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Systematic, well-designed research provides the most ef-
fective approach to the solution of many problems facing 
highway administrators and engineers. Often, highway 
problems are of local interest and can best be studied by 
highway departments individually or in cooperation with 
their state universities and others. However, the accelerat-
ing growth of highway transportation develops increasingly 
complex problems of wide interest to highway authorities. 
These problems are best studied through a coordinated 
program of cooperative research. 
In recognition of these needs, the highway administrators 
of the American Association of State Highway and Trans-
portation Officials initiated in 1962 an objective national 
highway research program employing modern scientific 
techniques. This program is supported on a continuing 
basis by funds from participating member states of the 
Association and it receives the full cooperation and support 
of the Federal Highway Administration, United States 
Department of Transportation. 
The Transportation Research Board of the National Re-
search Council was requested by the Association to admin-
ister the research program because of the Board's recog-
nized objectivity and understanding of modern research 
practices. The Board is uniquely suited for this purpose 
as: it maintains an extensive committee structure from 
which authorities on any highway transportation subject 
may be drawn; it possesses avenues of communications and 
cooperation with federal, state, and local governmental 
agencies, universities, and industry; its relationship to its 
parent organization, the National Academy of Sciences, a 
private, nonprofit institution, is an insurance of objectivity; 
it maintains a full-time research correlation staff of special-
ists in highway transportation matters to bring the findings 
of research directly to those who are in a position to use 
them. 
The program is developed on the basis of research needs 
identified by chief administrators of the highway and trans-
portation departments and by committees of AASHTO. 
Each year, specific areas of research needs to be included 
in the program are proposed to the Academy and the Board 
by the American Association of State Highway and Trans-
portation Officials. Research projects to fulfill these needs 
are defined by the Board, and qualified research agencies 
are selected from those that have submitted proposals. Ad-
ministration and surveillance of research contracts are 
responsibilities of the Academy and its Transportation 
Research Board. 

The needs for highway research are many, and the National 
Cooperative Highway Research Program can make signifi-
cant contributions to the solution of highway transportation 
problems of mutual concern to many responsible groups. 
The program, however, is intended to complement rather 
than to substitute for or duplicate other highway research 
programs. 
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FOREVVORD This report describes a procedure for utilizing the judgments of experienced 
individuals to predict the performance of various pavement designs and contains 

	

By Staff 	the results of a pilot implementation of the procedure to predict fatigue cracking 

	

Transportation 	of asphaltic concrete pavements. Development of the methodology is presented 

	

Research Board 	in sufficient detail for adaptation by highway agencies to other engineering prob- 
lems. The pilot implementation activity did in general verify, the recommendations 
contained in NCHRP Report 195, "Minimizing Premature Cracking in Asphaltic 
Concrete Pavement." Consequently, the recommendations for minimizing pre-
mature fatigue cracking can be implemented with an increased degre of confidence. 
The report will be of particular interest to pavement designers, materials engineers, 
asphalt technologists, and researchers working in the asphaltic pavement field. It 
also could be of interest to statisticians involved in development' of prediction 
models for engineering problems. 

Cracking of the surface course is generally considered to be the most signifi-
cant manifestation of asphaltic concrete pavement distress. Premature cracking 
(that cracking occurring at an early life or after less accumulated traffic than 
anticipated during design) often results in larger expenditure of funds to maintain 
the intended level of serviceability. The objectives of NCHRP Project 9-4 were 
to (1) recommend suitable materials specifications, paving mix design criteria, and 
construction requirements to result in the ability to design and construct asphaltic 
concrete pavements to carry design traffic with a minimum of premature cracking, 
and (2) develop a program for verification of the recommendations. Increasing 
the structural strength or thickness to improve the reliability of crack-free per-
formance was not considered within the scope of the study. 

Research has been completed on Project 9-4 and the final report published as 
NCHRP Report 195, "Minimizing Premature Cracking in Asphaltic Concrete Pave-
ment." Recommendations to minimize premature fatigue cracking include (1) in-
creasing the proportion of asphaltic concrete in the pavement structure, (2) increas-
ing the asphalt content and reducing void content of the asphaltic concrete mix, 
and (3) specifying the maximum realistic density of the aggregate base course. 
Conflicting viewpoints exist regarding the influence of asphalt consistency on fatigue 
cracking. With regard to a program for verification of the recommendations, it was 
shown by example that the conventional field experiment design approach would 
be too expensive and time consuming to be considered practical. An alternate 
procedure involving quantifying the experience of highway personnel combined 
with experimental and field data (an adaptation of Bayesian analysis methodology) 
was suggested. 



This report covers research conducted under NCHRP Project 94A as a 
continuation of Project 9-4 with the objectives being to (1) develop a procedure 
based on Bayesian analysis methodology for verifying recommendations to mini-
mize pavement distress, and (2) conduct a pilot implementation of the procedure 
for the specific distress mode of cracking from repetitive traffic loading. The report 
documents the development of a Bayesian methodology to develop prediction 
models from personal interviews with experienced individuals and combining the 
information with other data. The pilot implementation was conducted in 'Arizona, 
Colorado, Florida, Louisiana, Utah, and Virginia. Four variables were considered: 
asphalt penetration, asphalt content, proportion of asphalt concrete, and aggregate 
base density. In all six states, conduct of the Bayesian analysis methodology 
program indicated that fatigue life of asphaltic concrete pavements increased with 
increases of the asphalt penetration, asphalt content, proportion of asphaltic con-
crete, and base density. These findings verify 'the appropriate recommendations 
contained in NCHRP Report 195 except for the recommendation that lower pene-
tration asphalt be used in thick asphalt concrete layers. Further study is needed 
to resolve this conflicting information. 
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BAYESIAN METHODOLOGY FOR 
VERIFYING RECOMMENDATIONS TO 

MINIMIZE ASPHALT PAVEMENT DISTRESS 

SUMMARY 	The two major findings of this study were (a) a procedure to utilize the judg- 
ments of experienced individuals to construct prediction models, and (b) the 
results of a pilot implementation of the procedure to investigate the occur-
rence of the fatigue cracking mode of pavement distress. The procedure develop-
ed uses a Bayesian methodology to quantify multiple regression models. The proce-
dure was implemented and results were obtained in six participating states: 
Arizona, Colorado, Utah, Florida, Louisiana, and Virginia. 

A Bayesian methodology is a technique that allows utilization of both the 
judgments of experienced individuals and measured data to quantify mathematical 
models. The major emphasis of this study was on the collection of subjective 
data through personal interviews. 

Available statistical techniques associated with the use of subjective infor-
mation to define multiple regression models were examined and found to require 
questions that would be difficult, if not impossible, to answer. A major finding 
was the development of the required statistical theory to derive the parameters 
of multiple regression models from a series of questions found to be meaningful 
to experienced individuals. Responses to the questions require no knowledge of 
the statistical theory associated with multiple regression models; only an under-
standing of the physical phenomena being investigated is required. Furthermore, 
alternate forms of regression models can be investigated by the analyst to obtain 
a best fit to the data collected in the personal interviews. 

A prediction model for the occurrence of fatigue cracking was developed 
from interviews with six experienced individuals in each of the participating 
states. The model considered four designer-controlled variables identified as 
having the most significant influence on fatigue cracking: (1)asphalt penetration, 
(2) asphalt content, (3) proportion of asphaltic concrete, and (4) base density. 
The regression models developed allow prediction of the fatigue life cycle of 
a pavement for any specified level of reliability and combination of the designer- 

controlled variables. 	In all six states it was found that the fatigue life 
cycle increased with increases of the asphalt penetration, asphalt content, pro-
portion of asphaltic concrete, and base density. The average fatigue life cycle 
predicted for typical values of the four designer-controlled variables in States 
1 to 6 was: 14, 12, 12, 11, 9, and 10 years, respectively. The model predictions 
can be used to evaluate design alternatives, assist in planning maintenance budgets, 
and estimate contract price adjustments for "out-of-spec" construction. 

The results obtained provide verification of design recommendations based 
on research results made in an earlier study (NCHRP 9-4) to minimize the occurrence 
of premature cracking, with one exception. The results of this study indicate 
that softer grades of asphalt (higher penetrations) are preferred regardless of 
the asphaltic concrete layer thickness. The preponderance of research findings 
indièate that harder grades of asphalt are beneficial in thick asphaltic concrete 
layers. Further study is needed to resolve this difference. 

The techniques for obtaining regression models that consider both subjective 
and objective (measured) data were demonstrated by example. These techniques allow 
the models to be repeatedly updated as additional information is obtained. 

The Bayesian methodology provides a technique for developing prediction models 
when the collection of measured data is impossible, expensive, or would require 
an unacceptable length of time. Furthermore, use of the judgments of experienced 
individuals in a quantified format uses a valuable resource in addition to that 
normally available. It appears that the Bayesian methodology would be extremely 
useful in developing initial prediction models required for pavement management 

systems. 



CHAPTER ONE 

INTRODUCTION AND RESEARCH APPROACH 

Cracking of the surface course is generally con-
sidered to be the most significant manifestation of 
asphaltic Concrete pavement distress. Many factors, 
such as asphalt properties, mix design, thickness de-
sign, construction procedures, aggregate properties, 
subgrade support, environmental conditions, and traf-
fic loadings, influence the ability of the pavement 
to resist cracking. Premature cracking (cracking that 
occurs at an early stage in the expected pavement 
life or after less accumulated traffic than anticipated 
during design) is particularly troublesome. 

To assist pavement designers in reducing the 
occurrence of premature cracking, the National Co-
operative Highway Research Program conducted a study 
denoted Project 9-4, entitled "Minimizing Premature 
Cracking of Asphaltic Concrete Pavements." The basic 
objective of this study was to use available infor-
mation to develop recommendations that could be in-
plemented by pavement designers to minimize the poten-
tial for premature cracking. A secondary objective 
was to propose a plan to verify these recommendations, 
using information gained from observation of pavement 
performance in the field. 

Three modes of cracking --fatigue, reflection, 
and low temperature -- were addressed in the study. 
Based on the information available to the investigators 
at that time, 	series of designer-controlled-type 
recommendations were prepared which would help to 
minimize the potential for cracking [1, 2, 31. The 
development of these recommendations was based almost 
exclusively on research investigations, including lab-
oratory and analytical studies. A limited amount of 
information was available from field studies. The field 
information available was not sufficient to provide 
a suitable data base on which to make or verify the 
recommendations. However, it was considered important 
to base verification of the recommendations on actual 
field performance information. 

The generally accepted approach to verification 
of pavement design recommendations has been to plan, 
construct, test, and analyze results from field trials 
or test sections. 	An alternate approach has been 
to verify research results by means of case history 
studies of selected roadway sections within an existing 
system of pavements. 

In considering the test section approach,it was 
concluded that a large number of sections would be 
required. For example, if four designer-controlled 
variables were considered and three levels of each 
variable investigated, this approach would require 
81 sections without replication. Due to the inherent 
randomness of pavement performance, a significant a-
mount of replication was considered essential. Thus 
it was concluded that field trials would be imprac-
tical, because they would require too great a commitment 
of funds and other resources, and the time required 
to obtain results would be excessive. In general, the 
same limitations applied to the case history approach. 

A new approach was sought that would (1) berel-
atively inexpensive; (2) be accomplishable within 
a reasonable time frame; (3) be based on field per-
formance; and (4) incorporate available field mea-
surements. It was concluded that the concepts incor-
porated in a Bayesian methodology could best satisfy  

the requirements for verification of recommendations. 
The Bayesian methodology allows quantification of past 
experience in a statistical format similar to that 
which would be obtained from ield trials. Thus the 
wealth of experience available in state highway de-
partments could be used. The Bayesian methodology also 
provides for incorporating field data from case studies 
as a means of combining this experience with actual 
field measurements. 

RESEARCH OBJECTIVES 

The objectives of this project were: (1) de-
velopment of a procedure based on Bayesian statis-
tical concepts for verifying recommendations to min-
imize pavement distress; and (2) pilot implementa-
tion of the verification procedure for the specific 
distress mode of cracking from repetitive traffic load-
ing (fatigue cracking) in two climatic regions of the 
United States. 

SCOPE OF STUDY 

The Bayesian methodology developed provides a 
procedurefor quantifying multiple regression models 
from information gained through personal interviews 
with knowledgeable individuals. The methodology also 
provides a means for incorporating available measured 
data in the regression model. Thus the techniques de-
veloped have general applicability and can be utilized 
for a wide variety of problems. The methodology de-
veloped was then implemented to examine a specific 
mechanism of flexible pavement distress. 

The mechanism of flexible pavement distress ex-
amined was that of cracking of the surface course. 
The study was restricted to designer-controlled var-
iables that influence the occurrence of cracking, 
and deals almost exclusively with cracking induced by 
fatigue. The primary results of this study were derived 
frominformation gained from -sixparticipating states 
in two regions: Region 1, Arizona, Colorado, and Utah; 
and Region 2, Florida, Louisiana, and Virginia. 

RESEARCH APPROACH 

The general research approach of this study is 
structured around the implementation of a Bayesian 
methodology. With this methodology, it is possible 
to use the past experience of highway engineers in 
a statistical format similar to that developed from 
data obtained from experiments. New experience gained 
from observation of field performance can be combined 
with previous experience using Bayes' theorem to arrive 
at what is termed "posterior" information. (For a dis-
cussion of Bayes' theorem, see AppendixB, page 35.) 

The general Bayesian methodology is presented in 
simplified form in Figure 1. The general research 
approach used for the project can be described in 
terms of the components outlined. 

Before beginning the analysis shown in Figure 1, 
the variables for which data will be collected must 
be established. Because the number of variables that 
can be incorporated in any data analysis model is 
limited by practical considerations, the variables 
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Figure 1. Schematic flow diagram of Bayesian methodology. 

selected for this project were those expected to exert 
the most significant influence on the occurrence of 
pavement cracking. The rank order of importance of 
the many variables that can influence the occurrence 
of three modes of cracking -- fatigue, low-temperature, 
and reflectioncracking -- was established from a pre-
liminary questionnaire distributed in the six par-
ticipating states. These results were used as the 
basis for selection of four designer-controlled vari-
ables influencing the fatigue mode of cracking, for 
which a complete Bayesian analysis was to be conducted. 

Once the variables had been established, the pro-
cedure illustrated in Figure 1 was begun. Information 
on the effects of these variables on fatigue cracking 
can be gained from two basic sources: objective and 
subjective data. First consider the section of Fig-
ure .1 concerned with objective information. 

Objective data can be obtained by reviewing avail-
able literature containing laboratory data, analytical 
results based on models, and/or field data on pavement 
performance. 	For this project the most desirable 
source of objective data would be the records of on-
going programs monitoring the fatigue performance of 
existing pavements. This source was examined by review-
ing published reports obtained from the six partic-
ipating states. However, it was found that the field 
data required were not available in these reports. 
Asecond source of objective data examined was analyt-
ical results from models of pavement performance. 
It was found that the computer model PDMAP, developed 
inNCHRP Project 1-10B, could be used to generate the 
desired objective data set. Techniques, were developed 
to convert the four designer-controlled variables con-
sidered into the required input variables from PDMAP. 
It is recognized that the distress prediction' subsys-
tems in PDMAP have not yet been verified; however, 
It was considered that as a minimum the predicted 
distress could be used as a proxy for field observa-
tions. 

Once the objective data set' was available, it 
was necessary to arrange it in a statistical format  

that,  would allow combination of the objective data 
with similar subjective information. This required 
selection and use of a data analysis model for both 
objective and subjective data. Alternative data anal-
ysis models were evaluated and a multiple regression 
model selected. The regression model allows predic-
tion of fatigue life as a function of the values of 
the four designer-controlled variables. 

Now consider the section of Figure 1 concerned 
with subjective information. This aspect of the Bayes-
ian methodology was the 'primary focus of the study. 
The first step was to design a questionnaire and as-
sociated personal interview technique that could be 
used to quantify the experience of highway engineers. 
The primary consideration in its development was that 
the required statistical information be obtained from 
questions highway engineers could easily understand 
and to which they could confidently respond. Available 
Bayesian techniques associated with quantifying "pri-
or" information for multiple regression models were 
judged to be unsuitable in this respect. 

A major effort was expended to develop an alter-
native procedure requiring answers to questions that 
would be meaningful to the assessors. The required 
Bayesian statistical theory for multiple regression 
models was developed to accomplish this, and a ques-
tionnaire was designed to obtain the required infor-
mation. 

The interview technique used was to visit each 
state and conduct one-to-one interviews with each as-
sessor. This allowed any questions to be discussed 
and clarified. The desirable experience background of 
each assessor was identified and six assessors were 
selected in each state. The responses of each assessor 
were obtained independent of all other assessors. The 
required statistical properties of the responses were 
calculated and used to'quantify a multiple regression 
model. 

To complete the Bayesian methodology, an illus-
trative example of the combination of multiple regres-
sion models determined from objective and subjective 



data was performed to yield "posterior" information. 
Should additional objective or subjective data become 
available, this procedure can be repeatedly applied 
to continuously update the models developed. 

The results obtained in terms of multiple regres-
sion models were used as the basis for verification 
of design recommendations. The use of the results for 
additional considerations was also examined. 

CHAPTER TWO 

FINDINGS 

The findings of this study can be subdivided into 
two categories: (1) the Bayesian methodology devel-
oped; and (2) results obtained from implementation 
of the Bayesian methodology. These findings were used 
to develop information that provides a basis for ver-
ification of design recommendations for minimizing 
cracking in asphaltic pavements, as previously reported 
in NCHRP Project 9-4. The three types of cracking 
considered were: (1) fatigue; (2) low-temperature; 
and (3) reflection. The complete Bayesian methodology 
was implemented only for fatigue cracking, although 
significant results were also obtained for low-tem-
perature and reflection cracking. 

DEVELOPMENT OF BAYESIAN METHODOLOGY 

In classical multiple regression analysis the unknown 
regression coefficients and error term are assumed to 
have a unique value, and estimates of their value 
(and associated confidence intervals) are developed 
from the data. In Bayesian multiple regression analy-
sis, the unknown parameters are assumed to be random 
variables, and estimates of the probabilitydistribu-
tion of each parameter are developed from the data. 

The multiple regression model can be expressed 
in the form: 

y =8x + e 	 (1) 

in which: 
The schematic flowdiagram of the general Bayes-

ian methodology shownin Figure 1 provides an over-
view of the relationships between components incor-
porated in the methodology. Application of this meth-
odology to a specific problem requires selection 
of a data analysis model, which in turn provides the 
basis for converting both subjective and objective in-
formation into suitable statistical formats. The sta-
tistical format must be such that the effect of changes 
in the designer-controlled variables on, fatigue life 
can be evaluated. The procedure for combining sub-
jective and objective information is defined by the 
selection of the data analysis model. 	The primary 
requirements of the analysis model were established 
to be: 

The model must accommodate multiple variables. 
The subjective information required to quan-

tify the model must be readily obtainable from exper-
ienced highway engineers. 

The assumptions associated with the model must 
be reasonable. 

Alternative data analysis models were examined 
and a multiple regression model selected as best meet-
ing these requirements. 

Multiple regression analysis defines the best 
fit mathematical relationship between a dependent var-
iable and a set of independent variables. This is 
accomplished by determining regression coefficients 
for each of the independent variables such that pre-
dictions of the dependent variable minimize the suns 
of squared errors between the observed and predicted 
values of the dependent variable. 	The regression 
model also incorporates an error term that expresses 
the inherent randomness of the predictions. The objec-
tive of the data analysis is to, 1etermine the values 
of the regression coefficients and the magnitude of 
the error term. 

Interpretation of the unknown regression coef-
ficients and error term differs between classical re-
gression analysis and Bayesian regression analysis. 

y = dependent variable; 
8,1 = regression coefficient; 

independent variable; 
e = random error term; and 
k = maximum number of independent variables. 

NOTE: Throughout this report and in its appendices, 
vectors and matrices are represented by an under- 
score. 	E [ ] and V [ ] denote expected value and 
variance, respectively, of a random value. A super-
script t (e.g., Bt)  denotes transpose of a matrix. 

The random errors occurring in observations of y are 
assumed to be independent and normaly distributed 
with common mean zero and variance a • In the Bayes-
ian analysis it is possible to assume either that 
the expected value of B (= 8i, 82,  ... ,Bk), or the 
process variance (a ), or both, are unknown . In 
this study the appropriate assumption was that both 
te expected value of B and the process variance, 
a , were unknown. Thus, the purpose of the analysis 
ws to develop estimates of the distribution of B and 
o based on subjective information (prior), objec-
tive data, and the combination of the two data 
sources (posterior). 

The required mathematical expressions to evel-
op estimates of the distribution of B and a from 
objective data and formulas for combination of objec-
tive data esti9tes with subjective data (prior) esti-
mates of B anda are presented byRaiffa and Schlaifer 
[4]. However, these theoretical developments assun 
that prior estimates of the distribution of B and a 
are available or can be directly assessed. In this 
sudy, prior estimates of the distribution of B and 
a were not available, as their development was in 
fact one of the primary purposes of the study. Fur-
thermore, it was not considered feasible to obtain 
direct assessment of the distribution of B and a 
For example, direct assessment of the distribution 
of B would require the assessors to estimate the ex-
pected value and the variance of each regression coeffi-
cient, and the covariance between each pair of regres- 



sion coefficients. These statistical quantities are 
difficult to estimate for any variable, much less 
a coefficient in a multiple regression model. Further-
more, a direct assessment procedure requires that a 
specific form for the regression model be assumed 
prior to the assessments, yet there is seldom any 
basis onwhich this assumption can be made. Therefore, 
a major effort was expended to develop a procedure 
bX which prior estimates of the distribution of B and 
0L  could be found from questions that would be mean-
ingful to experienced individuals and would beinde-
pendent of the specific form of the regression model. 
This objective was accomplished, and is one of the 
major findings of this study. In thiswaya practical 
technique was developed to quantify prior estimates 
for multiple regression models from the judgments of 
experienced individuals. 

The statistical theory associated with the devel-
opment of the'technique to define prior estimates of 
B and a2 is derived in Appendix B. The major result 
of this derivation is that all required information can 
be developed from assessment of the cumulative distri- 
bution function (CDF) of the dependent variable, y, 
for fixed values of the independent variables, x = 
(x1, x2,...,xk).  Standard questioning techniques ex- 
ist to define the CDF of a random variable. The assessed 
CDF is an expression of the probability distribution 
of the dependent variables, y, given specific values 
of the independent variables, x. Points on the CDF 
define the probability that y is less than or equal 
to a specified value. A sufficient number of CDFs are 
assessed for different values of x to solve for all 
unknown quantities and to provide suitable coverage 
of range of x of interest. This technique avoids ques- 
tions concerning abstract statistical quantities and 
allows the assessor to deal directly with the variables 
with which he is familiar, y and x. 	Furthermore, 
no specific forut of the multiple regression model need 
be assumed to obtain the required information. Once 
the required information is obtained, different forms 
of multiple regression models can be evaluated to 
see which gives the best fit. 

It can be shown [4] that sufficient statistics 
to define the probability distribution of B and 
are (b, a, 6 , and w). Thus, once the statistical 
quantities (b, n, 6, and w) are known, the distributions 
of B  anda2  are defined. Therefore, the objective of 
the data analysis model can be stated as the determi-
nation of (b,n, 6, and w) from subjective information 
(prior), objective data, and the combination of the 
two sources of information (posterior). To distinguish 
among the parameters in the prior distribution, ob- 
jective data distribution, and posterior distribution, 
let a single prime (i.e., b') denote prior distribu-
tion, a double prime (i.e., b") denote posterior dis-
tribution, and no prime (i.e., b) denote the objective 
data distribution. 

The statistical theory derived in Appendix B shows 
the procedure for developing(b', a', 6', and w') from 
assessed CDFs of y given x. The mathematical formulas 
for calculating (b, n, 6, and w) from objective data 
measurements of y and x are given in Appendix B (Eq. 
B-25 through B-28). It can be shown [4] that the pos-
terior distribution parameters are given by: 

	

!!" 
	no 	 (2) 

	

bit  = (.a") 	(.a'k' + nb) 	 (3) 

	

6" = 	6' + 6 +k 	 (4) 

W V'  = [6'w' + (bV)tn VbV + 	- (bV)tnuIbVh1/6 	(5) 

The posterior distribution provides the means to 
systematically combine the subjective information de-
veloped from the judgment of experienced individuals 
with any available objective data measurements. 

IMPLEMENTATION OF BAYESIAN METHODOLOGY 

The findings resulting from implementation of the 
described Bayesian methodology are of two types. The 
first is the specific steps required to implement the 
methodology; the second is the results obtained after 
implementing each step. The implementationsteps and 
results obtained in each step are described in the 
following sections. 

The principal findings resulting from implemen-
tation of the Bayesian methodology were derived from 
personal interviews with experienced engineers in six 
states, representative of two climatic regions differ-
ing primarily in amount of annual rainfall. Region 1 
consisted of the states of Arizona, Colorado, and 
Utah; Region 2 consisted of Florida, Louisiana, and 
Virginia. The average annual rainfall in Region 2 
was approximately three times as great as that in Re-
gion 1. 

Selection of Assessors 

The individuals interviewed in each state are 
termed assessors. Guidelines were developed to select 
the assessors such that their experience background 
would uniquely qualify them to answer questions regard-
ing the fatigue performance of pavements. The desired 
attributes of the assessors were: 

Fifteen or more years of experience with pave-
ment engineering. 

Substantial experience in observing the field 
performance of pavements, including the occurrence of 
physical distress. 

Familiarity withmaterial propertydefinitions 
and specification requirements. 

Experience with construction practices in the 
recent past. 

Familiarity with pavement design procedures. 

Discussions were conducted with designated repre-
sentatives of each state highway department to identify 
individuals with the desired experience background. Six 
assessors were selected in each of the six states. De-
tailed information on the experience of each of the as-
sessors was obtained as part of the interview process. 
Most of the assessors satisfied all of these guide-
lines. Not all had 15 years of experience, although 
most exceeded this amount. Those with less exper-
ience were selected because the nature of their as-
signed duties made them uniquely qualified. Consider-
ing all assessors, the average length of experience 
in pavement engineering was 22 years. Thus, the princi-
pal results presented in this study are based on approx-
imately 800 years of experience in pavement engineer-
ing. 

It should be noted that not all of the assessors 
were state employees at the time of the interviews. 
Some were recently retired employees and others had 
left state service to join private industry. Thus, 
representatives of The Asphalt Institute and state 
contractor groups engaged in construction of pavements 
were included. 

The assessors selected are considered to be a 
representative cross section of experienced pavement 
engineers, and it is felt that the judgments expressed. 
by these individuals can be taken with a high degree 
of confidence. 

Identification of Primary Variables 

It is well recognized that many variables influ-
ence the occurrence of pavement distress. Even when 
the list of variables considered is restricted to those 
that a designer can control, the list is extensive. 
Practical limitations of analysis models and informs- 
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tion requirements require that the number of variables 
considered for detailed study be restricted to those 
having a dominant influence on pavement distress. To 
establish a basis for selection of the most important 

/ 
variables, a preliminary questionnaire (see App. A) 
was used. 

The results of the questionnaire for each distress 
mode are stnnmarized in Tables 1, 2, and 3; the higher 

Table 1. SUMMARY OF RESULTS OF PRELIMINARY QUESTIONNAIRE FOR FATIGUE CRACKING 

l)esigner-Cnntrol led 
Variable 

State 
Mean 

I 
Rank 

State 
Mean 

2 
Rank 

I 
State 

ilean 
3 

Rank. 
Combined 

lican 	Rank 
State 

Mean 
6 

Rank 
State 

Mean 

Region 
5 	- 

Rank 

2 
State 

Mean 
6 

Rank 
Combined 

Mean 	Rank 

All 	Six 
States 

Mean 	Rank 

ASPHALT 

Consistency 8.6 9 8.8 2 10.5 I 9.3 I 8.81 9 9.6 2 10.0 3 9.4 I 9.4 I 
ilor..hility 9.7 I 7.5 ii 8.8 4 8.8 3 8.6 Ii) 8.0 12 10.0 2 8.8 4 8.8 4 
Source 7.1 16 4.2 19 7.5 II 6.5 iS 5.5 22 3.2 20 2.5 21 3.9 2)) 5.2 20 

MIX AGGREGATE 

Gradation 7.3 13 4.0 2)) 6.6 17'. 6.2 17 5.6 18 7.7 IS 7.2 8 7.2 13 6.7 14 
Tontore 4.5 2)) 5.5 I. 6.6 If, 5.6 19 6.3 21 8.6 8 8.3 6 7.7 10 6.6 16 

ASPhALT IllS 

Air Voids 7.7 hO 7.9 7 7.9 7 1.8 II .10.0 4 1.0 18 9.2 4 8.6 6 8.2 8 
Asphalt Content 8.9 7 8.6 3 9.9 2 9.3 2 9.7 6 8.6 7 10.4 I 9.4 2 9.4 2 
Stability 6.0 IS 6.0 15 6.6 IS 6.3 16 5.1 23 8.9 6 6.2 16 6.9 16 6.6 15 

UNTREATED BASE ACCREGATE 

Texture 5.2 18 5.1 17 4.6 21 6.9 20 6.3 20 7.8 13 6.9 16 6.3 17 5.6 18 
PlasticIty 5.9 16 7.1 12 7.9 6 7.0 12 7.9 13 8.8 5 7.8 7 8.2 8 7.6 II 
Dnrnbliiry 4.0 21 2.7 21 5.3 19 6.2 21 3.9 25 2.8 21 3.1 20 3.3 21 3.8 21 
Density 8.9 6 8.3 _4 7.8 8 8.3 5 9.9 5. 8.8 6 7.2 9 8.7 5 8.5 5 
Water Content 7.7 Il 4.5 lB 6.8 16 6.5 14 9.2 7 7.6 17 5.2 15 7.4 12 7.0 I) 
Stahl ilty 8.5 8 7.6 III 7.9 5 8.0 8 9.0 8 9.2 3 7.2 10 8.6 7 8.3 6 

SURCRADE . 

Classification 4.9 19 7.1 13 5.3 20 5.7 lB 4.6 24 8.1 I)) 4.0 18 5.6 19 5.6 19 
Water Content 9.3 3 8.1 5 6.8 13 7.9 to 7.3 IS 7.8 14 6.2 13 7.2 14 7.6 12 
Density 9.2 6 7.9 8 7.7 9 8.2 7 8.5 12 7.7 15 8.3 5 8.1 9 8.2 7 
Strength 9.7 2 7.8 9 7.2 12 8.3 6 6.3 19 8.5 9 6.3 12 '7.1 IS 7.7 tO 

STRUCTURAl. SECTION 

Proportion of AC in Section 5.7 17 9.9 I 9.9 3 8.4 4 10.9 I 10.1 I 6.7 II 9.4 3 8.9 3 
Surface I)rslnage 7.3 12 8.0 6 5.9 18 6.9 13 7.3 17 6.8, 19 4.5 17 6.3 18 6.6 17 
Subsurface Drainage 9.1 5 6.8 14 7.6 IS 7.9 9 10.1 2 8.1 II 3.7 19 7.5 II 7.7 9 

STABILIZF.I) SU8GRADE' 

Density 10.1 3 
Strength . 8.6 . II 
Drainability 7.3 14 
Plasticity . 7.5 16 

1Stabiiieed sohgrnde considered only to State 4. 

Table 2. SUMMARY OF RESULTS OF PRELIMINARY QUESTIONNAIRE FOR REFLECTION CRACKING 

................. 
l)esigner-Cantrol lel 	 State I 	Slate 2 	State 3. 	Combined 

Var jabie 	 Mea,, Rank Ihean Rank Mean Rank Mean Rank 

AS P1141.1' 

Consistency 	 8.9 	5 	1.7 	5 	10.3 	2 	9.1 	3 
l)a.ohiIity 	 9.6 	2 	6.7 	7 	4.8 	6 	7.) 	5 

ASPhAlT Ah;GRI1GA'rg 

Gradation 	 5.8 	8 	4.1. 	8 	'6.3 	8 	5.6 	8 
fiitr 	., 	 4.5 	9 	2.4 	10 	4.8 	9 	4.1 	ID 

ASPhAlT MIX 

Stability 	 4.2 	IS 	3.9 	9 	6.5 	7 	5.0 	9 
Agv 	 7.1 	6 	8.)) 	4 	8.1 	5 	7.7 	6 

OVERlAY ThICKNESS 	 8.9 	/, 	7.6 	6 	11.2 	I 	9.6 	2 

1gh:lhNlquh1 

Remove and Replace Portions 	6.3 	7 	9.5 	I 	9.2 	4 	8.2 	4 
Stresv Relieving Interinyer 10.4 	I 	9.2 	2 	9.4 	3 	9.7 	I 
heater Scarifying 	 9.6 	3 	8.0 	3 	3.6 	10 	6.8 	7 

All Sis 
State 6 	State 5 	State 6 	Combined 	States 

Mean Rank Mean Rank Mean Rank Mean Rank Mean Rank 

8.1 	3 	8.1 	4 	7.5 	3 	7.9 	2 	8:6 	2 
6.8 	5 	7.3 	7 	6.2 	4 	6.8 	6 	7.3 	4 

7.4 	4 	7.4 	6 	8.6 	I 	1.7 	4 	6.6 	7 
6.5 	6 	4.4 	8 	5.1 	8 	5.3 	8 	6.7 	If) 

6.0 	8 	7.6 	5 	5.7 	7 	6.6 	7 	5.8 
5.3 	10 	8.9 	2 	6.1 	5 	6.9 	5. 	7.3 	5 

10.5 	I 	11.6 	I 	7.7 	2 	10.1 	I 	9.7 	I 

8.2 . 2 	8.6 	3 	5.9 	6 	7.7 	3 	8.0 	3 
5.4 	9 	3.3 	10 	6.9 	9 	4.5 	II) 	7.3 	6 
6.1 	7 	'3.9 - 9 	3.3 	10 , 	4.6 	9 	5.8 	9 



Table 3. SUMMARY OF RESULTS OF PRELIMINARY QUESTIONNAIRE FOR LOW-TEMPERATURE CRACKING 

Region I 	 Region 2 	 Al! Six 

Designer-Controlled 	 State I 	State 2 	State 3 	Combined 	 State 4 	State 5 	State 6 	Combined 	States 

Variable 	 Mean Rank Mean Rank Mean Rank Mean Rank 	Mean Rank Mean Rank Mean Rank Mean Rank Mean Rank 

ASPHALT 

ConsIstency 9.0 5 8.5 2 8.6 3 8.7 	3 
fortuIty 8.3 6 8.1 3 11.8 I 9.6 	I 
Temp SusceptIbility 9.1 4 10.1 I 8.8 2 9.2 	2 
DurabIlity 9.6 I 5.5 5 7.0 5 7.6 	5 

ASPHALT MIX 

StabIlity 2.9 8 3.2 8 6.0 6 4.2 	8 
Tensile Strength 9.6 2 7.4 4 6.0 7 7.7 	4 
Age 9.2 3 4.4 7 7.2 4 7.2 	6 

THICKNESS OF AC LAYER 6.1 7 5.3 6 5.7 8 5.7 	7 

	

9.5 	1 	7.2 	5 	10.0 	I 	8.9 	2 	8.8 	2 

	

9.5 	2 	9.1 	2 	8.2 	2 	9.0 	I 	9.3 	I 

	

8.4 	4 	7.3 	4 	7.5 	3 	7.9 	3 	8.7 	3 

	

8.5 	3 	5.2 	7 	7.2 	4 	7.2 	4 	7.4 	4 

	

4.5 	8 	4.1 	8 	3.1 	8 	4.0 	8 	4.1 	8 

	

6.5 	7 	6.7 	6 	5.1 	6 	6.0 	7 	7.0 	6 

	

7.6 	5 	8.3 	3 	5.7 	5 	7.1 	5 	7.2 	5 

	

6.9 	6 	9.2 	1 	3.4 	7 	6.4 . 	6 	6.0 	7 

the numerical rating of the variable, the, higher its 
degree of importance. The mean values of the ratings 
and rank of each variable are given for each state 
individually, for the groupof three states constitut-
ing a region with similar environmental conditions, 
and for all states combined. 

The results given in Table iwere used as abasis 
for selection of the designer-controlled variables to 
be considered in the trial implementation of the Bayes-
ian methodology for fatigue cracking. In the personal 
interview phase of the methodology, the assessors would 
be required to consider simultaneously the influence 
on fatigue life of all variables selected. Trial as-
sessments indicated that four variables were the prac-
tical maximum number that could be considered. 

In addition to the results of the preliminary 
questionnaire, the following criteria were used in 
selecting the four designer-controlled variables: 

Desirability of includingat least one variable 
from each of the pavement components. 

Preference for variables directly related to 
assessor experience (most familiar). 

Selection of variables not strongly correlated 
to one another. 

Consideration of the recommendations to be ver-
ified. 

Desirability of having a common set of variables 
for all states. 

On the basis of these criteria and the results 
summarized in Table 1, the following four variables 
were selected for the trial implementation of the 
Bayesian methodology: 

Asphalt consistency. 
Asphalt content. 
Proportion of asphaltic concrete. 
Base density. 

Definition of Variables 

The objective of the Bayesian methodology was to 
quantify how fatigue distress of a pavement was influ-
enced by values of the selected four designer-control-
led variables. To accomplish this, each of the vari-
ables considered must be clearly defined. 

The fatigue life of a pavement canbe defined in 
two equivalent formats: level of traffic carried, or 
time. Traffic levelcanbe characterized through con-
sideration of the volume and composition of traffic; 
however, it was felt that the assessors could thinkmore 
naturally of fatigue life in terms of time. Therefore, 
to have a measure of fatigue life that was most familiar  

to the assessors, the fatigue life was defined in 
terms of age of the pavement, in years. 

The pavements considered were assumed to be prop-
erly designed for the traffic they actually carried. 
This assumption eliminates situations where the fa-
tigue life was either extended or shortened due to 
a mismatch between the design traffic and the actual 
traffic carried by the pavement. 

Another consideration when defining the fatigue 
life of a pavement is the pavement condition associated 
with an impending need for resurfacing or rehabilita-
tion. It was desirable for this condition to reflect 
a significant amount of cracking so that it was clear-
ly evident that fatigue was the cause of cracking 
and extensive enough that some form of major mainte-
nance would be necessary or planned. Because fatigue 
cracking is associated with repetitive vehicular load-
ings, the cracking occurs in the wheelpath area of 
the pavement. In accordance with these considerations, 
the fatigue life of a pavement was defined to be the 
pavement age when 10 percent of the total length of 
the wheelpath area in a lane exhibited cracking. 

The 10 percent of the length cracked could arise 
in numerous patterns. For example, the cracked length 
could be a continuous stretch or an accumulation of 
intermittent stretches in either one or both wheelpaths 
of a lane. No distinction was made between these pat-
terns. 

The asphalt consistency (PEN) was defined in terms 
of the standard penetration of the recovered asphalt 
at 77°F. To account for asphalt aging (hardening), 
the asphalt was considered to be that recovered from 
the pavement after three to five years of service. 
After this length of service, the rate of change in 
consistency becomes relatively small. Asphalt content 
(AC) was defined as the percent asphalt, by, weight, of 
the asphalt-concretemix. The proportion of asphaltic 
concrete in the structural section (TAC) was defined 
as the percent thickness of pavement materials above 
subgrade consisting of asphaltic concrete. The density 
of the base material (DEN) was measured in terms of 
the relative compaction as determined from the AASHTO 
T-180 compaction test. For full-depth construction, 
the base material was taken as the subgrade. 

SUBJECTIVE DATA 

The subjective data were collected through inter-
views with the six assessors selected in each of the 
participating states. The interview procedure used 
consisted of a group session and individual interviews 
in each state. First, all assessors were assembled 
for familiarization and discussion of the concepts to 
to be used in the personal interviews. Then a person- 



8 

al interview was conducted with each assessor to quan-
tify his judgments regarding the fatigue performance of 
pavements. A detailed description of the procedure for 
subjective data collection is presented in Appendix B. 

During the group session in each state, three 
levels of each of the designer-controlled variables 
were selected by the assessors. The guidelines provid-
ed for this selection were that the three variable 
values should correspond to low, average, and high 
values of the variable. The mid-range (average) value 
was considered to be that most typical of construction 
in the state. Values above and below the typical 
value were established such that the difference would 
be expected to have a significant influence on fatigue 
life but not such a large difference as to be unrepre-
sentative of values experienced in the field. This 
allowed the values of the designer-controlled variables 
to be selected in each state in accordance with its 
normal pavement design and construction procedures. 
The values of the designer-controlled variables selec-
ted for use in the personal interviews in each state 
are given in Table 4. In State 5, no significant ex-
perience existed with full-depth construction. There-
fore, only two levels of TAC were considered in this 
state. The typical (mid-range) values of each design-
er-controlled variable in the six states are summarized 
in Table 5 for ease in comparison. 

A random selection scheme was used to identify 
the designer-controlled variable combination to ask of 
each assessor. This scheme was devised such that a 
diverse set of combinations would be asked of each 
assessor to ensure ample coverage of the total range 
of each variable. An additional feature of the scheme 
was replication of most combinations with one other 
assessor. The scheme, which is fully described in 
Appendix C, required each assessor to respond to 18 dif-
ferent combinations of the four designer-controlled 
variables. 

For each of the 18 combinations of the designer-
controlled variables, a cumulative probabilityV dis-
tribution function (CDF) of fatigue life was assessed. 
This allow;d each assessor to express his judgments 
concerning the probable fatigue performances of pave-
ments constructed with the specified design options. 
The format used also quantifies the assessor's degree 
of uncertainty in his judgments. A detailed descrip-
tion of the questioning techniques used to define each 
CDF is presented in Appendix B under "Personal Inter-
views." The results of a typical CDF assessment are - 
shown in Figure 2, which indicates the probability 
that the given pavement (PEN=40, AC5.0, TAC=30, 
DEN=100) will have a fatigue life of X years or less. 
Thus, there is a 50 percent chance that the fatigue 
life will bel2 years or less. The researchers' expe-
rience with the interview technique was that the as-
sessors had little difficulty in casting their judg-
ments in the probabilistic format used, even though 
most assessors had virtually no background in proba-
bilistic techniques. Each personal interview took about 
three hours to complete. 

The results of the interview with each assessor 
were 18 CDFs of fatigue life associated with the 18 
different combinations of the designer-controlled var-
iables. The statistical properties (first, second, 
and fourth moments) of each CDF were calculated, and 
input to the Bayesian multiple regression theory pre-
sented in Appendix B under "Bayesian Data Analysis 
Model" in accordance with analysis procedures presented 
in Appendix B under "Analysis of Subjective Data." 

Regression Coefficients 

For each assessor, the multiple regression coef-
ficients relating the expected (mean) fatigue life 
to the designer-controlled variables were determined. 
The regression coefficients define a mathematical equa- 

Table 4, 	LEVELS OF DESIGNER-CONTROLLED VARIABLES 
USED IN PERSONAL INTERVIEWS 

Asphaltic 
Asphalt Asphalt Concrete Base 

Fenetraion Contet Proportin Coxpactin 
Region 	State 	(PEN) (AC) (TAC) (DEN) 

1 	 15 4.5 15 90 
30 5.5 30 95 
50 6.5 100 100 

2 	 15 4.8 15 90 
45 5.8 25 95 
70 6.6 100 100 

3 	 15 4.5 20 92 
35 6.0 50 97 
60 7.0 100 102 

2 	 4 15 5.0 20 95 
45 6.0 50 100 
70 7.0 100 105 

5 20 4.0 11 92 
30 5.0 37 97 
50 6.0 - 102 

6 25 4.0 20 92 
45 4.5 50 98 
55 5.2 100 102 

1PEN - Recovered penetration after three to five years of service. 

2AC - Percent asphalt content (by weight of nix). 

3TAC - Percent asphaltic concrete thickness in structural section (above 
subgrade). 

4DEN Relative conpaction of base obterial using AASHTO T-180 maximux 
density. 

Table 5. TYPICAL LEVELS OF THE DESIGNER-CONTROLLED 
VARIABLES FOR EACH STATE 

Asphalt 
Asphalt 	Asphalt 	Concrete 	Base 

Peoetratfon 	Contet 	Proportin 	Compact in 
Region 	State 	(PEN) 	(AC) 	 (TAC) 	 (DEN) 

1 	 1 	 30 	 5.5 	 30 	 95 

2 	45 	 5.8 25 	 95 

3 	35 	 6.0 	 50 	 97 

Ave. 	37 	 5.8 	 35 	 96 

2 	 4 	45 	 6.0 	 50 	 100 

5 	 30 	 5.0 	 37 	 97 

6 	45 	 4.5 	 50 	 98 

Ave. 	40 	 5.2 	 46 	 98 

162 	Ave. 	39 	 5.5 	 41 	 97 

1 PEN 	Recovered penetration after three to five years of service. 

2 4C 	Percent asphalt content (by weight of mix). 

3TAC 	Percent asphaltic concrete thickness in structural section (above 
subgrade). 

4DEN - Relative coopaction of base material using AASHTO T-180 maximum 
density. 
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Figure 2. Results of an example CDF assessment. 

tion quantifying how the assessor thought the designer-
controlled variable values would affect the expected 
fatigue life. Different forms of multiple regression 
models (i.e., linear and logarithmic variable trans-
forms) were evaluated in terms of the degree fit ob-
tainable. It was found that a linear model fit the 
data as well as or better than any other model consid- 
ered. 

An analysis of the results obtained from each 
assessor in each state is presented in a separate 
volume of this report. [Not published in the NCHRP 
series. Available on a loan basis from the Program 
Director, NCHRP, Transportation Research Board, 2101 
Constitution Ave. , N.W., Wash.,D.C. 20418.1 An illus-
tration of the type of results determined is summa-
rized in Table 6 for assessors in State 1. It can 
be seen that reasonably high multiple correlation co-
efficients, R, and small standard errors were obtained 
for each assessor, indicatingthat the regression model 
provided a good fit to the assessed information and 
thus accurately captured the opinions of the assessors. 
Considering all assessors in all the states, the average 
multiple correlation coefficient was 0.89 and the aver-
age standard error was 1.58. Note that the sign of 
each of the regression coefficients, b,givenin Ta-
ble 6 was the same for each assessor. This indicates 
that all assessors in State 1 agreed on the direction 
of influence on fatigue life for each of the designer-
controlled variables. Agreement on regression coeffi-
cient signs was found to be true for almost all asses-
sors in each of the states. 

The magnitude of the regression coefficients does 
differ among assessors. The difference in magnitude 
reflects and quantifies the differences of opinions 
expressed by the assessors with regard to the expected 
fatigue life of pavements as influenced by the values 
of the designer-controlled variables. These differen-
ces in opinions induce uncertainty in the values of  

the regression coefficients and are accounted for in 
the Bayesianmethodology as one source of uncertainty 
in fatigue life predictions. This is accomplished by 
calculating the average value of each coefficient and 
the covariance matrix associated with the coefficients, 
viewing the results obtained from each assessor in 
a state as a sample. 

The average coefficients represent the consensus 
values for a State. The consensus regression coeffi-
cients for State 1 are also given in Table 6. The 
consensus values for all states are summarized in 
Table 7, which indicates that the regression coeffi-
cients for each designer-controlled variable have the 
same sign in every state. This indicates that expected 
fatigue life increases with increase in asphalt pene-
tration (PEN), asphalt content (AC), proportion of 
asphaltic concrete in the structural section (TAC), 
and base density (DEN). Thus, there was unanimous 
agreement among the states as to how to increase the 
expected fatigue life of pavements. 

Because all assessors had considerably less ex-
perience with full depth pavements than with conven-
tional designs,' the influence on the regression re-
sults of excluding full-depth assessments was examin-
ed. It was found that the signs of all regression 
coefficients remained unchanged. As expected, the 
magnitude of the regression coefficient on the pro-
portion of asphaltic concrete term (TAC) did change 
substantially because of the smaller range for this 
variable. However, the changes in the values of the 
other regression coefficients were only minor. There-
fore, it was concluded that the results should be 
analyzed considering all assessments. 

Several comments are appropriate when comparing 
or combining results among the states. First, the 
regression results were developed over different ranges 
of each designer-controlled variable in each state. 
Second, although the environments in each region were 
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Table 6. REGRESSION RESULTS FOR EXPECTED FATIGUE 
LIFE DEVELOPED FROM INTERVIEW INFORMATION 
OBTAINED IN A STATE1  

Multiple Standard 
Assessor 	b1 	b2 	b3 	64 	b5 	R 	Error 

1 	-13.3 0.0833 0.792 0.0586 0.1878 0.94 	1.24 

2 	-59.9 0.1918 0.143 0.1141 0.6934 0.90 	3.14 

3 	-21.4 0.2370 3.085 0.1100 0.0837 0.97 	1.81 

4 	-20.4 0.1039 1.227 0.0044 0.2440 0.91 	1.31 

-29.7 0.1433 3.591 0.0662 0.2594 0.90 	2.04 

6 	-19.0 0.0688 1.318 0.0337 0.1837 0.90 	1.00 

Consensus 
value -27.3 0.1380 1.693 0.0645 0.2753 

'E(ylx) - b1  + b2  (PEN) + 63  (AC) + b4  (TAC) + b5  (DEN) 

Where: 	y 	fatigue life (years) 
x 	(PEN. AC, TAC, DEN) 
E(ylx) 	expected fatigue life given x 

Table 7. SUMMARY OF PRIOR REQESSION COEFFICIENTS 
(b4) TO PREDIC1 EXPECTED FATIGUE LIFE 
FOP EACH STATE 

b1 	 8) 	 83 	b4 	8 
Region 	State 	(constant) 	(PEN) 	(AC) 	(TAC) 	(DN) 

1 	1 	-27.3 	0.1380 	1.6926 	0.0645 	0.2753 

2 	-29.6 	0.0423 	1.9061 	0.0932 	0.2803 

3 	-18.1 	0.0704 	1.5148 	0.0280 	0.1792 

2 	4 	-17.0 	0.1074 	1.3826 	0.0442 	0.1280 

5 	-19.1 	0.0156 	0.9197 	0.1093 	0.2064 

6 	-18.5 	0.0525 	1.5384 	0.0362 	0.1764 

'E(ylx) 	b1  + b2  (PEN) + b3  (AC) + b4 (TAC) + b5  (DEN) 

Where: 	y 	fatigue life (years) 
x - (PEN, AC, TAC, DEN) 
E(ylx) 	expected fatigue life given x 

similar, there were differences between states in a 
region; furthermore, the results were obtained for 
a specifiedenvironment within each state. Third, dif-
ferent materials and material specifications are used 
in each of the states. Thus, there are several good 
reasons to exercise caution when comparing or combining 
state results. It is recommended that the state results 
not be combined to develop regional results. 

Expected Fatigue Life Predictions 

The regression equations are predictive equations 
of the expected fatigue life for pavements with given 
values of the designer-controlled variables. Table 8 
indicates the expected fatigue life predicted using 
the consensus regression equation for each state for 
three different combinations of the designer-control-
led variables. The designer-controlled variable values 
used for the predictions vary for each state; however, 
in all cases the combinations represent the best, 
worst, and typical values. considered in each state 
(see Table 4). 	It is interesting to note that by  

changing the designer-controlled variable values from 
the typical to the best combination, the expected fa-
tigue life could be increased by 10.3, 10.9, 5.3, 
6.9, 3.5, and 4.1 years for States 1 through 6, re-
spectively. Of course, considerations other than fa-
tigue cracking, such as flushing and rutting, would 
affect the selection of these design variables. 

Considering the typical level of the designer-
controlled variables, a three-year longer fatigue life 
is expected in Region 1 than in Region 2. This is 
compatible with the lower annual rainfall occurring 

	

in Region 1. 	For the typical design values, the 
expected fatigue life considering all states is 11.5. 
years. 

The actual values of the typical designer-con-
trolled variables vary from state to state (see Table 5) 
for the results given in Table 8. To examine the 
differences in predicted fatigue life when the de-
signer-controlled variable values were the same for 
each state, the average typical values considering 
all states (PEN=39, AC=5.5, TAC=41, DEN=97) given in 
Table 5 were evaluated. The expected fatigue lives 
predicted were 16.7, 13.5, 11.5,9.0, 11.1, and 10.6 
years for States 1 through 6, respectively. Thus, the 
trend for states in Region 1 to have an expected fatigue 
life about three years greater was still evident. 

Influence of Designer-Controlled Variables 

The regression equations provide the basis for 
evaluating the influence of the designer-controlled 
variables on fatigue life. Because the designer-con-
trolled variables have low correlations (dependency), 
the regression equations can be used to evaluate the 
change in expected fatigue life induced by changes 
in each designer-controlled variable. This allows 
establishment of the relative influence of changes 
in each variable. 

Table 9 summarizes the change in expected fa-
tigue life induced by the maximum change in each de-
signer-controlled variable. The maximum changes in 
each variable for each state are found from Table 4. 
The changes in expected fatigue life were calculated 
using the regression equations given in Table 7. For 

Table 8. EXPECTED FATIGUE LIFE (YEARS) PREDICTED FOR 
THE BEST, WORST, AND TYPICAL C(4BINATIONS 
OF DESIGNER-CONTROLLED VARIABLES 
FOR EACH STATE 

Region 	State 	 Best1 	 Worst1 	 Typical1  

1 	 • 	1 	 24.6 	 8.1 	 14.3 

	

2 	 23.3 	 6.9 	 12.4 

	

3 	 17.8 	 6.9 	 12.3 

Ave. 	 21.9 	 7.3 	 13.0 

2 	 4 	 18.0 	 4.6 	 11.1 

	

5 	 12.3 	 5.1 	 8.8 

	

6 	 14.0 	 5.9 	 9.9 

Ave. 	 14.8 	 5.2 	 9.9 

162 	 Ave. 	 18.3 	 6.3 	 11.5 

1The actual values of the designer-controlled variables (PEN, AC, TAC, 
DEN) differ axosg the states. 
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Table 9. CHANGE IN EXPECTED FATIGUE LIFE INDUCED BY MAXIMUM CHANGE IN EACH 
DESIGNER-CONTROLLED VARIABLE FOR EACH STATE 

	

Total 	 APEN' 	 ATAC' 	 ADEN' 
Change  

	

Region State 	(yr) 	(yr) 	(¼) 	(yr) 	(¼) 	(yr) 	(¼) 	(yr) 	(¼) 

1 	1 	16.5 	4.8 	29 	3.4 	21 	5.5 	33 	2.8 	17 

2 	16.4 	2.3 	14 	3.4 	21 	7.9 	48 	2.8 	17 

3 	11.0 	3.2 	29 	3.8 	35 	2.2 	20 	1.8 	16 

	

Ave. 	14.6 	3.4 	c3 	3.5 	24 	5.2 	36 	2.5 	17 

2 	4 13.5 5.9 44 2.8 21 3.5 26 1.3 9 

5 7.2 0.5 7 1.8 25 2.8 39 2.1 29 

6 8.1 1.6 20 1.8 22 2.9 36 1.8 22 

Ave. 9.6 2.7 28 2.1 22 3.1 32 1.7 18 

1 & 2 	Ave. 12.1 3.1 25 2.8 23 4.2 35 2.1 17 

1The actual values and change in each designer-controlled variable (PEN. AC, TAC, DEN) differ 
among the states. 

example, in State 1 the maximum change in PEN (50-15=35) 
was multiplied by its regression coefficient (0.1380) 
to yield a change in fatigue life of 4.8 years as-
sociated with A PEN. The total possible change in 
expected fatigue life is the sum of changes induced 
by each variable, and is given in Column 3 of Table 9. 
This value was used to express each change in fatigue 
life as a percentage of the total change. The percentage 
changes provide the means for establishing the relative 
importance of each variable in each state. 

In four of the six states, the proportion of as-
phaltic concrete (TAC) was the most important variable. 
In State 3 the asphalt content (AC) was most important, 
whereas in State 4 the asphalt penetration (PEN) was 
most important. In three of the six states base density 
(DEN) was least important, and in the other three states 
asphalt penetration (PEN) was least important. Based 
on the average results for each region, the proportion 
of asphaltic concrete (TAC) was most important and base 
density (DEN) was' least important. 

It should be kept in mind that the relative impor-
tance of each variable is dependent on the specific 
upper and lower limits associated with each designer-
controlled variable. The important point to notice 
about the type of results given in Table 9 is that it 
is possible to evaluate the effect of changes in the 
designer-controlled variables. For example, the changes 
in expected fatigue life for each state induced by a 
specified change in each designer-controlled variable 
are given in Table lO. The change in expected fatigue 
life for the states ranges from 0.3 to 2.8, 0.9 to 
1.9 0  0.8 to 3.3, and 0.6 to 1.4 for the specified 
changes in asphalt penetration, asphalt content, pro-
portion of asphaltic concrete, and base density, re- 
spectively. 	This indicates that the Influence -of 
specified changes In each variable varies for each 
state. However, it is possible to establish the mag-
nitude of the changes in each state, and this infor-
mation is very useful to pavement designers in that 
state. 

The most important influence of the designer-con-
trolled variables is the direction of change induced 
in fatigue life. In every state it was found that 
the fatigue life Increased as the asphalt penetration, 
asphalt content, proportion of asphaltic concrete, and 
base density Increased. Thus, although the magnitude 
of change varied from state to state, 'the direction 
of change was consistent for all states. 

Reliability.  of Fatigue Life Predictions 

In addition to predictions of the expected fatigue 
life, the Bayesian analysis technique quantifies the 
uncertainty in fatigue life predictions. This uncer-
tainty can be expressed in terms of reliability levels, 
reliability being defined as the probability that a 
pavement witha given set of designer-controlled vari-
ables will have a fatigue life equal to or greater 
than a specified number of years. 

In the Bayesian regression model, the uncertainty 
In fatigue life predictions arises from two sources: 
the uncertainty associated with the regression coef-
ficIents,and the uncertainty in the predictions even 
If the regression coefficients are known exactly. The 
former uncertainty can be estimated from the differ-
ences in the regression coefficients between asses-
sors. The latter uncertainty arises due to the inherent 
randomness of the fatigue phenomena. 

The degree of uncertainty is quantified through 
the covarlance matrix of the regression coefficients 
In each state and the dlstrlbutlonof the random error 
term in the regression model. The techniques for estab-
lishing the prior parameters measuring the degree of 
uncertainty (n, 6, and w) from the assessed Informa-
tion are described in Appendix B. 

Because the probability distribution of predicted 
fatigue life is symmetrical (t-distribution), the ex-
pected fatigue life predictions correspond to a 50 
jercent reliability level. That is, for a given pave-
ment there is a 50 percent chance that it will have 
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Table 10. CHANGE IN MEAN FATIGUE LIFE (YEARS) INDUCED BY A SPECIFIED 
CHANGE IN EACH DESIGNER-CONTROLLED VARIABLE FOR EACH STATE 

Region 	State 	6PEN=20 	AAC=1.0 	ATAC30 	tDEN5 

1 	1 	 2.8 	 1.7 	1.9 	 1.4 

2 	 0.8 	 1.9 	2.8 	 1.4 

3 	 1.4 	 1.5 	0.8 	 0.9 

	

Ave. 	1.7 	 1.7 	1.8 	 1.2 

2 	4 	 2.1 	 1.4 	1.3 	 0.6 

5 	 0.3 	 0.9 	3.3 	 1.0 

6 	 1.1 	 1.5 	1.1 	 0.9 

	

Ave. 	1.2 	 1.3 	1.9 	 0.8 

1 & 2 	Ave. 	1.4 	 1.5 	1.9 	 1.0 

the predicted expected fatigue life or greater. An 
alternative interpretation would be that, for any par-
ticular number of pavements, 50 percent of the pavements 
would have the predicted expected fatigue life or 
greater. 	The predicted fatigue life can be found 
for any specified reliability level. 

Table 11 siinmarizes the predicted fatigue life 
values in each state for seven different reliability 
levels. 	The predictions are made for the typical 
level of the designer-controlled variables in each 
state. For example, in State 1 for PEN=30, AC5.5, 
TAC=30, DEN=90, there is a 75 percent chance that 
the fatigue life will be greater than 10.5 years and 
a 25 percent chance that the fatigue life will be 
greater than 18.0 years. Thus, 50 percent of the time 
the fatigue life will lie in the interval between 
10.5 and 18.0 years. 

The results given in Table 11 could be plotted 
to define the cumulative distribution function (CDF)  

for predicted fatigue life. Either the tabulated re-
liability results or the CDF provides a basis for plan-
ning the distribution of maintenance activities over 
time. For example, the results in Table 11 for State 1 
indicate that 10 percent of the pavements would 
require maintenance for fatigue cracking within 6.9 
years from construction, an additional 15 percent of 
pavements in the next 3.6 years (10.5-6.9), and an 
additional 25 percent in the following 3.8 years (14.3-
10.5). Thus maintenance budgets and manpower require-
ments for correction of fatigue distress could be es-
timated. 

OBJECTIVE DATA 

One of the advantages of the Bayesianmethodology 
is that it provides for consideration of objective data 
in addition to subjective data. The ideal source of 
objective data is measurements taken on pavements ex- 

Table 11. PREDICTED FATIGUE LIFE (YEARS) AT SPECIFIED RELIABILITY LEVE9 
FOR TYPICAL DESIGNER-CONTROLLED VARIABLE VALUES IN EACH STATE 

Reliability Level (1) 
Region State 	5 	10 	25 	50 	75 90 95 

1 	1 23.8 21.6 18.0 14.3 10.5 6.9 3.7 

2 20.2 18.4 15.5 12.4 9.3 6.4 4.6 

3 21.0 19.0 15.8 12.3 8.8 5.6 3.6 

2 	4 20.1 18.0 14.6 11.1 7.6 4.2 2.1 

5 14.1 12.9 11.1 9.1 7.1 5.3 4.1 

6 16.2 14.7 12.4 9.9 7.4 5.1 3.6 

'The actual value of the designer-controlled variable differs for each 
state. 
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isting in the field. The field data measurements re-
quired to formulate an objective data set for the 
Bayesian methodology are described in the following 
section. 

.quired Field Data 

The field data required for an objective data set 
are measurements of each of the designer-controlled 
variables (PEN, AC, TAC, DEN) and the time after con-
struction when 10 percent of the wheelpath area of a 
lane exhibits fatigue cracking (fatigue life). Com-
plete data sets are required for a number of different 
projects to generate the objective data base. The ob-
jective data should be gathered in the following steps: 

Identify projects where 10 percent fatigue 
cracking has occurred. 

Examine and select projects that cover the to-
tal range of fatigue life. Attempt to balance the 
number of projects at the extreme ranges of fatigue 
life (very short and very long). However, the data 
set should be selected in balance with actual field 
observations (unbiased). 

Check design traffic for the project against 
actual traffic carried to identify discrepancies. Ad-
just fatigue life in years to account for discrepan-
cies in traffic volume based on equivalent number of 
wheel loads. 

Group projects by environmental region. Envi-
ronmental regions should be based on average yearly 
temperature and rainfall. 

Obtain designer-controlled variable values 
(PEN, AC, TAC, DEN) for each project. 

Selects minimum of 15 projects in each envi-
ronmental region such that the designer-controlled 
variables cover the maximum range possible. 

Once the field data sets are available, a regres-
sion analysis is performed, letting the fatigue life 
(years) be the dependent variable and the designer-
controlled variables the independent variables. The 
regression equation for each environmental region 
should be evaluated for significant differences. If 
minor differences exist, the data from different en-
vironmental regions can be lumped together and a com-
bined regression equation obtained. 

Due to budget and time constraints on this proj-
ect, the only viable source of the desired field 
data was published reports available from each partic-
ipating state. Reports on pavement performance and 
experimental projects potentially containing the de-
sired information were obtained from each state and 
examined. Although the.reports contained a great deal 
of useful information, none of the reports contained 
the desired objective field data. No projects could 
be identified where all the necessary variable values 
had been reported. Therefore an alternate source for 
objective data was sought so that objective data analy-
sis techniques could be illustrated. Thus, if indi-
vidual states wished to examine raw project data files 
to develop the required objective field data, the tech-
niques to analyze the data would be available. 

objective Data Source 

It was decided that the second best source for 
the objective data would be that generated frommecha-
nistic models that predict the fatigue performance of 
pavements. It was recognized that these predictions 
would not be equivalent to field measurements where 
actual performance was observed, and as a consequence 
considerably less confidence could be placed in the 
models developed using the data. 

The computer model PDMAP developed in NCHRP Proj-
ect 1-10B [5] was selected to generate the required  

data. This model computes the maximum tensile strain 
in the asphaltic concrete layer using layered elastic 
theory. 	The asphaltic concrete layer strain value 
is then used in a laboratory-derived fatigue failure 
relationship to predict the fatigue life. The input 
values required for the PDMAP model differ from those 
required for the Bayesian regression model. However, 
techniques were developed to relate the four designer-
controlled variables to PDMAP inputs. The procedures 
used to transform the designer-controlled variable 
values into PDMAP input values, the subsequent inputs 
used, and the model predictions are described in Appen-
dix C. 

Analysis of Objective Data 

The objective data analysis model presented in 
AppendixB was used to develop the Bayesian regression 
model parameters. The results of the analysis of ob-
jective data are presented in Appendix C. Consider-
ation of environmental differences between states re-
sulted in two objective data sets. One data set was 
representative of conditions in Arizona, Florida, Loui-
siana, and Virginia. The regression equation for ex-
pected fatigtie life in these states was: 

E(Y) = -208.08 - 0.4393 (PEN) + 10.1988 (AC) 

+ 0.4091 (TAC) + 1.6644 (DEN) 	(6) 

The multiple correlation coefficient was 0.92 and 
standard error was 5.71. 

The regression equation for Colorado and Utah was: 

E(Y) = -59.37 - 0.1347 (PEN) + 3.6765 (AC) 

+ 0.4277 (TAC) + 0.4155 (DEN) 	(7) 

The multiple correlation coefficient was 0.97 with a 
standard error of 2.05. 

Comparison of the objective data regression equa-
tions with those developed from subjective data (Table 
7) reveals two significant differences. First, the 
objective data coefficients are greater in magnitude 
than are the subjective coefficients. This indicates 
that the computer model PDMAP predicts greater changes 
in fatigue life for given changes in the designer-con-
trolled variables. The second difference was that the 
sign of the regression coefficient for asphalt penetra-
tion (PEN) was negative for objective data and posi-
tive for subjective data. Thus, experienced highway 
engineers felt fatigue life would increase with in-
crease in recovered penetration, whereas the computer 
model predicted a decrease in fatigue life. This dif-
ference arises from the influence of asphaltic concrete 
stiffness on fatigue life incorporated in the computer 
model. It should be noted that research results on 
fatigue relationships also differ on this point [3]. 

COMBINING SUBJECTIVE AND OBJECTIVE DATA 

The Bayesian methodology allows subjective and 
objective data to be systematically combined to yield 
an updated model. The model parameters resulting from 
the combination are termed posterior parameters. 
Ideally, objective data would be gathered in the field. 
Consequently, more confidence would be placed in the 
posterior estimates than in the prior estimates. How-
ever, in this study no objective field data were avail-
able. Therefore objective data were generated using 
a theoretical prediction model so that the procedure 
for updating could be illustrated. The posterior re-
sults should be viewed as illustrative only until field 
data are available to incorporate the posterior esti-
mates. 
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Eqs. 2 through 5 provide the mathematical basis 
for obtaining posterior estimates. The required inputs 
to these equations are given in Appendix B for sub-
jective data and in Appendix C for objective data. 
The prior, data, and posterior regression coefficients 
for each state are summarized in Table 12. It can 
be seen that the signs of the posterior regression 
coefficients differ among the states. Thus, even though 
the prior regression coefficients were consistent in 
sign for every state, the addition of objective data 
resulted in differences in the signs of coefficients 
in the posterior estimates. 	It is felt that the 
primary reason for the changes in sign of the pos-
terior regression coefficients is the difference in 
the sign of the asphalt penetration (PEN) coefficient 
between the prior and objective data results. As pre-
viously discussed, this quantifies the difference in 
the role of asphalt consistency on fatigue life as 
perceived by experienced highway engineers and that 
predicted using PDMAP. Collection of field data for 
pavements with soft and hard asphalts should pro-
vide information on which this difference could be 
resolved. 

These results emphasize the importance of col-
lecting objective data from the field before utilizing 
posterior results as abasis for recommendations. Be-
cause the objective data ised in this study were gen-
erated using a number of assumptions to translate 
th-designer-controlled variables into input param-
eters for the computer prediction model (Appendix 
C), itisfelt that thevaluesof the postetior param-
eters should be viewed as illustrative, and inter-
pretation of the posterior results is not warranted. 
If a materials testing program were used to determine 
directly the inputs to the PDMAP model, this would. 
provide a means to substantially increase confidence 
in the PDMAP predictions, and thus in the posterior 
results. However, a posterior analysis conducted using 
objective data gathered in the field would be preferred 
over any model predictions. If field data are used 
as an objective data source, the posterior estimates 
would be the results of primary interest. The Bayesian 
theory guarantees that as the amount of objective data 
increases, the posterior estimates converge to that 
indicated by the objective data, regardless of the 
prior estimates. 

Table 12. SUMMARY OF PRIOR AND POSTERIOR BAYESIAN REGRESSION COEFFICIENTS 
(bk) TO PREDICT MEAN FATIGUE LIFE (E[yJ) FOR EACH STATE' 

Coefficients of Regression Model 
Data 	b1 	 b2 	b3 	b4 	b5  

State 	Type 	(Constant) 	(PEN) 	(AC) 	(TAC) 	(DEN) 

1 Pridr -27.29 0.1380 1.6926 0.0645 0.2753 
Data -208.08 -0.4393 10.1988 0.4091 1.6644 

Posterior -27.07 0.1114 0.4313 0.1158 0.2775 

2 Prior -29.56 0.0423 1.9061 0.0932 . 0.2803 
Data -59.37 -0.1347 3.6765 0.4277 0.4155 

Posterior 10.83 -0.0647 -0.1731 0.2502 -0.0582 

3 	- Prior -18.06 0.0704 1.5148 0.0280 0.1792 
Data -59.37 -0.1347 3.6765 0.4277 0.4155 

Posterior -9.64 0.1016 -1.6906 0.0680 0.2269 

4 Prior -17.01 0.1074 1.3826 0.0422 0.1280 
Data -208.08 -0.4393 10.1988 0.4091 1.6644 

Posterior -26.08 0.0037 2.1456 0.1402 0.2056 

5 Prior -19.10 0.0156 0.9197 0.1093 0.2064 
Data -208.08 -0.4393 10.1988 0.4091 1.6644 

Posterior -41.62 -0.0164 0.7207 - 	0.2499 0.3853 

6 Prior -18.52 0.0525 1.5384 0.0362 -0.1764 
Data -208.08 -0.4393 10.1988 0.4091 1.6644 

Posterior -20.96 0.0302 1.9818 0.0951 0.1849 

'E[yIxJ = b1  + b2  (PEN) + b3  (AC) ± b4  (TAC) + b5  (DEN) 

Where: y = fatigue life (years) 
x = (PEN, AC, TAC, DEN) 

Ely Ix) = expected fatigue life given x. 
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The two major objectives of the investigation 
-covered by this report are: (1) development of a 
procedure based on Bayesian statistical concepts for 
verifying recommendations to minimize pavement dis-
tress, as developed from NCHRP Project 9-4; and (2) 
implementation of a pilot program to verify the use 
of such procedures for the specific distress mode of 
cracking from repetitive traffic loading. 

Chapters One and Two provide information concern-
ing the specific approach and procedures used and the 
findings obtained by the investigation; this chapter 
relates those developments and findings to the proj- 
ect objectives. 	It becomes apparent in discussing 
findings related to Objective 1 that the development 
of the Bayesian procedure for application to highway-
type problems is considered an important finding that 
is not limited to the type of distress (fatigue crack-
ing) used in the pilot implementation. Thus, a general 
discussion of the development aspects, as well as 
specific applications, is included in each Section. 

Considerable emphasis is given in this report to 
the acquisition and analysis of the subjective data. 
It is believed that this phase of the project offers 
the greatest opportunity for exploitation by user agen-
cies. The reduced role of the objective data was also 
influenced by a lack of appropriate field data from any 
of the participating states. The lack of objective 
information is understandable, considering the amount 
of resources required to obtain such information. Hence 
the subjective priors are even more important because 
they represent virtually the entire data base of infor-
mation. 

INTERPRETATION AND APPRAISAL 

It is demonstrated in the findings that a suitable 
procedure has been developed for use of the Bayesian 
methodology. In reaching this judgment it has been 
demonstrated that: (1) the methods used to obtain the 
subjective priors were compatible with the ability of 
highway engineers to respond to the questions posed 
as part of the data acquisition phase; (2) the methods 
of analysis have provided the type of information that 
can be useful to highway engineers; (3) objective in-
formation can be combined with the subjective priors 
to produce a procedure for continuously improving the 
reliability of .the initial relationships; and (4) the 
procedures used are technically sound and comply with 
the basic theory applicable to the Bayesian method-
ology. 

Bayesian Methodology 

Advantages. Major advantages and strengths of 
this methodology as developed and applied to highway 
engineering problems by this investigation are: (1) 
rapid and relatively inexpensive generation of a large 
data base; (2) quantification of engineering experi-
ence into a usable set of relationships; (3) involve-
ment of agency personnel in the engineering policy 
processes; and (4) rapid evaluation of research find-
ings that are based on a limited amount of data. The 
method is based on sound statistical principles and 
provides a systematic and objective procedure for an- 

alysis. The ability to continually update the findings 
by use of additional priors or objective data offers 
a technical advantage not available through any other 
procedure. It is likely that future developments will 
make it possible to analyze the responses of each 
assessor as part of the interview process, through 
an interactive computer program operable from remote 
portable terminals. Such techniques will allow im-
mediate evaluation of the responses and feedback to 
the assessors. An initial model to accomplish this 
is reported on by Kadane et al. [17]. 

Disadvantages. A number of disadvantages to the 
methodology must also be considered, including: (1) 
the need for technical expertise not now generally 
available in state agencies; (2) the practical limita-
tion of four independent variables in the regression 
equation; (3) the potential difficulty of finding know-
ledgeable assessors for the problem(s) being consid-
ered; and (4) the need to be able to define and de-
scribe the dependent and independent variables relevant 
to the particular problem under study. These four fac-
tors are discussed as follows: 

Use of Bayesian methodology requires consider-
able knowledge of probability and statistics, and par-
ticularly of Bayesian statistics. The need for this 
knowledge by most highway agencies is limited but in-
creasing. Several states included in the study do have 
personnel who are knowledgeable in Bayesian procedures 
or who, with some additional training, could become 
knowledgeable. 	Such training would be advantageous 
in other areas as well, such as data analysis, data 
processing, and pavement management systems in which 
predictive models and data management are involved. 

Although there are no theoretical constraints 
on the number of independent variables that can be 
included in the regression model, there is a practical 
limit to the number that can be.considered by amasses-
sor. Trial assessments indicate that four independent 
variables are the practical maximum the assessors can 
simultaneously consider. (The Bayesian procedure is 
not unique in this regard; any manageable research 
activity must constrain itself to inclusion of a limit-
ed number of factors.) Many engineers believe that 
most problems can be related to three or four control-
ling factors, and that if the designer can control 
these factors, themost significant aspects of most 
engineering problems will have been resolved. This 
approach, however, requires that a considerable amount 
of effort be assigned to the planning phase; it is 
important to identify carefully and list in order 
of priority those variables to be included in the 
interview process. 

Finding knowledgeable assessors may be diffi-
cult, particularly inareas where only a limited amount 
of experience is available. Criteria for selection 
of assessors are important. 	In some situations it 
may be necessary to reject information obtained from 
specific assessors, based on their responses during 
the interviews. However, as with any data collection 
procedure, extreme care must be exercised in eliminat-
ing assessors who have passed the screening criteria. 
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It is recommended that the assessors be involved in 
the selection of variables to be included in the regres-
sion equation (see App. A), as well as in the inter-
views. Some screening of assessors may be possible 
prior to formal interviews if this procedure is fol-
lowed. 

4. Clarity in defining and describing both the 
dependent and independent variables is extremely im-
portant, not only in the Bayesian methodology, but 
also in any engineering investigation. The assessors 
must feel comfortable with the process and understand 
specifically what is expected of them. This phase 
will require a considerable amount of time, and in 
some cases a satisfactory conclusion may not be 
achieved without some reevaluation of the problem and 
its objectives. This can be illustrated by the example 
of one of the States (State 5) involved in the Study. 
In this instance the assessors had virtually no exper-
ience on primary or mainline highways with an unstabi-
lized base, and therefore fatigue in the asphaltic con-
crete was not a primary determinant of cracking. It 
was discovered, however, that the assessors couldre-
spond to inquiries if the dependent variable was changed 
to service life rather than fatigue life. This was done, 
and the process was completed using the same dependent 
variables (life of pavement in years) as originally 
proposed. 

It is felt that inmost situations the advantages 
of the Bayesian methodology far outweigh the disadvan-
tages, and the procedures offer the ability to generate 
useful information with considerable speed. Expertise 
and careful planning are the main ingredients required 
to produce reliable and understandable results. 

A most significant aspect of the investigation 
was the need to develop procedures for obtaining sub-
jective information in a format that was meaningful 
to highway engineers, and in such a way as to satisfy 
the theoretical requirements of the analysis tech-
niques. 

The general procedure used and recommended for 
other investigations requires two steps: first, a 
preliminary questionnaire to identify and rank order 
the factors involved; second, a formal interview pro-
cedure to obtain the priors. In the specific applica-
tion discussed, the dependent variable was directly 
related to the need to develop designer-controlled 
recommendations to minimize fatigue cracking in asphal-
tic pavements. In other applications the first step 
would be to identify the information considered most 
useful or the dependent variable for which the data 
acquisition phase would seek some type of empirical 
prediction model. 

In this study, the first step comsistedof a pre-
liminary questionnaire (App. A). Basedon the re-
sults of the preliminary questionnaire given imTables 
1, 2, and 3, four independemt variables were selected 
for use in the implementation phase of the project. 

Selection of Assessors. The selection of asses-
sors is clearly an extremely important aspect of the 
successful use of the Bayesian methodology, because 
the subjective branch, at least, will depend on the 
responses obtained from them. No specific criteria 
for selection of assessors for all applications of 
the Bayesian methodology seem possible; however, some 
general comments are appropriate. Length of experience 
is one of the primary requirements for an assessor. 
The type of experience is also important; specifically, 
the assessor should have had experience associated with 
the problem being investigated. 

It should benoted that most of the assessors had 
only a limited amount of experience with full-depth 
asphaitic concrete construction, making it necessary 
for them to extrapolate on the basis of past exper-
ience, primarily with other types of pavement construc- 

tion. Such extrapolation would appear to be a definite 
application of the Bayesian methodology. For example, 
when new or unfamiliar concepts such as full-depth 
construction are advocated, it is generally necessary 
for the decision maker to make a commitment based 
primarily on research results. In-house judgment would 
be another valuable source of information. How does 
my staff feel on the subject and how can I quantify 
their judgment? The Bayesian procedures would provide 
specific quantification of opinions based on the ex-
trapolations of highly qualified personnel with many 
years of experience. 

The interviews represented an intensive period 
of probing the assessors to obtain their best responses 
to the various situations posed, based on four indepen-
dent variables. In this way engineers were forced to 
quantify what had previously been a loosely expressed 
opinion. The assessors, without exception, were co-
operative and diligent in their efforts to estimate 
the occurrence of fatigue cracking and, in spite of 
the difficulties experienced, were able to respond 
with considerable confidence to the questions posed 
during the interviews. 

Impi elnentat ion 

Results from the analysis of subjective priors are 
presented in the form of regression equations, as 
summarized in Chapter Two, Appendix B, and in a separate 
volume of this report. [Not published in the NCHRP 
Series. Available on a loan basis from the Program 
Director, NCHRP, Transportation Research Board, 2101 
Constitution Ave. , N.W., Wash., D.C. 20418.] From these 
equations it is possible to draw a number of inter- 
pretations depending on the particular interest of 
the analyst. Some of those considered of interest by 
the investigators are briefly summarized in the fol-
lowing pages; further discussion of the results can 
also be found in the following pages. 

From the subjective priors it is possible to ob-
tain information concerning the expected life cycle 
of a pavement as defined by the number of years from 
the time of initial traffic application until approx-
imately 10 percent of the wheelpath area exhibits 
cracking. In this case, the mean fatigue life cycle 
was predicted to be 14, 12, 12, 11, 9, and 10 years 
for States 1 through 6, respectively, based on typical 
values for design, materials, and construction. States 
1, 2, and 3 (Region 1) are located in areas where 
rainfall is approximately one-third that in States 
4, 5, and 6 (Region 1). The reduced life cycle esti-
mates are compatible with this environmental condi-
tion. 

The analysis of subjective priors provides ameth- 
od for estimating the mean fatigue life, as well 
as the probability that premature cracking will occur 
at any given number of years. The latter interpre- 
tation of the results is given in Table 13. "Reli-
ab i].ity" is defined as the probability that a pavement 
wi 11 have a fatigue life (10 percent wheelpath crack-
ing) equal to or greater than the specified number 
of years given in Table 13. The mean fatigue life 
corresponds to the 50 percent reliability level. 

Based on Table 13, it can be concluded that, 
in the experience of the assessors, there is a 10 
percent chance that significant cracking will occur 
within four to seven years (90 percent reliability), 
and a 25 percent chance within seven to ten years 
(75 percent reliability). Conversely, there is a 10 
percent chance that pavements may survive up to 13 
to 22 years (10 percent reliability), depending in each 
case on the state involved. From a planning inter- 
pretation for State 6 it should be estimated that 
10 percent of all new construction will require main- 
tenance after five years of service, and 90 percent 
of pavements constructed within the given state will 



Table 13. ESTIMATED FATIGUE LIFE (YEARS) AT VARIOUS LEVELS OF RELIABILITY FOR 
TYPICAL VALUES OF DESIGNER-CONTROLLED VARIABLES 

Relia- 
bility 	 Estimated Fatigue Life (yrs) 
Level (%) 	State 1 	State 2 	State 3 	State 4 	State 5 	State 6 

17 

10 22 

25 18 

50 14 

75 10 

90 7 

18 	 19 18 13 15 

16 	 16 15 11 12 

12 	 12 11 9 10 

9 	 9 8 7 7 

6 	 6 4 5 5 

require maintenance in 15 years. Such information 
should be useful in planning maintenance budgets. 

The most significant interpretation deals with 
use of the regression equations as a design guide 
to increasing the fatigue life cycle of asphaltic pave-
ments based on adjustments of the four variables in-
cluded in this study. 

The major objectives of the implementation phase 
were (a) to demonstrate the methodology and (b) to 
develop results to provide a basis for verification 
of the recommendations made inNCHR.P Project 9-4 con-
cerning designer-controlled procedures to minimize 
premature cracking in asphaltic concrete pavements 
[1,2,3]. 

The objective of the NCHRP Project 9-4 was to 
prepare a series of recommendations dealing with ma-
terials specifications, mix design criteria, struc-
tural materials selection, and construction require-
ments that can be used by the designer to reduce the 
possibility of premature cracking in asphaltic concrete 
and todiscuss procedures for verification of the rec- 
ommendations. 	The recommendations assumed that an 
acceptable method for structural design was available 
to the designer and that the methods incorporated such 
factors as traffic, subgrade support, and some recog-
nition of the environment. 

Three types of distress were included in both 
NCHRP Project 9-4 and NCHRP Project 9-4A: reflection 
cracking, low-temperature cracking, and fatigue crack-
ing. In this pilot program, the Bayesian methodology 
was implemented for fatigue cracking only. 

To facilitate the comparison of recommendations 
contained in NCHRP Project 9-4 with those developed 
under this investigation, appropriate portions of the 
9-4 study jare included here for ready reference. 

Refi ection Cracking 

The final report for NCHRP Project 9-4 defines 
reflection cracking and identifies procedures used 
to minimize the occurrence of such cracking. Reflection 
cracking was defined as the".., cracking of a surface 
or overlay above underlying cracks or joints." A 
somewhat more general definition of reflection cracking 
is the surface replication of joints and cracks in 
the underlying layers of the pavement and foundation 
materials. 

It was concluded from NCHRP Project 9-4 efforts 
that, although considerable field experience and some 
laboratory investigations have been described in the 
research literature, general solutions to the problem 
of reflection cracking are' still in the early stages 
of development. The designer-controlled recommenda- 

tions for the control of reflection cracking as given 
in NCHRP Project 9-4 are given in Table 14. A consoli-
dated comparison between findings in NCHRP Project 
9-4 and 9-4A is given in Table 15. 

If one were to interpret the rankings provided 
by the NCHRP Project 9-4A preliminary questionnaire, 
it would be concluded that retained flexibility of 
the overlay was considered of prime importance in min-
imizing reflection cracking; e.g., asphalt consis-
tency, asphalt durability, asphaltic concrete stabil-
ity, and aggregate fillers. The secondmost important 
consideration was the development of some type of inner 
layer (such as a stress-relieving layer) or use of 
heater scarification. 

The recommendations in NCHRP Project 9-4A provide 
a somewhat different and more pragmatic approach to 
the control of reflection cracking when compared with 
the recommendations from NCHRP Project 9-4. In this, 
case, theNCHRP Project 9-4 recommendations arebased 
on a limited amount of research and field data that 
have produced a somewhat abbreviated set of recommen- 
dations. 	It is pertinent to note that three of 
the four designer-controlled recommendations from 
NCHRP Project 9-4 were included in the rankings of 
important factors obtained from the preliminary 
questionnaire. 

Lok-Temperat ure Cracking 

Low-temperature cracking manifests itself as tra-
verse cracking in the asphaltic concrete surface layer. 
For purposes of this investigation, low-temperature 
cracking is considered to be uniquely associated with 
the asphaltic concrete system and not due to reflec-
tion cracking of underlying aggregate systems, which 
may also be affected by low-temperature volume change. 

The recommendations in NCHRP Project 9-4 empha-
sized the selection of asphalt grade as the designer-
controlled variable for the asphalt property. The other 
factors were discussed in NCHRP Project 9-4; however, 
no other factors were specifically mentioned in the 
recommendations, inasmuch as specifications do not 
now provide for choices in such factors as asphalt 
temperature susceptibility, durability, or ductility 
beyond what is contained in the standard specifica-
tions. 

The stiffness or pseudo-elastic modulus of the 
asphaltic concrete is considered by most research in-
vestigators as the dominant determinant of low-tem-
perature cracking. At the present time, mixture stiff-
ness is considered beyond the experience of most asses-
sors and hence was not included in the preliminary 
questionnaire for NCHRP Project 9-4A. 



Increase flexibility 

Stress-relieving layers 

Breaking and seating 
portland cement concrete 

Overlay thickness 

Overlay thickness 
(overlay thickness) 

Asphalt consistency 
(flex lb ii jt ) 

Remove and replace 

Asphalt durability 
(flexibility) 

Stress relieving layer 
(stress relieving layer) 

Aggregate gradation 

Asphaltic concrete stability 
(flexibility) 

Heater-scarification 
(stress relieving layer) 

Essentially sound - some  Repair or replace expansion joint sealant. 
rocking slabs and faulted  Subseal with asphalt or pressure grout 
joints with minor cracking. with portland cement mortar as required. 

 Place bond breaker (e.g., stone dust) at 
joints and cracks. 

 Construct asphalt-treated aggregate 
cushion course minimum 4 in. thick with 
3- to 4-in, leveling and surface layers. 

 Modify asphalt 	ix to increase resistance 
to cracking by: 

Using higher penetration asphalt at 
higher'asphalt contents 
Using fillers such as limestone dust, 
asbestos fibers, and carbon black 

c.. 	Designing mix to obtain low field air 
voids 

d. 	Modify asphalt by chemically incor- 
porating rubber, preferably after the 
overlay is in place. 

Table 14. RECOMMENDATIONS FOR PROCEDURES TO MINIMIZE REFLECTION CRACKING 
ASPHALT CONCRETE OVERLAYS ON PORTLAND CEMENT CONCRETE PAVEMENTS 

Condition of 
Underlying Surface 	- 	 Designer-Controlled Recommendations  

Table 15. DESIGNER-CONTROLLED VARIABLES ASSOCIATED WITH OCCURRENCE 
00 

OR CONTROL OF REFLECTION CRACKING 

NCHRP 9_41 
	

NCHRP 9-4A2  

Moderately cracked - rocking 	1. 
slabs and faulted joints 	2. 

3. 

4-. 

5. 

Badly broken 	 1. 

2. 

3. 

Repair or replace expansion joint sealant. 
Subseal with asphalt or pressure grout 
with portland cement mortar as required. 
Seat by heavy rolling with hammering as 
necessary to initiate cracking. 
Construct asphalt-treated aggregate 
cushion course minimum 4 in. thick with 
3- to 4-in, leveling and surface layers. 
See Item 5 under "Essentially Sound" 
category. 

Seat by heavy rolling with hammering as 
necessary to initiate cracking. 
Construct asphalt-treated aggregate cushion 
course minimum 4 in. thick with 3- to 4-in. 
wearing course. 
See Item 5 under "Essentially Sound" 
category. 

9. Fillers to aggregate system 
(flexibility) 

'Not in rank order; descriptive of design considerations available 
to designer. 

2Listed according to rank order from Table 2. Age not included because 
this is not a designer-controlled variable. 

3Terms in parentheses illustrate how NCHRP 9-4 recommendations relate 
to NCHRP 9-4 findings. 

1Reference final report NCHRP 9-4. 

2Have not been documented by field experience; would require further investigation 
but appear to be more economical than remaining alternatives. 
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Table 16 summarizes the designer-controlled var-
iables considered in NCHRP Project 9-4A and types 
of recommendations from NCHRP Project 9-4. The first 
four factors identified by the assessors relate to as-
phalt properties; two relate to asphaltic concrete 
characteristics, and one to the structural section 
design. Emphasis in NCHRP Project 9-4 was given to 
asphalt properties (i.e., consistency) because this was 
the most susceptible to control by the designer. 

It is significant that the consensus of the as-
sessors ranked asphalt ductility to be of primary 
importance in influencing low-temperature cracking. 
Except for the Washington Department of Highways, no 
significant research in asphalt ductility pertaining 
to low-temperature cracking is in progress in the 
United •States. Some discussion of this factor was in-
cluded in the final report for NCHRP Project 9-4. 

Fatigue Cracking 

Tables 17, 18, 19, and 20 summarize the designer-
controlled recommendations to minimize fatigue crack-
ing of asphaltic concrete. These tables are taken from 
the final report for NCHRP Project 9-4 and are related 
to those factors included in NCHRP Project 9-4A. 

Table 21 is a consolidated comparison of results 
from the preliminary questionnaire, priors, and NCHRP 
Project 9-4 recommendations. It is apparentfrom a 
comparison of the results from the preliminary ques-
tionaire and analysis of priors that the rank order 
may change with the need to quantify one's thoughts 
through, the interview and analysis procedure. 

Therefore, caremust be exercised in interpre-
tation of results obtained from a questionnaire such 
as that presented in Appendix A. A major portion of 

Table 16. DESIGNER-CONTROLLED VARIABLES 
ASSOCIATED WITH OCCURRENCE OR 
CONTROL OF LOW-TEMPERATURE CRACKING 

	

NCHRP 9_41 
	 NCHRP 9-4A2  

Properties of asphalt 	 1. Asphalt ductility 
(asphalt properties) 

Structural section design- 
increase thickness of asphaltic 	2. Asphalt consistency 

concrete - 	 (asphalt properties) 

Asphalt temperature 
susceptibility 
(asphalt properties) 

Asphalt durability 

(asphalt properties) 

Asphalt concrete tensile 

strength 

6.. Thickness of asphaltic 
concrete (structural 

section design) 

7. Asphaltic concrete stability 

1 Not in rank order; descriptive of designer considerations. Specific 
recommendations are contained in References (Ij and [2]. 

2Listed according to rank order from Table 3. 

3lerms in parentheses illustrate how NCHRP Project 9-4 recommendations 

relate to NCHRP Project 9-4A findings. 

Table 17. RECOMNENDATIO9 FOR SELECTION OF 
ASPHALT CEMENT 

	

Tnickness of 	 ' 	 Asphalt 	 Cement Grade 

Asphaltic Concrete 	Climate 2 	AASHO M20 	 AASHO 9226 

<3 	 Cold 200-300 AC-S 

Moderate 85-100 AC10 

Hot ' 85-100 AC-iD 

4-6 	 Cold 120-I50 AC-S 

Moderate 85-100 AC-b 

Hot 60-70 AC-20 

>7 	 Cold 120-150 AC-S - 	Moderate 60-70 AC-20 

Hot 40-50 AC-403  

'Reference: final report NCHRP Project 9-4. 

2Cold: minimum ambient temperature of 0 F. special considerations for 
lower temperatures. Moderate: maximum ambient temperature of 100 F. 
Hot: maximum ambient temperature greater than 100 F. 

3gequires rejuvenating seal to avoid surface disintegration. 

Table 18. RECOMMENDATIONS FOR MIX DESIGN OF 
ASPHALTIC CONCRETE' 

Voids (2) in Mineral 

Aggregate Based on 

Maximum Aggregate Size 

Total Vois 

Stability2 	 1/2 	3/4 	1-1/2 	 in Mm 

in. 	in. 	in. 

No change from 	 15 	14 	12 	 3 to 6 

current practice 

for upper 6 in. 

of surface layer. 

Reduce stability in 	 15 	14 	12 	 3 to 6 

lover layers according 

to traffic but tenta-

fively not lesu tha2 30 

by Hveem stability 

or500 lbs. by Marnhuli 

atability 

1geference: final report. NCHRP Project 9-4. 

2For conventional dense-graded mixes; local experience to be used for 
special mix types such as sand-asphalt, open-graded, or emulsion 

misc a. 

34sm Designation D2041-64T or AASHO Designation 1209-64 Masimam 
Specific Gravity of Bituminous Paving Mixtures (or equivalent).' 

4ASTM Designation D1560, Resistance to Deformation and Cohesion of 

Bituminous Mixtures by means of Hveem Apparatus. 

5ASTM Designation 01556. Resistance to Plastic Flow of Bituminous 

Mixtures Using Marshall Apparatus. 

Table 19. RECOMMENDATIONS FOR AIR VOIDS' 
REQUIREMENTS TO BE INCLUDED 
CONSTRUCTION SPECIFICATIONS2'9  

	

Air Voids 	 102 

Depth of Asphaltic 	 Light 	 Moderate to 

Concrete (in.) 	 Traffic 	 Heavy Traffic 

<6 	 7 	 6 

>6 	 6 	 5 

1Determined from cores in accordance with ASTM Designation D2041-64T 

or AASHO Designation T209-64. 

2Specifications should be written to assure that no more than 15 

percent of the area exceeds the indicated values. 

3geference: final report, NCHRP Project 9-4. 

4Compacted in layers of not less than 3 inches. 
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Table 20. RECOMMENDATIONS TO MINIMIZE FATIGUE 
CRACKING IN ASP}IALTIC CONCRETE DUE TO 
PROPERTIES OF THE UNTREATED AGGREGATE' 

Designer-Controlled 
Activity 	 Designer-Controlled Recos.uendations 

Design 	 1. Structural section to be composed of at 
least 50% (by thickness) of asphaltic 
concrete.2  

2. Under conditloss where saturation or near 
saturation can occur some positive drainage 
system should be provided to eliminate the 
accumulation of water in the aggregate. 

Construciion 	 1. ResilIent modulus is increased by increusing 
density; deslgnr should specify the maximum 
density possible based on past experience 
or on special test projects. 

References: Final report, NCHRP Project 94 

2 If by testing or by field observations the 50% amount can be shows to be 
too conservative, a reduction coaid be permitted. 

the difference between the results of the preliminary 
questionnaire and the results derived from prior as-
sessments is that no range of variation of variables 
was mentioned in the preliminary questionnaire and 
was precisely defined in the interview process. 

A comparison to factors considered in NCHRP Proj-
ect 9-4 is also given in Table 22. Those items noted 
as "yes" indicate that specific designer-controlled 
recommendations were provided. The term "indirectly" 
indicates that the factors were considered and eval-
uated by means of a mechanistic (linear-elastic layered 
system) analysis, and in most cases specific recom-
mendations were made. The subsurface drainage factor 
was considered inNCHRP Project 9-4 studies; however, 
recommendations were based solely on available liter-
ature and not on any specific analysis included In 
the study. 

A comparisonof the analysis of the priors seems 
to verify the research findings summarized In NCHRP 
Project 9-4, with one significant exception. Specif-
ically, the general response of the assessors would 
indicate an over-all preference for the softer grades of 
asphalt regardless of the thickness of the asphaltic 
concrete layer. In NCHRP Project 9-4 It was noted 
that a preponderance of the research findings seemed 
to prefer the harder grades with the thicker asphalt 
layers, although some findings were not completely 
in agreement with this conclusion. It would appear 
that there is still some question regarding the Optimum 
grade of asphalt (hard versus soft) to minimize fatigue 
cracking of asphaltic concrete. Based on the apparent 
differences in research findings and experience, fur-
ther studies are indicated as desirable. 

Research findings have emphasized the importance 
of air voids in determining the fatigue properties 
of asphaltic concrete. Most practicing engineers are 
not familiar with this factor as it relates to the 
occurrence of fatigue distress. It has been used as 
a laboratory criterion for mix design, and is primarily 
related to minimizing the aging of the asphalt cement. 
However, it should be noted that asphalt content and 
air voids are highly correlated. That is, a high as-
phalt content implies a low air void content, and 
vice versa. 

Asphalt durability ranked number 4 by consensus 
of the assessors in all states in the preliminary 
questionnaire (Table 1). In this regard the assessors 
had mmmd the aging or rate of hardening that takes 
place in the asphalt cementwhile in service. Unfor-
tunately, the tests for durability used in speci-
fications do not, In the opinion of the researchers,  

accurately identify consistency of an asphalt for in-
service pavements. These in-service properties will 
be influenced, not only by the aging characteriètics 
of the asphalt, but also by air voids, climateS  (tem-
perature, percentage of sunny days, rainfall, etc.), 
and initial grade of asphalt selected. 

In order to incorporate asphalt durability into 
the interviews to obtain priors, it was decided to 
base responses on asphalt consistency after three to 
five years of service. In this way the major considera-
tion is the in situ asphalt consistency, regardless 
of how it was developed. The assessors indicated that 
they would feel "comfortable" with this expression, 
and that it would reflect the durability properties of 
the asphalt. 

Summary 

Based on the general developments and findings 
reported in Chapter Two and in the related appendices, 
a method of converting experience into quantitative 
results has been demonstrated. Some difficulties in 
implementation have been discussed; however, no general 
modifications in the process are needed or suggested. 
In any specific use, some modifications in details 
should be anticipated; however, no changes in the pro-
cess are recommended and no additional studies are 
considered necessary at this time. 

Insofar as the process is concerned, the major 
requirement will be to familiarize engineers with the 
technique and, with proper technical support, to apply 
the techniques to a range of problems. 

The implementation of the process to fatigue 
cracking has produced a series of relationships that 
generally confirm the recommendations in NCHRP Project 
9-4. Direct comparisons have not always been possible; 
however, it seems clear that, based on the judgments 
obtained in this study from highly qualified and ex-
perienced engineers, pavement designers can have Con-
fidence in most recommendations made in NCHRP Project 
9-4 to control premature cracking. 

Combining objective and Subjective Data 

One of the major advantages of the Bayesian pro-
cedure is its ability to combine subjective data with 
objective data to produce the most reliable prediction 
models possible. The usual situation for use of these 
procedures will exist when there is a general lack of 
objective data, or when no data are presently available 
and a considerable amount of time and resources would 
be required to obtain such information. 

Such was the case for this investigation; no sig-
nificant amount of usable objective data existed.There-
fore, in order to illustrate this aspect of the meth-
odology, data were developed from prediction models 
of distress from other NCHRP projects. 

The need to develop alternate resources for the 
objective data rather than actual field measurements 
may detract from the quantitative interpretation of 
the combined results, but does not detract from the 
potential utility of the method. The significant in-
terpretation to be obtained is that a procedure has 
been developed for combining the two types of data 
when circumstances permit such a possibility. Pro-
cedures for combining data are given in Chapter Two 
and Appendix B. 

APPLICATION OF FINDINGS 

Comments on applications are subdivided here into 
three sections: (1) based on findings from the imple-
mentation of the Bayesian technique to fatigue crack-
ing; (2) some potential applications other than fatigue 



Table 21. DESIGNER-CONTROLLED VARIABLES ASSOCIATED WITH. OCCURRENCE OR Table 22. RANK OF DAMAGE FACTORS ASSOCIATED WITH FATIGUE CRACKING 

CONTROL OF FATIGUE CRACKING 
BASED ON RESULTS OF PRELIMINARY QUESTIONNAIRE 

Rank Order and Recommendations for Designer- 
Rank1  

Frequenc 	of Included in 
NCHRP 9-4 

Controlled Variables Damage Factor 	Occurrence 

State NCHRP 9-4A NCHRP 9_42 

Questionnaire Priors' Recommendations 1 Asphalt consistency 	4 Yes 

2 Asphalt content 	 3 Yes 

1 DEN 1 TAC - 100% TAC - 50-75% 

2 AC 2 PEN - 	SO PEN - 40-50 3 Proportion of as- 	4 Yes 

3 PEN 3 AC - 6.5% AC 	- . 	2-5% voids 	, . phaltic concrete 

4 TAC 4 DEN - 100% DEN - Maximum 
4 Asphalt durability 	- 	3 Indirectly 

2 1 TAC 1 TAC - 100% TAC - 50-75% 

2 PEN 2 AC - 6.6% AC 	- 2-5% voids 5 Untreated aggregate 	2 Yes 

3 AC 3 DEN - 100% DEN - Maximum density 

4 DEN 4 PEN - 	70 PEN - 60-70 
6 Untreated aggregate 	2 Indirectly 

3 1 PEN 1 AC - 7.0% AC 	- 2-5% voids stability 

2 AC 2 PEN - 	50 PEN - 60-70 

3 TAC 3 TAC - 100% TAC - 50-75% 7 Subgrade density 	 2 Indirectly 

4 DEN 4 DEN - 102% DEN - Maximum 
8 Mix air voids 	 21 Yes 

4 1 
2 

TAC 
PEN 

1 
2 

PEN 
TAC 

- 	70 
- 100% 

PEN - 
TAC - 

60-70 
50-75% 9 Subsurface drainage 	2 Reference only. 

3 AC 3 AC - 	7.0% AC 	- 2-5% voids 

4 DEN - 	4 DEN - 105% DEN - Maximum 10 . 	Subgrade strength 	1 - 	Indirectly 

5 1 
2 

TAC 
PEN 

1 
2 

TAC 
DEN 

- 	37% 
- 102% 

TAC - 
DEN - 

50-75% 
Maximum 	. Based on combined analysis of preliminary questionnaire, all six states 

3 DEN 3 AC - 6.0% AC 	- 2-5% voids (Table 1). 

4 AC 4 PEN - 	50 PEN - 60-70% 
2Number of times the damage factor was included in the top five 

6 1 AC 1 TAC - 100% TAC - 50-75% damage factors in preliminary questionnaire in state-by-state 

2 PEN 2 AC - 5.2% AC 	- 2-5% voids consensus (Table 1);maximum possible would be six out of six states. 

3 DEN 3 DEN - 102% DEN.-  Maximum 

4 TAC 4 PEN - 	55 PEN - 60-70 

'Values associated with each designer-controlled variable are those 
yielding the longest mean fatigue life. Variable definitions are: 

TAC - proportion of asphaltic concrete 
PEN -penetration of asphalt after 3 to 5 years of service 
AC - percent asphalt by total weight of mix 
DEN - relative density based on AASHTO T-180 compaction test 

2The Project 9-4 recommendations for PEN were based on initial penetration of 
the asphalt. Recommendations influencing asphalt content were made 
in terms of the air void content of the asphalt mix. 
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cracking but generally related to pavement-type prob- 	Table 24. CHANGE IN MEAN FATIGUE LIFE (YEARS) 
lems; and (3) guidelines for implementation by a 	 INDUCED BY MAXIMUM CHANGE IN EACH 
user agency. 	 DESIGNER-CONTROLLED VARIABLE 

Designer-Controlled Applications to Fatigue Cracking 

In the trial implementation of the Bayesian useth-
odology it was possible to develop prediction models 
for the occurrence of fatigue cracking. Because of 
the difficulties involved in obtaining compatible ob-
jective information from available reports on field 
studies, the emphasis in applications is given to 
the results obtained from the subjective priors. 

The primary application of results would be ob-
tained through the application of the regression equa-
tions developed. To illustrate the potential appli-
cation, consider the regression equation for mean fa-
tigue life developed for State 3: 

Y = -18.1 + 0.704 (PEN) + 1.5148 (AC) 

+ 0.0280 (TAC) + 0.1792 (DEN) 	(8) 

in which: 

Y = years to 10 percent cracking (mean fatigue 
life); 

PEN = asphalt penetration after 3 to 5 years service; 
AC = asphalt content, percent; 	 - 
TAC = proportion of asphaltic concrete; and 
DEN = density of base material. 

The regression equation can be used to predict fa-
tigue life for specified values of the designer-con-
trolled variables and reliability level. 

From this equation, increases in expected fatigue 
life (reliability of 50 percent) based on changes in 
designer-eontroi.led variables can be estimated. Table 
23 gives an indication of the potential benefits to be 
achieved. The mean fatigue life cycle (expected fa-
tigue life) for typical values in this state was 12.3 
years. 

The combined effect of having all designer-con-
trolled variables at their best value with regard 
to maximizing the fatigue life is that fatigue life 
could be increased by 4.6 years, or 37 percent. In 
this case the cost-effectiveness of increasing the 
thickness of the asphaltic concrete may not justify 
the increased life; however, in other states the effect 
of increasing the asphalt layer tends to be the most 
significant designer-controlled variable and therefore 
could probably also be shown to be economically justi-
fiable. 

Table 24 summarizes the predicted change in fa-
tigue life induced by the maximum change of values 

Table 23. CHANGES IN EXPECTED FATIGUE LIFE CYCLE 
AS A FUNCTION OF CHANGES IN 
DESIGNER-CONTROLLED VARIABLES FOR STATE 3. 

Change from 	 Increase in 
Variable 	 Typical Values 	 Fatigue Life Cycle 

(Yr) 	(%) 

Asphalt 	 Increase in-service 	1.4 	11 
penetration 	 penetration by 20 

points 

Asphalt content 	 Increase by 1.0% 	 1.5 	12 

Thickness of 	 Increase by 30% 	 0.8 	7 
asphaltic concrete 

Density of 	 Increase by 5% 	 0.9 	7 
aggregate layer 

Designer-Controlled Variable 

State APEN AAC ATAC ADEN 

1 5 3 5 3 

2 2 3 8 3 

3 3 4 2 2 

4 6 3 4 1 

5 1 2 3 2 

6 2 2 3 2 

assigned to each designer-controlled variable in each 
state. In this interpretation, one variable is allowed 
to vary the maximum amount considered by the respective 
assessors, while the remaining three variables, are held 
at the typical or representative value determined for 
each state. 

Care must be exercised by the designer in im-
plementing these recommendations, because the maximum 
change may result in the development of other types 
of distress. For example, by increasing to a maximum 
the recommendations for a softer asphalt, percent of 
asphalt, and thickness of asphaltic concrete, there 
is a potential risk of permanent deformation under 
traffic. However, some reasonable adjustments, such 
as those previously discussed for State 3, would offer 
a possibility of providing mix properties that can 
still meet other mix design requirements. 

In addition to estimating the expected or mean 
fatigue life, it would also be possible to estimate 
the probability distribution of fatigue life after 
designer-controlled changes have been implemented or 
to estimate fatigue life at any other reliability lev-
el. These results can be useful for planning main-
tenance strategies; i.e., the earliest time at which 
cracking-is apt to occur (i.e., reliability level of 
5 percent) or the maximum fatigue life that can possibly 
be expected (i.e., reliability level of 95 percent). 

Potential Applications to Pavemert Problems 

The results of the analysis of priors help to 
identify areas where differences of opinion exist with-
in a particular.department. These differences can be 
identified by the sign or magnitude of the regression 
coefficients for the individual assessors within a 
given agency. When these differences are of sufficient 
importance, some effort at objective data measurements 
would be justified. The resolution of such differ-
ences would be an operational advantage to any agency. 

-The results obtained can be used to document or 
substantiate contract price adjustment clauses inqual-
ity-assurance-type specifications. For example, from 
the consensus analysis in State 2, if the contractor 
inadvertently reduced the asphalt content by 0.5 per-
cent, the fatigue cracking life cycle would be reduced 
by approximately 1 year, or 8 percent. Thus, a reduction 
of 8 percent on the total square yard price-  might be 
justified for that percentage of the project with 
the reduced asphalt content. For this same state, a 
10 percent reduction in the proportion of the asphaltic 
concrete would also incur an 8 percent reduction in 
the expected fatigue life of the pavement. 
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The results of the Bayesian analysis can also be 
used as verification for research projects. For ex-
ample, if limited research findings are reasonably 
comparable with experience, implementation would be 
justified with little additional field verification. 
On the contrary, if the research findings are in con-
tradiction with experience, further field verification 
should be obtained. 

The Bayesian methodology developed in this study 
could be used to assist in the solution of pavement 
problems other than the occurrence of fatigue cracking. 
For example, the same techniques could be applied to 
other modes of pavement distress. The techniques are 
especially applicable to problems where an insufficient 
amount of objective field data is available, but ex-
perienced individuals can be identified. One such ap-
plication might be in relating distress to performance. 
The current project has shown how the Bayesian meth-
odology could be applied to define ways of increasing 
the fatigue cracking life cycle of asphaltic concrete 
pavements. Some consideration of additional applica-
tions would be appropriate. 

Increasingly, highway engineers, and particularly 
those engineers responsible for fiscal planning, are 
showing interest in the development of pavement man- 
agement systems. 	For purposes of this discussion, 
a pavement management system can be defined as the 
systematic development of information necessary in 
selecting optimum design and maintenance strategies 
for given sections within a particular highway system 
or network. 

A general framework for a pavement management sys-
tem (PMS) requires that objectives of the system be 
specified and attributes (scales) be established to 
measure how well these objectives are met; e.g., rid-
ing comfort and roughness or safety and skid number. 
A primary requirement for development of a pavement 
management system is the capability to predict the 
various measureable attributes identified for the sys-
tem. In all probability, many agencies will not have 
a sufficiently complete set of objective data measure-
ments necessary for full development of a pavement 
management system. A specific example is discussed 
in the following paragraphs. 

One requirement of a pavement management system 
is to predict attributes selected for aPMSas afunc-
tion of time. One procedure for development of this 
prediction capability is by means of a regression 
analysis using objective data obtained from field mea-
surements. In a recent investigation for a state 
agency it was found, as expected, that insufficient 
objective data were available for development of re-
gression equations. It was therefore necessary to de-
velop a subjective data base from the experience of 
engineers within the agency from which the predictive 
regression equations were defined. As field measure-
ments are obtained, the prediction models will be up-
dated in the manner described herein for the posterior 
analysis. This approach did provide an initial pre-
diction model suitable for the pavement manage-
ment system, including estimates of reliability. The 
details of the procedure used are given by Finn 
et al. [16]. 

Thus, in the absence of an adequate objective 
data base, the development of a pavement management 
system can proceed and will be available to the agency 
without having to wait several years for the acquisition 
of the desired field measurements. It should be em-
phasized that subjective priors should not be consid-
ered as a complete replacement for objective mea-
surements. They should be considered only as a tem-
porary alternate orasa complement to objective mea-
surements. In all cases where measurements can be 
made, they should be made and combined with experience 
by means of the posterior analysis aspects of the 
Bayesian methodology. 

Guidelines for Application 

In order to provide a user agency with some idea 
of the procedures recommended for application of the 
Bayesian methodology, a series of steps is briefly 
described. 	The necessary technical guidelines and 
further details are contained in Chapter Two and in 
Appendix B. 

The recommendedprocedure for application of the 
methodology is: 	- 

Obtain necessary technical expertise in 
Bayesian statistics. 

Review research literature for background in-
formation and obtain as much agency information as 
possible, including summary of any measurements that 
have been made and are appropriate for use with the 
Bayesian method for the problem under consideration. 

3.-Define the problem as precisely as possible. 
Identify factors involved, such as dependent and in-
dependent variables. Try to limit the number of inde-
pendent variables to two or three, but in no caáe 
more than four. A questionnaire may be helpful in 
selecting the dominant or controlling variables. 

Develop a matrix for data acquisition; i.e., 
the range and increments of independent variable values 
appropriate for a usable regression analysis. 

Run a trial implementation with one or two as-
sessors considered 'reasonably knowledgeable of the 
selected problem. This step should help to further 
identify the variables involved and will provide the 
basis for a first analysis. 

Establish requirements for assessors, includ-
ing the amount and type of experience required. Be 
careful not to eliminate all possible candidates by 
setting unrealistic requirements. 

Develop interview techniques in such a way as 
to assure that appropriate information can be obtained. 
Work with those personnel involved in Item 5 and use 
these personnel to assist in the interview process. 

Determine the number of assessors required and 
the amount of information needed from each assessor. 

The key ingredient to the application will be the 
availability of the needed technical expertise. The 
remaining guidelines are simply recommendations based 
on the experience gained in NCHRP Project 9-4A. Alter-
nate procedures may be appropriate for different types 
of problems. 
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CHAPTER FOUR 

CONCLUSIONS AND SUGGESTED RESEARCH 

The conclusions of this study are presented in 
terms of the general Bayesian methodology, the results 
obtained in the trial implementation of the methodology 
for fatigue cracking, and the use of the results to 
verify design recommendations to minimize fatigue 
cracking. 

BAYESIAN METHODOLOGY 

The techniques developed provide a practical 
and implementable methodology to quantify the judg-
ments of experienced individuals in the form of prior 
estimates for multiple regression models. Further-
more, noknowledge of regression analysis is required 
of the experienced individuals, and alternate forms 
of regression models can be evaluated to obtain a 
best fit equation. 

The use of experience in the quantified for-
mat provides a valuable resource in addition to that 
normally available. Furthermore, it makes this experi-
ence available for use by others. 

The regression model developed for each in-
dividual interviewed allows areas of agreement and 
disagreement among individuals to be specifically iden-
tified in a forinat that can be clearly comprehended 
and discussed. 

The Bayesian methodology provides a tech-
nique to obtain information for problems where the 
collection of objective data (measurements) is impos-
sible, expensive, or would require an unacceptable 
length of time. 

In addition to quantifying personal judg-
ments, the Bayesian methodology also allows available 
objective data to be evaluated. The objective data 
can be combined with those gained from personal inter-
views to yield a combined model. 

IMPLEMENTATION FOR FATIGUE CRACKING 

A primary result of this study was quantifica-
tion of the personal judgments of experienced highway 
engineers (priors) as they applied to fatigue cracking. 
These judgments represent a total of about 800 years 
experience in observing the performance of pavements. 
The conclusions relative to the influence of the de-
signer-controlled variables on fatigue cracking are 
based solely on these results. The following conclu-
sions can be derived: 

The multiple regression equations developed 
for each state allow prediction of the probability 
distribution of fatigue life for given values of the 
four designer-controlled variables considered. Thus, 
the fatigue life can be predicted for any specified 
level of reliability and combination of the designer-
controlled variables. 

The results obtained in all six participat-
ing states indicated that the expected fatigue life 
increased as the asphaltic penetration, asphalt con-
tent, proportion of asphaltic concrete, and base den-
sity increased. 

Based on the average typical values of the 
designer-controlled variables for all six states,  

changing each designer-controlled variable value from 
its worst to its best value would result in an increase 
in mean fatigue life of four years for the proportion of 
asphaltic concrete, three years for the asphalt pene-
tration and asphalt content, and two years for base 
density. Thus, changes in all four variables at once 
could increase the mean fatigue life by a total of 12 
years. 

The mean fatigue life predicted for typical 
values of the four designer-controlled variables was 
14, 12, and 12 years for the three states in Region 
1; and 11, 9, and 10 years for the three states in 
Region 2. The difference in environment between the 
two regions was primarily that the average annual rain-
fall in Region 2 was approximately three times as 
great as that in Region 1. 

VERIFICATION OF RECOMMENDATIONS 

The results of this study were used as a basis 
to verify the recommendations made in NCHRP Project 
9-4 to minimize asphalt pavement distress caused by 
fatigue cracking. NCHRP 9-4 recommendations were based 
primarily on a synthesis of available research results, 
whereas the results from this study (9-4A) were based 
on the judgments of experienced highway engineers. 
The results obtained in this study indicate: 

The results of the preliminary question-
naire verify that recommendations made in NCHRP Project 
9-4 are valid for all of the important designer-con-
trolled variables influencing the occurrence of fatigue 
reflection and low-temperature cracking. 

For each of the four designer-controlled 
variables considered in the implementation of the 
Bayesian methodology for fatigue cracking, the fol-
lowing conclusions are indicated: 

Asphalt Content (AC) - The assessors consis-
tently indicated that fatigue life would in-
crease withan increase in percent of asphalt 
cement. This is generally consistent with 
NCHRP Project 9-4 recommendations indicating 
requirements for low air void contents. Assum-
ing that compaction (density) requirements 
would remain constant, the increase in asphalt 
content should produce lower percent air voids 
in the in situ asphaltic concrete after the 
pavement has been exposed to traffic. 
Proportion of Asphaltic Concrete (TAC) - The 
assessors indicated their belief that a higher 
proportion of asphaltic concrete in the struc-
tural section would improve the life cycle 
of a pavement in fatigue. Computations made 
in Project 9-4 based on fatigue damage hypoth-
eses had also indicated an improvement infa-
tigue even though the structural number re-
mained constant. Thus, it can be concluded 
that the layer coefficients in fatigue, for 
asphaltic concrete, are greater than those 
found on the AASHO Road Test for serviceabil-
ity. 
Base Density (DEN) - Maximum density in the 
aggregate layers was indicated to be beneficial 
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in preventing fatigue cracking of asphaltic 
concrete-surfaced pavements. NCHRP Project 
9-4 had indicated that increasing the density 
of the base would result in an increase in 
the resilient modulus of the base. Structural 
analyses demonstrated that the increasedmod-
ulus would significantly improve the fatigue 
life cycle of a pavement. 
Asphalt Penetration (PEN) - Softer grades of 
asphalt were preferred by the assessors. The 
preponderance of research findings summarized 
in NCHRP Project 9-4 indicated longer life 
cycles for thicker asphaltic concrete layers 
when the harder grades of asphalt were used. 
The actual grades recommended in Project 9-4 
were within the general range used by highway 
engineers in the United States. However, the 
general criterion was to recommend as hard 
a grade as possible, depending on the thickness 
of the layer and the concern for low-temper-
ature cracking. There appears to be a conflict 
here, between the opinions of experienced 
highway engineers and the preponderance of 
research results. This can be resolved only 
by further studies involving both field re-
sults and research studies. 

SUGGESTED RESEARCH 

Based on the results of this project, the need 
for further study has been identified in regard to 
the influence of asphalt penetration on fatigue crack-
ing. Experienced highway engineers preferred the use 
of softer grade asphalts (higher penetrations) to min-
imize the occurrence of fatigue cracking. Most research 
results indicate the opposite trend, especially for 
full-depth construction. To resolve this difference 
it is recommendd that field data be analyzed to es-
tablish the influence of asphalt penetration on fatigue 
cracking. The Bayesian regression models developed 
in this study provide the basis for updating the re-
sults through incorporation of field data. Field data 
measurements required are: (1) fatigue life of the 
pavement; (2) asphalt penetration; (3) asphalt content;  

(4) proportion of asphaltic concrete in the structural 
section; and (5) base density. The results obtained 
allow the scope of these field investigations to be 
substantially reduced. The field study should clearly 
focus on the influence of the extreme ranges of asphalt 
penetration, with only minor consideration of the in-
fluence of variations in the other variables. 

A second avenue of study to provide additional 
data to clarify the role of asphalt consistency and 
the difference in magnitude of regression coefficients 
between prior results and objective data results would 
be to perform additional analysis with the computer 
model PDNAP. Once the calibration of the PDMAP model 
predictions to actual field performance has been com-
pleted (NCHRP Project 1-10B),amaterialstestingpro-
gram would provide the necessary inputs to investigate 
the role of asphalt penetration as well as the influence 
of the other designer-controlled variables. 

The techniques developed to quantify the judg-
ments of experienced individuals in the form of mul-
tiple regression models provide a valuable tool to 
define prediction models that can be used to assist 
in the solution of other pavement engineering problems. 
Prediction models would be especially useful in the 
development of pavement management systems. A pavement 
management system requires the ability to predict the 
behavior of pavements in terms of various distress 
modes under a variety of maintenance alternatives so 
that the optimum maintenance alternative can be identi-
fied. Although theoretical (mechanistic) prediction 
models exist for some maintenance options and distress 
modes, prediction models are not currently available 
for all viable maintenance alternatives for each dis-
tress mode. The quantification of the judgments of 
experienced highway engineers provides a means to de-
velop initial prediction models for these situations. 
Furthermore, experience-based prediction models can 
also be used to verify or calibrate mechanistically 
derived prediction models. Thus, the use of the sub-
jective branch of the Bayesian methodology is suggested 
as the means to develop initial prediction models to 
be used in pavement management systems that can-be up-
dated through posterior analysis techniques when the 
required field data have been collected. 
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APPENDIX A 
PRELIMINARY QUESTIONNAIRE 

It was recognized that many designer-controlled 
variables can influence the occurrence of fatigue 
cracking. Since it was neither possible nor desirable 
to consider all such, variables when Implementing the 
Bayesian methodology, a preliminary questionnaire 
was used to.establish the variables having the most 
significant influence on fatigue cracking. In addi-
tion, similar , results were obtained for reflection 
and low-temperature cracking that might prove useful 
In future studIes. 

The preliminary questionnaire was distributed 
to practicing highway engineers in the six partici-
pating states: Arizona, Colorado, Florida, Loui-
siana, Virginia, and Utah. Each state provided' a 
minimum of five assessors. The assessors were selec-
ted on the basis of their number of years of experi-
ence and degree of familiarity with field performance 
of pavements, material properties, material Specifi-
cations, and construction techniques. In almost every 
case, the assessor had at least fifteen years of exper-
ience in these aspects of pavement engineering. 

The preliminary questionnaire and associated 
instructions 	are shown in Exhibit A-i. The queè- 
tionnaire contains a list of variables frequently 
associated with each of the three types of crack-
ing, and space to add variables not listed. Based 
on their own experience with pavement performance 
in the field, assessors from each state evaluated 
the relative importance of each variable on the 
scale provided on the questionnaire. For purposes 
of analyzing the responses, the relative importance 
scale was subdivided into twelve equal segments and 
assigned numerical values. The "very Important" end 
of the scale was assigned a value of twelve and the 
"not important" end of the scale a value of zero. 
Thus, the higher the degree of importance, the higher 
the numerical rating. 

The results of the questIonnairfor each mode 
of cracking are summarized In Tables 1, 2, and 3, 
In Chapter Two. The mean values of the ratings and 
rank of each variable are shown for each state indi-
vidually, for the group of three states constituting 
a region with similar environmental conditions, and 
for all states combined. 

The maximum number of variables to be considered 
in the Bayesian methodology is primarily limited by 
the ability of the assessors to simultaneously consider 
the influence of all variables. Trial assessments in-
dicated that the maximum practical number of var-
iables was four. In addition to the results of the 
questionnaire, the following criteria were used in 
selecting the top four designer-controlled variables: 

Desirability of including at least one vari-
able from most of the pavement components. 

Variables should not be strongly correlated 
to one another. 

Preference for variables directly related to 
assessor experience. 

Consideration of the recommendations to be 
verified. 

Desirability of having a common set of vari-
ables for all states. 

On the basis of these criteria and the results 
summarized in Table 1, the following four variables 
were selected for detailed analysis of fatigue crack-
ing: 

Asphalt consistency. 
Asphalt content. 
Proportion of asphaltic concrete. 
Base density. 

Asphalt consistency was selected as a mea-
sure of the influence of asphalt properties on fatigue 
life instead of asphalt durability forseveral reasons: 

Asphalt consistency had a higher degree of im-
portance rating. 

*Asphalt consistency can be quantified in terms 
of recovered penetration, & measure familiar to all 
experienced pavement engineers. 

The durability (hardening) of the asphalt can 
be accounted for by selection of the time at which 
the penetration is measured. 

Exhibit A-I. Preliminary questionnaire and associated instructions 
(following pages). 



NCHRP PROJECT 9-4A QUESTIONNAIRE 

"Evaluation of Factors Influencing Fatigue, 

Reflection, and Low-Temperature Cracking" 

INTRODUCTION 

Woodward-Clyde Consultants is performing a research study for the 

National Cooperative Highway Research Program to verify proposed design 

recommendations for minimizing premature cracking in flexible pavements. 

Our approach to 'this study is to incorporste the opinions of experienced 

highway engineers with objective data, using a technique called 'Bayesian 

Analysis." This approach relies heavily on utilizing the experience of 

highway engineers to develop the necessary information. We are working 

on the study in cooperation with state highway departments in Arizona, 

California, Colorado, Florida, Louisiana, Utah, and Virginia. 

The purpose of this questionnaire is to determine, by your best 

estimate, the answers to the series of questions. Your response should 

be based solely on your personal opinion developed from your experience 

with flexible pavements. There are no right or wrong answers associated 

with the questions. 

The questions deal with the level of importance that various 

designer-controlled factors play in the occurrence of three types of 

pavement cracking:'  (i) fatigue cracking, (ii) reflection cracking, 

and (iii) low-temperature cracking. Fatigud cracking is associated 

with repetitive traffic loadings and is therefore normally located in 

the wheel path. Reflection cracking is associated with overlays which 

crack in a pattern similar to existing cracks in the original pavement 

surface. Low-temperature cracking is associated with changes in 

temperature, which induce cracking. The results of the questionnaire 

will be used to define the primary designer-controlled factors that 

influence each type of cracking. 

The questionnaire describes the pavement component considered and 

lists specific factors associated- with each component that might have 

some influence on cracking of each type. The factors are listed in 

random order, and spaces are provided for you to add any missing 

designer-controlled factors that you feel should be included in the 
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list 



The relative importance of each factor is to be established on 

the subjective scale to the right of each factor. The points on this 

scale range from "very important" to "not important." in order to 

effectively utilize this scale to indicate your opinions, use the 

following technique in considering each type of cracking. 

Examine the complete list of factors and add any 

you feel are missing. 

From these factors find the factors that you feel play 

the most significant and least significant roles in the 

occurrence of cracking. These factors correspond to the 

endpoints of the "Scale of Relative Importance," Indicate 

these factors by placing an "X" at the corresponding 

scale endpoint. 

The degree of importance of the remaining factors should 

be measured relative to the influence of the factors selected 

in (2) above. Indicate where each factor would fall on the 

"Scale of Relative Importance" by markingan "X" on the 

scale at any appropriate position. The midpoint of the 

scale has been marked for convenience and labeled "moderately 

important." For example, if you feel a specific factor 

is of less importance than the most significant factor, 

its position on the "Scale of Relative importance" might 

be indicated as shown below: 

	

Very 	 Moderately 	 Not 
I 	x 	I 	 i 	 I 

Important 	 Important 	Important 

At the end of the questionnaire for each type of cracking, space is 

provided for any comments you might have concerning the influence of 

different environmental conditions in the state of your responses. 

It should be mentioned that further work in our study relies 

heavily on the results of this questionnaire. Therefore, completion 

of the questionnaire at your earliest convenience would be greatly 

appreciated. After completing the questionnaire, please mail it 

to us in the postage-paid envelope provided. Thank you for your 

cooperation! 
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Asphalt-Aggregate 
Mixture 

Untreated Base 

 

Total Air Voids 

Asphalt Content 

Stability (Hveem or 
Marshall) 

 

Texture (Crushed or 
Uncrushed) 

PlasticIty (Plastic Index 
or Sand Equivalent) 

Durability (Wet Abrasion 
or L.A. Rattler 

Density 

Water Content 

Stability (R-Value, 
CEP.) 

 

E.) Subgrace 	 1..) Classification (Coarse 
or Fine Grained) 

Water Content 

Density 

Strength (R-Value 
CBR) 

 

F.) Structural 	 24.) Proportion of Asphalt 

Section 	 Concrete r 

Surface Drainage 
(Gradients, Seals) 

Subsurface Drainage 
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Name:  FATIGUE CRACKING 

PAVEMENT COMPONENT FACTOR 

A.) 	Asphalt  Consistency (Penetration 
or Viscosity). 

 Durability 	(Aging) 

 Source 

 

B.) 	Asphalt Concrete  Gradation 

Aggregate 
 Texture (Crushed or 

Unc rushed) 

SCALE OF RELATiVE IMPORTANCE 

Very 	Moderately 	 Not 

Important 	 Important 	 Important 

	

2.t 	 'I 

 

 

	

I 	 I 

 

7.1 	 I 	I 	 I 

8.  

9.1  

I 	I 	I 

13.I- 	I 	I 	I 

 

1 

I 

i 	i 	i 	1 

1 	A 	i 	I 

19.1 

I 

I 

I 	 I 	I 

23.1 	 1 	I 	I 

24. I 	 1 	I 

25.1 	1 

26.1 	1 

27. 1 	1 



all 

	

Name: 	 FATIGUE CRACKING 
(continued) 

Coents relative to the influence of different environmental conditions found in state on above responses. 

Temperature - 

Rainfall - 

Freeze/Thaw - 

	

Name: 	 REFLECTION CRACKING (OVERLAYS) 

PAVENT COMPONENT FACTOR 

A.) Asphalt.  Consistency (Penetration 
or Viscosity) 

 Durability (Aging) 

 

B.) Asphalt Concrete  Gradation (Open/Dense) 
Aggregate 

 Filler (Type/Amount) 

 

C.) Asphalt-Aggregate  Stability (Hveein or 
Mixture Marshall) 

 Age (Years) 

-  

D.) Structural 10.) Overlay Thickness 
Section 

E.) Preparation of  Remove and Replaée Portions 
Existing Pavement of Existing Pavement 

•  Stress Relieving Interlayer 
(Petromat 	Asphalt-rubber 

• membrane, fiber glass) 

 Heater-Scarifying 

SCALE OF RELATIVE LORThJ10E 

Very 	Moderately 	 Not 

	

1.1 	 I 
Important 	Important 	Important 

1 	 I 

3.1 

	

4 .1 	 1 	 I .  

5.1 

	

6.1 	I 	I 	•i 	I 

7.1 

	

8.1 	I 	 I 

	

9.1 	 I 	• i 

	

10_I 	I 	1 

	

11.1 	
I 

	

13.1 	 I 	•i 	H 

	

14.1 	 • I 

15.) 	 ___________________________________ 
15.1 	 4  
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Name: 	REFLECTION CRACKING (OVERLAYS) 
(continued) 

Conments relative to the influence of different environmental conditions and traffic levels found in state 

on above responses. 

Temperature 

Rainfall - 

Freeze/Thaw - 

Traffic Level - 

same:  LO-TETERATRE CFCWG 

PAVNT CC>TONENT FACTOR SCALE OF RELATIVE I!ORTANCE 

Very 	 Moderately 	 Not 
A.) Asprialt  Consistency 	Fenetration 4 

or viscosity) 
. 

Important 	Important 	Important 

 Ductility (at Low  
TemperatureS 

 Temperature Susceptibility 
(Penetratior- Index  

 Durability (Aging) 4 	I 
-  

B.) Asphalt-Aggregate  Stabiliiy (Hveem or 
Mixture Marshall) 6. 

 Tensile Strength (Direct 
or Split Tension Tests) 7.1 . 	I 

 Age (Years) 

0 9.(  

C.) Structural 10.) Thickness of Asphalt 

Section 
0  Concrete 10.1 

Coents relative to the influence of different environmental cdnditions found in state on above responses. 

Temperature  

Rainfall - 

Freeze/Thav - 
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APPENDIX B 

BAYESIAN METHODOLOGY 

BAYESIAN DATA ANALYSIS MODEL 

The Bayesian data analysis model is used as the 
mathematical basis for converting both objective and 
subjective inforivation into suitable statistical for-
mats. The statistical format must be such that the 
effect of changes in the designer-controlled variables 
on the fatigue life can be established. This allows 
evaluation and updating of recommendations for mini-
mizing fatigue cracking. This appendix describes the 
evaluation of alternative models, theoretical basis 
for the model used to analyze subjective data, proce-
dure for combining subjective and objective data, and 
the use of the models to predict pavement performance. 

Evaluation of Alternative Models 

The primary requirements for the analysis model 
were as follows: 

The model should be suitable for assessing sub-
jective information from highway engineers in a quan-
titative manner to establish priors. 

Systematic combination of objective and sub-
jective information should be possible. 

The model should be able to incorporate multiple 
variables that could significantly affect pavement 
performance. 

On the basis of these requirements, the following 
three alternative analysis models appeared to be poten-
tially useful: 

A normal regression model where priors on re-
gression coefficients are assessed directly. 

A normal regression model where prior condi-
tional distributions on the dependent variable are 
assessed and then priors on the regression coefficients 
are deduced. 

A multivariate normal model. 

These models were evaluated in detail before the final 
selection of a model was made. The evaluation conducted 
is summarized below. 

Normal Regression Model (with direct assessment 
of priors on regression coefficients). The normaire-
gression process can be used for finding the effects 
of several important designer-controlled variables x1, 
x2,. . ., x on pavement performance (e.g., fatigue 
life, y). The process can be expressed in the form: 

k 	

8x+e. 	 (B-i) 

where 81,  82, . . ., Bk are the regression coeffi-
cients, and e is a random error term. The random error 
terms are assumed to be independent and normaii2y dis-
tributed with common mean zero and variance o • In 
the interest of analytical tractability, it is de-
sirable to use a natural-conjugate prior distribution. 

For purposes of discussion, let us assume that the 
process variance 02 is known (this assumption is re-
laxed in the final model). The natural-conjugateprior 
distribution for the vector of regression coefficients, 
= (Br, 82, • . ., 	is the multinormal distri- 

bution. The complete specification of the prior dis-
tribution on B is possible by assessing the mean and 
the variance of the vector B. 

This model has several advantages. Multiple vari-
ables can be handled and the basic model assumptions 
involved appear to be reasonable. Since the prior 
distribution onB is directly assessed, this is all 
the information required from the highway engineers. 
Furthermore, the combination of objective and subjec-. 
tive data is straightforward, with the assumption of 
natural-conjugate prior distribution. 

A major disadvantage of tlis model is that it is 
difficult to convey the physical meaning of the regres-
sion coefficients, B's, to highway engineers. The engi-
neers' understanding may be related to the combined 
effects of important designer-controlled variables on 
fatigue life (effects of XJ 'S on ') rather than to 
the mathematical relationship between fatigue life and 
a particular given variable with all other variables 
held constant, as expressed by regression coeffi-
cients. Mother disadvantage of.this model is that 
a specific functional relationship between fatigue life, 
y, and the designer-controlled variables, x, must 
be assumed before subjective information is assessed 
(e.g., logy=Z Blogx). 	For example, if this model 
were selected, highway engineers would be asked such 
questions as, "Given the functional relationship be-
tween fatigue life and the designer-controlled vari-
ables, what is mean value and variance of each of 
the regression coefficients, B? What is the covari-
ance between each pair of regression coefficients 
and 

In summary, it is unlikely that the highway engi-
neers would be able to convert their experience into 
the format required by this model. Hence, in Spite 
of its advantages, this model does not appear to be 
practical. 

Normal Regression Model (prior on y assessed and 
prior on B. then deduced). This model is identical 
to the first one except for the assessment procedure. 
Rather than assessing a prior distribution on, which 
may be difficult, the conditional prior distribution 
f (y x1, x2, . . ., xk) is assessed. There are several 
advantages to assessing this conditional distribution. 
First, it is alogical distribution to consider given 
the objectives of the study; that is, such distribu-
tions relate designer-controlled variables directly 
to pavement performance.. Second, it is a distribution 
that is easy for highway engineers to visualize: "Given 
that the pavement has these characteristics, how long 
do you think it will last before fatigue cracking oc-
curs?" Here the engineer is asked to consider fatigue 
life itself rather than some more abstract parameter 
such asacoefficient fromamultiple regression equa-
tion. Third, with this type of assessment of a specific, 
functional form need not be assumed before subjective 
information is assessed. A number of alternative forms 
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can be tried on the basis of assessed prior distribu-
tions to Obtain the best fit. Finally, only a limited 
number of conditional distributions are required from 
the highway engineers for the complete specification 
of priors. 

From the conditional distributions of the form 

f(yIx1, x2, . . ., xv), one needs to obtain the 
expected value and variance of the vector of regression 
coefficients, B. Once the prior distribution on .. is 
obtained, subjective and objective data can be com-
bined in a systematic manner. 

In summary, this model is more practical than the 
one discussed previously, and yet it retains all the 
advantages of the first model. 

Multivariate Normal model. This model is appro-
priate when the joint behavior of several random vari-
ables is of interest. Since all the designer-controlled 
variables (i.e., x1, x2, . . ., x) are considered 
fixed at specific values for this study, the muitivar-
late normal does not seem appropriate. In fact, if 
one finds the conditional distribution of y for given 
xi's from the joint normal distribution of y and x1's, 
a linear regression equation would be obtained. Tfius, 
for fixed x1's, the multivariate normal model and the 
normal regression model lead to the same analysis 
form. 

As a result of the evaluation of all the models, 
the normal regression model (with assessment of priors 
on y) was selected as being most appropriate for the 
purposes of this study. A complete description of 
the mathematical basis for assessing prior distribu-
tions, combining subjective and objective data, and 
predicting pavement performance with the model follows. 

Assessment of Prior Distribution for 
Normal Regression model 

A normal regression model with assessment of prior 
conditional distributions of the type f(yIx1, x2, 

., Xk) was selected for the purposes of this study. 
The form of the regression model is shown in Eq. 1 
and repeated here for easy reference: 

k 

y = 
	
0x1 +e 	 (B-i) 

j=1  

where 0 = (010  B2,., Bk) is a vector of regres-
sion coefficients and e is a random error term. In 
the above equation and in the subsequent discussion, 
the following notation is used: 	E [ J and V [ I 
denote expcted value and variance, respectively, of 
a random value; a bar under a variable (e.g.,x) denotes 
a matrix (or a vector); and a superscript t (e.g., 
Bt) denotes transpose of a matrix. The random error 
terms are assumed tobe independent and normally dis-
tributed with mean zero and common variance o

2. The  
analysis can be conducted by assuming one of the fol-
lowing conditions: 

The expeted value of B is known, but the pro-
cess variance a is unknown. 

The expecte value of B is unknown, but the 
process variance a is known. 

The expected value of 0 and the process variance 
are both unknown. 

In this study it was assumed tha the expected 
value of B and the process variance a are both un-
known. This condition is the most general, and coincides 
with the nature of the fatigue cracking phenomena. 

The natural-conjugate prior distribution for the 
normal regression model selected is a normal-gamma 
distribution that can be expressed as the product  

of a multinormal distribution for B (given 02)  and a 
gamma distribution for the precision of the process 
h = 1a (given B). 	The multinormal distribution 
f(.Ia ) has a mean and variance as shown below. 

E [jo2] = k. 	 (B-2) 

V (ja] = (72  y, 	 (B-3) 

where b= (b1, b2, . . . , b) is a vector of expected 
regression coefficients and vls a symmetric kxk matrix 
proportional to the variance-covariance matrix of the 
regresion coefficients. The gamma distribution 
f(1/a ) has parameters w and 6, both ff which are 
scalars, and the mean and variance of a are: 

E i2i = [6/(6-2)] w, when 6>2 	(B-4) 

V [az] = [262  w2]/[6_2)2  (6-4)]. when 6>4 (B-5) 

Thus, the parameters of the prior normal-gamma distri-
butions are b, v, w, and 6. A direct assessment of 
these parameters would be extremely difficult because 
the physical meaning of the parameters is not very 
clear. Hence, an, indirect assessment of b, v, w, and 
6 was made by assessing conditional distributions 
f(yL), where x = (x1, x2, . . 	X) 

t.  

Given a normal-gamma prior distribution, the con-
ditional distribution f(yIx)is a student t distribu-
tion with mean and variance given by: 

E [ylx] = 	 (B-6) 

	

V [yx] = (j) w (xtv  x + 1) 	(B-7) 

and with 6 degrees of freedom. The mean and variance 
of the conditional distribution are calculated from 
the assessed distributi ns f9 m different Sombina- 

	

tions of xi's namely x ', x" , . . 	, x(1. From 
this assessment, m equations of the form .B-6 and m 
equations of the form B-7 will be available. The ob-
jective of the analysis now is to find the parameters 
b, v, w, and 6, from these 2m equations. 	- 

First, consider themeansE [yII. Eq. B-6 has 
k unknown parameters b1, b2, . . . , b,(  and is linear 
in these k parameters. If m = k, the m equations 
have a unique solution, assuming nonsingularity. If 
m > k, there would not necessarily be a unique solu-
tion. One way to handle this situation is to take 
all possible combinations of kx-vectors fromm vectors 
that are available and, assuming nonsingularity in each 
case, to solve the equations for each such combination. 
The mean of all these solutions might be taken as 
b, and the variability among the solutions would indi-
cate inconsistencies between the assessed distribu-
tions and the assumed model. These inconsistencies 
could arise because of incorrect responses on the part 
of highway engineers, which may result from a misunder-
standing of the procedure, or because of use of a 
model giving a poor fit to the engineers' judgments, 
or both. Under any case, this approach requires the 
computation of( )MN solutions, and () increases rapidly 
as m increases. 

An alternative approach is to assume a loss func-
tion for deviations between E [ylx] and bt x, and 
to find theb that minimizes average loss. For example, 
a quadratic loss function yields an average loss of 

L = 	[E [I1] - kt (i)] V (B8) 

i=l 

The minimization of this expression is identical to 
the application of least squares to m empirical obser- 
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vations, with E [yx1)] replacing the observed value 
of y for the ith observation. For purposes of this 
study, the second approach with the loss function 
equation was used. 

Next consider the variancesV [yx(i)]. The mar-
ginal variance of B in the normal-gamma prior distri-
bution is 

V [B] = [/(6-2)] w v 	 (B-9) 

Using Eq. 8-4 and 8-9 in Eq. B-7, one gets 

V [ylx] = x V [B] x + E [02]. 	(8-10) 

The above equation is linear in the elements of VL.] 
and inE[02],  so it can be viewed as a linear equation 
with [k(k + 1)/2] +1 = (k2  +k + 2)/2 unknàwn values. 
Hence, a unique solution for V[,]  and E[a2] is attain-
able, provided that the matrix of coefficients in (k2  
+ k + 2)/2 linear equations is nonsingular. If m > 
(k2  +k+2)/2, the least-squares solution can be used. 
However, after attempting to use such a procedure for 
the assessed data, some difficulties were encountered. 
These were: 

The variance-covariance matrix V[B]  must be 
positive-definite. Since the least-squares solution 
tries to obtain those values of elements of V[B]  that 
minimize the sum of squares of deviations, there is no 
guarantee that V[B]would turnout to be positive-defi-
nite. With four designer-controlled variables, there 
are l5unknown elements inV[B]. It seems practically 
impossible to obtain consistent values for all these 
elements from the least-squares solution with no formal 
constraint for a positive-definite matrix. 

The expected value of the process variance, 
E[02], must be positive; but again there is no guaran-
tee that the least-squares solution would give a posi-
tive E[02]. 

The coefficients of the varianc-covriane 
terms in V[B] are quadratic (i.e., x1, x2, x3, 
2x1x2, 2x1x3, 2x2x3, etc.). For m different combina-
tions of the Xi's some of these quadratic terms become 
highly correlated. Because of thià multicolinearity, 
the least-squares solution is extremely sensitive to 
small changes in the input values of V[ylx]. The stan-
dard error for some of the terms, V[B], may become 
excessively high, in which case very little confidence 
can be placed in the values of these terms calculated 
from the least-squares solution. 

If an intercept term is included in the regres-
sion model, the matrix of coefficients is singular. 
Singularity can be eliminated if the coefficients on 
the intercept termand E[o2] term are combined; how-
ever, only a solution for the sum of these coefficients 
would be obtained. 

Several possible procedures, including a con-
strained least-squares solution, linear programming, 
and sampling distribution of the br's were assessed 
for their value in eliminating the above problems and 
obtaining a consistent variance-covariance matrix V[B] 
and the expected value of process variance E[o2]. 
A procedure based, on the consideration of sampling 
distribution of the bi's  was considered the most ap-
propriate and was selected. This procedure is de-
scribed as follows. 

The marginal distribution of the vector bof re-
gression coefficients for a fixed x is a student t 
with mean and variance given by: 

E[b] = b' = E[B] 	 (B-ll) 

V[b] = V[B] + (xt x) 	EE02] 	(B-12)  

From Eq. B-12, one can see that V[b] is the upper bound 
of V[B]. Aconservative assumption which would sjmplify 
the analysis significantly is that V[B] is equal to 
V[b]. With this assumption, Eq. B-10 can be written 
as: 

	

V[ylx] = xtv[b]x + E[02] 	(B-13) 

Thus, if the sampling variance V[b] is known,' then 
V [B] can be set equal toV[b] and ]F [2] can be calcu-
lated from Eq. 8-13. Since a variance-covariance matrix 
is always positive-definite, V[b] and hence v [,] would 
be positive-definite. 	Also, for some reasonable x 2  
values, positive values of E[c ] would be obtained. 

The question is: howdoes one obtain the sampling 
variance-covariance matrix V[b]? The procedure used 
to define V[b] was to assess several samples of b 
and then to calculate the variances and covariances 
of the various terms in b. A direct assessment of 
the regression coefficients is difficult; however, 
through Eq. B-6 one can calculateb from the assessed 
E[yx] values. If Kexperts are assessed, the sampling 
mean and variance of an element b. of the vector b 
are, respectively, given by: 

= i=l b/K 

	 (B-14) 

where b 
1h 
 the value of b assessed from the responses 

of the 	assessor; 

i=l [b - 

Var[b] = 	 (B-15) 

K-1 

The covariance between b and bk  is given by: 

(b - ')(bE 	k 

i=l 
Var[b. bk] 
	

(B-16) 

K - 1  

From Eq. 8-15 and Eq. 8-16, the variance-covariance 
matrix of b, V[b] can be obtained. 

It must benoted that the above calculations as-
susie that the assessments of K experts constitute K 
independent samples of b. The implication of assuming 
probabilistic independence between the bvectors calcu-
lated'fromthe responses of different experts is that, 
even if the b vectors from the other assessors were 
revealed to a particular assessor, his responses re-
garding the distributions of fatigue life for given 
xi's would remain essentially unchanged. This assump-
tion is probably not exactly valid, since the judgment 
of one expert may change the judgment of another expert. 
However, it is a reasonable assumption since the re-
searchers' assessment experience indicates that an 
experienced highway engineer's beliefs and judgments 
regarding the amount of time in which a pavement with 
given properties would develop fatigue cracking would 
not change significantly, even if responses of other 
highway engineers were revealed to him. This assumption 
was verified by asking an expert directly whether he 
would change his responses if he knew the responses 
of other experts in the state. Most experts commented 
that their responses would not change significantly. 
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If the b vectors obtained from the responses of 
various experts do have some probabilistic dependence, 
the.sampling variances V[b] would be underestimated 
if calculated from Eq. 8-15 and Eq. 8-16. Since V[B] 
is set equal to V[b], the matrix V[B] would also be 
underestimated. Thus, any dependencies would tend to 
compensate for the fact that V(b) is an upperbound 
estimate for V(B). Hence, even if the b vectors from 
different expets exhibit a small degree of depen-
dency, the calculation of V[b] from Eq. 8-15 and Eq. 
B-16 and setting VEIl equal to V[b] would be a 
reasonable procedure. 

The above procedure based on the consideration 
of sampling distribution of b has several advantages: 

A consistent variance-covariance matrix, V[B] 
is obtained using this procedure. 

only mean values of fatigue life for all x 
values of interest need to be assessed to obtainV[B] 
(assessment of mean values is much easier and faster 
than the assessment of complete distributions). Theo-
retically, only one distribution f(yIx) (or one value 
of 	[yIx])  needs to be assessed in order to calculate 
E[o ] from Eq. B-13. 	Howver, to obtain' a more 
representative value of E[a ], one may assess distri-
butions f(ylx) for several x vectors for which the 
assssors have the most experience. Using Eq. B-13, 
E[a'] can be calculated for each assessed distrib-• 
tión. An average value of all the calculated Eta 
that are non-negative may be taken as the expected 
value of the process variance. 

As more and more experts are interviewed, the 
sampling uncertainty in b becomes smaller. This also 
reduces the uncertainty in B and the process variance 
E[a2]. The reliability of predicting the fatigue 
life of a pavement is increased, since the variance 
of y given x, V[yx] becomes smaller. This feature 
of the analysis procedure is intuitively appealing. 

In calculating the average values of the re-
gression coefficients from Eq. B-14, one can use dif-
ferent weights for the different experts ira given 
state. Ifw is the weight assigned to the i expert, 
the weighted average of a regression coefficient 
is given by: 

E wib  
= i=l 

	

	
(8-17) 

wi 

The weights could be assigned In accordance with the 
amount of each experts' experience. In this study, 
all assessors were given equal weiglts. 

After calculating VL1] and E[O ], v canbe found 
from Eq. 8-3. 

= E[o2] 	v[B] 	 (B-18) 

The matricesb and v co,pipletely specify the multinor-
mal distribution E( .I0L). With espect to the gamma 
distribution f(l/a ), only E[a ] = [6/(6-2)] w is 
known. 	The means and variances of the conditional 
distribution do not contain enough information to de-
termine wand 6 individually. However, the model implies 
that distributions f(ylx) are t distributions with 
6 degrees of freedom, and 6 can be expressed as a 
function of the fourth central moment and the vari-
ance of the t-distribution: 

V 

6 V[ylx] 2 
6 = 	 + 4 (8-19) 

E[y - E (y11)]411 - 	3 V[yx]2  

For each assessed conditional distribution, the fourth 
central moment and the variance can be calculated, 
and 6 can be determined from Eq. 8-19. Using this 
procedure for all the m assessed distributions, m 
values of 6 are obtained. Theoretically, 6 must be 
greater than 4. From a practical viewpoint, an upper 
limit of, for example, 50 maybe set on 6. The average 
of all 6 values between 4 and 50 was taken as the 6 
for the prior distribution. Once 6 is found, w can 
be determined from Eq. B-4: 

w = [(6-2/6] E [0 2] 	 (B-20) 

Eq. B-6, 8-18, B-19, and 8-20 determine b, v, 6, 
and w, respectively. This completely specifies the 
prior normal-gamma distribution. If, now, any objec-
tive data in terms of the effect of the designer-con-
trolled variables on pavement performance become avail-
able, these can be systematically combined with the 
subjective information assessed in the form of the 
prior distribution, as follows. 

Procedure for Combining Subjective and Objective Data 

A major advantage of the Bayesian approach is 
that both subjective and objective information can 
be utilized to reduce the uncertainty in the parameters 
of an assumed model. As discussed previously, a normal 
regression model is used in this study to relate pave-
ment performance (e.g., fatigue life y) to a number 
of designer-controlled variables xi's. For this model, 
the parameters are the regression coefficicients l' 

821 . . . , B and the process variance a . The sub-
jective information is assessed in the form of prior 
normal-gamma distribution with parameters b, v, 6, 
and w. Now to combine this information with objec-
tive data, use of Bayes' theorem is made. Bayes' theorem 
states that the-posterior probability of an unknown 
state of nature e is given by: 

Posterior probability of e, given the sample outcome 

= (normalizing constant) x (sample likelihood, 

given e ) x (prior probability of 8) 	(8-21) 

For a normal regression model,, the unknown state of 
nature is the set of unknown parameters. Thus: 

.2. = (01, 82,  . . 	'• 8, 02)t 
	(8-22) 

The sample likelihood is determined from the observa-
tions y1  on the dependent variable and assumed proba-
bility distribution of y1. For the normal regression 
model, it is shown that surficient statistics for B are 
specified through the parameters b, v, 6, and W. In 
order to distinguish between the parameters in the 
prior distribution, in the sample likelihood, and in 
the posterior distribution, we use a single prime 
(e.g., b') for prior distribution, a double prime (e.g., 
b") for posterior distribution, and no prime (e.g., 
b) for sample likelihood. Also, the inverse of the 
matrix v' is denoted by n'. The parameters b, v, 6, 
and w can be calculated from the sample data, as fol-
lows. 

Let there be n observations y1, y2, . . . , y 
for given values of x1, x2, . . . , xk• Let Y an 
X denote the following matrices: 
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= (y1 Y2 	
y)t 	(8-23) 
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r ll x12 	
Xfl 

I 	 (8-24) 
[Xnl Xn2 	 xnk 

Then the required parameters developed from the ob-
jective data set are given by: 

= 	(x x)' X t !: 	 (B-25) 

!1 	 (B-26) 

6 = n - k 	 (B-27) 

	

w = (! - X b)t (Y - X b)/6 	 (8-28) 

Since a natural-conjugate prior distribution is 
assumed, the calculation of the parameters of the 
posterior distribution of 8 through the use of Eq. 
B-14 is relatively simple. It can be shown [4] that 
the posterior distribution parameters are given by: 

= 11' + 	 (8-29) 

= (U)l 
( 	b' + 	•) 	 (13-30) 

6" = 6' + 6 + k 	 (8-31) 

= [6'  w' + ( )t !i' b' + yt y 

- (bet) 	b"1/6" 	 (B-32) 

Eq. 8-29 through B-32 completely specify the pos-
terior distribution of the set of unknown parameters 
e. The posterior,distrjbutjon combines the experience 
and judgment of highway engineers with any available 
objective data. How can this distribution be used 
for prediction of pavement performance for a new set 
of designer-controlled variables? The procedure for 
doing this is described in the following section. 

Prediction of Pavement Performance for New Design 

The Bayesian approach uses all available infor-
mation -- subjective and objective -- in order to obtain 
a more precise distribution of the unknown state of 
nature, B • How can one use this distribution for better 
performance prediction of newly designed pavements 
and consequently for selecting optimum designs? 

To begin with, say the highway engineer has de-
signed a pavement with a vector of designer-controlled 
variables x11  given by: 

= 	
• • X) (B-33) 

Given a normal-gamma prior distribution for a normal 
regression model, the predictive distribution f(yxnt) 
is a t distribution with mean and variance given by: 

E[yx'] = (b)t n 	 (8-34) 

6" 

	

v[yxnl J  = - w" [(Xn)tVXn + 1] 	(B-35) 

and with 6" degrees of freedom. 
Since the predictive distribution f(yI xn) is com-

pletely specified through the above equations, one 
can easily answer questions such as: If the pavement 
is designed with xtt, what are the chances that it will 
fail in fatigue at or before ten years? What is the 
fatigue life of this pavement with 90 percent reliabil-
ity? 

The subjective data were collected through inter-
views with experienced highway engineers in each of 
the six participating states. The interview procedure 
used consisted of a group presentation and individ-
ual interviews in each state. First, all assessors 
were assembled for familiarization and discussion of 
the concepts to be used in the personal interviews. 
Then a personal interview was conductedwjth each as-
sessorto quantify his judgments regarding the fatigue 
performance of pavements. In this appendix, both the 
preparation necessary before visiting each part icipat-
ing state and the procedures used to conduct the inter-
views are described. 

Preparation for Interviehs 

The results of the preliminary questionnaire de-
fined the rank ordering of the designer-controlled 
variables that influence the occurrence of fatigue 
cracking. Based on these results, four variables were 
selected for use in the interviews: asphalt consis-
tency, asphalt content, asphaltic concrete prepara-
tion, and base density. Asphalt consistency (PEN) was 
defined by the recovered penetration at 77' after 
3 to 5 years of service. Asphalt content (AC) was 
measured as the percent asphalt by weight of mix. 
The asphaltic concrete proportion (TAC) was defined 
as the percent thickness of the pavement materials 
above the subgrade consisting of asphaltic concrete. 
The base density (DEN) was measured in terms of the 
relative compaction based on the ASSHTO T-180 (high-
energy) compaction test. 

The objective of the interviews was to quantify 
how different levels of these designer-controlled var-
iables would affect the probable fatigue life of a 
pavement. The fatigue life was defined as the time 
(in years) until 10 percent of the total wheelpath 
area in a lane exhibited fatigue cracking. Preparation 
for the interviews primarily consisted of defining 
the set of questions that would be asked each assessor. 

The theoretical basis for quantification of a 
Bayesian multiple regression model was derived earlier. 
This derivation identifies the type of information 
required as the expected value, variance, and fourth 
moment of the probability distribution of fatigue life 
associated with fixed'values of each of the four de-
signer-controlled variables. Because only the expected 
value of a probability distribution was felt to be 
meaningful to the assessors, the direct assessment 
of the required statistical parameters was not consid-
ered. The technique selected was to quantify the prob-
ability distribution of fatigue life in terms of a 
cumulative distribution function (CDF). Once the CDF 
is determined, the necessary statistical parameters 
can be calculated from the CDF. Thus, the results 
of the interview with each assessor would be a number 
of cumulative probability distribution functions for 
fatigue life, each associated with specific combina-
tions of the four designer-controlled variables. 
Therefore, preparation for the interviews consisted 
of identifying the combinations of designer-controlled 
variables for which reponses would be obtained, and 
which combinations would be asked of each assessor. 

It was decided that three levels of each of the 
designer-controlled variables should be considered in 
order to evaluate the degree of non-linearity in the 
regression model. Since typical design values for the 
four variables vary from state to state, the actual 
values for the variables were not selected until the 
group presentation in each state. The three levels 
for each variable were to be established such that 
the midrange value would be typical.of normal design 
practice. Values higher and lower than normal practice 
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were used for the other two levels. The high and low 
levels were selected such that the change from typical 
values would be large enough to have a significant 
influence on fatigue life, yet small enough to be 
within reasonable limits of 'what might be used in 
practice. 

If three levels of four variables are considered, 
a total of 81 different combinations results. These 
combinations were examined to identify any unrealistic 
variable combinations. It was decided that combina- 
tions with high asphalt content and low asphalt pene-
tration as well as combinations with low asphalt content 
and high asphalt .penetration were of little interest 
in that they would seldom, if ever, be encountered 
in practice. The reasoning behind this was based on the 
air void content associated with asphalt content and 
the resulting tendency for hardening (aging) of the 
asphalt for pavements in service for 3 to 5 years. 
With high asphalt content, air voids would be low, 
reducing the tendency for asphalt hardening; thus, low 
recovered penetration values after 3 to 5 years of 
service were not expected. 	The opposite argument 
applied to low asphalt contents and high recovered 
penetrations. Eliminating these variable combinations 
from the total possible combinations resulted in the 
consideration of 63 different combinations. 

The next consideration was the minimum number of 
questions theoretically required of each assessor in 
order to quantify a regression model for each assessor. 
The regression model was to include the four designer-
controlled variables as well as an intercept term. 
Based on the Bayesian statistical model presented 
above, the theoretical minimum number of combinations 
would be five. However, this was considered undesir- 
able in that only a small portion of the range of 
possible combinations would be considered. Thus, the 
range of applicability of the regression model would 
be severely constrained. Furthermore, no evaluation 
of the degree of consistency of the regression model 
would be possible. 

Although it was desirable to obtain the maximum 
amount of coverage of the variable combinations with 
each assessor, the time required to assess the desired 
information is a practical constraint. One day was 
considered to be the upper limit for each interview, 
and one-half day was considered more appropriate. Past 
experience in assessing cumulative distribution func-
tions indicated that an average of 10 to 15 minutes 
was required for each assessment. Basedon the forego-
ing considerations, a total of 18 variable combinations 
was selected as a suitable number to ask of each as-
sessor. 

In order to obtain information for all 63 variable 
combinations, and to ensure a representative sampling 
of opinions, it was necessary to establish the number 
of assessors to be interviewed in each state. A minimum 
of four assessors was required to obtain information 
on all 63 combinations. It was considered highly de- 
sirable to ask different assessors about the same 
variable combinations. Thus, it was judged that six 
assessors in each state would allow full coverage of 
the variable combinations with sufficient replication 
for each assessor. 

The next step was to assign each assessor eigh-
teen questions Out of the 63 possible values. A random- 
ized scheme was developed to accomplish this and to 
minimize any bias induced by question assignments. 
Considering all six assessors, a total of 108 ques- 
tions was to be asked. Thus, 45 of the questions 
would represent replicate responses. The random scheme 
to assign questions to assessors was developed within 
the following constraints: 

Each assessor should be asked an equal number 
of questions for each level of the portion of asphaltic 
concrete (TAC) variable. 

No more than two assessors should be asked the 
same question (variable combination). 

These constraints allow each assessor to be asked 
a total of six questions for each portion of the as-
phaltic concrete level, five of which will be replicated 
by some other assessor. 

The actual question assignments were accomplished 
using a random number table to avoid patterns. The 
resulting assignments are given in Table B-l. The 
numbers in the table indicate which of the six assessors 
would be asked each of the 63 variable combinations. 
The level of each designer-controlled variable is in-
dicated in terms of low, medium, or high. The actual 
values were determined prior to the personal interviews 
during the group presentation in each state. 

Group Presentation 

Before conducting personal interviews, all asses-
sors in each state were assembled for what is termed 
a group presentation. 	The primary purpose of the 
presentation was to familiarize the assessors with 
the data acquisitionframework to be used in the per-
sonal interviews, in order to assure a clear under-
standing of all essential aspects. Following is a 
summary of the topics discussed in the group presen-
tation. 

It was explained that the objective of the project 
was a pilot implementation of Bayesian techniques to 
quantify the opinions of experienced highway engineers 
regarding the fatigue performance of flexible pave-
ments, and that the results would provide a basis 
to verify design recommendations to minimize premature 
fatigue cracking. The reasons for selection of a Bayes-
ian approach were described In terms of the pros and 
cons of alternative techniques. The assessors were 
also guaranteed anonymity to remove possible con-
straints on the free expression of their opinions. 

The results obtained for the preliminary ques-
tionnaire were summarized, and the four designer-con-
trolled variables selected for the detailed study were 
identified. Each of the four variables was carefully 
defined and the measurement technique used to quantify 
its value Identified. The variable definitions were 
thoroughly discussed with the assessors to clarify 
any questions and to establish a common data acquisi-
tion framework for the personal interviews. 

The influence of changes in the four designer-
controlled variables were to be measured in terms 
of the fatigue life of a pavement. Fatigue life was 
defined as the time in years until a new pavement ex-
hibited fatigue cracking in 10 percent of the wheelpath 
area of a lane. 	Pictures were provided of actual 
pavements In this condition, as well as a scaled drawing 
identifying different patterns that 10 percent cracking 
might take. The graphic representation of different 
10 percent cracking patterns is given In Figure B-l. 
These visual aids allowed the assessors to have a 
clear mental picture of the pavement condition of in-
terest. 

Once all variables had been discussed, the high, 
medium, and low values for each designer-controlled 
variable were established in each state. The criteria 
used to accomplish this were (1) 	that the medium 
level should be that typical of normal design practice 
in the state; and (2) the high and low values selected 
were such

'
that the change from typical values would 

be large enough to have significant influence on fa-
tigue life, yet small enough to be within reasonable 
limits of what might be used in practice. In all 
cases, it was relatively easy to establisha consensus 
agreement among the assessors for the three levels of 
each designer-controlled variable. 

Having established a common framework and under-
standing of each variable to be explicitly considered 
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Table B-i. RANDOMIZED SCHEME FOR ASSIGNING PERSONAL INTERVIEW 
QUESTIONS TO THE SIX ASSESSORS IN EACH STATE 
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Figure B-I. Graphical representation of 10 percent fatigue cracking 
in wheelpath area. 
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in the personal interviews, it was important in the 
group presentation to clarify additional aspects im-
plicit in the assessments. It was recognized that 
traffic volume, structural design, subgrade condi-
tions, and environment play a role in the occurrence 
of fatigue cracking. However, the effect of these 
considerations was minimized by instructing the asses-
sors to consider that all pavements were designed and 
constructed in accordance with current state design 
procedures. Since these design procedures incorporate 
the above considerations, constructed pavements auto-
matically reflect their influence. For example, even 
though two pavements may carry different traffic levels 
and be constructed on different subgrades, the struc-
tural section provided reflects this, and similar per-
formance over time would be expected from each. It 
was stipulated that the pavements considered were as-
sumed to be actually carrying the traffic level for 
which they had been designed. Thus, pavements with 
substantial discrepancies between actual and design 
traffic levels were to be ignored when responding 
in the personal interviews. To minimize the influence 
of environment, one geographic location was selected 
in each state. The location selected was that for 
which the assessors had the most experience; this nor-
mally corresponded to the area In the state that had 
the most roads and was therefore of primary interest. 

It was also recognized that there were designer-
controlled variables not explicitly considered in the 
interviews that influence fatigue perfbrinance (i.e., 
asphalt source, aggregate gradation and texture, and 
mix stability). The assessors were Instructed to con-
sider that these variables followed their normal dis-
tribution of values. Because their specific values 
were not known, it was expected that these variables 
would contribute to the uncertainty associated with 
their assessment of probable fatigue life. 

The assessors were made familiar with applicable 
concepts of probability. Although specific knowledge 
of probability was not required for participation in 
the interviews, some familiarization was considered 
desirable. It was explained that probability was a 
numerical means of quantifying uncertainty, and that 
subjective probabilities were a quantification of the 
judgment or personal opinion about an uncertain event. 
The concept of a random variable was discussed, as 
was the concept that the behavior of a random variable 
was described by its probability law. Alternate expres-
sions of a probability law discussed were a probability 
distribution function and a cumulative distribution 
function (CDF). It was explained that aCDF quantifies 
the chances that a random variable is a specific value 
or less. 

An example of a subjective assessment of a cumula-
tive distribution function for a random variable was 
performed to illustrate the questioning technique to 
be used in the personal interviews. The group of as-
sessors was then led through an example in which 
all designer-controlled variables were fixed at their 
typical values, and the judgments of the assessors 
concerning fatigue behavior were quantified in terms 
of a cumulative distribution function. The purpose of 
the example assessment was to allow the assessors to 
experience the techniques used so that any remaining 
questions could be clarified. 

The group presentation took approximately three 
hours to complete. A schedule for the personal inter-
views was developed and one-to-one interviews were 
begun. 

Personal Intervie ha 

The information obtained from each assessor was 
plotted on a cumulative distribution function curve 
of fatigue life for each of 18 different designer-con-
trolled variable combinations. The interviews were  

begun by showing the assessor the 18 combinations for 
which he would respond. He was asked to examine the 
combinations and to pick the one with which he had 
the most experience. This combination was selected 
so that the first assessment would be one in which the 
assessor had a high degree of confidence In his judg-
ments. 

A number of questioning techniques are possible 
to quantify a cumulative distribution function (CDF). 
In the interviews It was found that two techniques 
proved most effective: (1) assessment of fractiles; and 
(2) assessment of cumulative probabilities in each 
interview, the technique with which the assessor felt 
most comfortable was used. After obtaining an initial 
CDF using this technique, the other technique was used 
to perform consistency checks. The two techniques are 
described below, as well as consistency checks incor-
porated in the procedures. A more detailed discussion 
can be found In Perry and GreIg [6]. 

Assessment of Fractiles. A fractlle of a random 
variable is defined as the value of a random variable 
corresponding to a designated cumulative probability 
value. Thus, the 0.50 fractlle is the value of a random 
variable for which one-half of the time values are 
above this value and one-half of the time values are 
below this value. The 0.50 fractlle corresponds to 
the medianofa random variable. Therefore, in assess-
ing fractiles the responses are In terms of values 
for the random variable (fatigue life) corresponding 
to given values of the cumulative probability. One 
specIal technique often used to assess fractiles is 
known as the method of successive subdivisions. The 
key aspect of this technique is that it requires only 
even-odds judgments by the assessor. 

In the successive subdivision technique, the frac-
tile values are not explicitly stated but are implied 
from the questions asked. For example, an assessor 
would be asked to consider pavements with a specific 
set of deslgner-contolled variable values. He was asked 
to Identify the value of fatigue life for which it 
was equally likely that the pavement would last longer 
than or shorter than that value. In other words, if 
a number of pavements, say 20, were constructed with 
the given set of designer-controlled variablevalues, 
at what time would one-half (10) of the pavements 
have exhibited 10 percent cracking in the wheelpath 
area? If we assume that the assessor's answer was 
12 years, then 12 years corresponds to the 0.50 frac-
tile for that assessor. This response is then used 
as the basis for obtaining additional fractiles. 

Next, the assessor is asked to consider only those 
pavements that had fatigue lives greater than 12 
years. Of the pavements with fatigue lives greater 
than 12 years, the assessor is asked at what time he 
would expect half of these pavements to have reached 
their fatigue life. If we suppose his response is 
14 years, this Indicates that the 0.75 fractile is 
14 years. A similar question for pavements having 
fatigue lives less than 12 years is used to define 
the 0.25 fractIle. For purposes of Illustration, as-
sume that the 0.25 fractlle is 10 years. The process 
of successive subdivisions can be repeated to obtain 
additional fractiles (i.e., 0.125, 0.875, 0.0625, 
0.9375). However, It was our experience that successive 
subdivisions after the 0.25 and 0.75 fractlle were dif-
ficult for the assessors to think about. • Therefore, 
to obtain points farther out on the tails of the CDF, 
the desired fractiles were directly obtained. 

The technique used was to determine the 0.05 and 
0.95 fractiles. To obtain these values, the assessor 
was asked when he thought the first of the 20 pavements 
might reach its fatigue life and when only one of the 20 
pavements would not have reached its fatigue life. 
Suppose that the assessor felt that the 0.05 and 0.95 
fractiles were 5 and 20 years, respectively. 
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A data recording sheet was used to identify the 
assessor, state, assessment number, values of thede-
signer-controlled variables, and CDF assessments. A 
typical assessed fractile is plotted on the data record-
ing sheet in Figure B-2. Once these fractiles were 
determined, a smooth curve was drawn through the known 
CDF points to define the entire CDF. This curve was 
referred to as 'the initial CDF curve. 

The initial CDF curve was determined for three 
different sets of designer-controlled variable com-
binations. The assessor was then asked to reconsider 
the first designer-controlled variable combination and 
additional questions were asked to check for consis-
tency. This procedure allowed the assessor to forget 
what his initial assessment had been before consistency 
checks were performed. 

A number of consistency checks were made to verify 
each initial CDF curve. The purpose of consistency 
checks was to verify that the assessed CDF truly re-
flected the assessor's opinions. The checks were per-
formed by asking for the same information contained 
in the initial CDF in a different way. These results 
were compared with the initial CDF to identify any 
differences. If differences arose, these were pointed 
out to the assessor and he was allowed to resolve 
them. 

Several types of questions were used to obtain 
consistency checks. One type, which can be termed 
"lottery bets," consisted of setting up two hypothet-
ical choices to see which the assessor preferred. 
The choices presented were dependent on the initial 
CDF curve. For example, using the initial CDF curve 
shown on Figure B-2, the assessor was asked whether 
he would rather bet that the given pavement would 
reach its fatigue life in less than 10 years or greater 
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than 10 years. The assessor would identify his pref-
erence, say greater than 10 years. Then the assessor 
would be asked whether he would rather bet that the 
given pavement would reach its fatigue life in less 
than 15 years or greater than 15 years. Again, the 
assessor would indicate his preference, say less than 
15 years. This information confirms that the assessor 
would rather bet that the given pavements would last 
more than 10 years but less than 15 years. This process 
was continued using different ages defining a narrower 
and narrower range until an age was found at which 
the assessor was indifferent to the two bets. At this 
age he had no preference between bets, which means 
that he felt each possibility was equally likely. This 
age corresponds to the 0.50 fractile, which was checked 
against the initial CDF assessment. If there was a 
difference with the initial CDF 0.50 fractile, the 
difference was pointed Out to the assessor and he 
was allowed to resolve it. Similar consistency checks 
were made for the 0.25 and 0.75 fractiles. 

A second type of question used to obtain consis-
tency checks can be termed a "coin toss lottery." 
In this technique, the assessor is given a choice 
of two hypothetical bets. One choice deals with the 
fatigue performance of pavements, the second with the 
toss of a fair coin. 	A fair coin is one that has 
equal chances of coming up heads or tails. The objective 
of the technique is to find a point where the assessor is 
indifferent between the two choices. For example, 
to obtain a consistency check for the 0.50 fractile 
shown on Figure B-2, the following series of questions 
would be posed to the assessor: 

"Imagine that you had a choice between two bets 
and that if you won the bet you would receive a reward, 
say 10 dollars. If you lose the bet, you would receive 
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Figure B-2. Fsu1ts of an example CDF assessment. 
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no reward. The first bet is that the given pavement 
would have a fatigue life greater than 10 years. The 
second bet is that the coin flip would come up heads. 
Which bet would you rather make?" Assume that the 
assessor indicates that he would rather bet on the pave-
ment. This indicates that he feels that the chance 
the pavement will last more than 10 years is greater 
than 50 percent. 	Next, a second choice situation 
is posed: "Wouldyou rather bet that the given pave-
ment would last greater than 15 years, or that the 
coin would come up heads?" In this case assume that 
the assessor would rather bet on the coin flip. This 
indicates that he feels the chances that the given 
pavement will last more than 15 years is less than 
50 percent. Thus, from the two coin flip bets it 
is known that the 0.50 fractile is between 10 and 15 
years. This process is repeated until the point at 
which the assessor is indifferent between the two bets 
is established. The indifference point corresponds 
to the 0.50 fractile, which is checked against the 
initial CDF for consistency. 

Similar questioning techniques were used to check 
the 0.25 and 0.75 fractiles. When checking these frac-
tiles, the pavements considered were those reaching 
their fatigue life in less than the 0.50 fractile 
for the 0.25 fractile consistency check, and pavements 
lasting longer than the 0.50 fractile for the 0.75 
fractile consistency check. For example, to check the 
0.75 fractile, the following questions could be used: 
"We have established that you feel that half the given 
pavements will have fatigue lives greater than 12 
years (0.50 fractile from Figure B-2). Now consider 
only those pavements that last more than 12 years. 
Would you rather bet that most of these pavements 
would last more than 16 years, or that the coin would 
come up heads?" If we assume that the assessor pre-
fers the coin bet, this indicates that the 0.75 fractile 
is less than 16 years. This process is repeated until 
a pavement age is found such that the assessor is 
indifferent between the two bets. This response is 
used to check the consistency of the 0.75 fractile 
in the initial CDF. 

In addition to lottery bets and the coin toss 
lottery, consistency checks were made for several 
points in the initial CDF by directly assessing cumu-
lative probabilities. In this technique, the fatigue 
life is specified and the assessor is asked for cumu-
lative probability values. For example, the assessor 
was asked what percentage of the given pavements he 
felt would have a fatigue life greater than 8 years. 
His response was checked against the initial CDF. This 
question was repeated for other fatigue life values. 

The techniques described above were used to ob-
tain enough consistency checks to verify that the final 
CDF captured the assessor's true opinions concerning 
the fatigue life of pavements with the given set of 
designer-controlled variables. Once the final CDF had 
been determined, the assessor recorded the median value 
(0.50 fractile) of fatigue life for the designer-con-
trolled variable combination. This information was 
available tohim as a point of reference when consid- 
ering the additional designer-controlled variable com-
binations. The assessor was encouraged to examine his 
previous assessments when considering each new design- 
er-controlled variable combination. This allowed cross-
comparisons of the influence of the designer-controlled 
variables as the assessments were developed, and pro-
vided an additional consistency check interns of the 
relative fatigue performance of the different pave-

ments. 

ave- 

mentS. 
After establishing the final CDF curves for three 

different sets of designer-controlled variables, the 
initial CDF curves were quantified for the next set 
of three combinations. This process was repeated until 
final CDF curves had been determined for all 18 design-
er-controlled variable combinations. 

Assessment of Cumulative Probabilities 

Assessment of cumulative probabilities is the 
inverse of the fractile assessment technique. In this 
technique a specific fatigue life is given to the 
assessor and he is asked what percentage of the pave-
ments constructed with the given set of designer-con-
trolled variables would have fatigue lives less than 
or equal to the given value (e.g., "If 50 land-miles 
of pavement were constructed with the given set of 
designer-controlled variables, what percentage of the 
pavements do you think would have fatigue lives less 
than or equal to 5 years?"). This type of question 
was repeated for different values of fatigue life until 
a sufficient number of points were obtained to estab-
lish the initial CDF. 

In the questioning process, the fatigue life val-
ues first specified were usually even multiples of 
5 years. The fatigue life values were asked not in 
steadily increasing or decreasing order, but by skip-
ping around on the scale of potential values. Thus, 
the sequence of fatigue life values posed to the as-
sessor might be 5, 35, 15, 25, 10, 40, 20, 30 years. 
This technique allowed the general range of the ini-
tial CDF. curve to be quickly defined. The assessed 
points were plotted on the CDF data recording sheet 
and examined. 	Any inconsistencies that arose were 
pointed Out to the assessors. Possible inconsistencies 
included that the CDF value decreased with increasing 
fatigue life value, or large jumps in the CDF occurred 
within a 5-year interval. 	It should be mentioned 
that inconsistencies of this type rarely arose, and 
when they did they were easily resolved. 

Once the general nature of the CDF curve had been 
established, cumulative probability values were found 
at points other than even 5-year multiples. The fatigue 
life values were selected based on the initial points 
to get better definition of the CDF curve in areas 
where the CDF changed rapidly. Fatigue life values 
near the tails of the CDF curve were also used to 
quantify these regions of the curve. 

Once the initial CDF had been determined, the 
assessment was repeated for a different set of design-
er-controlled variables. In order to avoid patterns 
in assessor response, the order of asking the 5-year 
multiples of fatigue life was changed from that of 
the previous assessment. The initial CDF curve was 
determined for three different sets of designer-con-
trolled variable combinations, and consistency checks 
were then begun. 

Consistency checks were performed using the frac-
tile assessment technique, lottery bets, and the coin 
toss lottery described in the previous section. Any 
inconsistencies were presented to the assessor and 
he was allowed to resolve them. 	This process was 
repeated until final CDF curves were established for 
all 18 designer-controlled variable combinations. As 
in the fractile assessment technique, the assessor 
recorded the median value for each CDF assessment and 
used this information for reference as each new de-
signer-controlled variable combination was considered. 

Calculation of Statistical Parameters 

The personal interviews resulted in 18 CDF as-
sessments of fatigue life for each of the six assessors 
in each state. The information required to conduct 
the Bayesian analysis of the assessments was the ex-
pected value, variance, and fourth moments for each 
CDF. These values can be calculated from the CDFs 
using standard statistical techniques. Although these 
calculations can be performed by hand, the process 
is very tedious and time consuming. 	Thus, a com- 
puter was used to facilitate the calculations. 

The calculation of the required information was 
performed in two steps. First, the CDFs on the data 
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recording sheet were converted to digital form so 
that they could be input to the computer. This was 
accomplished using a digitizer to create a magnetic 
tape containing the CDF in digital form. A digitizer 
is an apparatus used to trace over the assessed CDF 
curves. During this process the position of the tracer 
is automatically recorded on magnetic tape at frequent 
intervals to provide a numerical record of the curve. 
In addition to the CDF curve, the assessor, partici-
pating state, assessment number, and values of the 
designer-controlled variables were expressed in numer-
ical form and recorded on the magnetic tape. This 
allowed identification of each digital CDF. Once the 
required information was in digital form on magnetic 
tape, it would be input to the computer. 

A computer program was written to read the tape 
and calculate the statistical parameters required. It 
should be mentioned that the statistical properties 
of fatigue life were calculated for two different vari-
able transforms. The first consisted of the values 
as directly recorded on the magnetic tape; the second 
was for the logarithm of fatigue life. The statistical 
properties of fatigue life were calculated for these 
two transforms so that the degree of fit of alterna-
tive forma of regression models could later be eval-
uated. 

It should be noted that techniques are available 
to calculate approximate statistical properties of 
probability distributions. These techniques can be 
accomplished quickly and would normally be sufficiently 
accurate for subjectively determined CDFs. Thus, if 
the digitization of CDFs is not possible or desirable, 
these techniques provide a viable alternative. The 
only drawback is that no technique is available to 
calculate an approximate value for the fourth moment. 
The fourth moment is used to calculate the value of 
S in the Bayesi,an analysis. An alternate technique 
to find 6 that does not involve the fourth moment 
is to use some fractile in the tails of the CDF and 
tables of the t distribution. By examination of the 
tables for a specified fractile (i.e., 0.90), the 
value of 6 could be approximated. 

Approximate techniques to calculate the expected 
value and variance from fractiles of a CDF are given 
in Winkler [7]. 	The fractiles required are 0.05, 
0.50, and 0.95. The formulas presented in the reference 
are: 

Expected Value 

= P. 
50 

+ 0.185 (P 95  + p05 - 2P 50) 	(B-36) 

Variance 

=(.95  - .05) 
Z 	

(B-37) 
3.25 

where: 

p 05, p 50, p 95  = 0.05, 0.50, 0.95 fractiles. 

ANALYSIS OF SUBJECTIVE DATA 

The subjective data were collected in accordance 
with the procedures presented earlier. The Bayesian 
statistical model previously described was used to 
analyze the data collected. This seètion provides some 
explanation of the analysis techniques and summarizes 
the results obtained. The previously referenced com-
panion volume of this study consists of reports prepared 
for each state discussing the results of the analysis. 
These are termed state reports, and were initially 
prepared to provide the assessors in each state with 
the results developed from the personal interviews. 

Analysis Procedures 

As described earlier, the results of the personal 
interviews were available in digital form on magnetic 
tape. Thus, the subjective data could be directly input 
to the computer for analysis. The analysis was con-
ducted by state, using the same procedures in each 
state. 

The objective of the subjective data analysis was 
to determine the prior parameters (b, v, 6, w) of 
the multiple regression model. 	The steps involved 
in determining these parameters are summarized below. 
These steps are based on the theory of Bayesian regres-
sion models presented earlier. 

The first step of the analysis was to determine 
the prior parameter b. This parameter is the vector 
of regression coefficients in the Bayesian model. The 
regression coefficients were first developed for each 
assessor. 	This was accomplished using Eq. B-6 to 
express a system of 18 equations (one for each CDF), 
relating the expected value of fatigue life to the 
values of the four designer-controlled variables. An 
intercept term was also included in the regression 
model. Since there were five unknown regression coef-
ficients and 18 equations, the system was overdeter-
mined. The optimal solution to the system of equations 
was obtained using multiple regression to minimize 
the squared error. Both linear and logarithmic trans-
forms of the regression variables were evaluated to 
determine which variable transform gave the best fit 
to the data; it was found that linear and logarithmic 
scales for the variables gave comparable fits. Since 
it is easier to interpret linear scales

'
this form 

of regression equation was selected. -The prior param-
eter b developed for each assessor using this procedure 
is shown in Table 2 of each state report in the pre-
viously referenced companion volume of this report. 

The individual assessor values forb provide the 
primary basis for calculating the prior parameters 
for each state. It should be noted that no acceptable 
technique was found to define the remaining prior 
parameters of the Bayesian regression model for each 
assessor. 	Rather, the results obtained from each 
assessor were used to develop the prior parameters 
for the state. Fortunately, these are the results 
of primary interest. To accomplish this, the results 
developed for each assessor were viewed as independent 
samples, and the sampling distribution was used to 
define the required information. 

The average value and variance of each regression 
coefficient were calculated using Eq. B-14 and B-iS, 
respectively. The covariance between pairs of regres-
sion coefficients was calculated using Eq. B-16. The 
average values of each of the regression coefficients 
represent the consensus values for the state, and 
are shown in Table 2 of each state report, in the 
previously referenced companion volume. It should 
be noted that an alternate method of representing con-
sensus values of the regression coefficients would 
be to pool all data obtained from all assessors in 
a state and obtain the best fit solution to this system 
of equations, using Eq. B-6 as was done for each as-
sessor. The consensus results based on pooled data 
were calculated and compared to those obtained by aver-
aging the individual assessor values. It was found 
that the results showed little significant difference. 
Therefore, to maintain consistency with the approach 
used to establish the variance and covariance of the 
regression coefficients, the averaging technique was 
selected as most appropriate. 

The variance and covariance values of the regres-
sion coefficients provide the necessary information 
to establish the elements of the covariance matrix 
V(b). This information was used in Eq. B-13 to estab-
lish the value of the E(a2) [(p2) is the variance of 
the random error term in the multiple regression mod- 
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eli. The E(a2) was calculated for each assessed CDF 
by substituting the calculated value of the variance 
of fatigue life, V(ylx), and designer-controlled var-
iable values, x, associated with each CDF, and the 
covariance,matrix, V(b), established for the state, 
into Eq. B-13, and solving for E(a2). Theoretically, 

the value of E(02) is unique and must be positive. 
Because the solution technique did not incorporate 
these constraints, various values for E(a2)were com-
puted, some of which were negative. This reflects 
differences of opinions among the assessors and in-
consistencies in the assessed information with the 
theoretical assumptions associated with the multiple 
regression model. A reasonable estimate of the value 
of E(a2) was obtained using the followin averaging 
technique. The sum of all values of E(a ) was com-
puted, setting any negative values equal to zero. 
Thi sum was divided by the total number of computed 
E(o ) values. The resulting value of (2)  was used 

as the best estimate for each state. 
The values ofE(a2) and V(b) found for each state 

were used to determine the prior parameters v using 
Eq. B-18. 	A physical interpretation of the matrix 
v is that it is an expression of the uncertainty as-
sociated with the regression coefficients. The inverse 
of v is denoted as n, and is often more convenient 
to use in mathematical expressions associated with 
Bayesian analysis. Once v is known, the inverse n 
can be directly computed using standard matrix inver-
sion techniques. 

The next step in the analysis was to determine 
the prior parameters 6 and w. The value of 6 was 
computed using Eq. B-19. The value of 6 can be computed 
by substituting the-  known values of the variance of 
fatigue life, V(ylx), and fourth moment of fatigue life 
E[y-E(ylx)]41X , computed for each CDF,intoEq. B-19 
to solve for 6. This computation was performed for 
each CDF assessed in the state. Theoretically, 6has a  

unique value that is positive and greater than four. 
As for the E(cJ2) computations, these constraints were 
not incorporated in the solution technique, and various 
values of 6 were computed. Once again deviations 
from the theoretically allowable values arise due to 
differences of opinion among assessors and inconsis-
tencies in the assessed information with the theoret-
ical assumptions associated with the multiple regres-
sion model. 

The value of 6 represents the number of degrees 
of freedom associated with a t-distribution. For prac-
tical purposes, an upper limit of 50 can be set on 
the value of 6 as the properties of a t-distribution 
remain essentially constant for higher values (in the 
limit, as 6 approaches infinity, the t-distribution 
approaches the normal distribution). A reasonable 
estimate of the value of 6 was computed using the fol-
lowing technique. The average value of 6 was calculated 
for all values greater than four and less than 50. 
This value was rounded to an integer value (for con-
venience), and used as the best estimate of 6 for 
the state. 

Once 6 was known, the value of the parameter w 
was computed using Eq. B-20. Examination of Eq. B-20 
reveals that the value of w is only slightly sensitive 
to the value of 6 and is primarily related to the 
value of E(a2). Therefore, the estimation technique 
used to establish 6 has little effect on the value 
of W. 

The prior parameters b, v, 6, and w, calculated 
using the procedures described above, were determined 
for each state. The calculated values represent a 
quantification of the consensus of opinions expressed 
by the assessors in the personal interviews. The prior 
parameters are summarized for each state in Tables 
B-2 through B-i. 	These results provide the basis- 
for predicting the influence of the designer-control-
led variables on the fatigue life of a pavement. 

Table B-2. -SUMMARY OF PRIOR PARAHETERS FOR ARIZONA 
BASED ON CONSENSUS RESULTS 

Const. PEN AC TAC DEN 

= 	E27.29 
- 	0.1380 1.6926 0.0645 0.27531 

.23.30 	-0.0454 	0.5797 	-0.0347 	-0.2783 	Const. 

	

0.0004 	0.0026 	0.0002 	0.0003 	PEN 

v = 
0.1497 	0.0006 	-0.0134 	AC 

	

0.0002 	0.0003 	TAC 

(symmetrical) 	 0.0038 	DEN 

6=16 

wlO.óS 	 . 
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Table B-3. SUMMARY OF PRIOR PARAMETERS FOR COLORAJ)O 
BASED ON CONSENSUS RESULTS 

Const. PEN AC TAC DEN 

b 	= 	-29.56 0.0423 1.9061 0.0932 0.2803 

67.07 -0.1025 -2.1880 0.0911 -0.5785 Const. 

V 

0.0007 0.0040 -0.0004 0.0007 PEN 

- 0.0833 -0.0047 0.0187 AC 

0.0005 -0.0007 TAC 

(symmetrical) 0.0051 DEN 

6 = 16 

w = 7.81 

Table B-4. SUMMARY 09 PRIOR PARAMETERS FOR UTAH 
BASED ON CONSENSUS RESULTS 

Const. PEN AC TAC DEN 

= 18.06 0.0704 1.5148 0.0280 
0.17921 

3.3960 0.0086 -0.0218 0.0061 -0.0299 Const. 

V 	= 0.0002 0.0009 0.0001 -0.0002 PEN - 
0.2241 0.0007 -0.0093 AC 

0.0001 -0.0001 TAC 

(symmetrical) 0.0007 DEN 

6 = 23 

w = 9.50 

Table B-5. SUMMARY OF PRIOR PARAMETERS FOR FLORIDA 
BASED ON CONSENSUS RESULTS 

Const. 	PEN 	AC 	TAC 	DEN 

	

0.1074 	1.3826 	0.0442 	0.1280 

	

2331.10 -1.5490 -125.7 	2.404 -15.60 	Const. 

	

0.0187 	0.1525 	0.0128 	0.0038 	PEN 

v = 	 8.953 	-0.0503 	0.7348 	AC 

	

0.0186 	-0.0185 	TAC 

(symmetrical) 	 0.1141 	DEN - 

6 = 17 

w = 0.1235 
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Table B-6. SUMMARY OF PRIOR PARAMETERS FOR LOUISIANA 
BASED ON CONSENSUS RESULTS 

	

Const. 	PEN 	AC 	TAC 	DEN 

b = 	[_19.10 	0.0156 	0.9197 	0.1093 	0.2064] 

	

99.81 	-0.1580 	0.3742 	-0.0042 	-1.0290 	Const. 

	

0.0007 	0.0041 	-0.0002 	0.0014 	PEN 

v 	 0.1291 	-0.0001 	-0.0132 	AC 

	

0.0005 	-0.0001 	TAC 

(symmetrical) 	 0.0114 	DEN 

6 =16 

w = 2.968 

Table B-7. SUMMARY OF PRIOR PARAMETERS FOR VIRGINIA 
BASED ON CONSENSUS RESULTS 

Const. 	PEN 	AC 	TAC 	DEN 

	

=118.52 	0.0525 	1.5384 	0.0362 	0.1764] 

16.2800 -0.0080 -0.9903 -0.0055 -0.1134 Const. 

0.0001 -0.0006 -0.0001 0.0001 PEN 

v .= 	 0.1106 	0.0005 	0.0047 	AC 

	

0.0001 	0.0001 	TAC 

(symmetrical) 	 0.0009 	DEN 

6 = 17 

w.= 9.43 

APPENDIX C 
GENERATION AND ANALYSIS OF OBJECTIVE DATA 

One of the advantages of a Bayesian methodology 
is that it provides for the systematic combination 
of both subjective and objective data to develop pre-
dictive models. These two sources of data can be used 
in the initial development of the model, orto contin-
uously update (adapt) the model as new information 
is obtained. The theoretical techniques and procedures 
used are the same for either situation. The theoretical 
basis for combining the two data sources in multiple 
regression analysis is documented in Appendix B. 

The objective data required to perform the anal-
ysis differ from the subjective data required only 
with regard to the dependent variable, fatigue life. 
For the subjective data, the probability distribution  

of fatigue life for given values of the designer-con-
trolled variables is assessed. For the objective data, 
only the value of fatigue life is observed for each 
set of designer-controlled variable values. Thus, the 
objective data required are the values of each of the 
four designer-controlled variables and the associated 
fatigue life of the pavement. Ideally, the source 
of objective data would be measurements taken on a 
sufficient number of field pavements to cover the 
range of values of the designer-controlled variables 
of interest. 

Because of budget and time constraints on this 
project, the only viable source of the desired field 
data was published reports available within each par- 
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ticipating state. During the initial State visits, 
reports potentially containing the desired information 
were collected. Each of the reports was examined for 
the desired information. While the reports contained 
a great deal of useful information, none of the reports 
contained the desired information. Thus, an alternate 
source for the objective data was sought. 

it was decided that the second best source for 
the objective data would be generated from mechanistic 
models that predict the fatigue performance of pave-
ments. It was recognized that these predictions would 
not be equivalent to field measurements where actual 
performance was observed, and consequently, consid-
erably less confidence could be placed on the posterior 
models developed using the data. However, since it 
was possible to generate the requireddata, objective 
data analysis techniques and subsequent updating pro-
cedures could be illustrated. Thus, when field meas-
urements are available, the analysis procedures re-
quired would be documented and demonstrated. 

The computer model PDMAP developed inNCHRP Proj-
ect 1-10B, Finn et al. [5],  was selected to generate 
the required data. This model computes the maximum 
tensile strain in the asphaltic concrete layer using 
layered elastic theory. 	The strain value is then 
used in a fatigue failure relationship to predict the 
fatigue life of the pavement. 

In order to generate an objective data set using 
PDMAP, it is necessary to select values for each of 
the designer-controlled variables and predict the 
corresponding fatigue life from these values. Three 
levels of each designer-controlled variable were se-
lected for the analysis. The values selected were: 

Asphalt penetration (PEN) = 15, 45, 70. 
Asphalt content (AC) = 4.3, 5.7, 6.5%. 
Proportion of asphaltic concrete in the struc-

tural section (TAC) = 19, 50, 100%. 
Base density (DEN) = 90, 95, 100. 

PDMAP INPUT VALUES 

In order to use the PDMAP model, the following 
input information is required: 

Pavement geometry. 
Material properties of the pavement layers. 
Pavement temperature. 
Traffic. 
Fatigue failure relationship. 

The input values required for the PDMAP model 
differ from those required for the multiple regression 
model. However, techniques were developed to relate 
the four designer-controlled variables to PDMAP in-
puts., The procedure to transform the designer-con-
trolled variable values into PDMAP input values and 
the subsequent inputs used are described in the fol-
lowing sections. 

Pavement Geometry 

The pavement geometry was established using the 
AASHTO Interim Guide for Design of Pavement Structures, 
AASHTO [8]. The procedure was used to design three 
different pavement structures having the same struc-
tural number, which therefo.re  could be considered to 
be equivalent sections. The three sections were de-
signed to yield three different values for the designer-
controlled variable proportion of asphaltic concrete 
in the structural section (TAC). The design values used 
and the resulting pavement geometries are given in 
Table C-l. 

Material Properties of Pavement' Layers 

The remaining three designer-controlled vari-
ables determine the material properties of the struc-
tural components. The asphalt penetration and asphalt 
content determine the properties of the asphaltic con-
crete. The properties of the untreated base are deter-
mined by the base density. For the full-depth section, 
the base material was considered to be the prepared 
subgrade. The material property inputs required by 
PDMAP are both the modulus and PojEson's ratio for each 
layer. The procedure used to define these properties 
from the designer-controlled variables is described 
as follows. 

Asphaltic Concrete. Three mixes were selected 
for this analysis, containing 4.3, 5.7, and 6.5 percent 
asphalt by weight of mix. Three different grades 
of recovered asphalt, having penetrations of 15, 45, 
and 70,were selected for use in these mixes contain-
ing the three percentages of asphalt mentioned above. 
Table C-2 gives the physical properties of these mixes. 

Asphalt stiffness values5bit for these nine 
mixes were computed by using the nomograph published 
by Van der Poel [9] assuming a loading frequency of 
10Hz. A Penetration. Index (Pr) of -0.5 was assumed, 
and Ring and Ball softening points for the three grades 
of asphalts were determined using Eq. C-1 and C-2: 

Table C-l. SUMMARY OF AASHTO PAVEMENT DESIGNS 

AC Surface Base TAC 

Section Thickness Coefficient Thickness 	Coefficients SN (%) 

1 9" 0:44  0" 3.96 100 

2 	' 7" 0.44 7' 	 0.13 , 3.99 50 

3 4' 0.44 17' 	 0.13 3.97 19 

Soil Support Value = 5.4 (MR = 7,500 psi) 
Regional factor = 1.0 
Terminal serviceability = 2.5 

Traffic = ADT (7.3 x 106/20  years) 
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Table C-2. 	PROPERTIES OF ASPHALTIC CONCRETE MIX 

Asphalt Content 
(percent by weight of mix) 

Property 4.3 5.7 6.5 

Unit weight of mix (lb/ft3) 142.0 144.0 145.36 

Aggregate/ft3  of mix (lb) 135.85 135.85 135.85 

Aggregate vol/ft3  of mix (%) 82.15 82.15 82.15 

Asphalt/ft3  of mix (lb) 6.11 8.15 9.15 

Asphalt vol/ft3  of.mix (ib) 9.61 12.80 14.94 

Percent air voids (A.V.) 
in mix (computed) 8.24 5.05 2.90 

C 	(without correction)1  0.895 0.865 0.846 

Cv (with crrection for 
A.V.) 0.851 0.848 0.846 

Note: Specific gravity of aggregates = 2.65; specific gravity of 
asphalt = 1.02. 

Volume of aggregate 
1 
 V - 

 

Volume of (aggregate + bitumen) 

2 	 C v 
Cv = 

1 + (Actual A.V. - 0.03) 

20-Pt 
50A 

	

= 10 +.PI 	 (C-i) 

	

log Pen at T - log 800 	(C-2) 
T_Tg&B 	 A 

where: 

A = temperature susceptibility; 
T = temperature at which 

penetration is measured (25°C); 
TR&B Ring and Ball softening point temperature; and 
P1 = Penetration index of the asphalt sample. 

The calculated TR& values were 65, 54, and 50°C 
for penetration values oF 15, 45, and 70, respectively. 
This information allows the nomograph to be used to 
determine the bitumen stiffness. 

Eq. C-3, presented by Heukelom and Klomp [10], 
was used to calculate the asphaltic concrete mix stiff-
ness from the bitumen stiffness found from Van der 
Poel 's monographs: 

n 

Smix (t, T) = ' 	2.5 	C 

	

1+ 	
v 

I 
Sbjt (t, T) 	

( 	
n 	-i-:-Ji 	(C-3) 

where: 

S mix = stiffness modulus of the mix at a particular 
loading frequency,. t, and temperature, T, 

(kg/cm2); 

S 	= stiffness modulus of the bitumen for the same 
bit 	time and temperature (kg/cm2); 

nO.83 log 	xl05  
Sbjt 

C,, = volume concentration of the aggregate 
= 	volume of aggregate 

volume of (aggregate + bitumen) 

For mixtures with air voids greater than 3 per-
cent, the value of C,,' was corrected as follows: 

C 	
C 	 • 	 (C-4) 

v l+V 

where: 

= corrected value of C,,; and 
AV = (Actual Air Voids - 0.03) 

The asphaltic concrete mix stiffness was deter-
mined for various temperatures for the nine mixes. 
The resulting calculated values are shown graphically 
on Figure C-l. 	Poisson's ratio was assumed to be 
0.4 for all mixes. 

Base Course Material. It has been suggested by 
various investigators that untreated granular material 
(used in the base and subbase) can be characterized 
by a relationship of the following form: 

MR = 1(1 'e2 	 (C-5) 
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Figure C-i. Asphalt concrete modulus -- temperature relationships. 
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10 

where: 

MR = resilient modulus of the aggregate; 
8 = first stress invariant or 

01+ 02+ 03  (= 01 + 203  for triaxial 
test); and 

K1, K2  = material Constants. 

A reviewof the published data indicated that K1  
ranges between 2,000 and 5,000 and that K2  is approxi-
mately equal to 0.6. Since the value of K1  will be 
Influenced by variables such as moisture Content and 
density, a given material under different conditions 
Is likely to be represented by different values of 
K1. 	For the purpose of the present Investigation, 
it was decided to study the effect of base density (DEN) 
at three levels: 100, 95, and 90 percent of the stan-
dard ASSHTO T-180 test. The results reported by Barks- 

dale [ll]were  used  as  a guide In selecting the values 
for K1. K1  values of 5,000, 3,000, ançl  2,000 were 
selected for DEN =lOO, 95, and 90,respectively. Pois-
son's ratio was assumed constant at 0.3. 

Subgrade Material. A soil support value of 5.4 
was assumed whendesigning the pavement sections. The 
correlation between soil support value and subgrade 
modulus presented in [12] was used to approximate 
the subgrade modulus. Asubgrade modulus of 7,500 psi 
was determined. This value was used for all analysis 
on structural sections 2 and 3. For the full depth 
structural section, the base density variable (DEN) 
was considered through the subgrade modulus value. 
Subgrade modulus values of 10,000, 7,500, and 5,000 
psi were assumed for DEN = 100, 95, and 90, respec-
tively. Poisson's ratio was assumed constant at 0.4 
for all analyses. 
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Pavement Temperat tire 

The pavement temperature is used to establish the 
asphaltic concrete modulus value for each pavement 
mix (Figure C-i). The average annual pavement temper-
ature can be estimated from average annual air tempera-
ture using Eq. C-6 [13]. 

MPT = 1.05 MAT + 5 	 (C-6) 

where: 

MPT = mean annual pavement temperature (°F); and 

NAT = mean annual air temperature (°F). 

The average annual air temperature varies with 
geographic location. The air temperature values were 
obtained from the climatic atlas published by the 
U.S. Department of Commerce [14]. 	The calculated 
average annual pavement temperatures for Arizona, 
Colorado, Utah, Florida, Louisiana, and Virginia were 
76, 58, 59, 79, 78, and 69°F, respectively. On the 
basis of this information, it was considered sufficient 
to conduct the analysis for two pavement temperatures: 
60 and 77°F. Each state was represented in the analysis 
by the temperature value closest to the actual calcu-
lated value. 

Traffic 

The traffic load used to analyze pavement re-
sponse was a standard 18-kip single-axle load with 
70 psi tire pressure. The center-to-center distance 
for dual tires was 1.5radii of the tire contact area. 

To convert fatigue life from the number of wheel 
load repetitions to time in years, the traffic volume 
per year used to design the pavement sections was 
used. For an ADT of 1,000, the traffic volume per 
year is 365,000 equivalent wheel load repetitions. 

Fatigue Life Relationship 

The fatigue failure relationship selected was 
that developed from laboratory fatigue tests and re-
ported in the NCHRP Project 1-10B final report [5]. 
The theoretical fatigue life was predicted using the 
relationship: 

log Hf  = 15.947 - 3.291 log (c/10_6) 

- 0.854 log (EAC/103) 	 (C-7) 

where: 

Nf  = fatigue life in cycles of 18K single-axle 
loads; 

c 	= maximum tensile strainin the AC 
layer(in./in.); and 

EAC = asphaltic concrete modulus (psi). 

PREDICTED FATIGUE LIFE ADJUSTMENTS 

Once theoretical fatigue life predictions were 
available, they were adjusted using the subjective 
data to develop a calibration factor. The mean fatigue 
life predicted using the subjective data assessed in 
all states was used as the basis for calibration. 
The procedure used'-was to calculate the mean fatigue 
life using the state consensus regression equation 
with all designer-controlled variables at their mid-
range (typical) values. The average value for all six 
states was then computed and resulted in a mean fatigue 
life of 11.5 years. 	The theoretical fatigue life 
prediction with all designer-controlled variables at 
their midrange values (PEN = 45, AC = 5.7%, TAC 
50%, DEN = 95) was 2.84 years. The ratio of these 

two values is 4.0. Therefore, all theoretical fatigue 
life predictions were multiplied by a factor of four 
when generating the objective data. 

A second adjustment in the fatigue life predic-
tions was employed to account for the influence of 
air voids on the fatigue characteristics of asphaltic 
concrete. It is well established that at any given 
strain level, asphaltic concrete mixes with the same 
modulus will exhibit increased fatigue life with de-
creased air void content. Although air void content 
was not directly considered a designer-controlled var-
iable, it was recognized that asphalt content (AC) 
was highly correlated with air voids. Therefore, when 
the value of the designer-controlled variable AC 
changed, a change in air void content would also occur. 
The air void contents associated with each asphalt 
content were computed and are given in Table C-2 to 
be 8.2, 5.1, and 2.9 percent for asphalt contents 
of 4.3, 5.7, and 6.5 percent, respectively. 

The theoretical fatigue relationship shown in 
Eq. C-7 is associated with asphalt mixes having approx-. 
imately 5 percent air voids. Therefore, this relation-
ship was assumed to apply to the air void content 
of 5 percent (AC = 5.7 percent). The influence of 
changes in air void content on the theoretical fatigue 
life predictions reported in Smith and Hair [15] was 
used to establish the adjustment factor for other air 
void contents. The adjustment factors computed were 
0.473 and 1.585 for air void contents of 8.2 and 2.9 
percent (AC = 4.3 and 6.5 percent), respectively. 
Thus, fatigue predictions computed using Eq. C-7 were 
multiplied by 0.473, 1.0, and 1.585 for asphalt contents 
of 4.3, 5.7, and 6.5 percent, respectively, to account 
for the influence of air voids on fatigue performance. 

The third adjustment made to the fatigue life pre-
dictions was used to account for the change in over-all 
environmental conditions in each state. Although the 
influence of temperature had been considered when se-
lecting modulus values for the asphaltic concrete, 
the influence of other environmental factors had not 
been considered. To account for over-all environmental 
differences among states, the regional factor incor-
porated in the AASHTO pavement design procedure was 
used. 

The regional factor was 1 for the geographical 
locations selected in Arizona, Florida, Louisiana, 
and Virginia, and 2 for Colorado and Utah. Analysis 
of the AASHTO design chart revealed that the regional 
factor can be considered to be a multiplier on traffic 
volume. Since ttie same structural sections were used 
for all states, the influence of the regional factor 
has the inverse effect. Therefore, the fatigue life 
predictions for Colorado and Utah were divided by 2 
to account for over-all environmental factors. 

ANALYSIS OF OBJECTIVE DATA 

Adjusted fatigue life predictions were made for 
conditions representative of all six states. The dif-
ference between states was reflected solely by envi-
ronmental factors. The net effect of both temperature 
and over-all environment was that the six states could 
be represented by two different data Sets. Colorado 
and Utah were analyzed with a pavement temperature 
of 60°F and a regional factor of 2; while Arizona, 
Florida, Louisiana, and Virginia were analyzed, with 
a pavement temperature of 72°F and a regional factor 
of 1. 

Fatigue life predictions were generated for all 
63 different combinations of the four designer-con-
trolled variables. If the objective data had been 
collected from actual field data, all 63values would 
have been used in the analysis. However, since all 
objective data were generated by one prediction model, 
the predictions were not independent of one another. 
Since the updating procedure used to obtain posterior 
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estimates of the regression model gives increased 
weight to the objective data as the number of data 
points increases, it was desirable to select a smaller 
data set from the total data set to compensate for 
dependency between predictions. 

There are no theoretically sound principles for 
deciding on the number of objective data points to 
select from the generated data set. A reasonable rule 
of thumb is that regression analysis should be per-
formed only if the number of observations is three 
times the number of variables in the regression model. 
Because the regression model included four designer-
controlled variables and an intercept term, a minimum 
data set would be 15 observations. Considering the 
nature of the objective data, a minimum data set was 
judged to be appropriate. 

Fifteen data points were selected from the 63 
generated data points using a random selection scheme. 
One data set of 15 points each was selected for the 
two environmental conditions representative of the six 
states. The objective data selected for each environ-
mental condition are given in Table C-3. 

The objective data were analyzed using Eq. B-25 
through B-28, presented in Appendix B, to determine  

the Bayesian regression parameters. The results are 
given in Tables C-4 and C-5. The •regression equation 
to predict mean fatigue life for Arizona, Florida, 
Louisiana, and Virginina was: 

E(Y) = -208.08 - 0.4393 (PEN) + 10.1988 (AC) 

+ 0.4091 (TAC) + 1.6644 (DEN) 	(c-8) 

The multiple correlation coefficient associated with 
the equation was 0.92, and the standard error was 
5.71. 

The regression equation to predict mean fatigue 
life for Colorado and Utah was: 

E(Y) = -59.37 - 0.1.347 (PEN) + 3.6765 (AC) 

+ 0.4277 (TAC) + 0.4155 (DEN) 	 (C-9) 

The multiple correlation coefficient associated with 
the equation was 0.97, and the standArd error was 
2.05. 

Table C-3. OBJECTIVE DATA SETS USED FOR ANALYSIS 

Fatigue Life 
(yrs) 
	

PEN 	AC 	TAC 	DEN 

Arizona, Florida, Louisiana, and Virginia 

4.77 15 4.31 19 100 
6.34 15 5.66 19 95 
9.26 15 5.66 19 100 
4.15 	. 45 5.66 19 100 
3.23 45 6.54 19 95 
4.90 70 6.54 19 100 
7.16 45 4.31 50 300 

11.53 45 5.66 50 95 
13.34 45 6.54 50 90 
7.86 70 6.54 50 95 

15.54 45 4.31 100 95 
22.31 45 5.66 100 90 
17.17 70 5.66 100 100 
54.56 45 6.54 100 100 
12.20 70 6.54 100 90 

Colorado and Utah 

4.81 15 4.31 19 100 
7.12 15 5.66 19 95 
2.71 45 5.66 19 95 
4.16 45 5.66 19. 100 
3.19 70 5.66 19 100 
2.95 45 6.54 19 90 
6.14 45 6.54 19 100 
2.68 70 6.54 19 95 

10.98 	. 45 4.31 50 95 
12.36 45 4.31 50 100 
21.61 45 5.66 50 95 
12.45 70 5.66 50 95 
14.54 70 5.66 50 . 	100 
14.42 70 6.54 50 90 
29.14 45 4.31 100 90 

/ 
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Table C-4. 	SUMMARY OF OBJECTIVE DATA PARAMETERS FOR ARIZONA, FLORIDA, 
LOUISIANA, AND VIRGINIA 

Const. PEN 	 AC 	TAC 	DEN 

b 	= 	[208.08 	-0.4393 	10.1988 	0.4091 	1.66441 

74.58 0.0411 	-1.985 	-0.0386 	-0.6530 	Const. 

0.0003 	-0.0041 	-0.0001 	-0.0003 	PEN 

v 	= 0.1612 	0.0015 	0.0121 	AC 

0.0001 	0.0003 	TAC 

(Symmetrical) 	 0.0060 	DEN 

6 	= 10 

w 	= 32.55 

Table C-S. 	SUMMARY OF OBJECTIVE DATA PARAMETERS FOR COLORADO AND UTAH 

Const. PEN 	AC 	TAC 	DEN 

b 	= 	[_59.37 	-0.1347 	3.6765 	0.4277 	0.41551 

131.1 0.1118 	-4.898 	-0.1807 	-1.070 	Const.'  

-0.0081 	0.0003 	-0.0008 	PEN 

v 	= 0.3211 	0.0091 	0.0332 	AC 

0.0004 	0.0013 	TAC 

(Symmetrical) 0.0091 	DEN 

6=10 

w 	= 4.22 
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