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WAPTER 1 ME'RIODOCOGY FOR WALUATING UFBW FREEWAYS 

INTROCU CT ION 

Arizona DOT has a worl d renowned pavment management system. This 

system has p r w l d e d  tremendous benef I t s  t o  t h e  department i n  many areas. 

However, t h e  system i s  not per fect  and i t  cannot be expected t o  f u l  flll 

a1 1 of t h e  needs o f  t h e  department w i t h  respect t o  pavment condl t i o n  

eval uat ion needs. One area of par t i cu l  a r  concern i s  t h e  urban f reevay 

network. For several reasons, t he  urban freeways cannot read i ly  be 

t reated w i t h i n  t h e  f ranwork  o f  t he  department's current pavement 

management system. The prlmary reasons f o r  t rea t1  ng urban freeways I n  a 

unique manner are the  use of port1 and cement concrete pavanents and t h e  

high t r a f f  i c  vol  unes i n  urban areas. 

Stated b l  un t l  yr ADOT) s pavement management sy s t m  primari  1 y 

addresses the  bulk o f  the  ru ra l  network consisting o f  predunlnately 

asphalt pavanents w l t h  law t r a f f l c  vol  unes re1 a t i v e  t o  t h e  urban 

condi t lons. The pavment a n d 1  t i o n  survey procedure, performance model s 

and 1 i f e  cycl e anal ys1 s methods a r e  not appropriate f o r  the eval uat ion 

o f  urban FCC f reeways. 

Due t o  these cons1 derat i  ons, research 1 s requi red t o  f u l  f ill the 

needs of urban freeway w a l u a t l o n  and modeling. The high concentration 

o f  t r a f f  1c on t h e  urban f reway f a c i l  i t i e s  make t h l s  an important task 

even though t h e  mileage af the  urban f reway systan i s  r e l a t i v e l y  

l imlted. Completedevelopnent of an urbanfreeway waluat lon, modeling 

and l i f e  cyc le  cost analys ls  procedures i s  a lengthy process. Texas has 

an ongoing pro jec t  which was i n i t i a t e d  I n  t h e  ear ly  1970's. The purpose 

of t h i s  pro ject  was t o  get t h e  process star ted by p r w l d i n g  background 

1 nf ormation on t h e  current state-of-the-art f o r  r i g i d  pavment 

eval uat lon and 1 i f e  cyc le oost analysl  s. 

The f i n a l  product of t h e  pro jec t  was t o  be an executlve surmary 

type repo r t  f o r  actninistrattve personnel. Yet as t h e  pro ject  unfolded, 

too  much valuable i n fomat ton  was unwvered t o  be adequately t rea ted  i n  

such a shor t  report. Therefore, a unique approach was taken f o r  the  

s t ruc ture  of t h i s  report. The sunmary, recanmendations and concl usions 

of t he  pro ject  have been pu l led  forward f o r  M e  oonvenience of the  



adnlni s t r a t i v e  rwiemers. The f a c t s  and 1 I t e r a t u r e  c i t a t l o n s  which 

support these conclusions are  presented i n  t h e  subsequent chapters. The 

state-of- the-art  i n  pavement condl t i o n  eval uat lon q u i  p e n t  I s  presented 

I n  Chapter 2. Specif i c  procedures f o r  r i g i d  pavement condi t ion 

eval uat lon and data analysl s f o r  the  devel opnent of both a canposite 

pavment condi t ion index and r i g 1  d pavment performance model s are 

described I n  Chapter 3. L I fecyc lecos tsana lys ismethodo log iesare  

presented i n  Chapter 4. The format selected f o r  t h l s  repo r t  

necessitates sane redundancf es i n  t h e  presentat ion o f  information 

between Chapter 1 and the  subsequent, more deta l led chapters. I n  

addit ion, mater ial  I n  Chapter 1 i s  presented without references. The 

approprlate references as we l l  as support f o r  the conclusions and 

recommendations a r e  presented i n  Chapters 2r 3 ,  and 4. 

SJ W R Y  AND RECOMWNDATIONS 

Pavment condl tl on eval ua t l  on, per f  ormanca model ing  and 1 i f  e cyc le  

cost analys is  have been Important t op l cs  f o r  many years and there  I s  a 

wealth of information. Yet constant ly changing technology I s  p r w i d l n g  

new tool  s f o r  pavement eval uat ion and model lng  a t  a rap1 d pace. 

Unf ortunatelyr pavenent condi t ion w a l  ua t ion  i s an extremely canpl ex 

task  requ i r ing  specf a1 ized equi pment, yet  t h e  market f o r  pavement 

eval uat ion equi pnent i s  very 1 lmited. Manufacturers o f  pavment 

cond i t ion  eval u a t l  on equi p e n t  must amortlze equl pment devel opnent oosts 

over very f e w  units. The primary example of pavmentevaluat ion 

equipment whlch appears t o  be wer-pr lced re1 a t i ve  t o  canparable 

techno1 ogy I n  other  1 ndustr l  es i s t h e  K. J . Law Prof 11 meter .  Thl s 

device has been on t h e  market since 1%8 yet  only seven u n i t s  have been 

purchased. Whil e the Law Prof 41 m e t e r  I s an extreme exampl e, even t h e  

most widely used pavment w a l  uat ion equipment such as t h e  Mays meter 

and the  Fa1 1 i n g  Weight Def 1 ectaneter are general l y  custan manufactured 

a f t e r  be1 ng ordered. 

The net  resul t of  the  canpl e x i t y  of t h e  requi red measuranents and 

t h e  re1 a t l ve l y  law demand I s  t h a t  pavenent w a l  uat lon equl p e n t  1s 

general ly expenslver and t h e  user may wind up h w  ing  a 1 arger than 

a n t i c l  pated r o l e  i n  t h e  f lnal  devel opnent and f l e l  d t e s t l n g  o f  t he  



equl p e n t .  As a result ,  many pavanent a n d 1  t l o n  measurenents whlch can 

conceptually be autmated are s t i l  1 being pe r foned  by technic1 ans using 

re1 a t l ve l  y simp1 e methods. 

There are  a wlde va r le t y  of devices used f o r  pavenent evaluat ion 

equlpnent. This pro ject  was I l m l t e d  t o  t h e  w a l u a t l o n  o f :  

1. Surface tex ture  

2. Pavanent layer  thickness 

3. Pavenent d l  stress and j 01 n t  condl ti on 

d .  Vold detect ion 

Devices f o r  roughness, pavement prof 11 e, f r l  c t l  on, def 1 e c t i  on, etc., 

were not reviewed durlng t h i s  pro ject .  

Surf  ace Texture. There i s I ncreasl ng i n t e r e s t  I n  t h e  use of 

pavenent surface tex tu re  as an ind lca tor  of the  ab i l  l t y  of the  pavenent 

t o  p r w  lde adequate f r l c t l o n  a t  t h e  ti re-pavanent interface. There are  

many methods f o r  measuring t e x t u r e  and ASTM standards a re  aval lab le f o r  

several of these. The drawback t o  these measures i s t h e  need t o  close 

t h e  f a d  1 ity f o r  t he  measurenent. 

The Federal Hlghway Adninl s t r a t l o n  recent ly  sponsored t h e  

devel opnent of an opt1 cal dev ice f o r  pavement t ex tu re  measurments. The 

device can reportedly measure both micro and macre tex ture  f ran  a 

veh ic le  mwing  a t  40 mph. Pennsylvania State University had t h e  

contract f o r  t h e  design and assembly of a prototype devlce. The device 

I s current ly  being eval uated by s ta te  highway agencies. The r e s u l t s  o f  

t h e  evaluat lon a r e  not ava i l ab le  a t  t h l s  time. Thus, use of t h i s  

e q u l p e n t  i s  no t  recanmended a t  t h l s  time. 

The Swedl sh RST equl w e n t  uses high speed 1 asers t o  measure i n 

great  de ta l l  the  p r o f i l e  of t h e  pavanent. The services o f  t h i s  

equl p e n t  a re  marketed by In f ras t ruc tu re  Managanent Systems formerly 

Nwac Dempsey. I n  my opi nlon, t h e  manufacturer and h i s  representative 

a re  not  re1 easl ng enough 1 n f  onnatl on about t he  dev Ice  f o r  independent 



w a1 uat l  on. I n  addi tion, the  equi p e n t  cannot be pi!rchased. Hence, 

rout1 ne pavment condi t l o n  eval uat ion r q u i  res a cunmitment t o  

cont inual ly  use t h e  services o f  IMS. For these reasons, the use of the 

RST i s  rejected. 

A t  t h i s  t ime the  only standardized method which may be recanmended 

i s  one of the  vo lunet r ic  methods such as t h e  s i l ' l y  putty, sand patch or  

the  grease snear. The vol m e t r i c  methods have several shortcomings 

whlch shoul d be recognized. F i  rst, they are only appl fed t o  a very 

1 irnited area of the pavanent. The contact area of the  measurment 

material i s  measured i n  square Inches. A t e s t  I s  general l y  assuned t o  

be representat lve of several thousand square yards o f  pavment surf ace. 

One must question I f  t h l s  I s  an adequate sample f o r  ob ta ln inga  

meaningful measuranent. Second, the  vol unet r ic  t e s t s  requl r e  closure of 

t h e  pavment t o  t r a f f l c  which may be d l f f i c u l t  t o  j u s t i f y  i n  an urban 

env 1 roment. 

The a1 te rnat lve  t o  measuring surface tex ture  I s  t o  use the  

Department 1s Mu-meter t o  obtal  n f rlcti on measuranents. The avai l  ab l l  f l y  

of the equipnent and standard t e s t  methods i n  t h e  department, as wel l  as 

t h e  a b l l  l t y  t o  t e s t  a t  high speeds are a l l  fac tors  which weigh heavi ly 

i n  favor of us1 ng the  Mu-meter t o  obta in f r i c t l o n  measures rather  than 

surf  ace tex ture  measurments. 

-Thl_ckness. The t r a d i  t l ona l  method f o r  detenni nation o f  

pavement 1 ayer thickness i s  by obta in ing a m r e  of the  pavment. This 

i s slar and expensive. Unfortunately, there i s  no proven technology f o r  

rap1 dly determining pavment 1 ayer thicknesses a t  this time. There are 

two devices which w l l l  determine pavment layer  thickness, the RODAR 

u n i t  and t h e  Spectral Analysis o f  Surface Waves, SASW. The RODAR device 

i s propr l  etary. The serv ices are ava i l  abl e through Gul f Techno1 ogi es. 

The services h w e  been evaluated by several highway agencles w i th  mixed 

resul ts. The operating speed I s f i v e  t o  t e n  mph so 1 ane closure i s 

required f o r  urban freeway operation. The ShSW technique I s  current ly  

being developed a t  t h e  Un ivers i ty  of Texas f o r  t he  Texas State 

Department of Highways and Pub1 i c  Transportat l  on and t h e  U.S. Ai r Force. 

The advantage of .the system i s  t h e  closed form sol u t ion  f o r  detennlnf ng 

both modul us and 1 ayer thlckness. Unfortunately, t h e  method r q u i  res 



sensors i n  contact w i th  t h e  pavement surface. Thus, it i s  a s t a t i c  

test .  Currently, each t e s t  requi res about one ha1 f hour a1 though the  

researchers a re  at tanpt lng t o  speed up t h e  test .  

Thus, there  i s  no t  a v i a b l e  opt ion a t  t h i s t i m e f o r  rap id l y  

determlni ng pavenent thicknesses. Coring i s  s t i l l  t h e  only v iab le  

method of re1 i ably determining pavment thicknesses. 

J o i n t  Co-. Of a1 1 the  areas o f  pavment 

condi t f  on measuranents, sur f  ace d i  s t ress i s generati ng the  greatest 

a t ten t i on  by equi p e n t  manufacturers. Unfortunately, t h i s  area has no t  

produced p r w e n  canmerci a l l y  ava i l  able e q u l p e n t  a t  t h i s  time. The 

Swedish RST 1 s no t  acceptable f o r  reasons given ear l  ier .  There a re  

several devices f o r  captur ing pavement condi t ion Images f o r  manual 

analysi s i n  t h e  1 aboratory. This  appears t o  be the  best method f o r  

obtaining t h e  data without i n t e r f e r i n g  w i th  t r a f f i c .  Other systems f o r  

onboard and real  t lme processing o f  t h e  data have not been successful a t  

t h l s  time. 

The only p rwen method f o r  pavenent d is t ress  surveys a t  t h i s  t lme 

i s  w i th  hunan observers. For the  t ime being the  observers w i l l  have t o  

be I n  t h e  f i e ld ,  a1 though the  economfcs o f  h f r f ng  a photologging van 

shoul d be f u r t h e r  w a l  uated. 

J o i n t s  a re  t h e  c r l t i c a l  elenent i n  t he  performance of r i g i d  

pavments. Dist ress a t  t h e  j o i n t s  w i l l  be determined d u r i n g t h e  

condi t ion survey. The s t ruc tura l  adequacy of t he  j o l  n t  i s  generally 

eval uated as t h e  a b i l  i t y  af t he  j o i n t  t o  t rans fer  de f lec t lon  f ran one 

side of the  j o i n t  t o  t h e  other. The r a t i o  of de f l ec t i on  f ran  one side 

of the j o i n t  t o  t h e  other i s  termed t h e  j o i n t  eff ic iency. Both t h e  

Dynaf lect and Fa1 1 ing Weight Def lectaneter  may be used f o r  measuring 

j o i  n t  ef f i c i  ency . 
Void D&&Jm. Vol ds a re  a major problen w i t h  r l g l d  pavments. 

Two techno1 ogi es are w a l l  abl e f o r  detect i  ng voids, ground penetrat ing 

radar and def l  ect ion measurenents. Ground penetrat i  ng radar services 

a r e  avai 1 abl e f m Gul f Techno1 ogi es and Donahue Assocl ates. 

Demonstration pro jec ts  I n  several s tates have not been pa r t i cu la r l y  

successful. Def lect ion measurenents i s  t h e  method o f  choice f o r  



evaluat ing v o i d  presence. The key t o  us ingde f l ec t l on  d e v l c e s f o r  

detect ing v o i  ds i s  t h e  1 ocat lon o f  t he  measurments. Schenes have been 

developed i n  I 1  1 i no i  S, Ind l  ana and Texas f o r  vo id  detect1 on w i t h  

de f lec t ion  equipnent. 

There a re  a wide var le ty  of pavanent condl t l o n  survey manual s 

available. Many of these manuals a r e  based on the  d i s t ress  

identification photos f i r s t  published by Smith, Danter and H e r r i n  f o r  

the Federal Highway Adnfnistrat ion. I n  general, when s t a r t i n g  out  i n  

pavenent eval uation, t h e  pavanent d l  s t ress survey shoul d be as amp1 e te  

as possible. A f te r  experience i s  gained w l t h  the w a l u a t i o n  system, the  

l n tens l t y  of the  data c o l l e c t i o n  may be reduced. The MWA recent ly  

pub1 Ished a pavenent condl t i o n  r a t i n g  guide f o r  a1 1 highways based on 

t h e  s t a t e - o f - t h e a r t  I n  pavanent condl t l o n  w a l  uation. 

The survey requires observers t o  walk on t h e  shoulder of t he  

pavment and observe t h e  dlstress. The observer must record data on two 

forms, pannel condl t lon and j o i n t  condit ion. The sample slze, i.e. t h e  

por t lon o f  the pavment observed, recommendations i n  t h e  FHWA repo r t  

were developed f o r  ru ra l  conditions. The sample s ize  r q u i r e n e n t s  f o r  

urban freeways i n  Arizona a o u l  d be determined I n  a f o l l  ow-up research 

pro j  ect. 

The recanmended procedure f o r  detenninf ng t h e  m i  nimun req u i  red 

sample s ize  f o r  re1 iab ly  de f in ing  t h e  condl t l o n  of the  pavment Is :  

1. The d l  s t ress survey method shoul d be appl l ed  t o  obta i  n a 100 

percent sample of t h e  pavanent condi t ion f o r  several mi les  of 

highway. 'Ihe exact mileage requirement would be determined 

dur ing t h e  research, but I suspect 20 t o  30 mi les o f  data are  

required. 

2. The data a re  divided i n t o  one-mil e sections and a pavement 

condi ti on index i s  cumputed f o r  each section. This  val  ue i s  

accepted as t h e  t rue  pavenent d is t ress  value f o r  the section. 

3. Each m l l e  1s divided I n t o  sample u n l t s  o f  25 fee t  (a  m a r h a t  

d i f ferent  1 ength may be used depending on j of n t  spacing, etc. 1 



4. The data f o r  the sample u n l t s  can now be canbined t o  obtaln 

v a r l  ous 1 engths o f  pavanent condl ti on observations. For 

example, two sample u n l t s  can be canblned t o  define a 50 foo t  

1 ong sect ion which corresponds t o  approximately a one percent 

sample (50 f t  per 5,280 ft). A pavanent condft ion r a t l n g  score 

i s  canputed f o r  each of the  cumposite lengths and compared t o  

the  pavanent condl t i o n  score f o r  t he  en t l  r e  mile. Since t h l s  

analysl s may be completely autanated, It I s  possi b l  e t o  analyze 

a wlde var ie ty  of comblnatlons. 

5 .  The resul t s  o f  the  process w ill be a def In1 t l o n  o f  the mlnimun 

mount o f  data requi red t o  obtal  n re1 i abl e measures o f  t he  

d l  stress o f  the ent i  r e  pavment. 

The pavment condi t ion evaluat ion I s  an extremely Important 

a c t l v l t y  f o r  the  developnent o f  pavanant performance model s and 

subsequently 1 l f e  cyc le cost model s. Theref ore, u n t i l  the procedures 

recommended I n  t h l  s repor t  a re  f l e l  d tested I n Arlzona, they cannot be 

expected t o  be t h e  perfect answer. For example, the  photos used f o r  

d i s t ress  i d e n t l f l c a t l o n  have been wldely accepted by the  hlghway 

m m u n l t y .  Hawwer, there mu1 d be d l  stresses I n  Arizona not adequately 

covered I n  t h e  manual. A1 SO, t h e  o r l g l  nal negatives f o r  the  M W A  

pavment dl  s t ress i dent1 f f c a t l  on photographs have been m i  spl aced; thus, 

there has been a l oss  o f  c1 a r l t y  i n  the  photos. Therefore, it may be 

necessary t o  obta ln sane new photographs o f  t h e  d l  stress types of 

part1 cu1 a r  concern I n Arizona. 

The procedures descrl bed I n  t h l s  docunent a re  f o r  t h e  measurment 

and eval uat ion o f  pavment d l  stress. Pavement condl ti on detenninatlon 

r q u l  res t h e  eval ua t l  on o f  a1 1 aspects of pavanent performance I ncl udl ng 

roughness, s t ructura l  capacl ty and f r i c t l  on. These parmeters may be 

m b l  ned t o  develop a canposlte pavement condl t lon Index. The amposl te 

I ndex i s  useful f o r  def ining t h e  condl t i o n  of t h e  process, but It I s  not  

suf f i c l  ent fo r  the decl s l  on process. Decl sions concern1 ng pavanent 

s t ra teg ies  should be tempered by fac tors  such as t h e  t r a f f  l c  vo l  me, 

highw ay c l  asslf fcation, re1 I abl l  I t y  requl ranents, etc. Whll e these 

fac tors  must eventually be analyzed, fu r ther  d l  scusslon of then I s  

outside t h e  scope of t h l s  report. 



The u l  t lmate goal of a pro jec t  on urban freeway ma1 uat lon i s  t h e  

developnent o f  analysls too l  s f o r  detennlnlng t h e  l e a s t  cost o f  

p r w  id lng  t h e  f a c i l  i t l e s .  Least cost must be detennlned over the 1 l f e  

of t he  f a c l l l t y  rather than j u s t  uslng t h e  f i r s t  cost. L i f e  cyc le cost, 

LCC, analysi s requl res detennlnl ng both t h e  cost o f  p r w  id lng  t h e  

f a c l l  i t y  and t h e  user cost. The costs o f  p r w  ld ing  t h e  f a c l l  i t y  are 

adnlnlstered by the  state hlghway agency and are thus ca l led  agency 

costs. 

Agency costs are  generally separated i n t o  t h e  In1 tl a1 construct ion 

cost and t h e  malntenance and rehab11 i t a t l o n  costs. I n  general, t h e  

1 n l  ti a1 cost I s much easl er t o  determine than t h e  mai ntenance costs. 

I n i t l a l  costs may be estimated f ran deta i led  b i d  docunents o f  

contractors. Ma1 ntenance costs are more df f f  l c u l  t t o  estimate because 

they are dependent on the  performance of the  pavement and t h e  cost f o r  

performing each maintenance a c t i v i t y .  Data bases are  now being 

establ lshed which w 11 1 a1 lar t he  devel opnent of reasonabl e estimates o f  

these parmeters. 

User costs have always been d l f f  i cu l  t t o  quanti fy.  However, there  

has been a cons1 derabl e mount  of research developed I n  t h e  past t e n  

years f o r  estimating user costs I n  l i f e  cyc le cost analysls o f  

pavements. There are cunputer model s ava l l  abl e f o r  est imatl  ng user 

costs d i r e c t l y  i n  t h e  1 l f e  cyc le  cost analysls. 

Once the  costs have been estimated, the  econanlc analysis t o  place 

a l l  of t he  costs on an equivalent basls I s  r e l a t l v e l y  straightforward. 

The net present value method i s  successfully being appl led by other 

agencies. 

There are  several cunputer programs avaf l  able f o r  performing 1 i f  e 

cycl  e cost anal y s l  s f o r  projects. l h e  model s used I n A1 aska, Texas, and 

Pennsy lvani  a shoul d be obtal ned and exam1 ned f o r  sul tab1 1 l t y  i n  Arizona. 

C r i t e r i a  f o r  use I n  LCC model evaluation are: 

1. modul ar  construction t o  permit easy updatl ng and modlf i c a t l  on 

2. appl i c a b l l  i t y  of t h e  pavment performance model s 



3. s e n s l t l v i t y  of the  model s t o  envi rormental~ t r a f f i c  and 

pavement desl gn v a r l  abl es 

4. Input data requi renents 

While there  I s  a considerable amount of research and prac t ica l  

appl l ca t i ons  ava l l  abl e f o r  t he  urban freeway pavment eval uation, the  

probl an has no t  been solved. Local condl ti ons must be exam1 ned and 

i ncorporated I nto  the  pavment condl ti on ev a1 ua t l  on, the  performance 

models and t h e  1 i f e  cyc le cost analysis. The process w i l l  requi r e  years 

o f  e f fo r t ,  but as w l t h  t h e  success o f  tlre ADOT pav men t  management 

s y s t m ~  t h e  payoffs are  great, pa r t i cu la r l y  i n  l i g h t  o f  t he  freeway 

construction progrm t h e  deparStment i s facing. 



CHAPTER 2 STATE OF THE ART 

I N  TROCU (=T ION 

The purpose of t h i s  chapter i s  t o  docunent t h e  s ta te-o f - thear t  i n  

pavement w a l  uat ion equipment t h a t  w ill poten t ia l l y  be useful f o r  

determining t h e  condi t ion o f  the urban freeways i n  Arizona. The 

contents o f  t h i s  chapter were derived f ran the  engi neeri ng 1 i t e ra tu re  on 

the  topic, research reports  and i nterv iews w l t h  equi p e n t  manufacturers. 

There are  several pavenent a n d l  t l o n  var iab les  t h a t  can p r w  ide an 

estlmate of t h e  need t o  maintain or  repa i r  a pavenent. The pavenent 

condl t i o n  v a r l  abl es o f  in teres t  duri  ng t h i s  pro jec t  are: 

1. Surf ace tex tu re  

2. In-pl ace pavanent t h  lckness 

3. Surf ace d is t ress  

4. Voids under the  pavanent surface 

5. Jo in t  condi t ion 

The other measures o f  pavment w n d l  tion, such as st ructura l  capacity, 

roughness f r i c t l o n  nunber, etc. were not considered I n  t h i s  project. 

SU RFACE TEXTU RE EV PLU ATION 

H i  s to r i ca l  ly, t he  safety aspects o f  the  tl re-pavement In terac t ion  

were measured wi th  a locked wheel f r i c t i o n  (sk ld)  tester .  I n  Arizona, 

the  Mu meter i s  used I n  place of t he  locked wheel skl  d tester.  I n  

general, t h e  problem with f r i c t i o n  measurment i s  t h e  sens i t i v i t y  t o  

both t h e  f r i c t i o n  o f  the  ti re-pavement i n te rac t i on  and the  technique 

used t o  obta in t h e  measurenent. Hence t h e  need f o r  t h e  cal i b ra t i on  of 

the  f r i c t i o n  tes te rs  a t  the  natlonal centers. While t h e  tire-pavement 

f r i c t i o n  i s  t r u l y  the important parmeter  when i t  canes t o  stopping a 

vehlcle, f r i c t l o n  I s  not  a pavenent condi t ion parameter. This f a c t  may 

contr ibute t o  t h e  poor corre l  a t ion  betueen pavement f ricti on and 

acci dent rates. Research i n  Pennsy Ivan1 a has demonstrated both the 

seasonal and shor t  term var ia t ions  o f  t h e  pavenent f r l c t l o n  measurements 

( R e f  L, 2 ) .  



The main pavment characteristic which Influences t h e  tl r e  pavanent 

In terac t ion  i s  t h e  three dlmenslonal texture of the  pavanent surface. 

HI ghly textured pavanents have bet ter  f r i c t l o n  character1 s t l c s  I n  wet 

weather and are theref ore safer than pavanents w i th  1 f t t l  e texture. 

Since pavanent surf ace tex ture  I s  a physlcal charac ter is t i c  o f  t he  

surf  ace t h a t  can be expected t o  oorrel  ate w t t h  overal l  safety and wet 

weather accl dents, there has been cons1 derabl e a t ten t lon  focused on 

t r y l n g  t o  measure pavanent texture. Tabl es 1, 2 ,  and 3 were developed 

by Wanbold e t  al. I n  a recent study f o r  the  Federal Highway 

Actnlni s t r a t i  on (Ref 3 1 .  

Pavanent tex tu re  i s  def lned by the  h e r l c a n  Society of Testlng and 

Mater ia ls  as two leve ls  o f  devlatlons I n  t h e  pavenent surfam: 

Pavenent M i  crotexture - The dev la t lons  o f  a pavement surf ace 
f ran a t rue  p l  anar surf ace w i th  character1 s t i  c dlmensl ons o f  
w avel ength and amp1 i tude of 1 ess than 0.5 mm. 

merit Macrotexture - The dev la t lons  of a pavment surf ace 
f ran a true planar surf ace w i t h  t he  character1 s t l c  dimensions 
of wave1 ength and amp1 l tude f ran 0.5 mm up t o  those t h a t  no 
longer a f fec t  ti re-pavenent Interact ion. 

Tradi t lonal  l y  pavanent tex tu re  measurenents requi red perf om1 ng a 

s t a t l c  measurement on t h e  pavanent surface. Recent research I s  

demonstratl ng t h e  f easi b i  1 i t y  of measuring pavement tex ture  f ran a 

mwlng veh ic le  (Ref 3 ) .  

There are several re1 a t l ve l y  simp1 e measurenents o f  pavanent 

tex tu re  I f  the  pavanent can be closed t o  t r a f f i c  wh i l e  t h e  measurements 

are  be1 ng performed. Tabl e 1 I s  a sunmary of .the d l  rect  t ex tu re  

measurenent technlques. The descr lpt ive names o f  themeasurments 

p r w l d e  sane ins igh t  I n t o  the  p r i n c i p l e  used f o r  t h e  measurenent. 

For t h e  s l l  l a n e  casting method, a cast1 ng of t h e  pavement surf ace 

i s  made t h a t  can be taken back t o  t h e  1 aboratory for  inspection and 

measuranent. 



Tab1 e 1. Di rect m l c r e p r o f i l  e ( tex ture)  rneasuranent methods (Ref .  3 )  . 
1. S i l  icone Casting 

2. Macrotexture Prof 11 e Tracl ng 

a. Prof f l  ograph or  Prof 11 m e t e r  
b. Modif led  Versions of the  Prof11 ograph 
c. Unlvers i ty  of New South Wa1 es Unl t 
d. Linear Traverse Device 
e. Textureneter/Ral nhar t  Tex t -U~Meter  

3 .  Microtexture Prof 11 e Tracing 

a. Prof 11 ograph or Prof 11 m e t e r  
b. Goul d Surf analyzer 
c. Surf fndl  cator 

4. Stereophoto-Interpretatl on Mapping 

5. Non-Laser L i g h t  Sty lus 

a. V e r t i c a l l y  Projected N a r r w  L i g h t  Beam 
b. Zero- S1 ope Detector 

6. Laser L l g h t  Stylus 

a. TRFL Contact1 ess Sensor 
b. Modlf led TRII  Contactless Sensor 
c. Autech Laser Dlmenslon Gage Model s 2DSLm and .5DSLl3 

7.  L ine  of L i g h t  (Gooban) Method 

a. Maryland V Id icon System 
b. KLD Optlcal Rai l  Wear Inspect ion System 
c. Ensco Photographic L lne  OF L l g h t  System 

8. Shadow In te rp re ta t l  on 

a. Ontario Highway Department System 
b. Photoestlmatl on 



Tab1 e 2. D l  rect measuranent methods produci ng averaged tex tu re  val ues 

(Ref. 3 ) .  

1. Sand-Patch Methods 

a. Simp1 e Sand Patch 
b. Modif fed Sand Patch 
c. V ib ra t lng  Sand Patch 

2. Sand Track 

3. Grease Patch 

4. Putty Impressfon 

a. Simple Putty Impression 
b. Mod1 f ied Putty Impression 

5. Schonfeld Method 

6.  Laser t l g h t  S-ty l us  

a. TRK Contact1 ess Sensor 
b. Autech Laser Dlmenslon Gage Model 2DSLT6 



Tab1 e 3. I nd l  rec t  t ex tu re  measlrrment methods ( R e f .  3 )  . 
1. Outflow Meter 

a. S t a t l c  Drainage Method 
b. Pressurized Drainage Method 

2. T i  r e  Noi se 

a. Microphone Mounted on a Moving Vehic le (near - f ie ld  
measurement 1 

b. Stationary Microphone Located by Roads1 de ( f a r - f  l e l  d 
measurement 1 

3. Ribbed versus Blank T l  r e  Skl d Test 

4. L i g h t  Depol a r lza t ion  

5. B r i  ti sh Pendul un Tester 

6. Penn State Unlvers l ty  Drag Tester 

7. White L i g h t  Speckle 



There are several mechanl cal dev ices f o r  the d l  rect  measuranent of 

macrotexture. These generally a n s l s t  of a mechanlcal probe, o r  

stylus, t h a t  1 s dragged across t h e  pavanent surface. The stylus i s  

wired t o  produce an e l e c t r i c a l  current t h a t  i s  proportional t o  t h e  

deviations I n  t h e  pavement pro f i le .  The signal i s  input  t o  e i the r  an 

analog o r  paper trace recorder. The output can then be analyzed t o  

obtal  n a d i  rec t  measure of the  pavanent macrotexture. 

The Ralnhart devlce m n s l  s t s  o f  a serles o f  closely spaced p lns  

standing v e r t l c a l l y  I n  a f rme. The f r m e  I s  placed on t h e  pavanent and 

t h e  p i  ns a re  a1 1 awed t o  drop v e r t i  cal l y  onto the  pavanent surf ace. The 

deviations i n  t h e  he ight  of t he  top o f  t he  p lns I s  recorded as t h e  

measure of the  pavanent texture. 

Stereophoto In te rp re ta t i on  requf res capturing a detaf 1 ed 

stereophbto o f  the pavsment surf ace. The photos a re  then interpreted 

us1 ng standard stereophoto data reduction methods. A t  1 east 

conceptually the stereophotos could be taken w i t h  a hlgh speed camera i n  

a veh ic le  t rave l  ing a t  normal hlghway speeds. 

The mechanical s ty lus  o f  the prof flograph may be rep1 aced by a 

noncontact probe t o  obtaf n t h e  measuranents o f  t he  pavement prof il e. 

Penn State Unlversi-ty has recent ly  developed an op t i ca l  probe f o r  

capturing an Image of t he  pavanent prof 11 e on a research proj ect of t h e  

Federal Hlghway Admlni s t rat lon.  The prototype dev Ice I s  current ly  be1 ng 

eval uated by several states. 

The Penn State opt lca l  texture measuring device uses a strobe t o  

pro j  ect a we1 1 def lned band o f  1 lgh t onto the  pavanent surf ace f ran a 

v e r t i c a l  position. A hlgh speed video camera captures t h e  image fm an 

obl lque angle as shown on Ffgures 1 and 2. The cunponents o f  the  

tex ture  measurl ng device are: 

Strobe system - EGiG FX-201 bulb type neon tube wi th  PS-302 power 

supply and f i l t e r  t o  lmprwe contrast i n  t h e  near l n f  rared range 

and a duratlon o f  t en  microseconds. 



Figure 1. Orientatf on of  texture measuring f nstrunent f n the Penn 
State test vehlcl e. 





t he  need t o  p r w l d e  t r a f f i c  contro l  and t h e  t lme requl red t o  ob ta in  t h e  

data. 

There are  two devices t h a t  a t  l e a s t  have potent ia l  f o r  de temln ing  

t h e  thicknesses o f  t he  pavment 1 ayers a1 though the devices were 

desl gned f o r  determining much more than t h e  pavanent thickness. Ground 

penetrat ing radar has been proposed as a too l  f o r  evaluat ing t h e  

subsurf ace condl t i o n  of wvements. The primary use of these devices I s  

f o r  t h e  1 ocat ion o f  voids under t he  pavments as I s  subsequently 

d l  scussed. 

Dr .  Stokoe a t  t h e  Un ivers i ty  of Texas has been workl ng on a devlce 

f o r  the measurment o f  both t h e  thicknesses and modul us of pavement 

1 ayers. The technlque I s  based on measuring t h e  ve loc i t y  of wave- 

propagation through a pavment structure. Dr. Stokoe c l  aims t h  1 s method 

i s t h e  most d l  rect method f o r  measuri ng t h e  e l  a s t l c  modul 1 of the  1 ayers 

i n  a pavment system sin- each l aye r  i s  unlquely i d e n t i f i e d  by t h e  

wave-propagation ve loc l t y  of t h e  mater ia l  i n  t h e  l aye r  (Ref 4 ) .  The 

f a c t  t h a t  the sys tm a1 so determines t h e  thicknesses o f  the pavment 

1 ayers I s  an added bonus t h a t  I s  a1 1 but ignored by t h e  authors. 

The theory behind t h e  measurenent method i s  re1 a t i ve l  y 

straightforwardr but mathmat lca l  l y  camp1 icated. An impul se 1 odd i s  

t ransmi t ted t o  t h e  pavment uslng a hanmer. Veloc l ty  transducers 

measure t h e  t lme f ran t h e  Impact of t h e  Impulse l oad  t o  t h e  movement of 

t h e  wave past t h e  transducer. The data a re  co l lec ted  f o r  mu1 t i p 1  e 

d l  stances o f  the transducer f ran t h e  load. A canputer specif i ca l  l y  

constructed t o  perform Fast Fourier Transforms i s  used t o  reduce t h e  

data t o  a ser ies  o f  modul us versus depth measurments. The l oca t i ons  

where there  I s  a la rge  change i n  t h e  modul us l d e n t l f  l e s  t h e  boundary of 

t h e  layers  and thereby clef lnes t h e  depth of t h e  l aye rsv  Interfaces. 

The theory supportlng t h i s  pavement eval uat ion method 1 s we1 1 

establ lshed and docunented. Dr. Stokoe I s  cur ren t ly  working on 

equipnent t o  autanate t h e  process. Due t o  t h e  need t o  conduct 

measurments o f  t he  wwe-veloc l t les a t  m u l t l p l e  locat ionsr t h e  process 

1s t ime consunlng. The measurments a t  each l oca t l on  can take 45 

minutes. While imprwments  t o  theequipnentmay s i g n i f i c a n t l y  reduce 

t h e  t lme requl red? t h e  p r u a s s  w f l l  always requi r e  a contact sensor and 



w l l l  therefore require more t ime f o r  performing t h e  measurments than i s  

desl rabl e f o r  urban freeway w a1 uat l  on. 

SURFACE DISTRESS AND JOINT CONDITION 

There are two issues t h a t  must be addressed f o r  detennlnatlon of 

surf  ace d l  stress. The f 1 r s t  I s t o  def lne t h e  types o f  d i  s t ress t h a t  are 

of concern t o  t h e  agency. The second f s  t o  def lne a method f o r  

measurl ng t h e  d l  stress. 

There are many pavanent condl ti on eval ua t l  on manual s ava i l  abl e I n  

t h e  1 i terature.  Z a n l ~ s k l  e t  a1 . (Ref 5 )  recently rev lewed pavanent 

condl t i o n  ra t1  ng manual s f ram 25 states. None of t he  states use a 

procedure t h a t  I s  m m o n  w i t h  another state, I n  1979 the Federal 

Hlghway A61n l  s t ra t l on  pub1 lshed the  Hlghway Pavement Distress 

I d e n t l f  i c a t l o n  Manual f o r  Hlghway Condl t l o n  and Qua1 l t y  of Hlghway 

Construction Survey ( R e f  6 ) .  Thls i s a n  excel lent  reference f o r  t he  

def l n l t l o n  of t h e  various pavanent d ls t ress  types f o r  both f l e x i b l e  and 

r l g l  d pavenents. There are three types o f  r l g i d  pavenents: 

1. jo in ted  p l  a in concrete 

2. j o in ted  reinforced concrete 

3. con t l  nuousl y re1 n f  orced concrete 

The types o f  d is t ress  i d e n t l f  led  f o r  t h e  p l a i n  and re inforced 

jo in ted  pavenents are  t h e  same a1 though d i f f e r e n t  example photographs o f  

the d is t ress  were demonstrated I n  t h e  manual. A t o t a l  of 21 .types o f  

d is t ress  are  I dent l f  led f o r  j o l  nted pavenents. Since there are very 

1 lmlted CRC pavenents I n  t h e  current urban f reway network. d l  stresses 

f o r  these pavanents w l l l  not be discussed fur ther ,  The Hlghway D l  s t ress 

I d e n t i f  i ca t l on  Manual was w a l  uated extensively by Zaniewskl e t  al. f o r  

a Federal Hlghway AdnInls t rat lon pro ject  f o r  t h e  developnent of a 

Pavment Condition Ratlng Gul de ( R e f  5 ) .  I n  t h i s  r a t f  ng manual, t h e  

concrete pavement d l  stresses are  dlv lded I n t o  four  categories: 



1, j o l  n t  w n d l  t l o n  

2. cracklng 

3. surface defects 

4. patches 

Wlth ln each of the categories, several types o f  dlstresses are  

def lned f o r  ease of recognl t l o n  and r a t 1  ng by the  observer. 

JLofnt CQUULU - The j o l n t  I s  t h e  weakest p a r t  of r l g l d  pavments. 

Frequently the w n d l t l o n  o f  t h e  ent l  r e  pavcment can be determined frm 

the w n d l t l o n  o f  the  jo ln ts .  The distresses t h a t  occur a t  the j o l n t s  

are: 

1. seal damage 

2. corner breaks 

3. spa1 1 lng 

4. f a u l t i n g  

5. IDt' o r  durabll l t y  crackl ng 

6. load t rans fer  problans 

7. b l  arups 

For t h e  most part, t h e  names o f  the  d l  stresses I s  descr lpt lve uf 

the  appearance or cause of the d l  stress. Deta i l  def In1 t l o n s  of t h e  

distresses are  contained I n  both references 5 and 6. 

The s t ruc tura l  adequacy of the  j o l n t  i s  generally evaluated as t h e  

ab l l  l t y  t o  t rans fer  loads f ran one slde of t he  j o l n t  t o  t h e  other. 

General l y  the  1 oad t rans fer  abl l  lty of t he  j o l  n t  I s measured us1 ng 

def lec t lon  equl p e n t  setup as shown I n  Figure 3. The r a t l o  o f  t h e  

def lect ion on t h e  unloaded slde of the  pavement t o  t h e  def lect ion on t h e  

loaded slde of t he  pavanent I s  def lned as t h e  1 oad t rans fer  factor. A 

load t ransfer  fac tor  of 1.0 lndlcates perfect load transfer.  Uslng t h e  

t e s t  set up shown I n  FIgure3, one would no t  expect t h e  deflections on 

each slde of t h e  j o l n t  t o  be equal due t o  t h e  distance of the  sensors t o  

t h e  1 oad pol n t  s. 

- There I s a tendency t o  clef ine mu1 ti pl  e types of crackl ng 

based upon t h e  perceived cause f o r  t he  distress. I n  real  lty, 1 ittl e 

Information I s  galned by these attempts t o  c lass f fy  the type of 
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crackl ng. For r i g 1  d pavanent w n d i  t l o n  eval ua t l  on, crackl ng may be 

c l  ass l f  led as e l  ther  1 ongi tudl  nal or  transverse. 

SurfaceDefeds - There a re  several types o f  defects t h a t  can occur 

on t h e  pavment surface. Frequently, these are re la ted t o  sane form of 

local  mater ia ls  probl an and are  not Ind ica tors  o f  widespread problems 

wi th the funct ional charac ter is t l cs  o f  t he  pavment. The t y p e s o f  

surf ace d l  s t ress are: 

1. scal ing, map crack1 ng, and craz lng 

2. popouts  

3. bumps 

4. potholes 

5. pol ish ing 

Patches - The extent of patchlng I n  a r i g i d  pavanent i s  Important 

f o r  w a l  ua t l  ng t h e  wera11 condl t i o n  of the  pavanent. An excessive 

nunber of patches Indicates t h e  surface of the  pavment I s  wearlng out  

and may need t o  be replaced o r  renewed. Evaluation of the condlt lon o f  

t h e  pavment w l t h  respect t o  patching requi red i dent i f  i ca t l on  o f  t he  

type of patch, e i t he r  asphalt o r  concrete, and t h e  condlt lon of t h e  

patch and t h e  area around t h e  patch. 

ds f o r  baa i rbg  D l s t r m  

Eva1 uat ion o f  pavanent condi t ion i s  an e x t r m e l y  cunpl ex task. 

There have been several attempts t o  automate t h e  process, but t h e  

current s ta te -o f - thea r t  i n pavanent d l  stress measurment requl res hunan 

observers t o  recognize and quant i fy  the extent and severi ty of t h e  

distress. Slnce t h i s  i s a  s ta te -o f - thea r t  report, research i n t o t h e  

autanated c o l l e c t i o n  o f  pavanent a n d 1  t i o n  data are rev lewed. There are  

two devlces t h a t  can capture Images of t h e  pavement f ran a veh ic le  

t rave l  lng a t  near highway speeds, but these images must be manually 

reduced t o  pavement condit ion data. 

There h w e  been s i x  studies f o r  t he  appl i c a t l o n  o f  machine v l s lon  

t o  t h e  measurenent of pavment oonditlon. ADOT sponsored a study by 



Novak, Dmpsey and Assoclates t o  ewal uate t h e  f e a s l b l l  i t y  of an 

autanated pavanent cracking Inventory ( R e f  7 ) .  Although there have been 

s l g n i f  i cant  enhancements t o  video techno1 ogy since the  Nwak study, the  

cost of equipnent has not  been s l g n i f  l cant ly  reduced and t h e  key f lnd lng  

o f  t h s  study was t h a t  autanated data co l l ec t l on  methods were not cost 

competlt lve w l t h  the manual pavanent oondlt lon survey method t h a t  i s  

used by ADOT f o r  t he  Pavanent Management System data base. The survey 

f o r  t h e  pavment management rystem I s  1 lmlted t o  observatlon o f  10000 

square f e e t  o f  pavanent condit ion per mile. The adequacy of t h l s  

l n tens l t y  of data co l l ec t i on  should be evaluated f o r  r l g i d  pavments I n  

urban envlrorrnents. There was a HPR study by McCul lough e t  a1 . i n  Texas 

t h a t  Indicates t h e  condi t l o n  o f  mncre te  pavments cannot be determlned 

form a m a l l  sample of t he  pavment surf ace. Thus, there I s  a need t o  

determine t h e  sample r a t e  t h a t  I s  r q u i  red f o r  accurately capturing the  

condl t lon o f  the  pavanent. I f  the  sampl lng r a t e  I s  as hlgh as 

McCul1 ough indicates, then there  I s  a need t o  eval uate the  autanatic 

methods f o r  wa1 uat ing t h e  condl t i o n  o f  t he  pavenent. 

There have been several research studles f o r  the  devel opnent of 

q u l  pnent f o r  autanatlcal l y  capturing pavanent condl t l o n  data. The 

Federal Highway Adn 1 n l  s t r a t l  on sponsored a p i1  o t  study by KLD Associates 

Inc. f o r  the  design of an autanated crack survey device (Re f  8) .  A 

prototype devlce was developed under t h l s  contract; hareverr there w l l l  

not  be any fu r ther  devel opnents t w a r d  a pract ica l  work1 ng systan. 

Dr. Ral ph Haas o f  t he  Un ivers i ty  of Water1 oo I n  Canada has been 

I nvest lgat i  ng the  appl I c a t I  on o f  machlne v l s i o n  f o r  pavment condl t i o n  

eval uat lon (Ref 9, 10). Vldeo cameras were used t o  capture several 

Images o f  pavenent condl t l o n  which were dig1 t l z e d  I n  t h e  1 aboratory. 

The researchers have been dweloplng a1 gorlthms f o r  I d e n t i f y i n g  t h e  

types and extent of t he  pavments dlstress. While these developnents 

are prani s l  ng and demonstrate the  oonceptual feasl b l  1 lty of perf  om1 ng 

autanatlc d l  stress I dent l f  lcatlon, they lack f l e l  d Imp1 anentation. 

The Federal Hlghway Adnln is t rat lon has an ongoing pro jec t  w l th  

Elkonlx f o r  t he  developnent of equi pnent f o r  Autunatlc Recordation and 

Anal y s i  s o f  Pavanent Condi t l o n  (Ref 11) . A f easl b l l  i t y  study has been 

m p l e t e d  and t h e  contractor I s  now I n  the process o f  assembl Ing t h e  

hardware f o r  the  demonstration of t h e  technical f e a s l b l l l t y  of capturlng 



and processi ng Images o f  pavement d l  stress. The e q u i p e n t  w ill be f o r  

demonstration purposes only and t h e  contractor w ill not  be requl red t o  

del i ve r  the equi p e n t  a t  t h e  end o f  the  project.  The pro ject  w i l l  

produce a set  o f  pl ans t h a t  may be used by Interested pa r t i es  f o r  

assembl lng  t h e i  r arn equi p e n t .  

A t  t h e  1986 Transportation Research Board meeting a presentation 

was made t o  t h e  committee f o r  pavment monitor ing and eval uat ion on a 

pavment d l  s t ress survey performed f o r  the  Idaho Transportation 

kpar tment  using video equlpnent. The prel  imtnary f ind ings  of the  

pro ject  were very pos i t i ve  concernfng t h e  feas i  b i l  Ity of using video 

equipment t o  capture pavment condl t l o n  Images (Ref 12) : 

A q u i  r i n g  pavement condi t ion data a t  highway speeds ( w e n  I n  heavy 
t r a f f i c )  i s  re1 a t l ve l y  simple. 

Visual data acquired I s  o f  a q u a l l t y  t h a t  a l lows surface Images 
( f ncl uding crack1 ng) t o  be we1 1 defined and stab1 e. 

Time and cos ts  Involved I n  gathering data appear t o  be q ~ r i t e  
reasonable. 

A11 of t he  prototype equipment used i n  t h e  pro jec t  i s  avai l  able f o r  
o v e r t h e c o u n t e r  purchase. A sped a1 t r a i l  e r  and sane sped a1 Ized, 
sel f-contai ned 1 Igh ti ng were requi red, but both of those i tans a re  
a1 so read l l y  avail able. The mobfle equl p e n t  used t o  gather t h e  
data p r w e d  t o  be very sturdy* dependable and to1 erant of a w lde 
v a r l  ety of env 1 ronmental condi ti ons (varying tmperatures, dust, 
and so on). 

It i s  apparent t h a t  M e  technology ex1 s t s  t h a t  w il 1 a l l -  f o r  cost- 
ef fect ive,  ob jec t ive  and consistent c o l l e c t i o n  o f  highway pavenent 
condi ti on data. 

Data co l lec ted  during t h e  pro ject  w i l l  soon serve as an Input  
source f o r  sof b a r e  prograns being developed by V IdeoCamp t h a t  w i l l  
emplay canputer analysis techniques I n  analyzing t h e  type, extent 
and sever i ty  of cracking. 

While t h i s  repo r t  was very pos i t i ve  and Indicated a strong 

conceptual feasi b l l  i t y  of autanat lc data c o l l  ection, there  was no hard 

wldence presented by the  authors t o  support thef r claims. I f  t h e  

problan i s  as easy t o  solve as Idaho authors a re  reporting, why are t h e  

federal l y  sponsored research pro jec ts  hav lng such great  d i f f  i c u l  t y ?  



The Connecticut Department of Highways a lso had a demonstration of 

a vldeo camera data c o l l e c t i o n  system a t  t h e  Transportation Research 

Board annual meet1 ng. Thls equl pnent was f o r  photo1 oggi ng of highway 

features but due t o  t h e  data storage method o f  us1 ng v ldeo d l  sks, it 

appeared t h i s  system had potent i  a1 f o r  the  w l  l e c t l o n  of pavanent 

condit ion data. The system uses a camera focused through the  windshield 

o f  the  vehicle. The photographic images are transferred t o  a vldeo 

dl sk. During t h e  t rans fer  process# t h e  qua1 ity of the  photographs can 

be s lgn i f l can t l y  enhanced such t h a t  the  recorded images are 

s lgn f f  i can t l y  clearer than t h e  images are  o r i g i n a l l y  recorded by t h e  

camera. The concepts of captur ing t h e  image and using computer 

enhancement and storage on computer disk demonstrate sane In teres t ing  

data processing methods, but t h e  imp1 ementation by M e  Connecticut DUi 

i s  no t  sui tab1 e f o r  pavanent condl ti on surveys due t o  t h e  angl e of t he  

camera. 

There are  two autanated cameras t h a t  capture continuous high 

resol u t i  on images o f  M e  pavement surf  acer the  Pasm f ran J apan and t h e  

G f B R I O  of  France. The photographic capabil l t l e s  o f  these devices are 

very s lmi l  ar. A high qua1 l t y  3 5  m camera i s mounted on a born i n  f r o n t  

of t he  veh ic le  as shown i n  Figure 4. The shutter of t he  camera i s  

cont ro l led  by a distance measurfng lnst runent  t o  obta in t h e  continuous 

coverage. Due t o  the  need t o  ca re fu l l y  control  t h e  1 i gh t i ng  t o  obta in 

t h e  highest q u a l i t y  image, t h e  device can only be operated a t  night. 

The maxlmun operating speed i s  approximately 40 mph. Perhaps t h e  

greatest s ing le  drawback t o  t h e  device, i n  add i t ion  t o  t h e  oost f o r  both 

the  1 n i t 1  a1 purchase and t h e  data col l e c t i o n ~  i s  t h e  need t o  manually 

reduce t h e  data t o  a pavanent condi t ion swre. The advantage I s  t h e  

a b l l  i t y  t o  perform the condi t ion r a t i n g  i n  t h e  safety of t he  o f f i c e  and 

the  abf 1 i t y  t o  review rat ings w f thout t h e  need o f  return ing t o  the 

f l e l  d. The WWA I s current ly  eval u a t i  ng these devices as the  1 eadl ng 

candl dates f o r  pavanent d l  s t ress surveys f o r  SHRP. 

The National Sclence Foundation sponsored a pro jec t  f o r  nPavenent 

Management Using V ldeo Imagf ng Techniquesn wi th  A M I  Consultants (Ref 13, 

1 4 .  Thi s pro ject  examlned t h e  feasl  b i l  lty of using v ideo Imaging and 

onboard processing o f  the  data f o r  c o l l  e c t i  ng pavement d l  s t ress data. 

Based on t h e  feasi  b i l  ity study performed by AMI, The Earth Techno1 ogy 





Corp. i s  invest1 ng venture capi ta l  i n t o  t h e  devel opnent of a canplete 

system. Earth Technol ogy ant ic1 pates m p l  ete development o f  t he  

prototype device by the  end o f  1986. The data co l l ec t i on  method uses a 

s l i t  sensor t o  gather an Image of the  pavanent systm. The data 

processing system then s t a r t s  mani pul at ion of t h e  data. The authors 

claim t o  have an algorithm t h a t  can recognize various types o f  pavement 

d l  stress. The current  chal1 enge i s  t h e  devel opment of a system f o r  

processing the  data i n  real time. By the  author's cal cul ations, t h i s  

w i l l  require the processing o f  100 m i l l  ion Ins t ruc t ions  per second. 

When the  developnent i s  cunpl ete, t h e  Earth Technol ogy machine 

should be able t o  co l l ec t  and process a t  real  t ime pavement condlt lon 

data. The machine was o r l g i n a l l y  being developed t o a u t m a t e t h e  

pavement r a t i n g  process used i n  Nervada. H w w ~ ~ ,  t h e  researchers c1 aim 

they w i l l  be able t o  readi ly  adapt the  system t o  any of the  d is t ress  

ranking methods current ly  I n  use by s ta te  hlghway agencies. 

The 1 ast system f o r  pavment d is t ress  data co l l ec t i on  described I s  

t h e  Swedi sh Road Surf ace Tester, RST. The servlces f o r  t h i s  devlce are  

current ly  be1 ng marketed by I n f  rastructure Management Sew ices, f onnerl y 

Nwak, Dempsey, and Assocl ates. The machine i s not  f o r  sale i n t h i s  

country so a decision t o  use t h i s  device car r ies  w i t h  i t  a canmitment t o  

cont i  nue usi ng t h e  sew Ices o f  In f ras t ruc ture  Management. The data 

co l l ec t i on  servlced cost approximately $30 per mile. 

The reported capabil l t i e s  o f  t h e  machine are very impressive: 

1. Tlme stab1 e roughness measurements 

2. Transverse crack counting and c l a s s i f i c a t i o n  by the  width and 

depth of the  cracks 

3. R u t  depth measurements 

4. Surf ace tex ture  

The primary instrunent on t h e  RST are 11 lasers mounted across t h e  

f r o n t  o f  the  vehicle. These lasers  are used as noncontact distance 

measuring probes. An accel eraneter i s  used I n  t h e  veh ic le  t o  establ ish 

a datun and f o r  roughness measuranents. The machine has been 

demonstrated extensively throughout t h e  Uni ted  States. It does appear 

t o  produce data when operated over a pavement, but there  are  very 



1 i m l  ted 1 ndependent data t o  v e r i f y  t he  accuracy or  val id1 ty of the  

measuranents. The RST d id  p a r t i c i p a t e  i n  a prof i laneter  canparl son a t  

t h e  Univers i ty  of Michfgan but  t h e  data were not s u h l t t e d  t o  t h e  

researchers a f t e r  the  road test ingr  so there I s  no bas1 s f o r  cunpari son 

t o  t h e  other devices i n  t h e  study. 

VOID DETE(;TTION 

The 1 oss o f  support under the pavanent due t o  vo l  ds 1 eads d l  rec t l y  

t o  increased stresses f ran loads and consequently a reduced pavement 

1 i f e .  Proper detect ion o f  vol  ds I s  very important y e t  under the  current 

technologyr i s  t lme  consunlng and there  i s  a hlgh degree of uncertainty. 

Means f o r  detect1 ng vo i  ds i n c l  ude v isual  inspectionr def l e c t l o n  based 

methodsr and ground penetrat ing radar. V lsual lnspect lon requl res t h e  

observer t o  i d e n t i f y  the  clues t h a t  a vo id  ex is ts :  

1. Stain1 ng o r  deposits o f  materi a1 on t h e  pavment or shoul der 

sur f  aces. 

2. Eject ion o f  water and f ine  materi  a1 as a t ruck  passes over a 

saturated pavment. 

3 .  Faul ti ng I s a general i nd l  cator of M e  presence of vo l  ds a t  the 

j o in t s .  

4. Corner cracking ind ica tes  a l o s s  o f  support as a con t r l  but ing 

f a c t o r  t o  t h e  distress. 

While t h e  v isual  inspect ion gives a c l  ue as t o  t h e  presence of 

vo l  dsr more d l  rect  ev idence i s desi red. 

Due t o  t h e  impact o f  M e  voids on t h e  support of the  pavement, 

def lect ion measurements have been proposed and appl led as i n d i  cators o f  

the  presence of voids. Several types o f  def lect ionmeasurlng devices 

have been used f o r  detect ing a sudden change I n  t h e  subgrade support as 

an Ind ica tor  of the  presence of a vo i  d. Benkl man Beams, Road Raters, 

Dynafl ects, and F a l l  l n g  Weight b f  lectuneters have been used f o r  vo id  



detectlon. I n  Texas, a method based on Dynaflect measurenents and 

supported by theoret ica l  Invest lgat lons on t h e  e f f e c t  of vo ld  size, has 

been used t o  establ 1 sh a systematic method f o r  v o l  d detect lon (Ref  13, 

14, and 15). The method has been extended f o r  evaluat ing t h e  

ef fect iveness of undersea1 lng operatlons. The method01 ogy re1 l e s  on: 

1. Measure clef 1 ect ions one f o o t  f run t h e  pavement outs1 de edge. 

2. Measure def 1 ect lons a t  t he  center1 lne of t he  outslde pavement 

1 ane. 

3 .  Correct t h e  measurments f o r  any temperature d l f f e ren t l a l .  

4 .  P l o t  t h e  defl ect lon prof l l e s  f o r  t he  two 1 lnes o f  measurements. 

5.  Mark on the  p l o t s  t h e  areas suspected of havlng vo1ds. 

Thl s method I s crude and has several 1 lrnltatlons. For exampl e, t h e  

detect lon o f  a vo ld  depends upon obta in lng t h e  de f lec t lon  measurenent a t  

t h e  l oca t l on  o f  the  vold. Slnce the  l oca t l on  I s  unknown, there I s  

uncertal  nty as t o  t h e  thoroughness o f  t h e  method. I n  add1 t ion, there 

a re  several f ac to rs  t h a t  can Inf luence the  def lect lon measurments i n  

add i t ion  t o  t h e  volds. For example, t he  Proposed AASHTO In te r im  Guides 

( R e f  17) recanmends co l l ec t i on  o f  def l e c t l o n  data during morning hours 

only t o  avo1 d j o l  n t  lockup and s7 ab cu r l .  

Conceptual l y r  ground penetrat ing radar I s  a very pranls lng method 

o f  detect lon o f  vof d detection. Thl s method has been used w lde ly  I n  

geotechnlcal lnvest lgat lons t o  locate underground u t l l  l t l es ,  p i  pel lnes 

and tunnel s. When appl led t o  pavment ev a1 u a t l  on, t h e  method can 

conceptual 1 y be used t o  determine pavment thickness, 1 ocate vol  ds, 

i den t l  f y  del m f  na t l  ons, and 1 ocate steel re1 nf orcement. Unfortunately, 

there  appears t o  be a 1 arge d l f f  e r e n a  between what the  equi p e n t  can 

ancep tua l l y  do and what t h e  equlpnent i s  ac tua l ly  capable of 

perform I ng. 

Under the  current s ta te -o f - t hea rb  t h e  equlpnent has a very 

canpl ex output t h a t  must be evaluated by a t ra ined  techn lc l  an. Thls  

e f f e c t f v e l y  1 i m l t s  t h e  use of t he  equlpnent t o  t h e  developer of t he  



machine, hence only the services o f  t he  radar tes t i ng  are available. As 

w i th  the RSTp It i s  d l f f  i cu l  t t o  assess t h e  capabll i t y  of the device 

when there i s  no independent evaluation. A t  l eas t  two states have 

contracted f o r  radar pavanent eval uat ion services on a t r i a l  bas1 s, I n  

Iowa, the  radar was able t o  detect t h e  presence of re in forc ing  steel, 

but d id a l ess  than sat is factory job  a t  determining the  pavement 

thickness and vo id  detection. I n  Alabamb the t r i a l s  were 

unsatl sf actory due t o  t h e  1 ack of repeatabll lty and t h e  I nf 1 uenm of 

env 1 rormental condi ti ons. For example, void presence, size, and 

locat ion  were sensi t ive t o  t h e  d i rec t ion  o f  t rave l  of the  survey 

vehicl e. 

SUMWRY AND RECOMKNDATIONS 

W i t h  the  rap id  development of electronicsr It I s  natural t o  expect 

a broad ava i l ab i l  l t y  of equipment f o r  measuring pavement condition. 

Unfortunately, t h a t  i s  not  t h e  case. Due t o  the  1 imi ted market f o r  

pavanent eval uat lon equl went, and the  re1 uctance of hlghway agencies t o  

take on t h e  devel opnent of equipnent o r  t he  t e s t i n g  o f  prototype 

equl pent ,  p r iva te  Industry has not  Invested extensively i n  t h e  

dev e l  opnent of pavenent eval uatf on equi p e n t .  

I n  order t o  Implment a progran of urban freeway evaluation i n  the  

near future, ADOT w i l l  have t o  depend on t r i e d  and proven methods. 

Pavement thickness should be determined by coring the  pavement. The 

resut t i n g  thickness should be canpared t o  t h e  as b u l l  t plans on f i l e  t o  

determine i f  the  p l  ans are  sat is factory f o r  general l y  acceptabl e use 1 n 

the  urban freeway pavement data base. For the  t ime being, the  only 

feas ib le  method f o r  perf onning a pavment dl  stress survey i s  w i th  hunan 

observers. I f  ADO1 wishes t o  avoid using observers on the stroulder of 

the  freeways f o r  safety reasons, amsiderat ion shoul d be given t o  h i r l n g  

t h e  services o f  a photologlng van t h a t  i s  spec i f i ca l l y  designed t o  

photograph the  pavment. Normal photo1 oging equipnent, such as t h e  

Techwest, are not su l tab le  f o r  pavenent condi t ion eval uatlon. The 

pavenent d i  s t ress survey method should be t a l l o r e d  t o  t h e  condl t i o n s  on 

urban freeways. The method current1 y used by ADOT f o r  the pavement 

management data base i s  not  acceptable f o r  r i g i d  pavanent evaluation. 



Load t rans fer  a t  t he  J o l n t s  may be evaluated us ing t h e  de f lec t lon  

based method. Deflection measuranents should a1 so be used f o r  

evaluat ing pavements f o r  the l oca t l on  o f  vofds. The schme of 

def lec t ion  t e s t l  ng developed I n  Texas f o r  v o i d  determinatlon should be 

f l e l  d tes ted  I n Arlzona. 

The methods recanmended I n  t h l s  docunent a re  slow and w i l l  be 

expensive due t o  t h e  need t o  provide t r a f f i c  contro l  durlng the  testlng, 

The Impact of t he  t r a f f l c  contro l  can be mlnlmized through proper 

pl annl ng. Hwwer,  it woul d defeat t h e  purposes o f  t h e  data base t o  

r e s t r l c t  t h e  t e s t i n g  t o  t imes when t h e  conditions a r e  unsuitable. For 

example, t h e  pavanent d l  s t ress survey cannot be conducted a t  night. 

Also due considerattons o f  the temperature I n  the  slab, t he  de f lec t lon  

t e s t l  ng t lme must be ca re fu l l y  considered. 

This  chapter presents t h e  state-of-the-art of equ lpen t  f o r  the 

evaluat ion o f  pavment condition. The next chapter describes a 

recanmended pavment condl ti on r a t i n g  method. 



MAPTER 3 RIG I D  PAV E K N T  CONDITION SU W EY METHOD 

I N  mOQJ CT ION 

Based on t h e  state-of-the-art rwlsw, manual pavment d ls t ress  

evaluat ion surveys are  required due t o  t h e  lack  o f  sultabl e equlpnent 

f o r  t h i s  task.  t h e  purpose of M l s c h a p t e r  I s  t o  establ ieh bul table 

pavement cundl tl on ra t1  ng schene. Before presenting t h e  

recommendations, the need f o r  t h e  measurements i s rff i w e d  and t h e  

s ta te-o f - thear t  w i th  respect t o  v isual  surveys o f  r i g1  d pavanent 

d l  stress I s  presented I n  greater de ta i l  than presented I n  t h e  p r w  lous 

ch apter. 

Although there are  no autanated equlpnent f o r  co l l ec t i ng  and 

analyzing t h e  d ls t ress  Information, there are  devlces capable uf 

capturing an Image of t h e  pavement surface w l th  adequate resolut ion f o r  

v l w l n g  I n  an o f f  Ice. t h e  candf t l o n  procedures described i n  t h i s  mano 

are f o r  v isua l  w n d f t l o n  surveys on s i te.  They could be read i ly  

modlf led If photographic records o f  t he  pavement surf ace were obtained. 

FU RFOSES OF PAV E E N T  CONDITION SU W EYS 

There are  several reasons f o r  per fomlng pavement d l  stress surveys. 

The type of pavement condit ion data col lected should be dlctated by the  

intended use of the  data. Pavanent condi t ion data are  generally 

requl red f o r  one of three purposes: 

1. Research on t h e  performance of one speclf i c  aspect of pavanent 

perf o m  an-. 

2. Data required f o r  t h e  eval uat lon and deslgn o f  a speclf i c  

pavement project.  

3 .  Data requl red f o r  network pavanent management. 

I n  the  1986 North h e r l c a n  Pavment Management Conference (Ref 18). 

Lee and Hudson Introduced t h e  concept of an add1 t l ona l  1 we1 of data 

requlranents. As shown i n  F lgure5,  there  i s a  d e f l n l t e  correlation 
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between t h e  s ize of the system or  network i n  t h e  data base, the  amount 

o f  de ta i l  requi red i n  t h e  data base and t h e  1 we1 of amp1 ex l ty  of t he  

pavment analyst s model s. The 1 eve1 of data requi red f o r  research i s  

no t  shcun on t h i s  graph but i t w i l l  a1 so be sens l t l ve  t o  t h e  size of t he  

n e b o r  k be1 ng stud1 ed. 

The underlying concept behind Figure 5 I s  data are  expensive t o  

col lect ,  malntain and analyze; t h e  data requi ranents should be t a l l o r e d  

t o  t h e  needs o f  t he  deci s l  on makl ng process. ADOT cur ren t ly  a 1  l e c t s  a 

very l i m i t e d  amount of Information f o r  t h e  pavanent management progran. 

The system was developed f o r  t h e  predominantly f l ex1  b1 e pavanent ru ra l  

network. One of t he  wentual  products o f  t h e  research I n t o  data 

co l l ec t i on  requlranents f o r  t he  urban freeways must be a d e f i n i t i o n  of 

the  mlnlmun data requi rmen ts  f o r  the  decl sion making process a t  t he  

network level .  Since t h e  r i g i d  pavanents have d i f f e r e n t  types and 

sever1 t i e s  o f  d l  s t ress than f 1 ex1 b l  e pavanents, t h e  pavement d l  s t ress 

surveys must be t a i l o r e d  t o  each pavment type. I n  general, r i g1  d 

pavment d l  s t ress I s more canpl lcated than f 1 ex1 b l  e pavanent d l  s t ress 

which leads t o  t h e  conclusion t h a t  r i g l d  pavanent d is t ress  survey 

procedures w 11 1 be more cunpl icated than f 1 ex1 b l  e pavanent d l  s t ress 

survey procedures. 

The other f ac to r  t h a t  shoul d be cons1 dered when developing a schme 

f o r  r i g i d  pavanent d l  s t ress surveys I s  t h e  f ac t  t h a t  r i g i d  pavements a re  

preduninantly used I n  areas of high t r a f f  l c  vo l  unes. The consequences 

of c los ing  a high volune road f o r  r e p a i r  or  maintenance a re  much greater 

than a s imi l  ar act ion on a 1 ar vol m e  road. Thus, t he  data used t o  make 

deci slons concern1 ng high vo l  une roads should r e f l e c t  t h e  need f o r  

greater re1 l a b i l  ity I n  t h o  decl s ion making process. 

CBJECTNE OF WE PAVEKNT CONDITION SUWEY 

The stated objective of the  pro ject  f o r  the w a l u a t l o n  o f  Arizonafs 

Urban Free~ays  1 s, * t o  establ lsh a data base t h a t  w i l l  show the  changes 

i n  pavanent condl t i o n  over t lme so t h a t  performance model s can be 

developed." The t e r n  "performance model su can be construed i n  several 

ways. 



The term npavment performancen as oolned by Carey and I r l c  (Ref 

19) s t r l c t l y  means the  serv lceabl l  l ty- t lme ( o r  t r a f f  l c )  re1 atlonshlp, 

Under t h l  s def In1 tl on, the  devel opnent of t he  performance model w i l l  use 

t h e  se rv l ceab l l l t y  Index as t h e  dependent varlable. The Independent 

var lables w i l l  be t h e  object ive measures o f  pavenent condl t l o n  t h a t  

cor re la te  t o  pavanent condltlon. A t  t h e  AASHO Road Test t h e  Independent 

ve.rlables t h a t  correlated w l th  t h e  Present Servlceabll i t y  Index were the  

slope varf  ance as measured by t h e  OILOE prof l luneter  and the  crack1 ng 

p l  us patching. Subsequently. hlghway agencies have attanpted t o  use t h e  

sew lceabl l  l t y  equatlon t o  cmpute the  dependent v a r l  abl e f o r  pavment 

performance model devel opnent. However, t h e  CHLOE prof 11 m e t e r  i s  not 

being used as a prlmary data co l l ec t ton  too l  f o r  pavanent roughness a t  

t h i s  t ime by any hlghway agency. Thus, a degree of e r ror  I s  enter1 ng 

I n t o  the  cal cul at ions when a1 te rnat lve  def l e c t l o n  measuring devices a re  

substl tu ted f o r  t he  OILOE. 

S t r i c t l y  speaking, serv lceab l l l t y  I s  a measure of t h e  a b i l l t y  of 

the  pavenent t o  serve t h e  users o f  the  road. The v a r l  abl e t h a t  

demonstrates t h e  highest corre l  a t l on  w l t h  user surveys o f  road qua1 i t y  

I s  t h e  roughness o f  the road. A t  t h e  AASHO Road Test other measures o f  

pavement condl t l o n  were I n c l  uded I n  t h e  stat1 s t l ca l  regression analysl s 

I n  order t o  obta in t h e  best possl b l e  s t a t l s t t c a l  predlct lons o f  t he  

present serv Iceabi l  I t y  Index. I n c l  uslon o f  the crack1 ng and patchlng 

term I n  t h e  AASHO equatlon only lmprwed t h e  predicat ive capabll i t y  of 

the  equatton by approxlmately 5 percent. The d l  s t ress measures were not 

added t o  t h e  performance equations fo r  any engineering reason. The 

Inc lus ion o f  the  surface d is t ress  te rns  has resul ted I n  a great deal of 

conf uslon i n  t h e  appl l ca t l on  o f  Wese equations. Pract tcal  appl l ca t l on  

of t he  servlceabl l  l t y  concept I n  recent years has shown It I s  bet te r  t o  

separate a d l  stress Index f ram the  sew lceabl l  l t y  cons1 deratlons (Ref 

20). I n  f a c t  t h e  current philosophy of p a v s m e n t w a l u a t l o n l s t o  

separate out each of t h e  four  measures o f  pavanent condl t l o n  I n t o  

separate I ndl ces o f  pavment condl t l o n  which may subsequently be 

aggregated I n t o  a s lng le  w e r a l l  measure of pavment condlt lon as shown 

i n  Ffgure 6. 





These a n s l  derations 1 ead t o  several In terest1 ng and pragnatlc 

concl us i  ons: 

1. Sew lceabi 1 l ty - t ime curves are the  general l y  accepted measure 

o f  pavenent performance. The serv lceabi l  lty shoul d be re1 ated 

t o  r i d e  qual i t y  only. 

2. Pavanent d l  s t ress i s  an important measure of the  condi t l o n  o f  

t he  pavenent w i th  respect t o  pavenent management and should 

there fore  be Included I n  an eval uat lon o f  t he  w e r a l l  qual lmty 

o f  t he  pavanent. 

3. Separate Indlces should be generated f o r  each uf the  four 

measures of pavment condl t lon.  These Ind lces  may subsequently 

be oanbl ned I n t o  an ove ra l l  lndex o f  pavenent performance. 

With respect t o  t h e  needs of Arizona f o r  urban freeway eval udtlon, 

d l  stress I s  an Important fac to r  f o r  pavment management. Dl stress 

a f fec ts  t h e  1 l f e  and maintenance requl ranents f o r  t he  pavanent. 

Def In1 t l o n  o f  a pavenent d is t ress  measure I s d l f f  i c u l  t because of t h e  

nunber of t h e  d l f f e ren t  factors t h a t  must be taken i n t o  wnslderat lon. 

F i  rs t r  there are  a w lde va r ie t y  of d l  stresses t h a t  must be taken 

i n t o  cons1 derat i  on when w a1 ua t l  ng r l  g i  d pavenents. The re1 a t i ve  

importance of each of t h e  d i f f e r e n t  d i  stress types must be establ lshed 

I n  t h e  formul a t lon  o f  the  d l  s t ress index. Second* the  extent of the  

d l f f e r e n t  d is t ress  types has t o  be eval uated. This requires development 

of a scal e t h a t  ranks the  d l  stresses by both severi ty and extent. 

Finally, t h e  in terac t ion  between t h e  d l f f e ren t  d ls t ress  types and t h e l r  

l w e l  of severlty. 

The broad objective of the  ADOT research I n t o  t h l s  area I s  t o  

establ lsh a pavenent performance data base t h a t  may be used t o  develop 

perfomance models. This requires a more In tens lveda ta  collection 

process than I s requl red f o r  monl t o r 1  ng the  a n d 1  t l o n  o f  a network f o r  a 

pavanent management system. Development of perf onnance model s w I 1  1 

require all e c t l  ng data a t  a greater 1 w e t  of d e t a i l  than I s  requi red 

fo r  pavenent management. Thus8 t h e  pavmIent condition Index f o r  



d l  stress shoul d Incorporate t h e  e l  enents of type, extent, and s w e r l t y  

of t h e  d l  stresses as they l n f  1 uence the  need t o  ma1 ntaln, repai r, 

recunstruct, and rehabl l  I t a t e  t h e  pavenent. The level  of deta i l  

captured should be suff i c l e n t  t o  a1 lar an eval uat ion o f  the  performance 

of the  various deslgn features o f  r l g i d  pavements. 

A1 though the  devel opnent of a pavement condl t l o n  r a t l  ng guf de i s  

beyond t h e  sap8  of fbi s proj ect, i t w i l l  be necessary f o r  ADOT t o  

develop such a gul de f o r  the w a l  uation of M e  urban freeway ne.twork. 

Eventually the  work presented I n t h l  s mmo shoul d be Included 1 n to  t h e  

guide. 'Therefore, It I s  worthwhile t o  describe the  requl rmen ts  f o r  a 

pavanent condi t l o n  r a t l  ng gul de. 

A pavement condlt lon r a t i n g  guide i s  cunposed o f  four  basic 

canponents: 

1. i d e n t l f  i ca t l on  of t he  pavement sectlons 

2. i d a n t i f  I ca t l on  and descrfpt lon o f  the  pavment condl t l o n  

e l  anents, t h e  type, extent and severi ty of t he  dl stress 

3 .  procedures f o r  M e  co l l ec t i on  of the  data i n  t h e  f l e l d  

4. procedures f o r  the  treatment of t h e  data, Inc l  udf ng storage# 

sort1 ng and anal y s l  s. 

Nonnal l y r  t h e  f l r s t  decl slon t h a t  must be considered f o r  the 

develoment o f  a pavenent condlt lon data base I s  t h e  method used f o r  

establ l sh lng  t h e  pavment sections, However, slnce t h e  AOOT has a we1 1 

establ ished system f o r  pavment management, t he  procedure cur rent ly  used 

by the  pavement management sys tms group should contlnue t o  be used. 

This method w l l l  p r w i d e  the  basic foundatlon f o r  t he  developnent of the  

data base. As I understand t h e  pavment management data base, the  

sectlons a r e  defined as beglnnlng and endlng a t  each milepost. 

For the purposes of urban f reeuay ma1 uatlon, I strongly recanmend 

establ i sh lng  a method fo r  i d e n t i f y  lng  subsections w i t h l  n t h e  current  



sect ion structure. It i s  very important t h a t  the  subsectlons a re  used 

t o  I dent i fy  areas of hmogeneous condi t l ons  w l t h  respect t o  deslgn, 

construction, t r a f f i c ,  and mai ntenance. General l y r  proj  ect 1 i m l t s  are 

convenient and necessary data collection points i n  a pavanent database. 

Unless t h e  sectlons are hanogeneous w l t h  respect t o  each of the  

Independent var lables t h a t  need t o  be studied, the Inf luence of sane of 

t he  var lables on pavanent performance w l l l  be confounded and therefore 

the  data w 11 l not support t he  developnent o f  the  requl red performance 

model s. 

There are several schmes t h a t  may be used f o r  l den t l f y lng  

subsectlons. Since t h e  milepost system I s  a1 ready establ lshed, t h e  most 

s t r a l g h t f o n a r d  method f o r  i d e n t i f y i n g  t h e  subsectlons w l l l  be the  use 

of f rac t l ona l  mileposts. The purpose f o r  identifying subsectlons I s  f o r  

accurate Identification o f  the  data locat lon. 

The other ans lde ra t l ons  f o r  t h e  I d e n t l f l c a t l o n  o f  subsectlons i s  

re1 ated t o  t h e  sampl ing method used t o  reduce the  data col  l e c t l  on f ran 

t h e  e n t l  r e  roadway t o  a smaller, but ropresentat lve sample of the  

pavement. Due t o  t h e  cost of manual data c o l l  ection, It i s  necessary t o  

make a canprcmise between t h e  amount of data required by the  system and 

the  mount  of data t h a t  can be co l lec ted w f t h i n  t h e  budget of t h e  

agency. Generally the  canpranlse conslsts o f  e l ther  making t h e  survey 

f ran  a mwfng veh lc le  t o  lmprwe the  production rate, o r  reducfng t h e  

amount of data requi red by 1 i m l  tl ng t h e  observatl ons t o  on1 y a 1 i m i  ted  

po r t l on  of U I ~  pavment. Techniques f o r  performing each of these types 

o f  surveys have been reviered w l t h  the  conclusion t h a t  data observatlons 

f ran a mw lng veh ic l  e, w e n  a t  low speeds are undesi rable. Thus, a 

wnp l  I ng procedure i s requl red. 

Def i n l t l o n  o f  a sampl lng procedure requl res detennlnlng t h e  s lze of 

t h e  sample requl red, t he  s ize  of the  wnp l  i ng  u n l t s  and t h e  locat lon  o f  

t h e  sampl ing  unlts.  There has been sane research I n t o  the s lze of the  

sample u n l t  requlred t o  accurately deflne t h e  a n d i t i o n  o f  t h e  pavement. 

2 The current  method I n  Arizona requl res observatlon o f  1,000 f t  per 111118 

of pavenent. 

Other researchers have indicated t h e  sample requi renents a re  much 

hlgher than 1,000 square f e e t  per m l l e  t o  obta in a reasonable 



representation o f  the  pavment. U h l l  e t h e  data f ran other studies 

Ind ica te  the  need f o r  high sample rates, t h e  exact l w e l  of sampl i ng  

requl red should be determined by an analysl  s o f  the  l ocal condit ions and 

f o r  the  specif  l c  condi t ion survey technique being used by the  agency. 

The exact sampl e s ize  requl ranent can be accurately de ten lned  us1 ng 

s t a t i  st1 cal methods. F l  rst. a cont l  nuous survey of several m i l  es of 

pavanent i s  requl red. A pavanent oondlt ion score I s computed f o r  each 

homogenous section. The data from each sect ion are  then separated i n t o  

shor t  sampl e unl ts.  The pavanent cond i t ion  index I s computed f o r  

varlous camblnatlons o f  the  sample units.  The ob jec t ive  I s  t o  determlne 

the  minimun nunber of sample u n l t s  which p r w l d e s  the  same pavanent 

condl t i o n  score as when t h e  en t i  r e  data set I s used. 

The f ina l  conslderat ion w l th  respect t o  t h e  clef f n i t l o n  o f  t he  

pavment sect ions I s  t he  f n te r f  acl ng o f  the  pavanent a n d l  t l o n  data w l t h  

other sources of 1nf ormatf on. Eventually t h e  pavement oondl t ion data 

w i l l  need t o  be in ter faced w i t h  data f o r  t r a f f  ic, construct ion and 

maintenance. Thi s aspect of the  data base design w i l l  not  be d l  scussed 

f u r t h e r  i n  t h i s  mano, but i t  should be kept i n  mlnd as t h e  actual format 

o f  the pavment oondit lon data base I s  bef ng developed. 

The second mqjor e l  anent o f  the pavanent condi t l o n  r a t 1  ng guide I s  

t h e  def i n l t l o n  o f  the  type, sever i ty  and extent  of the pavement 

distresses t h a t  w l l l  be surveyed. There are several pavanent oondlt lon 

s u r v q  manuals i n  use by the  various highway agencies. Several of these 

were reviewed by Zaniewskl e t  a1 . I n  a research pro jec t  f o r  -the Federal 

Highway AdnIn ls t rat Ion ( R e f  21) .  Table 4 sunmarlzes d l s t r e s s t y p o s  

considered by d i f f e r e n t  s tate hlghway agencies. The most f requent ly  

observed d l  stresses are: 





QlAmss 
Spal l ing a t  the  j o i n t s  
Faul tl ng 
Patch I ng 
L i near crackl ng 
Spa1 l ing a t  the  corners 
Surf ace deter i  o r a t l  on 
Pump1 ng 
Transverse C r  ackl ng 

FIgure 7 sunmarizes t h e  geographical d l  s t r l b u t l o n  o f  the three most 

commonly observed d is t ress  types. The G o  states closest t o  Arizona 

whlch had pub1 ished condl t i o n  survey manual s f o r  r i g i d  pavenents a t  t he  

t lme o f  t he  survey were Texas and Cal l f o rn la .  Both of these states 

observe fau l  ti ng and spa11 lng  o f  t h e  j o i n t s .  Texas observes 1 lnear 

crackl ng and Cal I f  orn l  a does not. 

Tabl e 4 shows there  are  32 d i f f e r e n t  d l  s t ress types def lned by the 

various s t a t e  agencies. Thls i s obv lously too  many types o f  d l  s t ress 

f o r  I ncl usion I n  any pavment condl t i o n  r a t l  ng gul de. Zanf a s k 1  e t  a1 . 
(Ref 5 )  have developed a pavenent cond i t ion  r a t i n g  gulde f o r  the  Federal 

Highway A h l n i  s t r a t i o n  which uses a groupl ng o f  the  d l  s t ress types t o  

reduce d l f f  l c u l l y  I n  t r a l n i n g  t h e  survey personnel. Tabl e 5 shows t h e  

recommended groupl ng o f  t h e  r l g l d  pavment d l  stresses. 

For each of these d l  stresses, t h e  pavment condl t l o n  r a t l  ng gul de 

shoul d def ine extent  and severity. Severlty I s  general l y  rated I n  terms 

of l ar, medl m and severe. Extent I s  usual ly rated on a percentage 

bas1 s. For j o i  nted r l g l  d pavments extent  may be rated as t h e  percent 

o f  the  panels t h a t  a re  affected. 

The key operational Issue t h a t  must be resol ved I n  a pavment 

condi t l o n  r a t l  ng gulde I s t h e  physlcal procedure used f o r  the  co l l ec t l on  

o f  t h e  data. Visual condi t ion surveys Invo lve  one o r  more persons 

observing t h e  pavenent f r a n  e l t he r  a mwtng vehlcle, walking o r  a 

m b l  nat lon of both, and recording t h e  ex1 sti ng d l  stress. The problem 

of co l l ec t1  ng pavenent a n d 1  t l o n  data requl res a amprm lse  between t h e  

q u a l i t y  of the data and t h e  cost of data c o l l e c t i o n  and analysis. 

Survey procedures range f r a n  high speed surveys t o  deta i led data 



~ a u l t i n g  

S p n l l i n g  

L i n e a r  C r a c k i n g  

Figure 7. Distribution of rigid pavement distress identified by state 
pavement condition rating guides. 



JOINT OONDITION 

- Seal Damage 
- Corner Break - Spa11 ing  - Faul tl ng - "D" (durabl l  i t y )  Crack1 ng - Load Transfer Probl ans - Blarup - (Only punchouts are  rated on CRCP s l  nce no j 01 n t s  ex1 s t 1  

CRACKING 

- tong1 tud i  nal - Transverse 

SURFACE DE FE CTS 

- Scal lng, Map Cracking and Crazfng - Popouts - Bunps - Potholes - Pol ish ing 

PATCH ES 

- Asphal t Concrete Patch - Port1 and Cement Concrete Patch - Patch Deter1 or  at1 on - Patch A 4 j  acent Sl ab Deter io ra t ion  

Tab1 e 5 Categorlzatlon o f  d l  s t ress  types i n t o  rated categories f o r  
r l g i d  pavanents. 



c o l l  ect ion which r q u i  res wal k lng  on t h e  pavenent. The various methods 

o f  -1 1 ec t i  ng the  data are compared i n Tab1 e 6. 

Whlle d r i v i n g  a t  hlgh speeds a l l m s  maxlmun coverage of the 

pavements i n  a given t lme p e r l o d ~  there i s  a serious concern t h a t  data 

can be re1 lab1 y col lected a t  hlgh speeds. The ab l l  i t y  of t h e  observer 

t o  recognize the  pavenent v a r i e s  w!th the speeds the  pos l t ion  i n  t he  

vehicle, the  angle of the  sun# etc. Under t h e  best of condl t i o n s ~  the 

re1 l a b i l i t y  o f  data col lected f ran a high speed veh ic le  i s  questionable. 

Operating on an urban freeway I s  a very d i f f i c u l t  condi t ion and 

theref ore i n my opi nlon, hlgh speed observations I s unacceptabl e. 

Operating a t  l o w  speed on a freeway cannot be to le ra ted  due t o  the  

safety problems. Operation on t h e  pavenent shoulder i s a v iab l  e opt ion 

and i s  being used by several agencies. The problan w i t h  d r i v i n g  on the  

shoul der I s  t h a t  sane sect ions o f  road 1 ack adequate shoul ders, and 

there  may st11 1 be sane safety considerations. Howcwer, t h e  success o f  

other agencl es i n maki ng pavement observati ons f ran t h e  shoul der 

prevents d i  scardi ng t h i s  op t ion  a t  *thl s time. Frequently# observatlons 

f ran  a slow mwing veh ic le  a re  augnented by a l l w i n g  t h e  observer t o  

stop and walk along p a r t  of the  sectfon. Thls i s  a bad prac t ice  due t h e  

f a c t  t h a t  it al lows a d i f f e r e n t i a l  means o f  c o l l e c t i n g  t h e  data. The 

observer should no t  hmre any d iscre t ion  i n  t h e  method o f  data 

col lect lon.  

The l a s t  a l t e rna t i ve  I s  t o  have the surveyor wa1 k t h e  pavenent 

wh l le  making observatlons. This  i s  t he  most t ime  consuning and 

expensive method o f  data col lect ion.  Hcuwerr i t a1 so produces t h e  most 

re1 lab1 e data. Safety whi le  walking on t h e  shoulder of the urban 

freeway may be a problan; howwer, i t may be l e s s  o f  a problan than 

having a vehfc le t ravel  i ng  on t h e  shoulder. Observations should be made 

whil e wal k l  ng a1 ong t h e  shoulder a t  1 east I n  t he  ear ly  stages o f  the  

data c o l l  e c t l  on. 

As a f lna l  note w lth respect t o  t h e  c o l l  ect lon of t he  data i n  t he  

f i e l  dr there  are several too l  s t h a t  may be used t o  f aci  1 i t a t e  the  data 

co l l ec t fon  process. The simplest i s  the use of preprinted forms which 

are  easy f o r  the  surveyor to record t h e  data on and can be deslgned f o r  

d l  re& key punching. There are  several anal 1 ( lap  top1 canputers t h a t  

may be programed t o  present t h e  surveyor w i t h  a data Input  screen. ARE 



relatively low cost, can 
be used with photographs 
to distinguish extent and 
severity of distress 

Survey Type Advantages 

apeed survey with 
lking supplee~ent F" 

\igh speed aurvey 

increase precision over 
high speed survey 

low coat 

low speed survey with 
lking aupplement 

improved precision 

I walking nurvey with I high precision 
detailed measuremento 

Disndvont ages 

poor ability to identify and 
distinguish berween dietress 
types 

only practical on roads with 
shoulders or excrrlurly l o w  ADT 

accuracy of survey frequently depends 
on racers ability to identify "reprr- 
sentative" sections 

higher coat than above with same 
drawback on selection of sections 

expense, aclection of repre6entative 
section. obtaining adequace coverabe 

Table 6 Advantages and disadvantages of various approaches to pavement condition surve1.s. 



Inc. has successfully programed t h e  Epson 1 ap top  computer f o r  data 

col l e c t l o n  surveys. The cunputer used by ARE Inc. has both a 

microcassette and a p r i n t e r  f o r  record1 ng the  data. The p r i n te r  proved 

t o  be very valuable as a backup f o r  the  a u t m a t i c  data t rans fer  process. 

There are now several brands o f  computers t h a t  may be used f o r  t h i s  

funct ion. Minnesota has gone one step fu r ther  by uslng an opt ica l  

sensor t o  read prepr inted code bars correspond t o  the  d i f f e r e n t  d is t ress  

types. The operator merely needs t o  po in t  t o  a bar code t o  record t h e  

type of df stress t h a t  f s belng observed. The data can then be 

autanat ical  l y  t ransferred t o  t h e  main data base. 

By proper planning and equl pping t h e  data oo l l ec t l on  process, the  

treatment o f  the data I n  t h e  o f f l ce  can be s i g n i f i c a n t l y  reduced, 

pa r t l cu l  a r l y  i f  an autanated data t rans fer  process can be establ lshed 

using e i t h e r  the l a p  top  computers o r  t he  bar oode reader 1 lke  t h a t  used 

i n  Minnesota. The main concern I s  t o  ensure the  aanpatl b i l  ity of the 

data base be-tween t h e  data col 1 ected I n  t h e  f i e l  d and t h e  data put on 

t h e  computer f ran the department's historical records. - 
The f i n a l  po in t  f o r  consideration I n  t h e  pavement condition r a t i n g  

guide i s  t h e  need f o r  accuracy I n  the  data col lect ion.  m e r e  are 

several opportunl t l e s  f o r  v a r l  ances i n  t h e  data col 1 ect lon and recordf ng 

process t o  enter I n t o  t h e  pavenent oondf t i o n  survgr. F l  rst, there I s  

t h e  a b i l  i t y  of each ind iv  ldual t o  record data I n  a cons1 stent manner. 

The a b i l i t y  of an observer t o  record data w i l l  vary depending t h e  

a t t l t u d e  of the observer and envlrormental w n d i  t ions. There can be 

s i g n l f  lcant  va r l a t i ons  f ran one day t o  t h e  next and f run the morni ng t o  

t h e  wen1 ng. There a re  w e n  1 arger v a r l  a t ions when t h e  data are be1 ng 

col  1 ected by more than one observer. When a term I s  used t o  ool 1 ect t he  

data, there  i s  a strong probabi l  lty f o r  la rge  va r la t l ons  between the  

observers. 

The mount  of v a r l  ab l l  l t y  i n  t h e  data can be mlnimlzed by care fu l l y  

deslgnfng t h e  survey method t o  l l m l t  the mount  of decisions t h e  



surveyor i s  r q u i  red t o  make and by thorough t ra in1  ng o f  the f i e l d  

surveyors. Wlthout exception, t h e  data are  more re1 iab l  e when t h e  

surveyor i s  required t o  measure a parmeter  rather  than befng allawed t o  

make an estimate. A good pavenent condl t i o n  ra t1  ng manual shoul d 

include a sect ion on t r a i n i n g  o f  t he  crew. Tralning sesslons frequently 

r q u i  r e  G o  days o f  c l  assroan ins t ruc t ions  and a day of f l e l  d practice. 

DISTRESS SU IW EY 

As pol nted out  i n  Table 5 r i g i d  pavanent dl  stress types may be 

placed I n  four  categories. There are several types o f  d l  stress t h a t  

must be rated w l t h l n  each category of d l  stress. The best method f o r  the  

i dent i f  i c a t i  on o f  the  d l  stress I s  w i t h  a photo of t h e  d l  stress and a 

verbal descrl p t ion  o f  t he  d i  stress. There are  several manual s f o r  

pavenent condi t i o n  surveys t h a t  present adequate descriptions. Several 

of these are based on t h e  pavenent condf t i o n  r a t i n g  guide developed f o r  

the  FHWA and NOIRP by Smith,  Darter, and Her r i n  (Ref 6). The most 

recent pavment condl t i o n  r a t l n g  manual based on these d is t ress  

def in1 t l o n s  was prepared by Zanl ewskl, Hudson and Hudson f o r  t he  Federal 

Highway A h i n 1  s t ra t l on  (Ref 5 ) .  This manual shout d serve as a good 

s t a r t f  ng pol n t  f o r  a r f g f  d pavment condi ti on survey manual f o r  AWT. 

I n  par t icu lar ,  Appendlx B presents t h e  d is t ress  i d e n t i f  l ca t l on  photos. 

The photos presented i n  the  Pavment Condl ti on Rating guide have been 

reprinted several times and are  l os lng  some c l a r i t y .  It may be 

desirable t o  take a new set of photos f o r  a pavenent condf t i o n  manual 

f o r  ADOT. 

The method reammended I n  Re f .  5 was developed f o r  netavork surveys 

so sane modl f lcat ions are  requlred f o r  t he  survey of the  urban freeways 

t n Artzona. The condf t i o n  survey requires f ill ing  out two forms as 

shwn I n  Figures 8 and 9 a t  each sample location. A sample l oca t ion  I s  

100 f t  o f  pavenent t h e t  i s rated f o r  the  nor\j o i  n t  re1 ated d l  stresses and 

t e n  consecutive j 01 nts. 

At each smp le  location, t h e  100 f t  ra ted f o r  crackf ng, patching 

and surf  ace defects f s div lded l nto four  subsecti ons correspond1 ng t o  

t h e  colunns A, 0, C, and D, on Figure 8. Each subsectlon I s  rated f o r  

the  severi ty of t h e  crack1 ngr surf  ace defects and patches according t o  



Rigid  Pavement D i s t r e s s  Survey Data Form 

Date:  R a t e r :  D i s t r i c t :  
Rou te  No: No. o f  Lanes: S e c t i o n  No: ~ ~~-~ ~ . . - - -. - 

Link ID: Node No. t o  Node No. 
S e c t i o n  I D :  Beginning S t a t i o n  Ending S t a t i o n  

COMMENTS : 

S e v e r i t y  
Leve 1 

0 

1 

2 

3 

4 

Figure 8 Form f o r  r a t i n g  r f g i d  pavement distress. 

J o i n t  Problems 
0 r 

Punchou t 

DISTRESS 

C r a c k s  

A B C D A  

CATEGORY 

Surface Defec t s  

B  

Pa tches  

I 

C D A B C D  

I 



Transverse J o i n t  Rating Worksheet 

J o i n t  tiumber 

D i s t r e s s  1 2 3 4 5 6 7 8 9 1 0  

None 

A Seal  Damage 

I 

4 

01 
Corner Break 

> 
01 
J S p a l l i n g  
V1 
V1 
aJ 
b. Faul t ing  1 112" 
L) 

U1 
.,-I 

P 
D Crack 

U 
C 

.d 
Load Transfer 

o Problems 
C 

Blowups 
i 

S e v e r i t y  Level Aseianments 

0 - Nochecka 
1 - Any checks i n  d i s t r e s s  l eva1  A 
2  - - < 9 checks i n  d i s t r e s s  l e v e l  B 
3 - 10 - 30 checks i n  d i s t r e s s  l e v e l  B 
4 - > 30 c h e c k s  i n  d i s t r e s s  l e v e l  B o r  any c h e c k s  i n  

d i s t r t s r  l e v e l  C 

Figure 9. Transverse j o i n t  r a t i n g  worksheet. 





Sevrr i t  y 
Levrl 

0 

I 

1 

3 

4 

I Severity Guidelines 
Levrlm I Cuidcl incm 

None 

Crmck width. C 112" and n o  other dincrema at the 
crack. 

Track vidthm 2 Ill" and n o  other dintrear at the 
crmcb. 

Crrckm C 111'' ride which have any 01 the following: 
f a u l t  in8 1 1Ilm, 'b' crack., or *pall  in^. 

Crackm 1 I/?" w i d e  with any of the following: 
tault ins 2 I12". 'D' crack#. o r  mpallint. 

Severity 
Levrl 

0 

I 

3 

3 

4 

One orcurenca per 100' 

TLo occurcncem per 100' 

Three occurencer per 100' 

- 

Cuidelincm 

None 

ICC patch in eood condlrlon. 

AC patch in good condition. 

Any pmtch in poor condition. 

Any r i ~ n i f  icmnt occurancc of ad jmcrnt 
alab damsst. 

I C I tour orcurences Dcr 100' 

S u r f a c e  Defects - Scal  i n g ,  I'ol)oi~ts, Ilualps, Potlloles, 
and P o l i s l l i n a .  

I I I 

Severity Guideliner 

I Sliaht or moderate meverity ravelins. popouts. 
mcmling. map crackins or crazing. 

I O c c u r e n c e  o f  b u m p a  o r  b e v c r e  o c c u r r n c e m  of t h e  
dimtrcmmem mentioned above (meverity level I). I 

I ]  I Occurencc of any potholcm or mt8rrs.te poliahins. 1 

F i g u r e  10. Guide1 ines' f o r  s e v e r i t y  r a t i n g  o f  r i g i d  pavements. 



pavanent s t ruc ture  a t  d l  screte pol n t s  i n  tlme. The d l  s t ress Infonnat lon 

must be analyzed i n  a manner t h a t  w Ill a1 l o w  the  devel opnent of a 

s t a t l  s t l c  t h a t  can be monl torsd over t ime t o  def lne the  performance of 

the  pavanent. There are several approaches t o  t h e  developnent of a 

pavanent condl t l o n  r a t l n g  s t a t i  s t l c  but i n  essence* t h e  approach i s  t h e  

d e f i n i t i o n  o f  an algorithm f o r  m p u t f n g  t h e  pavanent condition score 

and then t h e  devel opnent of a method f o r  l n t e r p r e t i  ng t h e  meani ng o f  the 

pavanent condi t lon score. The actual developnent of a pavenent 

condi t ion r a t i n g  method I s  beyond t h e  scope of t h i s  project;  hawever, 

t he  s ta teo f - the -a r t  does p r w l d e  several approaches t o  the  problen t h a t  

a r e  described herel  n. 

I n  t h e  slmpl est  sense* a1 t of t h e  ava l l  able pavanent condl t l o n  

r a t l n g  scores a re  a sunmatlon o f  t he  lnd lv ldua l  di  s t ress scores 

m u l t i p l i e d  by a weightfng function. The developnent of the  pavanent 

condi t ion r a t i n g  score requl res detennlnlng appropriate welght lng values 

f o r  each d ls t ress  type such t h a t  t h e  cumposlte r a t l n g v a l u e  h a s a  

meaning. Once the cunposl t e  r a t 1  ng v a l  ue has been determined* deci sf on 

c r l t e r i a  need t o  be developed f o r  I n te rp re ta t l on  o f  t he  data. 

There a r e  several analyt lcat methods t h a t  may be used f o r  the data 

anal y st s: 

1. Mu1 ti pl e regress4 on anal y s l  s 

2. Bayesl an anal y s l  s 

3. U t i  1 i t y  Theory 

4. Markov processes 

5. Dl scrimlnant analysl s 

6. Time series analys is  

Each ,of these anal y s l  s methods have an appl i c a t i o n  depending on t h e  

type of data aval l  abl e and the  r e s u l t s  requi red f ran the  analysl  s. 

Regression analysl  s i s  one of the  most cummon of the  s t a t l  s t l c a l  

too l  s ava l l  abl e f o r  devel opl ng model s f ran data bases. Fl  nn e t  a1 . used 

regression analysl s f o r  the  developoent of t he  performance models f o r  



t he  ADOT pavanent management system where t h e  change f n serviceabi l  f t y  

with t ime I s  re1 ated t o  t h e  envirorment, t r a f f  l c  and st ructura l  

variabl es ( R e f  22). Mu1 t i p 1  e regression analys is  I s  used as e i the r  a 

descr ipt ive tool, where the  l i n e a r  dependence of one var iab le  on another 

I s  s m a r l z e d  o r  decomposed. o r  as an In fe ren t ia l  tool by which the 

re1 ationships I n  t h e  popul a t ion  are  detennlned by an examination of a 

sample of the popul ation. 

The 1 inear regression method o f  anal yz ing  pavanent condi ti on data 

was recently used I n  a study f o r  t h e  Alabama Highway Department (AHD) t o  

develop pavenent r a t 1  ng scal e f o r  determini ng pavanent ma1 ntenance or  

rep1 a m e n t  p r io r1  t i e s  based on t h e  measured pavanent d l  s t ress (Ref  23). 

I n  t h e  A1 abama model * the  1 eve1 of roughness* crack1 ng and patchi ngr and 

ravel ing i s  used t o  determine t h e  w e r a l l  pavenent r a t i n g  Index. There 

are  actual ly  several terms t o  capture the  e f f e c t s  o f  the d i f f e r e n t  types 

o f  cracking. I n  order t o  establ ish the data base f o r  the developnent of 

t he  regression model engi neers form throughout t h e  department were ask 

t o  r a t e  30~000 pavanent sections throughout t h e  state. The Delphi 

procedure was used t o  desl gn t h e  ra t1  ng scal e f o r  t he  f l e l  d eval uat ion 

o f  the  t e s t  si tes. 

While t h e  work performed by lYID was f o r  f l e x i b l e  pavanents~ It did 

demonstrate t h e  f e a s i b l l  i t y  of capturing expert  opinions o f  the  

re1 at ionship between pavanent d l  stress t h e  need f o r  an act ion by the 

highway department. 

The Bayesl an analysi s approach was formul ated t o  ass1 st decf sion 

making when there  are  i nsu f f  l c i e n t  data f o r  a determini s t i c  solution. 

The data usually represent past experience I n  s lm l l  ar s l tua t lons  and may 

be of any degree of complexity rangfng fnm simple guesses on t h e  pa r t  

o f  the declsion maker t o  deta i led nunerlcal resu l ts  o f  a la rge 

experiment. The data must be expressed as the probab i l i t y  t h a t  various 

ansequences w i l l  r e s u l t  f ran  a spec i f i c  decision. 

The Bayes p r i n c i p l e  then t e l l s  t h e  decision maker t o  choose the  

decl slon which mlnirnizes t h e  expected 1 oss o r  maximizes t h e  expected 

gain. The Bayesi an approach i s  t y p i c a l l y  used when there  are  r e p e t i t i v e  



experiments on ident ica l  systems, or  when a decislon i s  required f o r  

maximizing o r  mlnimlzlng a utility func t ion  when determin ls t lc  data are  

not av a1 1 ab1 e. 

Figure 11 shows haw the  Bayesf an approach may be appl led t o  the  

developnent of a re la t ionsh ip  between pavenent d i s t ress  data and 

pavenent performance (Ref 24) . The analysi s begins I n  t h e  upper l e f t  

quadrant of t he  f igure where the  current data on t h e  pavenent structure, 

local  environment, and pro jected t r a f f i c  a re  m p l  ayed t o  determine the 

p r i o r  d l  s t r i  butlon. ThI s d l  stri but ton p r w  ides t h e  f i r s t  estlmate of 

f u t u r e  performance. For the evaluat ion o f  an ex1 st1 ng pavenent, the 

data on the  l e v e l s  o f  distress, se rv i ceab i l i t y  and maintenance h i s t o r i e s  

a re  used t o  establ ish the p r i o r  d ls t r ibu t lon .  The p r i o r  d i s t r i b u t f o n  i s  

used t o  p red ic t  t he  dependent v a r i  ab1 e. A f te r  the i n1  ti a1 prediction, a 

new set  o f  data can be analyzed; t h e  p r i o r  d l s t r i b u t l o n  i s  upgraded t o  a 

poster ior  d i  s t r l  but1 on, which a1 1 ars t he  est lmat i  on o f  an updated 

df s t r f  but ion o f  the dependent v a r i  abl e. 

The advanatage of t h e  Bayesian approach aver standard regression 

analys is  i s  t h e  b u l l  t o i n  mechanism f o r  updating the  model s as more data 

are  made ava l l  abl e. With standard regression, one must amp1 e te ly  

redef lne the model and repeat t he  anal y s l  s when new data are  added t o  

t h e  data base. 

The major weakness of t h l  s approach i s  t h e  need t o  def lne the data 

i n  p robab f l i s t l c  terms. This i s  d i f f i c u l t  t o  accomplish Inmany 

s l  t u a t i  ons. The Bayesi an approach I s frequently used I n comb1 na t l  on 

w i th  other s ta t1  s t i c a l  analysis methods such as t h e  Markovlan method. 

U t i l  I t y  theory f s  a method of sunmarlzing o r  combining mu1 t l p l  e 

a t t r i b u t e s  i n t o  a sing1 e paraneter by the  use of u t l l  l t y  functions. 

These funct ions can be used d l  r e c t l y  t o  obta ln weightf ng values, o r  

subj ec t lve  preferences o f  experienced engl neers I n  assess1 ng t h e  

r e l a t l v e  importance of a va r ie t y  of factors. U t f l  f t y  theory was used by 

Finn e t  a1 . f o r  the development of the  ADOT pavanent management systan 

(Ref 22) and was used by Nobles and McCul lough (Ref 25) f o r  the 

w a l  u a t l  on of Conti nuousl y Reinforced Concrete Pavements i n  Texas. 
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The u t l l  l t y  theory re1 l e s  on t h e  subject ive opl nion o f  experienced 

personnel t o  def lne t h e  1 eve1 s o f  the  dependent v a r i  ables. 

The Markov process i s  used I n  t h e  ADOT pavanent management system 

f o r  the pred ic t lon  o f  change I n  pavment a n d 1  t i o n  over time. Any 

system t h a t  can ex1 s t  I n  a ser ies  o f  possl b l  e s tates o r  conditions I s  a 

candidate f o r  descr lpt lon I n  Markovlan tenns. Consider a system wl th  a 

f l n i t e  nunber of states, labeled 1, 2, 3 . . . N and assune t h e  systems 

always I n  one of these states. A t  d l  screte times? l e t  the system make a 

t r a n s l t l o n  f ran one of these s ta tes  t o  another a n d 1  t l o n  s ta te  with a 

f lxed probabll lty. An e n t l  r e  s e t  of probabil l t l e s  f o r  t r a n s i t i o n  f ran 

one cond i t ion  s ta te  t o  any of  the  other condl t l o n  s ta tes  def lnes t h e  

t r a n s l t l o n  probabil l t l e s .  These t rans l  tl on probabll i t l e s  are stored I n  

a N N matrix, t h e  (I, j) e l m e n t  represents t h e  probabll l t y  the  system 

w i l l  undergo a t r a n s l t l o n  fmn s ta te  1 t o  s ta te  j. The current s tate of 

t he  systen descrl bed i n  a row vector of length N, t he  e l  m e n t s  I n t h e  

vector are the  probabll ity d l s t r l b u t i o n  over the  set  of a l l  possible 

states. The s ta te  of the  system a f t e r  one t rans l  t l o n  i s  detennlned by 

mu1 t l p l y l n g  t h e  s ta te  vector by the t r a n s l t i o n  ma t r i x  t o  def lne a new 

state vector. 

The Markov process i s  a very powerful too l  f o r  the  analys ls  o f  

pavenent condi t lon.  The ma1 n d l f f  l c u l  ty I n  devel opl ng and using t h e  

s y s t m  I s  t h e  developnent and rw  fs lon  o f  the  t r a n s l t l o n  matrlces. A 

separate t rans l  t l o n  ma t r l x  I s requl red f o r  each va r t  abl e t h a t  requf res a 

perfonnance predlct lon. The 1 n l  tl a1 devel opnent o f  the  t rans l  t l o n  

ma t r l x  may be establ lshed w l th  engfneerlng judgnent. but eventual ly one 

would desl re t o  r w i s e  the matr ices t o  r e f l e c t  t he  experfen- 

demonstrated I n  the  pavement data base. 

Dl scriminant analys is  was developed speclf  l c a l l y  f o r  comb1 nlng a 

nunber of var lab l  es i n t o  a composite Index and l oca t i ng  the c r i t i c a l  

values o r  boundary values t h a t  def lne d i s t l n c t  classifications o r  groups 



wi th in  t h e  data. This 1s  accomplished by select ion o f  ccnnposlte 

v a r i  abl es on t h e  bas1 s o f  maxlmun di f ferences among t h e  means o f  

composite soores coupled w l t h  mlnlmun overlap o f  t he  d i s t r i b u t i o n  o f  

these swres. Nobl e and McCul 1 ough have used t h i  s analysi  s method f o r  

the developnent o f  pavanent rehab11 i t a t l o n  c r l  t e r l a  f o r  continuously 

re1 nf orced pavenents I n Texas (Ref 26). 

I n  the  Texas study, t h e  data base was 1 arge enough so t h a t  t he  data 

could be divided I n t o  two groups o f  data, pavments t h a t  had been 

overl  a1 d, and pavenents which had n o t  been overl  a1 d. For each group 

there  was a amp1 ete data set f o r  pavement d l  stress. The d l  scriminant 

analysl s was then performed t o  determine the  d l  s t ress factors, along 

wi th severi ty and extent, which 8x1 sted predominantly i n  e l t h e r  the 

w e r l  a i  d o r  nonwer l  a i  d pavanent s. 

Time ser ies analys is  i s  an extrenely powerful too l  f o r  the  

t r e a h e n t  o f  t lme dependent data. It of fers a method of i t e r a t i v e l y  

analyzing t h e  data t o  maximize t h e  q u a l i t y  of t he  models. However, due 

t o  t h e  formulat ion o f  t he  method, i t requlres data t h a t  are exact ly 

evenly spaced I n  tlme. The only set  of pavment condl t ion data t h a t  

meets t h i s  r q u i  renent a re  the  r e s u l t s  o f  t h e  AASHO Road Test. It i s  

un l i ke ly  t h a t  the data ool lected on t h e  urban freeways I n  Arizona w i l l  

meet t he  uniformity of t ime requi renent so t lme ser les analysl s w i l l  not 

be considered fur ther .  

There a re  a wide var ie ty  o f  analysls methodologies ava i lab le  f o r  

the  trea.tment of pavanent a n d l  t i o n  data. Sane are sul tab1 e f o r  the 

devel opnent of weight1 ng f unctlons f o r  annbini ng t h e  ind lv  ldual measures 

o f  pavenent d l  stress i n t o  a meaningful amposi t e  1 ndex of pavment 

condition. I have worked w l th  t h e  dlscr imlnant analys ls  and found It 

t o  be very powerful and useful f o r  the  analysi s of these type of data. 

O f  the  methods d l  scussed f n t h i s  mano, t he  d l  scrimlnant analysis method 



i s  t h e  best method f o r  both establ i sh lng  the  m p o s l t e  ra t1  ng scal e and 

f o r  I d e n t i f y i n g  c r i t e r i a  f o r  i n te rp re t i ng  t h e  scale f n a meaningf u l  way. 

Other methods o f  analysis are useful f o r  the  developnent of 

performance mode1 s. The Markov process I s very powerful and has the  

advantage o f  being f an11 f a r  t o  t h e  pavment management group. The ma1 n 

drawback t o  t h e  Markov process 1s t h e  need t o  establ ish m u l t i p l e  

t rans i  ti on matrlces. While the  devel opnent of mu1 ti pl  e matr lces I s 

cunbersane, it I s  no t  technologlcal1y d i f f  l cu l  t. I recanmend the  

Markovian process as the  primary analysls method f o r  the developnent of 

performance model s f o r  the urban f reauays f n Arizona. 

I n  t h e  meantime, a method i s  needed f o r  t h e  reduct ion o f  the  

d is t ress  data t h a t  w i l l  be co l lec ted  during t h e  condl t i o n  survey. Since 

the  primary data baw w i l l  ranain i n t a c t  f o r  subsequent analysis, the  

method used f o r  the  prel  imlnary analysis may be r e l a t i v e l y  

unsophl st1 cated and slmpl e. 

I propose the  use of the  pavenent d is t ress  index, POI, developed 

f o r  the  Federal Highway Abnlnl s t r a t i o n  Pavenent Condit ion Rat1 ng Gul de 

(Ref 5 1.  This data reduction method I s m p a t i  b l  e wf th the recommended 

data c a l l  ec t lon  procedure. The PDI 1 s a deduct value method of 

computi ng t h e  condl t i o n  scare. t h a t  i s  t h e  PDI i s on a scale of 0 t o  

100 wi th 100 being a perfect pavment. The nunber of deduct po in ts  1 s 

computed as a func t ion  o f  the type, extent and sever i ty  of the  dlstress. 

That i s :  

where 

PDI = Pavement D l  s t ress Index sample 1 ocat i  on 1 

nd 
...&DP~ = Sun of mean deduct po in ts  f o r  each d ls t ress  

category j f o r  sampl e uni t 1 

nd = the  nunber of df s t ress  categories 



The sun of t he  deduct pol n t s  I s  canputed as shown on Flgure 12. 

The observed sever l ty  l w e l  for  each o f  the  types of d is t ress  I s  

t ranscribed onto Flgure 12. The sun of the  1 w e l  of severlty I s  

computed and mu1 ti pl  led by the  welghtlng factors. The sun of t he  

welghted d l s t ress  1 w e l s  I s  divided by 4 t o  determine the  sun of the  

mean deduct pol n t s  f o r  each wmpl e locat ion. A t  th l  s t lme I do not 

recommend m b l  n l  ng t h e  data across sampl e unl ts .  



R i g i d  Pavement D i s t r e s s  Survey Data.AnaLvsis Worksheet 

IDP = TWS + 4 = 

PDI = 100 - EDP 
PDI = 100 - - 

Figure 12 Data analysis worksheet f o r  r l g i d  pavements. 



MAPTER 4 LIFE CYCLE COST PCJKYSIS 

As roads deteriorate, vehicl e operating cos ts  increaser absorb1 ng 

spendable user resources. These cost axnponents are best analyzed by a 

1 If e c y c l  e cost ing (LCC) progran whlch makes an economic assessment of 

competl ng desfgn o r  rehab11 l t a t l o n  a1 ternat ives. L l f e  cyc le w s t s  have 

been studled extenslvely by several hlghway agencies. There are  two 

recent repor ts  sunmariz i n g  t h e  s ta te  of t h e  a r t  w i th  respect t o  1 i f e  

cyc le w s t s  o f  pavements. I n  1985, Texas Research and Developnent 

Foundation, lRDF, prepared a s ta te  of t h e  a r t  repo r t  f o r  the 

Pennsylvani a Department o f  Transportation (Ref 27). This repo r t  

provldes very prac t ica l  informatlon f o r  t he  developnent of a 1 l f e  cyc le  

cost analys ls  methodology. The second repo r t  I s  a synthesl s o f  I i f e  

cyc le cost analysl  s practices prepared by Dale Peterson f o r  the Natlonal 

Cooperatlve Highway Research Progrm (Ref 28). The lRDF repo r t  deal s 

d i  rec t l y  with the devel opnent of a LCC methodology whereas t h e  NWRP 

repor t  presents more general background information. Much of t he  

f o t l a r l n g  Information was obtained d i  rec t l y  f ran  t h e  lRDF report. 

LCC analyses a1 1 ow highway adnini s t ra to rs  t o  expl ore several 

f easl b l  e econunic a1 ternat ives t o sel ect t h e  be* 

desi gn/mai ntenancdrehabi l  i t a t l  on strategy. On a broad scal e such 

analyses can form the  basis f o r  budgetary request. Adnln is t rators can 

use it t o  dmonstrate t o  those con t ro l l  lng  resources t h e  consequences t o  

f u t u r e  agency costs and t o  the  emnomy of not meet1 ng i d e n t l f  ied  

budgetary needs. L i fe-cyc l  e cost analys is  prw ides an inval  uabl e too l  

f o r  hlghway a h i n i  s t rators.  

HISTORICAL ASPECTS OF LIFE-CYCLE COST ANALYSIS 

Although 1 i fe-cyc le cost ing f o r  pavenents I s  no t  a new concept, It 

has no t  been uniformly appl i ed  by s ta te  highway agencies. Figure 13 

shows the  pavment se lect ion procedures used by the  states (Ref 28).  

The probl ans most o f ten  c i t e d  f o r  not using LCC analys is  are: t h e  1 ack 

o f  ce r ta in  input  Informatlon pa r t i cu la r l y  re1 ated t o  user costsr such as 

unknown i n t e r e s t  rates, M e  t ime value of money, and t h e  e f fec t  of 

i nf 1 a t i  on. Others quest1 on t h e  appropri a te method01 ogy f o r  



Incorporat ing these fac to rs  i n t o  t h e  1 l fe-cycle cost analysis. A nunber 

of pro ject  1 we1 1 i fe -cyc le  cost techniques have been developed and 

appl led  I n  t h e  United States. h o n g  these are Systems Analysis Method 

f o r  Pavements (SAW) developed by Hudson, e t  a1. (Ref 291, and the  

Fl  ex1 b l  e Pavment Systan (FPS) developed i n 1969 by Hudson, McCull ough, 

Scrlvner and Brown (Ref 30). 

Subsequent developnent work was done i n  Texas t o  produce a R ig id  

Pavment Design System (RPS) I n  1969 by Kher, Hudson and McCut lough as 

pa r t  o f  t h e  Texas Cooperative Pavanent Research Progrm (Ref 31, 32). 

Dr. Kher subsequently developed t h e  OPAC (Ontarlo Pavanent Analysis o f  

Costs), a comprehensive 1 i fe -cyc l  e cost lng method i n  t h e  Canadian 

province of Ontario (Re f  33, 34). Total pavment costs are predicted 

throughout t h e  1 I f e  o f  the  pavanent Inc luding i n i t i a l  capl ta l  

expendi ture, resurf aci  ng and ma1 ntenance expendi ture, road user costs, 

and salvage value. I n  1972, an opt imizat ion systan was developed f o r  

the U.S. Forest Service a t  the Un lvers i ty  of Texas (Ref 35, 36). 

The common bas1 s o f  these methods i s t h e  appl i ca t i on  o f  a sys tms 

approach t o  pavment analysi s and design (Ref 29, 30, 37, and 38). 

Canputerized models o f  these methods generate an array of a1 te rnat ive  

desl gn strategies, am pute costs associ ated w f th each f easl b l  e strategy 

w e r  I t s  analysis 1 lfe, and select  candl date strategies based on an 

appropriate econanic analysl s. A conceptual f r m a r o r k  o f  1 i f e c y c l  e 

cost analysl s used i n  t h e  systems approach t o  pavment design I s  

i l l u s t r a t e d  I n  Figure 14. 

Other computer prograns f o r  pavenent analysi s and design which 

consider LCC methodology are LIFE2, HDM, RPROSl and PRDS1. l h e  

Construction Engl neeri  ng Research Laboratory (CERL 1 has devel oped t h e  

LIFE:! progran (Ref 39) f o r  1 i fe -cyc l  e analysis o f  both f l e x 1  b l  e and 

r i g l d  pavenents. The progrim HDM (Highway Design Model i s  a cast model 

f o r  f l e x i b l e  pavenents (Ref 40) developed and used primarily by the 

Worl d Bank as a gui del ine f o r  i nvest l  ng money 1 n t h e  devel opnent of 

roads i n  t h i r d  worl d countries. RFRDSI was developed a t  t he  Unlvers i ty  

of Texas a t  Austin spec i f i ca l ly  f o r  r e h a b i l i t a t i o n  design o f  ex ls t lng  



Flgure 13 Pavement selection procedures used by various agencies i n  
1904 (Ref 281. 
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Figure 14.  A conceptua l  framework of a comprehens ive  LCC methodology 
(Ref 27). 



r i g i d  pavanents fo r  use by the SMPT (Ref 4 1 ) .  The PRDSl progran I s  a 

modif ied vers ion of RPRDSl  (Ref 42) and I s  capable of performing 1 i f e -  

cyc le  analys ls  of both f l e x l b l e  and r l g i d  pavanents f o r  rehab i l l t a t l on  

desl gn. 

I n  the  slmpl est case, LCC analysis evaluates Inputs and costs 

associ ated w i th  a par t icu l  ar  strategy through the  analysl s period, 

discounts t h e  cost t o  t h e  base year and generates an output report  t h a t  

can be used i n  management decl sf on-maki ng. The computer prograns c i t e d  

above o f f e r  Immense advantages as these have the  add1 t i ona l  capabf 1 i t y  

of examinl ng a mu1 tl pl e nunber of strategl  ss, maintenance treatments, 

and t r a f f  l c  scenarios i n  d i f f e r e n t  canbi nations. 

FURPOSE OF LCC ANPLYSIS 

A 1 I fe-cycl e cost anal y s i  s i nvol ves model ing  t h e  performance of a 

given st ructura l  pavenent segnent fo r  several years (a pavenent's 1 i f  e- 

cycle)  exposed t o  a given set  o f  conditions: 

1) expected env i roment 

2 )  forecast t r a f f i c  1 oadi ngs 

3)  sel ect ma1 ntenance treatments 

4 )  a1 te rna t l ve  rehabi l  i t a t i o n  s t ra teg l  es 

For each design strategy, t o t a l  agency costs and user impacts are  

quantl f  ied. The analysls i s  used t o  w a l  uate d i f f e ren t  pavment design, 

rehabi 1 i t a t i  on and/or mai ntenance trea-tments. The model 1 ng process 

depends on a nunber of dif ferent cause and e f f e c t  re1 ationshlps def fned 

by mathmatical equations. These equations do two things. F i  rst, they 

predict  t h e  fu ture  condi t ion o f  a speclf led  pavenent. Second, they 

quant i fy  the  user Impacts o f  usfng t h e  pavanent I n  each condi t lon. 

Costs are then computed over the anal y s l  s period and d i  scounted t o  a 

base year. 

A cunprehensive pavanent 1 i fe-cycl e analysl s can quant i fy  agency 

and user costs f o r  any design, ma1 ntenance or rehabi l  i t a t i o n  pol icy. 

This means a l te rna t i ve  st rategies o r  opt ions can be analyzed t o  

deternine the1 r re1 a t l v e  costs. 



The basic s t ruc ture  of a mprehens ive  LCC methodology i s  

i l l u s t r a t e d  i n  Figure 14. The i n i t i a l  cost of each pa r t i cu la r  design 

f o r  a spec i f i c  pavment p ro jec t  i s  computed and compared against 

ava i lab le  funds. If the  costs a r e  excessive, the  design i s  discarded 

and t h e  model mwes t o  t h e  next a1 ternat ive. If the  costs are w i t h i n  

feas lb l  e l eve l  S# the  design i s  checked agafnst a t o t a l  s t ruc tura l  

constra ints  and i s  discarded i f  the c r i t e r i a  a re  not met. Those designs 

meet1 ng both t h e  I n l  ti a1 cost and s t ruc tura l  constrai  n t s  a re  retained, 

and t h e  expected desi gn 1 If e i s cal cu l  ated us i  ng per f  onnancs model SI 

env i romen ta l  parmeter, and an t i  c i  pated t r a f f i c .  I f  the  specif fed 

minimun t ime t o  the  f l r s t  w e r l  ay exceeds t h e  i n 1  ti a1 l y  cal cul ated 

design 1 ife, t he  deslgn i s  d i  scarded and t h e  progrm continues t o  other 

a1 ternatives. The progran cons1 ders each design i n  t u r n  and cont i  nues 

u n t i l  a l l  designs have been analyzed. The cost o f  construct ion# 

ma1 ntenance, w e r l  ays# m q j  o r  ma1 ntenance# and user costs a re  then 

canbined t o  y i e l d  t h e  t o t a l  predicted cos ts  f o r  each a l ternat ive.  The 

alternatives a re  then ranked by minimun cost. 

PAV €BENT ANALYSIS MD PERFORMANCE COMPONENT 

Past p rac t i  ces o f  pavenent design and rehabl l  i t a t i o n  have been 

concerned pr imar i l y  with layer  thickness select ion based on a st ructura l  

anal y s i  s. Pavenent anal y s i  s and a perf  onnance predi c t i  on a re  extreme1 y 

important i n  t h e  formul a t l on  of a LCC methodology. The major e l  anents 

o f  the pavment anal y s l  s and performance model s are: 

1. Structura l  analysis f o r  new pavenents o r  rehabl l  i t a t i o n  

desi gn . 
2. Pavenent d l  s t ress  and per f  onnance predi ctl on model s. 

3. Generati on of rehabi l  I t a t i o n  a1 ternatives. 

4. T r a f f i c  model s. 

Structura l  design f o r  pavenents I s  a funct ion o f  t r a f f i c ,  mater ial  

propert ies# and environmental Input as &awn i n  Figure 14. I n  t h e  case 



o f  rehabil i t a t i o n  design# the  thickness and condi t ion of the  ex i s t i ng  

pavenent are a1 so I nfluencl ng v a r i  ables. A thickness design i s  assuned 

t o  be adequate t f  the predicted response of the t r f a l  pavenent s t ructure 

I s be1 ar c r f t i c a l  o r  1 im i t l ng  values. The response var iab le  can be 

def lect ionr distress, o r  strain. The 1 lm i t i ng  values a r e  based on 

empirical studies, experience and t r a f f i c  levels. A major i ty  of 

rehab11 i t a t l o n  design methods use the  1 i m i t i n g  def lec t ion  c r l t e r f a  which 

i s  an m p l  r i c a l  approach. 

The rnechani s t i c - m p i  r i c a l  approach of structura l  design 1 s beaming 

increasingly popul ar. I n  t h l  s approach, the  pavenent I s  modeled as a 

mu1 t i - layered 1 inear el a s t l c  system, and each 1 ayer i s  characterized by 

a modul us o f  e l  a s t l c i t y  and Poisson's ra t io ,  For a new pavment design, 

the  mater ia ls  are  aa rac te r i zed  i n  t h e  laboratory. For ex l s t l ng  

pavanents, i n  s l  t u  materl a1 propert ies can be determined f ran the 

rnechani stf c i n te rp re ta t i on  of def 1 e c t l  on bas1 ns measured by a 

nondestructive tes t1  ng dev ice. The c r i  ti cal response I s then computed 

by a progrm based on layered theory f o r  t he  assuned pavenent s t ructure 

acd deslgn load. h p i  r l c a l  l y  response versus performance re1 ationshlps 

are used t o  pred ic t  t h e  s t ruc tura l  capacity and strengthening 

requi renents. 

91 s t r w a n d  Performance Pr- 

For 1 i f  e-cycl e anal y s l  s o f  pavments, mathenatl cal model s are 

needed t o  estlmate t h e  r a t e  of pavenent de ter io ra t lon  associ ated w ith 

each desl gn a1 te rnat lve  or  rehabi 1 I t a t i  on strategy. krformance of a 

given strategy can then be predicted under f u t u r e  t r a f f i c  condit ions f o r  

a speclf i c  envirorment. These mathmatical models define the damage 

func t lon  which are d i f f e ren t  f o r  d i f f e r e n t  pavanent types and 

perf ormanm v a r l  abl es. 

D l  s t ress predict ion model s are used f o r  eval uat lon o f  pavenent 

s t ructura l  condi ti onr and sew lceab l l  1% predict ion model s are 

associ ated w i t h  f unct l  onal performance of pavenent s. These damaged 

funct ions a r e  of s lgn i f  lcant Importance i n  devel opl ng 1 ife-cycl e 

anal y s i  s methodol ogy because these are used t o  predict  f u t u r e  pavanent 



condl t lons. Tab1 e 7 presents a 1 1s t  of performance v a r l  ables fo r  r i g1  d 

pavments which have been model ed m p l  r l c a l  ly .  

It I s not  feasi  b l  e t o  consider a1 1 these performance model s. 

Canmonly used performance v a r i  ables a re  roughness, sane form of d l  s t ress 

such as fat lgue cracking, servlceabl l  i t y  index, o r  a c a n p s i  t e  condit ion 

ra t1  ng. These model s make It possi b l  e t o  quant i fy  the performance 

curves and sew Ice 1 i f e  of d i f f e r e n t  design st rategles by canputl ng t h e  

t ime t o  reach a I i m i t l  ng value. 

Mu1 ti pl e regresslon analy s i  s techniques are  h i s t o r i c a l l y  used t o  

develop perf onnance/di stress model s i n which r a t e  of de ter io ra t ion  1 n 

terms o f  a specif I c  v a r i  abl e i s  re1 ated t o  expl anatory va r l  abl es such as 

t r a f  f lc, age, def l e c t l  on, regional, and e m  i romental  f ac to rs  f o r  a 

par t icu l  ar pavment type. Other types o f  analysi s such as t h e  Markov fan 

process o r  d i  scriminant analysi s may be more approprl ate a t  t h i s  time. 

Appl i ca t l on  o f  the  systems approach t o  pavenent deslgn (Ref 38) 

enables t h e  user t o  analyze and evaluate a l a rge  nunber of a1 ternat ive  

deslgn strategies. Figure 15 I l l u s t r a t e s  the  general order involved I n  

generati ng a1 te rnat f  ves t o  be consf dered i n any p a r t i  cul  ar  desi gn 

s i tuat lon.  A t rue  l i f e - c y c l e  analys ls  f o r  pavanents ls incomplete 

w i t hou t  contanpl a t i  ng f easl b1 e a1 te rnat ive  s t ra teg i  es ? n a specif l c  

case. 

The model to generate rehab11 i t a t i o n  a1 ternat fves shoul d have the  

capabil l t y  t o  generate mu1 t l p l e  opt ions based on ( a t  the  very leas t )  

type of rehabl l  I t a t l  on, timing, and extent o f  rehabll l t a t i o n  (e. g. 

aver1 ay thickness) . Since It may not  be possf b l  e t o  consider a1 1 of 

these ombinat ions ( f o r  a given project), it w i l l  be necessary t o  

suggest a method t o  screen out most of the  i n feas ib le  a1 ternatives. On 

r i g i d  pavments, f o r  example, a pro ject  or iented design system, PROS1 

permits an economic analysls o f  nunerous a1 ternatives, such as f l e x 1  b l e  

w e r l  ay, r i g1  d over1 ay, concrete h o u l  ders, and/or aontinued rout1 ne 

maintenance t o  be used over an analys is  period. A sensl t l v  ity analysl s 

nf the  progrun rwea led  t h a t  under l a#  t r a f f  t c  vo l  unes, f o r  example, the 

only v iab le  a l te rnat ives  are  f l e x l b l e  w e r l a y s  o r  mnt lnued rout ine 



Table 7. L l s t  of performance variables t o  be a n s l d e r e d  fn  developing 

damage f unctl ons. 

R I G I D  PAV EKNTS 

Present Sew lceabll  i t y  Index 

Faul t f  ng 

Crackf ng 

Pumpf ng 

Defects (punch out) 

Depression 

Skid Nlmber 

Spa1 1 ing 

Blow ups 

Roughness 

W €%AID R I G I D  PAV EENTS 

Crack1 ng 

Transverse 

Longi tudi nal 

Mu1 ti pl  e 

Ref 1 ect I on 

Patching 

Sew iceabil  l t y  Loss 
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Figure 15. Key components of  generating a1 te rnat ive  pavement deslgn 
strategl  es (Ref 27) . 



maintenance. Therefore It f s  deslrable t o  I l m l t  the nunber of 

m b l n a t i o n s  f o r  design a l te rnat ives  1n sane s l tua t ions  t o  minlmize 

computer t ime and f i l e  storage requl rments. I n  t h e  PRDS1 p r o g r a  the 

screen1 ng 1 s hand1 ed by u s e r  speclf led  opt ions re1 ated t o  rehabl l  l t a t l o n  

type comb1 nat l  ons. 

T r a f f i c  model s a re  needed t o  determine pavment 1 oadf ng, vehicl  e 

behaviorB fa t lgue I l f e  predlctlon, and user tlme costs. An adequate 

model t o  pred ic t  f u t u r e  t r a f f  tc  generation throughout t h e  analysl s 

perlod i s  an important amponent of a LCC methodology. Since the l i f e -  

cyc le cost model w i l l  Include user costsB the  resu l t s  produced w i l l  be 

extremely sensl t l v e  t o  t r a f f  i c  character lst lcs. Thl s w l l l  fncl ude not 

only t r a f f  l c  grawth, but estimates o f  the veh lc le  popul at lon by c lass  

and fundamental vehlcl  e deslgn paraneters. 

COST PEIPLYSIS 

Select ion o f  a feasi  b l  e pavment desf gn based on a 1 l fe-cycl e 

analysl s considers not  only the  In1 ti a1 construct ion costs but a1 so 

other costs Incurred during a 1 l fe-cycl e period whlch 1 ncl ude 

maintenance and rehab11 l t a t l o n  costs, user costs and salvage val ue, as 

11 lus t ra ted i n  Figure 14. In teres t  ra tes  and I n f l  a t lon  fac to rs  should 

also be examined w l t h  re1 at ion t o  these costs. The cost  component can 

be broken i n t o  two broad categories, 1.8. agency costs expenditures and 

user cost expend1 ture. 

The di rec t  agency cost expendl tures req u i  red I n any 1 i f  e-cycl e 

analysis Include: 



1. construct ion 

2. restoratlon, rehabil l t a t i  on, resurf  aci  ng, and reconstruct ion 

3. per iodic  maintenance 

4. rout1 ne maintenance 

5 . pavement sal vage val ue 

Addlt lonal ly,  funds are expended I n  surveying t h e  pavements t o  

determine the1 r w n d i  t i o n  and thorough tes t1  ng t o  character ize materl  a1 s 

t o  establ i sh desl gns f o r  resurf  aci  ng, restoration, reh ab i l  1 t a t 1  on and 

mai ntenanw progruns. Fl  nal ly, t he  highway agency must adninf s ter  each 

of the above activities and, therefore, have varfous f a c i l  i t i e s  and 

personnel expenses makl ng up an overhead burden t h a t  shou1 d be l n c l  uded 

i n  each of the  costs a c t l v l t i e s .  

Col l  e c t l  ng I nformation on rehabl l  l t a t i o n  f a1 1 s i n t o  two categories: 

1. Prepare pavment f o r  rehabl l  l t a t i o n  

2. Rehabi 1 i t a t e  pavment 

When a pavment requires rehab i l i ta t ion ,  the same corrective measures 

can vary considerably I n  cos ts  due t o  t h e  extent of deterioration 

present a t  the  t ime the  pavenent i s rehabl l  l ta ted.  I n i  tl a1 construct ion 

and rehabl l  i t a t l o n  cost data could be co l lec ted  f ran contractor 's  

payments. kl ntenance w s t s  shoul d be extracted f ran the  experience of 

t h e  agency, preferably through an analysl  s o f  the  agency's ma1 ntenance 

management system data base. 

The residual value of t he  pavenent s t ruc ture  a t  t he  end o f  the  

analys is  period needs t o  be recognized I n  t h e  econanlc analysi  s. 

Conceptually, the  salvage value I s  equivalent t o  how much the  pavanent 

s t ruc ture  i s  %orthn a t  the  end o f  I t s  design 1 ffe. However, since 

d i f f e r e n t  1 If e c y c l  e rehab1 1 i t a t i o n  s t ra teg i  es can produce d i f f e r e n t  

pavenent performances, t h e  ranainfng st ructures may be a t  d i f f e r e n t  

se rv i ceab i l i t y  l eve l s  a t  t he  end o f  t he  analys is  periods. Since 

pavments a re  ra re ly  d l  scarded, the  d i f f e r e n t i  a1 servlceabl l  ity l w e l  s 

a t  the  end of the  analysis period should be recognized I n  determining 

t h e  salvage value. 



The user expend1 tu res  f o r  hlghw ay t ransportat ion costs I s generally 

much greater than t h e  agency expendl tures. Harwer, hlghway agencl es 

a re  sometimes re1 uctant t o  g ive  adequate weight t o  user costs when 

making a LCC analysls. Anythlng done by the  agency t o  reduce the  user 

costs w 11 1 general l y  reduce t o t a l  t ranspor ta t l  on costs, w e n  though 

agency expendt t u res  may Increase. Fl  gure 16 demonstrates t h e  

sensl t l v l t y  of vehic l  e operating cos t  t o  pavanent performance. 

The user costs which need t o  be quant l f led  f o r  a pavanent l l f e -  

cyc le  costs analys ls  Include: 

1. vehicl  e operat l  ng costsr 

2. t rave l  t lme costs, 

3. accl dent costsr and 

4. discomfort costs. 

Since speed and veh ic le  operat lng mode have a d l rec t  and strong 

Inf luence on user costs, It I s  necessary toexamine the impact of 

roadway parmeters and pavement condi t ion on operat lng speeds. I n  

add1 ti on t o  the  d l  rec t  re1 at1 onsh i p between pav m e n t  condl ti on and 

veh ic le  operatlng costs, there I s  a subt le  l n d l r e c t  re la t lonsh lp  I n  t h e  

1 nteract lon between pavement condl tl on, operat l  ng speed and vehlc l  e 

operat ing c o s t s  which may be more Important than t h e  d l rec t  

re1 at1 onshl p. The Federal H I  ghway Adninl s t r a t l  on has a research proj  ect 

w l t h  Texas Research and Development Foundatlon f o r  t he  devel opnent of a 

use rcos ts  computer progrun. 

L IFE-CYU E COSTING NJD OITIMIZATION 

I n  a 1 l f e  cyc le  cost analysl sr several a1 te rna t lves  t o  p r w l d l n g  a 

pavment f o r  t he  deslgn perlod must be analyzed. A method must be 

sel ected f o r  p l  a d  ng a1 l a1 te rnat ives  on a canparabl e basi s. F l  gure 17 

I l l u s t r a t e s  a s t r a l g h t  forward method computing t h e  l i f e - c y c l e  cost of a 

deslgn a l t e rna t i ve  w e r  the analys is  period. 
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ECONOMIC EV PLUATION P R O E N  RES 

An econanic analysis procedure p r w  Ides t h e  basis f o r  sel ec t l  ng the  

best a1 ternatlve, but It does not  p r w  lde  a decf slon. An opt lmlzat lon 

model i s  needed fo r  t h a t  purpose. In te res t  ra tes  and I n f l  a t lon  are 

extremely Important fac tors  I n  an econanlc analysls. Many authors have 

addressed t h e  use of In terest  and i n f l a t i o n  i n  an econanic analysl s 

(Refs 43r 44, 45# and 46). 

or  Tlme Value of krr8y. 

The s l g n l f  icant  key t o  LCC analysls i s  t h e  econmlc evaluation. A 

discount r a t e  I s  used t o  adjust f u tu re  costs o r  benef l ts  t o  present-day 

val UBr but It should not  be confused w i th  i n te res t  rate, which I s  

associated w i t h  the  actual cost of borrwingmoney. No reasonable 

econanlc analys ls  can be carr ied out  without t h e  use of a dlscount rate. 

I n  t h e  pavment f i e l  d, discount ra tes  range f mn 4 t o  10 percent. An 

Important concept I n  the  use of a discount r a t e  I s  t h e  opportunity cost 

o f  cap1 t a l  (Ref 44). Funds used f o r  a pavment pro ject  a re  c o l l  ected 

f ran the pr iva te  sector, e l  ther  by taxat lon or  by borrcu lngr o r  f ran the 

goverment i t s e l  f by d l v e r t i  ng funds f ran other purposes. I f  1 e f t  I n 

t h e  pr iva te  sector, such funds would earn a return. I f  the  funds are 

d iver ted t o  government use, M e  t r u e  mst of t h e  diversion I s  t h e  re turn  

t h a t  would o themlse have been earned. That cost I s  t h e  opportunity 

cost o f  cap i ta l  and i s  t h e  correct discount r a t e  f o r  l f f e -cyc le  cost ing 

of pavenent desl gn a1 ternatlves. 

The use of i n f l a t i o n  I n  a LCC analysls I s  a1 so of concern t o  

pavenent management decl slon makers. Bas1 cal ly.  I nf 1 at1 on shoul d not be 

used i n  t h e  eval uatlonr except where substantl a1 w idence ex1 s t s  t h a t  

rePl pr ices w i l l  change (i.e., "real pr lcen I s  the  pr fce I n  constant- 

val ue money) . Lee and Grant i n  1965 (Ref 45) suggest I n f l  a t lon  shoul d 

be Ignored when forecast ing f u t u r e  prlces, costs, and benef Its and t h a t  

current l e v e l s  o f  pr lces should be used. An exception may be the cost 

of 1 and (a1 so appl led  t o  t h e  road pro jec t  as a who1 e l  o r  I n f l  a t lon  I n  

t h e  cost of money itself. 
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General I n f l a t l o n  may be def lned as an increase I n  the  general 

leve l  of pr lces and Income throughout t h e  econuny. It should no t  be 

confused w l t h  d i f f e ren t1  a1 price change which f s the  d l f f  erence between 

t h e  pr ice  trend o f  t h e  goods and servlces belng analyzed and t h e  general 

pr ice trend. D ls to r t lons  I n  t h e  analysf s caused by general l n f l a t l o n  

can be avo1 ded by approprl ate decl sions regardl ng the  d l  scount r a t e  and 

t h e  treatment of f u t u r e  costs. The discount r a t e  should represent t h e  

opportunity cost of cap l ta l  (prlme In teres t ) .  However, the  market or 

nun1 nal ra te  of In te res t  i n c l  udes an a1 1 ow ance f o r  expected I nf 1 at1 on as 

wel l  as a re turn  t h a t  represents t h e  real  cost of cap i ta l .  For exampl er 

a market I n te res t  r a t e  of In te res t  o f  12 percent may wel l  represent a 7 

percent opportunity cost component and a 5 percent i n f l a t l o n  mponent .  

There a re  a nunber of methods o f  econanlc analys is  appl icabl e t o  

the  eval uat l  on o f  a1 te rna t l ve  pavenent design strategies. 

1. Equival ent uni f  o m  annual cost method, o f ten  slmpl y termed the  

"annual cost  methodw 

2. Resent  worth method f o r :  

(a) Cost, 

(b )  Benefits. or  

(c) Benef i ts  mlnus COstsr usually termed t h e  "net present 

worthw o r  "net present value methodw 

3. Rate-of- re tu rn  method 

4. Benef I t -cos t  r a t i  o method 

5. Cost-ef f ectlveness method 

The mathenatl cal  de ta i l  s o f  t h e  various econan l c  anal y s i  s methods 

have been se t  out by several authors and & not need t o  be set  f o r t h  

here. A f te r  r w  Iswing t h e  practices o f  other hlghway agencfes and 

eval ua ti ng t h e  emnun l c  anal y s l  s methods, the  ne t  present va l  ue method 

I s recanmended. 



s rind Dl -s of t he  Net P r w n t  Y alue Mew. 

There are  a nunber of advantages Inherent I n  t h e  ne t  present va l  ue 

method t h a t  make i t  perhaps the  most f eas ib le  method f o r  t h e  hlghway 

f i e l d  i n  canparison t o  t h e  n t rad l t i ona ln  annual cost and benef i t -cos t  

methods. These advantages i ncl ude t h e  f 01 1 ar ing: 

1. The benef i ts  and costs o f  a pro ject  are re la ted  and expressed 

as a s lng le  value. 

2. Pro jects o f  d i f f e r e n t  service 1 ives, and w l t h  stage 

devel opnent, are d l  r e c t l  y and easi 1 y comparabl e. 

3. A l l  monetary costs and benef i ts  are expressed i n  present-day 

terms. 

4 .  Non-monetary benef i t s  (o r  aosts) can be eval uated subject lve ly  

and handled w i t h  a cost-ef fect ive evaluatlon. 

5 .  The answer I s  glven as a t o t a l  payoff f o r  the project. 

6. Themethod i s  annputatlonally simple and s t ra lgh t fomard .  

There are several d i  sadvantages t o  the  net present va l  ue method, 

1nc1 udl ng t h e  f o l  la r ing :  

1. The method cannot be appl l ed  t o  s ingle a1 te rna t ives  where the  

benef I t s  o f  those sf ngl e a1 te rna t ives  cannot be estimated. I n  

such cases, each a1 te rna t l ve  must be considered f n ampar l  son 

t o  t h e  other a1 ternatives, i n c l  udl ng t h e  standard o r  base 

a1 ternat ive. 

2. The results, I n  terms o f  a lunp sun, may not be eas l l y  

understandable t o  sane peopl e as a r a t e  of return or  annual 

cost. In fact, the  sunmation o f  cos ts  I n  t h i s  form tend t o  act  

as a deterrent t o  investment I n  sane cases. 

The advantages o f fe red  by net  present value outweigh the  d l  sadvantages. 

The other methods may. under cer taf  n sltuatlons, g l ve  Incor rec t  or  

anbl guous answers. 



INTEGRATION OF L CC W IM ADOT PRACTICES 

According t o  Peterson (Ref 291, ADOT uses a lowest in1 tl a1 cost 

c r i t e r i a  f o r  t he  select ion o f  pavment deslgn. As demonstrated i n  t h l s  

chapter, L i f e  Cycle Cost analys is  I s  c lea r l y  superlor t o  t h e  i n i t i a l  

cost method; pa r t i cu l  a r l y  f o r  the analys is  o f  urban freeways where user 

costs are a major consfderation. Dsvelopnent o f  a 1 l f e  cyc le cost 

methodology f o r  Arizona i s  e n t l r e l y  feas ib le  and can be accompl ished for  

a re la t l ve l y  lcw cost by bu i l d ing  upon t h e  experience of others. The 

steps f o r  devel opi ng a LCC method01 ogy are: 

1. Obtain model s f ran other states, part1 cul a r l  y f ran A1 aska, 

Texas and Pennsylvania (Ref 31, 42, 43). 

2. Examine each cxmputer progr an f o r  modul ar desi gn f o r  ease of 

modi f icat ion and throughness o f  t he  1 i f  e cycl e cost treatment. 

3. Examine i n par t lcu l  ar the  pavment perf omance model s. The 

econanlc analysis models are universal and may generally be 

appl led without concern f o r  locat ion. The pavment 

performance model s are  geographical 1y bound and theref  ore 

would be prime candidates f o r  rw ision. 

4. Study the  sens f t i v i t y  of the  LCC model t o  t h e  parameters 

important f o r  the  design o f  pavenents i n  Arizona. 

5.  Modify the models as required. 

These steps w ill 1 ead t o  a very sui tab1 e LCC model. However, i t shoul d 

be understood t h a t  t h e  developnent of the f i n a l  model w l l l  probably 

requi r e  several i t e r a t i o n s  through steps 3, 4, and 5. 

Eventually, t he  pavanent performance model s should be developed 

f r a n  the  pavenent condit ion data base. Hawwer, t h i s  takes a great deal 

of tfme. I n  about 1972, M u 1  lough i n i t l  ated research i n t o  t h e  

performance of CRC pavments i n  Texas. The f i r s t  mprehens ive  

condi t ion survey was f n 1974. I n  1979, t h e  condi t ion data were analyzed 



t o  determine the pavenent condltlon r a t l n g  scores and prel iminary 

perf onnance model s. 
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