 9539 
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40 . 2142 . 3380 . 2603 ' 

TABLE G . 7  : CORRELATION MATRIX O F  R .  SQUARED VALUES FOR THE A P L  R E S U L T S  
AND RTRRMS MEASURES MADE AT 20 KM/H 
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TABLE G . 8  : CORRELATION MATRIX OF R .  SQUARED VALUES FOR THE A P L  R E S U L T S  
AND RTRRMS MEASURES MADE AT 32 KM/H 
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TABLE G.9 : CORRELATION MATRIX OF R .  SQUARED VALUES FOR THE APL RESULTS 
AND RTRRMS MEASURES MADE AT 50 KM/H 
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a n a l y s i s  of t h e  road s p e c t r a l  wavelengths l y i n g  between 0.3 m and 15 m (h igh  

and medium wavenumbers), dominated by t h e  i n f l u e n c e  of t h e  longer  wavelengths. 

When t h e  spectrum i s  very r i c h  i n  smal l  wavelengths,  which i s  p a r t i c u l a r l y  the  

case  f o r  s u r f a c e  t rea tment  s e c t i o n s  (TS),  t h e  CAPL 25 w i l l  l e s s  e v i d e n t l y  

br ing out t h e s e  e f f e c t s  than would the  RTRRMS o r  o the r  APL numerics. 

APL 72 Index (I). S c a t t e r  p l o t s  between the  SW and MW i n d i c e s  arld 

t h e  RTRRMS measures (not  shown) i n d i c a t e  t h a t  a  d e f i n i t e  r e l a t i o n s h i p  i s  

evident  between t h e  SW index and the  RTRRElS measures on the  smoother s u r f a c e s  

t h a t  i s  not  s t r o n g l y  dependent on su r face  type.  But t h e  c o r r e l a t i o n  i s  

degraded on the  rougher s u r f a c e s  because the  roughness range f o r  the  SW index 

does not  extend f a r  enough f o r  the  unpaved roads. (The SW index i s  1--the 

bottom of the  scale--for most of t h e  unpaved roads and many of t h e . s u r f a c e  

t rea tment  s i t e s . )  For t h e  MW index ,  r e l a t i o n s h i p s  can be seen wi th  the  RTRRMS 

measures, which a r e  d i f f e r e n t  f o r  the  d i f f e r e n t  su r face  types .  Compared t o  

o t h e r  c o r r e l a t i o n s  observed i n  the  IRRE,  t h e  c o r r e l a t i o n s  between the  MW index 

and the  RTRRMS measures a r e  no t  very good. For t h e  LW i n d i c e s ,  t h e r e  i s  

v i r t u a l l y  no r e l a t i o n s h i p  wi th  t h e  RTRRMS measures,  a s  ind ica ted  i n  t h e  

c o r r e l a t i o n  mat r i ces .  Only on the  CA s e c t i o n s  do c o r r e l a t i o n s  e x i s t ,  and even 

t h e s e  a r e  poor. Good c o r r e l a t i o n s  could not  be expected because t h e  :RTRRMSs 

do not  "see" these  long wavelengths. 

Overa l l ,  t h e  comparison of t h e  c o r r e l a t i o n s  obta ined wi th  t h e  CLPL 2 5  

c o e f f i c i e n t s  o r  t h e  APL 7 2  ndex show t h a t  when the  smal l  wavelengths a r e  

i s o l a t e d  from t h e  r e s t ,  t he  r e s u l t s  a r e  c l e a r l y  b e t t e r .  The remark made 

e a r l i e r  f o r  the  TS s e c t i o n s  ( regard ing  c o r r e l a t i o n  with the  CAPL 2 5  numeric) 

i s  i l l u s t r a t e d  i n  Tables G.7 t o  G.10 by t h e  d i f f e r e n c e s  obtained between 

c o r r e l a t i o n s  wi th  the  SW index and the  MW index. 

APL 72 Energy Values (W) and APL 72 Equivalent Displacement (Y). 

Some of the  problems wi th  c o r r e l a t i n g  RTRRMS measures with the i n d i c e s  a r e  

e l imina ted  by consider ing t h e  W and Y v a l u e s ,  which l i e  on a continuous 

roughness s c a l e ,  r a t h e r  than the  d i s c r e t e  i n t e r v a l s  1 - 10. 

The l i n e a r  r e g r e s s i o n s  were c a l c u l a t e d  only with t h e  Maysmeter 0:2 and the  

Bump I n t e g r a t o r  t r a i l e r  s i n c e  t h e  p r i n c i p l e  of g loba l  energy (W) and 

equ iva len t  displacement a n a l y s i s  i s  not  d i f f e r e n t  from t h e  APL 7 2  Index ( I ) ,  



and t h a t  t h e  va lues  (W), (Y) ,  ( I )  a r e  not  independent.  Never theless ,  t h e  

values  of (W) and (Y) a r e  expressed i n  s c a l e s  approximately l i n e a r  and 

continuous.  Tables G.7 t o  G.9 show t h a t  t h e  c o r r e l a t i o n s  wi th  t h e  RTRRMSs a r e  

g e n e r a l l y  b e t t e r  f o r  (W) and (Y) than f o r  ( I ) .  

Figure G . 2  shows example s c a t t e r  p l o t s  f o r  the  SW energy (W) v a l u e s ,  

a g a i n s t  the  ARS measures obtained from one of t h e  RTRRMSs. The regress ion  

l i n e s  a r e  a l s o  shown. The r e l a t i o n s h i p  wi th  the  SW numerics i s  dependent on 

s u r f a c e  type f o r  t h e  lower RTRRMS speeds ,  but  d iminishes  f o r  t h e  speed of 50 

km/h. The c o r r e l a t i o n s  shown a r e  good enough, p a r t i c u l a r l y  f o r  t h e  RTRRMS 

speed of 50 km/h, t h a t  t h e  SW energy ( W )  numeric could be considered a s  a  

c a l i b r a t i o n  re fe rence  f o r  t h e  RTRRMS, 

Figure G.3 shows s i m i l a r  p l o t s  f o r  t h e  MW energy (W) numeric. In  t h i s  

c a s e ,  the  r e l a t i o n s h i p s  a r e  not  a s  good, and a r e  s t r o n g l y  inf luenced by 

su r face  type. The c o r r e l a t i o n  wi th  t h e  RTRRMS i s  almost nonex i s t en t  f o r  the  

s u r f a c e  t rea tment  (TS) s i t e s .  

The r e s u l t s  shown i n  Figs.  G.2 and G.3 d e r i v e  from t h e  d i f f e r e n c e s  i n  

wavenumber s e n s i t i v i t y  between t h e  APL numerics and t h e  RTRRMS* In  comparing 

t h e  APL 7 2  wavebands t o  the  Reference Q u a r t e r  Car Simulation (RQCS) i n  Fig. 

F.2 i n  Appendix F ( q u a l i t a t i v e l y  s i m i l a r  t o  t h a t  of any  RTRRMS), i t  can be 

seen t h a t  t h e  RTRRMS responds t o  a  broad band of wavenumbers, whereas t h e  APL 

numerics s e l e c t i v e l y  i s o l a t e  narrow bands. Only t h e  SW numerics (W, Y ,  I) 

i n c l u d e  t h e  s h o r t e r  wavelengths,  which c o n s t i t u t e  a  major p o r t i o n  of t h e  

RTRRMS measures on a l l  but  the  CA roads.  The waveband d a t a  shown i n  Tables 

G.5 and G.6 (and a l s o  the  Power S p e c t r a l  Density (PSD) f u n c t i o n s  p l o t t e d  i n  

Appendix I)  a l l  i n d i c a t e  t h a t  the  C A  s u r f a c e s  had p r o p o r t i o n a t e l y  more medium 

wavelength con ten t  than the  o t h e r  su r face  types .  A t  t h e  h igher  speed of 50 

km/h, the  RTRRMS i s  more inf luenced by the  medium wavelengths,  which l e a d s  t o  

t h e  observed reduced c o r r e l a t i o n  wi th  the  SW numerics but  improved c o r r e l a t i o n  

wi th  the  MW numerics ( r e l a t i v e  t o  t h e  c o r r e l a t i o n s  observed f o r  t h e  lower 

speeds of 20 and 32  km/h). 

APL 72 CP CoefficTents. Examination of Tables G.7 - G.10 r e v e a l s  

t h a t  : 
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Comparison of APL 72 medium wave energy results ( W )  with' Mays Meter 02 results 



- The R-squared value  of the  c o e f f i c i e n t s  of c o r r e l a t i o n  reduces ,  i n  

g e n e r a l ,  a s  the  base l eng th  f o r  determinat ion of the  CP values  i n c r e a s e s .  

- S i g n i f i c a n t  and high c o r r e l a t i o n  values  a r e  obta ined f o r  CP (base  2.5 m) 

wi th  a l l  RTRRMS devices  on a l l  t e s t  s i t e s  and f o r  a l l  the  t e s t  speeds. 

By merging a l l  d a t a  belonging t o  a  g iven RTRRMS dev ice  and c a l c u l a t i n g  

the  l i n e a r  r eg ress ion  c o e f f i c i e n t s  and t h e  c o r r e l a t i o n  c o e f f i c i e n t  f o r  each 

t e s t  speed,  one can expect  t o  e v a l u a t e  the  e f f e c t s  of speed and s i t e  f a c t o r s  

t h a t  could i n f l u e n c e  a  c a l i b r a t i o n  p l o t  t h a t  would be needed t o  es t ima te  the  

CP (2.5) numerics from measurements made wi th  one RTBMS. This case has  been 

examined f o r  both the  Maysmeter 02 and Bump I n t e g r a t o r  t r a i l e r s .  It has  been 

found t h a t  t h e  b e s t  f i t  f o r  t h e  CP (2.5) values  i s  obtained through 

c o r r e l a t i o n  wi th  both  devices  t r a v e l i n g  a t  50 Km/h and t h a t  no s i t e  type  

i n f l u e n c e s  t h e  c o r r e l a t i o n .  

The two examples a r e  i l l u s t r a t e d  i n  Figure G . 4 .  Both c o r r e l a t i o n s  a r e  
2  s i g n i f i c a n t l y  h igh ( r  > 0.90) and y i e l d  nea r ly  i d e n t i c a l  l i n e a r  r eg ress ion  

equa t ions .  

Figure G . 5  shows t h e  in f luence  of t h e  va lue  of t h e  moving average base 

(2.5 m o r  10 m) and the  v e l o c i t y  of measurement of t h e  Maysmeter 02 on the  

c o r r e l a t i o n s  between CP va lues  and Maysmeter 02 va lues .  These CP ( 1 0 )  values  

b r ing  o u t ,  j u s t  a s  do t h e  APL 72 MS (W) v a l u e s ,  t h e  p e c u l i a r i t y  of TS 

s e c t i o n s .  But, i n  a  g e n e r a l  way, they confirm t h e  g r e a t e r  s e n s i t i v i t y  of the  

RTRRMSs t o  the  smal le r  wavelengths. 

Of a l l  t h e  APL r e s u l t s  repor ted  i n  t h i s  appendix,  t h e  CP (2.5) numerics 

produce t h e  b e s t  c o r r e l a t i o n s  wi th  t h e  RTRRMSs, and t h a t  agreement i s  b e s t  f o r  

a  RTRRMS speed of 50 km/h. 

No e f f o r t  was made t o  improve the  c o r r e l a t i o n s  by using a l t e r n a t e  

base leng ths ,  a l though i t  i s  l i k e l y  t h a t  b e t t e r  c o r r e l a t i o n  could be obtained 

by a d j u s t i n g  t h e  baselength  t o  o b t a i n  appropr ia te  f i l t e r i n g .  This hypothes is  

i s  supported by t h e  ana lyses  performed by TRRL, repor ted  i n  Appendix H, where 

i t  was found t h a t  a  baselength  of 1.8 m gave improved c o r r e l a t i o n s .  
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EXAMPLE APL PROFILES 

Adding t o  t h e  summary r e s u l t s  p resen ted ,  LCPC and CRR have provided a  

g r a p h i c a l  r e p r e s e n t a t i o n  of the  t e s t  s e c t i o n  p r o f i l e s  which were run by the  

APL t r a i l e r ,  s i n c e  i t  was the  only apparatus  p resen t  dur ing t h e  IRRE which 

conveniently produced such r e s u l t s .  

For each t r a c k  of each t e s t  s e c t i o n  measured, but f o r  one run on ly ,  t h e  

graphs of APL 25 and APL 7 2  s i g n a l s  were represented f o r  road l eng ths  of about 

1000 meters conta ining these  t e s t  s e c t i o n s ,  and were made a v a i l a b l e  to  the  

p a r t i c i p a n t s  i n  t h e  IRRE. This r e p r e s e n t a t i o n  was achieved with the  help  of a  

p l o t t e r  recorder  l inked  t o  a  micro-computer which t r e a t e d  the  d i g i t i z e d  

s i g n a l s .  (Sample i n t e r v a l s  were 250 mm f o r  the  APL 25 s i g n a l  and 50 mm f o r  

the  APL 7 2  s i g n a l .  ) 

In a d d i t i o n  t o  t h e  p r o f i l e  p l o t s ,  PSD func t ions  were computed immediately 

a f t e r  the  IRRE from a l l  of the APL 7 2  s i g n a l s  f o r  which the  CP numerics were 

ca lcu la ted .  PSD func t ions  were a l s o  computed a t  t h a t  time f o r  the  p r o f i l e s  

measured s t a t i c a l l y  wi th  the  TRRL Beam, and both s e t s  were d i s t r i b u t e d  t o  the  

p a r t i c i p a n t s  i n  the  IRRE. More r e c e n t l y ,  PSD func t ions  were computed f o r  a l l  

of the  p r o f i l e  measurements obtained i n  t h e  IRRE, and those  p l o t s  a r e  included 

i n  Appendix I. 

Some examples of g r a p h i c a l  r e p r e s e n t a t i o n s  of the  APL p r o f i l e s  a r e  

included i n  t h i s  appendix and discussed below. 

Figure G.6 shows t h e  r e p r e s e n t a t i o n s  of APL 25 and APL 7 2  s i g n a l s  

recorded on the  same t e s t  s e c t i o n  (CA 01 r i g h t  t r a c k ) .  Figure G.6a g ives  the  

complete g r a p h i c a l  r e p r e s e n t a t i o n  of t h e  APL 7 2  analog s i g n a l  (lower p a r t  of 

t h e  f i g u r e )  and t h e  same s i g n a l  f o r  which the  wavelength components above 18 

meters have been e l iminated by e l e c t r o n i c  f i l t e r i n g .  Figure G.6b shows t h a t  

t h i s  e l e c t r o n i c  f i l t e r i n g  r e s u l t s  i n  a  s i g n a l  t h a t  i s  nea r ly  i d e n t i c a l  t o  the  

APL p r o f i l e  obtained with the  APL 25 system a t  a  lower speed i n  a  d i f f e r e n t  

run. Figure G.6c shows the  p e r f e c t  (wi th in  t h e  p l o t t i n g  p r e c i s i o n )  agreement 

between t h e  d i g i t i z e d  r e p r e s e n t a t i o n  of t h e  f u l l  APL 7 2  s i g n a l  and i t s  analog 
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Figure G . 6 .  Different presentations of APL signals recorded on the section CA 01 Right Track 



r e p r e s e n t a t i o n .  

Figure G.7 shows the  p r o f i l e s  obta ined from t h e  APL 25 and 72 systems,  

and a l s o  t h e  complete record of CAPL 25 numerics a s  they were measured over 

the  l eng th  of t h e  left-hand wheel t rack of t e s t  s i t e  TS 05,  Figure G.8 

p r e s e n t s  s i m i l a r  measures f o r  t h e  left-hand wheeltrack of s i t e  TS 11. Figure 

G.9 compares t h e  PSD f u n c t i o n s  of these  two TS s e c t i o n s .  ( I n  prepar ing the  

PSD p l o t s ,  a  sample i n t e r v a l  of 1 /3  m was used. No e x t r a  f i l t e r i n g  or  

windowing f u n c t i o n s  were app l i ed .  A s e c t i o n  l e n g t h  of 340 m was transformed, 

i n  order  t o  o b t a i n  1024 samples a s  r equ i red  by the  Fas t  Four ie r  Transform 

(FFT) program used. )  The PSD p l o t s  show t h e  d i s t r i b u t i o n  of t h e  mean square  

of the  APL 72 s i g n a l  ac ross  wavnumber. Thus, the  v e r t i c a l  s c a l e  has u n i t s  of 
2 3 displacement / (cycle /m)  = m . The h o r i z o n t a l  s c a l e ,  which i s  p l o t t e d  a s  

wavenumber (cyc le /m) ,  i s  l a b e l l e d  wi th  wavelength (mlcycle)  f o r  convenience i n  

the  fo l lowing d i s c u s s i o n .  (PSDS of a l l  APL p r o f i l e s  a r e  provided i n  Appendix 

1. > 

The con ten t  of t h e  spectrum of s e c t i o n  TS 05 L r e v e a l s  the  important  

presence of s h o r t  wavelengths which appear a l s o  on the  r e p r e s e n t a t i o n  of the  

road p r o f i l e  a s  shown i n  Figure G.9. In  c o n t r a s t ,  s e c t i o n  TS 11 L has a  more 

r e g u l a r  spectrum where the  s h o r t e r  wavelengths do not p r e v a i l ,  which i s  a l s o  

confirmed by t h e  p r o f i l e  r e p r e s e n t a t i o n  (F ig .  G.10). Along wi th  t h e  RTRRMS 

measures,  the  APL 72 SW energy and the  APL 72 CP (2 .5)  (Table G.5) r e f l e c t  

t h i s  d i f f e r e n c e  between s e c t i o n s  TS 05 and TS 11 ,  and i l l u s t r a t e  the  

s e n s i t i v i t y  of t h e s e  modes of roughness q u a n t i f i c a t i o n  f o r  h igher  wavenumbers 

( s h o r t e r  wavelengths).  In  f a c t ,  t h e  TS 05 s i t e  was a n  " o u t l i e r "  when RTRRMS 

measures made a t  80 km/h were compared t o  the  prof i le-based numerics. By 

i n s p e c t i n g  the  APL p r o f i l e  and PSD, t h e  cause of t h e  h i g h  value  obta ined from 

t h e  RTRRMSs could be determined ( t h e  remarkably r i c h  roughness con ten t  a t  a  2 

m wavelength). 

Figure G.10 shows how t h e  APL p r o f i l e s  i d e n t i f y  h e t e r o g e n e i t i e s .  

Sect ion TS 08 i s  loca ted  a t  the  s t a r t  of a s t e e p  s lope  ( i n  the  d i r e c t i o n  of 

measurement) and t h e  road i s  b u i l t  p a r t i a l l y  on an embankment which has 

s e t t l e d  over a  l e n g t h  of about 50 meters.  The APL 72 s i g n a l  r evea l s  t h e  s t e e p  

s l o p e  of t h e  p r o f i l e  over t h e  200 meters  t h a t  precede t h e  beginning of t h e  

t e s t  s e c t i o n ,  APL 25 and APL 7 2  s i g n a l s ,  toge the r  wi th  t h e  elementary values  
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Figure G . 7 .  APL signals measured on section test TS 05 left track 
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Figure G.10. APL s igna l s  measured on sec t ion  t e s t  TS 08 l e f t  t rack 



of CAPL 25 r e p r e s e n t z t i o n ,  c l e a r l y  show t h i s  embankment se t t l ement  e f f e c t .  

Considered a s  a  p r o f i l o m e t e r ,  t h e  APL T r a i l e r  i s  no t  comparable t o  s t a t i c  

o r  q u a s i - s t a t i c  l e v e l i n g  systems which t ake  the  a b s o l u t e  p r o f i l e  of a  road 

through an a l t i m e t r i c  process  based on a f ixed  h o r i z o n t a l  r e fe rence .  

Never theless ,  the  p r o f i l o m e t r i c  q u a l i t i e s  of the  APL a r e  l a r g e l y  s u f f i c i e n t  t o  

g i v e  a  s i g n i f i c a n t  r e p r e s e n t a t i o n  of a  road p r o f i l e  i n  t h e  range of 

wavelengths from 0.5 m t o  40 mete r s ,  a s  shown by the  l abora to ry  measurements 

of t h e  APL frequency response i n  Fig. G . l  and i n  the  comparisons of PSD 

f u n c t i o n s  i n  Appendix I.  This range i s ,  i n  i t s e l f ,  s u f f i c i e n t  t o  c h a r a c t e r i z e  

a l l  t h e  d e f e c t s  r e l a t e d  t o  a  road.  

Moreover, the  APL T r a i l e r  i s  a  dynamic device  wi th  automatic mod~es of 

recording and of s i g n a l  process ing t h a t  al low e f f i c i e n t  d a t a  c o l l e c t i ~ o n .  

During the  I R R E ,  where i t  experienced p r a c t i a l l y  no f a i l u r e ,  t h e  APL T r a i l e r  

proved t h a t  i t  could be used s u c c e s s f u l l y  on a l l  su r face  types  of roads 

included i n  the  I R E ,  paved and unpaved, and under severe  environmental 

cond i t ions .  Because i t  i s  autonomous and r e q u i r e s  l i t t l e  t echno log ica l  

s u p p o r t ,  i t  can be run i n  a l l  p a r t s  of t h e  world. 

The q u a l i t y  of c o r r e l a t i o n s  between the  RTRRMSs measurements and the  APL 

numerics depends on t h e  way t h e  APL s i g n a l s  have been processed and,  i n  

p a r t i c u l a r ,  on t h e  s e l e c t i o n  of the  wavelength ranges which compose them. For 

t h i s  exper imenta t ion,  the  LCPC and t h e  CRR have appl ied  methods of a n a l y s i s  

which a r e  used i n  a s tandardized way i n  France and i n  Belgium. These methods 

have been developed f o r  the  purpose of eva lua t ing  t h e  q u a l i t y  of road 

c o n s t r u c t i o n  o r  f o r  surveying road evo lu t ion  and i t s  s t a t e  of d e t e r i o r a t i o n .  

They were not  p a r t i c u l a r l y  o r i en ted  t o  r epresen t  the  response of a  v e h i c l e  

r i d i n g  on t h a t  road and even l e s s  t o  c o n s t i t u t e  a  c a l i b r a t i o n  s c a l e  f o r  the  

RTRRMSs. Never theless ,  ana lyses  based on a  s e p a r a t i o n  of t h e  smal le r  

wavelengths produce APL numerics very we l l  c o r r e l a t e d  wi th  t h e  RTRRMS 

measures. This i s  p a r t i c u l a r l y  the  case  f o r  the  CP (2 .5 )  numerics,  and the  

r e s u l t s  repor ted  i n  Appendix H i n d i c a t e  t h a t  t h e  baselength  can be optimized 

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



In  Appendix E ,  i t  i s  shown t h a t  i t  i s  p o s s i b l e  t o  o b t a i n  e s t i m a t e s  of 

QIr, provided t h a t  t h e  parameters of the  model a r e  p roper ly  ad jus ted  t o  the  

s p e c t r a l  c o n t e n t s  of t h e  APL p r o f i l e s .  In Appendix J ,  i t  i s  shown t h a t  t h e  

methods of a n a l y s i s  developed f o r  the  APL can be appl ied  s u c c e s s f u l l y  t o  

p r o f i l e s  obta ined by o t h e r  means. And i n  Appendix F ,  i t  i s  shown t h a t  the  

RARS numeric (from t h e  RQCS) can be computed d i r e c t l y  from the  APL s i g n a i s ,  

us ing t h e  APL 25 s i g n a l s  f o r  t h e  20 km/h RTRRMS speed and t h e  APL 7 2  s i g n a l  

f o r  the  o t h e r  speeds of 3 2 ,  50 ,  and 80 km/h. The c o r r e l a t i o n s  obtained using 

t h e  RQCS a n a l y s i s  a r e  t h e  h i g h e s t  obta ined.  

The APL T r a i l e r ,  l i k e  a l l  o t h e r  prof i lometer- type systems,  o f f e r s  

increased met ro log ica l  and a n a l y s i s  p o s s i b i l i t i e s  when compared t o  RTRRMSs. 

As a  mat te r  of f a c t ,  the  continuous r e p r e s e n t a t i o n  of a  p r o f i l e ,  even i f  i t  

r e f l e c t s  only  p a r t  of i t s  wavelength s p e c t r a l  c o n t e n t ,  a l lows a  more p r e c i s e  

a n a l y s i s  of t h e  s t a t e  of degradat ion of a  road and of the  v a r i a t i o n s  of i t s  

r i d i n g  q u a l i t y :  i t  b r ings  i n t o  l i g h t  p a r t i c u l a r  zones ,  and g i v e s  informat ion 

on t h e  homogeneity of t h e  s e c t i o n  t e s t e d .  Moreover, one can compute from the  

recording of a  p r o f i l e  d i f f e r e n t  roughness indexes  adapted t o  the  a p p l i c a t i o n s  

i n  view and choose t h e  l e n g t h  of t h e  road charac te r i zed  by t h i s  index. This 

l a s t  proper ty  i s  very u s e f u l  f o r  quan t i fy ing  l o c a l  d e f e c t s  of roughness i n  the  

s t u d i e s  concerning t h e  s a f e t y  of road u s e r s .  These supplementary met ro log ica l  

p o s s i b i l i t i e s  become an apprec iab le  advantage when the  p ro f i lomete r s  have 

o p e r a t i o n a l  q u a l i t i e s  equ iva len t  t o  those  of the  RTRRMSs. 

Regardless of t h e  q u a l i t i e s  of a  device  used f o r  measuring a  roughness 

index of a  road ,  t h e  i n t e r p r e t a t i o n  of t h a t  index i n  view of determining a  

g l o b a l  l e v e l  of q u a l i t y  f o r  t h a t  road cannot be performed independently from 

i t s  o t h e r  c h a r a c t e r i s t i c s :  n a t u r e  of degrada t ions  ( s t a t e d  v i s u a l l y  or  

pho tograph ica l ly ) ,  s t a t e  and c o n s t i t u t i o n  of the  s t r u c t u r e ,  importance of p a s t  

and f u t u r e  t r a f f i c ,  frequency of maintenance works--and f o r  the  reg ions  where 

the  problem e x i s t s ,  t h e  q u a l i t y  of sk id  r e s i s t a n c e  of pavements. This remark, 

which a p p l i e s  t o  a l l  types of numerical  parameters measured by a device  on the  

road ,  i s  i l l u s t r a t e d  by the  case  of t h e  s u r f a c e  t rea tment  s e c t i o n s .  The 

RTRRMSs ARS v a l u e s ,  the  APL 7 2  SW Index, and t h e  CP (2 .5 )  values  a l l  award t o  

s e c t i o n s  TS 01 t o  TS 05 a  l e v e l  of q u a l i t y  equ iva len t  t o  t h o s e  of s e c t i o n s  CA 

01 t o  CA 06 which a r e  very degraded and h igh ly  c i r c u l a t e d .  These 5 su r face  



t rea tment  s e c t i o n s  a r e  on a road without degradat ion of which the  

c o n s t i t u t i o n s  seem t o  be adapted t o  the  very low volume of t r a f f i c ,  which 

r e q u i r e s  no maintenance, and which has  an acceptable  l e v e l  of r i d e  q u a l i t y .  

The s h o r t  wavelengths t h a t  dominate t h e i r  p r o f i l e s  a r e  those  of the  anc ien t  

g r a v e l  road which was not  trimmed when t h e  su r face  d r e s s i n g  was added; t h e  

s h o r t  wavelengths cannot be a t t r i b u t e d  t o  an evo lu t ion  of the  s t a t e  of 

d e t e r i o r a t i o n  of t h i s  road 
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INTERNATIONAL ROAD ROUGHNESS EXPERIXENT - 8RAZIL 1982 

TRRL p r o p o s a l s  f o r  c c l i b r a t i n g  r e sponse  i n s t r u m e n t s  

cnd p r c v i d i n g  a  u n i v e r s a l  s t c n d a r d  measure of roughness  

INTRODUCTION 

The I n t e r n a t i o n a l .  Road Roughness Experiment conducted  i:: B r c z i l  i n  

May 1952 has been f u l l y  documented and r e p o r t e d  b y  t h e  U n i v e z s i t y  c f  

Michiscn i n  t h e i r  d r a f t  r e p o r t  t o  t h e  World Ecnk (UMTE-82-45-i). 

The :.;port d e t a i l e d  t h e  a b j e c t i v e s  of t h e  exper iment  and p r e s e n t e d  t h e  

c n a l y s i s  cnd i i n d i n g s  t o g e t h e r  w i t h  c o n c l u s i o n s  and i n t e r i m  

recommendctions f o r  c a l i b r a t i n g  and s t o n d c r ( ? i s i n g  rougl>ness  mecsure- 

ments .  These f i n d i n g s  and recommendations Vera based on t h e  ~ n a l y s a s  

condbcted  b y  t h e  team 0 n . a  l i m i t e d  number of p r o f i l e  bcsed  nunur::~, 

i e  t h e  QI developed d u r i n g  t h c  R r c z i l  ICR p r o j e c t ,  t h e  E A R V  5csad  on 
C P .  . t h e  Q u c r t e r  Car 5inu!ation model, t h e  CAPL 25 coa ; r ;c rsn t  ~ Z O ~ I J C ~ ~  

t h rough  t b e  A P R  25 t r a i l e r ,  and t h e  APL72 !$ave band ind ic i e : ,  

C ~ r r e i o t i o n s  between t h e s e  p r o f i l e  based numsr ics  c ~ d  t h s  r e s p o n r e  

t y p e  road roughness  mecsvring systetns  ( R T R K M s ' ~  wers c a l c u l a t e d  t o  

de t e rmine  t h a  cccu racy  and minimum coinplexi ty needed f o r  c c l i b r c t i n g  

t h e  RTZRMSfs. The c o n c l u s i o n s  reached  were t h a t : -  

1. R A R V  a s  p roces sed  v i a  a QCS prov ided  t h e  b e s t  c a l i b r a t i o n  

r e f e r e n c e  i c r  RTRRMS's p rov ided  s e p a r a t e  c a l i b r a t i o n s  we:e a v o i l c b l e  

f o r  pcved and unpaved roads  a t  50 kdh o r  l e s s ,  and a l s o  t h a t  s e p a r a t e  

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

roads  c t  80 km/h. 

2 .  QI, though no t  a s  e f f e c t i v e  c  c a l i b r z t i o n  r e f e r e n c e  c s  R A R V ,  i s  

based on an a n a l y s i s  ( R Y S V A )  t h a t  i s  s i m p l e ,  e c s i l y  unders tood  cnd 

t h e r e f o r e  w o r t h y  of f u r t h e r  c o n s i d e r a t i o n  and developmen:. 



3 .  The A P t  25 and 72 roughness  numerics showed po9r  c o r r e l a i i o n  

w i t h  t h e  RTRRMS and were t h e r e f o r e  uncccep tab le  a s  c c l i b r c ~ i o n  

r e f e r e n c e s .  (However, rn LCPC cnd CZR r e v i s e d  d r c f t  of Append ix  G 

s u g g e s t s  t h e  use of CP u n i t s  ( ' c o e f f i c i e n t  de p l a n 6 i t 6 ' )  cs cn 

improvsd c a l f  b r c t i e n  r e f e r e n c e ) ,  

. Thi s  r e p o r t  p z e s e n t s  t h e  a n a l y s i s  and f i n d i n g s  from t h e  TRRL becn 

p r o f i l s  d c t a  a s  anc lysed  by t h e  TRRL, and d e s c r i b e s  a complete  

i n s t r v n e n t  packsse  developed a t  TX??L t o  e n a b l e  u s e r s  t o  o b t s i n  

c a l i b r a t e d  and s t z n d a r d i s e d  roughness  measures d i r e c t l y  f r o m  i i e i d  

mecsursrnents u s ing  RTi?3MS1s. The r e p o r t  a l a o  p r e s e n t s  t h e  resul:, 

of a s h o r t  v a l i d a t i o n  e x e r c i s a  t h a t  was c c n d u c t e l  i n  t h e  Ccr iSbea r  

i s l a n d  o f  S t  Luc ia ,  

Of t h e  49 t e s t  s e c t i o n s  s e l e c t e d  I c r  t i le IRRS, t h e  TREL b e c ~  p r o f i l e d  

on ly  18 s e c t i o n s  because of t h s  l a t e  a r r i v a l  of t h e  beam i n  B r a s i l i a .  

On  10 of t < e s e  s c c t i o n s  b o t h  w h e e l ~ u t h s  wEre p r o f i l e d ,  t h e  n e c r s i d c  

wheelpcth o n l y  on 3 s e c t i o n s  and t h e  o f f i s d e  wheelpcth on t h e  

remain ing  5 s e c t i o n s .  Sever. RTRRhrA's ve:e used i n  t h e  expe r imen t ,  

bu t  i n  t h i s  r c p o r t  on ly  4 of t h e s e  systems were c o n s i d e r e d  f o r  a n c l y s i s .  

They a r e  t h e  TRRL Towed f i f t h  wheel B.1, t r a i i e r ,  t h e  c a r  mounted 

Bump I n t e g r a t o r ,  t h e  NAASRA metes,  and the Plays M e t ~ r  02 ,  Mays Metars  

09 and 03 and t h e  BPR Rougkclmeter were exc luded  from t h e  c n c l y s i s ,  c s  t l i s  

d c t a  g a t h e r e d  from t h e s e  i n s t r u m e n t s  were ve ry  v a r i a b l e .  

2 ,  TRRL BEAM PROFILE ANALYSIS 
2 .1  O b j e c t i v e s  

The TRRL e x p e r i m e n t a l  bea~n was developed t o  p r o v i d e  a  RTRRMS c a l i b r c t i n g  

c a p a b i l i t y ,  T h i s  development was based on p a s t  TRRL e x p e r i e n c e  i n  t h e  

f i e $ $  of  roughness  mecswremcnt i n  developing  c o u n t r i e s .  The concept  

o f  s r i d e  c o m f o r t 8  cs  adopted i n  t h e  developed world c s  c d i z e c t  mecsure 

o f  t h e  unevenness ;f a  road s u 2 f a c e  a s  ~ e r c e i v e d  by  t h e  road  u s s z  wcs 

no t  a p p l i c a b l e  t o  t h e  road c o n d i t i o n s  m e t  i n  deve loping  c o v n t r i o s .  



I n  such c o u n t r i e s  r i d e  comfort and Level of s e r v i c e  do not  hlzve t h e  

soee importance cz i n  the  developed c o u n t r i e s ,  a s  t h e  g r e a t s r  need i s  

f a r  more roads t o  provide t he  ba s i c  means of transpo:tation a n d  

cominunicc~on  which a r e  opersb le  throughout t h e  year .  Because c ?  

shor tage  of zesources  f o r  bu i ld ing  cnd main ta in ing  a11 weather r c a d r ,  

a  lower s e r v i c e c b i l i t y  r a t i n g  i s  t o l e r a t e d  b y  t h e  user .  However, t h e  

lower q u a l i t y  of t he  rood su r f ace  mani fes t s  i t s e l f  i n  h igher  v e h i c l e  

ope rg t i ng  c o s t s  through g r e a t e r  wear and tec: of ;he rnechanica: 

components of t h e  veh i c l e s .  Comfort t o  the  v e h i c l e  rc:h-r then t o  

t he  r i d z r  t eke s  o n  a  g r e a t e r  importcnce. 

-, ine re  i s  very l i t ~ l e  evidence t o  sugges t  uhct  measure c f  roughness i s  

most app rop r i a t e  t o  r e l a t e  t o  the  e f f e c t s  of ' v e h i c l e  comfor t ' .  

Measures i n  use have been gene ra l l y  s e l e c t a d  on t he  b a s i s  of convenience,  

s i n p l i c i t y  !YRJ pc-r e x p e r i e l c e  of inves t igu td ; s ,  cnd rhe most  pcpu lc r  

measure has been t h e  output  of RTRRI?S's which measurd t h e  d j  s p l a c e l , , ~ n r  

of t he  a x l e  r e l a t i v e  t o  t h e  b o d y  of t he  v e h i c l e  induced by t he  roughness 

of t h e ' r o o d  i t  i s  t r a v e r s i n g ,  Tha magnituds of t he se  rosponse t y p e  

measvrenen*ts v a r i e s  according t o  thc  suspen:ien c l \ a r c c t a r i s + i c s  cf ':hz 

v e h i c l e  used cnb a l s o  w i t h  t ime due t o  a  c h ~ n g r  i n  these  c h a r t c - i + ~ i r t l ~ s  

through usage. Such measurements a r e  a ccep t ab l e  only i f  they could be 

c c l i b r n t e d  t o  c  given s tandard  enabl ing measurements w i t h  d i f i e r s n t  

v e h i c l e s  c t  d i f f e r e n t  pe r iods  i n  t ime and space  t o  be :el-ated t o  t h a t  

s t andard .  Despi te  t he se  s e r i o u s  drawbacks RTRRP'G enjoy G gsect  

p o p u l a r i t y  w i t h  p r a c t i s i n g  engineers  and r e sea r cha r s  and oze i n  wido- 

spread use throughout t he  world. I t  has t o  be accepted tho: t h i ;  

method o f  rnecsu:ernent w i l l  p r e v a i l  f o r  some years  t o  Lome and t h e r e i o z e  

t h e  n e c e s s i t y  t o  provide  a  v i a b l e  and r e a d i l y  a v a i l d a l e  c a l i b r c t i o n  

system i s  urgent .  

C . .  

An a l t e r n a t i v e  t o  t he  RTRRMS measure of roughness i s  a  p r o r r ~ o r n c t r y  

based mccsurs o f  roughness,  and i s  an obvious cand ida te  f o r  p r a v l d i l q  

c c a l i b r a t i o n  r e f e r t n c e  f o r  c a l i b r a t i n g  measurements of 2TRRYlS. A 



major  r equ i r emen t  of any p r o i i l o r n e t e r  based system i s  t h a t  i t  shou ld  

have t h e  a b i l i t y  t o  c c c v r o ~ e l y  measure t h e  l o n g i t u d i n a l  p r o f i l e s  cS 

t e s t  s e c t i o n s  o f  rocd ,  a ~ d  a l s o  be a b l e  t o  be ca1ibra:cd inc ispendent ly  

of o t h e r  measuring sys tems.  I t  a l s o  r e q u i r e s  a  method of p r o c e s s i n g  

t h e  p r o f i l e  d a t a  t o  yiePd a  s i n g l e  roughness  s t a t i s t i c  t o  d e s c r i b e  t h e  

p r o f i l e  f o r  subsequent  c o z r e l a t i o n  w i t h  RTRRMS measures .  

A s u c c e s s f u l  c c i i b r a t i o n  system bassd  on ~ r o f i l t m e t r y  f o r  use i n  

deve lop ing  c o u n t r i e s  needs t o  s a t i s f y  t h r e e  i m p o r t a n t  c o n d i t i o n s .  The 

c a l i b r a t f  on sys tem/ins  t r u m d n  t rnus t be e a s i l y  t r c n s p o r t a b l e  p a r t i c u l c r l y  

from coun t ry  Po coun t ry .  A p p r a i s a l  s t u d i e s  ufidettaken by consul:*:nts 

f o r  deve lcp ing  c o u n t r i e s  e r e  u;ucl ly  of s h o r t  d u r a t i o n .  Th i s  means 

t h a t  u n l e s s  t h e  Smst runsn t t  can be e c s i l y  t r a n s p o r t a b l e  t o  t h e  coun t ry  

and t h e  s i t e ,  t hey  wi!l n c t  be used,  by p z a c t i s i n ~  engineezs and 

c c n s u l t a n t s ,  however g30d t h e  i n s  t rumei~t ;  may be. Secondly t h e  

ins t rumet l t  must be r ecsonab ly  s l ~ p i e  t o  o p e r a t e ,  a n d  d a t a  mancgement, 

a n a l y s i s  and i n t e z p r e ? s ~ i o n  a v c i l c t l e  fmmcdiateiy a f t e r  measurement.  

Manuel d a t a  precessing cannot  bl? wndertci:e3 by f i e l d  s t a f f ,  t h o r e f g r c  

t h z  g e n e r a t i o n  o f  p r c i i l e s  a l c r ~ e  on the i i e l d  und t h e  c r e a t i o n  of a  

l a r g e  d a t a  bazk wi thou t  t h e  c c p a b i l i t y  of i n s t a n t  ccmputa t ion ,  a n a l y s i s  

and p r o s e n t a t i o n  of c a l i b r a t e d  r e s u l t s  i s  no t  accep tabbe  a5 a  v i a b l e  

method of c a l i b z a t i n g  roughness  m e u s u r e ~ ~ e n t s .  The P a s t  end e q u c l l y  

i n p o r t a n t  c o n s i d e r a t i o n  i s  t h e  c o s t  of such an i n s t r u m e n t .  The 

i n s t r u m e n t s  a v a i l c b l e  a t  p r e s e n t  a r e  h igh ly  s o p h i s t i c a t e d ,  and ve ry  

expens ive  t o  a c q u i r e ,  which e f f e e t i v e l y  p u t s  them ou t  o f  t h e  reach  o i  

t h e  p r a c t i t i o n e r ,  . 

These t h t e e  c o n d i t i o n s  guided  t h e  TRRL's approach t o  t h e  IRKE d a t a  

a n e ? y s i s ,  t h e  computat ion of a  s u i t a b l e  nunez ic  f o r  c o r r e l a t i o n  wi th  

RTRRMS mecsursrnents and the subsequent  development of t h e  beam a s  a 

v i a b l e  roughness  c z f i b s a t i n g  and s tandct rdfs fng  i n s t r u m e n t ,  independen:: 

0% e x t e r n a l  computot iona? r equ i r emen t s .  



2 .2  Method c i  ~ n a l v s l s  

dhen c n c l y s i n g  t h e  d c t c ,  conside:ation had t o  be g iven  t o  t h e  e f f e c t  

of d i f f e r e n t  s u r f a c e  types  and speeds  of measurement,  and c l so  t o  t h e  

n i f e c t  o i  v c r i a b i L i t y  between whee lpa ths ,  These t h r e e  f ~ c t o r s  have 

been f u l l y  exernined i n  t h e  main r e p o r t ,  c o n c l u s i o n s  r eached ,  cnd 

a n a l y s i s  proceeded  w i t h ,  on t h e  b a s i s  of t h e s e  c o n c l u s i o n s .  In t n i s  

r e p o r t  c i t e r n a t i v e  msthods have been examined w i t h  a view t o  s i m p l r f y i n g  

t h e  a n a l y s i s  f o r  p r c c t i c n l  use  bu t  w i thou t  i m p a i r i n g  t h e  c c i i b r a t i o n  

3:curacy. The main r e p o r t  c o n s i d e r e d  two c a n d i d a t e  nurneLics f o r  

c o r r e l z t i o n  w i t h  8TRRMS7s zamely t h e  QI d e r i v e d  from RMSVA cnd R A R V  

d e r i v e d  from t h e  Q u a r t e r  Car  S i m u l a t i o n  model. The r e v i s e c  d r c f t  of 

Appendix G of t h e  r e p o r t  s u b m i t t e d  by LCPC cnd C R R  of France  ~ r o v i d e d  

a  t h i r d  numeric ,  namely t h e  APL-CP 2.5m derived frcm u movins ave rage  

dctrrri, c u r v e ,  In t n i s  ,-epclrt t h r e e  f u r t n e r  n u ~ s r i c s  have been 

c o ~ p u t e d  a s  c a n d i d a t e  s t a t i s t i c s  f o r  c o r r e l a t i o n  w i t h  kTRkMS, and  

t h e i r  p e r f o r n o n c e  i s  d i s c u s s a d  cnd compared w i t h  t h e  o t h e r  t h r e e  

s t a t i s t i c s .  The th-ee numc:ics a r e  a  p r o f i l e  v a r i a n c e  abov t  nov ing  

r;;,ercge datum cu rve  (K ,Avg) ,  a  rocit mean squore  of v e r t i c a i  e l e v a t i o n  

( R M S V E )  from a s t r c i g f r t  l i n e  datum and a r o o t  neon s q u a r e  of d e v i a t i o t ;  

(RMSD) from a  l i n e a r  r e g r e s s i o n  l i n e ,  A l l  t h r e e  numerics  were 

examined f o r  v a r i o u s  b a s e l e n g t h s  and ~ r o f i l e  i n t e r v a l s  . I 

The mcin z e p o r t  d i s c u s s e d  t h e  e f f e c t  o f  measur ing  roughness  w i t h  

RTRRMS's c t  d i f f e r e n t  speeds  and s u g g e s t e d  t h o  use of  an Average 

R e c t i f i e d  V e l o c i t y  ( A R V )  u n i t  i n  p l c c e  of t h e  more p o p u l a r l y  used 

Xverase R e c t i f i e d  S lope  (ARS) u n i t  a s  t h i s  enab led  comparison of 

RTRRMS measurements c v e r  more than  a  s i n g l e  t e s t  speed ,  However, 

t h e  a n c l y s i s  d i s c u s s e d  i n  t h i s  r e p o r t  u ses  t h e  AKS u n i t  of measurement,  

cs t h e  c a l i b r a t i o n  method p-oposea i s  c o n f i n e d  t o  a s i n g l e  s t a n d a r d  

t e s t  speed .  Th i s  d e c i s i o n  was made i n  t h e  l i g h t  of a n a l y s i s  r e s u l t s  

o b t c i n e d ,  and i s  d i s c u s s e d  i n  Chap te r  3. 



2 . 2 . 1  2oor Mccn S o u ~ r c  o f  V e r t i c c l  E leva t ion  (R!IsvE) 

-  his numeric was t i e i s e l o p e d  cs c method o f  f i n d i n g  cn approx ino te  

vc lue  o f  an a r e a  under 0 given dot-rn l i n e  t o  r e f i e c t  t he  unevenness 01 

t h e  rocd p - o f i l e  and was der ived  from t h e  formulc used t o  f i n d  t h e  :DO: 

mecn square  vclue  o f  a  func t ion  as used i n  e l e c t r i c a l  eng ineer ing  k o  

desc r i be  t he  p r o p e r t i e s  of a l t e r n a t i n g  c u r r e n t s .  The co?cu l a t i on  wos 

performed us ing 'Simpson's Rule'  io-  approximate i n i e g r ~ r i o n  o f  cn c r e c  

under c  curve when equc l l y  spaced po in t s  a r e  avciJ.cble cs ~ c s  t h e  case  
C t  w i t h  s ene r a t ed  b y  t n e  Srom a t  iOOmm i n t e r v c l s .  Ine r o o t  meon 

square  of v e r t i c c ?  e lkvc t i on  fo: c baselength  1 was c a l c u l a t e d  us inp 

t h e  forrtlulc: 

vherc h i s  t h e  d i s t a n c e  between e l e v c t i o n  p o i n t s  

and n i s  the  number of  e l e v a t i o n  p c r n t s  sons idered  i n  

t h e  ba t e l eng th ,  1 ,  

The RESVE f o r  the  t e s t  s e c t i o n  of road con ta in ing  N base leng ths  of 

l e n g t h ]  i s  given b y :  

The RMSVE numeric was c a l c u l a t e d  f o r  a  numbe; of  d i f f e z e n t  bcse leng ths  

ranging from 0.4 metres through t o  10.0 metres and f o r  p r o f i l e  i n t e r v c l s  

from 900nm t o  lOOOmn i n  s t e p s  of IOOrnm. These were then c o r r e l c t e d  
9 

w i t h  t he  RTRRMS's measurements, and t h e  R- vc lues  a r e  t a b u l a t e d  i~ 

Tables 1-4 f o r  t h e  four  d i f f e r e n t  measurement speeds and f o r  p r o f i l e  

i n t e r v c l s  u:, t o  500mm. Their  peziormance i s  discussed  i n  Chcptc: 3 ,  

6 



2 . 2 . 2  Movinq Rveraae Vcr i ance  

.c i h i s  iiumeric p r e s e n t s  t h e  p r o f i l e  unevenness  i n  t e r n s  of t h e  

v c r i a n c e  o f  t h e  d e v i o ~ i o n  o f  t h e  megsured p r o f i l e s  abou t  d a t u n  c u r v e s  

d e r i v e d  f r o m  moving  a v e r a g e s .  The p o i n t s  ( 7 )  of a  moving c v e r q s  

datum cu rve  n p a i n t s  i n  l e n g t h  a r e  c a l c u l a t e d  u s i n g  t h e  measured 

p r o f i l e  d a t c  p o i n t s  ( y )  a s  f o l l o w s :  

- i+n -  1 
y , .  f o r  i >, 1 

i r - n - I )  - = OX y j  
2 n j =i 

For c z l c u ? c t F o n  of t h o  p r o f i l e  d e v i a t i o n s  from t h e  moving avr-cge 

datum, n i s  a lways chosen t o  be an odd number. The p r o f i l e  

d e v i a t i o n s  ( d )  r e l a t i v e  $ 0  a  moving cve rage  dctum a r e  g iven  b y :  

- 
dk = yk - jfk , where k = i r n - 1  f e r  i > , l  

I_ 

2 

The v a r i a n c e  (g L ,  of t h e s e  d e v i a t i o n s  o v s r  a g iven  sequence  o f  N e 
p 2 o f i l e  p o i n t s  f o r  a g iven  moving a v e r a g e  o i  Length 1 ( n  x p r o f i l e  

i n t e r v a l )  i s :  

L 
The vc:iance u r e f l e c t s  t h e  unevenness  i n  t h e  road  p r o f i l e  t h a t  i s  i! 
a s s o c i c f e d  w i t h  p r o f i l e  f e a t u r e s  t h a t  are approx ima te ly  1 met re s  i n  

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

The p r o f i l e s  of t h e  t e s t  s e c t i o n s  measured by  t h z  TRRL becm c r e  

d e f i n e d  a: p o i n t s  spaced  100 mm a p a r t .  Moving a v e r a y e  v t r i e n c e s  

were c a l c u l a t e d  fo; G number of d i f f e r e n t  v c v e l e n g t h s ( L )  r a n g i n g  f r o n  

0 .4  m e t r e s  t o  10.0 me t re s  and f o r  p r o f i l e  i n t e r v a l s  of  100 mm 



200 mn and 305 mn, The p r e v i o u s  RMSVE a n a l y s i s  i n d i c c t e d  t h z t  

p r o f i l e  i n t e z v a l s  g r e a t e r  than  300 mm produced weaker c o r r e l a t i o n ; ,  

and t h e r e f o r e  i n t e r v a l s  g r e a t e r  than  300 m n  w e r e  n o t  c n a l y s e d ,  T h e s e  

v a r i c n c e s  were then  c c r r e l s t e d  w i t h  t h e  RTRRMS's ~necsurements  r iaae  st 

speeds  of 20 km/h, 32 km/h end 50 k m / h ,  and a t  8C km/h  w i t h  t h e  

MM02 o n l y ,  t o  exemine t h e  r e l c t i o n s h i p  be6wsen t h e  two f o r  use cs c 

c a l f b r c t i o n  measure.  The r e s u l t s  o f  t h e s e  c o r r e P c t i o n s  a r e  g iven  i n  

T a b l e s  5-8 and d i s c u s s e d  i n  Chap te r  3  a l o n g  w i t h  t h e  o t n e r  numezic;. 

2 . 2 , 3  Eoot Mean S o v c i e  'o f  C e v i c t i o n  (RMSD)  

. The roo: mean squcrr .  of devio*ion is a  v e r y  s i m p l e  numeric  

t h a t  s u g ~ e s t e d  i t s e l f  c f t e r  ~ x o m i n a t i o n  05 t h e  p e r f h r z a n c e  oi t h c  

p r e v i o u s  two numer ics .  I t  i s  d e r i v e d  by d e t e ~ r n i n i n g  t h e  d e v i a t i o n s  

from c  s imp le  l i n e c r  r e g r z s s i o n  l i n e  f o r  a  giv5n b a s e l e n g t h  and then  

c c l c u l a t i n g  t h e  r o o t  cecn  s q u a r e  o f  tk2re  o e v i s t i o n s ,  f 3 r  c g iven  

b a s e l e n g t h  1 ,  w i t h  n p r o f i l e  p o i n t s ,  t h e  r e g r e s s i o n  l i n e  

y t a  c b x  i s  c o l c v l a ~ t e d  a n d  t h e  ievi3ticns D e v a l u a t e d .  
i 

7 

The RKSD f o r  t h e  t e s t  s e c t i o n  o f  road  c o n t c i n i n g  N b a s e l e n g t h s  of 

Length j i s  g iven  by: 

RMSD was c a l c u l a t e d  f o r  d i s c r e t e  b a s e l e n g t h s  a s  w e l l  a s  f o r  

e c n t i g v o u s  b a s e l e n g t h s .  For  t h e  d i s c r e t e  b a s e l e n g t h  a n c l y t i s  t h e  

b c a e l e n f l h s  used were c o n s e c u t i v e  and t h e  l o s t  p r o f i l e  p o i n t  c f  t h e  

f i r s t  b c s e l 9 n g t h  was a l s o  t h e  f i r s t  p r o f i l e  p o i n t  of t h e  n e x t  

c o n s e c u t i v e  b o s e l e n g t h ,  whozecs i n  t h e  con t iguous  b a s e l e n g t h  a n c l y s i s  



a l l  ?:ofile p o i n t s  were usod s u c c e s s i v e l y  t o  fozn a  b a s e l e n g t h .  

For  docunen ta t i cn  purposes  t h e s e  RMSD va lues  c r e  t a b u l a f e d  i n  

Tab le s  9-12 f o r  a l l  conb inc t ionz  of b a s e l e n g t h s  cnd p r o f i l e  i n t e r v c l z  

examined f o r  c l l  t h e  t e s t  s e c t i o n s  and wheelpaths  measured i n  B r a z i l .  
2 Tab les  of R v c l u e s  gene ra t ed  through c o r r e l a t i o n  of RTRRMS1s 

mecsurenents  w i t h  RMSD f o r  t h e  n e a r s i d e  wheslpoth on ly  f o r  both 

methods of a n o l g s i s  ( i e  d i s c r e t e  and ccf l t iguous b a s c l e n c t h s )  a r e  
2 given  i n  Tcblos  13-18. Tcbles  19-21 t a b u l a t e  t h e  R v a l u e s  f o r  :he 

o f f s i d e  vhee lpc th  f o r  t h e  d i s c r e t e  bcse l eng th  a n a l y s i s  on ly .  A 

d e t a i l e d  exmninat ion o f  t h e s e  t c b l e s  i s  made i n  Chap te r  3 .  

INTERPRETATION AND DISCUSSION OF RESULTS 

3.1 Measurement variables 

The o b j e c t  of t h e  p r o f i l e  c n a l y s i s  d e t a i l e d  i n  t i c  p rev ious  

c h c p t e r  and t c b u l c t e d  i n  Tab le s  1-21 was t o  develop o s u i : ~ b l e  

s t a t i s t i c  t o  a c c u s a t e l y  c h c r a c t e r i s e  G zaad p r o f i l e  such t h c t  i t  

could  be c o r r e l a t e d  t o  t h e  respot ise  of a  roughness  n s e s u r i n g  v e + i c l c  

t r a v e i l i n g  on i t ,  and t h e r e b y  produce a  s t a b l e  c a l i b r a t i n g  e q u a t i u n ,  

The a n a l y s i s  a l s o  s e r v e s  t h e  pg rpsse  of examining t h e  e f f e c t  o f  

d i f f e r e n t  s u r f a c e  types on RTRRMS's, t h e  e f f e c t  of mecsuring a t  . 

d i f f e r e n t  speeds  and a l s o  t h e  e f f e c t  of t h e  v a r i a t i o n  i n  wheelpath 

roughness  on RTRRMS, 

1.  S u r f a c e  t y p e s :  The  main L R R E  r e p o r t  examines t h e  e f f e c t  of 

s u r f a c e  type  i n  d e t a i l  and concludes  t h a t  because c f  t h e  i n t s r a c t i o n  

of s u r f a c e  type  and measurement speed  i t  would be n e c e s s a r y  t o  'p.rovide 

s e p a r a t e  c c l i b r a t l o n  e q u a t i o n s  f o r  paved and unpaved roads  a t  

50 k m / h  o r  l e s s  and c l s o  s e p a r a t e  c a l i b r a t i o n s  f o r  c s p h c l t i c  c o n c r e t e  

cnd s u r f a c e  t r e a t e d  roads  a t  80 k m / h ,  I n  th is  r e p o r t  s u r f a c e  t y p e  

was n o t  examined s e p a r a t e l y  a s  i t  was f e l t  d e s i r a b l e  t o  c o n s i d e r  t h e  



phenomenon of r o u ~ h n e s s  a s  be ing  u n i v e z s a l  f o r  c l l  r o c d s  i z r e s p e c t i v e  

of s u r f c c e  t y p e ,  Th i s  could  be ach ieved  ( a s  was mentioned i n  t h e  

main r e p o r t )  i f  t h e  i n f l u e n c e  of mecsurenent  speed could  be e l i m i n a t e d ,  

2 2 .  Measuremen: s p e e d :  Excn ina t ion  of t!,s R v a l u e s  c c l c u i a t e d  f ~ r  

a l l  combina t ions  of b a s e l e n g t h s ,  p r o f i l e  i n t e r v a l s ,  and wheelpoths  

w i t h  t h e  f o u r  R T R 2 M S b  sshw t h a t  a l l  t h r e e  c a l i b r a t i o n  s t a t i s t i c s  

c o r r e l c t e  c o n s i s t e n t l y  b e t t e r  c t  a  necsurement  speed of 32 k?/h t hcn  

a t  any o t h e r  a l t e r n a t i v e  mecsurement speed ,  One r eason  f o r  t h i s  

f e a t u r e  ncy be t h a t  i t  i s  ~ c s i e r  t o  p r o p e l  t h e  v e h i c l e  s t z a d i l y  2: 

t h i s  speed w i t h o u t  i n i e r f e r e n c e  from s p u r i o u s  o c c e l e r c i i o n  ~ n d  

d ~ c e l z r a t i o n  i n p u t s  and c l s o  t h a t  t h e  wheelpc th  can be c o n s i s t e n t l y  

adhered  t o ,  As t h e  pzfmcry o b j e c t i v e  of t h e  IZRE was t o  develop s 

c a l i b r a t i o n  s t a n d a r d  t h a t  was robus?  and ccuPd be e a s i l y  a p p l i e d  

u ~ i v e r s a l l ) ~  i t  i s  sugges t ed  tho: t h e  s t e n d a r d  speed f o r  c a l i h r - t i o n  

n e z s u r e n e n t  shou ld  be 32 kn/h f o r  EfRRMS's i r z e s p e c t i v e  of t h e  a c t u c l  - - s p e e d s  a t  which th; n o r n a l  roucjhncss measursments axe mode, ~ w s  

immediate b e n e f i t s  t h a t  acczvs  crom c d i b r a t i n g  a t  a  s p e t d  of 32 ka/h 

a r e  t h e  c r e a t i o n  of s t o t i s t i s c l l y  : t ronge r  c a l i b r a t i o n  r e l a t i o n s h i p s  

and t h e  e l i m i n c t i o n  of any p o s s i b l e  e f f e c t s  d ~ e  t o  rood  s u r f a c e  t y p e  

on RTRXMS mecsurements.  Rout ine  roughness  measurements a t  speeds  

o t h e r  t han  32 kn/h could  s t i l l  be under taken  p rov ided  t h e  z e l a t f o n s h i p  

between mecsurements a t  32 kn/h and any o t h e r  d e s i r e d  speed  of 

measurement i s  e s t a b l i s h e d  p r i o r  t o  c a l i b r a t i o n ,  

3. E f f e c t  of wheelpcth v a r i c t i o n  on RTRRMS c o r r e l a t i o n :  When RTRRMS's 

measure roughness  on a  r o a d  rhe  e f f e c t  of t h e  unevenness  of bo th  wheel- 

paths a r e  assumed t o  p rov ide  i n p u t s  t o  t h e  numer i ca l  measure o f  rough- 

nes s .  C o r r e l a t i o n  w i t h  s i n g l e  wheel t r a i l e r s  i s  u s u a l l y  improved b y  

measuring both  wheelpa ths  w i t h  t h e  t r a i l e r s  cnd c o r r e l a t i n g  t h e  ovc rage  

measure of t h e  two wheelpa ths  w i t h  RTRRMS measures ,  T h i s  i s  f e a s i b l e  

when measurements c r e  msde a t  r e a s o n a b l e  s p e e d s ,  b u t  p r o f i l o m e t r y  \<itR 



manual s y s t e m s  such a s  t h e  Rod and Level  and t h e  TRRL becm d i s c o u r a g e s  

t h e  mecsurenent  of bo th  wheelpc ths  a s  t h e s e  measurements cre t i z e  

consuming. D e t s i i e d  a n c l y s i s  was t h e r e f o r e  under taken  t o  e s t a b l i s h  

whether  any p a r t i c u l c r  wheeipcrh nod a  s t r o n g e r  i n f l u e n c e  on RTRRM 

x e a s u r e s  o r  wheth?r i t  was t h e  rougher  o r  smoother  wheelpath t h a t  

i n f l u e n c e d  t h e  RTRRMS. A b r i e f  examinat ion  o f  c o r r e l o t i o n s  of a l l  

t h e  zouqher  wheelpa ths  and a l l  t h e  smoother wheelpa ths  meosvted d i d  

no t  p rov ide  cny c o n c l u s i v e  r e s u l t s  f o r  p r e f e r r i n g  one t o  t h e  o t h e r ,  
2 

Tab les  13-15 t a b u l a t e  t h e  RESD, R v a l u e s  f o r  t h e  n e a r s i d 2  wheelpa th ,  
2 

and Tcb la s  19-21 t a b u l c t e  t h e  comparable R v a l u e s  f o r  t h e  o f f s i d e  

wheelpath f o r  e l l  combina t ions  of speed ,  p r o f i l e  i n t e r v a l ,  b a s e l e n g t h  
r, 

and R T i t R i i S ' s .  O f  t h e  213 v a l u e s  g e n e r a t e d  f o r  ecci; whee1;la.f.h i n  
h 
L 

t h e s e  t c b l e s ,  i n  every  s i n g l e  c c s e  t h e  R v a l u e  f o r  t h e  n e a r s i d e  wheel- 

pc th  i s  s u p e r i o r  t o  t h e  o f f s i d e  wheelpath,  s u g g e s t i n g  t h a t  p r o f i l e s  

o f  t b s  n?crsFde  wheelpath ~ n l y  need t o  be meascsea when u s i n g  xanva l  

p r o f i l i n g  methods. 

Xn a l l  t t ~ r e e  a n a l y s e s  ( i e  Moving Average, RMSVE and RMS3) many 

combina t ions  of p r o f i l e  i n t a r v c i s  and baselengJchs have been a n a l y s e d  
2 

a n d  c o r r e l a t e d  w i t h  RTRRMS measures ,  Examinat icn of t h e  R v a l u e s  

d e r i v e d  through t n e  M.Avg. s t a t i s t i c  ( T a b l e s  5 - 8 )  show t ! ~ a t  t h e  b e s t  

R~ v o l u r  t e n d s  t o  v c r y  between r s s p o n r e  v e h i c l e s  a s  we?l c s  between 

measurement speed .  There i s  no c o n s i s t e n t  p a t t e r n  e v i d e n r  i n  t h e  
2 improvement o i  t h e  R va lue  w i t h  cny p a r t i c u l c r  conbino:ion of p r o f i l e  

i n t e r v a l  o r  speed  and t h i s  makes i t  d i f f i c u l t  t o  dec ide  on a  ' b e s t '  

p r o f i l e  i n t e r v a l  o r  speed  $0 choose f o r  c a l i b r a t i z n  pu rposes ,  . A l s o  
2 

the  R v a l u e s  a r e  i n f e r i o r  t o  t h o s e  produced by t h e  a t h e r  two s t a t i s t i c s .  

The RMSVE s ~ c t i s t i c  on t h e  o t h e r  hcnd shows a  d e f i n i t e  t r e n d  
2 towards peaking of t h e  R va lue  around c e r t a i n  p r o f i l e  i n t e r v c l s  and 



b a s e l e n g t h s  c t  d i f f e r e n t  measurement s p e e d s ,  w i t h  t h e  32 kn/h speed  
2 c o n s i s t e n t l y  t h e  b e s t .  Tcb le  22 summarises  t h e  b e s t  R v c l u e s  

produced a t  c  msasurernenr speed  of 32 km/h f o r  t h e  t h r e e  b e s t  p r o f i l e  
2 i n t e r v c l s  and b a s e l e n g t h s ,  The L e s t  a v e r a g e  R v c l u e  f c r  t h e  f o u r  

RTRRP?S's used i n  t h e  IZRE e x e r c i s e  i s  0.970 f o r  o SaseLongih  of l.8n 

u s i n g  a p r o f i l e  i n t e r v a l  of 300mm. Thus t h e  RNSVE s t a t i s t i c  i s  

c c p c b l e  of pzoducing  o c a l i b r a t i o n  r e l a t i o n s h i p  w i t h  c v e r y  h igh  l s v c l  

of s t a t i s t i c a l  s i g n i f i c a n c e  u s i n s  p r o f i l e  p o i n t s  a t  300mm i n t e r v c l s  

f o r  o S c s e l e n s t h  of 1.8 m e t r e s .  

3 6 3  Develooment sf t h e  RMSD o r o f i i e  s i c t i s t i c  

The s v c c e s s i u l  e s t a b l i s h m e n t  of cn RMSVE p r o f i i e  s t a t i s t i c  t o  

c h c r a c t e r i s o  t h e  unevenness  of a road  s u r i a c e  cclcuhc:ed on a  bcse-  

l e n g t h  of 1.8 m e t r e s  u s i n g  300nm r p a c ~ d  7 r o f i l s  i n f e r v c l s  wcs ?he  

r ~ s u l t  of s u c c e s s i v e  s t a ~ e s  o f  e x a \ i ~ i n a t i o n  o f  the  h i g h l y  c o m ~ l e x  

t h e o r y  af uaveform a n a l y s i s ,  The r e l e f i v ~  s i m p l i c i t y  c i  t h e  corn;uta- 

t i o n  of t h e  EPiSVE s t a t i s t b i  busad on p r o f i l e  e l e v a t i o n s  o v e r  a s h o r t  
, - #  

b c % e l ~ ~ g t h  s u g g e s t e d  t h a t  . ?h is  p r i t ~ c i p l e  c0illd be s i m ? ~ i ; ~ e d  evsn  

f ~ f r t h e r  b y  c a l c u l a t i n g  t h e  r o o t  mean s q u a r e  of t h e  d e v i a t i o n s  of t h e  

p r o f i l e  h e i g h t s  from an i d e a l  f l a t  smooth rood  s u r f a c e ,  Thus t h e  

RMSB, c a l c u l a t e d  from t h e  d e v i c t i o n s  from a  l i n e e r  r e g r e s s i o n  l i n e  

was c o n s i d e r e d  f o r  c e r r e l o t i o n  w i t h  RTRRMS measv res ,  TcSEes 9 cnd 

10 show t h e  RMSD v c l u e s  computed f o r  d i s c r e t z  b a s e l e n g t h s  and T a b l e s  

1 1  and 12 l i s t  t h e  RMSD v c l u e s  computed f o r  c o n t i g u o u s  b c s e l e n g t h s .  
h 
L 

The R v a l u e s  o b t o i n c d  a f t e r  , r e g r e s s i o n  w i t h  t h e  RTRRMS is ~ i v e n  i n  

T a b l e s  13-45 f o r  d i s c r e t e  b c s e l e n g t h s ,  and T a b l e s  16-18 f o r  c o n t i g u o u s  

b o r e l e n g t h r .  Comparing t h e  d i s c r e t e  b o s o l e n g t h  R~ v a l u e r  w i t h  t h e  
2 e q u i v a l e n t  R v a l u e s  from t h e  RMSVE a n a l y s i s  ( T a b l e s  1-4) i t  i s  seen  

2 t h a t  t h e  R ve9ues  though very  s i m i l a r ,  ore  marg ina l%y  b e t t e r  f o r  t h e  

RMSD s t e t i s t i t .  (Direct comparison i s  no t  a lways p o s s i b l e  io: e v e r y  

ScseLencjth,  because  t h e  RMSD a n c l y s i s  was conduc ted  on b c s e l e n g t h s  



I c i o s e r  t o  t h e  uindaw' of i n t e r e s t  ( . I . %  m e t r e s )  thari the b roade r  

spcced  S c s e l e n g t h s  examined i n  t h e  e a r l i e r  RilSVE a n c i y s i s ) .  T a b l e  23  
' 2 sunmar i se s  R v a l u e s  produced over  t h e  t h r e e  b e s t  p r o f i l e  i n t e rvc l ; !  

b a s e l e n g t h  c o ~ t i n c t i a n s  f o r  t h e  f o u r  RTRRMS o p e r a t e d  a t  32 km/h. 
- I  i n i s  shows t h c t  t h e  RMSD c n c l y s i s  produces r e s u l t s  on a  p a t t e r n  clntcst  

i d e n t i c e l  t o  t h e  RMSVE a n a l y s i s  and aga in  t h e  o v e r a l l  ' b e s t '  b o s e l s n g t h /  

p r o f i l e  I n t e r v c l  combinct ion emerges c t  1.8 me t r e s  and 300rnm, producin.; 

Ga GVerCgD R~ of 0.970. 

Coriiszriscy oof discrete crnd c o ~ t i ~ u o u s  b c s c l e n c t h  a n o 3 . v ~ ~  

Given c I c r g e  number ~f c o n s e c u t i v e  e l e v c t i o n  p o i n t s ,  bcse1er ; ths  

cou ld  b e  d e f i n e d  a s  d i s c r e t e  o r  con t iguous  a s  z x p l a i n e d  e a r l i e r  and 

i t  was n e c e s s a r y  t o  excmine t h e  r e s u l t s  produced 5).  t h e  two d i f f e r i ? n t  

d e f i z i t i o n r  cf base'znpth, The re fo re  t h e  cample te  RMSD c n a l y s i a  \.its 
m 
L conducted  us ing  both  d e f i n i t i o n s  of b a s e l e n g t h  a c d  t h e  R v o l u e s  

prcduced czn be compared be:weer Tab le s  13-15 cnd Tcb le s  15-15, :+ere  

agrcin ' t he  p ~ t t e z ~ l  of improvomont o r  d e g r a d a t i o n  o f  i h e  ii2 v a l u e r  w i t h  

v a r i o u s  coinbinat ions of p r o f i l e  i n t e r v a l ,  bcselength  crld speed  are 

c l 3 o s t  i d e n t i c a l  and ~ v e r a l l  i t  i s  observed  ti-,at t h e  more compl i ca t ed  

c a n t i g u o u s  b a s e l e n g t h  a n a l y s i s  i s  on ly  m c r g i n o l l y  b e t t e r  i n  a b o u t  f i f i y  

por  c e n t  o f  t h e  c a s e s  than  t h e  much s i m p l e r  d i s c r e t e  b a s e l e n g t h  a n a l y s i s  
- 

b y  a  f e w  p o i n t s  i n  t h e  t h i r d  decimcl  p l a c e ,  I n  t h e  p a r t i c ~ t l a r  c a s e  

of t h e  1 .8  met re  b a s e l e n g t h  which has so  f c r  emerged us t h e  most 

f avoured  f o r  c o r r e l a t i o n  w i t h  RTRRMS, t h e  d i s c r e t e  b a s e l e n g t h  a n a l y s i s  
2 produces  b e t t e r  R v a l u e s  i n  t h r e e  ou t  of f o u r  c a s e s .  I t  i s  t h e r e f o r e  

proposed t o  usa t h e  s i m p l e r  method of c c l c u l c t i n g  :he RMSD s t a t i s t i c  

u s ing  d i s c r e t e  b a s e l e n g t h s .  



4 ,  A STANDARD INTERNATiONAL ROUGHI4ESS I N D E X  

- 
ihe  a n a l y s i s  and d iscvssL?n s o  f a r  has c c n c e n t r a t e d  on producing  s r s 5 1 c  

c a l i b r a t i o n  r;lo:icn;bi?s f o r  c a l i t r s t i n g  RTRRRS o v e r  c p e r i o d  o f  t i ~ e .  
- 
the second cnd e q u a l l y  impor ton r  r e q u i r e n c n t  i s  r ?  e s t c b l i s h  a  skondcrd  

roughness  s c a l e  t o  which a i l  RTRR!4Sfs t h roughou t  ?he  world cou ld  bo  

c a l i b r a t e d  t o ,  e n c b l i n g  t h e  e f f e c t  o f  road roughness  on h i ~ h w a y  use 
- 

and mc in tenancs  t o  be c s s e s s e d  on c  u n i v e r s a l  b c s i s ,  ihe  main r e p o r t  
7 d i s c u s s e s   he need f o z  en I n t e r , - , a t i o n a l  Roughness -ndex, o u t l i n s s  t h e  

r e q u i r e m e n t s  s u c h  an index has t~ s e t i s f y ,  cnd f i n c l l y  su;gests  t n c  

use  of cn R A R V  i n d e x  i s  p r o c e s s e d  v i c  a  Q u s r t e r  Car S i m u l a t i o n  (CCS). 

An a l t e r n a t i v s  S:cndcrd I n t e z n c t i o n a l  Rovghnes; i n d e x  i s  d i s c u s s e d  

below, bcsed  on t h e  n e e d  f o r  c p r c c i i c c E  end v i a b i e  sysSken, and cn o 

s c a l e  w h i c h  i s  f a r n i l i c r  and e a s i l y  unde r s tood  b y  t 5 e  world hiphwcy 

In t h e  previcws  d i s c u s s i c n  on c a i i b r a t i o n  r e l a t i o n s h i p s ,  it v o s  

e s t c S E i s h e d  t h a t  a  s t a t i s t i c  g e n e r a t e d  thzough road  p r 3 f i l e s ,  such as 

R:ISD, p r o v i d e s  c  s a t i s i a c t o r y  numeric f o r  c o r s e l g t i a n  w i t h  R i R R M S  

msasur s s .  RPISD i s  t h u s  a  s t a t i s t i c  tha: un ique ly  chc :ce te r i ses  a  

p a r t i c u l a r  road  p r o f i l e  ond cou ld  t h e t c i o r e  s e r v e  c s  a common s t u n d c r d  

zoughness i ndex .  B u t  such a  s t s t i s t i c  has s e v e r a l  drawbacks w h r n  

c o n s i d e r e d  a s  a  common rdughness  i ndex ,  I t s  d e s c z i p t i v e  ncme w o ~ l d  

n o t  be commonly unde r s tood ,  i t s  a b s o l u t e  nwrnericci v c l u e  i s  s m a l l  and 

s p r e a d  ove r  a very, narrow range  (0 .3  t o  7.0 t o  r e ~ r e s e n t  roughness  

r a n g i n g  from DOOrnrn/km t o  13,300 rnm/km r e s p e c t i v e l y )  cnd i t  hcs no 

u n i v e r s a l  c s s o c i n t i o n  w i t h  s u r f o c e  unevenness ,  The most popu lc r  

mecsure of roughness  i s  t h e  o u t p u t  o f  RTRRMS based on t h e  d y n a m i c  

mo t i ans  i n  t h e  suspens ion  of 3 pessenge r  c a r  t ype  of v e h i c l e ,  

- [ h e  measurements o b t a i n e d  w i t h  t h e s e  ins tzurnents  o r e  i n  t h e  f o r n  

3 4 



of d i 3 c r e t e  counzs g h e r c  each count  co r r e sponds  t o  a  c e r t a i n  l e n g t h  

of cumula t ive  d e f l e c t i o n  of t h e  v e h i c l e  suspens ion .  As t h e  coun t s  

themselves  a r e  not  compora i le  f o r  d i f f e r e n t  i n s t r u m e n t s ,  t hey  need 

t o  be r e - s c c l e d  t o  a  r e f e r e n c e ,  which shzu ld  l o g i c c l l y  be a  l i n e a r  

d i s t a n c e  pe r  d i s t c n c e  such a s  i n c h e s  p e r  mi le  c r  r n i l l i n e t r e s  p z r  

k i l o m e t r e .  The T?RL Towed Bunp I n t e s r a t o r  T r a i l e r  which was developed  

i r o n  t i le  BPR Roushometer was s p e c i a l l y  des ipned  a s  a s t a n d c r d  r c s p c n s e  

measuring i n s t r u m e n t ,  w i t h  known re sponse  c h c r a c t e r i s t i c s  and i s  kc11 

known ond used i n  many p c r t s  of t h e  world. Rcughness mzosurements 

c b t e i n e d  from t h e  Bunp i n t e g r a t o r  T r c i l e r  i n  mm/'kn a r e  e c s i ' l y  i d e n t i -  

f i e d  b y  p r a c t i t i c n e r s  w i t h  pe rce ived  l e v e l s  cf roughness  of r o a d s  snG 

ha\/e been e x t e n s i v e l y  uszd i n  t h e  p c s t  t o  assess  road  and veh ic3e  

performance and shou ld  t h e r e f o r e  appear  a s  a  s t z o n g  c c n d i ~ ~ ~ t e  f o r  

p rov id ing  a  s t a n d a r d  roughness  s c c l e ,  How+ver, becnuse of t h e  inneren:  

d m :  nwbock o f  ; asponse ~ e a s u i  ing sys tems,  t l i o  k r o i l e r  i t s e l f  ~:cn;lci. be 

c o n s i d e r e d  a s  a  s t c n d s r d  rys t cm/ ins t rumen t ,  b u t  ca e q u r t i a n  d e r i v e d  

from an RMSD p i o f i i e  s t a t i s t i c  t o  e s t i m a t e  t h e  Bunp I n t e g r c i o r  T r c i l e r  

e q u i v a l e n t  measure w o v i d  p rov ide  an a c c e p t a b l e  s t a n d a r d  r e f e r e n c e  

roughness  measure on c s c c l e  f a m i i i c r  t o  p r ~ c i j . t i o n e r s ,  One i v p o r t c n r  

q u a l i f i c a t i o n  f o r  sucll an accep tcncc  t h o u ~ h  i s  t h a t  Snnp I n t e ~ z a t o r  

T r a i l e r  measurements should  i n  a r a c t i c e  c o r r e l e t e  w e l l  w i t h  o t h e r  

RTRRMS. F i g s  1 ,  2 and 3 show t h e  naa r  p e r f e c t  c o r r e l a t i o n  b e t v t e n  

t h e  T r c i l e r  mecsurements ond t h e  t h r e e  r e sponse  i n s t r u m e n t s  used i n  t h e  

I R R E  s t u d y .  S i m i l a r  c o r r e l a t i o n s  have been ach ieved  i n  p r e v i o u s  

s t u d i e s  w i t h  o t h e r  RTRRMS, The re fo re  a  s t c n d a r d  r e f e r e n c e  roughness  

e q u a t i o n  based on t h e  BI Trc i l e :  mecsurement s t a n d a r d  would be deened 

s u i t a b l e .  

Such a  s t a n a c r d  r e f e r e n c e  roughness  e q u a t i o n  has been developed  

from t h e  I R R E  d a t a  and i s  shown i n  F ig  4 ,  where t h e  e q u a t i o n  developed  
2 i s  i n  a  q u a d r a t i c  form w i t h  cn R va lue  of 0.961. The q u a d r c t i c  

form m a r g i n a l l y  improves t h e  goodness of f i t  a t  t h e  upper errd of t h e  



roughness scsle. The standard reference roughness equation is:- 

ROUGHNESS n 472 i 1437 (RESD, r 8 / 3 0 0  ) + 225 (ZMSD,, 6/300 ) 

The cbove stonderd reference roughness eqvatian will remcin a permonent 

rocd roughness estimctor through time and space. 

F ,, PROPOSED METHOD OF CALfSRATING AND S'ANDARDISING O f  RTRRMS 

In Chapter 3 the analysis c i  ?he :kree profile genersted statis~lcs 

were idterpreted and discvssed together with t h ~  performance pcttern 
- 2  of the K vclues with respect t~ the influence c f  surfcce type, speed 

o f  mecsur~mant end affect of whcelpcih roughness variation. 

5 . 1  Surfcce t v ~ e  

It was argued that roughness should not be discriminated by  

surfacg type cs  it should b =  re?orded c s  a phenomenon ma~ifesting 

itself cn all surface types in the same ncnner and affrcting vehicle 

operction and road performance in the same wcy, Any influence o f  

sutiace type on roughness measures coused by variations in measuremea~ 

speed cre probably attributable to swsp;nsion sharocteristics rather 

than surface type, It is propcsed in this report that surface type 

should not be discrinina-~sd especially in view of the further p:opcscl 

that mecsurement speed should clso be held constazt. 

5 . 2  Measurement s 3 e e d  

I 

The analysis of the IRZE data suggests that measurements made at 

32 Rm/h provide consistently better correlations than at any other 

measurement speed, Calibration and stendardisaticn procedures require 

robust and stcble relationships, and every stage of conversion of 

re1c:ionships between speeds tends to weaken the stability of the 

16 



r e l a . t i c ~ l s h i p ,  I T  i s  the:eiore proposed t h a t  f o r  c a l i b r a t , i o n  cnd 

s t a n d c r s i s o t i o n  purposes  t h e  meosu:enenr speed shou ld  be mc in ta ined  

a t  32 kn/h, so  :ha: t h e  f i n c l  c c l i b r c t e d  and s t a n d a r d i s e d  t o u g h n e r . ~  

rneasv:e w i l l  alwcys be e x p r e s s e d  i n  t e r n s  o i  s mecsurenent  speed o f  

32 km/h cna  rh t is  d i r e c t l y  cornpcrablt! u n i v e r s c l i y ,  Users  d e s i r i n g  t o  

make r o u t i n e  rnecsures of roughness  w i t h  RTRRMSfs a t  speeds  o t h e r  t han  

 he s t c n d s r d  speed of 32 km/h w i l l  need t o  c o r r e l a t e  t h e  roughness  

rnecsuzes c t  t h e  two d i f f e r e n t  speeds  w i t h  c  p c i t i c ~ l c i  r e s p o q s e  s ) s t e m ,  

and rhen use .he e q u i v c l e n t  32 kn/h measure fo: ca i iDrcr ;on  ond 
, . s t a n d a r s ~ s a r i o n .  

5 . 3  V a r i a t i o n  i n  u h e e l o c t h  rouahness  

The a n a l y s i s  has  shown t h a t  t h e  n e c r s i d e  wheelpa th  p r o f i l e  

s ta t . ;  s t i c s  a! ways c o r r e l c t ~ d  b e t t e r  w i t h  RTE;if.iS than  t h e  of'? s i d e  

wherlpaJ;hs.  Slow manucl methods o f  p r o i i l o m e t r y  d i ~ c o u r a s i z  t h e  

measurement of bo th  w h ~ e l p a i h s ,  i f  t h e  measgrsnent  of one whee lpa t ?  

alor;e ,is : v f f i cFen t  t o  produce a  s t r o n g  c o r r e i a t i o n .  E!o r a t i o n c l  

reass3 call be g iven  f o r  t h e  c a n s i s t e n t l y  b e t t e r  perforrsznce of t h e  

n e a s s i d s  wheelpath c o r r e l a t i o n ,  b u t  i n  view o f  t h e  overwheining 

ev idencc  produced b y  t h e  a n a l y s i s ,  i t  i s  proposed t h a t  t h e  n e a r s i d e  

wheelpa ths  on ly  need t o  be p r o f i l e d  t o  o b t a i n  p r o f i l e  s t a t i s t i c s  f o r  

c o r r e l c t i ~ n  w i t h  RTRRMS. 

5 . 4  Choice of P r o f i l e  S t c t i s t i c  

Three  p r o f i l e  based s t a t i s t i c s  were g e n e r a t e d  w i t h  t h e  TRRL becm 

p r o f i i o m e t e r ,  and a  f u r t h e r  t h r e e  s t c t i s t i c s  were developed  cnd 

p r e s e n t e d  i n  t h e  main r e p o r t .  It  was shown i n  t h e  a n c l y s i s  i n  t h i s  

r e p o r t  t h a t  t h e  o v e r a l l  b e s t  combinat ion of p r o f i l e  i n t e r v a l  and base-  

l e n g t h  was observed  t o  be t h e  300 mm i n t e r v a l  f o r  c b a s e l e n g t h  of 
2 1.8 met re s .  Table  24 compares t h e  R v c l u e s  produced by t h e s e  s i x  



d i f f e r e n t  s t c t i s t i c s  when they  were c o r r e l a t e d  cgc ins :  t h e  f o u r  2 1 R 9 K S  

used i n  t h e  Brgril IR2E. A?? t h e  s r c t i s t i c s  produced good t o  

e x c e l l e n t  c o r r e L o t i c n s  w i t h  t h e  iou: RTRRMS, b u t  t h e  c o m j u t c t i o n c l  
- . , effort r e q v i r e d  t o  produce t h c a  v a r i e d  u i d e l y .  , h e  s t c r i t t i c  r e q u i z r r ;  

t h e  l e a s t  c o n p u t e t i o n o l  e f f o r t  and o l s o  p r o d u c i n ~  t h e  b e s t  co:rela:ion 

w i t h  t h e  2TRRMS i s  t h e  RMSD, cnd t h e r e f o r e  t h e  use  of t h i s  s t a t i s t ~ c  

i s  proposed  f o r  c c ? i b r a t i o n  and s t a n d a r d i s c t i o n  of r e s p o n s e  t y p e  

r o u s h n e s s  necsv:ements. 

5 . 5  Ccli5:3tina c n d  s t j n d s r d i s i n o  P r o c e s s  

- ?  

i n e  orocodvre  f o r  c o l i b r c ~ i o n  i s  t o  s e l e c i  c nunbzr  of  s e c t i c n s  

o f  road  aoprox imoto ly  2CO-200 merres  i n  l e n g t h ,  c s v c r i n ~  c ronpe  o f  

roughness  l s v e l s  and c o n t c i n i n g  a s  mcny r c c d  s:lrioce t y p e s  a s  p c s r i b i e  

( r  mininun of 10 s e c t j o n s  i s  recsvmendsc!). Th r se  s e c t ; o n s  o r e  t h e 3  

p :o f i l ed  on ?he  n e a r s i d e  wheelpa th  w i t h  :he TRRL beam and t h e  Root 

Meen Sqva re  o f  Devio t io i l  (RM53) s t n t i s t i c  computed f o r  each  s e c t i o n .  

The s e c t i o n s  c r e  e l s o  neasc:ed w i t h  t i le res ; Jonse  t y p e  \ . e h i t l e  mounted 

roughness  measu r ing  instrur iei7t  a t  e speed o f  22 kn/h cnd t h e  r e s u i t s  

e x p r e s s e d  i n  mm/kn, A L i n e a r  r e g r e s s i o n  o f  t h e  form y r c+bx i s  

c u l e u l c t e d  u s i n g  RMSD a s  t h e  independen t  v a r i z b l e  ( x )  and t h e  RTRRIfS 

measure a s  t h e  dependent  v a r i a b l e  ( y ) ,  T h i s  e q t t a t i s n  now c o n s t i t u t e s  

t h e  c c l i b r a t i a n  e q u a t i o n  fa: thst p a r t i c u l a r  RTRRMS. Rou t ine  f i e l d  

roughness  measurements  con now be made w i t h  t h e  r e s p o n s c  i n s t r u m e n t .  

The r o u t i n e  measurements need t o  be s i c n d a r d i s e d  i n  t h e  i o l l o u i n g  

manner. S u b s t i t u t e  ecch  f i e l d  measurement f o r  y i n  t h e  e q u c t i o n  

y = a+bx and c c l c u l a t e  x from x = (y-a)/b, t o  produce  an e s t i m a t e  of - RMSD a s  p e r c e i v e d  by t h a t  p a r t i c u l a r  RTRRMS,  his e s t i m a t e d  v a l u e  

of RMSD i s  t hen  i n p u t  t o  t h e  S t s n d c r d  Refe rence  Roughness e q v c t i o n  

3 
ROUSHNESS = 472 i 1437 (RMSD 1,8/300) + 225 (R?tSD 1,8/300)" 



t o  produce c s t a n d a r d i s e d  roughness  v a l u e ,  A l l  t h e  f i e i d  mecsu:ements 

a r e  s t o n d c r d i s e d  i n  t h i s  manner,  

6 .  VALIDATION STUDY IN ST LUCIA 

The c c l i b z a t i n g  a n d  s t c n d c r d i s i n g  methodology was developsd  from d a t c  

c o l t t c : ~ ?  ?roc rt-e I n t c r n s t i o n c l  Road Roughness Experiment condvc'ced 

i n  E r c z i l  i n  Mcy 1982. I t  was dec ided  t o  v a l i d c t e  t h i s  methodolcsy 

by c b t a i n i n t j  d 3 r c  from a  d i i i e z e n t  g e o g r s p h i c a l  en\/hionment,  cnd u s i n g  
r - r r y  d i i f e r e i j t  X I K S , : S ,  c n d  t h e r e f o r e  a s tudy  wcs conducted i n  S t  Luc ic  i n  

t h e  E c s t e r n  CcrFbbecn i n  Mcrch 7983. 

T i m e  and f i n c n c i c l  c o n s ~ r c i n t s  r e s t r i c t e d  t h i s  s t u d y  t o  two weeks 

f i s l d  work, w i t h  t h e  vse of two loca1J.y h i r e d  v e h i c l e s ,  a  Dctsun 120 

s t z t L c 7  cc;cr, n n C  s C o r t i n z  e s t c t e  c c r ,  wh ich  u c r e  bo th  i n s t r u ~ e z t e d  

w i t h  Bvnp I ~ t e ~ r c t c r  u n i t s .  The e x p e r i n c n t c l  c o n d i t i o n s  rare n o t  ss 

c o n t r c l l e l  c s  i n  t h e  I E R E  s t u d y  a s  t h e  TRRL s t a f f  were working q v i t c  

i n d s p i n d e n t l y  w i ihou t  cny i n ~ ~ ~ i t u t i o n c l  back-up, There  was L i t t l e  

c h o i c e  i n  t h e  s e l e c t i o n  of t h e  h i r e  v e h i c l e s  and t h e i r  m e c h ~ ~ n i c c l  

c o n d i t i o n  dcs  an unkn~wn f a c + o r ,  One v e h i c l e  was d r i v e n  b y  t h e  h i r e  

c c r  d r i v e r  h imsel f  who was l e s s  amenable t o  e x p e r i m e n t a l  c o n t r o l  t han  

~ s u l a  be d e s i r a b l e ,  and t h e  l a c k  o f  r e l i c b l e  t y r e  p r e s s u r e  gsuges l e d  

t o  t h e  v e h i c l e s  h e i n s  o p e r c t e d  i n  a  p a r t i a l l y  i ~ n c o n t r o l L e d  c o n d i t i o n .  

Thess  drawbacks,  a l t h o u g h  no t  d e s i r a b l e ,  were i n  r e t r a s p e c t  welcome 

because  i n  t h e  r e a l  world t r a n s p o r t  p r a c t i t i o n e r s  a r e  l i k e i y  t o  have 

t o  o p e r a t e  under s i m i l c r  c o n d i t i o n s  and t h e  c a l i b r g t i o n  methodology 

needs t o  be s u f f i c i e n t l y  r o b u s t  t o  cope w i t h  t h e s e  s i t u c t i o n s .  

Nine teen  t e s t  s e c t i o n s  of road  were measured w i t h  t h e  T2RL beam 

and t h e  two RTRR?lSts, and t h e  d e t a i l s  of t h e s e  s e c t i o n s  t o g e t h e r  w i t h  

t h e  RTRRII1S mecsures  a r e  g iven  i n  Tab le  25. The t e s t  s e c t i o n  p r o f i l e s  

were a n a l y s e d  i n  e x c c t l y  t h e  same manner a s  t h e  I R R E ,  B r a z i l  d a t a  cnd 



d i r e c t  coinpcri;ons o r e  t h e r e f o r e  p o s s i b l e ,  

2 
T a b l e s  26-23 t c b u l c r e  t h e  R v a l u e s  o b t a i n e d  u s i n g  t h e  ?YSVE 

2 
s t c t i s r i c ,  cnd T a b l e s  29-31 show t h e  R v c l u e s  o b t a i n e d  w i t h  t n e  . 
Moving k v c r s ~ e  Vzr i cnce ,  

As t h e  p r e f e r r e d  s t c t i s t i c  i s  t h e  RMSD, a  f u l l e r  documents t ion  
.i 

1) 

c i  t h e  a n a l y s i s  i s  y iven  i n  t h e  f o l l o w i n g  t a b l e s ,  T c b l e s  32 cnd 33 

t c b u l a t e  t h e  r o s t  Keen squa-e o i  d e v i c t i c n  us ing  t h e  d i s c r e t e  b z s e l e n c t k  

method, cnd T a b l e s  34 and 2 5  t h e  r e s u l t s  o b t a i n e d  us ing  t 5 e  c o n t i g u o u s  

b o s ~ l e n g t h  method, These RMS3 s t c t i s t i c s  were , c o r r e l a t e d  c g c i n s t  
- 2  

t 5 e  Datsvn and C c r t i n s  m e o s v r e s  of r cvphncss  and t h e  r e s u l t i n g  K 

v c l u e s  aze  p r e s e n t e d  i n  Tob le s  30-3E and T a b l e s  39-41 f o r  d i s c r e t e  and 

c o n t i g u o u s  hose$3ngths  r e : p e c t i v e l y ,  It w i l l  be obse rvcd  t h a t  t h e  
2 

p c t t e r n  c f  i n p r o v e w n t  o r  d e g r a d ~ ~ i o n  of t h e  ? v c l ~ e s  i s  i d e n t i e o l  
.. 

t o  t h a t  obse rved  i n  t h e  IRRE analy : i s ,  ~ o b l e  2 3  sumrxr i sed  t h e  R 2 

v a l u e s  o b t a i n c d  fo: t h e  Q c t s u n  and C o r t i n a  when c o r r e l c t e d  w i t h  t h e  

RMSD s t a t i s t i c ,  f o r  p r o f f l c  i ; ~ t e r v c b / b a s e l e n ~ t h  cornbinctfons s e l e c t e d  

f r o m  t h e  ER2E s t u d y .  The c o r r e l c t i o n s  a r e  s! ight ly c z a k e r  S h u n  t h o c ~  

o b f a i n e d  i n  :he b?RE s t u d y ,  b u t  conf i rm t h a t  t h e  c a l i b r a t i o n  me thod-  

o logy  d e r i v e d  from t h e  H R R E  s t u d y  i s  a p p l i c a b b e  i n  d i f f e r e n t  e n v i r o n -  

ments and w i t h  d i f f e r e n t  RTRWMS's, 

T a b l e s  42 and 4 3  t a b u l c t e  t h e  u n c a l i b r c t e d  and c a i i b r c t e d  zovgh- 

noss measurements f o r  t h e  IRWE and S t  Lucia  s t u d y  r e s p e c t i v e l y ,  u s i n g  

t h e  c a l i b r a t i n g  2nd s t o n d c r d i s i n g  methodology d e s c r i b e d  i n  t h e  p r e v i o u s  

s e c t  ion. 

7 ,  OPERATION OF THE TRRL ROUGHI'!ESS C A L I S R A f I O N  AND 
STANQAPDISATION BEAM 

The TZRL bean h ~ s  now b e e n  developed  a s  a  compcct,  s e l f  c o r ~ t a i n e d  rocd  

roughness  c c l i b r a r i o n  and s t a n d a r d i s a t i o n  system. The road  p r o f i l e s  

measured b y  tile b e a n  o r e  precessed a u t o m a t i c a l l y  thzouch  i t s  i n t e r n c l  



micro -p roces sc r  ond t h e  RI?SD i s  p r i n t e d  o u t  on com?ie t ion  o f  t h e  

measvrement of t h e  t e s t  s e c t i o n .  A f t e r  measuring a l l  t h e  t e s t  

s e c t i o n s ,  t h e  o p e r a t o r  i c  r e q u i r e d  t o  i n p u t  t h e  RKSD v a l u e s  f o r  e a c h  

s e c t i o n  t cge ihe :  w i ~ h  t h e  cc::ospcnding RTgRMS meesure t h r o u g h  t h e  

b u i l t - i n  key-pcd f o r  computat ion o i  t h e  c a l i b r a t i o n  e q u a t i o n .  T h s 
2 

e q u a t i o n  i s  p r i n t e d  t o g e t h e r  w i t h  t h e  v a l u e  o f  R . The e q u c t i o n  i s  

o u t p u t  f c r  r h e  o p e r a t o r ' s  i n fo rma t ion  on ly ,  a s  he c ~ c s  n c t  n e a d  t o  
2 

use i r .  The R vc lue  w i l l  b e  p r i n t e d  w i t h  a wcrning t h c t  t / : s  

1 '  c o r r c i s t r s n  i s  not  s a t i s l c c t o r y  i f  t h e  v a l u e  f a l i s  below 0.90. A f t e r  

t h e  equa t ion  hcs been c o n p ~ t s d  and p r i n t e d ,  t h e  o p e r o t o r  i n p u t s  h i s  

r o u t i n e  f i e l d  :cughness z e z s u r e n e n t s  i n  m n / k  ma t h e  procaeso r  \;ill 

p - i n t  t h e  c s l i b r c t e d  s ? c n d e r i  11legsure of :ou;hness chish v i l l  t e  

expressed i n  rnm/km fo: 3 s t a n d a r d  speed o f  32 k m / h ,  

A ilov-chert cv! t h e  oparutio:, o f  t1.1~ bean, i s  zive11 In F i g  15. 



TkBE 1 

TABLE Q= F: SaUARE VaLUES QF 

R M S  V E R T I C A L  E L E V A T I C I N  vs RTRRMS 

(USING DISCRETE EASELENGTHS) ERASSL IRRE DATA 

NEARSIDE WHEELF'ATH 
20 C:m/hr- 
-me----- 

200mm INTERVAL 

0,68 1.2a 1 2.01 3$2: 4 4,8: t.08 5.34 E,Oa 8.8: 10.01 

TRBiliE 0,910 1.727 0.451 5,921 O X 9  0,9A3 @.a54 0.116 O.il;6 0,820 0.796 0.759 ! 
CAB %I C.S47 0,362 0.953 0.965 0.940 0,708 0,912 0,860 0.849 C,834 0.625 0.813 I 

i 
NAAEA 9.94; O . S J 9 . 0 , 7 5 2  0.964 O.%O 0.108 0.993 0.862 0,850 0.836 0.827 0.811 ! 

tlI-02 4,947 0,960 0,425 0.P50 0,925 0.392 0.k67 0.840 1.329 0.812 0.804 0.789 

S O O m m  INTERVAL 

4OQmm INTERVAL 

500 m m  INTERVAL 



ROYS VERTICAL E L E V G T X ~ N  vss RTRRMS 

(US I NG D 1SCF:ETE BI?SELEP!GTHS ERASiL SR+:E DATA 

I c:rOmrn INTERVAL 

300mrn INTERVAL 

4OClmm INTERVAL 

TRRILW C,?55 0.777 0.339 O.Fl8 O,i!O 0.E37 0.875 0.879 0.E40 0,374 
CAE E! 0,377 0,872 0.272 0.S36 O.S71 0 , 2 i 3  0.55: 0,664 0,2:: G.165 
MCBSZA 0.573 3.570 0.S77 6,685 0,871 0.854 0.357 0.668 0.621 0,BOF 
Lu-02 0,623 0,861 0.E93 0.571 0.678 0.371 0 . 9 3  0.863 0.25; O4853 



TkI3L.E O F  F;: SG2UGRE V A L U E S  OF 

(US I NG 3 I SCFETE E;ASELENGTHS) BRASiL IRRE DATA 

NEAiF'S ID& PJHEELFATH 
50 i<m/hr 
---me--- 

TRAILER 0,379 0,"3 0,984 0.754 0 . W  0.730 0.730 0.689 $.e"!h 0.802 0.E56 6.810 
C A E B I  6,692 6.Y25 0.959 5 ,966  0.97: 0,363 3.968 0,912 0.945 0.951 0.t28 0.923 
[AkSfiF! 0,679 4.314 0.52 0.?& 0,986 0,573 0.977 0,959 0.955 0,952 O.i4i 0.030 
bl!-02 O.Eb6 F.E98 0.942 0 . ? 4 7  0,959 B.% 0,964 0.447 0 . 9 4 5  0,939 0,928 0.717 

TEkIbER 0,?3? 0.9i: C,P5B 0 , 1 4 ? 0 , ? 3 1  0,028 0,893 0,893 0.E31 0.833 0.849 
CAR 51 0,340 0.764 O,S72 0 ,971  0.?70 0.866 O,?;b 0,940 0,946 0.946 0.934 
NAASEP 0,630 0,966 4,975 @.FBv 0.979 0.974 0.962 0.?55 0,954 0.756 0.943 
Rif-02 0,712 0.947 0,960 0 . 9 7 0  0 . 9 5 5  6.761 0 .951  0.947 0.940 0,957 0.73 

400rnm INTERVAL 

SOOmm INTERVAL 



T A B U  4 

TrCIBLE OF E SfiUaRE V A L U E S  O F  

(US1 NG D I SCEETE ERSELEbJGTHS) ERASIL IRRE DATA 

NEARS I DE biiiEELi'4Tl-l 
80 Km/hr -------- 

20C)mm INTERVAL 

300nm INTERVAL 

1.L !.83 2.48 2.0s 4.28 4.0r b.Oc 7,2n ?.;a ? , O :  1 0 . 2 ~  

SOclmn INTERVAL 



T A a u  5 
TABLE aF F: SC!UARE VALUES C3F 

M G V X N G  A V E R A G E  vss RTRRMS 

NEARSIDE UHEELPGTH BRASlL IRRE BAY4 

'IRAILEA 0.831 0.755 0.755 0 , 9 3  9.877 0.822 0.80! 0.794 
CAE E1 0.568 0.992 C.?ll 0,9!4 @,a91 0,E37 0.a12 0,iBi 
!iCiS%i 0,857 0.2F5 0.915 4,918 0.994 0.E40 0.815 0.792 
11-02 0.%39 0.864 6,678 6,350 O.!% 0.801 0.775 0,755 

20Clmr11 INTERVAL 

1.2s 1.br 2&01 4 Z.28 4.01 5.2s 



r n n  T F  i n 9 ~  6 
TASLE O F  Fi' SG!UARE V A L U E S  O F  

M O V I N G  G V E R A G E  vs  RTFi'RMS 

NEARS I DE WKf EiPAiH BEASIL IRRE DATA 

100mm INTERVAL 

TRAILER C.770 0.935 5,?5b 0.?57 0,724 0.881 0,861 0.846 
C A R $ !  o.aoo 0 . ~ 5 2  0 . ~ 9 3  0 . ~ 1 0  0,913 0,925 0 . ~ b 9  0.821 
E A W A  0.801 0.Esl  0.901 0.9!9 0.521 0,892 0.876 0.950 
n6-02 0.768 0,907 0 , e z  0,074 0,884 0.861 0.843 0.806 

ZOClnlrn INTERVAL 

.TRAILER O.Ft! 0.4b5 !1,915 0.94! 0.917 0.937 0.876 
CAP C: C 8A5 0,672 0,907 0.710 0,555 0,891 0.!79 
NAASRA u.875 0,SCI O,f10 O.?i9 0.911 0.898 O,E26 
#I-02 0.917 0,649 O, !b?Q0.S77 O.U3 0.893 0.254 

TRAILER 0,956 0.958 0,933 0.910 0.905 0,830 0.980 O.87l 
C A R 8 1  O.522 O.Fl0 0.916 O,F10 G.70: 0.E94 0.889 0.883 
6 A A E A  O . E O  0.919 0,924 0.5'15 0,999 0.POl 0.895 0.890 
!!i-02 0.9;; 0,874 0,336 0,383 0,575 0.965 4.855 O,BbO 



TeELE G F  F: St'2U4&F=;:E VALUES O F  

MOVIl ' r lG AVEF:AGE vs R'TRRMS 

NEARSIDE 2JHEELFATH ERASIL IRRE DATA 

T1111;EI ?,?5E 0,531 0 , 9 3  Oe,94Q 0,918 0,899 0.E74 
CAR 51 u.277 0 .9Cb  9,923 0,927 0.?24 0.915 4.906 
fIkSR4 0,631 0.710 0,?3c^ 0,947 0,948 0,94! 0,833 
Kk-02 0.832 0,870 0.6?8 0,910 8.7 i5  0,511 0.909 



NEARSIDE AHEELFATH ERRSIL IRRE DATA 



TAYL 9 

Fi'OtlT M E A N  SC?UARE O F  D E Z V I A T I O N  

(USINS DISCRETE BASELENGTHS) BRASli IfiRE DATA 

SECTIDW 

CA04 
Ck05 
D O 6  
C A I 0  
CAl2 
fse 1 
TSOS 
1505 
TSOb 
TS37 
TEOl 
YE03 
7106 
TEll 
ER2l 
6EQ5 
6?07 
ER:? 

2, i r  
nls 01s 



(US I NG 'D I SERETE BASELENSTHS) EAASIL IRRE DATA 

3 0 6 m m  INTERVAL 

CA34 1.187 
LC05 1.702 
CAO6 1, 873 
CClO 0.65b 
CGl2 - 
;so1 - 
i s 0 4  -- 
TSOS - 
TSG5 0, 973 
7507 - 
Ti01 1.366 
TE03 1, $89 
TEllb 5,0V 
TEI i 2,837 
6101 1.239 
6R05 2.353 
6R07 1,476 
6812 3.172 

50,Smm INTERVAL 



2ki3LL' 11 

R O O T  M E A N  Si2UfiRE F ISEVIATI13N 

(USING CDNTIGUOUS EASELENGTHS) SkASlb IRkE DATA 

?OOmm INTERVAL 

SEGZ I GH i,br 
nkr 513  

CAQ4 
LA05 
CAOb 
CAI0  
fR!2 
TSOl 
TSFS. 
TSO: 
7506 
7597 
TEa! 
TEO3 
YE46 
TE! 1 
GEll l 
ERO: 
f ?07 
6112 

200rnm INTERVAL 

2.48 

nls o ls  



(US I NG CDNT 2 GUOES EASELENGTHS BRASIL iF,i?E DATA 

3ClOmm INTERVAL 

CA04 
LA05 
:bob 
C A I 0  
LA 12 
150; 
i f  04 

1505 
TSOb 
TS07 
TEOl 
?ED3 
TEOb 
TEI I 
ERO 1 
ER05 
KO7 
ERl2 

5OOmm INTERVAL 



TMS 13 

Ts?BtE C3F R SC2UAF:E V A L U E S  C3F 

RMS D E V I A T I Q N  vs  RTRRMS 

(USING DISCRETE BASELENGTHS) BRkSiL IRRE DATA 

NEARS IDE WHEELF'ATH 

TRAILfil 0.922 r),FZ? 0.917 0.921 0.913 0.874 
CAR B! 0,367 0.!10 0,963 0,$63 O,S57 0.934 
I.lftrZSEPi 0,Sb: 0,968 O,%b 0.961 0.156 6,933 
YIH-?2 0,964 0.4bJ 0.361 0,955 0 ,947  0,722 

TRAILER 0,924 0,$!1 O.t?E 
CAR El C . 7 7 4  0.969 @.?A4 
HAASRA 0,773 0.967 0.505 
nn-02 0.965 0,959 0,157 

T R A I i E R  I , ? 0 1  O.2Si O . E E  -- 
CAR El 0.957 0 .947  0.?27 0,808 
ti AASRA 0.958 0,?;3 0.927 0.969 
Kt!-02 0,949 0.43 d.715 0.594 



TABU 14 

TABLE C r F  F: SC!UARE V A L U E S  O F  

RMS D E V f F c T I G N  vs R T R R M S  

(USING D 1 SCRETE EASELEbIGTHS) ERASIL IkRE DATA 

IRA I LEF, 
CAR BI 
IIAASRF! 
HR-02 

TRAILER 
CAR BI 
RbASBFi 
rm-0: 

TRAILER 0,940 0 . 7 4 2  0,733 -- 
CAR 81 O.?bf 0.970 0.?63 O,?Z 
KABSRII 0.971 0 , 9 7 3  0.760 0,955  
NH-02 Q,9ES 6.962 0 , E 7  0,946 



Tau 15 

TABLE O F  F;: SCS2UARE VGLetES ClF 

RF"I5 D E V I A T I O N  v s  R T R R M S  

(USiNG DISCRETE EASELENGTHS1 ERAS11 IRRE DATA 

NEARSIDE WHEELPATH 

lXA ILER 0.916 0.931 0.910 0.954 0.953 0,923 
CAR BI 0.93 0.958 0.962 0,965 0.970 0.961 
HAASRA Q.931 0.755 0.981 0.917 0 . 9 7 3  0,372 
EtO2 0,913 0.337 0,945 0.952 0.957 0.960 

260mm INTERVAL 

TRAILER 00912 0.831 0,92! 0.9:5 0,952 
CAR BI C.760 o,96S 0.967 0.968 0.F73 
WAASRk 0.961 0.963 0.968 0.972 0.976 
na-on 0.94: 0.943 O,Y:B 0,954 0.93 

SOOmm INTERVAL 

5610mrn INTERVAL 

L50 2.08 2.51 3.06 

TRAILER 0,720 0.913 0.886 - 
CAE El 0,Fb; 0.975 0,967 0.962 
HACISRA 0,964 0.971 0.577 0.97; 
nn-02 0.941 0,350 0,958 0,959 
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TASLE: 18 

TAELE O F  R S m U A R E  V A L U E S  O F  

RMS D E V I A T X O N  v RTRRMS 

(USING CONTIGUOUS 3kSELENtTHS) EEASIL IRRE DATA 

NEARSIDE WHEELFGTH 

1 0 0 m m  INTERVAL 

TRkILER 0.937 0 .949  0.952 
CAR 91 0.945 0.958 0.963 
H A4 Sli A 0.939 0.956 0.963 
Xti-62 O.F?3 0,940  0,947 

TRCIILER 0,951 0.954 0.955 
CAR 91 0.960 0.965 0.9S8 
KCASRA 0.927 0.965 0,970 
H 6 0 2  0.957 C.945 0.951 

TRAILER 0.957 0.959 0.958 
'CAR 01 0.955 0.970 0.973 
liAkSRA 0.963 0.971 0.976 
nn-oz 0.944 0.95: 0.959 

TRAILEE 0,F:O 0.950 0.946 0.938 
CAR BI 0,767 0.369 0.F69 0 .9SC 
NAkSRA 0.969 0.975 0.979 0.977 
HI-02 0 ,949  0.957 0.960 0.960 



TABLL' 19 

TASLE O F  F=: SG2UARE 'QALUES OF 

RMS D E V I A T I O N  v s  RTRRMS 

(USING DISCRETE 2kSELENGTHS) BRASIL i R R E  DATA 

Tiik1I.B - - - 
CAR ar  O,BBO 0.884 
UCAERA 0.670 0,874 0.tPS 
nn-02 0.899 0.699 0.878 

2OOmm INTERVAL 

1fiAlI.U - - - 
CAR Ei 0,388 0,833 O.BB2 
NAASRA 0.290 0.874 0.874 
8#-02 0.915 0.897 0.i95 

300mm INTERVAL 

1.53 2.08 2.9r 3.0~ 

TR1 I IER - - - - 
CAR 91 0,854 8.670 0.878 0,638 
Ei A ASR A 0.85C 0.861 0.870 0.871 
NR-(12 0.68: 0.885 O.BF5 0.890 



TABLZ 23 
TABLE O F  F? Sl2UAF:E V A L U E S  OF 

RMS D E V I A T I O N  v s  R T R R M S  

(USTNG DISCRETE BASELENGTHS) ~ R A S I L  IRRE DATA 

DFFSIDE Wl !EELPATH 

1 OOmm INTERVAL 

TRAILER - - ' -  

CAR BI I e E 9 7  0.912 0.90? 
WAASfiA 0.884 0 . t 9 5  C.E98 
nil-02 0.916 0.932 0.929 

TRAJLZ 
CAR 01 
NAASRA 
M - 0 2  

300mm INTERVAL 

560rnm INTERVAL 



TABLE 21 

TIIELE O F  F? SG2UAF:E VALUES O F  

(USING DISCRETE EASELENGTHS) ERASIL XRRE DATA 

1OOmm INTERVAL 

TRAILER - .. -- 
CAR BI 0.850 0.869 0.17C 
KAASRA 0.E35 O,BS? 0.856 
nw-02 0.870 O.B?S 0.889 

20Qmm INTERVAL 

TatAIbER - - - 
CAR Bi O,P71 0.874 0.875 
H A g R P  OB&b5 O,ib6 0,862 
11-02 0.~97 0.900 0.~10 

SC10mm INTERVAL 

T R A L E R  - - ..a 

CAR %I 0.875 0.877 0,872 
HAASRA 0.842 0.870 0.867 
nn-02 0,645 0.~04 0.902 

500mm INTERVAL 

TRAILER -.I - - - 
CAR 31 0.860 0.869 0.376 O.fi39 
YAASRA 0,?48 0.857 0,842 0.878 
nrc-02 0.~83 0.885 0.891 0.903 



BEST R SQUARE VALUES OF RMSVE vs  RESPONSE INSTRUMENTS 

f o r  DIFFERENT PROFILE INTERVALS 8 BASE L-ENGTt-IS at 32 Kts/Ii 

1 PROFILE 
INTERVAL 

BASE (m) 
BRASIL IRRE 

TRA I LER 

CAR B I  

NAASHA 

MM-02  

Average 
R* 

ST LUCIA 

DATSUN 

CORT I NA 





TABU 2L 

COMPASISON OF 2 SQUARE VALUES OF 

DIFFERENT STATISTICS CORRELATED AGAiNST RTRRMS 

R SQUARE VALUES 

* - computed f o r  !.em bosslength using 3C3 rnm profile intervals 

Meosur.men: Speed f s r  RTRRMS is 32 Km/hr 

BRhSiL 132E 

1 

RMSD* 1 R M S V ~  
I 

M AV; 

. S158 

.910 

.919 

.955 

,970  

.980 

.965 

. Y 070 

.906 

.911 

I 
TRA IiEi), ' .448 

APL CP 
25 

CAR B i  

R A W  

. ,024 

.933 

I 

.980 

.964 

.935 

I * O S 1  

NhhfRi  1 ,182 
I 

MM-02 1 ,570 

. 889 

.934 

.915 

I Avercge 

R 

ST LUCIA -------- 
DATSUN 

i 

,938 

.933 

.943 

.938 

. eS6 

.855 

. 070 u 

.926 

.537 

,940 

,908 

I 

--- -_- 

--- --- ---. 

.924 

I 
CORTI NA .924 



TRBX 25 
R T R R I Y S  MEASUREMENTS < P'?M/EM > 

SECT I ON 

D63 TSUN 

297? 
1012 
256'4 
2903 
2965 
bL?r;)8 
4714 
51 95 
3425 
4714 
2654 

889 
21 90 
8309 
4328 
180 9. 
5955 

PATCHED 
6252 

rY. - UNPAVED M A D  

rkX: - C0NCF:ETE TEST TRACK 

Y r t x  - DISUSED PAVED ROAD 

1980 
5347 

I seo 
3097 



TABLZ 26 

T@rEcl-E QF F: SfiUFsrRE V A L U E S  OF' 

(USING DISCRETE EASELENGTHS) ST LUCIb DATA 

tJEARS I DE WHEELF'ATH 

DATSUN 0.097 0.308 - 
COilTIHFI 0.938 0,951 - 

-. ,d~vmrn . INTERVAL 

DATSUN 0.887 - -- 
CORTIHA 0.946 -- - 



TWU 27 

TABLE O F  R SG2Uc?RE Vt?LUES OF 

RMS V E R T I C A L  ELEVATXaN vs  RTKRMS 

(USING DISCRETE BASELENGTHS1 ST LUCIA DATA 

NEARSIDE WHEELPATH 

100mm INTERVAL 

D A T S U N  0,387 0,917 0.525 
CDRTIG 0.884 0,906 0.760 

50C)mm I NTEEVAL 

DATSUH 0.a90 o,sn 
C U R T P N A  0.?44 O.?:i 



T~BU 28 

TeE3L-E O F  Fi' SG2UAF:E VALUES OF 

R M S  VERT I C A L  ELEVAT X O N  -8s R T F T R M S  

(USING DISCRETE EASELENGTHS) ST LUCIA DATA 

NEARS I DE WHEELPATH 

1 OOmm INTERVAL 

DATSUX 0,799 0.845 0.169 0.913 
CORTIM 0.541 0.864 0,869 0.93f 

2COmm INTERVAL 

1, br 2.04 3.24 

DATSUH 0.768 0.163 - 
CORTINR 0.t30 0,856 - 

3 0 0 m m  INTERVAL 

f30Crmrn 1 NTERVAL 



TWi 3 
T e W L E  O F  R SQUARE VeLUES O F  

M O V I N G  AVESc?GE v s  RTRRMS 

ST LUCIA DATA 

NEARSIDE WHEELPATH 

20C)mm INTERVAL 

QATSUIi 0.887 0,890 0.867 0.834 DATSUN 
COETISA 4.859 0,895 0.908 0.904 CORTlllP. 

3C')Orr.m INTERVAL 

EATSilN 0.661 0.872 0.820 0,208 0.790 DATSUN 
CORTINA 0.854 0.896 0,899 0.891 0.871 CORTIRA 



ST L U C I A  DATA 

NEARSIDE IIIHEELF'GTH OFFSIDE WWEELPATH 

200mm INTERVAL 

DATSUH 0.820 0,867 0.863 0.160 
CURTIHA 0.767 0,842 0.879 0,891 

D ATSUN 
CORTINA 



ST L U C I A  DATA 

NEARS i DE LQiiEELF'ATH OFFSIDE WHEELPATH 

DATSUN 0,750 0.829 0,867 0.900 DATSW 0.135 S , B i l  0.636 
CUfiTiHA 0 ,717  0.782 0.830 0.882 CDRTINA 0,712 0.79: 0,826 0.866 



mb T -  LABUA 32 

F=i'OQT MEAN SfiUARE O F  D E : V I A T I Q r A  

(US I NG 'DISCRETE ErASELENGTHS ST LUCIA D A f  A 

SECTION 1.5, 
n/s O / E  

SitTIOI4 1.6a 1.81 2.08 2,h 2.41 
n ls  o/s nJs o/s n/s o/s n/s 61s n / s  o is  



TABLE 33 
ROOT MEkN SQUeRE O F  D E V I A T I O N  

(USING DISCRETE EASELENGTHS) ST LUCIA DATA 

300mm INTERVAL 

SECTION 1.55 2.01 2. %r 3.01 
nis  01s n/s ois  n l s  ois n/r 01s 



(USING CGt4TIEUDUS BGSELENGTHS) ST LUCIA DATA 

1 0 0 m m  INTERVAL 

SECTION 1.66 1.84 2.01 
n/s O/S n/5 0 1 5  n/s n l ~  





TAsU j6 

TkPLE O F  F;: S Q U A R E  V e L W E S  O F  

(USING DISCRETE EgSELENGTHS) ST LUCIA DATA 

NEARSIDE WHEELF'GTH DFFSIDE WHEELFATH 

1 0 6 m m  INTERVAL 

BATSJK 0.910 0 . 2 2  0.912 0.914 0,890 
CORTINA 0,945 0.955 0.%5 0,964 0.962 

OATSiiN 0,SiiB 0.884 0,893 
NRTINA 0.908 0.507 0.901 

DATSUH 0.831 0.897 0.E87 
CORTIHA 0.943 0.953 0.951 

DATSUH 0.884 0.8E5 0.879 
CORTIHA 0.925 0,936 (1.931 



TABLE 37 

TAELE O F  F: SG2UARE V A L U E S  O F  

RMS D E L J I A T I C 3 N  vs RTRRMS 

(USING C I SZRETE BASELENGTHS) ST LUCIA DATA 

NEAF:S I DE ~JHEELFATH OFFSIDE WHEEFF'ATH 

dUOrnm INTERVAL 

PRTSUH 0.900 0,925 O.9lb C.939 0 , q I h  0.?Qi BITSUN 0.C91 0.889 0.909 
COPTINA 0,177 0.9i; 0.910 6.049 c.948 0.944 CORTIHA 0.812 0,826 0,836 

300mm INTERVAL 

DATSCS 0,877 0.896 :.S67 0.888 
GOiiT IRA 0.936 0.942 0 . 9 3  0.850 



TABLE 9 
TABLE OF F? SG2UFSFi:E VkLUES O F  

RMS DEVZATION v s  RTRRMS 

(USING DISCRETE BASELENGTHS) ST L.UCIA DATA 

NEARSIDE WHEELPATH OFFSIDE WHEELF'ATH 

0.912 0.359 0,850 0.308 3,897 0.906 DGTSUN 0,769 0,791 0.845 
0.825 O.ab5 0,871 0.913 0.914 0.914 CDRTIHA 0.753 0.775 0.790 

2CK)mm I N  TERVGL 

FATSLY C,tiJO 0.871 0,893 0.914 0.908 
CORTIWA 0.850 0,863 0 , 3 C 9  0,912 0 . 9 ! 0  

DATSUH 
CDRTIHA 

3 0 0 m m  INTERVAL 

1.5: 1 . 8 ~  2.1: 

DATSLN 0.030 G,SSI o.aal 
CORTIHR 0.839 0.854 0.869 



TA3LZ 39 
TABLE O F  R SGUGiRE VeLUES O F  

RMS D E V I A T I O N  vs RTRRMS 

(USING CONTIGUDUS EASELENGTHS) 

NEARSIDE WHEELF'ATH 

ST L U C I A  DATA 

OiFSiDE WHEELPATH 

CATSUN 0.883 0.ER9 0,192 
CBRf INA 0.#97 0.904 0.810 

3 0 0 m m  INTERVAL 

1.54 1,En ?.in 1.58 1.8, 2 . 1 ~  



R M S  D E V I A T I O N  vs RTRRMS 

(USING CONTIGUOUS EASELENGTMS) 

N E M S I D E  WHEELPATH OFFSIDE WHEELPATH 

DATSUH 0.920 0.F28 0.931 D ATSUI 0.336 0,900 0.909 
CORTINA 0,858 0.915 0,920 CDATINA Q.B:~ O,BSZ o.ae4 

300mm INTERVAL 

DkTSllN 0,?07 0.914 ' 0,913 DIITSUN 0.905 0,910 0.9il 
CDSTINA O.Si9 0.939 3.945 WRTINA 0.379 0.894 0.904 



T A B S  41 

TABLE O F  R SG2UARE V A L U E S  O F  

(USING CDNT I GUOUS BGSELEbIGTHS) ST LUCIA DATA 

NFARSIDE WHEELF'GTH OFFSIDE WHEELGATi4 

200mm INTERVAL 

DATSUH 0,641 C.86E L!!3 
CDRTI lA 0.846 O.Bb9 %%I7 

SOOmm INTERVAL 

DATSUN 0 . W  0,883 0.902 
CORTIWA 0,878 0.899 0,916 

DATSUH 0 0 8 3  0,849 0,880 
CDRT IKA 0.835 O.BZ @,80 



TABLE 42 

C O M F ' k R I S O N  QF C A L X B S A T E D  Q N D  

UNCALIBRATED RC3UGHNESS MEASUREMENTS 

SECT I ON RMSD CAR EZ 

Uncal Ccs! 

NAASRP 

Uncal Ca 1 UncaL Ca! 

REFERENCE 
R3UGHNESS 



T A B S  b'j 

COMPARISON O F  CALIBRATED AND 

W N C A L X B R A T E D  R o U G H N E S S  MEASUREMENTS 

DATSUN CDRT I NG REFERENCE 
K'OUEHNESS 
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FLOW D I A G R A M  OF THE OPERATION OF THE 
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APPENDIX I 

S P E C T W  CONTENT OF ROAD PROFILES 

The many measures t h a t  have been used t o  quan t i fy  road roughness a t  f i r s t  

appear t o  have l i t t l e  i n  common, ye t  o f t e n  r e s u l t  i n  h ighly  c o r r e l a t e d  summary 

s t a t i s t i c s .  The c o r r e l a t i o n s  between d i s s i m i l a r  numerics a r e  determined i n  

p a r t  by the  mathematical p r o p e r t i e s  of the  ana lyses ,  and i n  p a r t  by the  

s t a t i s t i c a l  p r o p e r t i e s  of t h e  road p r o f i l e s .  Much of t h e  c o r r e l a t i o n  between 

numerics can be caused by c o r r e l a t i o n s  w i t h i n  the  road p r o f i l e  inpu t  and can 

vary wi th  the  type of road .  Therefore ,  informat ion about the  n a t u r e  of t h e  

l o n g i t u d i n a l  p r o f i l e s  of a c t u a l  roads can g ive  cons ide rab le  i n s i g h t  t o  some of 

t h e  exper imenta l  f i n d i n g s  d e a l i n g  wi th  d i f f e r e n t  roughness numerics. 

The purpose of t h i s  appendix i s  t o  p resen t  p l o t s  of the  s p e c t r a l  

c h a r a c t e r i s t i c s  of t h e  98 wheeltrack p r o f i l e s  ( 4 9  l a n e s )  t h a t  were obtained i n  

the  IRRE. Each wheeltrack p r o f i l e  was measured up t o  6 t imes ,  us ing rod and 

l e v e l ,  the  TRRL Beam, and t h e  APL T r a i l e r  i n  both  t h e  APL 25  and APL 7 2  modes 

of opera t ion .  The p l o t s  presented se rve  t o  quan t i fy  the  n a t u r e  of road 

roughness i n  g r e a t  d e t a i l  over t h e  f o u r  s u r f a c e  types  included i n  t h e  IRRE,  

and a l s o  t o  show t h e  d i f f e r e n c e s  r e s u l t i n g  from a l t e r n a t i v e  measureme,nt 

methods . 

Power S p e c t r a l  Density (PSD) Functions 

A l o n g i t u d i n a l  road p r o f i l e  i s  f ixed  i n  space and,  i n  the  s h o r t  term, i s  

a l s o  f ixed  wi th  t ime.  That i s ,  the  same p r o f i l e  should be observed when 

e x a c t l y  the  same path  i s  followed w i t h i n  a  reasonably s h o r t  per iod of time 

(perhaps  yea r s  f o r  paved roads ,  and perhaps minutes f o r  unpaved roads dur ing 

heavy r a i n ) .  Although a  road p r o f i l e  i s  d e t e r m i n i s t i c ,  i t  does have t h e  

appearance of a random s i g n a l ,  and s t a t i s t i c a l  d e s c r i p t i o n s  commonly used f o r  

random s i g n a l s  have proven t o  be u s e f u l  f o r  c h a r a c t e r i z i n g  road p r o f i l e .  By 

analyzing t h e  p r o f i l e  using s t a t i s t i c a l  methods, t h e  very l a r g e  amount of 

informat ion (hundreds or  thousands of independent e l e v a t i o n  measurements) a r e  



reduced t o  a manageable number of summary s t a t i s t i c s .  

For reasons t h a t  w i l l  be d iscussed below, v i r t u a l l y  every roughness 

numeric computed from p r o f i l e  t h a t  has  proven u s e f u l  invo lves  i s o l a t i n g  a band 

of wavenumbers (wavenumber = l /wavelength)  from the  o r i g i n a l  p r o f i l e  s i g n a l .  

It i s  t h e r e f o r e  h e l p f u l  t o  view the  v a r i a t i o n s  i n  p r o f i l e  i n  terms of 

wavenumber ampl i tudes ,  using the  s t a t i s t i c a l  power s p e c t r a l  d e n s i t y  (PSD) 

func t ion .  

Phys ica l ly ,  a  PSD func t ion  i s  the  var iance  of t h e  v a r i a b l e  being measured 

( e l e v a t i o n ,  s l o p e ,  e t c .  ) d i s t r i b u t e d  over wavenumber, having t h e  u n i t s :  
2 q u a n t i t y  measured lwavenumber. Thus, an e l e v a t i o n  p r o f i l e  measured with t h e  

2 u n i t s  of mm would have PSD u n i t s :  mm mlcycle,  s i n c e  the  q u a n t i t y  measured i s  

mm and a wavenumber ( s p a t i a l  frequency) has  u n i t s :  cycle/m. The i n t e g r a l  of a 

PSD func t ion  over a band of wavenumbers (waveband) corresponds t o  the  

c o n t r i b u t i o n  of t h a t  band t o  t h e  t o t a l  va r i ance ,  whi le  the  i n t e g r a l  over a l l  

wavenumbers i s  equal  t o  the t o t a l  var iance  of the  v a r i a b l e  measured. (An 

a l t e r n a t e  PSD d e f i n i t i o n ,  c a l l e d  a "double-sided PSD," i s  sometimes used i n  

which case  negat ive  wavenumbers a r e  a l s o  considered.  For a double-sided PSD 

f u n c t i o n ,  the  wavenumbers must be i n t e g r a t e d  from -00 t o  +oo t o  ob ta in  the  

va r i ance .  A l l  PSD func t ions  presented i n  t h i s  appendix a r e  s ing le - s ided ,  

meaning t h a t  t h e  var iance  i s  d i s t r i b u t e d  only over wavenumbers ranging from 0 

t o  +oo. 

Fur ther  informat ion about t h e  usage of PSD f u n c t i o n s  and o the r  s p e c t r a l  

analyses  of random (and random-like) s i g n a l s  can be obtained i n  Reference 

[ 3 9 ] ,  which a l s o  inc ludes  formal mathematical d e f i n i t i o n s  of the  PSD funct ion.  

Although PSD func t ions  were developed f o r  desc r ib ing  random s i g n a l s ,  

e r r o r  ana lyses  t h a t  assume t h e  s i g n a l  t o  be random a r e  not appropr ia te  f o r  

road p r o f i l e s ,  s i n c e  the  p r o f i l e  i s  not  random. The PSD func t ion  of a road 

p r o f i l e  i s  n o t  an e s t i m a t e ,  but  r a t h e r ,  an a l t e r n a t e  d e s c r i p t i o n  conta ining 

almost a s  much (up t o  h a l f )  of t h e  informat ion a s  the  o r i g i n a l  p r o f i l e  

measurement. 



S p e c t r a l  Contents of  Road P r o f i l e s  

Figure I. 1 shows t h r e e  PSD f u n c t i o n s ,  a l l  of which a r e  computed from a  

s i n g l e  measured p r o f i l e .  Since road p r o f i l e  i s  measured as  an e l e v a t i o n ,  i t  

i s  n a t u r a l  t o  compute t h e  PSD func t ion  d i r e c t l y  from t h a t  measure. As Fig. 

I . l a  shows, t h e  c o n t r i b u t i o n  t o  e l e v a t i o n  va r i ance  i s  much g r e a t e r  a t  t h e  

lower wavenumbers ( longer  wavelengths).  

A PSD func t ion  computed f o r  a  measured v a r i a b l e  such as  road e l e v a t i o n  

can be converted t o  the  PSD func t ion  of any o t h e r  v a r i a b l e ,  i f  the  two 

v a r i a b l e s  a r e  r e l a t e d  by a  l i n e a r  opera t ion .  Since most of t h e  roughrless 

ana lyses  involve  l i n e a r  f i l t e r s  ( t h e  RQCS, RMSVA, moving average,  CP, APL 72 

energy (W), e t c . ) ,  t h e  PSD func t ion  of t h e  f i l t e r e d  p r o f i l e  can be cornputed 

d i r e c t l y  from the  PSD func t ion  of t h e  road p r o f i l e ,  toge the r  wi th  t h e  

frequency response p l o t  of the  l i n e a r  f i l t e r .  Since d i f f e r e n t i a t i o n  and 

i n t e g r a t i o n  a r e  l i n e a r  o p e r a t i o n s ,  the  PSD func t ion  can a l s o  be comput:ed f o r  

t h e  d e r i v a t i v e s  of t h e  e l e v a t i o n  measurement: s l o p e ,  s lope  d e r i v a t i v e  ( s p a t i a l  

a c c e l e r a t i o n ,  e t c . ) ,  a s  shown by Figs.  I . l b  and 1 . 1 ~ .  

As  a  means f o r  c h a r a c t e r i z i n g  road p r o f i l e s ,  t h e  PSD func t ion  of s lope  

o f f e r s  two advantages:  

1 )  The p l o t s  can be scaled t o  show more d e t a i l .  Note t h a t  the  e l e v a t i o n  and 

a c c e l e r a t i o n  func t ions  cover a  wider range of amplitudes than the  s lope  

PSD over t h e  wavenumber range ,025 - 1 (wavelengths 1 - 40 m), r e q u i r i n g  

t h a t  the  p l o t s  be sca led  down. 

2) A l t e r n a t e  roughness ana lyses  can be compared more r e a d i l y  us ing t h e i r  

wavenumber response p l o t s .  When response p l o t s  a r e  c a l c u l a t e d  f o r  

displacement i n p u t s ,  one must always remember t h a t  t h e r e  i s  much more 

i n p u t  a t  t h e  lower wavenumbers, and t h a t  even i f  t h e  a n a l y s i s  i s  l e s s  

responsive  a t  those  wavenumbers, they can c o n s t i t u t e  much of t h e  numeric. 

But when response p l o t s  a r e  ca lcu la ted  f o r  s lope  i n p u t s ,  what you s e e  i s  

what you g e t .  A h igh s e n s i t i v i t y  ( g a i n )  a t  any wavenumber band, h igh  or  

low, i n d i c a t e s  t h a t  t h a t  band c o n t i b u t e s  heav i ly  t o  t h e  summary numeric. 

A l l  road PSD func t ions  t h a t  fo l low i n  t h i s  appendix a r e  presentetl i n  





terms of p r o f i l e  s lope .  

Figure 1.2 presen t s  aggregate  PSD f u n c t i o n s ,  obta ined by g raph ica l ly  

over laying the  PSD func t ions  f o r  i n d i v i d u a l  p r o f i l e s  obtained wi th  the  TRRL 

Beam. The amplitudes of each i n d i v i d u a l  p l o t  were normalized by t h e  squared 

R4RS50 roughness value  known f o r  t h a t  p a r t i c u l a r  wheeltrack.  When t h e  PSD 

f u n c t i o n s  a r e  normalized i n  t h i s  f a s h i o n ,  many appear t o  have t h e  same shape,  

p a r t i c u l a r l y  when segregated by su r face  type.  The p l o t s  show t h a t :  

1) The a s p h a l t i c  concrete  (CA) s i t e s  had t h e  l e a s t  roughness 

concentra ted  i n  the  high wavenumbers of any of t h e  s u r f a c e  types .  

Also,  t h e r e  i s  l i t t l e  v e r t i c a l  s c a t t e r  when t h e  PSD func t ions  a r e  

normalized,  i n d i c a t i n g  t h a t  most of the  CA s i t e s  had very s i m i l a r  

s p e c t r a l  d i s t r i b u t i o n s .  The PSD shape s h o m  c o n s t i t u t e s  a  

"s ignature"  f o r  t h a t  type of su r face .  

2 )  The s u r f a c e  t rea tment  (TS) s i t e s  a l s o  had a  s i g n a t u r e ,  d i s t ingu i shed  

by a  r e l a t i v e  minimum over wavenumbers 0.1 - 0.4 (wavelengths 2 . 5  - 
10 m), w i t h  increased roughness content  f o r  wavenumbers o u t s i d e  t h i s  

range. Also,  s e v e r a l  of t h e  TS s i t e s  d isplayed a  s p e c t r a l  peak a t  

wavenumber 0 .5 ,  i n d i c a t i n g  a  p e r i o d i c  roughness component occurr ing 

a t  2.0 m i n t e r v a l s .  

3 )  The PSD f u n c t i o n s  f o r  the  unpaved g rave l  (GR) and e a r t h  (TE) s i t e s  

show more v a r i a t i o n  i n  content  than do t h e  paved roads ,  but  t h i s  i s  

not  unexpected s i n c e  they a l s o  cover a  g r e a t e r  range of roughness. 

Although they do show a  s l i g h t  minimum i n  t h e  c e n t e r  near  wavenumber 

0 .1 ,  t h e i r  roughness d i s t r i b u t i o n  i s  more uniform over t h e  spectrum 

of wavenumbers, wi th  the  e a r t h  roads showing somewhat more roughness 

content  a t  t h e  h ighes t  wavenumbers than t h e  g rave l  roads.  

4 )  In a l l  c a s e s ,  the  amplitudes r i s e  a t  t h e  h i g h e s t  wavenumbers covered 

(wavenumbers 2 - 5 ) .  This i s  due i n  p a r t  t o  a l i a s i n g ,  and i s  

discussed below. 





Sensitivity of Simple Variance t o  Measurement Nethods 

Although d i f f e r e n t  types  of roads may have unique " s igna tu res  , I 1  a l l  come 

c l o s e r  t o  having a uniform s l o p e  i n p u t  than a uniform e l e v a t i o n  inpu t  o r  

uniform a c c e l e r a t i o n  input .  This has  c e r t a i n  impl ica t ions  regarding {:he 

measurement of simple va r i ance  and RMS s t a t i s t i c s :  

I )  RMS displacement measures a r e  determined almost  completely by t h e  

lowest  wavenumbers ( longes t  wavelengths) included i n  the  

measurement. The lower the  wavenumber, the  l a r g e r  w i l l  be the  N4S 

displacement.  When t h e  measuring ins t rument  does not  e x p l i c i t l y  

f i l t e r  t h e  p r o f i l e  (e .g . ,  rod and l e v e l ) ,  then the  lowest  wavenurnber 

i s  approximately determined by t h e  l eng th  of t h e  p r o f i l e ,  and RMS 

e l e v a t i o n  w i l l  i n c r e a s e  wi th  l eng th .  

2 )  RMS a c c e l e r a t i o n  measures a r e  determined almost completely by t h e  

h i g h e s t  wavenumbers ( s h o r t e s t  wavelengths) included i n  the  

measurement. The higher  t h e  wavenumber range,  t h e  h igher  w i l l  be 

the  RMS a c c e l e r a t i o n .  \&en the  a c c e l e r a t i o n  i s  computed from a 

measured e l e v a t i o n  p r o f i l e ,  t h e  h ighes t  wavenumber can be l imi ted  by 

e i t h e r  t h e  ins t rument  ( f o r  a dynamic p r o f i l o m e t e r ) ,  o r  t h e  sample 

i n t e r v a l .  A s h o r t e r  sample i n t e r v a l  w i l l  g ive  h igher  RMS 

a c c e l e r a t i o n  numerics. 

3 )  RMS s lope  measures a r e  determined by the  width of t h e  waveband 

included i n  t h e  measurement. RMS s lope  numerics can be increased 

e i t h e r  by inc lud ing  h igher  wavenumbers or  by inc lud ing  lower 

wavenumbers. For s t a t i c a l l y  measured p r o f i l e s ,  the  waveband i s  not  

increased s o  much wi th  p r o f i l e  l eng th  a s  by sample i n t e r v a l .  

Decreasing t h e  sample i n t e r v a l  w i l l  i n c r e a s e  the  s lope  numeric, 

al though no t  n e a r l y  a s  r a p i d l y  a s  f o r  an a c c e l e r a t i o n  numeric. 

Note t h a t  simple RMS e l e v a t i o n ,  s l o p e ,  and a c c e l e r a t i o n  numerics a l l  can 

be increased without bound by i n c r e a s i n g  t h e  measurement waveband. Tllerefore, 

road roughness cannot be meaningfully charac te r i zed  by a numeric such a s  " t r u e  

s lope  var iance"  or  " t rue  RMS a c c e l e r a t i o n , "  s i n c e  t h e  measured numerics depend 

more on the  bandwidth of t h e  measurement than on the  road. ( In f a c t ,  " t rue"  



s lope var iance  and RMS a c c e l e r a t i o n s  a r e  i n f i n i t e . )  I n s t e a d ,  t h e  numeric must 

e i t h e r  r equ i re  a  s tandardized measurement method, or  e l s e  inc lude  a  means f o r  

l i m i t i n g  t h e  bandwidth through processing of t h e  measurement. When terms such 

a s  "slope var iance"  a r e  used,  the  numerics a r e  i n e v i t a b l y  more complicated and 

s p e c i a l i z e d  than implied by t h e i r  names. 

Summary of the PSD Data from the IRRE 

The remaining f i g u r e s  i n  t h i s  appendix,  Figs.  1.3 - 1.51, show the  PSD 

func t ions  measured f o r  each wheeltrack of 4 9  t e s t  s i t e s  used i n  the  IRRE. 

Each Figure can have up t o  e i g h t  i n d i v i d u a l  PSD p l o t s ,  corresponding t o  

measures made by rod and l e v e l ,  t h e  APL 25 system, t h e  APL 7 2  system, and the  

TRRL Beam. In  order  t o  f a c i l i t a t e  comparisons, a l l  p l o t s  a r e  made on log-log 

axes ,  and cover t h e  same wavenumber range. The v e r t i c a l  s c a l i n g  was 

determined au tomat ica l ly  by the  computer program t o  inc lude  the  h ighes t  PSD 

amplitudes.  In every  c a s e ,  the  v e r t i c a l  s c a l e  covers a  range of 100: l .  Since 

the  p l o t s  a r e  l o g a r i t h m i c ,  they can be s h i f t e d  up o r  down t o  match t h e  y-axis 

s c a l i n g  i n  order  t o  over lay  d i f f e r e n t  p l o t s .  

The same a n a l y s i s  was app l i ed  t o  a l l  of t h e  p r o f i l e s :  

1 )  The 320 m long p r o f i l e  was converted from an e l e v a t i o n  t o  a  s lope  

p r o f i l e  (approximately) by taking t h e  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  va lues ,  normalized by t h e  sample i n t e r v a l .  This s t e p  

e l i m i n a t e s  the  mean va lues ,  t r e n d s ,  and l a r g e  amplitudes f o r  the  

long-wavelength v a r i a t i o n s  t h a t  appear when p r o f i l e s  a r e  measured 

s t a t i c a l l y .  

2 )  The s lope  p r o f i l e  was "padded" wi th  zeros  t o  i n c r e a s e  the  number of 

d a t a  p o i n t s  t o  the  next  power of two, which depended on the  sample 

i n t e r v a l  used.  For t h e  rod and l e v e l  d a t a ,  t h e  641  d a t a  p o i n t s  were 

padded t o  o b t a i n  a  t o t a l  of 1024; f o r  t h e  APL 72 d a t a ,  t h e  6401 d a t a  

p o i n t s  were padded t o  o b t a i n  a  t o t a l  of 8192. 

3 )  The p r o f i l e  was processed v i a  t h e  Fast  Four ier  Transform (FFT), and 

the  amplitudes of t h e  r e s u l t i n g  complex c o e f f i c i e n t s  were squared 



and sca led  t o  PSD engineer ing u n i t s .  

4 )  The frequency response of t h e  numerical  d i f f e r e n t i a t i o n  used i n  s t e p  

1 was used t o  c o r r e c t  the  PSD amplitudes a t  the  h igher  wavenumbers 

t o  t h e  r e s u l t s  t h a t  would have been obtained by t r u e  

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

5 )  Adjacent PSD values  were averaged over a  wavenumber i n t e r v a l  of .01 

cycle/m, which t y p i c a l l y  meant t h a t  3 - 5 "raw" PSD va lues  were 

averaged toge the r  t o  o b t a i n  t h e  values  p l o t t e d .  

Comparison of t h e  D i f f e r e n t  Measurement Methods 

Bod and Level. The known l i m i t a t i o n s  of rod and l e v e l  a r e  i n  the  

p r e c i s i o n  of t h e  i n d i v i d u a l  measures, the  need f o r  a  l a r g e  sample i n t e r v a l  ( t o  

keep t h e  e f f o r t  r easonab le ) ,  and the  p o t e n t i a l  f o r  human e r r o r .  Both 

p r e c i s i o n  limits and a l i a s i n g  can cause the  PSD func t ions  t o  i n c r e a s e  

er roneously  when t h e  wavenumbers approach the  upper l i m i t  of 1.0 (ha l f  the  

sample frequency of 2 samples/m). Pas t  exper ience  wi th  t h e  p r e c i s i o n  

requirements i n d i c a t e s  t h a t  t h e  1 mm i n t e r v a l  i s  adequate f o r  t h e  roughness 

range covered i n  the  IRRE [38].  Therefore ,  t h e  f a c t  t h a t  the  PSD func t ions  

obtained by rod and l e v e l  r i s e  more wi th  wavenumber than t h e  PSD func t ions  

obtained by t h e  o t h e r  methods, inc lud ing  the  TRRL Beam, r e f l e c t s  a l i a s i n g .  

The very good agreement wi th  the  TRRL Beam f o r  many of t h e  s i t e s  i n d i c a t e  

t h a t  human e r r o r  was reduced o r  e l imina ted  by t h e  r o u t i n e  procedures used i n  

Braz i l .  

TRRL Beam. These measures match those of the  rod and l e v e l  almost  

p e r f e c t l y  i n  many of t h e  p l o t s ,  up u n t i l  the  h igher  wavenumbers inf luenced by 

a l i a s i n g .  Since t h e  h ighes t  wavenumbers f o r  t h e  rod and l e v e l  measures appear 

t o  be a r t i f i c i a l l y  high due t o  a l i a s i n g ,  t h i s  i s  probably t r u e  a l s o  f o r  the  

Beam PSD f u n c t i o n ,  f o r  wavenumbers above 2 or  3  cycle/m. The 3 m l eng th  of 

t h e  Beam a f f e c t s  some of t h e  PSD p l o t s  f o r  the  smoothest roads ,  appearing as a  

s p e c t r a l  peak a t  wavenumber . 3 3  ( 3  m wavelength). This would be caused by the  

s l i g h t  se tup  e r r o r  t h a t  occurs p e r i o d i c a l l y  i n  the  measurement process .  The 



amount of v a r i a n c e  contained wi th in  t h a t  peak i s  q u i t e  s m a l l ,  however, due t o  

i t s  narrow width. Therefore ,  the  se tup  e r r o r ,  q u a n t i f i e d  by t h e  PSD, can be 

seen t o  be n e g l i g i b l e .  (The s p e c t r a l  peak i s  n o t  even v i s i b l e  f o r  the  rougher 

roads .  ) 

APL Trailer. Ttle APL T r a i l e r ,  which i s  designed t o  measure p r o f i l e  

over the  frequency range of 0.5 - 20 H z ,  covers a  wavenumber range determined 

by i t s  t r a v e l  speed.  A t  72 km/h (APL 7 2 ) ,  t h i s  wavenumber range i s  ,025 - I ,  

while f o r  t h e  speed of 21.6 km/h (APL 25)  t h i s  range i s  .08 - 3 . 3 .  The sample 

i n t e r v a l  f o r  t h e  APL 25 s i g n a l s  was 250 mrn, which p u t s  t h e  maximum wavenumber 

a t  2.0,  and means t h a t  a l i a s i n g  can be p resen t  f o r  wavenumbers above 1. 

For many of the  s i t e s ,  t h e  agreement between t h e  APL 72 and APL 25 

s i g n a l s  and t h e  s t a t i c  measures i s  nea r ly  p e r f e c t  over t h e  waveband of the  

ins t rument .  The PSD p l o t s  i l l u s t r a t e  very c l e a r l y  t h e  f i d e l i t y  t h a t  can occur 

wi th in  t h a t  range,  whi le  a l s o  showing how lower wavenumbers a r e  a t t enua ted  by 

t h e  t r a i l e r .  

Like t h e  TRRL beam, t h e  APL s p e c t r a  show peaks on t h e  smoother s i t e s  t h a t  

a r e  caused by the  measurement process .  The f i r s t  peaks occur  a t  wavenumber 

0.6 and i t s  harmonics ( 1 . 2 ,  1.8,  . . . ). This i s  caused by a  s l i g h t  p e r i o d i c  

d i s tu rbance  in t roduced by the  t r a i l e r  wheel (circumference = 1/.6 = 1.7 m) , 
and,  because t h e  peak i s  too narrow t o  inc lude  much v a r i a n c e ,  i s  n e g l i g i b l e  i n  

terms of roughness measurement. 

In the  c a s e  of t h e  APL 72 d a t a ,  t h e  PSD f u n c t i o n s  a l s o  c o n s i s t e n t l y  show 

a  peak l y i n g  o u t s i d e  of the  des ign  range of t h e  t r a i l e r ,  approximately a t  

wavenumber 3.5. This corresponds t o  a  frequency of 70 Hz dur ing measurement. 

Most of t h e  ana lyses  a r e  ba re ly  in f luenced  by wavenumbers t h i s  h i g h ,  s o  i t  

a l s o  i s  n e g l i g i b l e .  

The f a c t  t h a t  many of t h e  PSD f u n c t i o n s  from t h e  APL T r a i l e r  match those  

obta ined s t a t i c a l l y  i s  proof t h a t  the  APL T r a i l e r  a  v a l i d  p ro f i lomete r  over 

t h e  des ign  waveband range.  Yet some of the  t ime,  the  match i s  not  a s  good 

between t h e  t r a i l e r  and the  s t a t i c a l l y  measured p r o f i l e s .  These d i f f e r e n c e s  

may, i n  many c a s e s ,  be caused by imprecis ion i n  t h e  l a t e r a l  p o s i t i o n i n g  of t h e  

towing v e h i c l e  on the  t e s t  s i t e s ,  o r  by s t a r t i n g  the  s i g n a l  before  or  a f t e r  



the  markings on the  road. In  a s e n s e ,  t h e  c a r e f u l  matching of the  rod and 

l e v e l  p r o f i l e s  and t h e  TRRL p r o f i l e s  i s  a r t i f i c i a l ,  s i n c e  t h e  wheelpaths were 

marked be£ orehand and followed almost e x a c t l y  f o r  repeated s t a t i c  

measurements. In  a c t u a l  p r a c t i c e ,  t h e  choice of where t h e  t r a v e l l e d  

wheeltrack l i e s  can in f luence  t h e  measurement obta ined.  The des ign of the  

IRRE removed t h i s  source of v a r i a t i o n  from the  s t a t i c  measures,  but  not  from 

t h e  APL measures. 

Validation for Specific Analyses. Although t h e  good match between 

t h e  PSD func t ions  tends  t o  confirm t h a t  a11 of t h e  methods used can g ive  

"va l id"  measures of p r o f i l e ,  t h e  a c t u a l  accuracy a s s o c i a t e d  with each method 

must be determined f o r  the  s p e c i f i c  a p p l i c a t i o n .  This i s  p a r t i c u l a r l y  t r u e  

when high accuracy requirements a r e  s e t ,  s i n c e  very s m a l l  d i f f e r e n c e s  a r e  

d i f f i c u l t  t o  s e e  i n  PSD p l o t s ,  un less  more complicated process ing methods a r e  

used.  
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Figure 1 .18 .  PSD functions for Site TS03. 



a - 
V 
h < Left Wheeltrack Right Wheeltrack 
E t Rod and Level Rod and Level 

I 
I P 
n 
Ln 
a 
P1 
n 
0 z 

In 
I 
E! 

Wove Number - cycle/m 11 
a - Left Wheeltrack 
0 pt 

b 
1 

53 e 
B, 
P 

I 

0 - 
0 
h 

Left Wheeltrack 
Hight Wheeltrack Q: t 1 

E 9 0 
I 
a 
v, 
a 
a 
P 
0 10 In 
Z I  I 9 9 

n 
I 

91 
Wove Number - cycle/m 

- i / 
\ Left Wheeltrack 

E TRRL Beam 1 .  

Wave Number - cycle/m 

Figure 1.19. PSD functions for Sit, TS04 



Left Wheeltrack 111 1 Right Wheeltrack * 
I 
9 

D 
I 
9 

P, - 
U 
~r Left Wheeltrack Right Wheeltrack 

<f 
E 0 
I 

n 
cn 
a 
0) 
P 
0 In z 1  B 

W 

5 
C) 

I Wove Number - cycle/m 
"1 

Sr 
U 

Left Wneeltrack 
T K R L  Beam h 

Wave Number - cycle/m 

Figure 1.20.  PSD functions for Site TS05. 



Rod and Level 1 I 

Left 
APL 

P 

Wheeltrack 
72 1 I t Right Wheeltrack 

APL 72 1 I t 

* 
a '  
7 9 Left Wheeltrack Right Wheeltrack 
6 
\ 
E 
I 

P 
iO an 'a b b  
QI 8 
e 
0 - 
Ln 

Q, ... 
u Left h'heeltrack Right Wheeltrack 3- TRRL Beam * TRRL Beam 

E b I 
9 

I 

n 
v, e 
&, a 
0 n 

Q 5 P 

Wave Number - cyele/m Wave Number - cycle/m 

Figure 1 .21 .  PSD functions for Site TS06. 
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Figure 1.24. PSD functions for Site TS09. 
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Figure 1.26. PSD functions for Site TSl1. 
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Figure 1.27. PSD functions for Site TS12. 
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Figure 1.28. PSD functions for Site ORUI. 



b, 

6 
\ 

Left Wheeltrack 
Rod and Level 

E * 
I ' 9 

a 
w 
e 
B, 
P 
0 m 

"b C 

1 Right Wheeltrack I 

Wave Number - cycie/m 
I 

01 - 
o Left Wheeltrack 

I 

0 
LO e 
Q 
CZ 
0 10 
5 '  5! 

Left \vheeiarack 
APL 25 

I 

Right Wheeltrack 

10 

Wave Number - cycle/m Wave Number - cycle/m 

EIgure 1.29. PSD functions for Site GROZ. 



0 
I 

0 91 - 
Right Wheeltrack 
Rod and Level 

I 
9 

0 

Left Wheeltrack m 

Y 1 Rod and Level I 
S! 

0, i 
C-U 

5 

Wove Number - cycie/m 

a - Right Wheeltrack 
U - APL 25 
5\ 
\- 

m 

APL 25 S! 1 

Wave Number - cycle/m Wave Number - cycle/m 

Figure 1.30. PSD functions for Site GR03. 
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Figure 1.32.  PSD functions for Site GH05. 
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Figure 1 .34 .  PSD functions for Site GROT. 
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Figure 1.35.  PSD functions for Site GR08. 
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Figure 1.36.  PSD functions for Site GR09. 
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Figure 1.37. PSU functions for Site GR10. 
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Figure 1.39. PSD functions for Site GR12. 
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Figure 1.40.  PSD functions for Site TEO1. 
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Figure 1.41.  PSD functions for Site TEN.  
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Figure 1.42. PSD functions for Site TE03. 
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Figure 1.44. PSD functions for Site TE05. 



I 

Left Wheeltrack 
Hod and Level 

N' Right Wheeltrack 
Hod and Level 

Wave Number - cycie/m Wave Number - cycle/m 

P 
I 
9 

Right Wheeltrack 

Wave Number - cycle/m "I 
Right Wheeltrack 
TRRL Beam 

10 

Wave Number - cycle/m 

Figure 1 .45 .  PSD functions for Site TEU6. 



P, 4 - I 
u i 2. I 

\ 9 
E +  
' b  
n 
tn a. 
Q, Y) 

P I 
0 $2 
3 

In 
I Left Wheeltrack 
E! Rob and Level 

I 

* 
I 
0 

Left Wheeltrack V) 

b 

? 
n 
I 
P i  

0 - 
0 

P: Left Wheeltrack 

E 9 Right Wheeltracir 
I 

S: 
a. 
0 
P 
0 n 
5 In 

I 
Q 

Wave Number - cycle/m Wave Number - cycle/m 

Figure 1.46.  PSD functions for Site TEO7. 



Left Wheeltrack 
Rod and Level Right Wheeltrack 

Rod and Level 

a, Right Wheeltrack - 
U 
h Left Wheeltrack < 
E 'b 
I t 

a 
e, 
P 
0 m 

z y  8 
0 

a l  - 
u Left Wheeltrack 

P: Right Wheeltrack 

E $2 
I 

0 
v, 
h 

a, 
n 
0 n 

5 H 

Wave Number - cycle/m Wave Number - cyde/m 

Figure 1.47. PSD functions for Site TE08. 
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Figure 1.48. PSD functions for Site TE09. 
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APPENDIX J 

ADDITIONAL ANALYSES WITH TKE MOVING AVERAGE 

A moving average a n a l y s i s  has  been applied t o  measured p r o f i l e s  by CRR 

(Appendix G )  and by TRRL (Appendix H ) ,  t o  ob ta in  roughness numerics t h a t  

c o r r e l a t e  very we l l  with the  measures obtained with response-type road 

roughness measuring systems RTRRMSs. In each case ,  the  analyses  were appl ied  

t o  p r o f i l e s  obtained with a s i n g l e  measurement method, and the  r e p r o d u c i b i l i t y  

of t h e  numerics wi th  d i f f e r e n t  p r o f i l e  measurement methods had not been 

e s t a b l i s h e d  . 

The purpose of t h i s  appendix i s  to  de r ive  the  response propert ier;  of t h e  

moving average,  a s  was done f o r  the  QIr and RARS numerics (Appendices E and 

F), and a l s o  t o  apply s e v e r a l  of t h e  moving average analyses  t o  p r o f i l e s  

measured s t a t i c a l l y  and dynamically. 

Mathematical Definition of the Moving Average 

The moving average a n a l y s i s  c o n s i s t s  of th ree  s t e p s :  

1. Geometrically smooth the profile. A p r o f i l e  can be smoothed a.t 

each po in t  by consider ing an average over a baselength:  

where 

x = d i s t a n c e  t r a v e l l e d  

y r ( x )  = u n f i l t e r e d  "raw" v e r t i c a l  p r o f i l e  e l e v a t i o n  a t  p o s i t i o n  x 

ys (x )  = smoothed p r o f i l e  e l e v a t i o n  a t  p o s i t i o n  x 

b = baselength  of moving average 

X = dummy v a r i a b l e  of i n t e g r a t i o n  



When t h e  p r o f i l e  i s  sampled, t h e  i n t e g r a l  i n  Eq. 1 i s  replaced wi th  a  

summation: 

where 

m =  I N T  [ ( b  / dx) / 2  ] 

and 

i = index ,  i n d i c a t i n g  t h e  ith sample. 

dx = i n t e r v a l  between samples (m) 

INT = INTeger f u n c t i o n  used i n  FORTRAN and BASIC,  i n d i c a t i n g  t runca t ion .  

Eqs. 2 and 3  r e q u i r e  t h a t  t h e  baselength  correspond t o  an odd i n t e g e r  

m u l t i p l e  of dx. Thus, f o r  a n  i n t e r v a l  of 500 mm, moving average baselengths  

can be 1.0 m ( 3  p o i n t s ) ,  2.0 m ( 5  p o i n t s ) ,  3.0 m ( 7  p o i n t s ) ,  and so  on. When 

the  baselength  r e q u i r e s  an even i n t e g e r  m u l t i p l e  of dx ,  then the  smoothed 

average would correspond t o  a  p o s i t i o n  between samples, and a  s l i g h t l y  

d i f f e r e n t  equa t ion  can be used:  

where the  index ( i - .5 )  i n d i c a t e s  t h a t  t h e  smoothed value should occur halfway 

between samples i and i-1. t 

2. Subtract the smoothed p r o f i l e  from the o r i g i n a l  p r o f i l e .  

where y f ( i )  i s  t h e  f i n a l ,  f i l t e r e d  p r o f i l e .  When t h e  number of p o i n t s  

included i n  t h e  average i s  even,  then t h e  smoothed value  should l i e  between 

samples,  and an a l t e r n a t e  t o  Eq. 5 can be used: 



With t h i s  s t e p ,  the  smoothed p r o f i l e  i s  used a s  a reference  o r  datum, from 

which dev ia t ions  can be summarized i n  the  next s t e p .  

3. Summarize the filtered profile. The yf va r i ab le  w i l l  vary ablout 

ze ro ,  and must e i t h e r  be r e c t i f i e d  or  squared before  averaging t o  o b t a i n  a 

non-zero roughness numeric. In Belgium, the  value i s  r e c t i f i e d  and mlultiplied 

by 50 (assuming the  p r o f i l e  had been scaled i n  mm) t o  ob ta in  the  CP numeric. 

In Appendix H,  t he  WS value i s  used. 

Bandwidth of t h e  Moving Average. 

In  order  t o  de r ive  the  s e n s i t i v i t y  of t h e  moving average f i l t e r  t o  

wavenumber, i t  i s  convenient t o  consider  complex s inuso ida l  v a r i a b l e s  of the  

form : 

where 

and 

L = wavelength 

j =A 



The s e n s i t i v i t y  of t h e  moving average smoothing f i l t e r  t o  wavelength i s  found 

by s u b s t i t u t i n g  Eq. 7 i n t o  t h e  d e f i n i t i o n  ( f o r  a continuous s i g n a l )  of Eq, 1 :  

Ys/yr = l / b  i J ' Yo e l W X  dX 1 (Yo e j W X )  
x-b /2 

Where X = dummy v a r i a b l e  of i n t e g r a t i o n ,  Solving Eq .  10,  

- l / b  [ e J ~ ( x + b 1 2 )  jw - ,jw(x-b/2) / jw 1 ,-jwx ys/yl- - 

= l / ( j w b )  [ e jwbl2 - .-jwb/2 1 

Therefore ,  t h e  s e n s i t i v i t y  of t h e  f i n a l  f i l t e r e d  v a r i a b l e  pf t o  wavelength 

i s :  

Effect of Sample Interval 

The numerical equ iva len t s  t o  a moving average given i n  Eqs. 2 and 4 

approach t h e  " t rue"  moving average d e f i n i t i o n  (Eq. 1 )  when the  sample i n t e r v a l  

i s  much smal le r  than t h e  base leng th ,  such t h a t  t h e r e  a r e  10 or  more samples 

included i n  the  moving average. But the  r e s u l t s  repor ted i n  Appendix H 

i n d i c a t e  t h a t  when t h e  baselength  b i s  no t  much l a r g e r  than t h e  sample 



i n t e r v a l  d x ,  such t h a t  t h e r e  a r e  fewer samples wi th in  t h e  moving average,  the  

r e s u l t i n g  roughness measure depends on both  b and dx. 

The s e n s i t i v i t y  of t h e  numerical equivalents  (Eqs. 5 and 6 )  t o  wavelength 

can a l s o  be c a l c u l a t e d ,  by s u b s t i t u t i n g  Eq. 7 i n t o  Eqs. 2 and 4 .  Noting t h a t  

and t h a t  a l l  x values a r e  i n t e g e r  mul t ip les  of dx,  Eq. 5 can be converted t o  

the  wavenumber domain a s :  

( f o r  b/dx = odd i n t e g e r  number) 

while Eq .  6 can be converted a s :  

y f /y r  = cos(.5w dx)  - 1/2m 2 cos({k-.5) w dx)  (J-15) 
k= 1 

( f o r  b/dx = even i n t e g e r  number) 

Eqs. 14 and 15 were used t o  prepare the  four  p l o t s  shown i n  F i g s ,  J . l ,  

us ing the  baselength  of 2.5 m with measurement i n t e r v a l s  of 50 and 500 mm, and 

t h e  baselength  1.8 m wi th  100 amd 300 mm i n t e r v a l s .  Note t h a t  t h e  moving 

average f i l t e r  a t t e n u a t e s  wavelengths longer  than t h e  baseleng t h  , and 

t r ansmi t s  wavelengths t h a t  a r e  much s h o r t e r  than the  baselength with a un i ty  

ga in .  For wavelengths s l i g h t l y  s h o r t e r  than the  baselength ,  the  ga in  i s  

v a r i a b l e ,  ranging from 1.2 t o  0.85. When t h e  sample i n t e r v a l  i s  l a r g e r ,  the  

p r o p e r t i e s  of the f i l t e r  a r e  a f f e c t e d ,  because wavelengths t h a t  would be 

a t t enua ted  by the  smoothing of a t r u e  moving average can appear a s  a longer 

wavelength (with l e s s  a t t e n u a t i o n )  due t o  a l i a s i n g .  Since these  wavel.engths 

a r e  s t i l l  p resen t  i n  the  smoothed s i g n a l ,  they cancel  when subtracted from the 

o r i g i n a l ,  causing the  lowered reponse shown i n  t h e  p l o t s .  

Although the  moving average a n a l y s i s  i s  a high-pass f i l t e r ,  g e n e r a l l y  

pass ing wavenumbers h igher  than the  cut -off ,  the  summary numeric i s  p r imar i ly  

inf luenced by the  longes t  wavelengths t h a t  a r e  t r a n s m i t t e d ,  due t o  the 
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Figure J.1. Wavenumber Response Functions of the Moving Average for Baselengths 
and Sample Intervals Used in the IRRE, for an Elevation Input. 



s p e c t r a l  content  of roads (Appendix I). To b e t t e r  show the  a c t u a l  in f luence  

of d i f f e r e n t  wavelengths on the  roughness numeric, the  p l o t s  can be converted 

f o r  the  case  of a  s lope i n p u t .  For t h e  s inuso ida l  i n p u t ,  d i f f e r e n t i a t i o n  can 

be expressed a l g e b r a i c a l l y  : 

Thus, 

Eq.  17 was used t o  r e s c a l e  the  four  p l o t s  i n  Figure J. 1 f o r  the  case of a  

s lope i n p u t ,  t o  ob ta ine  t h e  p l o t s  shown i n  Figure 5 .2 .  

Upon examining the  p l o t s  f o r  t h e  2 .5  m baselength used f o r  the  CP 

s t a t i s t i c ,  i t  can be seen t h a t  the  CP moving average a n a l y s i s  used by CRR i s  

q u i t e  d i f f e r e n t  from the  Butterworth band-pass f i l t e r  a s  used by LCPC. But 

when road i n p u t s  a r e  considered which have a  f a i r l y  uniform s p e c t r a l  content  

i n  terms of s lope  i n p u t ,  then the  CP f i l t e r  p r o p e r t i e s  appear more l i k e  a  

band-pass. This i s  why the  LCPC and CRR analyses  g ive  h igh ly  c o r r e l a t e d  

r e s u l t s  when comparing the  SW c o e f f i c i e n t s  t o  CP2.5, the  MW coef f i c i e r l t s  t o  

CPlO, and t h e  LW c o e f f i c i e n t s  t o  CP40 (Appendix G). 

The p l o t s  shown f o r  the  1.8 m baselength  correspond t o  the  RMSD numeric 

described i n  Appendix H ,  a l though not completely s i n c e  t h a t  a n a l y s i s  uses a  

l i n e a r  r eg ress ion  l i n e  over a  l eng th  of 1.8 m r a t h e r  than a  simple mean. The 

RMSD numeric does no t  have a t r u e  l i n e a r  wavenumber response ,  but  i s  so 

s i m i l a r  t o  a  moving average t h a t  g e n e r a l i z a t i o n s  about the  wavenumber 

s e n s i t i v i t y  of one should hold f o r  t h e  o the r .  The p l o t s  i n  the  two f i g u r e s  

i n d i c a t e  why the  RMSD numeric i s  dependent on sample i n t e r v a l ,  and why i t  i s  

lowered with inc reas ing  i n t e r v a l .  

Comparison of Dynamic and Static Measures of CP 

Although t h e  moving average a n a l y s i s  was employed by both CRR and TRRL 

( s e e  Appendix H ) ,  time c o n s t r a i n t s  prevented the  d i r e c t  comparison of summary 
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Figure 5.2. Wavenumber Response Functions of the Moving Average for Baselengths 
and Sample Intervals Used in the IRRE, for a Slope Input. 
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numerics based on the  moving average f i l t e r ,  a s  computed from s t a t i c a l l y  

measured p r o f i l e s  (rod and l e v e l  or the  TRRL Beam) and from t h e  dynamically 

measured APL p r o f i l e s ,  by e i t h e r  of those  agencies.  Since t h e  r e s u l t s  

repor ted  from CRR and from TRRL were both very encouraging, the  moving average 

a n a l y s i s  was performed more r e c e n t l y  a t  DITRI on both t h e  APL 7 2  p r o f i l e s  

supplied by LCPC and the  rod and l e v e l  p r o f i l e s  suppl ied  by The Braz i l i an  

Transpor ta t ion Planning Company (GEIPOT), using the  same computer pro,gram 

(modified) t h a t  produced the  Q I r  and RARS numerics repor ted  i n  Appendices E 

and F. These r e s u l t s ,  sca led with CP u n i t s ,  a r e  l i s t e d  i n  Table J.l 

The APL 7 2  s i g n a l s  were the  same ones used t o  compute QIr and RARS 

numerics, and were obtained a t  50 mm i n t e r v a l s  as  described i n  Appendix A. 

The numerical  methods used f o r  both t h e  APL and the  rod and l e v e l  p r o f i l e s  a r e  

those  descr ibed i n  t h i s  appendix,  and t h e r e f o r e  may not  exac t ly  match the  

procedure used a t  CRR. For example, the  d a t a  processing a t  CRR was r o u t i n e l y  

performed us ing th ree  adjacent  s e c t i o n s  100 m l o n g ,  whereas the  processing a t  

UMTRI was performed continuously f o r  each 320 m s i t e ;  a l s o  a sample i n t e r v a l  

of 1 / 3  m i s  normally used a t  CRR i n  c o n t r a s t  t o  the  50 mm i n t e r v a l  used by 

LCPC. 

In comparing the  numerics i n  Table J. 1 t o  the  CP numerics i n  Appendix G ,  

very good agreement i s  seen when the  baselength  was 2.5 m ,  a l though agreement 

i s  not  a s  c lose  f o r  baselengths  of 10 and 40 m, (The numerics reported i n  

t h i s  appendix tend t o  be higher  by 5% - l o % . )  Even though t h i s  i n d i c a t e s  t h a t  

the  r e s u l t s  i n  t h i s  appendix a r e  not completely equ iva len t  t o  the  CP numeric 

a s  computed by CRR, they appear t o  be s i m i l a r  enough t o  compare the  s t a t i c  and 

dynamic measurements, a s  long a s  the  comparisons a r e  l imi ted  t o  the  r e s u l t s  

presented i n  t h i s  appendix. (Unfor tunate ly ,  time c o n s t r a i n t s  f o r  t h i s  r e p o r t  

prevented co l l abora t ion  between UMTRI and CRR t o  r eso lve  the  d i f f e r e n c e s . )  

For convenience, the  numerics a r e  r e f e r r e d  t o  a s  CP i n  the  following 

d i s c u s s i o n ,  even though they a r e  " u n o f f i c i a l .  I '  

For the  CP2.5 numeric, t h e  500 mm sample i n t e r v a l  used wi th  the  rod and 

l e v e l  measures causes t h e  d i g i t a l  f i l t e r  t o  behave d i f f e r e n t l y  than a t r u e  

moving average,  a s  ind ica ted  i n  Figs.  J . l b  and J.2b. Therefore,  the  28 

p r o f i l e s  from the  TRRL Beam were processed t o  ob ta in  the  CP2,5 numeric, and 

these  r e s u l t s  a r e  l i s t e d  i n  the  Table, r a t h e r  than those  obtained from rod and 



Table J.l. Summary of Moving Average (CP) Numerics Obtained a t  UMTRI from 
S t a t i c a l l y  Measured P p r o f i l e s  and from the  APL T r a i l e r .  

Test  
S i t e  

CP(2.5) 
Lef t  Right 

Beam APL Beam APL ..................... 
. 0 .  I . . . . .  57 ... 65 ... 84 
..a 84 ... 92 
90 77 77 70 
100 103 94 80 
112 116 95 102 ... 58 ... 44 . .  46 ... 46 ... 73 ... 50 
0 69 41 57 ... 61 ... 75 
35 . e s  29 ... 27 ... 27 

CP( 10) 
Lef t  Right 

R&L APL R&L APL ..................... 
176 ..* 199 190 

57 60 e ... 108 82 86 . . a  

0 . .  69 . o .  m e .  116 112 106 a * .  ... o . 6  105 e . 0  m e .  306 189 175 
e . 0  110 ...**. 218 186 181 
152 173 122 s e e  251 230 264 . a *  

. * *  153 s e e  0 . 0  220 243 235 e * .  

112 93 66 0 . 0  163 126 125 ..* 

CP(40) 
L e f t  Right 

R&L APL R&L APL ..................... 
520 ... 549 579 
573 487 480 432 
672 521 584 474 
632 562 559 556 
644 590 658 568 
667 525 667 523 
259 239 247 241 
296 266 240 201 
423 406 354 344 
384 323 368 306 
426 448 440 436 
304 ... 334 281 
242 246 254 261 

276 212 317 ..* 
444 365 522 439 
425 364 485 . a .  

321 261 285 . * .  



Figure 5.3 compares t h e  moving average measures s t a t i c a l l y  and from APL 

p r o f i l e s .  The four  s c a t t e r  p l o t s  show t h a t :  

1. The CP2,5 numerics computed from the APL 72 s i g n a l s  a r e  h igher  than 

those computed from rod and l e v e l .  This i s  t o  be expected from the  wavenumber 

s e n s i t i v i t y  p l o t s  shown i n  Figs. J.1 and 5.2. The r e s u l t s  shown here  and i n  

Appendix H i n d i c a t e  t h a t  a  moving average a n a l y s i s  must r e q u i r e  e i t h e r  t h a t  

t h e  sample i n t e r v a l  be f ixed  ( a s  suggested i n  Appendix H ) ,  o r  t h a t  i t  be 

s u f f i c i e n t l y  small  t h a t  a l i a s i n g  w i l l  not  be s i g n i f i c a n t .  A problem with 

spec i fy ing  a  f ixed sample i n t e r v a l  i s  t h a t  t h e  magnitude of the  a l i a s i n g  

e f f e c t  depends on the  s p e c t r a l  con ten t s  of the  p r o f i l e ,  which i s  l imi ted  by 

the  bandwidth of the  APL t r a i l e r .  Hence, speci fying a  f ixed sample i n t e r v a l  

could g ive  d i f f e r e n t  r e l a t i o n s h i p  between measures obtained with the  APL and 

those  obtained s t a t i c a l l y .  A more p r a c t i c a l  problem i s  t h a t  a  spec i f i ed  

i n t e r v a l  decreases  the  opt ions  a v a i l a b l e  f o r  measuring p r o f i l e .  

On t h e  o t h e r  hand, a l i a s i n g  can be e l iminated simply by using a  [smaller 

i n t e r v a l .  Fig. 5.3 i n d i c a t e s  good agreement between the  APL and Beam 

measures, which used a  100 mm i n t e r v a l .  

2. The CPIO numerics a s  comput'ed from the APL 72 a r e  nea r ly  i d e n t i c a l  

t o  those  obtained from the rod and l e v e l ,  with the  except ion of two of t h e  

roughest  unpaved roads ,  which appear a s  " o u t l i e r s . "  Excluding the  two 

" o u t l i e r s , "  t h e  p l o t  shows t h e  remaining 73 d a t a  p o i n t s  ly ing  very c l o s e  t o  

t h e  l i n e  of e q u a l i t y ,  matching the  r e p e a t a b i l i t y  of t h e  s t a t i c a l l y  measured 

RARS numerics, al though the APL measures a r e  about 5% lower than the rod and 

l e v e l  measures. 

The " o u t l i e r s "  (GR 03 and TE 12)  both have corresponding PSD func t ions  

t h a t  a r e  q u i t e  d i f f e r e n t  i n  the  two wheeltracks ( see  Appendix I ) ,  such t h a t  

the  l a t e r a l  p o s i t i o n i n g  of the  APL T r a i l e r  appears t o  be c r i t i c a l  on these  

sec t ions .  For the  worst " o u t l i e r "  (GR 0 3 ) ,  the  l e f t  wheeltrack has a  pe r iod ic  

component t h a t  occurs  exac t ly  a t  t h e  10 m wavelength, This peak i s  seen i n  

the  PSD measured wi th  rod and l e v e l  but  not  the  PSD obtained wi th  the  t r a i l e r ,  

exp la in ing  why the  rod and l e v e l  measure i s  so much higher .  



CP2.5 f r o m  Rod and Level 

a. 2.5 m Moving Average 

CP40 f r o m  Rod and Level 

CPto from Rod and Level 

b. 10 m Moving Average 

CPZa5 f r o m  TRRL Beam 

c. 40 m Moving Average d. 2.5 m Moving Average 

F i g u r e  5.3. Camparison of  CP Numerics from S t a t i c a l l y  Measured P r o f i l e s  and from 
t h e  APL T r a i l e r .  



3. The CP40 measures obtained from the  APL a r e  about 10% lower than 

those obtained from the  rod and l e v e l .  In viewing the response p l o t  of the  CP 

a n a l y s i s  (F ig .  J . 2 ) ,  i t  can be seen t h a t  wavelengths longer than the  

baselength  a r e  not completely a t t enua ted .  For example, the  ga in  a t  wavenumber 

0.2 (wavelength = 5 m) i s  3 /4  of the  gain  a t  wavenumber 0.4 (wavelength = 2.5 

m = baselength) .  For the  case  of 40 m baselength ,  t h i s  means t h a t  the  

a n a l y s i s  i s  a f f e c t e d  by wavelengths longer than 40 m. But the  APL 7 2  response 

(Fig .  G . l  i n  Appendix G )  does not include these  longer wavelengths, whereas 

t h e  s t a t i c  rod and l e v e l  method does. Appendix I ,  which conta ins  PSD 

func t ions  obtained from the  APL T r a i l e r ,  TRRL Beam, and rod and l e v e l ,  show 

t h e  d i f f e r e n c e  i n  slope inpu t  a t  the  very long wavelengths (low wavenumbers). 

The d i f f e r e n c e s  shown i n  Fig. G.4c may r e f l e c t  the.bandwidth l i m i t a t i o n  of the  

APL T r a i l e r .  

In  summary, t h e  CP2.5 and CPIO can be obtained e i t h e r  with a  

s t a t i c a l l y  measured p r o f i l e  o r  wi th  an APL T r a i l e r ,  without any s i g n i f i c a n t  

e r r o r  beyond the  normal r e p e a t a b i l i t y  a s soc ia ted  with p r o f i l e  measurement. 

The sample i n t e r v a l  must be smal l ,  however, t o  ob ta in  good agreement with the  

CP2,5 numeric. However, the  CP40 numeric i s  in f luenced ,  i n  p a r t ,  by the  

response p r o p e r t i e s  of the  APL T r a i l e r  because the  rod and l e v e l  measure 

inc ludes  a  s l i g h t  e f f e c t  of wavenumbers t h a t  a r e  too low t o  be sensed by the  

APL T r a i l e r .  




