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ABSTRACT 

The goal  o f  t h i s  research p r o j e c t  i s  t o  r e v i s e  and combine t h e  REHAB 

and NULOAD computer models i n t o  a  new approach t o  f o r e c a s t  pavement r e -  

h a b i l i t a t i o n  costs .  The new approach i s  c a l l e d  RENU and i t  incorpora tes  

t h e  f o l l ow ing  t h r e e  main elements: ( a )  r e v i s e d  pavement performance 

equat ions, ( b )  des ign-o r ien ted  s u r v i v o r  curves, and ( c )  a  procedure t o  

p r e d i c t  t h e  increment i n  a x l e  loads when h ighe r  pay loads a r e  al lowed. 

The most r e l e v a n t  c o n t r i b u t i o n  o f  t h e  new model i n  t h e  area o f  f l e x i b l e  

pavements i s  t he  development o f  a  s e r v i c e a b i l i t y / d i s t r e s s  approach t o  

i n v e s t i g a t e  t h e  e f f e c t  o f  v e h i c l e  l o a d i n g  on t h e  l i f e  c y c l e  o f  highways. 

Th is  approach has t h e  c a p a b i l i t y  t o  p r e d i c t  i f  a  pavement needs 1  i g h t  t o  

medium r e h a b i l i t a t i o n  as a  r e s u l t  o f  d i s t r e s s  s igns,  when t h e  r i d i n g  con- 

d i t i o n s  (PSI)  has n o t  y e t  reached a t e r m i n a l  value. The new approach i s  

cons idered more r e 1  i a b l e ,  f o r  Texas f l e x i b l  e  pavements, than t he  AASHTO 

methodology. I n  t h e  area o f  r i g i d  pavements t h e  two most impor tan t  im- 

provements a r e  t h e  f o r m u l a t i o n  o f  a mod i f ied  AASHTO equat ion  t o  i n c l u d e  

s o i l  suppor t  values, r e g i o n a l  fac to rs ,  des ign c h a r a c t e r i s t i c s ,  and t r a f -  

f i c  cond i t i ons  t y p i c a l  o f  t he  Texas highway system, and t h e  development 

o f  a  f a i l u r e  p r e d i c t i o n  model t o  es t ima te  maintenance needs. 

The RENU approach was b u i l t  u s i n g  exper imenta l  values o f  m a t e r i a l  

p rope r t i es ,  c l i m a t i c  cond i t ions ,  des ign f a c t o r s ,  and t r a f f i c  measurements 

ob ta ined  by t h e  Texas T ranspo r ta t i on  I n s t i t u t e  (TT I )  , and t h e  Center f o r  

T ranspo r ta t i on  Research (CTR) . 
B r i e f l y ,  t h e  o v e r a l l  methodology can be summarized i n  f o u r  s teps :  

( a )  a l oad  d i s t r i b u t i o n  procedure i s  i nco rpo ra ted  t o  i n v e s t i g a t e  t h e  

s h i f t  toward h i ghe r  loads i f  a  new l e g a l  a x l e  l o a d  1  i m i t  i s  considered, 



(b) generation of a pavement performance functions based upon statistical 

criteria, (c) generation of survivor curves to predict the extent of road 

rehabilitation requirements in each of the periods of a planning horizon, 

and (d) determination of rehabilitation costs considering life cycles for 

both the current and new ax1 e load legal 1 imits. 
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Chapter 1 

INTRODUCTION 

The purpose o f  t h i s  research study i s  t o  r e v i s e  and combine the  bes t  

elements o f  t he  REHAB and NULOAD computer models t o  develop a new model 

RENU t o  fo recas t  pavement r e h a b i l  i t a t i o n  costs.  The new model incorporates 

the  fo l  lowing elements: (a )  rev i sed  pavement performance equations, (b)  

design-or iented pavement s u r v i v o r  curves, and ( c )  a methodology t o  pre- 

d i c t  t h e  increase i n  ax1 e loads when h igher  payloads a re  allowed. The 

new model w i l l  be c a l l e d  RENU. 

REHAB 1241 i s  c u r r e n t l y  being used by the  Texas S ta te  Department of 

Highways and Pub1 i c  Transpor ta t ion  (SDHPT) t o  es t imate  highway r e h a b i l  i t a -  

t i o n  and maintenance funds needed t o  keep t h e  s t a t e  road system a t  an 

acceptable l e v e l  o f  user s e r v i c e a b i l i t y .  NULOAD [ 6 ]  i s  a more r e c e n t l y  

developed computer model which uses the  pavement performance equations 

formulated by the  American Assoc ia t ion  o f  S t a t e  Highway and Transpor ta t ion  

O f f i c i a l  s (AASHTO) t o  descr ibe pavement behavior.  The AASHTO equations 

[44] r e l a t e  s o i l  support values, reg iona l  f a c t o r s ,  design c h a r a c t e r i s t i c s ,  

and t r a f f i c  cond i t i ons  t o  pavement s e r v i c e a b i l i t y .  

As a r e s u l t  o f  cont inued prevent ive  maintenance, the r i d i n g  condi- 

t i o n  o f  a pavement may approach a te rmina l  s e r v i c e a b i l i t y  value i n  a very  

slow fashion, so t h a t  t h e  need o f  r e h a b i l i t a t i o n  w i l l  most l i k e l y  be due 

t o  t h e  appearance o f  pavement d i s t ress ,  a t  a t i m e  s u b s t a n t i a l l y  s h o r t e r  

than t h a t  a t  which t h e  pavement would reach te rmina l  s e r v i c e a b i l i t y  index. 

This behavior has been found t o  be q u i t e  common among Texas f l e x i b l e  pave- 

ments. The s i n g l e  most important  c o n t r i b u t i o n  o f  t he  new model i n  t he  

analys is  o f  f l e x i b l e  pavements i s  t he  development o f  a s e r v i c e a b i l i t y /  



dis t ress  approach to  investigate the e f fec t  of vehicle loadings on the 

l i f e  cycle of highways. Serviceability and d is t ress  performance equations 

have been developed using available data on Texas f lex ib le  pavements. The 

parameters of the equations a re  estimated using experimental values of 

material properties, climatic conditions, design factors ,  and t r a f f i c  

measurements obtained by the Texas Transportation Ins t i tu te  by f i e l d  

observation. 

The proposed model fo r  f lex ib le  pavements predicts the 1  i f e  cycle fo r  

pavements of several types. In order t o  develop the model, the following 

types were considered: ( a )  asphaltic concrete (hot mix) on asphaltic 

s tabi l ized base (black base), (b) thick asphaltic concrete, ( c )  asphal- 

t i c  concrete pavements, (d) surface treated pavement, and ( e )  overlay. To 

identify the c r i t i ca l  factor  causing the need fo r  rehabili tation fo r  pave- 

ment sections of a  given type, consideration was made of the serviceabi l i ty  

condition ( r ide )  and the following kinds of pavement d is t ress :  ( a )  a l l i -  

gator cracking, ( b )  1  ongi tudinal cracking, ( c )  transversal cracking ( d )  

rut t ing,  ( e )  flushing, ( f )  corrugation, (g)  patching, ( h )  ravel 1  ing and 

( i )  fa i lures  per lane mile. 

An analysis of the conditions prevailing in Texas led to  two signif icant  

considerations in the development of the RENU model. The f i r s t  consideration 

i s  that  asphaltic concrete on asphaltic stabilized base and thick asphaltic 

concrete pavements do not const i tute  a  major part of the present highway 

mileage and, therefore, were included in the asphaltic concrete type, thus 

reducing the types of f lex ib le  pavements to  three. The second consideration 

i s  that  most pavements in Texas need rehabili tation as a  resu l t  of c r i t i ca l  

levels of transverse cracking or a l l i ga to r  cracking, thus reducing the types of 

d is t ress  actually considered in the RENU program to two. If necessary, of course, 

theabove f ive  types off lexiblepavementsandninetypes  o fd i s t r e s s  signscan easi ly  



be incorporated i n  t he  procedure. The corresponding equat ions a r e  sum- 

marized elsewhere i n  t h i s  repo r t .  

Based on c o n d i t i o n  surveys o f  Texas r i g i d  pavements, t h e  s t r u c t u r a l  

design concept and the  maintenance cos t  es t ima t ion  procedure o f  t he  NULOAD 

program were rev i sed  t o  increase the  accuracy o f  t h e  p red i c ted  mileage t o  

be r e h a b i l i t a t e d .  Revised s u r v i v o r  curves, mod i f i ed  AASHTO performance 

equations, and a  f a i l u r e  p r e d i c t  i o n  model t o  es t imate  maintenance cos ts  

a re  the  major c o n t r i b u t i o n s  i n  the  area of r i g i d  pavement ana lys is .  

The rev ised performance equat ion f o r  r i g i d  pavements was developed 

from extensive Texas pavement data t o  a l l ow  t h e  cons idera t ion  o f  l o c a l  

mater ia l ,  especia l  1y subbase m a t e r i a l .  Add i t i ona l  l y ,  i n  the development 

of t he  d i s t r e s s  p r e d i c t i o n  model f o r  r i g i d  pavements, t h e  f o l l o w i n g  signs 

o f  d i s t r e s s  were inc luded:  ( a )  s p a l l i n g ,  (b )  pumping, ( c )  punchouts, and 

(d )  patches. F ive  types o f  data were u t i l i z e d  i n  t h i s  ana lys i s :  ( a )  en- 

vironmental fac tors ,  ( b )  cons t ruc t i on  fac tors ,  ( c )  t r a f f i c ,  (d )  age of 

pavement, and (e )  d i s t r e s s  fac tors .  

A b r i e f  summary o f  t h e  o v e r a l l  methodology fo l l ows .  A l o a d  r e d i s t r i -  

b u t i o n  procedure i s  incorporated t o  i n v e s t i g a t e  t h e  s h i f t  toward h igher  

loads if a new l e g a l  a x l e  load l i m i t  i s  considered. For a  g iven type of 

pavement, t h e  mileage w i t h  c r i t i c a l  values o f  se rv i ceab i l  i t y  index i s  

assumed t o  be d i s t r i b u t e d  according t o  a  p r o b a b i l i t y  dens i t y  f u n c t i o n  

whose parameters a re  est imated us ing  observed pavement data. Based on 

t h i s  dens i ty  func t ion ,  a  s u r v i v o r  curve i s  generated t o  p r e d i c t  t h e  ex ten t  

o f  pavement rehab i l  i t a t i o n  requirements i n  each o f  t h e  per iods of a  p lan-  

n ing  horizon. L i f e  cyc les a re  determined f o r  both t h e  c u r r e n t  and the  

new a x l e  l oad  1  im i t s ,  and the  corresponding pavement rehab i l  i t a t i o n  needs 

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





Chapter 2 

SYNTHESIS OF RELATED WORK 

Past work on the  development and improvement o f  computerized methods 

f o r  es t imat ing  road r e h a b i l i t a t i o n  requirements a r e  summarized i n  the  

f o l l o w i n g  th ree  repo r t s :  

(a)  "The McKinsey Report" [19], which r e l a t e s  t o  the  o r i g i n a l  

REHAB model. 

(b)  "The Updated Documentation Report" [28], which conta ins the  

i npu t /ou tpu t  i n s t r u c t i o n s  f o r  t he  present  REHAB model . 
(c)  "E f fec ts  o f  Changes i n  Legal Load L i m i t s  on Pavement Cost" 

[ 2 , 3 ] ,  which r e f e r  t o  t he  NULOAD model. 

Due t o  the  l i m i t a t i o n  t h a t  REHAB does n o t  generate performance and sur-  

v i v o r  curves, i t  was f e l t  t h a t  NULOAD represented a more e f f e c t i v e  p o t e n t i a l  

p l  anninq procedure. However, PIULOAD uses the  AASHTO performance equations, 

which have been found t o  be u n r e l i a b l e  f o r  a l a r g e  nurnher of 

Texas pavement sect ions; a d d i t i o n a l l y ,  NULOAD a c t u a l l y  assumes s u r v i v o r  

curves ins tead o f  generat ing them on t h e  bas is  o f  obta ined data. For t h i s  

reason, i t  was decided t h a t  t h e  most appropr ia te  o p t i o n  would be t h e  devel-  

opment o f  a new procedure, RENU, which would be s i m i l a r  t o  NULOAD b u t  w i t h  

Texas data-based performance and s u r v i v o r  curves. 

The o v e r a l l  development o f  t h e  new computerized procedure (RENU) was 

undertaken i n  two phases. The o b j e c t i v e  o f  t h e  f i r s t  phase o f  the  study 

was t o  perform a comparison between REHAB and NULOAD and propose an improved 

methodology which would take i n t o  cons ide ra t i on  SDHPT requirements concerning 

pavement c l a s s i f i c a t i o n ,  data a v a i l a b i l i t y ,  and d i s t r i c t  o rgan iza t ion  o f  

t he  o v e r a l l  highway system. The r e s u l t s  o f  the  f i r s t  phase o f  t he  study 

a re  summarized i n  t h ree  volumes. Volume 1 [31] conta ins the  eva lua t i on  



procedure. This procedure was subdivided into three basic tasks : 

( a )  analysis of i n i t i a l  assumptions of REHAB and NULOAD, ( b )  evaluation of 

data needs and data ava i lab i l i ty ,  and ( c )  documentation of findings and 

recommendations. This third task contains an updated user manual f o r  REHAB. 

Volume 2 [32] i s  composed of a detailed flowchart of the program, a FORTRAN 

l i s t  of the computerized procedure, a sample of the program output, and a 

section with the description of a l l  variables used in the model. Volume 3 

[33] contains the NULOAD FORTRAN program and a sample output of th i s  model. 

The f i r s t  phase of the study was developed in the period between June 1 and 

August 31, 1980. 

The objective of the second phase of the study was to  actually develop 

the new computerized procedure R E N U .  This objective was accomplished in 

the period between September 1 and August 31, 1981. The resul ts  of th i s  

phase are  summarized in two additional volumes. Volume 4 contains a 

user manual, a FORTRAN l i s t i n g ,  and a sample output of R E N U .  Volume 5 ,  

the final report of the study, presents the development, analysis, and dis- 

cussion of the new procedure, as well as a summary of the resul ts  concerning 

the Texas highway network. The basic topics included in the f inal  report 

can be l i s t ed  as follows: 

( a )  F1 exi bl e Pavement Plethodol ogy (Chapter 3) 

(b) Rigid Pavement Methodology (Chapter 4 )  

(c )  Cost Methodology (Chapter 5)  

(d) Load Shifting Procedure (Chapter 6)  

( e )  Applications of the Model (Chapter 7)  

( f )  Discussion of Results (Chapter 8)  

(9)  Concl usions and Recornmendati ons (Chapter 9 )  



Chapter 3 

FLEXIBLE PAVEMEb!T METHODOLOGY 

The performance of a pavement during a specif ic  period can be e s t i -  

mated by the reduction of user serviceabi l i ty  with increasing levels of 

t r a f f i c  loads. When t h i s  reduction process i s  represented by a mathemati- 

cal relationship with known shape and location parameters, i t  i s  possible 

to  predict the load t r a f f i c  required t o  lower a serviceabi l i ty  index to  a 

specif ic  c r i t i ca l  level.  Usual ly  the performance of the road i s  measured 

in terms of the "Present Serviceability Index" (PSI),  which i s  

defined as a measurement of the pavement roughness a t  any instant of time 

and based upon a rating scale between 0 and 5. 

A c r i t i ca l  problem in the analysis of pavement performance i s  that  

most of the pavement data available correspond to relat ively high levels 

of PSI. This l imitation makes i t  d i f f i c u l t  to  predict the performance 

of older pavements, such as those exhibiting PSI values of 2 .5  or less .  

A traditional approach to  pavement rehabili tation i s  that  of upgrading 

the pavement when the PSI reaches a c r i t i c a l  value. By the time the 

pavement approaches t h i s  level ,  i t  may have already received a 

substantial amount of routine maintenance, which may reduce the deteriora- 

tion rate  of the pavement as t r a f f i c  loading continues to  increase. 

The purpose of t h i s  chapter i s  t o  propose and discuss a rehabili ta- 

tion approach which takes into consideration the e f fec t  of routine main- 

tenance upon f lexible  pavement performance. Briefly,  the approach con- 

s i s t s  of modeling the performance of pavement according t o  an S-shaped 

curve which may or  may n o t  reach a specified terminal PSI value, as seen 

in Figures 3- l (a )  and 3- l (b) .  When the curve reaches the terminal PSI, 



as in Figure 3 - l ( a ) ,  the riding conditions a re  considered unacceptable and 

the pavement should be overlaid.  When the curve does not reach the c r i t i c a l  

PSI leve l ,  a s  in Figure 3 - l ( b ) ,  the need fo r  rehabi l i ta t ion i s  caused not 

by a s igni f icant  loss  in riding qua1 i t y ,  b u t  ra ther  by the presence of one 

o r  more types of d i s t r e s s ,  such as:  ru t t ing ,  cracking, flushing, and 

others.  In th i s  case the pavement should receive a 1 ight type o f  rehabil i -  

t a t ion ,  perhaps a thin overlay (1 t o  2 inches). - 

Serviceabil i t v  

Figure 3-1. PSI Function 

This chapter has been divided into four sections.  Section 3-1 sum- 

marizes the AASHO performance equations, which a re  currently used i n  

NULOAD. Section 3 develops the proposed serviceabil i t y /d i s t  ress approach, 

considered more re1 iabl e for  the  analysis of Texas f lex ib le  pavements. 

Section 3.3 discusses the development of the survivor curves used to  e s t i -  

mate the percent of surviving miles of a given type of pavement section. 

Section 3.4 presents t h e  computerized procedure that  r e su l t s  from the 

implementation o f  the Texas Performance Equations (TPE)  and the new sur- 

vivor curves in the program NULOAD. 



3.1 AASHTO Performance Equations 

The procedure developed by the American Association of State Highway 

and Transportation Off i cia1 s (AASHTO) to predict pavement pet-formance i s  

based upon an extensive road t e s t  conducted in Ottawa, I l l inois ,  in the 

la te  1950's and  early 1960's. The resul ts  were published in 1961 as an 

Interim Design guide which was l a t e r  revised in 1972. 

In order to support a brief description of the AASHTO equation the 

following terms must be defined: 

( a )  Equivalent Single Axle Load Appl ication 

( b )  Regional Factor 

( c )  Structural Number 

( d )  Soil Support Value 

Equi va1 ent Sing1 e Ax1 e Load Appl i cat ions 

I t  i s  a measurement of t r a f f i c  expressed as an equivalent number of 

single and tandem axle applications, and obtained as  a function of the 

structural number and cr i t ica l  PSI. Using th is  factor,  t r a f f i c  can be 

equated to the number of equivalent 18,000 I b .  load applications. 

Regional Factor 

This factor i s  used t o  adapt theAASHTO equations t o  conditions dif-  

ferent from those tha t  existed during the original road t e s t .  The values 

of the regional factor  ( R )  are summarized in Table 3-1 as indicated in the 

AASHTO Interim Guide [I] .  



TABLE 3-1. REGIONAL FACTOR 

Condi t i  on R Value 

Road-bed material frozen t o  depth of 5 0.2-1.0 
in. or more 

Road-bed materials, dry summer and fa1 1 0.3-1.5 

Road-bed materi a1 s , wet spring thaw 4.0-5.0 

Structural Number 

I t  i s  an index number derived from an analysis of t r a f f i c ,  road-bed 

soil conditions, and regional factor that may be converted t o  thickness 

of various flexible pavement layers through the use of suitable layers 

coefficients related to  the type of material being used in each of the 

pavement structures [ 4  31 . 

Soil Support 

Also known as subgrade support va1 ue, i t  i s  an index of subgrade 

st iffness which i s  used in combination with the 18-kip ESALs for a given 

period of time t o  compute the design thickness required by the road. 

The performance equations developed a t  the AASHTO Road Test express 

a pavement damage function in terms of vehicle loading. The damage func- 

t i o n  i s  defined as a relative loss in serviceability, and the t r a f f i c  loading 

i s  measured in 18-kip equivalent single-axle load applications. In the 

formulation of the performance equations, the following notation wi 11 be 

used : 

t i s  years af ter  construction or major rehabilitation 

Pt  i s  the serviceability index a t  year t 

P i  i s  the in i t ia l  value of serviceabil i ty  index 

PC i s  the cr i t ica l  serviceability index 

9 



W i s  t he  number o f  18-k ip ESALs t h a t  have passed over a pavement 

B i s  a power which d i f f e r s  between r i g i d  and f l e x i b l e  pavements 

and which depends upon t h e  l a y e r  thickness, AASHTO l a y e r  coef- 

f i c i e n t  of each layer ,  and the  c o n f i g u r a t i o n  o f  wheel load ing  

app l ied  . This f u n c t i o n  i n f l uences  the  shape o f  the  s e r v i c e a b i l i t y  curve 

p i s  the  t o t a l  number o f  18-k ip ESALs t h a t  w i l l  cause t h e  amount 

of damage corresporiding t o  a value o f  s e r v i c e a b i l  i ty equal t o  1.5. 

Add i t i ona l l y ,  the  q u a n t i t y  p depends upon 1 ayer thicknesses, 1 ayer 

coef f i c ien ts ,  and wheel c o n f i g u r a t i o n  

R i s  t he  reg iona l  f a c t o r  

The damage f u n c t i o n  i s  de f ined as t h e  r a t i o  o f  t he  l oss  i n  serv ice-  

a b i l i t y  a t  a g iven t ime t o  the  t o t a l  l oss  al lowed. That i s ,  

Usual ly  Pi i s  4.2 and PC i s  1.5, then Eq. (3-1) 

As can be seen from Eq. (3-2) ,  t h e  damage f u n c t i o n  i s  equal t o  0.0 

when the  pavement i s  new and becomes 1.0 when the  pavement reaches i t s  

c r i t i c a l  se rv i ceab i l  i t y  index. Jh i s  behavior  can be observed i n  Figure 3-2. 

The AASHTO performance equat ion can be w r i t t e n  as : 



Figure 3-2. Performance Function for AASHTO Approach 

Let gt be the relative loss in serviceability af ter  t periods since 

las t  rehabilitation, and l e t  W t  be the corresponding number of 18-kip 

ESALs. Therefore, from Eq. (3-3), 

The parameters 8 and p can be computed i n  terms of structural design 

and loading variables. As a result  of the AASHTO Road Test, the following 

relationships were found for 6 and p:  

where : 

L1 = load on one single axle or  on one tandem axle se t  

L2 = axle code (L2 = 1 for single axle and L2 = 2 for tandem axle) 

Eqs. (3-4), (3-5), and (3-6) can be cunbined t o  express W t ,  for 

L1 = 18,000 pounds, L 2  = 1, Pi = 4.2,  and PC = 1.5 ,  as: 



I n  general, the s o i l  subgrade and c l ima t i c  condi t ions d i f f e r  from 

those encountered i n  the o r i g i n a l  experiment. If a s o i l  support value Si 

and a regional f ac to r  R are included i n  the analysis, Eq. (3-7)  resu l t s  i n  

the f i n a l  f l e x i b l e  pavement design equation given below: 

From Eq. (3-8), the terminal 18-kip ESALs required t o  reduce the 

se rv i ceab i l i t y  index t o  Pt i s  given by: 

For g = 1, Eq. (3-9) y i e l ds  Wo = % . 

The number of  18-kip ESALs t h a t  remains t o  be car r ied  by the pave- 

ment, Wr i s  equal t o  W, - Wt, t h a t  i s :  

The equivalent  annual number o f  18-kip ESALs corresponding t o  W t  can 

be computed as: 

where i i s  t h e  annual growth r a t e  o f  18-kip ESALs. 

3.2 Texas Pavement Performance Equations 

The AASHTO model, represented i n  Figure 3-2;describes the performance 



of a pavement as a riding surface i n  terms of variations in PSI. The per- 

formance function of Figure 3-2 keeps the curvature constant along the 

range of the t r a f f i c  (or  time) variable. A number of observed service- 

ability values corresponding to Texas flexible pavements indicate that the 

performance curve should show a reversal of curvature, as i l lus t ra ted in 

Figure 3-3. The asymptotic behavior of th is  curve i s  due to  the reduction 

of the deterioration rate because of routine maintenance. Once the PSI i s  

relatively stable, the road may need rehabilitation when one or more signs 

of distress become important, as measured by the area affected and the 

severity o f  the distress. 

Figure 3-3. Performance Function ( loss)  for  the Texas 
Performance Approach 

3 . 2 . 1  Basic Equations for Serviceabil i t y  Analysis 

After examining field data concerning flexible pavements performance, 

the following function was postulated to represent the relative loss i n  

serviceability index for. Texas highways : 

where K and n are parameters, and W i s  the t r a f f i c  load in 18-kip ESALs. 

Figure 3-3 shows the behavior of the performance function for different 

va1 ues of K. 



As can be v e r i f i e d  i n  F igure 3-3, t h e  performance f u n c t i o n  g(w) has 

an i n f l e c t i o n  point,and an asymptote a t  g(W) = 1.0 

The damage func t ion  g(W) can a lso  be expressed as t h e  r a t i o  o f  t h e  

l o s s  i n  s e r v i c e a b i l i t y  a f t e r  W 18-k ip ESALs t o  a spec i f i ed  maximum design 

loss.  

Le t  Pi be t h e  i n i t i a l  PSI ( a t  W = 0), Pt be t h e  PSI a f t e r  W t  18-k ip 

ESALs, and l e t  Pf be a lower bound on t h e  PSI. Then t h e  r e l a t i v e  l o s s  

a f t e r  Wt ESALs can be expressed as: 

Note t h a t  Eq.  (3-13) i s  s i m i l a r  t o  Eq .  (3-1)  w i t h  t h e  except ion t h a t  

t h e  c r i t i c a l  value PC has been s u b s t i t u t e d  w i t h  t h e  lower bound Pf. 

From Eq. (3-13), i t  i s  poss ib le  t o  express Pt as a func t i on  o f  gt, as 

f o l l  ows : 

E q .  (3-14a) can be f u r t h e r  r e w r i t t e n  a f t e r  us ing  Eq. (3-12) .  The f i n a l  re-  

s u l t  i s  g iven by: 

E q .  (3-14b) is  p l o t t e d  i n  F igure 3-4 f o r  d i f f e r e n t  values o f  K, and 

i n  F igure 3-5 f o r  d i f f e r e n t  values o f  Pf. 



- J, 

W 

F igure  3-4. S e r v i c e a b i l i t y  vs I./, f o r  D i f f e r e n t  K's 

W 

F igure 3 - 5 .  S e r v i c e a b i l i t y  vs Id ,  f o r  D i f f e r e n t  P f ' s  



As i l l u s t r a t e d  i n  Figures 3-4 and 3-5, t h e  s e r v i c e a b i l  i t y  value Pf 

i s  a c t u a l l y  an asymptote o f  t h e  s e r v i c e a b i l i t y  curve. The curve has an 

S-shape which i nd i ca tes  t h a t  beyond the  i n f l e c t i o n  p o i n t  t he  r a t e  of l oss  

i n  s e r v i c e a b i l i t y  i s  reduced as pavement age increases. This  behavior  

may be expla ined as a r e s u l t  o f  r o u t i n e  maintenance over  t he  years. Be- 

cause of t he  asymptot ic behavior  o f  t he  curve, a s p e c i f i c  te rmina l  value 

Pt' a t  which r e h a b i l i t a t i o n  i s  considered necessary, must s a t i s f y  t h e  

cond i t i on  Pt > Pf, as shown i n  F igure 3-4; otherwise, t h e  terminal  value 

Pt i s  never reached and the  pavement i s  assumed t o  f a i l  as a r e s u l t  o f  

one o r  more types o f  d i s t ress .  The d i s t r e s s  ana lys i s  w i l l  be presented 

i n  Sect ion  3.2.2. 

The complete determinat ion o f  t h e  pos tu la ted  pavement performance 

funct ion, Eq. (3-14b), requ i res  t h e  es t ima t ion  o f  t h e  parameters K, n, and 

Pf.  The parameters can be est imated according t o  two d i f f e r e n t  procedures. 

The f i r s t  procedure, r e f e r r e d  t o  as t h e  s t a t i s t i c a l  approach, uses past  

data on t r a f f i c  loads between r e h a b i l i t a t i o n s  along w i t h  the  theory  of maxi- 

mum l i k e l i h o o d  est imators.  The development o f  t he  s t a t i s t i c a l  approach i s  

shown i n  Appendices 4 and 6. 

The second procedure, r e f e r r e d  t o  as t h e  mechanist ic  approach, 

computes t h e  values o f  each parameter as a f u n c t i o n  o f  t r a f f i c ,  design, 

and c l  i m a t i c  var iab les .  For a s p e c i f i c  pavement sect ion,  these var iab les  

a r e  observed and each parameter i s  computed through regression ana lys is  

formulas. The independent var iab les  used i n  t h e  mechanist ic  approach are  

g iven i n  Table 3-2. F l e x i b l e  pavements i n  t h e  s t a t e  o f  Texas can be gen- 

e r a l l y  c l a s s i f i e d  i n t o  th ree  groups: (a )  Hot mix pavements, (b )  Surface 

t r e a t e d  pavements, and ( c )  Over1 ays . Average values o f  t h e  mechanist ic  

p rope r t i es  a re  a lso  given i n  Table 3-2. The fo rmula t ion  o f  t he  mechanist ic  

approach i s  summarized i n  Appendix 6 ( p a r t s  A and B)  . 



TABLE 3-2. AVERAGE VALUES OF THE MECHANISTIC AND 

CLIMATIC VARIABLES BY TYPE OF PAVEMENT 

Note: Every v a r i a b l e  name has i n  parenthesis  t h e  name used i n  t he  
regress ion  equat ions conta ined i n  Appendix 1. 

Var iab le  
- 

Thornthwai t e  
Index ( T I )  

Mean 
Prec i  p i t a t i o n  (PR) 

Freeze- thaw 
cyc le  (FTC) 

Wet-thaw c y c l e  (WFTC) 

Mean 
Annual Temperature (TM) 

18-k ip  ESALs (W) 

Average da i  l y  
t r a f f i c  (ADT) 

Dynaf lect I (DMD) 

Dynaf lect  2 (VOL) 

Composite S t i f f n e s s  
( AS) 

Subgrade S t i f f n e s s  (SCI) 

Texas t r i a x i a l  c l ass  (TTC) 

L i q u i d  L i m i t  (SLL) 

P l a s t i c i t y  Index (SPI) 

Years s ince  construc-  
t i o n  (T)  

% Subgrade (SPP) 
S o i l  pass ing s ieve  200 .- 

Hot Mix 
Pavement 

3.6 

2.0 

54.2 

4.3 

62.6 

368,300 

3,140 

1.17 

0.42 

0.57 

0.24 

4.4 

39.3 

21.1 

11.7 

19.8 

Surface 
Treated Pavement 

6.2 

2.4 

41.9 

3.7 

64.0 

94,700 

567 

1.54 

0.61 

0.69 

0.25 

5 . 1  

43.6 

25.3 

19 - 4  

19.6 

Over1 ay 

7.5 

2.6 

36.2 

3.3 

65.1 

1,089,100 

4,832 

1.10 

0.35 

0.76 

0.22 

5.2 
-- 

45.6 

27.1 

26.1 

19.6 



The performance r e l a t i o n s h i p  def ined i n  Eq. (3-15) was used i n  NULOAD 

as a s u b s t i t u t e  f o r  t h e  AASHTO equat ion  i n  t h e  case of  Texas f l e x i b l e  pave- 

ments. For each of t h e  t h r e e  most impor tan t  types o f  f l e x i b l e  pavements, t h e  

parameters K and Pf were computed by t h e  procedures o f  Appendices 8 and 9. 

The corresponding r e s u l t s ,  summarized i n  Table 3-3, were used i n  t h e  new pro-  

gram (RENU). As can be seen, bo th  t h e  s t a t i s t i c a l  and mechan is t i c  approaches 

y i e l d  cons i s ten t  r e s u l t s  i n  K values b u t  a re  somewhat d i f f e r e n t  i n  t h e  

Pf values. 

TABLE 3-3. PARAMETERS OF FLEXIBLE PAVEMENTS 

PERFORMANCE EQUATIONS (PSI) 

Note: The va lue o f  n was assumed equal t o  1 t o  s i m p l i f y  t h e  ana l ys i s ,  see 
Appendices 6. 
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A 

Type o f  Pavement 

Hot  Mix  Pavement 
Rura l ,  Low t r a f f i c  

Ho t  Mix  Pavement 
Rura l ,  H igh  t r a f f i c  

Hot  Mix  Pavement 
Urban, Low t r a f f i c  

Ho t  Mix  Pavement 
Urban, High t r a f f i c  

Sur face  Treated Pave- 
ment - Rura l  

Sur face Treated Pave- 
ment - Urban 

Over l  ay , Rura l  
Low t r a f f i c  

Over l  ay , Rura l  
High t r a f f i c  

Overlay,  Urban 
Low t r a f f i c  

Over l  ay , Urban 
H igh  t r a f f i c  

Mechani s t i  c S t a t i s t i c a l  
Approach 

K 

41,250. 

412,500. 

103,125. 

1,031,250. 

6,300. 

13,125. 

58,500 

585,500 

155,250. 

1,552,500. 

Approach 

K 

47,925. 

479,250. 

119,813. 

1,198,125. 

6,978. 

14,538. 

51,935. 

519,350. 

137,828. 

1,378,275. 

f 

3.36 

3.36 

3.36 

3.36 

3.24 

3.24 

3.26 

3.26 

3.26 

3.26 

f 

2.111 

2.111 

2.111 

2.111 

1.974 

1.974 

1.631 

1.631 

1.631 

1.631 



3.2.2 Bas ic  Equat ions f o r  D i s t r ess  Ana l ys i s  

The p rev ious  approach exp la ined  thus  f a r  bases t he  c a l c u l a t i o n  o f  

remain ing pavement l i f e  upon s e r v i c e a b i l i t y  index alone. However, i t  i s  

w e l l  known t h a t  pavements may be s e r i o u s l y  d i s t r e s s e d  and i n  need o f  ma jo r  

r e h a b i l i t a t i o n  be fo re  t h e  s e r v i c e a b i l i t y  index drops t o  i t s  t e r m i n a l  va lue.  

Th is  i s  p a r t i c u l a r l y  t r u e  o f  pavements w i t h  severe a l l i g a t o r  and t r a n s -  

verse c racks .  I n  cases when Pf i s  h i g h e r  than  Pt o r  when t h e  rema in ing  

l i f e  c a l c u l a t e d  f rom t h e  s e r v i c e a b i l  i t y  index equat ion  i s  ve ry  l o n g  (say  

30 t o  40 years ) ,  t h e  pavement w i l l  p robab ly  need ma jo r  r e h a b i l i t a t i o n  due 

t o  d i s t r e s s .  

The a n a l y s i s  o f  pavement d i s t r e s s  can be accomplished by examining t h e  

area bf  each o f  t h e  f o l l o w i n g  types o f  d i s t r e s s :  a l l i g a t o r  c rack ing ,  

l o n g i t u d i n a l  c rack ing ,  t r ansve rse  c rack ing ,  r u t t i n g ,  f l u s h i n g ,  co r ruga t i on ,  

patch ing,  and r a v e l  1  i n n  However, a1 1 i g a t o r  and t r ansve rse  c rack ing  a r e  

t h e  most impo r tan t  d i s t r e s s  types  i n  Texas. The degree o r  range t o  which 

a t y p e  o f  d i s t r e s s  i s  extended can be expressed as t h e  percen t  o f  t h e  t o t a l  

pavement su r f ace  area i n  need o f  r e p a i r .  The ser iousness o f  t h e  d i s t r e s s  

may be expressed as c rack  w id th ,  c rack  depth, r e l a t i v e  d isp lacement  a t  a  

j o i n t ,  e t c .  Usua l l y ,  t h e  s e v e r i t y  o f  a  g iven  t ype  o f  d i s t r e s s  can be sub- 

j e c t i v e l y  es t imated  by comparing t h e  observed d i s t r e s s  w i t h  photographs 

o f  d i f f e r e n t  l e v e l s  o f  s e v e r i t y ,  such as none, s l  i g h t ,  moderate, o r  severe, 

and choosing numbers between zero and one ( o r  0  and 100%) t o  q u a n t i f y  t h e  

ser iousness o f  su r f ace  f a i l u r e s .  The Table 3-4 shov~s t h e  r a t i n g  va lues  f o r  

zr*a and s e v e r i t y  used i n  t h i s  p r o j e c t .  



TABLE 3-4. RANGES FOR AREA AND SEVERITY 

The d is t ress  equations developed fo r  Texas f lex ib le  pavement data 

a re  of the same form as the PSI equations, 

AREA 

where 

a i s  percent of pavement surface area covered by d is t ress  

s i s  severity of d is t ress  expressed in numerical form 

a 
0' 

a l ,  and a2 are  deterioration ra te  constants 

i s  t r a f f i c  load in 18-kip ESALs. 

Figure 3-6 i l l u s t r a t e s  the variation of distressed area fo r  different  

values of the constant a,, as the t r a f f i c  load i s  changed. The corresponding 

variation of the degree of dis t ress  severity i s  i l lus t ra ted  in Figure 3-7. 

SEVERITY 

Rating 

0 

1 

2 

3 

Range 
(grade) 

None 

Sl ight  

Moderate 

Severe 

Area 
Measurement 

.0005 

.080 

,230 

.500 

Severity 
Measurement 

.0005 

.I67 

.333 

.500 



area 

Figure  3-6. V a r i a t i o n  o f  Area i n  a D i s t r e s s e d  Pavement. 

s e v e r i t y  

F igure  3-7. V a r i a t i o n  of the S e v e r i t y  o f  t h e  D is t ressed  Pavement 



Appendix GA summarizes the  development o f  a s t a t i s t i c a l  procedure t o  

compute the  d e t e r i o r a t i o n  r a t e  constants f o r  t h e  d i s t r e s s  approach. Appen- 

d i x  6B summarizes t h e  development of a mechan is t i c  procedure t o  es t imate  

t h e  same constants.  F i n a l l y ,  Table 3-5 con ta ins  t h e  r e s u l t s  f o r  Texas 

f l e x i b l e  pavements. 

TABLE 3-5. PARAMETERS FOR FLEXIBLE PAVEMENTS 

PERFORMANCE EQUATIONS (DISTRESS) 

Note: I n  bo th  approaches, t h e  va lues of a, and S f  have been assumed w i t h i n  
a reasonable i n t e r v a l  t o  s a t i s f y  the  design l i f e  o f  each type  o f  
pavement. 

Type o f  

Pavement 

Hot Mix, Rura l  
Low t r a f f i c  

Hot Mix, Rura l  
High t r a f f i c  

Hot Mix, Urban 
Low t r a f f i c  

Hot Mix, Urban 
High t r a l f i c  

Sur face t r e a t -  
ed - Rural  

Sur face t r e a t -  
ed - Urban 

Overlay, Rura l  
Low t r a f f i c  

Over l  ay , Rural  
High t r a f f i c  

Over l  ay , Urban 
Low t r a f f i c  

Over1 ay , Urban 
High t r a f f i c  

- -- 
Mechan is t i c  S t a t i s t i c a l  

a 0 

2,000,000 

2,250,000, 

480,000 

5,000,000 

12,500 

35,300 

170,000 

1,170,000 

420,000 

4,100,000 

a 0 

207,944 

2,079,442 

519,860 

5,198,604 

13,863 

34,657 

180,218 

1,802,183 

450,546 

4,505,460 

, 

0.85 

0.80 

0.95 

0.90 

0.80 

0.90 

0.75 

0.85 

0.87 

0.92 

, Approach 

a 1 

0.40 

0.43 

0.52 

0.45 

0:25 

0.45 

0.28 

0.44 

0.39 

0.48 

a 2 

39,308 - 

120,0?1 

91,412 

1,033,475 

4,400 

6,890 

32,620 

235,657 

106,540 

843,575 

a 1 

0.40 

0.43 

0.52 

0.45 

0.25 

0.45 

0.28 

0.44 

0.39 

0.48 

Sf - 

0.85 

0.80 

0.95 

0.90 

0.80 

0.90 

0.75 

0.85 . 

0.87 

0.92 

Approach 

a 2 

42,000 

110,350 

90,000 

900,000 

3,900 

7,000 

30,000 

230,000 

105,000 

810,000 



3.3 Su rv i vo r  Curves f o r  F l e x i b l e  Pavements 

Su rv i vo r  curves a r e  emp i r i ca l  p robab i l  i t y  func t ions  used t o  p r e d i c t  t h e  

percent o f  pavement mi leage o f  a s p e c i f i c  age which w i l l  n o t  need rehab i -  

l i t a t i o n  i n  t he  s h o r t  range f u t u r e .  Th is  i n  t u r n  can be used t o  est imate 

the  percent  o f  mi leage which w i l l  need r e h a b i l i t a t i o n  i n  t h e  near f u t u r e .  

This  i n fo rma t ion  complemented w i t h  data on e x i s t i n g  mileage and r e h a b i l  i- 

t a t i o n  c o s t  can be used t o  est imate t h e  funds needed i n  each p e r i o d  o f  a 

spec i f ied  p lanning hor izon.  

H i s t o r i c a l  pavement data recorded by the  Texas Highway Department and 

Texas Transpor ta t ion  I n s t i t u t e  were considered as i n p u t  t o  generate sur-  

v i v o r  curves f o r  t h e  most important  types of Texas f l e x i b l e  pavements. 

However, l a c k  o f  accurate and s u f f i c i e n t  i n fo rma t ion  f o r  o l d e r  pavements 

represents an impor tan t  l i m i t a t i o n  i n  t h e  complete determinat ion o f  s u r v i -  

vo r  funct ions.  Some adjustments were made i n  o rder  t o  ob ta in  r e s u l t i n g  

equat ions t h a t  can be hand1 ed by convent ional computer procedures. 

Cur ren t ly ,  t he  NULOAD program uses normal d i s t r i b u t i o n  w i t h  assumed 

mean and standard d e v i a t i o n  t o  generate s u r v i v o r  curves. The new program 

RENU conta ins  s u r v i v o r  curves generated on the  bas is  o f  a v a i l a b l e  data f o r  

each o f  t h e  most impor tan t  types of pavements i n  Texas. 

The s u r v i v o r  f unc t i ons  developed f o r  RENU can be genera l l y  w r i t t e n  as: 

where V i s  t h e  percent  o f  s u r v i v i n g  mileage, 

q i s  a  constant  a f f e c t i n g  t h e  s u r v i v o r  func t ion ,  

r i s  t h e  exponent t h a t  a f f e c t s  the  18-k ip ESALs, 

W i s  t he  number of 18-k ip  ESALs s ince  cons t ruc t i on  o r  l a s t  

r e h a b i l i t a t i o n .  



The bas ic  procedure o f  RENU t o  est imate the  mileage o f  a g iven type 

of pavement which w i l l  ( o r  w i l l  n o t )  need r e h a b i l i t a t i o n  i s  i l l u s t r a t e d  

i n  F igure 3-8 Figure 3 - 8 ( a )  represents the  d i s t r i b u t i o n  of mi leage by 

l e v e l  o f  se rv i ceab i l  i t y  index. F igure 3-8(b)  corresponds t o  the  per-  

formance f u n c t i o n  and shows the  t r a f f i c  loads, 'cl*, a t  which a c r i t i c a l  

value o f  s e r v i c e a b i l  i t y  i s  reached. F igure 3 -8 (c )  shows the  probabi 1 i t y  

dens i t y  func t i on  f o r  t h e  mileage i n  need o f  r e h a b i l i t a t i o n .  F igure 3-8(d)  

i s  the  su rv i vo r  curve. I t  gives the  percent  o f  pavement mileage w i t h  

c r i t i c a l  performance index which w i l l  n o t  f a i l  by t h e  t ime the  t r a f f i c  

load W *  i s  reached. 



Performance Index 

c r i t i c a l  
val ue - - - - - - -  -..------ t \ 

Probabi 1 i  ty 1 

I 
Probabi 1 i  ty 1 

Notation 

mileage with performance 
index equal t o  c r i t i c a l  
val ue 

percent of mileage with 
c r i  t i  cal performance val ue 
which needs rehabi l i ta t ion  

W *  mean t r a f f i c  load t o  f a i lu re  for  
mileage with c r i t i c a l  performance 
val ue W *  

Curve 

1 I 
W *  

Traf f i  c 

Figure 3- 8 .  RENU Procedure t o  Generate Survivor G urves 



The complete determination o f  the surv ivor  curve def ined by Eq. (3-17) 

requires the est imat ion of the parameters q and r. This can be accomplished 

using the fo l l ow ing  procedures which are cons is tent  w i t h  the methodology il- 

lus t ra ted  i n  Figure 3-8. 

Step 1: Use the performance funct ions def ined by ~ q s . -  (3-12), (3-15), 

and (3-16) t o  generate values o f  Wt g iven c r i t i c a l  values 

o f  the performance index (Pty at and st).  Define m as the 

number o f  values generated. 

Step 2 :  Compute the c o e f f i c i e n t  o f  v a r i a t i o n  (See Appendix 5) and 

se t  i t  equal t o  u/Swy where i s  the average t r a f f i c  l oad 

corresponding t o  the m values generated i n  Step 1 and Sw 

i s  the standard dev ia t ion estimated from the same se t  of 

W's. 

Then from Appendix 5 i t  can be observed t h a t  

where r ( . )  i s  the  Gamma funct ion.  

Step 3: Use a numerical method t o  solve the Eq. (3-18) f o r  r. 

Step 4: Compute the value of q by e i t h e r  o f  the two fo l lowing 

procedures. 

Procedure 1. Set the value o f  q equal to: 

where r is -obta ined i n  Step 3. Eq. (3-19) i s  developed i n  Appendix 5. 



Procedure 2. Compute the  va lue o f  q  by the  f o l l o w i n g  expression: 

Eq. (3-20) i s  exp la ined i n  Appendix 4. 

The a p p l i c a t i o n  o f  t h e  procedure de f i ned  by Steps 1 through 4 us ing  

d i f f e r e n t  l e v e l s  f o r  t h e  c r i t i c a l  index (Pty at' o r  s  ) a l lows t h e  gene- t 

r a t i o n  o f  a f a m i l y  o f  f unc t i ons  

where F1 corresponds t o  t h e  P S I  o p t i o n  and Fq, F3 t o  t h e  d i s t r e s s  op t i on .  

Eq. (3-22)appl i e s  t o  a l l  ca tegor ies  o f  sur face  t r e a t e d  pavements. 

This  equat ion  was ob ta ined by regress ion  techniques. The corresponding 

c o r r e l a t i o n  c o e f f i c i e n t  was equal t o  -0.594 : 

Eq. (3-23) a p p l i e s  t o  r u r a l ,  ho t  mix pavements. The corresponding 

c o r r e l a t i o n  c o e f f i c i e n t  was equal t o  -0.963 : 

Eq. (3.24) appl i e s  t o  urban, ho t  mix pavement. The c o r r e l a t i o n  coef- 

f i c i e n t  i n  t h i s  case was equal t o  -0.0976 : 



Eq. (3-25) app l i es  t o  any type o f  o v e r l a i d  pavement. The c o r r e l a t i o n  

coe f f i c i en t  was equal t o  -0.599 : 

S i m i l a r  equations can be developed f o r  t h e  d i s t r e s s  approach, b u t  

due t o  the  l a c k  o f  in fo rmat ion ,  t h e  values o f  r and q  have been computed 

on t h e  basis  o f  at = 0.5 and St = 0.5. 

Add i t i ona l l y ,  s i m i l a r  funct ions can be developed f o r  t h e  r e l a t i o n -  

sh ip  between q and Pt i n  t he  P S I  case. A f t e r  i n v e s t i g a t i n g  several types 

of a lgeb ra i c  expressions, t h e  f o l l o w i n g  f u n c t i o n  was found t o  e x h i b i t  

t h e  best goodness o f  f i t :  

The parameters A and B depend on t h e  type o f  f l e x i b l e  pavement, as shown 

be1 ow: 

(a )  For ho t  mix pavement t he  r e l a t i o n s h i p s  are: 

Ln(q) = 581.21 - 172.76 Pt 

and 

Eq. (3-27) appl i es  t o  h i g h  t r a f f i c  and t h e  corresponding c o r r e l a t i o n  

c o e f f i c i e n t  was equal t o :  -0.958. Eq. (3-28) app l ies  t o  low t r a f f i c  

and t h e  corresponding c o r r e l a t i o n  c o e f f i c i e n t  was equal t o  -0.832. 

For sur face t r e a t e d  pavements t h e  r e l a t i o n s h i p  i s :  

L n ( q )  = 111.35 - 5.65 Pt (3-29) 

The c o r r e l a t i o n  c o e f f i c i e n t  corresponding t o  Eq. (3-29) was -0.67. 



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

Ln(q)  = 235.3 - 64.82 Pt ( 3-30) 

Ln(q) = 375.17 - 114.25 Pt  (3-31) 

Eq. (3-30) app l i es  t o  low t r a f f i c  and has a c o r r e l a t i o n  c o e f f i c i e n t  o f  

-0.602. Eq. (3-31) app l i es  t o  h i g h  t r a f f i c  and has a c o r r e l a t i o n  coef -  

f i c i e n t  o f  -0.603. 

For t h e  d i s t r e s s  approach data on 18-k ip  ESALs and na ture  o f  t h e  

f a i l u r e  (area o r  s e v e r i t y )  a re  no t  a v a i l a b l e  t o  develop s i m i l a r  r e l a t i o n -  

sh ips .  

Tables (3-6) and (3-7) con ta in  t he  va lues o f  q and r obta ined f o r  t h e  

p r i n c i p a l  types o f  pavement i n  Texas. Table (3-6) has t h e  va lues o f  t h e  

parametersfor  t h e  PSI case, and Table (3-7) f o r  t h e  d i s t r e s s  case. 

TABLE 3-6. SURVIVOR CURVE PARAMETERS, PSI CASE 

Type o f  Pavement 

Hot mix pavement 
Rural ,  Low t r a f f i c  

Hot mix pavement 
Rural ,  High t r a f f i c  

Hot mix pavement 
-Urban,  Low t r a f f i c  

Hot mix pavement 
Urban, High t r a f f i c  

Surface t r e a t e d  pavement 
Ru r a  1 

Surface t r e a t e d  pavement 
Urban 

Overlay, Rura l ,  Low t r a f f i c  

Overlay, Rural ,  High t r a f f i c  

Over1 ay , Urban, Low t r a f f i c  

Overlay, Urban, High t r a f f i c  

rl 

10.0 

10.0 

10.0 

10.0 

10.0 

10.0 

10.0 

10.0 
8.0 

10.0 

9 1  

7 . 0 2 8 ~ 1 0 ~ ~  

7 . 0 3 ~ 1 0 ~ ~  

6 . 6 6 ~ 1 0 ~ ~  

6 . 7 0 ~ 1 0 ~ ~  

1 . 3 7 3 ~ 1 0 ~ ~  

2 . 1 1 5 ~ 1 0 ~ ~  
- 

2 . 1 0 ~ 1 0 5 ~  

2 . 1 0 ~ 1 0 ~ ~  
4.24~1046 

2 . 0 x 1 0 ~ ~  



The numbers i n  Table 3-7 a r e  average values computed w i t h  t h e  same 

data used t o  develop Eqs. (3-22) through (3-25) .  Due t o  t h e  l i m i t e d  da ta  

on d i s t r e s s  types,  t h e  average values w i l l  be used i n  t h e  RENU program i n -  

s tead  o f  t h e  equat ions.  

TABLE 3-7. SURVIVOR CURVE PARAMETERS, DISTRESS CASE 

A g raph i ca l  r e p r e s e n t a t i o n  of  t h e  s u r v i v o r  curves f o r  t h e  

p r i n c i p a l  t ypes  o f  Texas pavements i s  g i ven  i n  Appendix 3. 

.. 

TYPE OF PAVEMENT 

Hot  Mix  Pavement, Rura l  

AREA 

R2 q 2 

SEVERITY 

93 Sf r3 
- .  

Hot  Mix  Pavement, Rura l  
H igh  T r a f f i c  
H o t  M ix  Pavement, Urban 

3 .o 

2.5 2.5 

2.7 

1.75 

2.0 

2.75 

2.75 

2.25 

2.0 

2.25 

0.8 

0.85 

0.8 

0.9 

1 . 0 8 ~ 1 0 ~ ~  

2 . 9 2 ~ 1 0 ~ ~  

6 . 9 3 ~ 1 0 ~ ~  

4 . 4 5 ~ 1 0 ~ ~  

Low T r a f f  i c 
Hot  Mix Pavement, Urban 
H igh  T r a f f i c  

' Sur face Trea ted  Pavement 
Urban 

2.5 

0.86 

0.75 

7 . 3 ~ 1 0 ' ~  

5 . 1 1 ~ 1 0 ~ ~  

5 . 1 ~ 1 0 ~ ~  

1 . 4 7 ~ 1 ~ ~  

3.0 

3.2 

2.3 

0.8 

3 . 6 4 ~ 1 0 ~ ~  

3 . 2 ~ 1 0 ' ~  

1 . 8 7 ~ 1 0 ~ ~  

Surface Trea ted  Pavement 
Rural 

Over l  ay, Rural  
Low T r a f  f i c 

Over l  ay, Rural  

2 . 3 ~ 1 0 ~ ~  

2.25 

3.0 

H igh  T r a f f i c  
L 

Over1 ay , Urban 
Low T r a f f i c  

3 .3~10 '  

1 . 2 2 ~ 1 0 ~ ~  

2.5 

2.9 

7.56x1015 1 . 7 ~ 1 0 ~ ~  1 0.95 

Over l  ay, Urban 
High T r a f f i c  

I - I I 

0.93 4.99x1016 

3.1 

26 x lO l l  

9 . 1 4 ~ 1 0 ~ ~ ~ 1 . 3 ~ 1 0 ~ ~  / 0.92 



3-4 Imp1 ementation o f  Texas F l e x i b l e  Pavements Perfomlance Equations 

As i t  has been prev ious ly  i nd i ca ted  throughout t h i s  repo r t ,  t h e  cur rent  

vers ion o f  t h e  NULOAD procedure uses t h e  AASHTO methodology t o  examine t h e  

serv ice  l i f e  c y c l e  o f  highways. The fundamental procedure o f  t h e  program 

i s  performed by t h e  LYFCYC subrout ine f o r  which a s i m p l i f i e d  f l o w  char t  i s  

given i n  F igure 3-9 t o  support f u r t h e r  d iscussion o f  t h e  RENU program. 

Figure 3-9 conta ins t h e  basic methodology f o r  t h e  computation o f  t h e  18-k ip 

ESALs and t h e  design o f  t h e  requ i red  pavement; i n  a d d i t i o n  t o  t h e  design, 

t h e  program a lso  est imates r e h a b i l i t a t i o n  costs. Steps (1 )  and ( 2 )  of t h e  

f l  ow-chart a re  accomplished through t h e  AASHTO equations [Eq. (3-8) ] i n  

NULOAD. I n  the  RENU program t h e  computation o f  18-Kip ESALs and PSI values 

i s  made through t h e  Texas performance equations [Eqs. (3-12) and (3-15) 1. 

F igure 3-10 shows a f l o w  char t  con ta in ing  t h e  methodology fo l lowed t o  com- 

pute 18-Kip ESALs through t h e  Texas performance equations. Bas ica l l y ,  t he  

RENU program assigns a f a i l u r e  op t ion  ( e i t h e r  PSI o r  d i s t r e s s )  t o  each type 

o f  f l e x i b l e  pavements, depending on t h e  values o f  Pt and Pf. 
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Chapter 4 

R I G I D  PAVEMENT METHODOLOGY 

4.1 M o d i f i c a t i o n  o f  AASHTO Equation f o r  R i g i d  Pavement i n  Texas 

The AASHTO performance equat ion prov ides r e l a t i o n s h i p s  among t r a f f i c  

and pavement performance, s t r u c t u r a l  design, and th ickness.  A1 though t h i s  

equat ion represents t h e  most comprehensive development o f  t he  r e l a t i o n s h i p s ,  

t h e  r e s u l t s  a re  f o r  general use. Fur ther ,  t he  equat ion can be mod i f ied  i n  

o rder  t o  improve t h e  accuracy o f  p r e d i c t i o n  by u t i l i z i n g  l o c a l  i n p u t  data. 

For instance, Texas r i g i d  pavements a re  normal ly  8 inches t h i c k  and have a 

K-value i n  the  60 t o  200 p c i  range. Limestone and s i l  iceous r i v e r  gravel 

a re  two common subbase ma te r ia l s .  Pavements reach a te rmina l  l e v e l  o f  

se rv i ce  w i t h  approximately 6,000,000 a p p l i c a t i o n s  o f  18 k i p s  ESAL. Informa- 

t i o n  such as t h i s  has been monitored i n  Texas and has been very  useful  i n  

updat ing the  general AASHTO performance equat ion f o r  t h e  s t a t e ' s  environment. 

The rev ised AASHTO performance equat ion was developed t o  ease the  use 

i n  t h e  choice o f  l o c a l  i n p u t  data, e s p e c i a l l y  types o f  subbase m a t e r i a l .  

A f t e r  mod i f i ca t i on ,  t h e  s e n s i t i v i t y  o f  t he  equat ion was checked t o  v a l i d a t e  

the  p r e d i c t i o n  r e s u l t s  as shown i n  Table 4.1 and F igure  4.1. The major change 

i n  the  rev i sed  AASHTO performance equat ion i s  s i m i l a r  t o  t he  Strauss p e r f o r -  

mance equat ion which was developed from ex tens ive  Texas r i g i d  pavement data, 

as shown i n  Table 4.2. 

The i n p u t  data needed t o  develop a modi f ied performance r e l a t i o n s h i p  

f o r  r i g i d  pavements can be u n i f i e d  as fo l l ows :  

E : Modulus o f  e l a s t i c i t y  o f  t h e  concrete 

K : Modulus o f  support reac t i on  

D : Thickness o f  pavement 

C : Constant 



The general form o f  t h e  rev ised AASHTO performance r e l a t i o n s h i p  i s  

given by Eq. (4-1) :  

Log W t  = 7.37 l o g  (D+l)  + 0.06 + -0.17609 
7 

+ 3.42 l o g  ( C 1 
D ~ . ~ ~  - 1.132 

215.63 
D 0.75 18.42 - -  

$la 25 

E where Z = - . 
K 

4.1.1 S i l  iceous-River-Gravel 

Typ ica l  values f o r  t h i s  subbase m a t e r i a l  a re :  

K = 150 p c i  

E = 6.5 x 10 6 

D = 8" 

Assuming W = Wt 18-Kip ESALs, t h e  mod i f i ed  performance r e l a t i o n -  

sh ip  (4-1) can be used t o  o b t a i n  Eq. ( 4 -2 ) :  

l o g  Wt = 6.79885 + 3.42 l o g  ( ) (1.04162) 
215.63 

= -1.12186 + 3.42 109 (C) 

From Eq. (4 -2) ,  

l o g  c ~ ' ~ ~  = l o g  W t  + 1.12186 



6 Assuming Wt = 6.0 x 10 i n  Eq. (4-3). we can w r i t e  

4.1.2 Limestone 

A s im i l a r  procedure can be fo l lowed t o  compute t he  value o f  C i n  the  

case of limestone subbases: 

E = 4.4~10 6 

K = 150 pc i  

= -1.2550772 + 3.42 l o g  C (4-4) 

l og  C 3*42 = l o g  Wt + 1.2550772 (4-5)  

6 Again, assuming Wt = 6.0 x 10 i n  Eq. (4-5), we f i n a l l y  obta in  

C = 223.31 

4.1.3 Sumnary o f  Modif ied Performance Equations 

The f i n a l  revised AASHTO performance equation f o r  l imestone i n  Texas 

i s :  

l o g  W +  = 7.37 l og  (D+l) + 0.06 + -0.17609 
7 

+ 3.42 l og  1.04 D ~ ' ~ ~  - 1.132 
D ~ . ~ ~  - 18.42/2 0.25 



The revised AASHTO performance equation for siliceous-river-gravel is as 

fol 1 ows : 

log Wt = 7.37 log (D+l) + 0.06 + -0.17609 

1 4  1.624~10' 

+ 3.42 log 0.95 - 1.132 
D ~ * ~ ~  - 18.42/2 0.25 



TABLE 4-1. SENSITIVITY STUDY OF THICKNESS OF PAVEMENT, K-VALUE, AND NUMBER OF 
APPLICATIONS 



F o r  K = 150 PC1 

PSI 

PSI 

PSI 

PSI 

F igu re  4-1. S e n s i t i v i t y  o f  t h e  Revised Equat ion 

39 



TABLE  4-2. THE EQUIVALENT THICKNESS FROM STRAUSS DESIGN EQUATION 

D ( S i l i c e o u s  River Gravel) I - - 

* Thickness 

4.2 Texas Surv ivor  Curve f o r  R ig id  Pavements 

The use o f  s u r v i v o r  curves i s  a standard method o f  making management 

decis ions r e l a t i v e  t o  f u t u r e  est imates o f  t ime t o  re t i rement  o f  physical  

p roper t ies .  Physical p roper t i es  a re  sa id  t o  be r e t i r e d  from se rv i ce  when, 

f o r  one reason o r  another, they a re  removed from product ive  serv ice  o r  

a l t e r e d  and used i n  a second se rv i ce  1 i f e .  Winfrey [42 1 developed many 

s u r v i v o r  curves t h a t  f i t  i n t o  th ree  bas ic  types:  symmetrical, l e f t -  

modal , and r ight-modal . The symmetrical type w i t h  t h e  standard dev ia t i on  

of t he  su rv i vo r  curve being def ined by user i n p u t  has been selected f o r  

use i n  NULOAD. The s tochast ic  na ture  o f  s u r v i v o r  curves makes i t  very 

complicated f o r  t h e  user  t o  s e l e c t  t h e  proper standard dev ia t ion .  For 

t h i s  reason, t h e  rev i sed  NULOAD program makes use o f  t h e  actual  su rv i vo r  

curves from previous research [ l o ] .  The ac tua l  su rv i vo r  curves, F igure 

4.2, w i l l  n o t  exac t l y  represent  t h e  p r o b a b i l i t y  t h a t  a pavement o f  g iven 

age w i l l  r e q u i r e  a t i m e l y  over lay,  bu t  i t  w i l l  g i v e  t h e  best  approxima- 

t i o n  of Texas r i g i d  pavement s u r v i v o r  probabi 1 i t y .  Vel asco [ l o ]  v e r i f i e d  

t h a t  a t  present approximately 50 percent o f  r i g i d  pavements i n  Texas w i l l  

be o v e r l a i d  by t h e  t ime they are  15 years o ld .  This i s  based on the  

assumption t h a t  t he  r i g i d  pavement w i l l  have 15 f a i l u r e s  per  lane-miles 

per  m i l e  a t  15 years o f  age. The f i e l d  data shows t h a t  t h i s  assumption 

i s  l i k e l y  t o  be r e a l i s t i c .  F igure 4.2 shows t h e  ac tua l  su rv i vo r  curves 

f o r  Texas r i g i d  pavements. 
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Chapter 5 

ECONOMIC ANALYSIS 

The purpose of th is  chapter i s  to summarize the basic steps of the 

methodology fol lowed in RENU to achieve the fol 1 owing two objectives. 

(a)  Estimate the effects i n  terms of rehabilitation needs of changes 

in the legal axle load limits. 

(b) Measure the impact of these changes in terms of budget needs for 

a specified planning horizon. 

Although the economic analysis of RENU i s  similar to that performed 

by NULOAD, there are a few procedures in RENU which represent important 

analytical improvements. These procedures are: 

(a)  Incorporation of the Texas Highway Cost Index t o  account for  

future increases in material costs.  

( b )  Development of a mechanistic procedure to determine the thickness 

of flexible pavement over1 ays . 
(c)  Development of distress prediction models to estimate mainte- 

nance for rigid pavements. 



5.1 Maintenance Costs 

This sec t i on  presents the  a n a l y t i c a l  t o o l s  used t o  est imate mainte- 

nance cos ts  f o r  Texas f l e x i b l e  and r i g i d  pavements. The methodology f o r  

f l e x i b l e  pavements i s  t he  same a l ready  e x i s t i n g  i n  NULOAD: The EAROMAR 

equations [ 4 ]  a re  used t o  p r e d i c t  maintenance costs fo r  mu1 t i - l a n e  f ree-  

ways as func t i ons  o f  pavement age. For o the r  types o f  pavements, t h e  

EAROMAR r e s u l t s  a re  app rop r ia te l y  mod i f i ed  by mu1 ti p l y i n g  by reduc t i on  

c o e f f i c i e n t s  r e f l e c t i n g  pas t  maintenance data  f o r  Texas. The methodology 

used i n  RENU f o r  r i g i d  pavements i s  considered t o  be more p r a c t i c a l  than 

the  EAROMAR approach. The number o f  f a i l u r e s  (punchouts and patches) per  

m i l e  was chosen as the  major c r i t e r i o n  t o  p r e d i c t  maintenance needs and 

costs. 

5.1.1 F l e x i b l e  Pavement Maintenance Costs 

RENU has t h e  same maintenance c o s t  op t ions  inc luded i n  NULOAD. 

These are :  

( a )  use o f  t h e  EAROMAR equations 

(b )  use o f  h i s t o r i c a l  maintenance data 

( c )  no cons ide ra t i  on o f  maintenance costs. 

The c o s t  models comprising the  EAROMAR equations can be c l a s s i f i e d  

as f o l l o w s :  

Model 1: Model t o  es t imate  the  number o f  square yards o f  b i t um i -  

nous s k i n  patching per  year  and per  l ane  m i l e .  

Model 2 :  Model t o  est imate crack sea l i ng  i n  bi tuminous pavements 

per  year and per  lane m i  l e .  

Model 3 :  Model t o  est imate t h e  cos t  o f  bituminous base and surface 

r e p a i r  per  year  and per  lane m i l e .  



The no ta t ion  given below i s  used i n  the formulat ion o f  the f l e x i b l e  

pavement maintenance model s  : 

C1 = cost  per square yard o f  bituminous sk i n  patching 

C2 = cost  per l i n e a r  f o o t  o f  crack sea l ing 

C3 = cost  per cubic yard o f  bituminous base and surface repa i r  

T  = age o f  pavement i n  years 

APC = Annual patching cost  per lane m i l e  

ASC = Annual sea l ing cost  per lane m i l e  

ABSC = Annual base and surface r e p a i r  cost  

Model 1: 

1100 C1 
APC = - (T- lO)/ l .  16 l + e  

Model 2: 

ASC = 
L - (T-lO)/l . 16 l + e  

($ / l  ane-mi 1  e) (5-1) 

( $ / l  ane-mi 1  e) (5-2) 

Model 3: 

ABSC = C3 
- (T- lO)/ l .  16 ( $  Aane-mi 1 e) (5-3) l + e  

The i npu t  cos t  parameters C1, C2, C3 can be obtained from sources 

such as the 1980 Heavy Construct ion Cost F i l e  p 2  1. 

To extend the use o f  the EAROMAR equations t o  roadway types o ther  than 

freeways, samples o f  past  maintenance costs f o r  I n t e r s t a t e  Highways, Farm 

t o  Market Roads, and U.S. and State Highways were studied t o  compute average 

costs per m i l e  f o r  each c l a s s i f i c a t i o n .  The reduct ion f a c t o r  f o r  a  type of 

pavement i s  computed as the r a t i o  between the average cost  per m i l e  of the 



given pavement and t h a t  f o r  t he  freeway. Data needed f o r  t h i s  ana lys i s  were 

obtained f rom t h e  SDHPT 1980 maintenance c o s t  f i l e s  f o r  r o u t i n e  maintenance 

o f  bi tuminous surfaces. The t y p i c a l  r o u t i n e  maintenance ac t i ons  considered 

a re  1 i s  t ed  be1 ow : 

(a)  seal coat  

(b) edge r e p a i r  

( c )  p o t  holes 

(d) l e v e l i n g  o r  over lay  

(e) c o r r e c t i o n  o f  b leed ing  

Table 5.1 summarizes t h e  r e s u l t s  o f  t he  ana lys is .  As an i l l u s t r a t i o n  o f  t he  

use o f  t h i s  t ab le ,  t he  r o u t i n e  maintenance c o s t  f o r  Farm-to-Market roads can 

be est imated as 38.2% o f  t h e  c o s t  per  m i l e  computed by the  EAROMAR equations. 

TABLE 5-1. COMPARISON OF MAINTENANCE COSTS 

5.1.2 R i g i d  Pavements Maintenance Costs 

Maintenance cos ts  f o r  r i g i d  pavements a re  expressed as a f u n c t i o n  o f  

t he  number o f  f a i l u r e s  per  m i l e  o f  pavement. I n  Research P r o j e c t  3-8-75-177, 

"Development & Implementation o f  t h e  Design, Construct ion and Rehabi 1 i t a t i o n  

o f  R i g i d  Pavements " . 

I n t e r s t a t e  

Farm-to-Market 

State, U. S. , o the r  

The Center f o r  Transpor ta t ion  Research a t  the  U n i v e r s i t y  o f  Texas a t  

Aus t in  has conducted s t a t e  wide d i s t r e s s  c o n d i t i o n  survey i n  1974, 1978, and 

1980. The d i s t r e s s  man i fes ta t i on  recorded du r ing  these c o n d i t i o n  surveys 

OBS 

4 

23 

62 

MA1 NTENANCE 
AVE. EXPENDITURE/LN MILE 

$1,027.50 

391.20 

325.10 

% OF INTERSTATE. 

100% 

38.2% 

31.6% 



were spal l ing,  pumping, punchouts, and patches. Data from condition sur- 

vey in 1974 and 1978 were used t o  develop a d i s t r e s s  prediction model f o r  

CRCP by Noble and McCullough i n  1979. Five types of data were u t i l i z ed  

f o r  t h i s  development of the  d i s t r e s s  prediction models. Specif ical ly  these  

were data on: 

( a )  Environmental fac to rs  

(b) Construction fac tors  

( c )  Traff ic  

(d )  Age of pavement 

(e )  Pavement d i s t r e s s  fac tors  

In accordance w i t h  SDHPT c r i t e r i a ,  d i s t r e s s  f a i l u r e s  can be l imited t o  

punchouts and repaired patches on the  pavement. The se lect ion of the  above 

fac tors  were made on the basis  of data a v a i l a b i l i t y  and the  r e su l t s  of an 

Analysis of Variance (ANOVA) performed pr io r  t o  regression analysis  . The 

following r e su l t s  were obtained: 

N = predicted number of f a i l u r e s  per mile (punchouts 

and patches) 

x1 = pavement age a t  time of condition survey (years)  

x2 = pavement age a t  fu tu re  time chosen f o r  d i s t r e s s  prediction 

3 
= number of a i l  ures per mile a t  time of condition survey 

X4 = Texas SDHPT temperature constant (Table 5-2) 

X5 = -5.840 + 1 . 1 8 5 6 ~ ~  f o r  p i t  run gravel subbase aggregate 

and f o r  other subbase aggregates 



TABLE 5-2 . TEXAS TEMPERATURE CONSTANT cL 



2 Values of 0.672 and 2.436 f o r  R and the mean square error,respectively, 

show that the equation has an acceptable precision of prediction. The pre- 

diction relationship given in Eq. (5-4) requires the following input para- 

meters : 

(a) Condition survey data on the number of fai 1 ures per mile 

( b )  Pavement age a t  the time o f  the survey (expressed in months) 

(c) Pavement a t  time in the future for which the prediction i s  

desi red (months) 

( d )  District number needed t o  set  the temperature constant for a 

particular d is t r ic t  - 
(e) Subbase aggregate type 0 for 1 imestone and I for s i l  icious river 

Figure 5-1. Cumulative Failures per Mile per Year 

Years 

As shown i n  Figure 5-1, the cumulative number of failures i s  calcu- 

lated for each year until this value approaches 15.0, a t  which time an 

overlay i s  needed. After the overlay, the number of failures drops t o  zero 



and s t a r t s  accumulatin? again a t  a slower r a t e .  This slower r a t e  could be 

est imated t o  approximately 75 percent  o f  t he  o r i g i n a l  r a t e  [ I S ] .  

The number of f a i l u r e s  per  m i l e  f rom Eq. (5-4) \.]as developed on the 

basis  o f  two one-way t r a f f i c  lanes. I n  o rder  t o  est imate t h e  number of 

f a i l u r e s  per  lane-mi le  per  year, t he  l ane  d i s t r i b u t i o n  f a c t o r  has t o  apply 

t o  the  number o f  f a i l u r e s  per  m i l e .  Th i s  f a c t o r  ranges between 0.5 t o  0.85. 

I n  t he  RENU program a lane d i s t r i b u t i o n  f a c t o r  o f  0.65 i s  used. 

5.1.3 Highway Cost Index f o r  Maintenance 

The Texas Highway Cost Index has been incorpora ted  i n t o  the  p r o j e c t i o n  

o f  f u t u r e  maintenance costs.  The Maintenance Ma te r ia l  Cost Index f rom t h e  

c u r r e n t  Forecasts o f  t h e  Highway Cost Index [35] i s  i n p u t  by t h e  user  t o  

the  program as a cons tant  r a t e  by approximating the  p ro jec ted  index t o  a 

s t r a i g h t  l i n e .  F igure  5.2 i l l u s t r a t e s  a f a c t o r  o f  9% as obta ined f rom t h e  

J u l y  1980 r e p o r t  [3 51. 
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F igure 5-2.  Maintenance M a t e r i a l s  Cost Iadex by F isca l  Years (1979 = 100) 



5.2 R e h a b i l i t a t i o n  Costs 

The r e h a b i l i t a t i o n  a c t i v i t y  considered i n  RENU cons is ts  o f  an over lay  

w i t h  aspha l t  concrete. The r e h a b i l i t a t i o n  cos t  i s  a f u n c t i o n  o f  t h e  

th ickness  o f  t h e  over lay,  t he  cos t  o f  t he  ma te r ia l s  used i n  t h e  construc-  

t i o n  o f  t h e  over lay,  and the  w id th  o f  t h e  shoulders. Two d i f f e r e n t  metho- 

dologies a re  prov ided t o  determine t h e  th ickness o f  t h e  over lay.  I n  case 

of f l e x i b l e  pavements, use i s  made o f  e l a s t i c  l a y e r  theory  when heavy 

r e h a b i l i t a t i o n  i s  needed due t o  t h e  e f f e c t  o f  t r a f f i c  loadings.  I n  case 

of r i g i d  pavements, t h e  th ickness i s  determined us ing  mod i f i ed  AASHTO 

equations. 

5.2.1 F l e x i b l e  Pavements 

I n  the  ana lys i s  o f  f l e x i b l e  pavements, RENU al lows t h e  cons idera t ion  

o f  two p o s s i b i l i t i e s .  I f  a pavement f a i l s  because o f  d i s t r e s s ,  a speci-  

f i e d  th ickness o f  over lay  i s  appl ied.  The over lay  th ickness i s  a user 

i n p u t  and can vary  from one t ype  o f  pavement t o  another. A t h i c k  over lay  

i s  recommended when t h e  d i s t r e s s  i s  o f  t he  type t h a t  causes a s i g n i f i c a n t  

reduc t i on  i n  t h e  s t r u c t u r a l  s t reng th  o f  t h e  pavement. 

5.2.1.1 Pavements t h a t  F a i l  Because of D is t ress  

Experience d i c t a t e s  t h a t  most pavements i n  Texas are  r e h a b i l i t a t e d  

when a s i g n i f i c a n t  amount o f  d i s t r e s s  i s  present .  The user  must i n p u t  

the  minimum over lay  th ickness t h a t  i s  recommended f o r  each rep resen ta t i ve  

pavement sec t ion .  

5.2.1.2 Pavements t h a t  F a i l  Because o f  S e r v i c e a b i l i t y  

E l a s t i c  1 ayer theory  employing t h e  Russian Equations 1341 w i  11 be 

u t i l i z e d  todetermine t h e  over lay  th ickness o f  pavements t h a t  f a i l  because 



of s e r v i c e a b i l i t y .  The r e s u l t i n g  over lay  thickness i s  t h a t  which s a t i s f i e s  

a maximum dynaf lect  de f lec t ion  c r i te r ionwhen subjected t o  a spec i f i ed  load 

determined by the number of 18-kip ESALs t o  be appl ied dur ing the  design 

pe r i  od . 
Representative pavement sect ions have been coded i n t o  the program 

inc lud ing  the moduli o f  e l a s t i c i t y  o f  t he  d i f f e r e n t  layers .  Table 5 . 3  

shows the sections coded i n t o  RENU. The dyna f lec t  maximum de f l ec t i on  al low- 

ed i s  based upon the design c r i t e r i a  shown i n  Table 5-4. 

From the Texas performance equati,ons f o r  K, i t  i s  poss ib le  t o  express 

t h i s  value as a func t ion  o f  DMD. For the purpose o f  t he  present analysis,  

K w i l l  be described by the re l a t i onsh ip  

The value of 8 used i n  Eq. ( 5 - 5 )  can, be obtained by so lv ing  t h i s  

equation a f t e r  K ' i s  s e t  t o  a spec i f i c  value ~ n i c h  can be found from Eq. (3-15) 

w i t h  n=l , that  i s ,  

f o r  given values o f  Pi, Pt, P f ,  and W. 

For a known value o f  0 ,  the va r i a t i ons  i n  load ing (ESALs) can be 

l i nked  t o  changes i n  the  dyna f lec t  d e f l e c t i o n  (DMD) u t i l i z i n g  Eq. ( 5 - 7 ) :  

DMD = Pi - Pf  
J 





TABLE 5-4. DYMAFLECT MAXIMUM DEFLECTION CRITERIA FOR 

REPRESENTATIVE SECT1 ON5 

Design L i f e  18-Kip ESALs 

20,000 

300,000 

3,000,000 

260,000 

2,600,000 

50,000 

750,000 

7,500,000 

650,000 

6,500,000 

Pavement 

Rural  Surface t r e a t e d  

Rural  Hot Mix 
( low t r a f f i c )  

Rural  Hot Mix 
( h i g h  t r a f f i c )  

Rural  Ove r la id  Hot Mix 
( low t r a f f i c )  

Rural  Ove r la id  Hot Mix 
(h igh  t r a f f i c )  

Urban Surface t r e a t e d  

Urban Hot Mix 
( l ow  t r a f f i c )  

Urban Hot  Mix 
(h igh  t r a f f i c )  

Urban Over la id  Hot Mix 
( low t r a f f i c )  

Urban Over la id  Hot Mix 
( h i g h  t r a f f i c )  

DMD 

1.2 

.8 

.7 

.7 

.6 

1.0 

.7 

.6 

.6 

.5 



5.2.2 R i g i d  Pavements 

The requ i red  over1 ay th ickness f o r  r i g i d  pavements i s  determined using 

the modi f ied  AASHTO equations. Once t h i s  thickness i s  known, the  cost  of 

over lay ing  t h e  t r a f f i c  lanes and the  shoulders can be determined. The 

methodology f o r  determining the  cos t  o f  t h e  over lay and r a i s i n g  t h e  shoul- 

ders up t o  t h e  edge o f  the  pavement i s  the  same as t h a t  used i n  NULOAD 

5.2.3 Highway Cost Index f o r  R e h a b i l i t a t i o n  

The Sur fac ing  Cost Index f rom t h e  cu r ren t  Forecasts o f  t he  Highway 

Cost Index [35] i s  i n p u t  by t h e  user  as a constant  r a t e  by approximating 

the  p ro jec ted  index t o  a s t r a i g h t  l i n e .  Th is  w i l l  account f o r  f u t u r e  p r i c e  

increases i n  su r fac ing  ma te r ia l s  used i n  the  placement o f  overlays. F igure 

5-3 i l l u s t r a t e s  a f a c t o r  o f  11.8% as obta ined from the J u l y  1980 r e p o r t  [35]. 
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Chapter 6  

THE SHIFTING PROCEDURE 

6.1 The SDHPT S h i f t i n g  Procedure 

I n  o rde r  t o  eva lua te  t h e  e f f e c t  of l e g a l  l o a d  l i m i t  changes on f u t u r e  

t r u c k  weight  d i s t r i b u t i o n s ,  t h e  cumula t ive  percentage o f  gross v e h i c l e  

weight  (GVW) i s  s h i f t e d ,  accord ing t o  tendencies observed i n  recent  years. 

To accomplish t h i s  s h i f t i n g  procedure, t h e  user  should supply t h e  app rop r ia te  

l oad  i n fo rma t ion  f o r  each o f  t he  t r u c k  types t o  be considered ( b a s i c a l l y ,  

t r u c k  types 2D, 3A, 3-S2). Although t h e  SDHPT procedure (SSP) cu r -  

r e n t l y  considers t h e  s h i f t i n g  o f  t h e  d i s t r i b u t i o n  o f  gross v e h i c l e  weight  

(GVW), i t  i s  more use fu l  when r e l a t e d  data e x i s t ,  t o  s h i f t  t he  d i s t r i b u t i o n s  

corresponding t o  s i n g l e ,  tandem, t r idem, s t e e r i n g  a x l e  loads, and empty 

v e h i c l e  weight .  

The s h i f t i n g  procedure i s  a  s imple r e l a t i o n s h i p  according t o  

which the  e x i s t i n g  GVW upper l i m i t  i s  m u l t i p l i e d  by a  f a c t o r  t h a t  

increases l i n e a r l y  f rom 1.0 t o  the  r a t i o  o f  p r a c t i c a l  maximum GVW 

a t  present  (PMGVWP) t o  p r a c t i c a l  maximum GVW i n  t h e  f u t u r e .  As the  

GVW increases f rom t h e  lower l i m i t  o f  t he  f i r s t  we igh t  i n t e r v a l  t o  

t he  value o f  PMGVWP, t h e  f a c t o r  i s  l i n e a r l y  increased and a t  t he  l i m i t  

becomes constant  and equal t o  PMGVWFIPMGVWP. The r e s u l t  i s  t he  end 

p o i n t  o f  a  new i n t e r v a l .  

Thus, t h e  s h i f t i n g  i s  done by c a l c u l a t i n g  a  r a t i o ,  obta ined f rom past  

experience, t h a t  w i l l  g i v e  t h e  f u t u r e  v e h i c l e  we igh t  d i s t r i b u t i o n  f o r  a 

c e r t a i n  t r u c k  type. Afterwards, t he  r e l a t i o n  between t h e  f u t u r e  GVW and 

the  a x l e  weights i s  c a l c u l a t e d  manual ly f o r  each t r u c k  type, and the  

f u t u r e  a x l e  weight  d i s t r i b u t i o n  i s  obta ined.  The empty weight  f o r  1976 



t o  date was est imated by assuming t h e  same d i s t r i b u t i o n  p r e v a i l i n g  i n  

the years 1970-1974. 

The r a t i o  used f o r  developing t h e  SSP was based on a  m u l t i p l y i n g  

f a c t o r  which i s  t he  r e s u l t  o f  an equat ion t h a t  i m p l i e s  a l l  t h e  d i f f e r e n t  

possi b i l  i t i e s  o f  a  GVW increase f o r  t he  4 more common t r u c k  types (See 

F ig .  6 -1  i n  which SGVW i s  smal les t  GVW). 

The SSP was developed w i t h i n  the  NCHRP r e p o r t  #I41  and was incorpora ted  

i n t o  the  RENU program t o  p r e d i c t  t he  e f f e c t  of heav ier  t r u c k s  on pavements. 

I n  an a n a l y s i s  o f  recent  t r u c k  data, i t  was found t h a t  t h e  weight  

c o n s t r a i n t s  w i t h i n  t h e  d i f f e r e n t  v e h i c l e  types do n o t  a l l  experience a  

r i gh tward  s h i f t ,  b1.t t h a t  on l y  a  c e r t a i n  percentage s h i f t s  f o r  each 

t r u c k  type. The reason being, that  n o t  a l l  t h e  t rucks  would experience 

an increment i n  weight,  s ince  some have demand c o n s t r a i n t s  as w e l l  as 

volume c o n s t r a i n t s  t h a t  make h ighe r  l oad  c a p a c i t i e s  f o r  them unnecessary. 

I n  o rde r  t o  p r o p e r l y  account f o r  these c o n s t r a i n t s ,  t h e  lower por-  

t i o n  o f  t he  GVW cumulat ive frequency d i s t r i b u t i o n  w i  11 have t o  experience 

l e s s  o f  a  s h i f t  t o  t h e  r i g h t ,  o r  no s h i f t  a t  a l l .  Only those veh ic les  

ope ra t i ng  i n  t he  upper GVW ranges would t r u l y  take advantage o f  t he  

new a l l owab le  weight  l i m i t s .  Only those veh ic les  opera t ing  i n  t h e  

upper GVW d i s t r i b u t i o n  should then experience a  subs tan t i a l  s h i f t  t o  

the  r i g h t .  

Vehic les weighted empty were assumed t o  remain cons tant  i n  bo th  

scenarios. 



Mu1 t i p l y i n g  
Factor 

A 

SGW PMGVWP 

Gross Vehicle Weight (Kips) 

f o r  SGW < GVW < PMGVWP - - 

Multiplyin9 Factor  = 1.0 + *(GVId - SGVW) 

PtlGVtlP - SGVW 

f o r  GW - > PKGVIdP 
\ 

rlul t i p l y i n g  Factor  = PMGWF 
PFIGVIJP 

Figure  .6-1. Mu1 t i p l y i n g  Factor  Re1 a t e d  t o  Gross Vehicle Weight 
f o r  t h e  NCHRP Procedure 
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6.2 The M o d i f i e d  SDHPT S h i f t i n g  Procedure (MSP) 

I n  o r d e r  t o  modify t h e  GVW d i s t r i b u t i o n  s h i f t i n g  procedure, i t  be- 

came necessary t o  modify o n l y  t h e  m u l t i p l y i n g  f a c t o r  t o  be used i n  t h e  

s h i f t i n g  procedure, us i ng  1970-1974 data.  F i v e  d i f f e r e n t  analyses were 

conducted, each u s i n g  a cons tan t  payload, t h e  e q u i v a l e n t  t o  t h a t  hauled 

by 100 v e h i c l e s  o f  a  c e r t a i n  t y p e  o p e r a t i n g  on a p a r t i c u l a r  highway 

c l a s s  under  p r e s e n t  c o n d i t i o n s .  The procedure t h a t  b e s t  f i t t e d  t h e  

e x i s t i n g  c o n d i t i o n s  was found t o  be t h e  one t h a t  would cons ide r  o n l y  

t h e  s h i f t i n g  f r o m  t h e  50% cumula t i ve ,  f o r  t r u c k  t ypes  2D and 3A and 

33% cumula t i ve ,  f o r  t r u c k  types  3-s2 and 2-S1-2 ( F i g .  6 -2 ) .  

Recent l y ,  da ta  f rom 1976 t o  1979 was made a v a i l a b l e ,  making i t  

p o s s i b l e  t o  check t h e  assumptions made p r e v i o u s l y .  The f o l l o w i n g  

s t a t i s t i c s  were compared: 

1. GVW accumula t i ve  f requency  based on s i n g l e  y e a r  da ta  o r  
da ta  combined f o r  sever21 years  

2. GVW d i s t r i b u t i o n  h i s tog ram 

3. Average GVW 

4. % o f  overwe igh t  t r u c k s  

5. Ax1 e we igh t  accumula t i ve  f requency 

6. Accumulat ive f requency vs.  GVW f o r  d i f f e r e n t  yea rs  

The comparison was made u s i n g  f o u r  common t r u c k  types  and da ta  

f o r  i n t e r s t a t e  r u r a l  highways and o t h e r  main highways [45]. 

Some o f  t h e  obse rva t i ons  e x t r a c t e d  f r om t h e  comparison were: 

1. A d e f i n i t e  i nc rease  i n  GVW i s  observed f rom 1971-75 da ta  t o  
1976-79 data.  

2. The assumption t h a t  empty o r  l i g h t l y  loaded v e h i c l e s  w i l l  n o t  
exper ience  t h e  r i g h t w a r d  s h i f t  due t o  demand and volume con- 
s t r a i n t s  i s  conf i rmed.  



Mu1 t i p l y i n g  
F a c t o r  

Gross Vehic l e  Weight (KIPS) 

A 

Mu1 t i p l y i n g  
F a c t o r  

PYGVWP/PMGVWP 

I @ 22 KIPS f o r  2D 
@ 38 KIPS f o r  3A 

. . I - - - - - - -  ---. 

I @ 22 KIPS f o r  2D 
I @ 38 KIPS f o r  3A 

@ 60 KIPS f o r  3-S2 
@ 60 KIPS f o r  

@ 60 KIPS f o r  3-S2 
B 60 KIPS f o r  2-S1-2 

il; I GVW 2-S1-2 

I * 
? 50% Accumulat ive P e r c e n t  f o r  1)2D 

2)3A . 
@ 33% Accumulat ive P e r c e n t  f o r  1) 3-S2 

2) 2-S 1-2 

@ 50% Accumulat ive P e r c e n t  f o r  1)2D 
2 )  3A 

@ 336 Accumul a t i v e  P e r c e n t  f o r  1)3-sz \C 2)  2-51-2 

Gross Vehic le  Weight (KIPS) 

F igure  6-2. Mu1 t i p l y i n g  Fac to r  ve r sus  GVW R e l a t i o n s h i p  f o r  
Modifying Data Generated under  t h e  P r i v i o u s  Law 
a s  Developed by Larki  n , [14] 
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3. The a x l e  weight  data was a l so  observed, showing change i n  
ax le  weight  and GVW according t o  t h e  1975 increase i n  
l i m i t s ,  b u t  no change i n  the  d i s t r i b u t i o n  o f  s t e e r i n g  ax le  
weight  . 

4. The increase i n  GVW i s  main ly  governed by t h e  increase i n  
a x l e  weight  [441. 

As several  t e s t s  have shown, i t  i s  n o t  f e a s i b l e  t o  e s t a b l i s h  a d e f i n i t e  

percentage i n  which t o  begin the  s h i f t i n g  f o r  the  f o u r  d i f f e r e n t  t r u c k  

types. As t o  the  l a t e s t  runs us ing  1979 data, t r u c k  types 2D and 3A ex- 

per ience a s h i f t i n g  i n  t h e i r  GVW from 40% and 30% up t o  loo%, w h i l e  t r u c k  

types 3-S2 and 2-S1-2 experience s h i f t i n g  from 0% t o  100% i n c l u s i v e .  

However, more data i s  needed i n  order  t o  e s t a b l i s h  a d e f i n i t e  per-  

centage f rom which t o  begin t h e  s h i f t i n g  so t h e  user  would r a t h e r  i n p u t  

the  percentage t o  use according t o  the  most recen t  r e s u l t s  a v a i l a b l e  

(F ig.  6-3).  

Once t h e  s h i f t e d  GVW i s  obtained, the a x l e  weight d i s t r i b u t i o n  i s  ob- 

ta ined  manual ly f o r  each t r u c k  type, according t o  previous r e s u l t s  and t o  

the  e x i s t i n g  weight l i m i t s .  F i r s t ,  t h e  f r o n t  a x l e  (FA) o r  s t e e r i n g  a x l e  

weight i s  obtained, w i t h  t h e  fo l l ow ing  equations. 

Truck Type 

2D 

3A 

3-S-2 

2-S1-2 

Equation 

FA = 2.0 + 0.27GVW 

FA = 2.9 + 0.2GVW 

FA = 6.0 + 0.05GVW 

FA = 7.5 t 0.03GVW 

Afterwards, s u b t r a c t i n g  t h e  FA, as each t r u c k  type has e i t h e r  s i n g l e  

axles o r  tandem axles, t h e  remaining weight  i s  d i s t r i b u t e d  evenly among 

the  l oad ing  ax les  (F ig .  6-4). 



Mu1 t i p l y i n g  Fac to r  

F igure 6-3. Mod i f i ed  SDHPT S h i f t i n g  Procedure 





6.3 The P l o t t i n g  Subrou t ine  

As an a u x i l i a r y  procedure t h a t  w i l l  enable t h e  use r  t o  show t h e  

s h i f t e d  r e s u l t s  i n  a  g raph i c  form, t h e  PLOTTING sub rou t i ne  was added t o  

t h e  RENU Program. The p l o t t i n g  sub rou t i ne  [46] p e r m i t s  comparison o f  

two o r  more s e t s  of da ta  o f  which u s u a l l y  one i s  t h e  u n s h i f t e d  cumula t i ve  

f requency and t h e  o t h e r  i s  t h e  s h i f t e d  r e s u l t .  For  t h e  sake of c l a r i t y ,  

i t  i s  adv i sab le  n o t  t o  compare more than  4  s e t s  of data,  s h i f t e d  and 

unsh i f t ed ,  a t  t h e  same t ime.  

The t ype  of cu rve  p rov ided  by  t h e  PLOTTING sub rou t i ne  i s  o f  a  

s imp le  form, w i t h  two coord ina tes ,  t h e  X c o o r d i n a t e  be ing  t h e  GVW 

( k i p s )  o r  TAW (Tandem a x l e  we igh t ) ,  p r o v i d i n g  up t o  120 k i p s  i n  t h e  

f i r s t  case o r  60 k i p s  i n  t h e  second case; t h e  Y c o o r d i n a t e  i s  t h e  

accumulated pe rcen t  s h i f t e d .  The usual  graph i s  S-shaped, w i t h  an 

upper asymptote, as shown i n  F i g u r e  6-5. 



G R U S S  V E t l J C f l L  W E I G H T  I K J P S i  

Figure  6-5. S h i f t i n g  Procedure 
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Chapter 7 

APPLICATIONS OF THE MODEL 

7.1 I n t r o d u c t i o n  

A f t e r  developing RENU we have reached t h e  stage a t  which we in t roduce 

a procedure designed t o  note  s p e c i f i c  s t rengths  and general usefulness o f  

t h e  program. The purpose o f  t h i s  chapter  i s  t o  i d e n t i f y  a s e t  o f  mean- 

i n g f u l  scenarios o f  t h e  Texas highway system and produce r e h a b i l i t a t i o n  

and cos t  est imates by running RENU under cond i t i ons  s p e c i f i e d  i n  each 

scenario. 

The r e s u l t s  from a l l  t h e  scenarios can be combined t o  a s s i s t  dec i s ion  

making concerning the  es t ima t ion  o f  r e h a b i l i t a t i o n  and maintenance funds 

needed i n  each pe r iod  o f  a s p e c i f i e d  p lann ing hor izon.  I n  Chapter 7 the  

r e s u l t s  obta ined f o r  t h e  scenarios w i l l  be used t o  assess t h e  r e l a t i v e  

impact t h a t  fac tors  such as t h e  Highway Cost Index (HCI), change i n  the  load 

l i m i t s  and pavement performance have on funds needed. 

Twelve scenarios were u t i l i z e d  t o  demonstrate RENU's response t o  

changes i n  var ious  i n p u t  parameters. The f l e x i b l e  pavement network f o r  

Texas was the  bas is  f o r  t h e  scenarios. The s t a t e  was d i v ided  i n t o  two 

major geographical areas based upon main d i s t r e s s  types p r e v a i l i n g  i n  

each area. Area 1 inc luded D i s t r i c t  1 and D i s t r i c t s  10 through 22, where 

pavements f a i l  main ly  because of a l l i g a t o r  cracking.  Area 2 inc ludes 

D i s t r i c t s  2 through 9 and 23 through 25, where pavements f a i l  most ly  be- 

cause o f  severe t ransversa l  cracking.  Pavements were c l a s s i f i e d  according 

t o  the  f o l l o w i n g  c h a r a c t e r i s t i c s :  

(a) I n t e r s t a t e ,  Farm t o  Market, U.S .-State 



(b) r u r a l  o r  urban 

(c )  h i g h  o r  low t r a f f i c  i n t e n s i t y  

(d) h o t  mix, over lay  o r  sur face t r e a t e d  

The c l a s s i f i c a t i o n  of Texas pavements was performed us ing t h e  SDHPT 

Road L i f e  and Road Inven to ry  f i l e s .  

The twelve scenarios were d i v i d e d  i n t o  two groups. The f i r s t  group, 

c o n s i s t i n g  o f  e i g h t  scenarios, corresponds t o  d i f f e r e n t  combinations o f  

poss ib le  values f o r  t h e  HCI, l oad  l i m i t s ,  and pavement performance. For 

each o f  these f a c t o r s  minimum and maximum l e v e l s  were chosen t o  r e f l e c t  

r e a l i s t i c  changes o f  i n t e r e s t .  I n  these scenarios t h e  r e h a b i l i t a t i o n  

needs a re  generated by the  presence of several  types o f  d i s t r e s s .  I n  t h e  

second group, c o n s i s t i n g  o f  f o u r  a d d i t i o n a l  scenarios, t h e  r e h a b i l i t a t i o n  

needs a re  generated by s i g n i f i c a n t  worsening of r i d i n g  cond i t i ons  (PSI). 

The f o l l o w i n g  assumptions were made f o r  the  f i r s t  e i g h t  scenarios: 

( a )  A l l  pavements f a i l  because of d i s t r e s s  and thus rece ive  a  one 

i n c h  over lay.  Pavements i n  POTTS rece ive  a  13 i n c h  over lay.  

(b)  The t a r g e t  value f o r  pavements o l d e r  than te rmina l  serv ice-  

a b i l i t y  (POTTS) i s  10%. 

( c )  Maintenance and rehabi  1  i t a t i o n  cos ts  a r e  t h e  same statewide 

(based on cos ts  obta ined f rom D i s t r i c t  17). 

(d) The upper and lower values f o r  t h e  HCI a r e  12% and 2%. 

( e )  The upper and lower values f o r  t h e  l e g a l  l o a d  l i m i t s  are: 

S ing le  a x l e  : 26 - 22.4 k i p s  

Tandem a x l e  : 44 - 36 k i p s  

Gross Weight : 120-80 



( f )  The performance f a c t o r  i s  d e f i n e d  as t h e  t i m e  between t h e  f i r s t  

and second over1 ays (excep t  f o r  t h e  lanemi l e s  i n  POTTS) . The 

upper and l owe r  va lues  f o r  t h i s  f a c t o r  were s e t  t o  12 and 5 years ,  

r e s p e c t i v e l y .  Fo r  a p l ann ing  h o r i z o n  o f  18 years  ( t h rough  t h e  y e a r  

2000), t h e  minimum va lue  of t h e  performance f a c t o r  corresponds t o  

two o v e r l a y s  f o r  a l l  pavements n o t  i n  POTTS. On t h e  o t h e r  hand, 

t h e  maximum v a l u e  (12  y e a r s )  corresponds t o  o n l y  a f r a c t i o n  o f  

t h e  pavement r e c e i v i n g  two ove r l ays .  

For  t h e  pavements i n  t h e  second group, i t  i s  assumed t h a t  a l l  pave- 

ments f a i l  because o f  s e r v i c e a b i l i t y .  The performance f a c t o r  i s  d e f i n e d  

as a t e r m i n a l  s e r v i c e a b i l i t y  i ndex  (Pt) between 2.25 and 2.75, w i t h  an 

asympto t i c  s e r v i c e a b i l i t y  v a l u e  (Pf)  of 2.0. The s e r v i c e a b i l i t y  per -  

formance models f o r  f l e x i b l e  pavements con ta ined  w i t h i n  RENU were 

developed u s i n g  Pt = 2.5 and Pf = 2.0. Wide v a r i a t i o n s  from these  va lues  

shou ld  n o t  be cons idered  t o  a v o i d  p o s s i b l y  i l l o g i c a l  r e s u l t s .  

7.2 D e s c r i p t i o n  o f  Texas F l  e x i  b l  e Pavement Scenar ios 

The twe l ve  scenar ios  f o r  t h e  a p p l i c a t i o n  o f  t h e  RENU program 

cove r i ng  meaningfu l  c o n d i t i o n s  concern ing  t h e  H C I ,  l o a d  l i m i t s  and per -  

formance f a c t o r s  a r e  desc r i bed  i n  Tables 7 .1  and 7.2. Tab le  7.1 spec i -  

f i e s  t h e  va lues  of each f a c t o r  i n  each scenar io .  Tab le  7.2 sum- 

mar izes some of t h e  most impo r tan t  i n p u t  parameters common t o  a l l  scenar ios.  

7.3 Resu l t s  

The o u t p u t  from RENU cor respond ing  t o  each highway scena r i o  can 

be c l a s s i f i e d  as f o l l o w s :  



(a) Undiscounted Maintenance Costs for the Proposed Load Limits - 
Summarized in Table 7.3. 

(b )  Undiscounted Rehabilitation Costs for the Proposed Load Limits - 

Table 7.4. 

(c) An Economic Analysis - Table 7.5. 

(d) Increase in Costs per Lane Mile Due to Increased Load Limits - 
Table 7.6. 



TABLE 7-1. DESCRIPTION OF SCENARIOS 

( * * )  f o r  a1 1 l a n e  m i l e s  excep t  those i n  POTTS 

( * )  6"  I n t e r s t a t e  

4" FM 

5" US & S t a t e  

12 

12 

11 

12 

8 

12 

Fac to r  -- 
A 

Highway Cost Index (%)  

I 

26 

44 

120 

5 

NA 

1 

NA 

7 

2 

2 

12 

m 5 

2 

9 

2 

1 

2 

26 

44 

120 

N A 

2.25 

1 

6,4,5* 

6 

12 

10 

2 

Proposed Load L i m i t s  ( k i  ps) 

S i n g l e  a x l e  

Tandem ax1 e 

Gross we igh t  

Performance 

Time between f i r s t  
and second o v e r l a y  
* * ( y e a r s )  

Terminal  se rv i ce -  
ab i  1 i ty  

Minimum o v e r l  ay 
t h i ckness  ( i nches )  

Maximum o v e r l  ay 
t h i ckness  ( i n c h e s )  

26 

44 

120 

N A 

2.75  

1 

6,4,5* 

26 

44 

120 

5 

NA 

1 

NA 

22.4 

36 

120 

12 

N A 

1 

N A 

3 

2 

22.4 

36 

120 

5 

NA 

1 

NA 

22.4 

36 

120 

N A 

2.25 

1 

6,4,5* 

22.4 

36 

120 

12 

N A 

1 

N A 

4 

12 

22.4 

3 6 

120 

5 

N A 

1 

N A 

22.4 

3 6 

120 

N A 

2.75 

1 

6,4,5* 

26 

44 

120 

12 

NA 

1 

NA 

26 

44 

120 

12 

NA 

1 

NA 



TABLE 7-2. INPUT PARAMETERS COMMON TO ALL SCENARIOS 

Analysis  per iod  

Annual I n t e r e s t  Rate 

Input  Parameter 

Lane width 

I n t e r s t a t e  

FM 
US - S t a t e  

Value 

Pe rcen t  paved shou lde r s  

I n t e r s t a t e  

18  y r s  

4% + HCI 

FM 

US - S t a t e  

Cost o f  HMAC f o r  ove r l ay  

Cost of t u r f  m a t e r i a l  f o r  shou lde r  

Unit  c o s t  of  bi tumi nous pa tch i  ng 

Unit c o s t  of  bituminous c rack  s e a l i n g  

Unit  c o s t  o f  bituminous base & s u r f a c e  r e p a i r  

Maintenance c o s t  pe r  y r  p e r  l a n e  m i l e  f o r  POTTS 

I n t e r s t a t e  

FM 

US - S t a t e  

P re sen t  load  1 imi t s  ( k i p s )  
S i n g l e  a x l e  

Tandem a x l e  
Gross weight  

Annual growth r a t e  f o r  ESALS 

Total  1 ane mi l e s  

10% 

10% 

$ 9 4 . 7 3 1 ~ ~  

$. 0 6 I s y l i  n 
$ 3 . 0 4 1 ~ ~  

$ .25 / l i nea r  f t  

$59.1 Olcy 

$1 800/l  ane m i  / y r  

$ 750/lane m i l y r  

$ 75011 ane m i l y r  

20 k ips  
34 k ips  
80 k ips  

2% 

150,615 
-- 



TABLE 7-3. UNDISCOUNTED MAINTENANCE COSTS FOR PROPOSED 
LOAD L I M I T S  (ALL COSTS I N  M I L L I O N S  OF DOLLARS) 

Scenarios 



TABLE 7-4. UNDISCOUNTED REHABILITATION COSTS FOR PROPOSED 
LOAD LIMITS (ALL COSTS IN MILLIONS OF DOLLAR) 

Sce n a r i o s  







Chapter 8 

SENSITIVITY ANALYSIS 

8.1 Sensi t ivi ty  Analysis fo r  Flexible Pavements 

The purpose of th i s  chapter i s  t o  present a sens i t iv i ty  analysis 

tha t  was performed u t i l iz ing  the f i r s t  eight scenarios fo r  f lex ib le  pave- 

ments. By employing a s t a t i s t i c a l l y  designed experiment a number of 

factors  can be studied t o  gain insight of t h e i r  simultaneous ef fec ts  on 

the response under investigation. 

The factors studied i n  t h i s  analysis were the Highway Cost Index, 

the proposed load l imits  and the pavement performance to  ascertain t h e i r  

e f fec ts  or influence on the following s ix  response variables: 

( a )  The change i n  the uniform annual maintenance, rehabi 1 i ta t ion 

and total  costs ,  of the present and proposed load l imits  f o r  

an 18 year analysis period. 

(b) The change i n  the uniform annual maintenance, rehabil i t a t ion  

and to ta l  costs of the present and proposed load l imits  fo r  

a 9 year analysis period. 

These costs do not include salvage value computations. 

To explore such s i tuat ions completely we cannot vary one fac tor  a t  

a time, we must rather consider a l l  combinations o f  the fac tors .  This 

plan i s  called a fac tor ia l  design. This approach allows fo r  the deter- 

mination of main and interact ive e f fec ts .  A main e f fec t  may be defined as 

the change in response, say cost ,  produced by a change i n  the level of 

the factor .  An interaction between two factors  denotes tha t  a change 



i n  response between l e v e l s  o f  one f a c t o r  i s  n o t  t he  same f o r  a l l  l e v e l s  

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

For t h e  t h r e e  v a r i a b l e s  i n  t h i s  ana lys is ,  a  Z3 design ( t h e  e i g h t  

scenar ios)  covers a1 1  poss ib le  combinat ions o f  t h e  t e s t i n g  cond i t i ons  . 
Thus, s i x  f a c t o r i a l  designs were u t i l i z e d ,  one f o r  each o f  t he  response 

va r iab les .  

TABLE 8-1. LEVELS FOR EACH FACTOR 

Var iab les  

HC I 

A computerized package a v a i l a b l e  f o r  I B M  computers, t h e  S t a t i s t i c a l  

Ana lys is  System (sAS) , was used t o  perforol t he  c a l c u l a t i o n s  of the  ana lys is .  

Proposed Load L i m i t s  

Performance 
- 

8.2 S e n s i t i v i t y  Ana lys is  

Low Level  

2  % 

To es t imate  main e f f e c t s  and i n t e r a c t i o n s  e f f e c t s ,  t h e  f o l l o w i n g  

two formulas were u t i l i z e d :  

For  main e f f e c t s  

High Level  

12% 

22.4-36-120 k i p s  

12 years 

where 

C = + l o r - 1 , a n d  
i k 

C i k  = 0  f o r  a l l  i 
k  

26-44-120 k i p s  

5 years 



For interactions: 

where 

'i j k  = +1 or -1, and 

"i j k  = 0 f o r a l l  i ,  j 
k 

Tables 8-3 through 8-8 produced by SAS show the significant factors 

and their  corresponding effects for  each of the response variables. 

In these tables x l ,  x2 ,  x3, are HCI, load limits and performance, 

respectively. Table 8-2 shows the values of the response variables 

y l ¶  Y Z y  y3¶ yqY y5, Y6 on page 78. 

8.3 Discussion of Results 

The effect of the load limits was the most predominant among a l l  

the response variables tested, proving significant in every tes t .  

For the eighteen year planning horizon a1 1 of the factors proved 

significant including an interaction between xl and x2 for the change in 

rehabilitation and total uniform annual costs. I n  the case of the shorter 

planning period 9 years only the proposed load limit proved significant. 

Table 8- 9 summarizes the significant factors for  each response 

variable plus thei r  effects.  



8.4 Sensi t ivi ty  Analysis f o r  Rigid Pavements 

A separate sens i t iv i ty  study was made concerning the new r igid pave- 

ment features  included in the RENU program. Three new variables were 

selected f o r  t h i s  sens i t iv i ty  analysis.  They were: 

(1) modulus of e l a s t i c i t y  of concrete, 

( 2 )  terminal level of PSI, and 

(3) number of f a i lu res  per mile. 

Two levels of each variable were chosen, and a z3, o r  8 ,  observation fac- 

tor ia l  was performed. The dependent variable being considered was the 

Net Present Worth Delta Cost. This variable represents the change in the 

total  overall cost  produced when changing from the present t o  proposed 

axle load 1 imi t s .  

Table 8.10 indicates the values selected f o r  the two levels  of each 

variable,  and the resu l t s  calculated fo r  Delta Cost by RENU. Figure 8.1 

shows an i l l u s t r a t i o n  of how the Delta Cost changed as a function of the 

1 eve1 s of the three independent variables.  Increasing the concrete modulus, 

terminal PSI, and number of f a i lu res  a l l  had the e f fec t  of reducing the 

Delta Cost. The variable with the most sens i t iv i ty  of these three was the 

f a i lu re  per mile with the terminal PSI being somewhat l e s s  sensi t ive.  

Very l i t t l e  e f f ec t  was noticed by the change i n  concrete modulus. Since 

the slopes of the l ines  in Figure 8.1 seem to remain constant, there i s  

no indication of any change in Delta Costs caused by the interact ive 

e f fec ts  of any two variables.  



TABLE 8-2. VALUES OF RESPQNSE VARIABLES FOR ANALYSIS OF VARIANCE 

S T A T I S T I C  



TABLE 8 -3 .  RESULTS OF THE ANALYSIS OF VARIANCE FOR THE CHANGE I N  THE UNIFORM ANNUAL 
MAINTENANCE COSTS OF PRESENT AND PROPOSED LOAD L I M I T S  FOR AN ~ B - Y E A R  ANALYSIS PERIOD. 

S T A T I S T I C A L  A N A L Y S I S  S Y S T E M  2 
16z3.2 F R I D A Y .  SEPTEYRFR ? ! i r  1'4 '31 

GENERAL L [NEAR MODELS PROCEDURE 

DEPENDENT V A R I  ARLE : Y 1 

SUM OF SOUARES 

49.2671 1200 

0.1 1520000 

49.38231200 

MEAN SOUARE F VALUE 

8.21118533 71.28 

0.11520000 

MODEL 

ERROR S T 0  DEV 

CORRECTED TOTAL 

SOURCE T Y P E  I SS F V A L U E  P R  > F T Y P E  I V  S S  F V 4 L I J F  

T FOR HO: 
PAHAMETEH=O 

S T 0  E R H 3 R  UF 
E S T I M A T E  PAPAYETFR EST I M A T E  

I N T E R C E P T  
X I  

* 2 
X 3 

* I * X 2  
X  1 * X 3  

X 2 * X 3  



.E 8-4. RESULTS OF THE ANALYSIS  OF VARIANCE FOR THE CHANGE I N  THE UNIFORM ANNUAL REHABIL -  
I T A T I O N  COSTS OF PRESENT AND PROPOSED LOAD L I M I T S  FOR AN 18-YEAR ANALYSIS  PERIOD. 

S T A T I S T I C A L  A N A L Y S I S  S Y S T E M  

GENERAL L I N E A R  YODELS PROCEDURE 

DEPENDENT VAR [ABLE: Y 2  

S OURC E OF 

MODEL 6 

ERROR I 

CORRECTED TOTAL 7 

sun OF SQUARES MEAN SQUARE F VALUE C . V .  

ST11 D E V  

SOURCE TYPE I S S  F V A L U E  TYPE I 'd  S S  F VALUE P R  \ = 

T FOR HO: 
P ARAMETER=O 

S T 0  ERROR OF  
E S T I M A T E  PARAMETER E S T I M A T E  



TABLE 8-5. RESULTS OF THE ANALYSIS OF VARIANCE FOR THE CHANGE I N  THE UNIFORM ANNUAL TOTAL 
COSTS OF PRESENT AND PROPOSED LOAD L I M I T S  FOR AN 18-YEAR ANALYSIS PERIOD. 

GENERAL L I N E A R  MODELS PROCEDURE 

OEPENDENT VARIABLE: Y 3  

S OURC F DF SUM OF SOUARES MEAN SQUARE F V A L U E  

MODEL 6 3567.10589375 594 051 764696 5487.26 

ERROR I 0- 10834513 0.10834513 

CORRECTED TOTAL 7 3567.21423888 
03 
C3 

SOURCE DF TYPE I SS F VALUE PR > F 0 F F VALUE PI? > r 

T FOR HO: 
P ARAHETER-0 

S T 0  ERROR O F  

E S T I M A T E  PARAMFTER E S T I M A T E  

INTERCEPT 
x 1 
x 2 
)r 3 
Xl*X2 
X l * X 3  
X2*X3 



TABLE 8-6. RESULTS OF THE ANALYSIS OF VARIANCE FOR THE CNAHGE I N  THE UNIFORM ANNUAL MAINT- 
ENANCE COSTS OF PRESENT AND PROPOSED LOAD L I M I T S  FOR A 9-YEAR ANLAYSIS PERIOD. 

S T A T I S T I C A L  A N A L Y S I S  S Y S T E V  

GENERAL L I N E A R  MOOELS PROCEDURE 

DEPENDENT v A R I  ABLE: Y 4  

SJM OF SQUARES MEAN SQUARE 

42.57781025 

0 44745800 

F VALUE 

95.15 

SOURCE OF 

MODEL 6 

E RHOR 1 S T D  DEV 

CORHFCTEO TOTAL 7 

SOURCE OF TYPE I S S  F VALUE TYPE I V  5 5  F VALUE 

T FOR HO: 
E S T l U A f E  PARAHETER=O 

STD ERROH O F  
E S T I M A T E  PARAMETER 

l NTERCEPT 
X 1 
X 2  
X 3 
XlLX2 
X I *X3  
X2*X3 



.E 8-7. RESULTS OF THE ANLAYSIS OF VARIANCE FOR THE CHANGE I N  THE UNIFORM ANNUAL REHABIL I -  
TATION COSTS OF THE PRESENT AND PROPOSED LOAD L I M I T S  FOR A 9-YEAR ANALYSIS PERIOD. 

S T A T I S T I C A L  A N A L Y S I S  S Y S 1 E . M  

GENERAL L I N E A R  MODELS PROCEDURE 

DEPENDENT V A R I  ARLE: 15 

S OURC E 

CO MODEL 
Ln 

F RROR 

SJM OF SOUARES MEAN SQUARE F V A L U E  

7 1 5 2 . 1 6 6 9 1 0 2 9  89.95 

7 9 . 5 1 2 3 5 5 1 2  

W-SQUARE 

0.9901 5 1 

S T D  DEV 

CORRECTED TOTAL 

T Y P E  I S S  F V A L U E  T Y P E  I V  S S  SOUWC E F VALUE ~ l n  :. F 

1 FOR HO: 
P ARAHETEH-0 

S T D  ERr<OR OF 
E S T I M A T E  PARAMETER 

1 NTFRCEPT 
X 1 
X 2 
x 3 
X I * X 2  
X l + X 3  
X 2 * X 3  



TABLE 8-8. RESULTS OF THE ANALYSIS OF  VARIANCE FOR THE CHANGE I N  THE UNIFORM ANNUAL TOTAL 
COSTS OF THE PRESENT AND PROPOSED LOAD L I M I T S  FOR A 9-YEAR ANALYSIS PERIOD. 

S T A T I S T I C A L  A N A L Y S I S  S Y S T E M  

GENERAL L I N E A R  MODELS PROCEDURE 

DEPFNDENT V A R I A B L E :  Y 6  

S J M  OF SOUARES M E A N  SQUARE F VALUE SOURCE OF 

MODEL 6 

S T U  DEV 

CURRECTED T O T A L  7 

T Y P E  I V  S S  F VALUE 1'1  :. 
SOURCE OF F VALUE 

T F O R  HO: 

E S T I M A T E  PARAYETER=O 

S T D  ERROR OF 
E S T I M A T E  PARAMFTF R 

I NTF RCEP T 
X 1 
X  2 
X 3 
X I * X 2  
X  1 * X 3  
X ? * X 3  



I .  

TABLE 8-9. SUMMARY OF SIGNIFICANT FACTORS FOR EACH RESPONSE VARIABLE 

As an example o f  t h e  i n t e r p r e t a t i o n  of Table 8-9, f o r  an 18 year  

ana lys i s  pe r iod  the  mean change o r  reduc t ion  i n  t h e  maintenance annual 

un i fo rm costs  f rom t h e  present  t o  proposed load  l i m i t s  i s  4.065 m i l l i o n  

d o l l a r s  (response yl). Th is  can be r a t i o n a l i z e d  by t h e  e f f e c t  o f  an 

increased over lay  a c t i v i t y  (y2 o r  y5) thus reducing t h e  age o f  t h e  

e x i s t i n g  pavements which s i g n i f i e s  reduced maintenance costs.  

I n  t h e  cases o f  ye, y g  an i n t e r a c t i n g  ef fect  appears t o  e x i s t  between 

the  HCI and t h e  proposed load l i m i t .  A g raph ica l  i l l u s t r a t i o n  o f  

i n t e r a c t i o n  e f f e c t s  i s  g iven i n  F igures 8-1 and 8-2. P a r a l l e l  o r  n e a r l y  

p a r a l l e l  l i n e s  denote t h a t  t he re  i s  n o t  i n t e r a c t i o n  present,  w h i l e  l i n e s  

s lop ing  away f rom each o the r  s i g n i f y  a s i g n i f i c a n t  i n t e r a c t i o n  e f f e c t ,  

as seen f o r  t h e  i n t e r a c t i o n  o f  XI and ye i n  t h e  f i r s t  s e t  o f  graphs. 

Response 

Factor  

1 

"1 

- 

32.53625 

-13.33525 

8.84625 

Y2 

27.59275 

28.47125 

-11.35275 

7.69275 

Y3 

27.85025 

-10.233 

- 

- 

Y4 

- 

129.82925 

- 

- 

119.5975 

- 

- 

5 

- 

6 

- 



I n t e rac t i on  xl, x2 on y I n t e rac t i on  xl, x30n yl 1 I n t e r a c t i o n  x2, x3 on yl 

-2 / 2 , 2 / 
X k-xl - I - / + 'I - + X2 

I n t e rac t i on  xl, x2 on y2 I n t e rac t i on  x1,x3 on y2 I n t e rac t i on  xl, x3 on y2 

I n t e rac t i on  xl, xp, on y3 I n t e rac t i on  xl, x on y 
2 3 

I n t e rac t i on  xl, x2 on y3 

Figure 8-1. Two Factor  I n t e r a c t i o n  i n  a  Fac to r i a l  Experiment 

f o r  Responses yl, y2, and y3 



+ + 
Interact ion xl, x2 on y4 Interact ion xl, x3 on y4 Interact ion xp.x30n y4 

Interact ion xl, x20n y5 Interaction x l ,  x3 on y5 Interact ion x2, x j  on y5 

Interact ion xl, x2 on y6 Interact ion xl, x3 on y6 Interact ion x p ,  x3 on y6 

Figure 8-1. Two Factor Interact ion i n  a Factorial Experiment 
f o r  Responses yl, y2, and y3 



Case 

1 

2 

3 

4 

5 

6 

7 

8 

TABLE 8.10. VALUES ARE NEW VARIABLES AND RESULTS. 

NP W 
Delta Cost 

Number (Millions 
Concrete Terminal o f o f 

Modulus PSI) PSI Failures Dollars) 



Delta 
Cost Npwl 

2 5--  
Concrete Modulus = 4.5 x lo6 

Concrete Modulus = 6.0 

,Termina 
PS I 

F i n u r e  5.2: NPV d e l t a  cost as f u n c t i o n  of new variables. 



Chapter 9 

SUMMARY AND RECOMMENDATION 

B r i e f l y ,  t he  o v e r a l l  methodology can be synthet ized present ing t h e  

bas ic  changes made t o  t h e  NULOAD program i n  order  t o  ob ta in  RENU: (a) a  

l oad  d i s t r i b u t i o n  procedure has been modi f ied  t o  i n v e s t i g a t e  t h e  s h i f t  

toward h igher  loads i f  new l e g a l  a x l e  load l i m i t  i s  considered, (b) t h e  

Texas performance equations has been incorpora ted as an a l t e r n a t i v e  t o  

the  AASHTO equations, ( c )  s u r v i v o r  curves has been generated and i n t e -  

g ra ted t o  RENU, and (d)  t h e  c a p a b i l i t i e s  o f  t h e  model has been improved 

i n  t h e  sense t h a t  t h e  r e h a b i l i t a t i o n  cos ts  can be determined cons ider ing  

l i f e  cyc les  f o r  bo th  the  c u r r e n t  and new a x l e  l oad  l e g a l  l i m i t s .  

The f i n a l  recommendations o f  t h i s  research can be summarized as 

fo l lows:  

(a)  Implementation o f  RENU i n  t h e  SDHPT t o  f o r e c a s t  maintenance 

and r e h a b i l i t a t i o n  costs cons ider ing  appropr ia te  l e v e l s  of 

s i g n i f i c a n t  f a c t o r s  a f f e c t i n g  t h e  performance o f  Texas pave- 

ments. 

(b)  As f u t u r e  a c t i v i t i e s  i n  o t h e r  TTI p r o j e c t s  such as s tud ies  284 

( " F l e x i b l e  Pavement Data Base and Design") and 325 ( " E s t i -  

mating Remaining Serv ice L i f e  o f  F l e x i b l e  Pavements"), research 

should be conducted t o  improve t h e  equations t o  fo recas t  pave- 

ment remaining se rv i ce  1  i f e  and s u r v i v o r  mileage o f  pavements 

o f  a  s p e c i f i c  age, RENU should be p roper l y  modi f ied  t o  r e f l e c t  

such improvement. The c u r r e n t  ve rs ion  can be modi f ied  t o  r e f l e c t  

such improvement. The c u r r e n t  ve rs ion  o f  RENU w i l l  a l l o w  these 



modifications without major d i f f icul t ies .  

(c)  Emphasis i s  placed on the importance of maintaining an updated 

data base which recognizes differences among d i s t r i c t s  as a  

result  of changes in climate, so i l ,  t r a f f i c ,  and other con- 

ditions. In th is  way, RENU will produce reliable results for  

each of the 25 d i s t r i c t s  of the Texas highway system. 
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APPENDIX 1 

REGRESSION ANALYSIS 

The purpose o f  t h i s  appendix i s  t o  summarize t h e  r e s u l t s  concerning 

the  performance o f  Texas f l e x i b l e  pavements. The appendix i s  d i v ided  i n t o  

two par ts .  Pa r t  A corresponds t o  the  s e r v i c e a b i l i t y  methodology and P a r t  B 

t o  the  d i s t r e s s  methodology. The f o l l o w i n g  n o t a t i o n  i s  used i n  the  presen- 

t a t i o n  o f  r e s u l t s :  

T I  = 

PR = 

FTC = 

WFTC = 

TM = 

W = 

ADT = 

DMD = 

AS = 

S C I  = 

TTC = 

SLL = 

S P I  = 

T = 

SPP = 

Thornthwaite Index 

Mean Pres i  p i  t a t i o n  

Freeze-thaw cyc le  

Wet-thaw cyc le  

Mean Annual Temperature 

18-Kip ESALs 

Average Dai l y  T r a f f i c  

Dynaf 1 e c t  

Composite S t i f f n e s s  

Subgrade S t i f f n e s s  

Texas T r i  a x i a l  Class 

L i q u i d  L i m i t  

P l a s t i c i t y  Index 

Years s ince recons t ruc t i on  

% Subgrade S o i l  Passing Sieve 200 



PART A SERVICEABILITY 

1. Hot Mix Pavement, Rural, Low T ra f f ' i c  (P i  = 4.70) 

2. Hot Mix Pavement, Rural, High T r a f f i c  (Pi  = 4.70) 

K = 420,000 + 12,000 ( T ) * ~ '  ( T T C ) ~ ' ~ ~  ( s c I ) ~ . ~ ~  (Al-3)  

For PF use ~q.(A1-2) . 

3. Hot Mix Pavement, Urban, Low T r a f f i c  (P i  = 4.73) 

K = 120,000 - 213 X 10- l2  X ( s L L ) ' . ~ ~  ( D M D ) - . ~ ~  ( A L F ) ~ . ' ~  

(AS)-1.43 ( ~ ~ ) - 3 . 3 8  ( w ) - * ~ ~  (T) ' O3 (Al-4)  

PF = 2.21 + 11.72 ( s L L ) - * ~ ~  (scI) - .O~~ ( A L F ) - * ' ~ ~  ( w F T c ) ' . ~ ~  

(AS) *48 (T)-*05' (Al-5)  

4 -  Hot Mix Pavement, Urban, High T r a f f i c  (P i  = 4.73) 

K = 1,330,000 - 2.33 X 10- l2  X (SLL) X ( D M D ) - ' ~ ~  X (ALF) (A1-6) 

X  AS)-'*^^ X ( P R ) - ~ * ~ ~  X ( w ) - * ' ~  X ( T ) l * 0 3  

For PF use ~q . (A l - 5 )  . 



5. Surface Treated Pavement, Rural (P i  = 4.41) 

K = 8,250 - 0.684 ( D M O ) * ~ ~  X ( W F T C ) " ~  (Al-7) 

PF = 2.01 + 14.17 ( S P I ) ~ ' ~ ~ ~  ( A L F ) - . ~ ~  ( F T C ) - . ~ ~  

( T T C ) - . ~ ~  (TI-.085 ( ~ ) - . 5 5  
( Al-8) 

6. Surface Treated Pavement, Urban (P i  = 4.41) 

K = 12,500 + 578 ( D M O ) " ~  ( ~ 1 1 0 ~ ~  ( w F T c ) . ~ ~  (w)*16 (A1-9) 

For PF use Eq. (A-8) 

7. Overlay, Rural,  Low T r a f f i c  (P i  = 4.81) 

K = 58,300 + 1,253 X (scI)-*~' X (DMD) 1.4 X (~1 ) - .89  (T)  *25  

( T T C ) - ~ * ~ ~  (Al -10)  

PF = 3.5 - .036 X ( s c I ) - * ~ ~  ( D M D ) ' . ~  ( ~ 1 ) ' ~ '  ( T ) * ' ~  ( T T C ) * ~ ~  (81-11) 

8. Overlay, Rural, High T r a f f i c  ( P i  = 4.81) 

PF i s  ca l cu la ted  by Eq.(Al-11) 



9. Overlay, Urban, Low T r a f f i c  (P i  = 4.81) 

K = 183,000 - 231.6 ( T ) ' * ~ ~  (sPP)*' ( w ) - * ~ ~  

PF = 2.00 + 1.31 (scI)-*~' (T)-*OZ1 ( P R ) - * ' ~ ~  

10. Overlay, Urban, High T r a f f i c  (P i  = 4.81) 

K = 1,833,000 = 2234 ( T ) l a 8  ( s P P ) ' ~  ( w ) - * ~ ~  

PF i s  ca lcu la ted  by Eq. (Al-14) 



PART B : DISTRESS 

1. TYPE OF PAVEMENT: HOT M I X  

Ru t t i ng  Sever i ty  

A 1  = lola 98 ( s P I ) - ~ * ~ ~  ( A L F ) " ~ ~  ( D M D ) ' . ~ ~  (w)-Oo3' (Al-16) 

~2  = i O 6 m 3  (Al-17) 

SF = 42 ( D M D ) ~ ' ~ ~  (w)-lwg1 (SPI )‘5*82 ( A L F ) ~ . ~ O  (Al-17) 

Ravel 1  i ng Sever i ty  

A 1  = 100.21 ( A L F ) - ' . ~ ~  ( D M D ) ~ ' ~ ~  ( v o L ) - ~ * ~ ~  ( T ) - " ~ ~  

(18-KIP) -0.33 (FTC) -0*89 (Al-18) 

F l  ushing Sever i ty  

A 1  = lol. 441 



Corrugations Sever i ty  

- 10-1.77 A 1  - ( A L F ) ~ . ~ ~  ( F T C ) O * ~ ~  ( T T C ) ~ ' ~ ~  

(ADT)-O *86 (18-KIP) 0.90 

A1 1 i g a t o r  Cracking Sever i ty  

o-. 03 A 1  = 

A2 = 10 6.570 

SF = l o m s 5  

Longi tud ina l  Cracking Sever i ty  



Transverse Cracking S e v e r i t y  

A1 = 
lol. 132 (Al -33)  

A2 = -2.35 ( ~ 5 ) ~ ' ~ ~  ( v o L ) ~ ' ~ ~  ( s P P ) ~ ~ . ~ ~  ( F T C ) - O * ~ ~  (TIME-YRS) 

SF = lo-O. 754 (Al -35)  

Patchina Sever i  t v  

Fai  1 ures/Mi 1 e S e v e r i t y  



Ru t t i ng  Area 

A0 = 106. 56 

Ravel 1 i ng Area 

A0 = 106. 96 

F l  us h i  ng Area 

A0 = 10 6.82 

Corrugations Area 

A0 = 0.000 

A l l i g a t o r  Cracking Area 

A0 = 106.81 



Longitudinal  Cracking Area 

~0 = 

Transverse  Cracking Area 

A0 = 10 5.49 

P a t c h i n g  Area 

A0 = 
106. 351 



2. TYPE OF PAVEMENT: HOT M I X  ON BLACK BASE 

Rut t ing Sever i ty  

A 1  = 360 ( T T C ) - O * ~ ~  ( v o L ) ~ ' ~ ~  ( w F T c ) " ~ ~  ( A D T ) " ~ ~  (18-KIP) -0.45 (Al-50) 

A2 = 
10-7. 35 ( v o L ) - ' * ~ ~  ( w F T c ) ~ . ~ ~  ( T T C ) ~ . ~ ~  ( A D T ) - ~ * ~ ~  ( A L F ) " . ~ ~  (Al-51) 

( P R ) ' ~ . ~ ~  

SF = 10 -1.13 ( v o L ) ' . ~ ~  (WFTC)O.~O ( T T C ) - ~ * ~ ~  (18-KIP) -2.32 ( ~ ~ ~ ~ 1 . 8 4  
( Al-52) 

Ravel 1  i n g  Sever i ty  

A 1  = 10 0.07 (Al-53) 

A2 = 10 3 *74  (PR)-' .20 ( S P I ) ~ ' ~ ~  (18-KIP) -1.41 ( A D T ) l . l l  (Al-54) 

SF = 10 -0.06 
( Al-55) 

Flushing Sever i ty  

A 1  = ( w F T c ) O * ~ ~  ( A D T ) ~ " ~  ( s P P ) ~ ' ~ '  ( s P I ) - ~ * ~ ~  (Al-56) 

( s L L ) ~ * * ~  

A2 = 1022*02 ( A L F ) - ~ . ~ '  ( F T C ) - ~ * ~ ~  ( T T C ) - ~ . ~ ~  (TIME-YRS) 2.07 

( A D T ) - O . ~ ~  (Al-57) 



Corrugations Sever i ty  

- 10-0.04 A 1  - 

A2 = 

SF = 10-2-2 

A1 1 i g a t o r  Cracking Sever i ty  

A 1  = 10 -0.03 ( ~ ~ 1 1 0 . 2 4  ( A L F )  l7 (TTC) .25 (TI 

(TIME-Y RS) 1.24 

A2 = 10 6.88 

SF = lo-l. 07 (SCI)'.~~ ( A L F ) - ~ * ~ ~  (SPI) (TIME-YRS) 5.22 

Longi tudinal  Cracking Sever i ty  

A 1  = 10-o-02 (TI)-11.70 (TIME-YRS) 0.54 (TTC)0.83 (SpI)-0.27 

(18-KIP) -0.17 

A2 = 106. 74 

SF = 1c (18-KIP) ( s P I ) - ~ - ~ ~  (TIME-YRS) 4.49 



Transverse Crack ing S e v e r i t y  

A 1  = 16 -0'473 (FTC) -0.26 ( ~ ~ ) - 1 . 2 1  
(18-KIP) -0.41 (sc1)-O*26 

(TIME-YRS) 2.12 

A2 = 10- (TIME-YRS) -0.70 ( ~ ~ 1 1 . 5 7  ( ~ ~ q 0 . 8 3  (As)-4.03 

SF = 10 11.79 (pR)-6.25 (18-KIP) * ( F T C ) - * ~ ~ '  (TIME-YRS) 7.20 

 AS)'^.^^ 

Patching S e v e r i t y  

A1 = 10 -0.65 

A2 = 10 6.66 

F a i l u r e / M i l e  S e v e r i t y  

A1 = 10 0.10 





Longi tudinal  Cracking Area 

A0 = 10 6.84 

Transverse Cracking Area 

A0 = 10 
6.13 

Patching Area 

A0 = 10 6.78 



3 .  TYPE OF PAVEMENT: SURFACE TREATED PAVEMENT 

R u t t i n g  Seve r i t y  

A 1  = 10 6.01 (Al-85) 

A2 = 10 7 *32  ( A D T ) - ~ " ~  (TIME-YRS) -0.25 (spI 1-0.97 ( ~ ~ ~ 0 . 5 5  (Al -86)  

Ravel 1 i ng Sever i  ty 

A 1  = 10 5.31 ( V O L ) - ~ * ~ ~   AS)-^*^^ ( F T C ) ' * ~ ~  ( P R ) ~ ' ~ ~  ( w F T c ) - ~ . ~ ~  (Al -88)  

(18-KIP) -0.064 

A2 = 10 6.05 (TI )0.67 (ALF)o.78 (voL)O.*~ (18-KIP) -0*24 ( ~ p 1 1 - l . ~ ~  ( ~ 1 - 8 9 )  

( S L L ) ~ . ~ ~  

SF = lo-O. 01  (Al -90)  

F lush ing  Seve r i t y  

A1 = 10 6.80 (Al-91) 

A2 = ( W F T C ) - ' . ~ ~    AS)-'*'^ ( S P I ) ~ ' ~ ~  (ADT)-O.~O ( D M D ) " ' ~ ~  (Al -92)  

SF = l o - "  ( A L F ) - " ~ ~  ( T T C ) ' ~ . ~ ~  ( A S ) ~ ~ * ~ O  (Al -93)  



Corrugations Sever i t y  

- 100.98 A 1  - 

A2 = 106. 18 

SF = 10 -1.91 

A l l i g a t o r  Cracking Sever i ty  

A 1  = 
lol -49 

A2 = 
107. 43 

SF = lo-O. 25 

Longi tud ina l  Cracking Sever i ty  

A 1  = 10 -.36 ( s L L ) " ~ ~  ( ~ 1 ) ' ' ~ ~  ( v o L ) ' ~ . ~ ~ ~  ( P R ) - " ~ ~  ( T T C ) ~ " ~  (Al-100) 



Transverse Cracking S e v e r i t y  

A1 = 10 -.46 

A2 = 10 6.81 

SF = 07 

Patching S e v e r i t y  

- 10-1.60 A1 - 

A2 = l06 .86 

SF = 10-e31 

F a i l  ures/Mi 1 e S e v e r i t y  

- 10-1.58 A1 - 

A2 = 10 6.24 

SF = 10 -. 06 

(Al-103) 

(Al-104) 

(Al- 105) 

(Al-106) 

(Al- 107) 

(Al- 108) 

(Al-109) 

(~1-110) 

( Al-111) 



Rutting Area 

A0 = 107. 05 

Ravel 1 i ng Area 

A0 = 
04. 86 

(PR) 
-0.31 X lo-3 (TI)  0.52 X lom3 

F l  us h i  ng Area 

04. 96 
(VOL 

0.24 X lom3 ( ,-I)  0.40 X lom3 (w)-O.ll X 1 0 ' ~  A0 = ( Al-114) 

Corrugations Area 

A0 = 
i06. 23 

Al l iga tor  Cracking Area 

A0 = 107. 47 
(TI 

-0.16 X lom3 (DMD) -0.17 X 10 '~  (Al-116) 

Longitudinal Cracking Area 

no = (AS) -0.55 X (PR) 0.26 X 10'~ 



Transverse Cracking Area 

A0 = 106.84 

Patching Area 

A0 = i06.  92 
( DMD 

0.14 X (VOL) -0.20 X l o -2  -0.15 X lo-' (Al-119) 
(TI 



4.  TYPE OF PAVEMENT: OVERLAYS 

Rutting Severi ty 

A 1  = .86 (TI )0*84 ( P R ) - O * ~ ~  ( s P I ) ~ ' ~ ~  ( A D T ) ~ " ~  (TIME-YRS) O o 3 *  (Al-120) 

(TIME-YRS) 3.27 

Ravel 1 ing Sever i ty  

- 10--20 A 1  - 

A2 = 105. 13 

SF = 25 

Flushing Sever i ty  

A 1  = lol. 33 

A2 = 105. 03 

SF = 10 -0.71 



Corrugations Sever i ty  

A 1  = 10-4.95 ( ~ ~ ~ ) - 0 . 0 6 3  (PR)-0.22 ( ~ ~ ~ 1 4 . 5 8  

A2 = 106a 191 

A l l i g a t o r  Cracking Sever i ty  

- lo-0.48 A 1  - 

A2 = 106. 74 

SF = 10- 0.03 

Longi t u d i  nal  Cracking Sever i ty  

A 1  = 10 -.41 (41-135) 

A2 = 10 4.21 (FTC) -0.17 ( s c I ) O - ~ ~  ( T T C ) - O * ~ ~  ( A D T ) O . ~ ~    TI)-^*^^ 
(A l -  134) 

SF = 10 (SLL)'3.79 (ADT)-0'70 (TI )7*00 (FTC) (TTC) 16.74 (Al-135) 

(T)-2. 00 



Transverse Cracking Sever i t y  

~1 = 10-*43 

A2 = 53 

SF = lo-o. 04 

Patching Sever i t y  

A 1  = 27 

A2 = 10 6.78 

SF = i0 - *47  

Fai  1 ure/Mi 1 e Sever i t y  

A 1  = 10-.30 

A2 = 10 .ll 

SF = 10-.50 



Rut t ing  Area 

AO = 10 7.17 (pR)O.O1l (sp110.017 (sLL)-O-030 

Ravel 1 i ng Area 

A0 = 105. 246 

Flus h i  ng Area 

A0 = 105. 14 

Corrugations Area 

A0 = 10 6.14 

A1 1 i gator Cracking Area 

A0 = 06. 88 

Longi t ud i  nal Cracking Area 

A0 = 10 6.16 



Transverse Cracking Area 

A0 = 10 6.58 

Patching Area 

A0 = 
106. 88 



5. TYPE OF PAVEMENT: THICK HOT M I X  

R u t t i n g  Seve r i t y  

A1 = 10 -0.561 

A2 = 105 -619 

SF = 10-.852 

Ravel 1 i ng Sever i  ty 

A 1  = 10 0.510 

A 2  = 106.430 

SF = 10 -. 50 

F l  ushing Seve r i t y  

A1 = 10 -0,736 

A2 = 10 6.23 

SF = ,b -. 048 

Corrugat ions S e v e r i t y  

None 



A1 1 i ga t o r  Cracking Severi ty 

A 1  = 10 -0.82 

A 2  = 105. 88 

SF = 10 -3.52 

Longitudinal Cracking Severi t y  

A1 = 10 -0.88 

A2 = 10 6.60 

SF = lo-l -06 

Transverse Cracking Severi ty 

A 1  = 728 

A2 = 10 5.887 

SF = 10- .294 



Patching Severity 

A 1  = 10 -0.92 

A2 = l05. 33 

SF = lo-O. 89 

Fa i 1 ures/Mi 1 e Severi ty 

A 1  = 601 

A 2  = 106.7 

SF = lo-O. 891 

R u t t i n g  Area 

Ravel 1 ing Area 

A0 = 104. 58 



Flushing Area 

A0 = 104. 408 

Corrugations Area 

AO = 105*3  

A1 1 i gator Cracking Area 

A0 = 107. 03 

Longitudinal Cracking Area 

A0 = 10 6.00 

Transverse Cracking Area 

A0 = 10 6.88 

Patching Area 

A0 = 106. 65 



APPENDIX 2 

SURVIVOR CURVES 

Th is  Appendix conta ins t h e  s u r v i v o r  curves computer program which 

was used t o  generate t h e  s e t  o f  s u r v i v o r  func t ions ,  f o r  f l e x i b l e  pavements, 

a c t u a l l y  used i n  t h e  RENU program. The computer r o u t i n e  t o  generate 

s u r v i v o r  curves has n o t  been incorpora ted t o  t h e  RENU program because 

o f  t h e  increase i n  computer t ime imp l ied  by the  parameters es t imat ion  

process, on the  o the r  hand, t h e  s u r v i v o r  curves generat ion i s  a 

process which does n o t  need t o  be repeted more than one t ime i f  t h e  

i n i t i a l  data i s  n o t  changed, which i s  ac tua l  s i t u a t i o n .  

This Appendix has been d i v i d e d  i n  two pa r t s :  t h e  f i r s t  one conta ins 

the  f l o w  c h a r t  o f  t h e  s u r v i v o r  curves generat ion process and t h e  second 

p a r t  i s  a p r i n t  o u t  o f  t h e  computer program. The computer program has 

the  f o l  1 owing s t r u c t u r e :  

(1 )  Subrout ine GENERA which conta ins the  procedure developed i n  Appendix 

6 t o  generate a sample of values o f  18-Kip ESALs corresponding w i t h  some 

c r i t i c a l  va lue of t h e  performance index. 

(2 )  Subrout ine LIKEHO i n  which i s  solved t h e  Gamma f u n c t i o n  and a l l  t h e  

o the r  s t a t i s t i c a l  parameters needed a r e  computed. 

(3 )  BLOCK DATA where the  i n fo rmat ion  corresponding t o  Pf ls and K 's  values 

i s  suppl ied.  



MAIN PROGRAM 

S t a r t  a 
T y p e  o f  

P a v e m e n t  



SUBROUTINE GENERA 

S t a r t  a 

Compute % o f  
Sect ions 
t h a t  wear o u t  

Return c 3  



Star t  Lr' 
Compute 

Compute n w 
& 

Compute 1 

w 

Compute Average 

Compute K2 + 
Return (5 



SUBROUTINE SURVIV 

S t a r t  0 
For a g iven 
Type of 
Pavement 

Return b 

Compute 
Densi ty  
Funct ion 
Val ue 

w 
Compute 
Cumulative 
Funct ion 

. 

d 

I 1 

Compute 
Surv i vo r  
Funct ion 

* P 

.w Increase 

I * i I 
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APPENDIX 3 

SURVIVOR CURVES FOR TEXAS PAVEMENTS 

This appendix contains the  graphical representat ion o f  the su rv i vo r  

funct ions corresponding t o  a l l  the  types o f  pavements considered f o r  

Texas. 
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F igure  3A-1. Su rv i vo r  Curve f o r  Rural -Over1 a i  d-Low T r a f f i c  
Pavement Using S e r v i c e a b i l i t y  C r i t e r i a  
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Figure 3A-2. Surv ivor  Curve f o r  Rural-Over1 aid-Low T r a f f i c  
Pavement Having A1 1 i gato r  Cracking (Area) Type of 
D is t ress 

(Years) 
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Figure 3A-3. Survivor Curve for Rural -Over1 aid-Low Traffic 
Pavement Having Transversal Cracking (Severity) 
Type of Distress 



Percent of 
Surviving 

0. 1 I I I  age (Years) 
5 10 15 2 0 

Figure 3A-4. Survivor Curve f o r  Rural-Overlaid-High Traf f ic  
Pavement Having A1 1 i gator Cracking (Area) Type 
o f  Distress 
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Figure 3A-5. survivor Curve fo r  Rural-Overlaid-High Traffic 
Pavement Using Serviceabil i ty Criteria 
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Figure 3A-6. Survivor Curve fo r  Rural-Overlaid-High Traf f ic  
Pavement Havi ng Transversa 1 Cracking (Severity ) 
Tyep of Distress 
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Figure 3A-7. Survivor Curve f o r  Urban-Over1 aid-Low T r a f f i c  
Pavement Using Servi  ceab i 1 i t y  C r i t e r i a .  
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Figure 3A-8. Survivor Curve f o r  Urban-Over1 aid-Low T r a f f i c  . 
Pavement Having A1 1, igator Cracking (Area) Type of  
D i  s t r e s s  
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Figure 3A-9 Survivor Curve f o r  Urgan-Over1 aid-Low Traf f ic  
Pavement Having Transversal Cracking (Severity) 
Type of Distress 
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Figure 3A-10. Survivor Curve f o r  Urban-Over1 aid-High Traffic 
Pavement Using Serviceabil i t y  Cri ter ia  
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Figure 3A- 11. - Survivor  Curve f o r  Urban-Over1 aid-High T r a f f i  c 
Pavement Having A1 1 i g a t o r  Cracking (Area) Type 
of D i  stress 
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Figure 3A- 12 .. Survivor Curve fo r  Urban-Over1 aid-High Traff ic  
Pavement Having Transversal Cracking (Severity) 
Type of Distress 
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Figure 3A-13. Survivor Curve for Rural-Hot Mix-Low 'Traffic 
Pavement Using Serviceability Criteria. 



Figu re  3A-14. Su rv ivo r  Curve f o r  Rural-Hot Mix-Low T r a f f i c  
Pavement Having A1 1 i g a t o r  Cracking (Area) Type 
o f  Distress 
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Figure 3A-15. Survivor Curve fo r  Rural-Hot Flix-Low Traffic 
Pavement Havi ng  Transversal Cracking (Severity) 
Type of Distress 



(Years) 

F igu re  3A-16. S u r v i v o r  Curve f o r  Rural -Hot Mix-High T r a f f i c  
Pavement Using S e r v i c e a b i l  i ty C r i t e r i a  
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F igure 3A- 17. Surv ivor  Curve f o r  Rural -Hot Mix-High T r a f f i c  
Pavement Having A1 1 i g a t o r  Cracking (Area) Type 
o f  D is t ress  

Age (Years) 



Percent of 
Surviving 

Figure 3A-18, Survivor Curve f o r  Rural-Hot Mix-High Traff ic  
Pavement Havi ng Transversal Cracking (Severity) 
Type of Distress 
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Figure 3A-19. Survivor Curve for Urban-Hot Mix Low Traffic 
Pavement Using Serviceabil i t y  Criteria 



Figure 3A-20. Survivor Curve for Urban-Hot Mix-Low Traffic 
Pavement Having A1 1 i gator Cracking (Area) Type 
of Distress 
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Figure 3A-21. Survivor Curve f o r  Urban-Hot M i x  Low T r a f f i c  
Pavement Having Transversal  Cracking (Sever i ty )  
Type o f  Distress 
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Figure 3A-22. Surv ivo r  Curve f o r  Urban-Hot Mix High T r a f f i c  
Pavement Using Serv iceabi l  i t y  C r i t e r i a  
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F igure  3A-23. S u r v i v o r  Curve f o r  Urban-Hot Mix-Hi gh T r a f f i c  
Pavement Having A1 1 i g a t o r  Cracking (Area) Type 
of Distress 
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F igu re  3A-24. S u r v i v o r  Curve f o r  Urgan-Hot Mix- t l igh T r a f f i c  
Pavement Having Transversal  Cracking (Sever i t y )  
Type o f  D is t ress  
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Figure 3A-25. Survivor curve for Rural-Surface ~ r e a t e d  Pavement 
using Serviceabil i  ty cri teria 

(Years) 



Percent of 
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Figure 3A-26. Survivor curve for  Rural-Surface Treated Pavement 
Having A1 1 igator  Cracking (Area) type of Distress 
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Figure 3A-27. Survivor Curve f o r  Rural-Surface Treated Pavement 
Having Transversal Cracking (Severity) Type o f  
Distress 
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Figure 3A-28. Survivor Curve fo r  Urban-Surface Treated Pavement 
using Serviceabil i t y  Cr i te r ia  
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Figure 3A-29. Surv ivor  Curve f o r  Urban-Surface Treated Pavement 
Having A1 1 i g a t o r  Cracking (Area) Type o f  D is t ress 

(Years) 



Percent of 
Surviving 

Figure 3A-30. Survivor Curve for Urban-Surface Teated Pavement 
Having Transversal Cracking (Severity) Type of  
Distress 

(Years) 





APPENDIX 4 

MAXIMUM LIKELIHOOD ESTIMATORS 

D e f i n i t i o n  o f  L ike1 ihood Funct ion. The 1  i k e l i h o o d  f u n c t i o n  o f  m 

random var iab les  W1 , W 2 . .  . . Wm i s  t h e  j o i n t  dens i t y  o f  t h e  m random v a r i -  
4 

ables g(W1 .W2. ... ,Wm;t,z) which i s  considered t o  be a  func t i on  o f  t and z. 

I n  p a r t i c u l a r ,  i f  W1,W 2....Wm i s  a  random sample,the j o i n t  dens i t y  f u n c t i o n  

i s :  

g(W1 .. .,Wm;t,z) = f(Wl;t,z) x  . .. x  f(Wm;t,z) (A4-1) 

The l i k e l i h o o d  g(W W t ,z)  g ives t h e  r e l a t i v e  l i k e l i h o o d  t h a t  t h e  random 

var iab les  assume a  p a r t i c u l a r  val  ue w1 ,w2 , . . . . , wm. 

A 1  i k e l  ihood es t ima to r  can be def ined as fo l lows:  

L e t  L ( t ,z )  = g(W1,W2,. . .Wm;t.z) be 

the  1  i k e l  ihood f u n c t i o n  f o r  t he  random var iab les  W1 .W2,.. . ,Wm. If and ; 
are the  values o f  t and z  i n  which maximizes L( t ,z ) ,  then and 2 are t h e  

maximum 1  i k e l i h o o d  es t imators  o f  t and z, respec t i ve l y .  

Many l i k e l i h o o d  func t ions  s a t i s f y  r e g u l a r i t y  cond i t i ons  so t h a t  t h e  

maximum 1  i ke l  ihood es t imators  are t h e  s o l u t i o n  o f  t he  simultaneous system 

a L ( t . 4  - 0  o f  equations: --- - 
a t  

Also L ( t , z )  and Ln [ ~ ( t , z ) ]  have t h e i r  maximum a t  t h e  same values o f  t and z, 

and i t  i s  sometimes e a s i e r  t o  f i n d  the  maximum o f  t h e  l oga r i t hm of t h e  

l i k e l i h o o d  func t ion .  

Given t h e  cumul a t i v e  dens i t y  f u n c t i o n  



t he  corresponding dens i ty  f u n c t i o n  o f  t h e  random va r iab le  W i s  

De f in ing  t h e  l i k e 1  ihood f u n c t i o n  as i n d i c a t e d  i n  Eq. (A4-1) and using Eq. 
). 

(A4-5) as d e n s i t y  f u n c t i o n  o f  t h e  random v a r i a b l e  W , the  s o l u t i o n  o f  t he  

system of Eqs. (A4-2), (A4-3) g ives t h e  fo l l ow ing  r e s u l t s  i n  terms o f  

the maximum l i k e l i h o o d  es t imators  o f  t and z :  

An approximate s o l u t i o n  t o  t h e  system o f  equations def ined by Eqs. 

(A4-6) and (A4-7) can be obta ined by us ing  a numerical method. 

The previous r e s u l t  can be used t o  est imate t h e  parameters of bo th  

t h e  performance func t ion  and t h e  s u r v i v o r  curve corresponding t o  a g iven 

type of f l e x i b l e  pavement. I n  t h e  case o f  t h e  performance func t i on  

t = l  and z=K. Therefore, 



APPENDIX 5 

MEAN AND COEFFICIENT OF VARIATION OF LOAD APPLICATIONS 

The expected value o f  t h e  random v a r i a b l e  W presented i n  Appendix 4 

t can be obta ined as f o l l o w s :  

i n  p a r t i c u l a r  

I n t e g r a t i n g  t h e  above express ionv  

where r ( * )  i s  t h e  Gamma func t ion .  

Using t h e  average o f  Wits as es t ima to r  of E(W), E9. ( A5-3) can be 

w r i t t e n  as: 

From Eq. (.45-4) t h e  value o f  z can be der ived as Shown below 

The var iance o f  t h e  random v a r i a b l e  W can be obta ined by the  ex- 

p ress ion  : 



I n t e g r a t i n g ,  t h e  r e s u l t i n g  value f o r  t h e  var iance i s :  

Therefore ,the standard dev ia t i on  i s  equal t o  : 

The c o e f f i c i e n t  o f  v a r i a t i o n  i s  de f ined as: 

Where P and S, are t h e  average and standard d e v i a t i o n  o f  a random sample 

o f  W ' s . Using Eqs . (A5-3) and (A5-8) , CV can be w r i t t e n  as : 

Eq.(A5-9) can be used t o  es t imate  t h e  value o f  CV. Using t h i s  value, 

Eq.(AS-10) can be solved t o  ob ta in  t. 

The methodology presented i n  t h i s  appendix can be used as an a l t e r n a t i v e  

t o  the  methodology presented i n  Appendix 4. A combination o f  both metho- 

dologies i s  a l s o  possib le.  For ins tance Eq. (A5-5) can be used t o  est imate 

z a f t e r  u s i n g  Eq.(A4-6) t o  est imate t. 



APPENDIX 6 

ESTIMATION OF FLEXIBLE PAVEMENT PARAMETERS 

6A. PSI PERFORMANCE PARAMETERS 

The es t imat ion  o f  t h e  performance equations parameters can be 

accompanied by two method01 og i  es : 

(1)  S t a t i s t i c a l  Approach: Pf and K can be obta ined f o l l o w i n g  t h e  

next  steps: 

Step 1. F i x  n equal 1. I t  can be observed by experience t h a t  t h e  

value o f  n i s  around 1 i n  t h e  case o f  performance equations. 

Step 2. Observe a s e t  o f  values o f  W (18-Kip ESALs) from h i s t o r i c a l  

data and f o r  d i f f e r e n t  rep resen ta t i ve  sec t ions  o f  pavements. 

Step 3. Use Eq. (A4-7) from Appendix 4 t o  comput K. 

Step 4. Having K and a sample o f  values o f  W i  compute P ' s  values 
f j 

by t h e  expression: 

Eq. (A6-1) was obta ined f rom Eq. (3-15). 

Step 5. Compute the  average o f  P ' s  values. 
f j 

Step 6. Set  Pf equal t o  Pf and adopt t h e  K va lue from s e t  (3 ) .  

(2 )  Mechanist ic Approach : The technique presented through t h i  s approach 

i s  based upon a s e t  o f  regress ion equations f o r  K and Pf values, us ing  

as independent va r iab les  t h e  mechanist ic  observat ions presented i n  

Table 3-2. The methodology, which can be a p p l i e d  t o  any s p e c i f i c  type 

o f  pavement, i s  as fo l l ows :  

Step 1. Set n equal 1. 



Step 2. Using t h e  regress ion equat ion f rom Appendix 1A and t h e  

mechanist ic  va r iab les  conta ined i n  Table 3-2, compute R 

and Pf f o r  d i f f e r e n t  rep resen ta t i ve  sec t ions  o f  t h e  pave- 

ment type under cons idera t ion .  

Step 3. Adopt t h e  values o f  Pf equal t o  t h e  if, K equal t o  t h e  K. I 

60 .  DISTRESS PERFORMANCE PARAMETERS 

S i m i l a r l y ,  f o r  t h e  d i s t r e s s  case a s t a t i s t i c a l  methodology and a 

mechanist ic  approach can be used t o  est imate t h e  parameters o f  t h e  

performance equations. 

(1) S t a t i s t i c a l  Approach: F i ve  bas ic  steps should be followed: 

Step 1. F i x  n equal 1 
a2 

i n  a range between 0.20 and 0.30, and sf 

i n  a range between 0.9 and 1.0. 

Step 2. Observe d i f f e r e n t  values of Wi (18-Kip ESALs) f rom h i s -  

t o r i c a l  da ta  and f o r  d i f f e r e n t  rep resen ta t i ve  sec t ions  o f  

t h e  t ype  of pavement under considerat ion.  

Step 3. Use Eq. (A4-7) f rom Appendix 4 t o  compute ag f o r  t h e  area 

equation. 

Step 4. Use Eq. (A4-7) t o  compute a2 f o r  t h e  s e v e r i t y  equat ion us ing  

the values o f  al and sf assumed i n  Step 1. 

Step 5. Compute t h e  average values f o r  a. and a2. 

Mechanist ic  Approach: Three bas ic  steps must be fo l lowed i n  t h a t  

case: 

Step 1. Set  n equal 1. 

Step 2. Using t h e  regress ion equations conta ined i n  Appendix 1B, 

compute ao, al, a2, and sf values f o r  d i f f e r e n t  represen- 

t a t i v e  pavement sec t ions  o f  t h e  type of pavement under 

cons idera t ion .  

17 1 



Step 3. Adopt the  average values o f  ao, al, a*. and sf as repre-  

sen ta t i ve  magnitude f o r  t h e  constants. 
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