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Foreword

Thirteen peer-reviewed papers appear in this publication, the first 12 of which were presented at two
sessions sponsored by the TRB Committee on Pavement Management Systems, during the 1995 An-
nual Meeting.

Chen et al. describe a computer tool to assist engineers in developing pavement performance mod-
els for use in pavement management systems. Sebaaly et al. develop flexible pavement maintenance
performance models from actual performance data. Wang and Zaniewski conduct sensitivity studies
to demonstrate relationships among prediction models and rehabilitation needs and pavement condi-
tions, which reveal large future savings in pavement rehabilitation through application of effective pre-
ventive maintenance actions. Kannemeyer and Visser evaluate the applicability of the HDM-III per-
formance models to the development of a balanced maintenance expenditure program for roads in
South Africa. Fekpe et al. present parameters for evaluating pavement loading impacts of alternative
truck weight limits and enforcement levels. Mishalani and Koutsopoulos develop a spacial distress
model to assess the condition of the infrastructure and its deterioration. Sekiguchi et al. use field sur-
veys and statistical methods to analyze pavement structure data in Tokyo’s pavement management sys-
tem data base. Shahin et al. investigate the effects of altering the sample unit size and of reducing the
number of distress types on the validity of the Pavement Condition Index of asphalt surfaces. Andres
and Turo report on the partnering efforts between the Massachusetts Highway Department and the
state’s metropolitan planning organizations toward developing appropriate interagency pavement man-
agement systems. Mijuskovic et al. analyze the influence of staged pavement construction on the con-
dition of the total pavement network. Broten and McNeely report on the history, usefulness, and suc-
cess of Virginia’s pavement management system for airfields. Wang et al. discuss the development of
a user-friendly, graphical, interactive, multimedia pavement management system. Omar et al. present
a model system for managing Japan’s aging infrastructure considering direct impacts on users and
indirect impacts on the economy. Readers of this record may wish to be aware that the proceedings of
the TRB-sponsored Third International Conference on Managing Pavements, May 22-26, 1994, in
San Antonio, Texas, are available from TRB.
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Pavement Performance Modeling
Program for Pennsylvania

XIN CHEN, STUART HUDSON, GAYLORD CUMBERLEDGE, AND ERIC PERRONE

The Pavement Performance Modeling Program (PPMP) developed for
the Pennsylvania Department of Transportation by Texas Research and
Development Foundation is described. PPMP is a MicroSoft Windows-
based computer tool to assist engineers in developing pavement perfor-
mance models for use in pavement management systems and updating
these models annually as new data are input into the data base. The pro-
gram can build both deterministic models and probabilistic models for
an individual or group of pavement segments for each maintenance and
rehabilitation (M&R) treatment. The program allows the user to define
pavement performance indexes, grouping variables, and M&R treat-
ments. Grouping variables are those that influence performance and are
thus accounted for in the analysis. They include annual average daily
traffic or equivalent single axle load (ESAL), functional class, pave-
ment structure depth, maintenance level, and others at the discretion of
the user. For deterministic models, five forms of equations are included.
The independent variables can be pavement age or ESAL. Data and
models can be plotted on screen and analyzed. The results from sample
runs are presented and discussed.

Modeling of pavement performance is absolutely essential to pave-
ment management on all levels, from project to national network
(1). Pavement performance models can be developed based on pave-
ment historical data. It is realized that many factors (i.e., pavement
surface type, maintenance and rehabilitation (M&R) treatment, traf-
fic, subgrade type, construction material, maintenance level, envi-
ronment, ciimate etc.) have effects on pavement performance.

Pavement performance models can be broadly divided into group
models and segment models. A group is a set of pavement segments
defined by one or more variables. These variables are called per-
formance grouping variables. For example, if pavement type and
annual average daily traffic (AADT) are selected as grouping vari-
ables, pavement type is divided into two levels, flexible and rigid;
and AADT into three levels, light, medium, and heavy, giving a
total of six groups (2 X 3 = 6). In terms of the analysis methods
used in modeling, performance models can also be divided into
deterministic models and probabilistic models. In pavement perfor-
mance modeling, the most popular method for building determinis-
tic models is regression analysis. For probabilistic models, the
Markov chain process is the preferred method.

Pavement performance prediction is the most technologically dif-
ficult portion of pavement management (2) because of (a) the uncer-
tainties of pavement behavior under changeable traffic load, envi-
ronment etc., (b) the difficulty of quantifying many factors affecting
pavements, (c) the error associated with using discrete testing points
to represent the total pavement area when estimating pavement con-
dition, and (d) the nature of the subjective condition survey. To

X. Chen, S. Hudson, and E. Perrone, Texas Research and Development
Foundation, 2602 Dellana Lane, Austin, Tex. 78746. G. Cumberledge,
Pennsylvania Department of Transportation, 1009 Transportation and
Safety Building, Harrisburg, Pa. 17120.

develop the best models from the available data and update these
models as more data become available is one of the most important
tasks for engineers and researchers in pavement management. The
development of pavement performance models involves extensive
effort to create a data file (or a data base) by joining and calculating
data from original data files. Currently, most researchers use a sin-
gle model form to produce pavement performance models for all
types of pavements (2-5). One reason is that no specific software
has been available to allow relatively easy manipulation of a his-
torical data base and development of models. A single model form
may produce reasonable results, but may not get the best results due
to the nature or variability of pavement performance in the real
world.

The MicroSoft Windows-based Pavement Performance Model-
ing Program (PPMP) has been developed for the Pennsylvania
Department of Transportation (PennDOT). The program provides a
computer tool to assist PennDOT engineers in developing pavement
performance models for use in their pavement management system
(PMS) and updating these models annually as new data are input
into the data base. There are five basic forms of models included in
the program, They allow the user to try different types of models
and select the best fit model for a specific situation. In this paper,
the data used for developing PPMP is discussed, the components of
the program are presented, the procedure used to produce perfor-
mance models for PennDOT is described, and the models devel-
oped from sample data are analyzed and evaluated.

DATA DESCRIPTION

The road network of the Commonwealth of Pennsylvania is divided
into approximately 150,000 road segments. Most data are stored in
the Roadway Management System and the Maintenance Operations
and Resources Information System. PennDOT uses IBM’s Infor-
mation Management Systems as its primary data base management
system with MVS/ESA as the operating system. RMS contains 32
data bases and over 600 computer programs that generate 221 dif-
ferent inquiry and data input screens at computer terminals through-
out the state.

The required data files for pavement performance modeling
include (a) segment inventory, (b) pavement rehabilitation history,
(c) asphalt concrete (AC) surface condition, (d) portland cement
concrete (PCC) surface condition, and (e) pavement-related minor
maintenance. Table 1 lists the data used for pavement performance
modeling. .

The pavement history file stores up to 10 layers of information.
There are more than 200 surface, base, and subbase types coded in
the file. The distresses stored in both the AC pavement condition file
and PCC pavement condition file are two-digit codes representing
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TABLE 1 Data Used in Pavement Performance Modeling Data

Data Table

Data Used In Pavement Performance Modeling

Segment Inventory

length, width, lane count, federal functional class, truck percent, AADT,

ESAL

Pavement History

layer year, layer code, layer thickness

AC Surface Condition

excess asphalt, raveling/weathering, block cracking,
transverse/longitudinal cracking, alligator cracking, edge deterioration,
bituminous patchings, potholes, widening drop-off, profile distortion,

IRI, PSR

PCC Surface Condition

joint seal failure, longitudinal joint spalling, transverse joint spalling,

faulting, bloken slab, bituminous patch, surface defects, rutting, IRI,

PSR

Maintenance Activity

activity year, activity code

the severity and density of the distress. A total of 23 activities, from
patching to surface treatments, are coded in the minor maintenance
file. All condition survey data from 1983 through 1993 (approxi-
mately 1.5 million records) are available for performance modeling.

SYSTEM COMPONENTS

The project has three major objectives: (a) create a research data
base so the modeling can be done efficiently and effectively, (b)
develop statistical analysis procedures for developing various types
of models, and (c) design user-friendly user interface so different
approaches can be tried to obtain the best model fitting a specific
data set. To achieve these objectives, six modules are designed for
PPMP: user definition, data base, method base, modeling, analysis,
and output. Figure 1 illustrates the components of the program.

User Definition Module

The user definition module defines (a) the deduct values for con-
verting distress severity and density codes into individual distress
indexes, (b) M&R treatments and maintenance level, (c) perfor-
mance indexes, and (d) grouping variables.

In this module, distress codes are converted to individual distress
indexes when the raw data are imported to PPMP. M&R treatments
can be classified generally as thin overlay, medium overlay, and
thick overlay or reconstruction, or specifically as detailed surface
material types. Maintenance levels can be divided into no mainte-
nance (Level 1), some maintenance (Level 2), or heavy mainte-
nance (Level 3) between two major rehabilitation treatments. Pave-
ment performance can have a single index (such as a cracking or
rutting index) or composite indexes (such as an overall pavement
index). The selection of grouping variables is essential to perfor-
mance modeling in that it determines the number of models and the
significance of the models to some extent.

To be flexible, models can be built to reflect county by county,
district by district, a mix of counties and districts, or the whole state.
The advantage of dividing the state into small regions such as coun-
ties or districts is that climate factor can be taken into account indi-

rectly, since the climate of the whole state is more diversified than
that of a county or a district. The disadvantage is that more compu-
tation effort is needed, and, in some cases, no model can be obtained
from lack of data.

Data Base Module

Currently, the five data files used for modeling are downloaded
from the PennDOT primary roadway data base in ASCII format and
then imported to PPMP. A research data base is created and may be
updated on a year-by-year basis. In addition to the original five files,
the PPMP data base consists of more than 30 additional data files,
such as distress deduct values, performance indexes, grouping vari-
ables, performance models, and so forth. A master file is created by
joining and calculating the data from the original five files.

PennDOT
Data Base

User Definition

I Output
[

Analysis

Y

Modeling
- Group

- Segment

- Research

FIGURE 1 Components of PPMP.
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Method Base Module

The method base is the key module of PPMP. It is the collection of
various statistical analysis methods for pavement performance
modeling. The current version of PPMP is composed of the follow-
ing statistical methods: (a) least squares and constrained least
squares methods for generating deterministic models, (b) proba-
bilistic analysis for building Markov chain models, and (c) opti-
mization algorithms for selecting best models. The method base
allows the user to try different data transformation methods and
types of models to get the best models possible.

Modeling Module

The modeling module provides two ways to build pavement per-
formance models: group models and research models. A group
model can be built once for all performance indexes, groups, and
M&R treatments. A research model can be built with any combina-
tion of variables, for example, interstate highways, flexible pave-
ments, heavy maintenance, AADT from 5,000 per lane to 10,000
per lane, and so forth. In any case, for deterministic models, the
independent variables can be either age or cumulative equivalent
single axle load (ESAL). Currently, the following forms of models
are included in the program:

y=a + Bx M
y=oae P 2
y =100 — aef* 3)
y = o + Bx) “®
y=at+tEBX(=2...) &)
where

y = performance index;

x = independent variable, either pavement age or cumulative
ESAL; and «, B, and B; (i = 2. ..) = model parameters to
be estimated.

The user of the program can build the foregoing models for any set
of data; the model that fits the data best can then be selected.

For probabilistic modeling, the Markov chain model is included
in the current version of the program. In building the Markov chain
model, each performance index can be divided into a maximum of
five states (e.g., excellent, good, fair, poor, and bad). It is assumed
that pavements can change only to an equal or worse condition
under routine maintenance in a period of 1 year (i.e., routine main-
tenance cannot improve the condition). The following equation is
used to estimate the transition probability of the Markov chain
model for any performance index after an M&R treatment is per-
formed:

pik) = my(k)nk) (6)
where

pi(k) = transition probability from state i to state j after M&R
treatment k;

m;(k) = number of segments moved from state i to state j in a
period of 1 year after M&R treatment k; and

ni(k) = number of segments in state i before M&R treatment k.

Analysis Module

The purpose of the analysis module is to plot the raw data and the
models built by the modeling module; analyze the data, outliers, and
models; and select the best model. In some groups, for some per-
formance indexes, the models built from the available data may be
unrealistic. This module provides a practical tool for the user to
determine whether the models can be used or adjusted, in addition
to the test of statistical significance. In some cases, models cannot
be obtained due to lack of data. From a network M&R planning
point of view, models for some groups may be desired. In such
cases, the models can be made subjectively based on the available
models similar to these cases and supplemented with engineering
judgment.

Output Module

The generic output module produces various reports for the perfor-
mance models, such as listings, summaries, graphs, and so forth. In
addition, it can also generate various file formats, such as ASCII,
dBase, Paradox, and Excel, which can be accessed by network opti-
mization programs and project life cycle cost analysis programs.

M&R TREATMENTS

In PPMP, an M&R treatment is the combination of a level of the
thickness of a surface layer and the material type of the surface
layer. The level of layer thickness can be divided into thin, medium,
and thick, and may differ from one material type to another. The
pavement type under a surface layer can be flexible or rigid if the
surface layer is an overlay, or none if the surface is a new construc-
tion or reconstruction.

There are more than 160 types of surface layers used in Pennsyl-
vania. If the average number of levels for all these layers is two,
there are more than 320 M&R treatments (160 X 2 = 320).
Although the program allows the user to define unlimited M&R
treatments, it may not be necessary to develop models for all the
treatments.

Figure 2 depicts the screen for defining an M&R treatment. First,
the surface layer groups are defined, the number of levels of the
layer thickness is specified, and the limiting values for each level
are determined. Currently, seven layer groups are used. ID2, ID3,
FB1, FJ1, and FJ4 are flexible pavement surface layers; PCC and
CRC are rigid pavement surface layers. The major differences
among ID2, ID3, FB1, FJ1, and FJ4 are aggregate gradation and
asphalt content. The structure numbers of ID2 and ID3 are 0.44;
those of FJ1 and FJ4 are 0.2; and that of FB1 is 0.2 (6). Next, layer
codes are grouped. This is done separately for AC pavements and
PCC pavements.

PERFORMANCE INDEXES

The PPMP allows users to define their own performance indexes for
modeling. In developing performance models for Pennsylvania, five
performance indexes provided by PennDOT are used. All indexes
range from O to 100, with 100 being excellent condition. SDI (Sur-
face Distress Index), SFI (Surface Friction Index), and SI (Strength
Index) are linear functions of condition ratings. RI (Ride Index) is a
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FIGURE 2 Performance definition screen.
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FIGURE 3 Deterministic models screen.
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nonlinear function of roughness measurements; OPI (Overall Pave-
ment Index) is a linear function of RI, SDI, SFI and SI (7). Figure 2
shows the pick list of the five performance indexes with that selected,
thus showing its levels and definition as one of the indexes (SDI):

SDI = 0.1 (Excess Asphalt) + 0.13 (Raveling/Weathering) +
0.2 (Block Cracking) + 0.25 (Trans./Long. Cracking) +
0.05 (Edge Deterioration) + 0.12 (Widening Dropoff) +
0.15 (Rutting).

MODEL DEVELOPMENT

Figure 3 illustrates a portion of the group models developed using
the default form of Equation 1. Shown on the upper part of the
screen is the group definition for the current active record. The pro-
gram identifies three types of models: (a) those marked with an
asterisk (*) are statistically significant though the R? may be small;
(b) those marked with nothing are not statistically significant; and
(c) those marked “No model” indicate the slope parameter with a
positive sign, which is unrealistic and unacceptable.

Figure 4 depicts the screen for comparing all types of models, and
amodel before and after outliers are removed. The degree (n) of poly-
nomial models can be specified by the user. In cases where no model
can be obtained, a user-defined model can be easily constructed.

It is important that a priori condition should be met by a perfor-
mance model. If a performance model cannot meet a priori condi-
tion, it should be deleted from the model set. The a priori conditions
for a performance model outlined by Lytton (/) can be used to eval-

uate the usability of a model. The most important a priori condition
for the models built by this program are (a) The initial value of a
model should be less than or equal to 100; (b) The slope of a model
should be negative (for those with positive slopes, “No model” indi-
cations are presented as shown in Figure 3); and (¢) the final value
should be greater than or equal to zero.

ANALYSIS OF RESULTS

To test the significance of grouping variables and performance
indexes, a set of runs with different combinations of grouping vari-
ables were made without removing any data points from the origi-
nal data set. Significance level was set to a = 0.05. Tables 2 and 3
list the grouping variables and the M&R treatments used in the
analysis, respectively. For each run, two grouping variables—
AADT and pavement type—are included because they are impor-
tant for pavement performance modeling. Since there is no infor-
mation about the relationship between pavement structural number
and pavement age, the pavement depth of the whole structure
(excluding the surface layer that is used as M&R treatment) is used
as a grouping variable. It was found that, as a grouping variable,
AADT is more sensitive than ESAL; and for all runs with cumula-
tive ESAL as an independent variable, less than 20 percent of the
models turned out to be significant.

Because the models of performance indexes against age are much
better than those against ESAL, models against age are used for
analysis. Table 4 lists the summary of the results of eight runs. In
Table 4, Columns 2 through 6 list the grouping variables; Column

Pavement Performance Madt’hng quram B [Modchnq]

PPMP QataBase _Modellng Bcsearch [

| Outlier Ma:lﬂd: * 10 0116+ 0001187, R3A=285, SE=G.7 4, n-ﬁB’BQ)

Perdormance Models n=3235 Qutlere=2

4 D118+ COD126T), R*=.24, 8E=0.00, n=335

B Qutliere T= ACE
* Significant at 0.05 kevel

FIGURE 4 Deterministic analysis screen.




TABLE 2 Grouping Variables

<1000 per lane
AADT 1000 - 4999 per lane
Heavy > 5000 per lane
Flexible
Pavement Type Rigid
None
Maintenance Level Level 1 no maintenance
Level 2 minor maintenance such as patching
Level 3 major maintenance such as surface treatment
Rural Arterial
Rural Collector
Rural Local
Functional Class Urban Arterial
Urban Collector
Urban Local
Ramp
Thin <30 inches (76 cm)
Structure Depth Medium 30 - 49 inches (76 - 127 cm)
Thick 2> 50 inches (127 cm)

TABLE 3 M&R Treatments

Thin < 2 inches (5 cm)
ID2, and ID3 Medium 2-5inches (5-13 cm)
Thick > 5 inches (13 cm)
FB1 Thin < 3inches (7.6 cm)
Thick > 3 inches (7.6 cm)
PCC Thin < 8 inches (20 cm)
Thick > 8 inches (20 cm)
FJ1, FJ4, CRC One level

TABLE 4 Number of Significant Models

100 75 75 | 65 65 55 |67

OPI
RI
SDI
SFI
Sl

5 ° L] ] L] 415 40 40 |35 18 25 |32 27
6 L) ° L] 215 60 47 | 51 37 |40 |47 15
) L) ° 270 46 52 |37 22 28 |37 18

Overall Pavement Index
Ride Index

Surface Distress Index
Surface Friction Index
Strength Index
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TABLE 5. Examples 14

1. 1) a+Px 0.33 1365 |0
Group #1 2) aeBx 0.29 13.83 0
sDi 3) 100-aebx 0.43 14.12 1 44 11.64
Thin ID2 4) 1/(a+px) 0.23 14.27 0
N=29 5) a+X B; Xl (i=2...n) _
n=2 0.36 13.62 1 0.48 10.89
n=3 0.37 13.83 1 0.52 10.72
n=4 0.38 13.92 1 0.53 10.79
n=5 0.45 13.45 0
n=6 0.47 13.48 0
2. 1) a+px 0.20 6.67 2 0.22 6.50
Group #2 2) aehx 0.21 6.70 2 0.23 6.53
OPI 3) 100-aePx 0.09 6.86 5 10 6.46
Thin ID2 4) 1/(o+Bx) 0.23 6.76 1 0.24 6.66
N =471 5) a+X B; X (i=2...n)
n=2 0.25 6.47 5 0.29 6.01
n=3 0.25 6.47 5 0.29 6.01
n=4 0.27 6.39 5 0.30 5.98
n=5 0.28 6.38 5 0.30 5.98
3. 1) a+px 0.4 9.84 4 0.62 6.19
Group #3 2) aeBx 0.34 9.77 4 0.62 6.21
SFI 3) 100-c.ePx 0.38 11.37 4 0.51 6.81
Thin ID2 4) 1/(o+px) 0.27 9.80 3 0.47 7.24
N=79 5) a+X B;xi (i=2...n)
n=2 0.46 9.40 3 0.54 6.86
n=3 0.52 8.89 2 0.61 6.31
n=4 0.52 8.94 3 0.62 6.28
n=5 0.52 9.00 3 0.62 6.31
4, 1) a+px 0.29 6.87 2 0.34 5.83
Group #10 | 2) aePx 0.27 6.92 2 0.33 5.87
sDI 3) 100-cePx 0.32 7.06 2 0.32 5.93
Medium 1D2 { 4) 1/(a+pX) 0.25 6.99 2 0.33 5.93
N =153 5) o+% B; X (i=2...n)
n=2 0.42 6.28 2 0.52 5.00
n=3 0.44 6.16 3 0.62 4.46
n=4 0.47 6.06 2 0.52 5.00

7 lists the total models obtained (number of models per index mul-
tiplied by the number of indexes); Columns 8 through 12 present the
percentage of significant models for each performance index.

As indicated in Table 4, the number of significant models
decreases, but the number of models with R? = 0.5 increases with
an increase in the number of grouping variables. As far as perfor-
mance indexes are concerned, OPI and RI are more significant than
SDI, SFI, and SI. For groups with three grouping variables, the best
combination is AADT, pavement type, and structure depth. For
groups with four grouping variables, the best combination is
AADT, pavement type, functional class, and structure depth. In
general, structure depth is more significant than maintenance level
and functional class.

To evaluate the types of models used for pavement performance
modeling, M&R treatment ID2—“Thin ID2” and “Medium ID2”
(Thick ID2 is unavailable) from the runs of No. 4 and No. 8 defined
in Table 4—were selected for detail analysis. Tables 5 and 6 list the
results of eight examples (Table 5 from No. 4 runs and Table 6 from
No. 8 runs).

Tables 5 and 6 indicate that polynomial models built by the con-
strained least squares method perform much better than other types
of models since any shape of performance curves can be generated
using polynomial models. Polynomial models have been used suc-
cessfully to build pavement performance models (2,5). It is obvious
that R? increases and standard error of estimate (SEE) decreases
with the increase of n before outliers are removed. Statistically, the




TABLE 6 Examples 5 and 6
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5. 1) o+px 0.54 7.15 4 0.66 5.03
Group #32 | 2) aeBx 0.50 7.22 4 0.65 5.20
SDI 3) 100-cePx 0.43 9.02 5 0.41 5.63
Thin ID2 4) 1/(a+px) 0.45 7.44 4 0.62 5.51
N =190 5) a+Z B; X (j=2...n)
n=3 0.54 7.19 4 0.69 481
n=4 0.59 6.78 4 0.71 4.67
n=5 0.59 6.80 4 0.71 468
6. 1) ot+px - 0.48 5.75 0
Group #32 | 2) e Px 0.51 5.81 0
OPI 3) 100-a.ePx 0.19 6.26 0
Thin ID2 4) 1/(o+Bx) 0.53 5.90 0
N =204 5) a*Z ;X! (i=2...n)
n=2 0.49 9.40 0
n=3 0.49 8.89 0
n=4 0.52 8.94 0
n=5 0.55 9.00 ]

larger the n, the better the model will be. It is difficult to estimate
the best n for all cases. In most cases, reasonable models can be
obtained with n = 4 after outliers are removed from the analysis,
with the exception of Example 4 (n = 3). It can also be seen that
polynomial models may not be the best models in some cases, as the
results indicated in Example 3 and Example 6.

Of all the examples shown in Tables 5 and 6, R? increases greatly
after outliers are removed from modeling, but care should be taken
in removing outliers (8).

SUMMARY AND CONCLUSIONS

The Pavement Performance Modeling Program presented in this
paper provides a powerful tool for developing pavement perfor-
mance models for Pennsylvania. The program allows engineers and
researchers to develop various performance models based on avail-
able data, to evaluate the data and the models, and to select the best
model for use in a PMS.

The program is flexible enough to allow the user to define mod-
eling scope, performance indexes, grouping variables, M&R treat-
ments, and maintenance levels. Modeling scope can be a county, a
district, a mix of counties and districts, or the whole state. Group-
ing variables include AADT or ESAL, functional class, pavement
type, pavement structure depth, maintenance level, and so forth.
The user can define individual performance indexes and compre-
hensive performance indexes. M&R treatments and maintenance
level can be determined by grouping the detailed pavement surface
types and the maintenance activities. For deterministic models, five
types of models can be built, and outlier analysis can be performed.
The program is user friendly with a graphical user interface in
which the data and models can be plotted on screen and analyzed
one by one.

From the preliminary analysis of the original data and the mod-
els developed using the program, it has been found that AADT is

more significant than ESAL, and that the performance indexes OPI
and RI are more significant than SFI, SDI, and SI. In general, poly-
nomial models perform well in fitting the data, but they are not the
best models in some cases.
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Performance Models for Flexible Pavement
Maintenance Treatments

PETER E. SEBAALY, STEPHEN LANI, AND ADAM HAND

Using actual pavement performance data, nine flexible pavement main-
tenance performance models were developed. The models relate the
pavement’s present serviceability index (PSI) to its age, materials prop-
erties, traffic loadings, and environmental conditions. To develop the
performance models, data collected by the Nevada Department of
Transportation (NDOT) personnel over the life of 123 projects were
used. Statistically significant samples were drawn from these projects
for each of the three maintenance techniques that NDOT commonly
employs. The maintenance techniques include flush seals, sand seals,
and chip seals. To produce statistically accurate predictions, perfor-
mance models for each technique were developed separately for each
of NDOT’s three districts. In cases where a large number of projects
were available, some projects were set aside for a model verification
study. Using the data from the set-aside projects, the nine models were
tested by comparing the predicted performance to the performance
observed at the projects. These comparisons showed excellent correla-
tions between the PSI values predicted by the models and those
observed.

The increasing interest in pavement performance studies is a result
of their representing the final link between theory and practice. As
the pavement engineering profession strives for better design pro-
cedures and more enduring materials, the evaluation of the long-
term pavement performance becomes a critical step for every
agency. Predicting the actual performance of specific pavement sec-
tions under the combined action of traffic loading and environment
factors can provide valuable data to the various departments of a
highway agency.

The pavement design engineer can use such data to check the
validity of the design procedure and the appropriateness of the var-
ious assumptions that are made during the design process. The
materials engineer can verify whether a given type of material is
appropriate for the expected level of load and anticipated environ-
mental conditions. As a result, design and construction practices
may be altered to produce longer-lasting pavements.

Pavement management engineers tend to gain the most from such
studies. They are usually responsible for recommending various
maintenance alternatives for specific applications. This is becoming
an increasingly critical task since highway agencies at all levels
(city, county, and state) are generally operating under a limited bud-
get that requires effective prioritization to provide the highest level
of public service. Pavement management engineers are also respon-
sible for setting up a pavement management system (PMS) and
managing the collected data. Long-term pavement performance

P. Sebaaly and A. Hand, Pavement/Materials Program, Department of Civil
Engineering, University of Nevada, Reno, Nev. 89557. S. Lani, Materials
Division, Nevada Department of Transportation, Carson City, Nev. 89712.

studies that develop performance models will help the engineers to
evaluate the effectiveness of the PMS and determine the usefulness
of the collected data.

Four states (Arkansas, Iowa, Pennsylvania, and Washington)
have recently completed studies to develop pavement performance
curves (or equations) based on information in their existing data
bases (/). All four of these states have chosen to use functional per-
formance indicators. This is partially because functional perfor-
mance indicators allow the states to establish and incorporate life
cycle cost analysis into the models using their currently available
data bases and existing PMS programs.

Arkansas used performance data to estimate a pavement’s condi-
tion rating for the current year based on previous years’ data. Com-
ponents for pavement distress and ride are adjusted for traffic vol-
umes. The pavement’s condition rating is plotted against its age, on
a yearly basis. From Arkansas’s limited analysis it was concluded
that even though the curves fit the data reasonably well, they would
need to be revised to account for the effects of cumulative equiva-
lent single axle loads (ESALs).

Iowa considered a more elaborate model that addressed some of
the more obvious factors that could affect the performance of the
overlay, such as thickness, aggregate durability, and base and sub-
grade characteristics. Sites were selected and divided by service lev-
els and pavement type (rigid and composite). The medel did allow
the Towa Department of Transportation to make some generaliza-
tions regarding material selection, but it also had several shortcom-
ings. They included no allowance for maintenance and rehabilita-
tion techniques (other than overlay), limited distribution of data
points for loading and age, initial present serviceability indexes
(PSIs) were all assumed to be constant, and only a few obvious vari-
ables that could affect the pavement performance were considered.

Pennsylvania generated performance curves from the roughness
and traffic data for each of 22 monitored sites. The curves consid-
ered only rigid and composite pavement sections and while they do
allow a reasonable prediction of PSI, the data considered were very
limited.

Washington developed its curves based on the 5 years of data
available in its data base. Washington considered a larger number
of variables than the other three states. In all of its models, age was
determined to be the most significant independent variable. Other
variables such as overlay type showed generalized trends, but were
not as significant.

None of the existing models considers the performance of pave-
ment maintenance techniques. Therefore, there is a need to develop
models that can be used to predict the performance of maintenance
techniques used on flexible pavements as a function of traffic, envi-
ronment, and pavement structural data. This research project dealt
with the development of performance models for the flexible pave-
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ments maintenance techniques most commonly used by the Nevada
Department of Transportation (NDOT).

SELECTION OF PROJECTS

A review of NDOT’s historical maintenance records indicated
that the most commonly used maintenance techniques include the
following:

o Flush seal: applying an emulston or liquid asphalt to the road-
way at a prescribed rate.

e Sand seal: applying an emulsion or liquid asphalt to the road-
way surface at a prescribed rate and applying a sand cover.

o Chip seal: applying a binder to a roadway at a prescribed rate,
and covering the binder with rock screenings (chips). The binder is
usually an emulsion with latex (LMRCRS-2 or LMCRS-2h). Emul-
sion without latex or a liquid asphalt may also be used for certain
applications.

Following the selection of maintenance techniques, project selec-
tion guidelines were established. In establishing the project selec-
tion guidelines, one must keep in mind the overall objective of the
research. As mentioned earlier, the developed models should be
used to predict the future performance of the selected techniques.
These models will use statistical analyses of actual PMS, environ-
mental, structural, and materials data. Therefore, several minimum
requirements must be satisfied to make the statistical analysis
appropriate. The following criteria were selected as guidelines for
project selection (2):

A minimum of 20 replicate projects must be included.
Each project should be at least 3 km long.
Traffic data must be available for each selected project. '
Materials data must be available for each selected project.

e PMS performance data must be available for each selected
project.

The existing NDOT district lines were used as regional bound-
aries (Figure 1), and projects were selected for each maintenance
technique within each district. The project selection criteria were
strictly followed with very few exceptions; some projects that were
just under 3 km long were accepted due to the limited number of
available projects. The projects selected for each treatment were as
follows:

¢ Flush seal: 37 projects
e Sand seal: 38 projects
e Chip seal: 47 projects

DATA MANAGEMENT

Three categories of data were of interest: structural, environmental,
and PMS. From each of these general categories, a list of factors that
could possibly affect the performance life of the pavement system
was derived. To be unbiased, the lists of factors were developed
before any of the actual data sources were examined.

Structural Data

The structural data consisted of two parts: the first part was primar-
ily the specific material and construction information used with the
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technique being examined; the second part consisted of structural
and material information of all previous construction activities. If
available, as-built plans are used to obtain the structural informa-
tion. If the as-built plans are unavailable, copies of the contracts
together with field notes and lab test results are used to determine
the exact materials and quantities used.

Environmental Data

Nevada’s diverse climatic conditions play a large role in the design,
construction, and maintenance treatments throughout the state.
Realizing that environmental factors can have a significant impact
on pavement performance, it was decided that these factors should
be included in the analyzed data sets. The available sources are the
National Oceanic and Atmospheric Administration (NOAA) and
the NDOT PMS system (3). The NOAA data are by far the most
complete in terms of accuracy and amount of information, but are
very limited in their coverage. NOAA data can only be obtained
where there is an observation station; this left most of the road sys-
tem in the state with no information.

The NDOT PMS system also contains weather data, and while
they have several limitations, they cover the entire road system in
Nevada. These data are limited by their not coming from actual
observed field conditions; they are generated by a statistical model
based on 30 years of NOAA weather data. The model divided the
state into five zones and took NOAA data for all points within each
zone and extrapolated them over the rest of the zone based upon ele-
vation. The model can predict minimum and maximum average
yearly temperatures, average number of wet days per year, average
annual precipitation, and average number of freeze-thaw cycles per
year at any location based on its elevation.

Pavement Management System Data

NDOT has had an operational PMS since 1980. While the system
has undergone several changes in the last 13 years, most of the data
in the system are available for all years since 1981 (3). The PMS
contains ride data, condition data, traffic data, reduced calculated
fields, calculated pavement ratings, and the weather data as
described earlier. Using these data, the PSI is calculated from the
AASHTO equation as follows (4):'

PSI = 5.03 — 1.91 log,(1 + SV) — 1.38 RD? — 0.01 (C + P)** (1)
The PSI ranges from zero to 5 with zero being the worst and 5 the
best. A new pavement will generally not score above a 4.5, and

pavements are generally not allowed to drop below 2 depending
upon their system classification.

MODEL DEVELOPMENT

After the data for all the selected projects were collected and entered
into the appropriate computer formats, the model development task
was initiated. This task was a multifaceted operation that involved
a great deal of testing as well as regression analysis. The purpose of
the model development was to provide a conceptually simple
method for examining the functional relationships among variables.
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FIGURE 1 Geographical boundaries of NDOT districts.

The task was divided into the following processes: statistical analy-
sis, data review, regression analysis, model review, tests of reason-
ability, model modification, additional regression analysis, model
testing, and final model selection.

All of the statistical and regression analyses were performed
using the SAS programming language (5). The SAS software is a
combination of programs originally designed to perform statistical
analyses of data, conduct complex data management, and provide a
high-level programming language.

The box-plot statistical analysis was performed as a final check
on the data prior to performing an actual regression analysis (6).
This analysis calculates the mean and standard deviation for the PSI
data for each pavement section. These values are then used to gen-
erate the acceptable range of data (e.g., plus or minus one standard
deviation). Any observation that falls outside the acceptable range
is considered an outlier. If data points appeared to be outliers, they
were carefully examined for accuracy and reasonableness; any pos-
sible interactions among the independent variables were also care-
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fully scrutinized to understand the possible physical representations
and implications.

Regression Analysis

The General Linear Model procedure was used to develop a linear
regression equation. In the first regression analysis, all the possible
variables were considered. For each variable considered, a test sta-
tistic (z-value) was determined as part of the analysis. The test sta-
tistic is a representation of the significance of the individual vari-
able in the model tested against the variable equal to zero. Variables
that could be removed from the model were determined as those that
had only a 5 percent chance of being significantly important to the
model.

With those variables removed, a second regression analysis was
performed on the remaining variables. In addition to checking the
t-value of the individual variables, the Type I and Type II sums of
squares of each variable were examined. The sums of squares pro-
vide an indication of any variables that may possibly be interre-
lated or interacting with each other. The Type I sums of squares
indicate a variable’s significance when considering removing the
effects of the other variables, and the Type II sums of squares indi-
cate that variable’s significance after accounting for the effects of
the other variables. Large differences in the ¢-values for variables
indicate a possible interaction with other variables. If possible
interactions were found, interaction terms were added to the
regression analysis.

Another parameter that was of considerable importance was the
sign of a variable’s coefficient. In much of the previous pavement
performance studies, signs were opposite of common belief or prac-
tice (I). For example, a positive coefficient for the 18-kip ESAL’s
term indicates that higher ESALs on the pavement section would
generate a higher PSI. Although the models may appear to fit the
data well, engineers tend to shy away from models that do not hold
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to traditional sign conventions. There were only a few cases in
which sign conventions presented a problem in this study. In some
cases, this was the result of outlier data points or misunderstood data
information. The problem was corrected by simply removing the
outliers. In other cases, the reversed signs were the result of a
missed interaction term.

In most regression analyses, the fit of the model is described by
an R-squared (R?) value. The R? value is based on sample correla-
tion coefficients that indicate the strength of the developed rela-
tionship between the response variable (PSI) and the independent
variables (ESALs, AC type, aggregate rate, etc.) when compared to
the observed data. R?> may then be interpreted as the proportion of
total variability in the dependent variable that can be explained by
the independent variables. The R? can range from zero to one with
the higher number indicating a better fit of the model to the actual
data.

Model Testing and Selection

The tasks of model testing and model selection are interrelated.
While R? indicates the model’s fit to the analyzed data, it was more
important to know how well the model can fit data not included in
the analyzed data set. For the model to be accurate, it must be used
within the range of parameters that were used during the develop-
ment step. In other words, a model is valid only within the range of
values from which it was developed. Every effort was made to
maintain a data set that was representative of the entire range of
variables that could be encountered on a particular project.
Verification projects were chosen at random from the original
candidate list, and the data were examined to ensure that they met
the required criteria for the model or models being considered. The
independent variables were input into the developed regression
models, and the PSIs predicted by the models were plotted against
the actual recorded PSIs. Figures 2 through 7 show examples of the
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FIGURE 2 Actual and predicted PSI for flush seal model, District 1.
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FIGURE 3 Actual and predicted PSI for flush seal model, District 3.

model verification data. In some cases, there is an excellent agree-
ment between the actual data and the models (see Figures 2, 3, and
5). In other cases, the models showed-more stable data trends than
the actual data. In the case of chip seal in District 3 (Figures 6 and
7), the actual data indicate that the PSI of the pavement increases
with time while the model showed a steady decrease in the PSI.
There is no logical explanation of why the PSI should increase on

these projects except that the collected data for that year may not be
representative of the entire section.

The worst agreement between the actual data and the models was
obtained in the case of sand seal in District 2 (Figure 4). This model
has a relatively low R® value, which indicates that the model does
not fit the data very well. The R? for this model is 0.6, which means
that 40 percent of the variability in the data cannot be explained by
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FIGURE 4 Actual and predicted PSI for sand seal model, District 2.
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FIGURE 5 Actual and predicted PSI for chip seal model, District 1.

the model. The flush seal model in District 1 has an R? of 0.58,
which is also low compared to the other models. However, in the
case of the flush seal District 1 model, the agreement between the
model and the actual data was excellent (Figure 2). This indicates
that when the model has a low R? value (below 0.8), its performance
becomes unpredictable. In other words, a model with an R? value

below 0.8 may give excellent prediction for one project while show-
ing poor prediction for another one. Based on this criterion, the flush
seal (District 1) and the sand seal (District 2) models presented
in this paper should be used with extreme caution. Tables 1 through
9 summarize the verified models for all techniques and all NDOT
districts.
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FIGURE 6 Actual and predicted PSI for chip seal (EL SR 225N) model,

District 3.
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FIGURE 7 Actual and predicted PSI for chip seal (EL SR 225S) model,

District 3.

Definition of Variables

The following represents a list of the variables included in the mod-
els shown in Tables 4 through 9.

AC: Type of binder used in the first structural layer below the
flush, sand, and chip seals.

AGGR: Aggregate spread rate for chip and sand seal projects,
Ibs/yd? (0.54 kg/m?).

TABLE 1 * Verified Flush Seal District 1 Model

0.14TMIN - 0.25WETD - 1.89e-13ESALS?

PSI = 36.03 + C1 + 2.8e-7ESALS - 0.18YEAR - 0.42TMAX +

AGGS: Maximum nominal aggregate size used in chip seal projects.

BDR: Binder application rate for flush, sand, and chip seal pro-
jects, gal/yd? (4.6 L/m?).

Binder: Type of binder used in maintenance project.

CFT: Cumulative value of freeze-thaw cycles. It is obtained as
cycles per year multiplied by year of project, (see FT for freeze-
thaw cycle information).

ESALS: Cumulative value of 80-kN equivalent single axle loads
calculated by multiplying the daily 80-kN ESALS by 365 and a

ESALS 365 - 2614313
YEAR 1-3
TMAX 58 - 81
TMIN 27 - 50
WETD

22 - 48 v

SS-1H

0.00

MC-70

0.57856986




TABLE 2 Verified Flush Seal District 2 Model

PSI = 3.27 + C1 + 2.86e-6ESALS - 0.56SN - 0.13YEAR

ESALS 365 - 1018350
YEAR 1-3
SN 1.00 - 3.48

SS-1H

0.00

CRS-1

1.047347855

TABLE 3 Verified Flush Seal District 3 Model

PSI = 11.96 + C1 + C2*BDR - 7.00e-7ESALS

- 5.62SN - 0.34YEAR - 1.79e-13ESALS? + 0.92SN?

ESALS 10950 - 3759135
YEAR 1-3
SN 1.30 - 4.18
BDR 0.05-0.18

CRS-1 -0.0488592
MC-250 24.7892223
SS-1H 0.00

CRS-1

0.00

MC-250

-228.2079830

© SS-1H

-1.7459573




TABLE 4 Verified Sand Seal District 1 Model

PSI = -6.43 + C1 + 30.52BDR - 1.32¢-6ESALS - 0.13YEAR

ESALS 9125 - 324120
YEAR 1-5
BDR 0.08 - 0.34

LMCRS -0.50753824
SS-1H 3.73656624
CRS-1 6.51841777
CRS-2H -0.24556977
ARA-A 7.83622503
ARA-B 0.00

TABLE 5 Verified Sand Seal District 2 Model

PSI = 6.23 + C1 - 0.51BDR + 3.95¢-6ESALS + 0.24SN
- 0.045TMAX - 9.8¢-4CFT - 0.50YEAR +
3.50e- 10ESALS*+ 0.12YEAR? - 8.93e-6ESALS*SN

314

0.60

MC-250

ESALS 365 - 97455

YEAR 1-5

TMAX 46 - 69
SN 1.10 - 2.99
CFT 95 - 915
BDR 0.11-0.25

-0.232861533

SS-1H

0.191551524

CRS-1

0.00
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TABLE 6 Verified Sand Seal District 3 Model

TRANSPORTATION RESEARCH RECORD 1508

+ 0.069YEARS? - 2.47e-6ESALS*SN

PSI = 11.34 + Cl + 7.25BDR + 5.25¢-6ESALS + 0.38SN
- 0.15TMAX - 4.3e-3CFT + 0.26YEAR - 3.91e-13ESALS’

0.80

ESALS 365 - 1769885

YEAR 1-4

TMAX 59 - 67
SN 1.40 - 4.03
CFT 154 - 756
BDR 0.10 - 0.36

SS-1H -1.55768840
LMCRS-2H -1.41913898
MC-70 1.10471980
MC-800 -0.34928839
MC-250 0.00

growth factor and adding to the previous year, beginning with year
zero of a project.

FT: Total number of freeze-thaw cycles that a pavement may
experience over the course of one year. .

TMAX: Maximum average yearly temperature that a pavement
section may experience.

TMIN: Minimum average yearly temperature that a pavement
section may experience.

SN: Structural number prior to application of a maintenance tech-
nique.

WETD: Total number of wet days.

YEAR: Service year of the project. The year of construction is
represented by year zero.

SUMMARY AND CONCLUSIONS

Nine performance models were developed to cover all maintenance
techniques for all three NDOT districts. The three techniques for which
models were developed are flush seals, sand seals, and chip seals.
The majority of the models have R? values above 70 percent, indi-
cating a very good fit between the models and the data. The verifi-
cation study showed an excellent correlation between the measured

PSI values and computed values for test sites that were not in the
original data base.

Based on the analysis of the data and the verification study, the
following recommendations can be made.

e The flush seal model for District 2 has only 12 reduced obser-

- vations, which were obtained from four projects. Therefore, even

though the R? for this model is very high (0.91), the model should
be used with extreme caution because of the model’s extremely lim-
ited data base.

e The models should not be used for situations that are outside
the boundaries of the original data base. If a certain combination is
desired that is outside the boundaries of the data base, an effort
should be made to approximate the desired data with the closest
variables that exist within the data base. For example, if a binder
type is recommended for a flush seal project, and that binder is
unavailable in the model’s data base, then a binder that most closely
resembles the desired binder, in performance characteristics, should
be chosen.

e The developed models should undergo extensive implementa-
tion efforts and be updated annually during the first 3 to 5 years to
accommodate the rapidly changing trends in material specifications
and pavement performance monitoring.
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TABLE 7 Verified Chip Seal District 1 Model

PSI = 1.20 + C1 + C2 + C3 - 2.89¢-7ESALS +
0.027AGGR - 0.013TMAX - 8.6e-3FT + 0.78SN
- 0.28YEAR + 0.023YEAR?

284

0.84

MC-800

ESALS 1095 - 523410

AGGR 19 -33

TMAX 66 - 80
FT 53 - 156

~ SN 1.35-3.76

YEAR 1-6

1.021811264

CRS-2/CRS-2H

0.135232398

LMCRS-2

0.00

60-70 1.660032310
85-100 0.829006560
SC-4 0.899722220
SC-800 0.325306063
MC-800 1.207444910
AR-4000 0.00

MC-800 & 60-70

-0.705516471

MC-800 & SC-800

0.284393056

All other combinations

0.00




TABLE 8 Verified Chip Seal District 2 Model

PSI = -2.86 + C1 + C2 + C3 + C4 - 1.02e-4ESALS
- 0.015AGGR + 0.075TMAX - 2.98e-3FT + 0.125SN
- 0.33YEAR + 0.005YEAR?

234 0.87

CRS-2/CRS-2H

ESALS 365 - 1647245
AGGR 20 - 38
TMAX 58-73
FT 100 - 183
SN 1.68 - 6.17
YEAR 1-4

1.281414527

LMCRS-2

1.475765738

AR-2000

0.00

85-100 1.166532005
120-150 -0.098528394
SC-800 0.869102804
AR-2000 0.143673193 4

AR-4000

0.00

3/8"

0.579529646

L 172

0.00

CRS-2/CRS-2H & 120-150

0.554234128

CRS-2/CRS-2H & AR-4000

0.283288225

All other combinations

0.00
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TABLE 9 Verified Chip Seal District 3 Model

21

PSI = -24.04 + C1 + C2 + C3 + C4 + 4.90e-7ESALS
- 0.38AGGR + 0.83TMAX - 0.042FT - 1.32SN - 0.60YEAR 150

+ 0.056YEAR?
e e ]

0.92

ESALS 2190 - 1188805
AGGR 20 - 30
TMAX 57 - 67
FT 145 - 216
SN 1.65-541
YEAR 1-4

CRS-2/CRS-2H 1.02686865
LMCRS-2 0.27622556
MC-3000L 0.00

85-100 -0.13911552
120-150 -6.00223816
SC-800 -5.11758889
MC-800 -8.10408550
AR-4000 4.16186176
AR-1000 0.00
3/8” 3.62555754
12" 0.00

CRS-2/CRS-2H & 120-150 0.13670219
CRS-2/CRS-2H & MC-800 -1.68689386
All other combinations 0.00
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Sensitivity of Pavement Network
Optimization System to Its Prediction

Models

KeLvIN C.P. WANG AND JOHN ZANIEWSKI

The prediction models in the network optimization system (NOS) are
exhibited in the form of transition probability matrices (TPMs) in the
newly implemented NOS (AZNOS) in the Arizona Department of
Transportation. Due to variability in pavement performance parameters
over time, it is necessary to study the effect of the influencing factors
causing this variability. One such factor is annual expenditure on pave-
ment rehabilitation, which is determined with the help of AZNOS
results. In addition, rehabilitation budgets recommended by AZNOS are
determined by the existing pavement network conditions, performance
standards, and, more importantly, the prediction models through the use
of the linear optimization routine. Even though it is evident that varia-
tions of transition probabilities from and to particular condition states
will affect the recommended rehabilitation budgets from AZNOS, there
is a lack of quantitative analysis in this relationship. AZNOS perfor-
mance models’ sensitivity to variations in transition probabilities and
current pavement conditions is analyzed. This sensitivity study demon-
strates the inherent relationship among prediction models (TPMs), reha-
bilitation needs, and current pavement conditions. This analysis also
reveals an important property of AZNOS that large future savings in the
pavement rehabilitation program may be obtained through the applica-
tions of effective preventive maintenance actions to existing pavements.

The major update of the Arizona Department of Transportation
(ADOT) network optimization system (AZNOS) resulted in
improved model structure and performance prediction (/—4). In
addition, a model of pavement probabilistic behavior was developed
in the process of implementing the new system (2). The pavement
prediction models in AZNOS are exhibited in the form of transition
probability matrices (TPMs), which determine the probabilities of
pavements to progress from any condition state to all condition
states in 1 year. Two major parameters—ride quality (roughness)
and surface distress (cracking)—coupled with the third parameter
index to first crack, determine the structure of the pavement condi-
tion states. The roughness and cracking parameters are also the
barometers for pavement performance in NOS. Figure 1 illustrates
in (a) and (b) the history of roughness levels and cracking levels for
high-traffic interstate highways in the Arizona desert. The varia-
tions of the network’s performance depicted in the figure in relation
to roughness and cracking are due to a number of factors, one of
which could be the actual budget allocated for the yearly rehabilita-
tion. The transition probabilities used in the model are estimates
based on past pavement performances (2). The transition probabil-
ities directly affect the behavior of the prediction models in the opti-

K. C. P. Wang, Department of Civil Engineering, University of Arkansas,
4190 Bell Engineering Center, Fayetteville, Ark. 72701. J. Zaniewski,
Department of Civil Engineering, Arizona State University, Tempe, Ariz.
85287. '

mization process and ultimately influence the results of the financial
recommendations of AZNOS. As ADOT has more than 10-years’
experience in using NOS in its pavement rehabilitation program,
and rehabilitation expenditure is determined with the help of NOS-
results, it is reasonable to believe that the transition probabilities in
the prediction models need further analysis. This paper presents the
analysis of sensitivities of AZNOS to the variations in the transition
probabilities, or TPMs, and actual pavement conditions.

THEORETICAL BACKGROUND

The Markov process is a time-independent stochastic description of
event development. Pavement behavior is modeled with the Markov
process in 1980 in ADOT’s pavement management system (5). The
Markov property is equivalent to stating that the conditional prob-
ability of any future event, given any past event and the present
state, is independent of the past event and depends only on the pres-
ent state of the process. The conditional probability for the process
to transition from one state to another is called transition probabil-
ity. The transitions are also called steps. Therefore, the n-step tran-
sition probability pis defined as the conditional probability that the
random variable X, starting in state i, will be in state j after exactly
n steps, or time units.

A convenient notation for representing the transition probabili-
ties is the matrix form

By . .. By
pw = ) n

PW . . PG

P®™ is the n-step TPM. As applied in ADOT’s NOS, the transition
process of the pavement condition states conforms to the finite-state
Markov chain process. Future pavement condition is dependent
only on the current pavement condition. The performance model
used in the NOS is based on transition probability matrices. A tran-
sition probability, p;(a.), is assumed to be equivalent to the propor-
tion of roads in state i that move to state j in | year if the kth reha-
bilitation action is applied. It defines the probability of transition
from one condition state to another in | year under one of the reha-
bilitation actions, including routine maintenance.

Chapman-Kolmogorov equations provide a method for comput-
ing the n-step transition probability matrix from a single-step
transition probability matrix as used in NOS:

pm=p.p . P=Pp" )
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FIGURE 1 Pavement history of roughness (a) and cracking (b), high-traffic road category
of Arizona Interstate network, AC pavement (2663 km) with ADT >10,000.

Therefore, the transition probabilities of pavement condition for P%ine = n-step TPM before the rehabilitation when n < v;

a period of n years can be obtained based on the existing one-step P ine = v-step TPM when the rehabilitation is applied;

transition probabilities of pavement condition. This allows a prob- PO = the one-step TPM based on the effectiveness of the

abilistic prediction of pavement behavior over the life of the pave- rehabilitation at the period of v immediately after the

ment structure. As shown in Equation 2, the transition probabilities - application; and

for n number of periods or years can be calculated by multiplying - P = (n-v-1)-step TPM after the rehabilitation.

the one-step or the original TPM n times. The following pavement

probabilistic behavior equation for one rehabilitation action in vec- As indicated in the Equation 3, three TPMs are needed to conduct

tor form is established based on Equation 2 (2): the analysis of long-term probabilistic behavior for the entire design
pim n< v period during which one rehabilitation is applied. The data gener-

P® = { routin - 3) ated based on Equation 3 can be used to plot pavement probabilis-
Protine P Pterrana 1>V tic behavior curves (PBCs). Pavement PBC is defined as the prob-

ability of being in a given condition state over time. Therefore, each
condition state can have its own set of PBCs. An important perfor-
mance standard set by ADOT is the minimum percentages of roads
P® = p-step TPM; in the best condition state with the lowest roughness and cracking

where
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levels. Figure 2 in (a) illustrates typical long-term PBCs for the best
condition state of design period N for interstate pavement for this
condition state. The vertical axis represents the probability of pave-
ments remaining in the best condition state. Figure 2 in (b) presents
a traditional pavement performance curve. Note the sag shape of the
probabilistic behavior curve in (a) versus the crest shape of the per-
formance curve in (b).

DESIGN OF SENSITIVITY STUDY

It is important to perform sensitivity analysis to investigate the
effect on the optimal solution provided by the simplex method if the
parameters take on other possible values. Usually, there will be
some parameters that can be assigned any reasonable values with-
out affecting the optimality of the solution. However, there may also
be parameters with likely alternative values that would yield a new
optimal solution. In the case of AZNOS, the optimal solution is
- expressed in the form of budget needs of pavement rehabilitation
for each year in the planning horizon. It is certain that variations in
the independent variables, such as transition probabilities, will

TRANSPORTATION RESEARCH RECORD 1508

affect the optimal solutions. The transition probabilities used in the
AZNOS models are estimates used to predict future conditions. The
approach used to develop these estimates are based on past pave-
ment performances (2). Therefore, the basic objective of this analy-
sis is to quantitatively identify the sensitivities of budget needs from
AZNOS to variations in the independent variables, such as the tran-
sition probabilities, so that care can then be taken in the estimation
of the parameters. In addition, this analysis may also provide quan-
titative data on the effective implementation of rehabilitation
actions to existing pavement networks to improve future rehabilita-
tion programs and reduce costs.

Transition Probabilities in NOS

Two submodels are used in the original NOS: steady state and mul-
tiperiod. It has been demonstrated that the multiperiod model is
more practical for the management of statewide pavement networks
(3). The following formulations indicate the main mathematical
structure of the multistage AZNOS relating to the interested para-
meters.

08 Probability of Being in Probability of Being in
- the Best Condition the Best Condition
= before the Rehab. after the Rehab.
= 06 =
2 £ y
2 04 =
< i
o
= 02 £
’ period v ‘ 4 Design Period, N
0 . .
0 2 4 6 8 10 12 14 16 18 20
AGE IN YEARS
(a) Typical pavement probabilistic behavior curves for the design period.
=<
()
a
Z
>~
e
E Minimum Acceptable Level
<
) Initial Service Life
> =
&
7 Design Period, N
—

AGE OR TRAFFIC

(b) lllustration of pavement performance and prediction.

FIGURE 2 Pavement probabilistic behavior curve and pavement

performance curve.
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The objective is to minimize

T-1
> whi-dy-clik) @)
1=1 ik

subject to
S whe =Y wii' Pij fi < ©)

ok = ix ~Pijay), for 1 <I<T

k ik
PRGTER ©)
k

S Wik SRy, foriel,je i), 2<I<T )

Lk

.

kwj,kZPz(l)-ei, foried,jejy(i),2<I<T @)

)

where

w}, = the proportion of roads of a given road category that
are in condition state j at the beginning of the /th time
period of horizon T, and to which the k preservation
action is applied;

pi{a,) = pavement transition probability from condition state
i to j due to the rehabilitation action k;
c(i,k) = cost matrix for pavements in condition i receiving
action k;
d = present worth of one dollar spent during /th time
period;
g; = current proportion of roads in ith condition state;
p(l) = a multiplier = 1 to permit a higher than +vy; proportion
of roads in undesirable states at the /th time period;
Pp2() = a multiplier = 1 to permit a higher than €; proportion
of roads in undesirable states at the [th time period;
and
" v; and €; = performance standards set by ADOT management.

Equation 5 forms the core of pavement performance prediction
in NOS. It preserits the very basic relationship between transition
probabilities and condition prediction in the classical formulation of
linear programming in a Markov chain. This equation has also been
proved to be compatible with Equation 3 used to define pavement
probabilistic behavior curves (2).

It is clear that when current conditions of the pavement network
g, and performance standards -y, and €, are known, transition proba-
bilities p;(a,) determine the condition transitions of the network
shown in Equation 5. Ultimately, rehabilitation needs (wj,) are
resolved through the use of linear programming based on values of
given parameters, including p;(a,).

Data Selection

Sensitivity ana]ysié is a statistical study to determine the sensitivity
T-1

of dependent variables, such as w/, and >, > wl, - d; - c(ik), to
=1k

variations in independent variables, such as the transition probabil-

ities p;{ay), qi, and v; and &; over reasonable ranges. This analysis

involves investigating the effect on the optimal solution by making

changes in the values of these model parameters.

The prediction models’ sensitivities to performance standards y;
and €; were carefully analyzed by Wang et al. (4). In this analysis,
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performance standards were increased incrementally in the form of
maximum percentages of roads at high roughness and cracking lev-
els and minimum percentages of roads at low roughness and crack-
ing levels. The corresponding rehabilitation needs in the form of an
AZNOS budget recommendation were also increased along the
higher standards. Based on the data presented to ADOT manage-
ment on the analysis of statewide pavement rehabilitation needs (4),
ADOT set the performance standards for Arizona pavement net-
works. Therefore, it has been determined that pavement perfor-
mance standards are used as given data. Since the focus of the study
is on the prediction models or the transition probabilities, cost
matrix c(i,k) is also used as given data in this analysis.

As a result, current pavement conditions ¢; and transition proba-
bilities p;(a,) are the only independent sets of parameters in the
AZNOS model that need further analysis in this paper. As shown in
Equation 5, variations in the transition probabilities play the deter-
mining role in the transition of pavement condition states. Therefore,
the sensitivity analysis will concentrate on the roles of prediction
models or TPMs in determining AZNOS budget recommendations.
As performance predictions are made from existing pavements, the
current pavement conditions directly affect the result of optimiza-
tion. As such, current pavement conditions g; are also used as inde-
pendent parameters for this analysis.

There are 15 road categories in Arizona. Each road category was
determined based on its traffic level, geographical region, and rain-
fall. Each road category can be perceived as a highway subnetwork.
There are performance prediction models for each subnetwork. The
road category (subnetwork) of high traffic, desert interstate high-
ways is chosen for this sensitivity analysis since it has the largest
pavement area among the 15 road categories and carries the traffic
load for the Phoenix metropolitan area and adjacent regions. There-
fore, the rehabilitation needs for this network are very large com-
pared with other networks. Six rehabilitation actions are shown
below with corresponding costs for this interstate subnetwork:

Rehabilitation Action Cost($)
ROUTINE 0.12
SEAL COAT 1.38
ACFC;ACSC 2.30
ACFC + AR;ARAC;2"AC + FC 6.90
2"AC + FC + AR;3"AC + FC(W/O AR) 10.35
4"AC + FC;4"/5"AC + FC 13.80

ACFC and ACSC stand for asphalt concrete friction course and
asphalt concrete surface course, respectively. AR is asphalt rubber.
ARAC is asphalt rubber plus asphalt concrete. The preset pavement
performance standards for this interstate network are 95 percent for
minimum percentage of roads in the low roughness level, 2 percent
for maximum percentage of roads in high roughness level, 85 per-
cent for minimum percentage of roads in the low cracking level, and
1 percent for maximum percentage of roads in high cracking level.

Data Requirements and Analysis
The independent variables in the prediction equations must be sta-

tistically linear and contain a minimum collinearity between inde-
pendent variables, for the following reasons (6):

¢ The magnitudes of the effects from varying the individual non-
linear independent variables would not be directly comparable.

e As collinearity must be minimized for any meaningful analy-
sis, and nonlinear regression techniques are deficient to identify
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collinearity, the use of nonlinear analysis could seriously limit con-

fidence in the results.
e There are no existing procedures for conducting sensitivity
analyses on nonlinear models.

It is clear that the relationships among parameters in AZNOS are
all linear. In addition, current conditions ¢; and transition probabil-
ities p;(a,) are independent of each other. However, there exist
properties for both ¢; and.p,(a,) that may pose difficulties in meet-
ing the minimum collinearity requirement:

Z,q,' =1
z

©)

Bya) =1 (10)

Apparently, parameters ¢; in X g; or p;{(ay) in X, p;(ay) are not
completely independent of each other. Instead, as’ a result of the
requirements in Equations 9 and 10, the degrees of freedom for both
sets of parameters are reduced by one. This property should be taken
into consideration in the analysis design.

In this sensitivity analysis, the dependable variables mclude the
proportion of roads in condition state j at the beginning of /th time
period, and to which the k preservation action is applied (w/\), and

z 2 wi - d; - c(i, k)], which is the objec-

1=1 ik
tive function. The independent variables include transition proba-
bilities p;(a,) and current conditions g;. Table 1 shows the current
pavement conditions for the road category of desert interstate high-
ways. There are 45 condition states, determined by three factors:
ride level (roughness), distress level (cracking), and index to first
crack. The index to first crack was conceptually an estimate of the

total agency cost
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time between the construction or rehabilitation of the pavement to
occurrence of the first crack. However, this index is used in both the
original NOS and AZNOS to select a TPM based on the most recent
rehabilitation. There are five levels of the index to first crack based
on the type of rehabilitation treatment as shown in Table 1, corre-
sponding to five levels of rehabilitation actions. For example, 18.25
percent of the pavement area was in Condition State 1 (low rough-
ness and cracking levels, and never rehabilitated except for routine
maintenance). There were 20.44 percent of the pavements in Con-
dition State 19 (low roughness and cracking levels, and the last
rehabilitation is Action Number 4). It should be noted that pave-
ments with the most recent treatment of Action 2 or 3 converge to
Conditions 10 to 18 after the action is applied. Condition States 10
to 18 fall within Index to First Crack 2. However, these two treat-
ments of seal coat and ACFC are different in their effectiveness,
resulting in the two different transition probabilities for Actions 2
and 3 for the year that the actions are applied. With the exception of
seal coat and ACFC, a probability of 1 is assumed for the transition
from any condition state to the condition state with low roughness
and cracking levels during the year the rehabilitation action is
applied. Table 2 presents the complete sets of transition probabili-
ties, or transition probability matrices under routine maintenance,
for the subnetwork under study.

The majority of pavement (65.81 percent) is at the levels of low
cracking and low roughness, or the best condition state (see Table
1). In addition, the majority of pavements receive only routine
maintenance. Because 20.44 percent of pavements are in Condition
19, it is determined to start the analysis by varying the transition
probabilities from Condition State 19 to States 19, 20, 22, and 23.
The second analysis includes simultaneously varying the transition
probabilities from States 1, 10, 19, and 28. Data relating to State 37

TABLE 1 Current Pavement Conditions in Percentage of Area for the 45 Condition States, Road Category of High-

Traffic and Desert Interstate Highways in Arizona (1992)

: ; -
Ride Distress Index@ 1 Index 2 Index 3 Index 4 Index Total
Level Level % 0 0 0 o

b b of % of % of % of % of

cs Area cs Area Area cs Area Area
Low Low 1 1825 10 1054 19 2044 28 15.17 37 1.41 65.81
Low Medium 2 527 11 193 20 360 29 2.31 38 0.26 13.37
Low High 3 167 12 0.64 21 0.77 30 090 39  0.00 3.98

Medium Low 4 3.08 13 090 22 2.06 31 2.44 40 0.77 9.25

Medium Medium 5 167 14 039 23 0.39 32 0.26 41 0.00 2.71

Medium High 6 129 15 026 24 0.64 33 0.13 42 0.00 2.32
High Low 7 0.13 16 0.00 25 0.13 34 0.13 43 0.13 0.52
High Medium 8 051 17 0.13 26 0.00 35 0.00 44 0.00 0.64
High High ¢] 1.40 18 0.00 27 0.00 36 0.00 45 0.00 1.40

Total 33.28 14.79 28.03 21.34 2.57 100.00

2 |ndex stands for index to first crack.
b CS stands for condition states.
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TABLE 2 Transition Probabilities Under Routine Maintenance for High-Traffic and Desert Interstate Highways in

Arizona (Truncated from 6 Decimals to 4)

From® ToP Tran From To Tran From To Tran From To Tran From To Tran
Prob® Prob Prob Prob Prob

1 1 0.8540 10 10 08372 19 19 08477 28 28 08577 37 37 0.8547
1 2 00545 10 11 0.0465 19 20 0.0700 28 29 0.0300 37 38 0.0800
1 4 00836 10 13 01093 19 22 00786 28 31 0.1086 37 40 0.0572
1 5 0.0078 10 14 0.0070 19 23 00037 28 32 0.0037 37 41 0.0080
2 2 07237 11 11 06452 20 20 08137 29 29 08237 38 38 0.8512
2 3 01447 11 12 0.0645 20 21 01091 29 30 0.0991 38 39 0.0855
2 5 00833 11 14 02258 20 23 0.0748 29 32 0.0748 38 41 0.0619
2 6 00482 11 15 0.0645 20 24 00025 29 33 0.0025 38 42 0.0013
3 3  0.7391 12 12 09211 21 21 08209 30 30 08208 39 39 0.8709
3 6 02609 12 15 00789 21 24 01791 30 33 01791 39 42 0.1291
4 4 08707 13 13 08835 22 22 08276 31 31 0.8676 40 40 0.8513
4 5 00532 13 16 01068 22 23 01010 31 32 0.0610 40 41 0.0929
4 7 0.0722 13 17 0.0097 22 25 0.0659 31 34 0.0653 40 43 0.0515
4 8 00038 N/A 22 26 00055 31 35 0.0055 40 44 0.0043
5 5 06429 14 14 07868 23 23 0.7970 32 32 0.7970 41 41 0.7992
5 6 01607 14 15 00336 23 24 0.0273 32 33 0.0273 41 42 0.0237
5 8 00357 14 17 01724 23 26 0.1699 32 35 0.1699 41 44 0.1720
5 S 01607 14 18 0.0072 23 27 00059 32 36 0.0059 41 45 0.0051
6 6 08732 15 15 08230 24 24 08229 33 33 0.8229 42 42 0.8229
6 9 01268 15 18 01770 24 27 01771 33 36 0.1771 42 45 0.1771
7 7 09400 16 16 0.8681- 25 25 08590 34 34 0.8590 43 43 0.8935
7 8 00600 16 17 01319 25 26 01410 34 35 0.1410 43 44 0.1065
8 8 09456 17 17 09577 26 26 09607 35 35 0.8662 44 44 0.9711
8 8 00544 17 18 0.0423 26 27 0.0393 35 36 0.1338 44 45 0.0289
9 9 1.0000 18 18 1.0000 27 27 1.0000 36 36 1.0000 45 45 1.0000

2 Condition states to be transitioned from.

b Condition states to be transitioned to.
¢ Transition probabilities.

Note: refer to Table 1 for the corresponding roughness level,

number for each condition state.

were not used because a relatively small number of pavements (1.41
percent) were in this particular state. The third analysis includes
varying the transition probabilities and current condition states in
relation to data for the transitions from State 19 to States 19, 20, 22,
and 23.

RESULTS OF SENSITIVITY ANALYSES

Varying Transition Probabilities from State 19

In Table 2 the transition probabilities from states at low roughness
and cracking levels to states at the same levels fall within the range

of 0.8372 to 0.8577. These probabilities play a critical role in keep-
ing the pavements in the best condition states. Probabilities related

cracking level, and index

to Index to First Crack 3 were selected in this analysis by varying
the probabilities in the order shown in Table 3. Six runs were con-
ducted. It should be noted that the transition probabilities for pave-
ments in State 19 to stay in State 19 were varied from 0.6 t0 0.7, 0.8,
and 0.9 with the increment of 0.1, and from 0.9 to 0.95 and 0.99 with
the increments of 0.05 and 0.04. Different increments were used to
vary the probabilities because in initial AZNOS runs when transi-
tion probabilities were lower than 0.8, there were only small varia-
tions among the different AZNOS budget recommendations. That
is to say, the AZNOS-based budget recommendations stay rela-
tively stable when the probability to stay in the best state is smaller
than 0.8. Figure 3 is a three-dimensional chart for these six runs.
The following data show the budget recommendations of the six
AZNOS runs based on the transition probabilities in Table 3 (in mil-
lions of dollars):
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TABLE 3 Variations of Transition Probabilities from State 19 to
States 19, 20, 22, and 23

Run Number Piose()  Pigy(D Pion(D Py
1, (TPM1) 0.600 0175 0175 0.050
2, (TPM 2) 0.700 0.135 0.135 0.030
3, (TPM 3) 0.800 0.085 0.085 0.001
4, (TPM 4) 0.900 0.050 0.050 0.000
5, (TPM 5) 0.950 0.025 0.025 0.000
6. (TPM 6) 0.990 0.005 0.005 0.000

Run 1 Run 2 Run 3 Run 4 Run S Run 6

(TPM 1) (TPM2) (TPM3) (TPM4) (TPMS5) (TPM6)
$99.949  $98.673  $97.051  $86.525  $78.783  $67.545

Based on the data above and the data in Table 3 and Figure 3, it
is evident that a small increase for the transition probabilities to stay
in the best state from 0.8 may introduce sizable savings in pavement
rehabilitation costs.

Simultaneously Varying Transition Probabilities from
Multiple States

The second analysis was conducted through the simultaneous vary-
ing of the transition probabilities from States 1, 10, 19, 28, and 37
to all the possible states as indicated in Table 4. Six runs were con-

//'Jl‘ 5 TN .. \\ "w,‘
- . ~
e Pl \\ \\
- -~ - ~ N ~ ., ’
\x, \\ .
" .
NN

Action {

",

Action 2 /

Action 3
Action 4 - p

N
\\/7’\7

Action §

Action 6

TPM |

NN B 560.00 -570.00
N rsTom
~ N
E O s, 50.00 -$60.00
. $s000 3 = $40.00 -850.00
. o
Ny Tsdn00 3 ;
"l F 130.00 -$40.00
L Tss000 =
Nos20.00 £ M 520.00 -$30.00
™ \\‘\ o=
e B $10.00 -$20.00
“esoe0 |
S U $0.00 -$10.00

TRANSPORTATION RESEARCH RECORD 1508

ducted on the six sets of transition probabilities. The following data
show the AZNOS budget recommendations from the six runs (in
millions of dollars):

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6

(TPM 1) (TPM2) (TPM3) (TPM4) (TPMS5) (TPM6)
$124.076 $116.951 $106.951 $68.713  $33.216  $23.209

This analysis reveals that a compounding effect occurred as a
result of the simultaneous change of the transition probabilities.
When the probabilities changed from 0.8 to 0.99, the budget rec-
ommendations from AZNOS were reduced drastically from
$106.51 million to $23.209 million. Figure 4 illustrates the recom-
mended rehabilitation costs for each action and each set of transi-
tion probability matrices.

Varying Transition Probabilities and Current
Conditions

The third analysis focused on actual pavement Conditions 19 to 25
and their related transition probabilities. For each set of transition
probabilities in Table 3, six runs of AZNOS were conducted based
on six sets of pavement condition data. Six proportions of roads in
State 19 with low roughness and cracking levels were used as fol-
lows: 0.04, 0.07, 0.1, 0.13, 0.16, and 0.204. The last proportion
(0.204) represents the actual pavement condition in 1991. The other
proportions of pavement condition data were adjusted proportion-
ally to their actual pavement conditions in Table 1. Figure 5 shows

FIGURE 3  Sensitivity of AZNOS to six sets of transition probabilities from State 19 to all other states ($million).
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TABLE 4 Variations of Transition Probabilities from States 1, 10, 19, 28, and
37 to All Possible States

Run Number  Probabilities Probabilities Probabilities Probabilities

to stay in the  to state 2/ to state 4/ to state 5/

best state 11/20/29/37 13/22/31/40 14/23/32/41
1, (TPM 1) 0.600 0.130 0.240 0.030
2, (TPM 2) 0.700 0.100 0.180 0.020
3, (TPM 3) 0.800 0.070 0.120 0.010
4, (TPM 4) 0.900 0.030 0.060 0.010
5, (TPM 5) 0.950 0.015 0.035 0.000
6, (TPM 6) 0.990 0.003 0.007 0.000

the results of this analysis through the use of a three-dimensional
surface. CC1 to CC6 represent the six sets of pavement condition
data. Figure 5 indicates that the changing proportions of pavement
conditions have limited effects on recommended budget needs
when the transition probabilities to stay in Condition 19 were
smaller than 0.8. However, when the transition probabilities to stay
in the best state changed from 0.8 to 0.99, for each set of pavement
condition data, a large decline in recommended budget needs was
exhibited. The sharp declining slope toward the right-front corner
of the three-dimensional surface in Figure 5 demonstrates the com-
pounding effect of improved pavement condition and higher transi-
tion probabilities for pavements to stay in the best condition with
low roughness and cracking levels.

CONCLUSION

The higher the transition probabilities for pavements to stay in the
best condition state, the less proportions of pavements will transi-
tion to worse states. As a result, a smaller budget will be needed. It

is also evident that the better the pavement conditions, the smaller
the needed budget will be for future pavement rehabilitation. These
two properties were quantitatively analyzed in this paper by using
AZNOS. An interesting property was also revealed in the analysis:
when transition probabilities were increased from 0.8, budget needs
for pavement rehabilitation based on AZNOS were drastically
decreased, disproportionally against the increasing rate of the prob-
abilities. As transition probabilities were determined based on past
pavement performance in Arizona, this newly revealed property
encourages preventive pavement improvements to reduce future
rehabilitation needs. This property also illustrates that a modest
increase in costs for preventive maintenance may well generate
large future savings. Therefore, efforts to improve current pavement
roughness and cracking levels, which will be used to update future
TPMs as past pavement performance data, will ultimately improve
the lifelong cost-effectiveness of rehabilitation programs for pave-
ment networks. It should be pointed out that this paper does not dis-
cuss the sensitivities to cost matrices and discount rates. These two
factors also play important roles in determining long-term pave-
ment rehabilitation costs.
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FIGURE 4 Sensitivity of AZNOS to simultaneous variations of transition probabilities
from States 1, 10, 19, and 28 to all other states ($million).
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Calibration of HDM-III Performance
Models for Use in Pavement
Management of South African

National Roads

L. KANNEMEYER AND A.T. VISSER

The applicability of the HDM-III performance models for predicting
local observed deterioration was evaluated so that the timing, type, and
cost of maintenance needs could be estimated and a balanced expendi-
ture program developed for South African national roads. The valida-
tion procedure and the assessment methodologies used in the calibra-
tion of the environmental influences and the cracking, rutting, and
roughness models are presented. For the HDM-III performance models
evaluated, calibration values of less than one were obtained—except for
rutting—indicating, in general, better performance on South African
national roads than predicted. Based on the results obtained, it is con-
cluded that after calibration the HDM-III performance models are capa-
ble of accurately predicting the observed deterioration on South African
national roads, and it is recommended that these models be considered
for incorporation into a balanced expenditure program for the national
road network of South Africa.

The primary road network in South Africa has been established over
the last half century and has been planned, constructed, and main-
tained to provide an acceptable level of service. However, the acute
shortage of funds for roads in South Africa is endangering the
integrity of this network, putting a considerable emphasis on ratio-
nalizing planning in the area of pavement maintenance and rehabil-
itation. Thus, pavement management, defined as the total range of
activities required to provide the pavement portion of the public
works program (1), has become more important.

An essential activity of pavement management is the modeling
of the changes in pavement condition with accumulated use, gener-
ally known as pavement deterioration. The pavement management
system used on national roads in South Africa does not yet incor-
porate these pavement deterioration prediction models. At present,
the current condition of a pavement is used as a trigger for action to
identify maintenance or rehabilitation projects for further evalua-
tion. As illustrated in Figure 1, this method has a low probability of
selecting the optimum rehabilitation strategy if the expected future
deterioration of a pavement is not considered. Although both Pave-
ments A and B in Figure 1 have the same level of riding quality after
T years, their expected future deterioration differs to a large extent.
This demonstrates the need to use deterioration prediction models
in pavement management systems to predict the timing, type, and
cost of future maintenance needs.

An extensive study (2) was executed to evaluate the applicability -

of models developed internationally for predicting the deterioration

Department of Civil Engineering, University of Pretoria, Pretoria 0002,
South Africa.

of the South African national road network. The study consisted of
a literature review of international deterioration models developed
from the deterioration results of in-service pavements under the nor-
mal traffic spectrum, avoiding models developed from accelerated
testing with stationary devices. The reasons for avoiding these mod-
els are that the long-term effects are virtually eliminated (they are
primarily environmental but also include effects of the rest periods
or vehicle headway) and that the unrepresentative traffic loading
regimes can distort the behavior of the pavement materials, which
is often stress dependent (3). From the literature review, the HDM-
III models were identified as possibly applicable and were subse-
quently validated through an analytical approach using the data
obtained under the normal traffic and environmental conditions
experienced over the past 15 years on the national road network of
South Africa.

The aim of this paper is to demonstrate the suitability of the
HDM-III performance models, once calibrated, for predicting the
performance of South African national roads. After presenting the
validation procedure and the assessment methodologies, the cali-
bration of the environmental influences and the cracking, rutting,
and roughness models are presented.

VALIDATION PROCEDURE

The approach embarked on during the validation was to first cali-
brate the environmental coefficient (in) for the different Thornth-
waite moisture regimes in South Africa, then the HDM-III deterio-
ration models. Based on the fact that the equations defining the
different HDM-III deterioration models are of the exponential type,
it follows that the accuracy of any prediction tends to decline as the
time period increases. Thus, the value of the local calibration factor
determined for each model would be valid only over the medium
term. Based on this, it was decided to employ the same approach as
that used in Chile to adapt the HDM-III models to their local con-
ditions (4). The approach involved the periodic calibration of the
models to correct the deterioration curves in such a way that they
maintained good predictions over the pavement life. Since this was
a very time-consuming process, the algorithm developed in Chile
that performs the calibration was adopted for South African condi-
tions, to automatically determine the calibration factor for each
deterioration model of an individual pavement section.

The calculation method employed in the algorithm is based on the
minimization of the difference between the values predicted by the
HDM-III models and those measured (4). The procedure of cali-
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FIGURE 1 Expected future pavement deterioration.

bration involves the prediction of the change in a specific parameter
over time for different calibration factor ki values, and then to calcu-
late the corresponding difference between the predicted and measured
values for each calibration factor value. These calculated differences
are then used to determine the sum of the square of the differences
that are then plotted against the specific calibration factor value. When
plotted, the sum of squared differences are distributed in a parabolic
shape, with a minimum at the optimum calibration factor value, as
illustrated in Figure 2 for the cracking progression calibration factor
(kcp). A parabolic curve is then fitted to the sum of squared differ-
ences (SSD) incorporating the calibration factor (ki) as follows (4):

SSD = aki? + bki + ¢ n

where

- SSD = sum of the squared differences,
ki = calibration factor, and
a,b, and ¢ = constants of equation obtained during the fitting of
the curve.

The value obtained by taking the derivative of the equation above
equals the calibration factor (ki) for which the SSD is the least,
namely,

_—b
ki= 2a )

where

ki = calibration factor for which SSD is a minimum, and
a and b = constants obtained during the fitting of the parabolic
curve.

The procedure above was repeated for all prediction models for
each individual pavement section evaluated.

CORRELATION OF VISUAL ASSESSMENTS

Since the HDM-III model requires the area affected by cracking (all
and wide) and raveling as a percentage value, the correlation of
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FIGURE 2 Illustration of sum of squared differences against
calibration factor values.

South African visual data (2) was needed to convert the degree and
extent numerical ratings into percentage of area. Both the extent and
degree numerical ratings were combined into a single value, defined
as the area of indexed distress. The reason for adopting this
approach is that it is believed that by incorporating both degree and
extent in a single value, the value obtained will more accurately por-
tray the pavement condition. The following conversion factor was
used to convert the South African numerical ratings into the format
required by the HDM-III model for each pavement section:

N
Z AnSrx

CRX =
N

3)

where

CRX = total area of indexed distress as a percentage of the sur-
face area of the pavement section under evaluation;
Arx = area of surface distress for a certain degree as a percent-

age;
Srx = decimal factor assumed for converting the degree rating;
and
N = number of visual segments in the pavement section under
evaluation.

CORRELATION OF MECHANICAL
MEASUREMENTS

Of the three mechanical measurements of importance on national
roads, rutting as well as deflection was already in a format suitable
for inclusion in the HDM-III model. The most important of these
measurements, namely, the riding quality, had to be converted from
present serviceability index (PSI) to quarter-car index (QI,,).

The roughness measurements in PSI, available on the data base,
were used to calculate the mean PSI value for each section for a spe-
cific survey date. These mean PSI values were then correlated to the
quarter-car index (QI,) by using the correlation developed by Visser
(5), and then to QI,, by using the relationship in Table 2.5 of Pater-
son (3). (Note QI,, equals 13 on the international roughness index).
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QI = 92.63 — 56.93In(PST) 4)
01, =9.5 + 0.9QI,

where

QI, = quarter-car index [profile RMSVA function of QI
(counts/km)];

QI,, = quarter-car index [roadmeter estimate of QI roughness
(counts/km)]; and

PSI = mean PSI value caiculated for each pavement section.

MODIFIED STRUCTURAL NUMBER

The modified structural number (SNC), which includes the contri-
bution of the subgrade (SN,,), was calculated by using the follow-
ing equation:

SNC = SN, + SN,, %)

where

SNC = modified structural number;
SN; = initial structural number in first year of modeling;
SN,, = contribution of the subgrade after Hodges et al. (6): =
3.51 log,p CBR — 0.85 (log,o CBR)* — 1.43; and
CBR = insitu California bearing ratio of subgrade in percentage.

The initial structural number (SN;) was determined by using cor-
relations developed by Rohde (7), whereby a pavement’s structural
number can be determined from its total thickness and the shape of
the measured surface deflection bowl obtained from a falling
weight deflectometer (FWD). The correlations are based on the
general “two-thirds rule” suggested by Irwin (8) to explain the
stress distribution and thus origin of deflections found below an
FWD. This rule is based on the fact that approximately 95 percent
of the deflection measured on the surface of a pavement originates
below a line deviating 34 degrees from the horizontal. Based on
this simplification, it can be assumed that the surface deflection
measured at an offset of 1.5 times the pavement thickness origi-
nates entirely in the subgrade. By comparing this deflection with
the peak deflection, the following index associated with the mag-
nitude of deformation that occurs within the pavement structure
was defined by Rohde (7):

SIP = Do - DI.SH[I (6)

where

SIP = structural Index of the pavement;
D, = peak deflection measured under a standard 40-kN FWD
impulse load;
D, sy, = surface deflection measured at an offset of 1.5 times Hp
under a standard 40-kN FWD impulse load; and
Hp = total pavement thickness.

To develop a relationship between FWD-measured surface

deflection and a pavement’s structural number, 7,776 pavement
structures were analyzed using layered elastic theory. The SN for
each pavement was calculated by using the following approach sug-
gested by AASHTO (9):
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SN = 0.042a,h(E/E,)" -

where

SN = structural number;
a, = material and Jayer strength coefficients, per inch;
h; = layer thickness, mm (where 2, h; = 700 mm);
E; = resilient modulus of pavement layer; and
E, = resilient modulus of standard materials in the AASHTO
Road Test.

By comparing the calculated SN with the parameters previously
defined, Rohde (7) obtained the following relationship between SN
and SIP:

SN = k,SIP® Hp¥ (8)

where

SN = structural number;

SIP = structural index of the pavement (in um);

Hp = total pavement thickness (in mm); and
ki = coefficients as listed in Table 1.

The acceptability of SN determined according to the foregoing pro-
cedure was continuously verified by using the approach suggested by
AASHTO (9). Where noticeable differences existed between the two
methods (e.g., unrealistic high SN predicted according to procedure
above, normally associated with unrealistic low deflections), the SN
determined according to the AASHTO (9) approach was used.

Finally the initial structural number SN, was defined as the struc-
tural number calculated according to procedure above less the con-
tribution of any maintenance actions within the period between the
date of the FWD measurements and the date used as the initial year
of modeling:

SN; =SN -0.04 Z ah; 9

where

SN; = initial structural number in first year of modeling;
SN = structural number;
a; = material and layer strength coefficients, per inch; and
h; = thickness of overlay, reseal, and so forth, in mm.

|

ENVIRONMENTAL ROUGHNESS CALIBRATION
FACTOR (Kge)

The environmental roughness calibration factor (Kge) is the expo-
nential annual rate of increase in roughness due to environmental
effects. The environmental roughness calibration factor (Kge) is
calculated from the environmental coefficient (m) as follows:

Kge = m/0.023 (10)

where

Kge = environmental roughness calibration factor; and
m = environmental coefficient.

Advice as to recommended values for the environmental coeffi-
cient (m) for various climatic regions is given in Table 8.7 of Pater-
son (3). However, Paterson (3) cautions that these recommended
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TABLE 1 Coefficients for SN Versus SIP Relationships (7)

Surfacing type k1 k2 k3
Surface Seals 0,1165 -0,3248 0,8241
Asphalt concrete 0,4728 0,4810 0,7581

values are based on relatively few evaluations. Based on this and the
advice given by Paterson during the Botswana calibration of HDM-
M1, it was decided to follow his recommended method for deter-
mining a value for the environmental coefficient (m) from rough-
ness measurements.

The recommended procedure first runs HDM-IIT with the envi-
ronmental roughness calibration factor set at zero. This establishes
the contribution of traffic to the increase in roughness. The envi-
ronmental coefficient () is then approximated by dividing the dif-
ference between the total increase and the increase due to traffic by
the product of the mean roughness and the number of years since
construction. In mathematical terms:

_ (Rm-Ri)- (Rp - Ri) an
T (Rm+Ri) % (TI2)

where

Rm = measured roughness;
Ri = initial roughness;
Rp = predicted roughness with Kge = 0 = m; and
T = number of years between measurement date and construc-
tion date.

I

For this study, the pavement sections under evaluation were sub-
divided into the different Thornthwaite moisture regimes occurring
on South African national roads. Since multiple observations
existed under each moisture regime, the best estimate for m was
given by the quotient of the sums of the individual numerators and
denominators. The results obtained for the different moisture
regimes are summarized in Table 2.

As seen, the calculated environmental roughness calibration fac-
tor (Kge) in each instance is nearly half of the value recommended
by Paterson (3) for that moisture regime. Thus, the influence of the
environment on the pavement deterioration observed on South
African national roads, is only about half of what is predicted by the
HDM-III model. Possible contributing factors include the follow-

ing.

e The generally more balanced deep pavement structures used in
South Africa, which result in more support for the surface layer,

and, as such, decrease the induced stresses within the upper layers.
This results in a longer period before initiation of cracking. This is
in contrast to the relatively shallow pavements used during the
development of the models.

e The design and quality control during construction in South
Africa, which result in a high-quality finish with adequate provision
for surface as well as subsurface drainage.

o The maintenance activity employed on South African national
roads, which include routine activities such as crack sealing and
periodic overlays or reseals, which decrease the environmental
influences, thus increasing the life of a pavement.

CRACKING MODEL

Cracking is modeled in two phases: the time before initiation of
cracking and the rate of progression of cracking for both all and wide
cracking. The cracking model relates the change in cracking to

Incremental cracking area = Kcp {Kci flequivalent standard axles,
construction quality, structural
strength, base type) + f( area previous
cracking)}

where

Kci = user-defined factor for local calibration of all cracking ini-
tiation; and

Kcp = user-defined factor for local calibration of all cracking
progression. ’

The reason for not having calibration factors for wide cracking,
is that the initiation of wide cracking was defined as a function of
the initiation of all cracking.

Initially the pavement sections were evaluated individually based
on the surfacing type, base course type, and climatic area. No
noticeable difference in performance between the different surfac-
ing layers or base course layers existed. It is believed that for the
surfacing, this is the result of using asphalt layers on South African
national roads that are normally thin (3040 mm) and using Cape
seals as surface treatments. The Cape seal has one or more slurry

TABLE 2 Environmental Coefficient (m) for Different Moisture Regimes

Moisture regime Semi-Arid Subhumid Humid
Calculated value for m 0,009 0,014 0,020
Calculated value for Kge 0,392 0,607 0,886
No of observations 20 25 20
Paterson (3) value for kge 0,70 1,30 1,74
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seals on top of the 19-mm single seal aggregate. This improves the
impermeability of the layer and also limits raveling to a large extent,
which leads to an improvement in the performance of the seal. For
these reasons, similar performance of the surfacing types were
found. For the different climatic areas, no noticeable difference
existed in the cracking initiation and progression calibration factor
values. Thus, the calibration values for cracking initiation and pro-
gression were evaluated for all pavement sections regardless of sur-
facing type, base course type, or climatic area. The only noticeable
difference was between original constructed pavements, and those
with overlays or reseals.

The cracking initiation calibration values (Kci) for original con-
structed pavements followed a normal distribution with an average
value of 1.41 and a standard deviation of 0.59 on 65 roads. This indi-
cates that the period until the initiation of cracking on South African
national roads is longer than the period predicted by the HDM-III
model for the same volume of traffic. For overlays or reseals, the
cracking initiation calibration values also followed a normal distrib-
ution, with an average value of 0.63, and a standard deviation of 0.17
(31 roads). This indicates that the expected life until cracking initia-
tion tends to be lower for an overlay than the value predicted by the
HDM-III model for the same traffic volume. It is believed that this
is the result of the average overlay thickness of 30-40 mm generally
used in South Africa being less than the average overlay thickness
of 50-125 mm used in the Brazil study, from which the HDM-III
cracking models were developed. This thinner layer thickness results
in a shorter propagation length for cracks, with a subsequent faster
rate of cracking initiation for South African overlays.

The cracking progression calibration values (Kcp) for original
surfacings also followed a normal distribution, with an average
value of 0.21 (o = 0.08) indicating that the progression of cracking
observed on national roads is lower than the rate of progression pre-
dicted by the HDM-III model for the same volume of traffic. The
same was applicable for overlays and reseals, with an average value
of 0.59 (o = 0.40). Possible factors contributing to the aforemen-
tioned observations are as follows:

e The routine maintenance program employed ensures that a
road is sealed or overlaid within an average of 8 years. This activ-
ity severely limits the probability for cracking initiation and pro-
gression to the severe rates observed during the Brazil study, as is
evident in the low areas of cracking observed.

e In South Africa, the asphalt type used is of a semigap grading,
whereas the type generally used in the Brazil study was continu-
ously graded. It is known that a semigap graded asphalt is more
resistant to fatigue than the continuously graded, resulting in a
longer period before the initiation of cracking and a slower rate of
progression once initiated.

The HDM-III model predictions after calibration compare favor-
ably with the observed values, as is evident from Figure 3 with an
R-squared value of 0.91 obtained for original surfacings and Figure
4 with an R-squared of 0.94 obtained for overlays and reseals. Since
only a limited number of sections with relatively larger areas of
cracking were available, it was impossible to evaluate the predic-
tion of area by the HDM-III models for larger areas.

Thus it was concluded that for the low areas of cracking observed
on national roads, the HDM-III model predictions after calibration
seem reasonable. It is recommended that the ranges in Table 3 be
used in the selection of a calibration factor value, if an individual
value is not available for the specific section.
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RAVELING MODEL

Raveling is also modeled in two phases, namely, the time before ini-
tiation of raveling, and the rate of progression of raveling. The rav-
eling model relates the change in raveling to

Incremental raveling area = Kvi f(surfacing type, construction
quality, traffic) + f{ previous area of
raveling)

where Kvi is the user-defined factor for local calibration of raveling
initiation.

Since no accurate method existed for correlating the historic data,
no correlation values could be determined for the raveling model of
the HDM-III model. It is believed that this would not affect the cal-
ibration values of the other models adversely, since the influence of
raveling on potholing is of importance only when the area of ravel-

ing exceeds 30 percent, which never occurred on the sections eval-
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TABLE 3 Recommended Range for Calibration Factor Values of the Cracking Model

Pavement type Cracking initiation (Kci) Cracking progression
(Kep)

Original surfacings 1,00-1,50 0,1-0,3

Overlays and reseals 0,4-0,8 0,3-0,7

uated. Thus, it is recommended that for raveling initiation (Kvi), a
default value of one should be used, until calibration values are
determined from a more accurate source of information.

POTHOLING MODEL
The pothole model relates the change in pothole area to

Incremental pothole area = Kpp f(wide cracking, raveling, previ-
ous pothole area)

where Kpp is the user-defined factor for local calibration of pothole
progression.

In the HDM-III model, the minimum requirements for the initia-
tion of the pothole models were defined as a minimum area of wide
cracking of 20 percent for asphalt surfacings, or a minimum raveled
area of 30 percent for surface treatments. As a result of the mainte-
nance activity of patching of all potholes, and the area of wide
cracking never exceeding 20 percent for asphalt surfacings or the
area of raveling never exceeding 30 percent for surface treatments,
the pothole models were never initiated within the HDM-III model.
Thus, no method for determining calibration factor values for the
pothole models existed, since no predictions were made by the
HDM-IH model. Thus, it is recommended that for the pothole pro-
gression calibration factor (Kpp), a default value of one be used
until further information becomes available.

RUTTING MODEL

The rutting model consists of the mean rut depth model and the rut
depth standard deviation model. The rutting model relates the
change in mean rut depth and rut depth standard deviation as fol-
lows:

Incremental mean rut depth = Krp f(time, equivalent axle
load, structural number, com-
paction, deflection, precipita-
tion)

Incremental standard deviation = Krp f( mean rut depth, structural
number, compaction, equivalent
standard axles)

where Krp is the user-defined factor for local calibration of rut depth
progression.

The mean rut depth model is not used directly in the HDM-III but
is used instead as a means to estimate the variation of rut depth
(standard deviation) that contributes directly to the roughness

model. For the rutting model, HDM-III allowed for only a user-
defined calibration factor for the progression of rutting, Krp. Since
the use of rut depth measurements at a network level on national
roads ceased in 1987, only a limited number of rut depth measure-
ments were available for evaluation.

The calibration values for rut depth progression appear to follow
a normal distribution with an average value of 1.57. It is believed
that this average value does not necessarily indicate a faster rate of
rut depth progression for South African pavements. The reason for
this being higher than one is that in South Africa a 2-m straight edge
is used compared with a 1.2-m straight edge used in the develop-
ment of the model. No direct correlation between ruts measured
with the different straight edges was found.

In Figure 5, the comparison between predicted values and
observed values is illustrated for the mean rut depth, and for rut
depth standard deviation in Figure 6. From Figure 5, it is evident
that for the limited number of rut depth measurements available on
national roads, the predictions given by the HDM-III model after
calibration is not that favorable, with an R-squared of 0.68 being
obtained. From Figure 6, it is evident that the correlation obtained
for rut depth standard deviation is even worse, with an R-squared
value of 0.28 being obtained. The limited data available, as well as
the difference in straight edge length, are believed to contribute to
the poor correlations. It is recommended that the calibration range
in Table 4 be used for the rut depth progression factor (Krp).

ROUGHNESS MODEL

This model combines the predictions of all the previously men-
tioned models into a single value, which forms the basis for deter-
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FIGURE 5 Comparison between predlcted and observed values
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mining vehicle operating costs, and economic intervention levels.
The incremental roughness model relates the changes in roughness
to

Incremental roughness = Kgp {f( structural number, incremental
traffic loadings, extent of cracking,
thickness of cracked layer, incremental
variation in rut depth) + f(changes in
cracking, patching, and potholing)} +
Kge{f(pavement environment, time,
and roughness)]

where

Kgp = user-specified factor for local calibration of roughness
progression, and

Kge = user-specified factor for local calibration of the environ-
ment-related annual fractional increase in roughness.

The environment-related calibration factor, Kge, is fixed to cer-
tain values, defined on the basis of the Thornthwaite moisture index,
as discussed previously. Initially, the pavement sections were eval-
uvated individually based on the surfacing type and base course type
and whether it was an original constructed surface layer or an over-
lay or reseal. No noticeable difference in performance existed
between the different surfacing layers and base course layers or
between original surfacings or overlays and reseals. Thus, only dif-
ferences in moisture regime were allowed for during the calibration
for roughness progression (Kgp).

For semiarid areas, the roughness progression calibration factor
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(Kgp) followed a normal distribution with 85 percent of the cali-
bration factor values falling within the range 0.8 to 1.2, with an
average of 1.02. The same applied to subhumid areas with 88 per-
cent of the calibration factor values falling within the range 0.6 to
1.4, with an average of 0.95. The aforementioned also applied to
humid areas with 70 percent of the calibration factor values falling
within the range 0.8 to 1.2, with an average of 0.99. As with the pre-
vious two moisture areas, the average value obtained indicates that
the observed roughness deterioration on South African national
roads is equal to the value predicted by the HDM-III model. Thus,
after calibrating the HDM-II model for local environmental condi-
tions, it seems that little or no calibration is needed for the rough-
ness progression model, indicating that the deterioration predicted
by the HDM-III for traffic-related distress seems to be similar to the
deterioration observed on South African national roads. Further-
more, this indicates that the expected difference in behavior
between the different climatic areas is taken into consideration by
the environmental roughness calibration factor (Kge), which
increases or decreases the rate of deterioration as required.

The ability of the HDM-III model to predict the roughness
observed on national roads after calibration is illustrated in Figure
7 for all pavement sections evaluated. As seen from the figure, an
R-squared value of 0.9 was obtained, indicating that after calibra-
tion, the HDM-III model is capable of accurately predicting the
roughness deterioration observed on South African national roads.
Thus, the use of the HDM-III deterioration models for predicting
the deterioration observed on South African national roads is highly
recommended, as is evident in Figures 8 and 9, in which the
observed roughness is compared with the predicted roughness for
an individual pavement section evaluated. It is also obvious from
these figures that the maintenance activity employed on South
African national roads did not allow the evaluation of the exponen-
tial nature of the HDM-III models. The reason is that when mainte-
nance is timely, the deterioration of a pavement is kept to more or
less a linear progression as seen in Figures 8 and 9.

CONCLUSIONS AND RECOMMENDATIONS

The main conclusion from the comparison of observed values with
predicted values, is that the HDM-III models are capable of accu-
rately predicting the observed deterioration on South African
national roads, but that for most models calibration is needed for
local conditions, especially for the environmental roughness cali-
bration factor (Kge).

Despite the favorable correlations obtained for some of the
HDM-III models, others could not be calibrated as a result of the
lack of suitable South African deterioration data. Thus, for the
raveling, potholing, and to certain extent cracking models, addi-
tional research should be conducted for determining calibration val-
ues for some models, or more accurate calibration values for other

TABLE 4 Recommended Range for Calibration Factor Values of Rut Depth Model

Pavement type

Rut depth progression (Krp)

Original surfacings

1,5-1,75

Overlays and reseals

1,0
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models.

Based on the results obtained for the limited number of sections
included in the study, it is recommended that the HDM-III models
should be considered for incorporation into a balanced expenditure
program for the national roads of South Africa. The incorpora-
tion of these models would be simple since most of the models only
need calibration for them to be applicable to local conditions.
The incorporation of these models would allow the prediction of the
rate of deterioration of a pavement and the nature of the changes
so that the timing, type, and cost of maintenance needs could be
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estimated.
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Evaluating Pavement Impacts of Truck
Weight Limits and Enforcement Levels

EDWARD S. K. FEKPE, ALAN M. CLAYTON, AND RALPH C. G. HAAS

Efforts to compare truck productivity and pavement loading impacts of
alternative truck weight limits have met with limited success because of
the uncertainty surrounding the important inputs. In addition, the effects
of enforcement on the resulting vehicle weights have not been ade-
quately addressed. Parameters for evaluating pavement loading impacts
of alternative truck weight limits and enforcement levels are presented.
It is indicated that enforcement is a critical factor in assessing pavement
impacts of alternative weight limits. For a given weight limit, the effects
of enforcement on pavement loading for flexible and rigid pavements
differ, with rigid pavements being more sensitive. Parameters measur-
ing total pavement loading and taking into account the amount of pay-
load provide a more objective assessment than the average load per
truck alone. In terms of pavement costs resulting solely from axle loads,
substantial savings are achievable if strict enforcement schedules are
implemented.

Freight movement by trucks has important economic implications
in terms of both transport costs and highway infrastructure. The
physical and operating characteristics of trucks are governed pri-
marily by the regulations limiting their sizes and weights. Very
often governments are confronted with decisions that ultimately
require a revision of the regulations governing vehicle weights and
dimensions. Reasons for revisions of the regulatory limits include

¢ Promotion of commerce and economic activity;

e Improvement of operating efficiency in the trucking industry;
and

o Achievement of technical harmony and promotion of trade in
a geographic region (e.g., provinces of Canada, U.S. states, the
countries of the North American Free Trade Agreement, European
Community countries).

With increasing need for efficiency in the management of trans-
port infrastructure and objectivity in evaluating the consequences of
alternative regulations, reliable methods to forecast traffic informa-
tion for direct input into pavement design, evaluation of manage-
ment policies, alternative maintenance and rehabilitation strategies,
and pavement performance modeling are important. Pavement
impact analyses in recent studies have relied on educated estimates
of pavement loadings for given regulatory and enforcement regimes
(1,2). Uncertainties surrounding these estimates place limitations on
the results. Reliable prediction procedures to assist in the manage-
ment of infrastructure facilities are required.

E. S. K. Fekpe, Centre for Surface Transportation Technology, National
Research Council of Canada, Ottawa, Ontario K1A OR6. A. M. Clayton,
Department of Civil Engineering, University of Manitoba, Winnipeg, Man-
itoba R3T 5V6. R. C. G. Haas, Department of Civil Engineering, University
of Waterloo, Waterloo, Ontario N2L 3G1.

The purpose of this paper is to describe a method for estimating
pavement loading impacts to assist in evaluating alternative weight
limits. The procedure is based on a new methodology that predicts
gross vehicle weight (GVW) distributions of a given truck as a
function of the weight limit and the intensity or level of enforce-
ment. The paper is also directed to the importance and quantifica-
tion of the enforcement factor in pavement loading and, indeed, the
overall pavement impact analysis of regulatory changes. Enforce-
ment effect as distinct from compliance is addressed. Finally,
economic consequences of different enforcement schedules are
discussed.

ENFORCEMENT FACTOR

Enforcement of vehicle weight and dimension (VWD) regulations
is intended to protect the highway infrastructure from premature
deterioration by keeping overweight trucks off the highway system.
Illegally overweight trucks rob the system of its life without reim-
bursing the public and compete unfairly with other trucks. The
VWD regulations are meaningless unless they are enforced. The
effects of nonenforcement can give rise to potentially important
effects respecting public safety, fairness and equity in operations,
and efficient use of public funds. These are reflected in increased
pavement maintenance and rchabilitation costs due to increased
pavement damage. Strict enforcement of the regulations is a step
toward reducing violations, heavy-truck accidents, and highway
maintenance and rehabilitation expenditures. .

A truck weight study in the United States observed that estimat-
ing the effects of illegally overweight trucks on pavement costs is
difficult because reliable estimates of the magnitude and frequency
of illegal overloads are not available (/). Although the benefits of
enforcing the regulations in terms of reduced pavement damage and
subsequent maintenance and rehabilitation expenditures are identi-
fied, they have not been expressed objectively and quantitatively. In
particular, the relationship between level of enforcement and pave-
ment implications is not well established. Studies have shown that
a high level of enforcement is associated with a high probability of
noncompliance detection perceived by truckers, and consequent
high compliance rates; and that truck weight distributions can be
related to and expressed in terms of the weight limit and level of
enforcement of the weight regulations (3). In addressing pertinent
technical and policy issues regarding highway infrastructure man-
agement, it is therefore important to account for the enforcement
effect in loading impact analyses. The level of enforcement is
defined as the inspection rate or inspection capacity, that is, the
number of trucks inspected as a percentage of all trucks using a
highway facility.
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TRUCK WEIGHT PREDICTION

In evaluating the impacts of alternative regulatory scenarios, knowl-
edge of the probable weight distributions is required. Whereas it is
easy to obtain truck weight data under the prevailing limits, weight
prediction models are required to forecast the probable weights that
are expected under proposed limits. New GVW distribution predic-
tion models have beén developed as a function of the GVW limit
and the level of enforcement (3). The procedure overcomes major
shortcomings of previous methods by recognizing and accounting
for the effects of enforcement, establishing stability (transferability)
of the models in time and space, and converting GVW distributions
to axle weight distributions in an objective manner on the basis of
truck weight split characteristics. The procedure and formulation of
the models have been detailed by Fekpe and Clayton (3,4).

In this procedure, two distinctive GVW distribution “families”
are identified and each represented by the most common or domi-
nant configuration that reflects the characteristics of that family. The
first family comprises configurations that are used for hauling “all-
commodity” freight, where no one commodity or small number of
commodities dominates. Trucks in this family are used to transport
the full range of commodities (volume based and weight based), in
both truckload and less-than-truckload quantities. This family is
termed the “all-commodity” family and is typified by the tractor-
semitrailer and straight trucks. The second family comprises truck
configurations that are operated at GVWs very close to the weight
limit. The probability density distributions of such configurations
have a strong positive skew. This family is characterized by the dou-
ble-trailer configurations. These trucks are generally used for haul-
ing dense products (i.e., heavy weight-based commodities) in truck-
load quantities. This family is termed the “weight-based” family.
The five-axle tractor semitrailer truck (3-S2) and the eight-axle trac-
tor-semitrailer-semitrailer truck (eight-axle B-train, i.e., three-axle
tractor plus tridem-axle semitrailer plus a second tandem-axle semi-
trailer) are considered the reference configurations for the “all-
commodity” and “weight-based” families, respectively.

Essentially, the GVW predictive models are cumulative func-
tions that determine the probability of the number of trucks operat-
ing at a given GVW in terms of the governing limit and the inten-
sity of enforcement of the weight limit. The predictive models are
developed for “steady state” conditions for loaded trucks, express-
ing the weight distributions that could be expected under particular
weight limits. The steady state condition represents the situation
that would exist if any change in the limits had been in effect long
enough for the trucking industry to have fully adjusted the fleet to
optimize operation under the new limits. For a given stable demand
situation, fixed weight and dimension limits, and consistent
enforcement, a “steady state” hauling situation emerges, exhibiting
regularity in truck weight distributions for each given truck type (4).
In reality due to system dynamics, a full steady state condition can
be approached only in the limit.

Predicted GVW distributions of the reference trucks are trans-
lated into those of other truck types in the same GVW family based
on a concept of truck substitution ratios (3,5). The rationale behind
the development of the substitution ratio is that the GVW distribu-
tions for different vehicles in the same family are very similarly dis-
tinguished, primarily by the differences in the legal GVW limits.
These ratios are factors that convert the GVW distribution of the
reference truck to that of the target configuration in the same fam-
ily. It is calculated as ratio of the effective GVW limit of the target
truck to the effective GVW limit of the reference truck. The effec-
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tive GVW limit is defined as the lesser of (a) the legislated GVW
limit or (b) the sum of the axle weight limits.

Model Formulation

‘The parametric form of the GVW predictive model is given in

Equation 1 where, for a given GVW limit and level of enforcement,
the GVW distribution can be predicted. The level of enforcement
is measured by the violation rate (i.e., number of trucks in viola-
tion as a percentage of all trucks inspected). This paper presents the
model for the five-axle tractor-semitrailer truck (3-S2) represent-
ing the “all-commodity” GVW distribution family. This truck is
the most common type in Canada and the United States, account-
ing for about 70 percent of all trucks. The model is given in Equa-
tion 2 as obtained from nonlinear regression analysis on truck
weight data using the modified Gauss-Newton numerical search
method in the SAS statistical package (6). The coefficient of cor-
relation is 0.995 with a mean squared error of 0.00223. The #-test
statistic was used to assess the goodness of fit, which indicated that
at the 95 percent confidence limit, the quadratic function is suffi-
ciently accurate in relating the variables. The model was validated
with new independent data not used in its development and found
to be accurate at the 95 percent confidence limit. Statistical tests
used in assessing the predictive capability of the fitted model
include the nonparametric two-sided Kolmogorov-Smirnov test
statistic (3,4).

= —L M
F(x)= [1 " f(z)] F.(x)
1 2
F(x) = [l—m][23—1.43x+0.022r]forx>35 @
where

F(x) = proportion of trucks operating at GVW less than or
equal to x;
P, (x) = proportion of trucks operating at GVW less than or
equal to x under complete compliance condition;

x = operating GVW as a percentage of GVW limit (35
percent being the average tare weight as a percentage
of the GVW limit for 3-S2);

fz) = violation rate (i.e., percentage of trucks inspected that
are in violation) = f (inspection rate); and
1 + f{z) = violation factor.

The relationship between level of enforcement and violation rate
(VR) is described elsewhere (7). The VR is a reflection of the level
of enforcement and depends on the method of enforcement (e.g.,
permanent weigh scale or mobile inspection teams). Since a given
VR corresponds to different levels of enforcement for different
methods of enforcement, VR is used as a proxy of the level of
enforcement. It should also be noted that the definition of what con-
stitutes violation varies among jurisdictions (e.g., whereas a charge
laid against an operator may be considered a violation in one juris-
diction, only a successful prosecution of an operator is counted as a
violation in the other).

In applying the models for different levels of enforcement, except
for the complete compliance condition, a 20 percent maximum
degree of overweight (amount by which weight limits are exceeded)
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is assumed. This accounts for (a) tolerances above the weight limit
exercised by enforcement personnel, (b) extra loading from over-
weight trucks operating under special permits, and (c) wide vari-
ability in the degree of overweight as evidenced in available data.

PAVEMENT IMPACT ANALYSIS

This section illustrates the application of the model in pavement
loading impact analysis of alternative GVW limits for the 3-S2
truck. In the following sections, parameters that can be used in com-
paring pavement loading of a given truck (e.g., 3-S2 truck) operated
under alternative weight limits are discussed. The weight limits
considered are the current U.S. federal weight limit with the grand-
father clause and the Canadian interprovincial weight limit. It is
assumed that pavement design, construction, and maintenance stan-
dards are identical in all cases.

Equivalent Pavement Loading

GVW distributions are first predicted under the two weight limits
and converted into axle load distributions on the basis of the weight
split characteristics on the axle units of this truck type. Equivalent
standard axle loads (ESALs) are then calculated using the
AASHTO load equivalency factors (8). Truck load factors (TLFs),
or average ESALs per truck, are obtained as the weighted sum of
the ESAL factors.

Flexible and rigid pavements are treated separately, but a termi-
nal serviceability index, p,, of 2.5 is used for each type. Flexible
pavements with a structural number (SN) of 5 and rigid pavements
with a slab thickness of 10 in. are used as representative structures.
For each weight limit and pavement type, four levels of enforce-
ment reflected in the VR are considered, namely 0 percent (“com-
plete compliance”), 5 percent, 10 percent, and 15 percent. These
values reflect typical VRs experienced at permanent weigh scales
and by mobile inspection teams and are used to illustrate the effect
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of level of enforcement. Typical maximum VR for permanent
weigh scales is in the region of 5 percent corresponding to an
inspection rate of 3 percent or less; the corresponding value for
mobile inspection teams is about 15 percent corresponding to an
inspection rate of about 10 percent.

Truck Load Factor (Average ESAL per Truck)

Figure 1 indicates the percentage increase in TLF above the com-
plete compliance situation as a function of the level of enforcement
measured by the VR. The figure is derived from models that are
demonstrated to be accurate in predicting average pavement load-
ing at the 95 percent confidence level; therefore, these values are
also deemed to have the same level of accuracy. The figure indicates
that TLF generally increases with VR but at rates that depend on
pavement type and the weight limit. For a given truck type, the con-
sequences of nonenforcement of the regulations are more pro-
nounced at higher weight limits. For example, under U.S. limits, a
1 percent increase in VR is accompanied by an approximately 2 per-
cent increase in TLF on average for both flexible and rigid pave-
ments. For the Canadian limit, which is about 18 percent higher than
the U.S. limit, the corresponding increases are 2.7 percent for flex-
ible pavements and 4.3 percent for rigid pavements.

Table 1 contains the relative changes in TLF at different levels of
enforcement for two pavement types when the Canadian limit is
compared to the U.S. federal limit. For the truck under considera-
tion, 3-S2, TLFs under the Canadian limits are at least 32 percent
greater than the U.S. equivalent, suggesting that load-associated
pavement deterioration will be increased. The increase is likely to
be minimized by exercising tight weight control strategies.

Figure 2 depicts the general relation between TLF, GVW limit,
and level of enforcement for the 3-S2 truck. This relationship is
developed from an ESAL calculated assuming the “fourth power”
rule, with an exponent of 3.8 and no distinction between pavement
types. The figure illustrates the effect of enforcement on the equiv-
alent pavement loading for different GVW limits for the same truck.
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FIGURE 1 Enforcement effect on ESAL per truck (3-82);




TABLE 1 Summary of Evaluation Parameters

Violation Flexible Pavement® Rigid Pavement®
Rate (%)

us Canada  a(%)° us Canada  a(%)°

(a) Truck Load Factor

0 1.102 1.495 +35.6 0.731 0.965 +32.1
5 1.256 1.700 +38.7 0.803 1.170 +45.7
10 1.338 1.905 +42.4 0.869 1.376 +58.2
15 1.466 2.1 +43.9 0.945 1.581 +67.3
(b) ESAL per Payload
0 0.081 0.098 +20.5 0.054 0.063 +17.4
5 0.087 0.107 +23.4 0.057 0.074 +29.6
10 0.091 0.115 +27.0 0.058 0.084 +41.1
15 0.096 0.124 +28.7 0.062 0.093 +49.6
(c) ESAL-km
0 153.7 131.0 -14.8 101.8 84.6 -17.0
5 170.9 149.0 -12.8 112.0 102.6 -8.4
10 186.5 167.0 -10.4 121.2 120.6 -0.5
15 204.5 185.0 -9.5 131.8 138.6 +5.2
(d) ESAL-km per Payload
0 11.33 8.58 -24.2 7.51 8.54 -26.2
5 12.10 9.39 -22.4 7.93 6.46 -18.5
10 12.72 10.16 -20.1 8.27 7.33 -11.3
15 13.45 10.89 -19.1 8.67 8.15 -5.9

®-SN=5.0;p =25 ®.D=10" p,=25.

¢ - changes relative to the US equivalent.

GVW Limit (tons): US = 36.3; Canada = 39.5

VMT (billions, 1995): US = 139.42 km; RTAC = 87.66 km Source: TRB, 1990a.
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FIGURE 2 TLF-GVW limit relationship (3-S2).
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ESAL per Payload

It is normal practice to estimate the damaging effect of a given vehi-
cle on pavements from the ESAL. However, comparison of vehi-
cles in terms of ESAL does not account:for the fact that vehicles
with higher weights require fewer trips.to transport the same amount
of freight, thereby offsetting part of the additional pavement wear
caused by increased weight. To circumvent this problem, vehicles
can be compared in terms of the ESALSs per unit freight carried (/).
Furthermore, in evaluating alternative weight limits for different
vehicles, it is useful to consider how the relationship between the
actual ESALs and the actual average payload associated with dif-
ferent weight limits changes as a function of the weight limit. It has
been indicated that a unit change in the GVW limit is accompanied
by a change in the ESAL per payload on the order of between 2.3
and 3, and that there is no optimum GVW limit at which the ESAL
per payload is a minimum (9).

ESAL per payload under the two weight limits are compared in
Table 1. Changes in the ESAL per payload at different levels of
enforcement indicate that, generally, introducing a higher weight
limit (e.g., Canadian limit) results in higher ESALs per payload—
20-28 percent on flexible pavements and 17-49 percent on rigid
pavements—compared to the U.S. limits. Again, the effect of level
of enforcement is very noticeable, emphasizing its importance in
evaluating the impacts of alternative weight limits.

ESAL-Kilometer

Even though ESAL per payload takes into account the amount of
freight moved, it does not consider the number of repetitions of the
loading on the pavement, that is, total loading. Changes in the
weight limit are accompanied by changes in the total distance trav-
eled per unit period for the same amount of freight. ESAL total dis-
tance traveled can be used as an indication of the total load repeti-
tions imposed. It is noted, however, that highway cost allocation
and road user charges or taxes are usually based on the ESAL-km
moved. Relative changes in the ESAL-km are therefore studied
using a base case forecast of 1995 vehicle miles traveled (VMT) for
this truck under the two weight limits (7).

Table 1 also shows the percentage changes in ESAL-km. Intro-
ducing the Canadian weight limit reduces the ESAL-km of this
truck operating on flexible pavements by-9 to 15 percent, relative to
the U.S. limit, depending on the level of enforcement. On rigid
pavements, the relative change varies from — 17 percent at complete
compliance, to +5.2 percent at 15 percent VR. The reduction
decreases as the level of enforcement is relaxed. The results indi-
cate that, for comparable levels of enforcement and same pavement
type, the total pavement loading imposed by the 3-S2 truck, mov-
ing the same amount of payload operating under the Canadian limit,
is less than under the U.S. limit. It is interesting to note that ESAL-
km and ESAL per payload comparisons indicate opposing changes
(i.e., the equivalent pavement loading per unit freight moved by this
truck type will be substantially increased but the total loading over
the given time period will be reduced).

ESAL-km per Payload

Considering that total imposed loading (magnitude and frequency)
is determined by the quantity of freight, it is worthwhile to examine
how the ESAL-km per payload varies under the alternative weight
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limits. This parameter relaxes the constant freight condition and
allows comparison of the total loading per unit weight of freight
moved by each truck type under the alternative weight limits.
Table 1 shows that substantial reductions in ESAL-km per unit
payload may result when this truck is operated under the Canadian
limit compared to the U.S. limit. The reduction is between 19 per-
cent and 24 percent in ESAL-km per payload on flexible pavements
and 6 percent to 26 percent on rigid pavements, depending on the
level of enforcement. These results indicate that total pavement load-
ing per unit payload moved under the Canadian limit is less than
under the U.S. weight limit for a given level of enforcement. To real-
ize the benefits of reduced ESAL-km per payload indicated by
adopting a higher weight limit, it is imperative, therefore, to exercise
tighter weight controls on truck operations. This is more critical for
rigid pavements than for flexible pavements. However, it should be
noted that these comparisons assume that the pavements are
designed, constructed, and maintained to identical standards.

Discussion

In general, for the levels of enforcement considered, the range of
variation of the relative changes in the parameters examined for
rigid pavements is about four times that for flexible pavements. The
values also indicate that load-associated damaging potential for
rigid pavements is more sensitive to the level of enforcement than
for flexible pavements. The analyses demonstrate the scope of the
models and, in particular, highlight the importance of enforcement
in the evaluating alternative pavement loading scenarios.

These comparisons are based purely on pavement loading. The
cost of enforcement, cost of upgrading the existing infrastructure to
withstand the increased loading (TLF) resulting from a higher
weight limit, the maintenance and rehabilitation costs associated
with the higher loading per unit payload, and so forth, need to be
considered in the total evaluation process. It is worthwhile to note
that in situations where pavement deterioration is attributed more to
environmental effects than to traffic loading, these parameters may
not be very useful from the pavement performance standpoint.
However, these parameters may be of value in highway cost allo-

" cation and taxation mechanisms since they are based primarily on

the pavement loading.

It is observed that the ESAL-km per payload is a more objective
and flexible parameter because it is not constrained by the fixed
amount of payload under alternative scenarios and takes into
account the total amount of pavement loading.

PAVEMENT COST

From the standpoint of highway cost allocation, it is relevant to
express the enforcement factor quantitatively in the pavement load-
ing analysis. A study in Canada (70) suggested that environmental
factors account for most pavement deterioration in Canada. From the
perspective of highway cost allocation, this implies that most pave-
ment costs can be treated as a common cost (i.€., costs that cannot be
traced to one user—truckers—versus another). There is, however, a
broad range of costs attached to ESAL-km, depending on pavement
type, truck type, and costing mechanism. To illustrate the pavement
cost implications of alternative weight limits and the enforcement
levels, estimates by Rilett et al. (10) representing typical conditions
in Ontario, Canada, are used, that is, 0.6 cents per ESAL-km (high-
volume highway) and 2.2 cents per ESAL-km (low-volume high-
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FIGURE 3 Enforcement effect on pavement cost (3-S2).

way). These are pavement costs arising from axle loads only (i.e.,
pavement costs due to environmental factors are excluded).

Figure 3 illustrates the incremental changes in the pavement cost
as a function of the level of enforcement and highway usage. It indi-
cates how the effect of enforcement reflected in the pavement load-
ing translates into pavement costs. It is noted that the values for the
higher Canadian weight limit are marginally higher than those for
the U.S. limit for the same highway usage and level of enforcement.
This suggests that for a given highway type, pavement cost is more
dependent on the level of enforcement than weight limit. In other
words, pavement costs can be minimized by adopting strict weight
enforcement measures. Large differences between the rates of
increase on low- and high-volume highways may be partly attrib-
uted to the assumption that the VMT on both highway types are the
same. This may not necessarily be the case in reality.

CONCLUSION

Parameters for evaluating pavement loading of alternative GVW
limits and their enforcement are presented. It is observed that
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enforcement is a critical factor in pavement loading analysis of
alternative weight limits. Equivalent pavement loading on flexible
and rigid pavements respond to enforcement levels differently, with
rigid pavements being more sensitive to the enforcement level.
Consideration of the payload and/or distance traveled together with
the ESAL per truck under alternative weight limits provides a more
objective assessment of pavement loading impacts than the truck
load factor alone. In terms of pavement costs resulting solely from
pavement loading, the order of magnitude of savings resulting from
implementing tight enforcement schedules is attractive.
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Role of Spatial Dimension in Infrastructure
Condition Assessment and Deterioration

Modeling

RaBI G. MISHALANI AND HARIS N. KOUTSOPOULOS

The treatment of the spatial dimension in assessing infrastructure con-
dition, modeling its deterioration, and, consequently, maintenance deci-
sion making are achieved through the development of a spatial distress
model that provides the necessary structure for such a treatment. The
relationship of the spatial model developed to the temporal deteriora-
tion modeling literature is presented. The spatial model developed rec-
ognizes two deterioration mechanisms: the environmental mechanism,
which describes deterioration as a consequence of causal factors and
exhibits both macroscopic and microscopic scales, and the interactive
mechanism, which describes deterioration as a result of distress at a
location influencing the deterioration of neighboring locations and
exhibits a microscopic scale. The results of the application of the model
for the identification of uniformly behaving regions appropriate for con-
dition assessment emphasize the importance of the explicit recognition
of the spatial dimension within the infrastructure management process.

Information on facility condition is essential to infrastructure man-
agement. Infrastructure facilities are spatially extensive in nature.
This paper is concerned with the treatment of the spatial dimension
in assessing infrastructure condition, modeling its deterioration,
and, consequently, facilitating maintenance decision making.

The Infrastructure management process can be characterized by
the following three components (1):

e Data collection and analysis;
e Condition assessment and forecasting;
e Strategy selection for inspection and maintenance.

The first component involves gathering and analyzing the relevant
data for decision making. This includes data on use, such as current
traffic volume and mix, and data on the surrounding environment,
such as soil condition, temperature fluctuations, and precipitation.
Both use and the surrounding environment play a major role in the
degradation process. Distress data representing this degradation are
also important to collect. They include information on the location
and magnitude of the different distress types exhibited. The most
common types of distress for which data are collected are those
appearing on the surface of facilities.

The second component of the management process entails
assessing the current condition and forecasting the future condition
using the data collected in the context of the first component along
with deterioration models. Many studies have been conducted in the
area of deterioration modeling—see Ramaswamy (2).

R. G. Mishalani, Center for Transportation Studies, Massachusetts Institute
of Technology, 3 Cambridge Center, Room 208, Cambridge, Mass. 02142.
H.N. Koutsopoulos, Department of Civil and Environmental Engineering,
Carnegie-Mellon University, Pittsburgh, Pa. 15213.

Both the current assessment and the prediction of condition pro-
vide the necessary inputs to the third component of the management
process, namely, selecting the strategy for inspection and mainte-
nance over time. The function of this component is to select mainte-
nance activities and inspection strategies that minimize total user and
maintenance costs. Many studies have been conducted in the area of
strategy selection for infrastructure management—see Madanat (3).

As the presentation above indicates, the literature has focused
predominantly on the temporal aspects of the management process.
The importance of the temporal dimension should not be underes-
timated. However, there is a clear lack of explicit treatment of the
spatial dimension. This paper defines the role of the spatial dimen-
sion within the management process and presents a new under-
standing of the spatial behavior of infrastructure distress. A method-
ology for identifying this behavior is, in turn, developed. Finally,
the importance of the new spatial understanding in achieving effec-
tive maintenance decisions is indicated through an application.

ROLE OF SPATIAL DATA WITHIN THE
MANAGEMENT PROCESS

The spatial dimension plays a role in the following functions (relat-
ing to all three components of the infrastructure management
process):

» Condition assessment and temporal behavior modeling;

e Inspection strategy selection with regard to spatial coverage,
and

e Identification of systematic type measurement errors resulting
from unexpected exogenous factors.

Temporal deterioration at each location may be strongly related to
the deterioration of its neighboring locations. Hence, measures of
condition are, in general, associated with a specific region. Typical
measures include percentage of the area cracked and average varia-
tion in deformation per unit length. Such measures can only be quan-
tified in the context of well-defined regions. Therefore, to use the
available data for infrastructure management purposes, the behavior
of distress over space must be understood. This understanding is also
necessary for condition assessment and temporal behavior modeling.
The critical consideration is to quantify condition based on regions
that will behave uniformly over time. Otherwise, the prediction of
the behavior of such stand-alone entities ceases to have any mean-
ing. Therefore, the purpose of modeling behavior over space is to
provide the necessary structure based on which current condition can
be quantified and deterioration modeled.
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The role of the spatial dimension is also relevant at the strategy
selection level. Because inspection is conducted over the length
of the facility, it is necessary to specify not only when to inspect
but also where. Understanding the spatial behavior allows such
spatial decisions. Finally, the role of the spatial dimension is

also significant for the data collection and analysis component. This

role relates to measurement errors. Understanding the spatial behav-
ior can potentially enhance the identification and quantification
of systematic type errors resulting from unexpected exogenous
factors.

LITERATURE REVIEW ON SPATIAL
AGGREGATION

The literature on the partitioning of infrastructure space into regions
within which distress data can be aggregated for condition assess-
ment is very limited. The Agency Method is based on the argument
that since deterioration is a function of causal variables, space is
partitioned into the largest possible regions such that each of the
causal variables are “constant” within each region (4). Common
causal variables include

Daily traffic volume and mix (percentage of trucks);
Structural design;

Quality of construction;

Environmental factors;

Maintenance history.

The Agency Method identifies the locations of “change” in any
of the causal variables. These locations are the boundaries of the
regions used for condition assessment. Each causal variable is
assumed to have a “constant” magnitude within each region. In real-
ity, however, none of the causal variables have a constant magni-
tude even within short lengths along the facility. Therefore, given
that many of the important variables are continuously changing
along the facility, the critical requirement for the method to produce
good results is the appropriate definition of “change” and, conse-
quently, its detection. Unfortunately, the data on causal variables
are unavailable at the desirable level of detail primarily because of
the difficulties in collecting such data despite recent advances in
remote sensing technologies (5). Therefore, agencies rely on his-
toric data, which are spatially aggregate. In the very nature of such
aggregate causal data is the presence of locations of change. There-
fore, the definition of regions along the facility reduces to superpo-
sitioning the locations of change in the aggregate data.

Furthermore, the aggregate historic data on causal variables are
unreliable due to the lack of knowledge about the original circum-
stances surrounding their construction and maintenance. The varia-
tion of the causal variables within regions thought to be uniform,
therefore, could be significant. The thickness of the different pave-
ment layers, for example, have been found to vary significantly
compared with data obtained from original design plans and main-
tenance records (6). According to AASHTO (4), one of the most
difficult variables to assess with regard to “changes” along the facil-
ity is the quality of the subgrade or foundation as characterized by
the soil type.

In response to the uncertainty in the use of causal variables,
AASHTO has proposed a method for delineating “homogenous”
regions using either distress measurements or condition indexes (4).
The method is based on a response function that represents either a
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measure of distress or the value of a distress index (which is a com-
posite of measures of several distress types) along the highway. It
is assumed that the function is piecewise constant. The locations
where the response function intersects its mean are adopted as the
boundaries of uniform regions. However, it is not necessary that the
mean intersects the response function at all locations of abrupt
change. Only when there is a single abrupt change, does this method
guarantee the desired solution. Moreover, as AASHTO has indi-
cated (4), the response function is not piecewise constant in nature.
Therefore, under realistic situations of high small-scale variability,
the method has the potential to identify many unnecessary small
regions, resulting in misleading condition assessments. For a more
detailed discussion on this method see Mishalani (7).

Another study that addressed the spatial dimension relates to the
determination of maintenance activity regions that take into account
maintenance implementation constraints (8). Such considerations
require as input uniformly behaving regions.

METHODOLOGY

In this section, pertinent deterioration models are first reviewed.
Based on the review, a spatial distress model is developed. Subse-
quently, a methodology for identifying regions of uniform behavior
using the developed spatial model is presented.

Mechanisms of Deterioration

Once an infrastructure facility is constructed, it is subjected to both
traffic loading and weathering. As a result, the facility undergoes a
natural degradation over time. In addition to these exogenous fac-
tors, the durability of the facility (as captured by the design of the
facility and the quality of its construction) and the material on which
it is founded (as captured by soil conditions) play a significant role
in its behavior over time. All these factors influencing the deterio-
ration process are referred to as environmental variables in this
paper. The variables associated with the design, construction, and
original soil properties are static in nature, while traffic and weather
vary over time with a cumulative effect on the facility. Given that
facilities extend through a vast amount of space, one expects both
the static and dynamic exogenous variables discussed above to vary
over space. Hence, understanding the mechanisms of deterioration
from a spatial perspective is fundamentally important in under-
standing the temporal behavior of a facility.

The focus of most studies on the mechanisms of deterioration is
the temporal dimension. Despite time and space being closely
related, very little effort has been directed toward investigating the
spatial dimension. Therefore, the following review of the deteriora-
tion literature focuses primarily on exploring the spatial knowledge
implicitly or explicitly assumed in temporal modeling.

Theoretical models (as opposed to empirical) capture the effects
of traffic loading and weathering on the mechanical characteristics
of the material of which the facility consists and, consequently,
determine the distress that would result from that effect. Moaven-
zadeh and Brademeyer (9) and Markow and Brademeyer (10)
developed model systems that use basic mechanical principles to
explain the behavior of infrastructure facilities over time.

From a spatial perspective, Moavenzadeh and Brademeyer (9)
explain surface deformation as a consequence of microscopic (or
small-scale) variation in the material properties over space. The use
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of a spatial correlation function is proposed for capturing such vari-
ation. This is an important component of the overall spatial varia-
tion of interest in this study and, therefore, should be taken into
account in building the spatial model that describes the behavior of
distress along extensive facilities.

Markow and Brademeyer (70) adopt a dynamic structure where
the change in condition is modeled. It is assumed that the condition
of a facility at time ¢ + At, denoted by C(r + Ap), is a function of
both the condition at time ¢, C(f), and explanatory variables such as
design and traffic. Measures of condition are, in general, associated
with a specific region. Therefore, the dynamic nature of the model
assumes that the condition of a region at a particular point in time
is a fundamental determinant of the condition of that same region at
a subsequent point in time. This implies that the space within the
region considered evolves in the same manner over time. This is
expected to be the case when the magnitude of the causal variables
are “fairly” constant within the region.

Due to the complexity of the mechanisms involved and the high
degree of variability in the factors affecting the deterioration
process, it is difficult to develop a realistic mechanistic model that
accurately explains the behavior of distress over time. Nevertheless,
such models provide the necessary foundations for building empir-
ical models. Empirical models have proven to be more successful
and are widely used by facility management agencies. They are
founded on direct observations of surface distress, and correlations
of such observations with the explanatory variables and mainte-
nance actions of interest.

Paterson (/7) adopted such an approach. Condition is represented
in a disaggregate manner by a vector whose elements are associated
with the different distress types. The behavior of each element is
modeled separately over time. The dynamic dimension is micro-
scopic compared to Markow and Brademeyer’s model. For the dis-
tress types that occur discretely in space—such as cracking, ravel-
ing, and potholes—the temporal model is characterized by two
distinct phases: initiation and progression. The initiation model pre-
dicts the failure time, which is the time at which the first distress
appears. The progression model is conditional on initiation having
taken place and measures the change in condition from one point in
time to the next.

The representation of the dynamic dimension at this microscopic
level implicitly assumes that the distress at a location influences the
deterioration of neighboring locations. Therefore, the mechanism of
deterioration captured by these models relates to distress interaction
in space. Once a crack occurs in a particular region, the temporal
behavior switches from one of initiation to one of progression,
implying that the first crack induces initiation and progression of
other cracks in that region. Such regions are referred to as sections,
and are defined as “nominally homogeneous.” It is suggested that a
“convenient” section has the width of a lane and a length of 320 m.
The use of the width of the lane is appropriate due to the general
confinement of traffic to lanes. The length of the section should cap-
ture the spatial extent within which distress interaction takes place.
Although the scale associated with such interaction is expected to
be microscopic, the section length of 320 m is not quantified as such
but rather chosen based on engineering judgment.

In summary, three types of spatial behaviors are implicitly or
explicitly assumed by the deterioration models examined above:

¢ Macroscopic environmental behavior;
¢ Microscopic environmental behavior; and
¢ Microscopic interactive behavior.

47

Spatial Model

The process that results in the occurrence of surface distress can be
broken down into two mechanistic processes that occur simultane-
ously. The environmental process and the interactive process. The
environmental process describes deterioration as a consequence of
a multitude of environmental factors: subsurface conditions (such
as soil conditions, design standards, and construction quality); and
external conditions (such as traffic, weather, and drainage). These
factors are not uniform over space, and different combinations will
result in different deterioration propensities. The realized distress
will mirror the environmental variability. For example, regions of
both poor soil condition and high traffic volumes have a much
higher likelihood of exhibiting high distress levels than regions of
good soil conditions and low traffic volumes. It is this process that
motivates the use of causal variables by agencies managing infra-
structure facilities. In relation to the model developed by Paterson,
it is the environmental factors that influence the time at which ini-
tiation takes place.

The interactive process describes deterioration as a result of dis-
tress at a location influencing the deterioration of neighboring loca-
tions. For example, the likelihood that additional cracks will initi-
ate near other cracks is greater than of their doing so in a region
exhibiting no cracks. Moreover, the likelihood that two neighbor-
ing cracks will propagate and connect is very strong. This phenom-
enon is known as crack coalescence in the material science litera-
ture (/2). In terms of Paterson’s initiation and progression model, it
is both the interactive process and the environmental process that
are responsible for the progression stage.

The environmental process exhibits a spatially extensive scale
where the level of distress is “fairly” constant for long stretches
along facilities. This is a direct consequence of the nature of the
underlying causal variables. The variables are not expected to vary
substantially within relatively long stretches and when a change
occurs, it is expected to be in the form of an abrupt shift. For exam-
ple, traffic volumes are expected to be “fairly” constant. Changes in
volume occur at exits and entrances; therefore, any significant
change in volume will most likely be abrupt in nature. Since design
standards are usually based on traffic volumes, a similar pattern in
the design is expected. Moreover, since construction quality is a
function of the source of materials and the contractor, this variable
will also be constant for relatively long stretches, and any changes
will most likely be abrupt. Therefore, the scale of the environmen-
tal process is expected to be macroscopic with an order of magni-
tude of several kilometers. In terms of the model developed by
Markow and Brademeyer, the uniformity of the deterioration of a
region over time is consistent with this environmental process.

Although the causal variables in most cases remain relatively
constant for some “long” stretches, they still exhibit small-scale
variations as captured by the model developed by Moavenzadeh
and Brademeyer. Moreover, the interactive process is expected to
exhibit a spatially “local” scale compared to the macroscopic scale
associated with the environmental process. Since interaction takes
place primarily as a result of the weakness distress induces on its
surroundings, from a mechanistic perspective the interactive
process is governed by the environmental mechanism in the sense
that the environment affects the magnitude of the weakness a dis-
tress induces and, consequently, the strength of the interaction. For
example, in situations of high design standards, the strength of the
interaction between two cracks is lower than in the case of poor
design standards. Therefore, the interactive process contributes to
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the variability within the regions of “fairly” constant environmen-
tal variables.

The hypothesis that emerges from this discussion is a spatial pat-
tern with regions of well-defined boundaries. [Within each region,
distress fluctuates around a region-specific constant level.] Such
regions are referred to as fields in this study. The developed spatial
" hypothesis is represented by a stochastic process. For the sake of
simplicity, the case of a single distress type is presented. Let X; be
the measure of distress at location s of the facility. The magnitude
of the distress at location s consists of two components:

e A systematic component, constant within each field, which
captures the macroscopic behavior; and

e A stochastic component, with zero mean, which captures
the inherent variability of the microscopic behavior resulting from
both the interactive process and the small-scale environmental
variations.

The stochastic component also captures the random nature of mea-

surement errors. It is assumed that the systematic nature of mea-

surement errors (i.e., the bias) has been corrected—see Humplick (13).
Mathematically, this model is represented as follows:

i, ifseF,
Xi=p tgand = { p, ifseF, €))]
Uy if s€Fy,

where

X, = distress at location s;
s = locations along the facility;
m = index representing the fields (im = 1, ..., M);
F,, = set of locations contained within field m;
Us = systematic mean distress;
W, = systematic mean distress within field m; and
&, = random variable (of zero mean) representing the deviation
of the actual observed distress from the mean .

i

Since the deterioration at the microscopic level occurs within the
context of the systematic deterioration at the macroscopic level, the
fields are expected to behave uniformly over time (with respect to
both the mean distress level and its rate of change). The microscopic
environmental process and the interactive process will result in spa-
tial variation in distress within each field. That is, since the under-
lying dominant force governing deterioration is the environmental
process, such local variations will take place conditional on the
environment within which they occur. Since the local variation
within such fields is a variation around a constant level of deterio-
ration, any aggregation within a region fully contained within such
a field is an estimate of the constant level of deterioration. There-
fore, the larger the region, the better the estimate (i.e., the lower the
variance of the estimate) as long as the region is contained within
the field. On the other hand, if the region size exceeds the size of the
field within which it was originally defined, more than one level of
deterioration will be introduced within the same region, and, there-
fore, the estimate would not be an accurate representation of either
level (i.e., the estimate is biased). Consequently, this results in an
erroneous condition assessment.
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Therefore, the best aggregation scheme is a configuration in
which each macroscopic field is a region. The problem at this point
lies in the lack of knowledge on the locations of the boundaries
defining the fields of interest. Moreover, since the environmental
variables at the level of detail of interest are either unavailable or
unreliable from a measurement point of view, the most useful indi-
cators of the boundaries defining the fields are the distress mea-
sures over space. From a methodological point of view, the prob-
lem reduces to the identification of the locations along the facility
where the mean of the stochastic process undergoes an abrupt
change. :

Field Identification

Due to the insignificance of the lane width with respect to the lon-
gitudinal scale of interest, the two-dimensional nature of a highway
lane is approximated as one-dimensional. Furthermore, since, in
general, the longitudinal extent of discrete distress types such as
cracking is small [averaging between 2 and 10 m in the cases exam-
ined-—see Mishalani (7)] with respect to the scale of interest, for
purposes of this analysis distress types are characterized by:

¢ Point events in continuous one-dimensional space (cracking,
potholes); and

e Continuous variables in continuous one-dimensional space
(rutting).

The point representation naturaily lends itself to an analysis using
spatial point processes. Point processes are a type of stochastic
processes in which the events of interest are points occurring ran-
domly in continuous space. Using point processes provides a con-
venient means for representing point data by a distress intensity
function in space. The intensity function, x(s), is the number of
events per unit length for each location in continuous space and,
therefore, represents the propensity of a particular location to
exhibit a point event. Using the original point events, x(s) is esti-
mated using a nonparametric kernel-based estimator (/4) that min-
imizes the mean square error. The estimator is given by:

C
S-S,
o) = 2—‘1—6[ " ’) )

j=1

where

8(-) = kernel function that specifies the relative strength by
which the existence of an event at s; contributes to the esti-
mate of the intensity at s;

s; = location of event j;
C = total number of events; and
w = a parameter representing half the window width within

which events contribute to the estimation of x(s).

The statistical properties of the estimator x(s) are dependent mostly
on the parameter w. If w is large, more events are used in the esti-
mation but the role of each as an indicator is less significant. On the
other hand, if w is small, the more significant events are used but
there are fewer of them. Therefore, the effect of w on the estimates
relates to efficiency and bias. Large values of w are associated with
both high efficiency (i.e., low variance) and large bias, whereas
small values of w are associated with low efficiency and small bias.
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The functional form of the kernel is not important from a statis-
tical point of view. Hence, for mathematical convenience, the uni-
form kernel is used:

5(y) = {] /2 fory| <1 (3)

0 otherwise

Using the function above, an optimal parameter w*—which mini-
mizes the mean square error of the estimator x(s)—can be deter-
mined. The determination of the optimal window width, 2w*, also
allows for conveniently representing rutting over space. See Misha-
lani {7) and Mishalani and Koutsopoulos (/5) for more detail on
representing distress over space. '

Once distress functions (crack and rut intensity functions) are
quantified, the identification of the boundaries defining the fields
can proceed. The probability density function of X, is unknown.
Therefore, a nonparametric solution approach for the detection of
the boundaries is adopted. The field identification problem is for-
mulated within a cluster analytic framework with the additional
constraint that all observations belonging to the same cluster should
be spatially contiguous. The boundaries of the clusters represent
locations where the systematic mean function, p,, undergoes an
abrupt shift in value.

Formulating the optimal clustering problem in a manner where
the number of fields and their boundaries are determined simulta-
neously is mathematically intractable. Therefore, the following
heuristic is proposed:

Step 1: Set the number of fields, M, to 2.

Step 2: Determine the locations of the optimal boundaries of the
M fields.

Step 3: Examine the stopping criterion (this step is applicable
for M = 3). If the criterion is satisfied, the optimal solution with
(M — 2) fields is the final solution. Otherwise, set M to M + 1 and
go to Step 2.

The main idea behind this iterative approach is to reduce the com-
plexity of the problem by making a tentative assumption on the
number of fields. This allows for an optimal determination of the
location of the boundaries. This process is repeated in an iterative
manner until the stopping criterion is satisfied. The purpose of the
stopping criterion is to determine which of the various sets of solu-
tions best captures the spatial behavior.

The decision variables of the optimization problem of Step 2 are
the locations of the boundaries. The objective is to minimize the
total within cluster variation. Therefore, the boundaries will opti-
mize a measure of similarity within the fields (i.e., observations
within each cluster are as close as possible to their cluster mean).
The additive structure of the objective function allows for the use
of a dynamic programming algorithm (/6) that guarantees a glob-
ally optimal solution.

The stopping criterion should indicate the number of fields that
best characterize the spatial behavior. It consists of examining the
incremental contribution of every additional boundary to the reduc-
tion in the overall variation throughout the facility. Let Z*(M) be the
value of the objective function when all the observations over space
are optimally partitioned into M clusters. Z*(M) is monotonically
decreasing with M. Z*(1) captures the total variation of the inten-
sity function with respect to the overall mean. The incremental con-
tribution of the Mth additional field to explaining the total variation
(or equivalently to the reduction in the objective function) is mea-
sured by the following ratio:
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_ZFM-1)-Z*(M)
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The stopping criterion is satisfied when the change in the incre-
mental contribution becomes insignificant.

APPLICATION AND EMPIRICAL FINDINGS

The developed methodology has been applied to three independent
flexible pavement highway facilities, each of which is approxi-
mately 15 km long. All three applications reveal similar results. One
of the three applications is presented in this paper. The facility is an
undivided two-lane (one lane in each direction) highway in Missis-
sippi. Its Federal Functional Classification is a rural major collec-
tor. It was constructed between 1947 and 1948 and was resurfaced
once in 1984-1985. The current average daily traffic is 1,040 vehi-
cles, 10 percent of which is truck traffic. The original design has a
total pavement thickness of 17.8 cm to 43.2 cm. The resurfacing
resulted in an additional 2.5 cm. Detailed surface distress data were
collected by PaveTech (Oklahoma) on one of the two lanes during
the summer of 1991 using a van-mounted state-of-the-art video
camera. The video images were interpreted by experts but the dis-
tress measurements, such as crack lengths and areas, were quanti-
fied automatically using image-processing techniques.

The mean length (in the longitudinal direction) of the cracks is
2.53 m. Moreover, almost 99 percent of the cracks have lengths less
than or equal to 30 m. Therefore, in the context of the expected
macroscopic nature of the environmental process (where fields are
expected to be several kilometers long), the assumed point repre-
sentation of cracks is, in general, realistic. The optimal window
width, 2 w*, is 50 m. In this particular application, the crack inten-
sity function reveals all the fields. Therefore, results focusing on
cracking are presented. See Mishalani and Koutsopoulos (15) for a
presentation of the results relating to rutting. -

Figure 1 depicts the contribution ratio as a function of the num-
ber of fields M. It is clear that for M = 7, the incremental contribu-
tion ratio is consistently low suggesting that all fields beyond the
first six overfit the spatial model. Therefore, there are six significant
fields that explain the spatial behavior. This conclusion is further
confirmed by the examination of the location of the boundaries
associated with the six fields. The optimal boundaries along with the
crack intensity function are indicated in Figure 2. The horizontal
lines below the plot indicate the solutions where a vertical bar rep-
resents the location of a field boundary. Two solutions are given: the
optimal solution and the solution of the Agency Method. Notice that
the optimal boundaries (first line in Figure 2) reveal the piecewise
constant nature of the mean of the crack intensity function. With six
fields, the average field length is 2.5 km. This is consistent with the
engineering expectation that the macroscopic environmental
process (which is captured by the fields) exhibits such a scale.

Another important conclusion that can be drawn relates to the
spatial extent of the interactive mechanism along with the micro-
scopic environmental mechanism. This is achieved by examining
the spatial correlation structure within each field m. The spatial cor-
relation function is defined by p,., = COVIX,s, X,ierml/Var(X,,,]. The
sample estimate of the correlation function, P indicates the struc-
ture of the linear dependence exhibited by the data. The positive
spatial correlation exhibited within each field confirms the presence
of the microscopic interactive and environmental mechanisms. The
extent of this correlation is captured by the largest separation dis-
tance at which the spatial correlation within each field significantly
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FIGURE 1 Incremental contribution ratio function.

differs from zero. That distance for all the fields of all three facili-
ties examined varies between 20 m and 180 m considering both
cracking and rutting. Figure 3 presents the estimate within Field 6
(i.e., the region from 11.53 km to 14.48 km). Notice that the corre-
lation becomes insignificant at a separation greater than 50 m.
Recall the range of interaction assumed by Paterson (/1) at 320 m
based on engineering judgment. The range of interaction identified

based on this empirical study is of the same order of magnitude.
However, the empirical analysis reveals a high degree of variabil-
ity in the exhibited ranges and, in general, smaller magnitudes.
Having demonstrated empirically the validity of both the devel-
oped spatial model and the corresponding field identification
methodology, it is worth examining the performance of the state-of-
the-art methods in light of the findings of this study. Figure 2 indi-
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6
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FIGURE 2 Field boundary solutions.
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cates the solution of the Agency Method (on the second horizontal
line below the plot). The boundary at 8.43 km is due to differences
in the original design and the boundary at 11.79 km is due to a 1-
year difference in the timing of the resurfacing activity. The Agency
Method was able to identify only one of the boundaries detected by
the developed field identification methodology. In addition, how-
ever, the Agency Method has identified a boundary at 8.43 km that
the field identification methodology did not capture. One potential
explanation follows. The resurfacing that was applied only a year
before the data were collected is concealing the change in the dis-
tress manifestation that one expects to see. Even though the bound-
ary was not evident at the time the distress data were collected, once
further deterioration is allowed to take place the boundary is
expected to become apparent.

Since one of the fundamental objectives behind this study is to
provide the appropriate inputs for condition assessment, deteriora-
tion modeling, and subsequently decision making, one of the more
important such inputs is computed using both the optimal fields and
the Agency Method regions. The percentage area cracked is indi-
cated in Table 1 using both sets of boundaries. The percentage dif-

ference between the Agency Method estimates and the optimal esti-
mates (using the fields as basis) is also shown. One can see that the
Agency Method appreciably underestimates the percentage area
cracked in the region of Fields 2 and 4 and appreciably overesti-
mates it in Fields 1 and 5. The Agency Method regions result in a
contamination of the observations from one field with observations
from other fields of different mean levels. The Agency Method
overestimates or underestimates the percentage area cracked by at
least 20 percent in regions comprising 65 percent of the total length.
Such differences could potentially result in not maintaining regions
that do need maintenance, thus resulting in a rapid deterioration that
would require more costly maintenance in the future. It could also
result in overspending on unnecessary maintenance work. In either
case, the life cycle costs associated with the facilities would be sub-
optimal.

As for the AASHTO method, it is evident that under the highly
stochastic nature of the spatial distress process revealed in this
paper, it would result in too many small regions that would sub-
stantially over- or underestimate the mean distress level. Moreover,
assuming for the sake of this argument that the small-scale vari-

TABLE 1 Comparing Percentage Area Cracked of Optimal Fields with

Those of Agency Method
Optimal field number 1 2 3 4 5 6
From (km) 0 0.625 | 1.025 | 2.825 3.975 11.525
To (km) 0.625 | 1.025 | 2.825 | 3.975 11.525 14.48
% area cracking 069 | 2602 1 557 | 7.94 2.83 11.83
% difference? 581.16| -81.94 | -1562 | 40.81 | 66.08 | 34.63 0
Agency region 1 2 3
From (km) 0 843 | 11.525
To (km) 843 11.525| 14.48
% area cracking 4.70 3.81 | 11.83

aUsing the field measures as a reference.
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ability is insignificant with respect to the piecewise constant mean
function (which is definitely not the case in reality), as already dis-
cussed the AASHTO method does not guarantee the identification
of all the boundaries of abrupt change. Hence, the usefulness of the
AASHTO method is limited.

CONCLUSION

In this study, a model that describes the spatial behavior of infra-
structure distress is established. The model captures both the macro-
scopic and microscopic scales of behavior. The macroscopic scale
is associated with the environmental deterioration mechanism, and
the microscopic scale is associated with both the environmental and
interactive deterioration mechanisms. Based on the spatial distress
model, a methodology that identifies the uniformly behaving spatial
fields is developed. The spatial model developed is validated using
detailed data along 15-km-long facilities (one of which is presented
in this paper). Such an empirical analysis is the first of its nature in
the context of infrastructure research.

The spatial model developed plays an important role not only in
condition assessment and deterioration modeling but also in
addressing a host of other issues within the infrastructure manage-
ment process. For example, the past decade has witnessed the adop-
tion of automated technologies by infrastructure agencies resulting
in significant productivity improvements in relation to manual sur-
face distress data collection processes. This, in turn, provides the
opportunity to collect detailed data across the vast lengths of the
facilities. This large amount of data poses a potential problem to
agencies since their level of detail is not compatible with the scale
of interest for maintenance application. The spatial model devel-
oped provides the necessary structure for aggregating the detailed
distress data in a meaningful manner without any loss of informa-
tion. Moreover, the spatial model allows for determining the opti-
mal sampling schemes. This results in a more representative data
_collection by the new technologies. Finally, the spatial model can
be used to identify systematic measurement errors resulting from
unexpected exogenous factors. However, further research is
required to fully understand the use of the spatial model in the two
latter applications.
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Statistical Analysis of Pavement Structure

Data in PMS Data Base

M. SEKIGUCHI, M. Hosoba, M. INAGAKI, H. ToMiTA, AND T. MCGREGOR

The Tokyo Metropolitan Government Road Authority is currently per-
forming pavement structure surveys using a system that integrates
ground penetrating radar and a proprietary borehole camera. The road
authority’s intention is to increase the efficiency and usefulness of its
pavement management system (PMS) data base related to pavement
structure. A large amount of data was acquired during 1992 and 1993.
By means of statistical methods, these structure data could be manipu-
lated to illustrate the nature of several segments of pavement structure
in the Tokyo metropolitan area. The results were successful, thus reas-
suring the road authority of the usefulness of this relatively new system
of PMS data base input. Statistical methods determined that the segment
lengths are relatively short (an average of 500 m per segment). The
accuracy of the field data is good enough to use as structure thickness
for the PMS data base, but it must be noted that normalized thickness is
achieved as a result of averaging the actual thickness that includes some
irregularity due to the irregularity of the layer. In most of the areas sur-
veyed, designed structures corresponded to measured structures with a
few exceptions. These exceptions were detected by the field survey sys-
tem. Though there is no practical difference between normalized and
actual segment thicknesses when they are used to perform falling
weight deflectometer inverse analysis, further field data and a statistical
data correlation study are needed to develop this method to a more prac-
tical level.

Knowledge of pavement structure plays an important role in failure
curve determination by providing indispensable information to a
pavement management system (PMS) data base. A pavement struc-
ture data base must include initially designed data and subsequent
maintenance records. A large number of underground utilities
(water, sewer, electrical, steam, etc.) in a city area repeatedly
require road maintenance work that is likely to overwrite historical
structure information. Often no information is available for roads
constructed prior to the establishment of modern record keeping. As
a result, it is inevitable that those areas of pavement structure with
unknown thicknesses within a given road authority jurisdiction will
constitute a significant portion of the total road miles represented in
the data base.

The survey system integrated with ground penetrating radar
(GPR) and the borehole camera (BHC) discussed here was devel-
oped specifically for acquiring real structure data to upgrade exist-
ing records, and to create records where none exist. Using this sys-
tem, data have been collected for pavement structure data base input
for the Tokyo metropolitan PMS from 1992 to 1993, and this effort
is ongoing. Further, the focus here is to describe the use of statisti-
cal methods when large amounts of structure data are available.

M. Sekiguchi, Tokyo Metropolitan Government Civil Engineering Labora-
tory, 9-15 Shinsuna, 1-Chome, Koto-Ku, Tokyo, Japan. M. Hosoda, Tokyo
Metropolitan Government, 8-1 Nishi Shinjuku, 2-Chome, Shinjuku-Ku,
Tokyo, Japan. M. Inagaki and H. Tomita, Geo Search Co., Ltd., 15-12
Nishikamata, 8-Chome, Ohta-Ku, Tokyo 144, Japan. T. McGregor, Geo
Search International, 4611 Turf Valley Drive, Houston, Tex. 77084.

DESCRIPTION OF SURVEYS

The pavement structure survey under discussion consists of two
individual surveys, the preliminary survey and the precise survey
(I1). The preliminary survey is carried out by vehicle-mounted GPR
followed by a segmentation analysis. The central frequency of the
radar pulse is 750 MHz. The precise survey is carried out using the
BHC followed by a section profiling analysis. Figure 1 contains the
working flow diagram.

Preliminary Survey

The preliminary survey is carried out by driving a GPR-mounted
survey vehicle at a speed of 30 to 40 kmph. The electromagnetic
wave that radiates from the GPR antenna enters the ground and
reflects off of each boundary. The return wave forms a continuous
wave that is charted in variable density. A study of the chart gives
a rough idea of the pavement structure. The initial purpose here is
to divide the road into segments by determining which lengths have
uniform or homogeneous structure. The structure might change
transversely so it is necessary to survey additional lanes to develop
a more complete image of the structure, but the current study
included single lane data only.

Pavement segments in Tokyo are specifically designed, section
by section, with an eye to traffic load and bearing capacity of sub-
grade using indexes such as the California bearing ratio (CBR).
Repeatedly performed maintenance works in an area, however, eas-
ily overwrite and alter “as-designed” information.

Segment boundaries cannot be observed from the surface of a
lane segment. GPR enables the pavement engineer to determine
boundary information rationally by analysis of the trace output.

The purpose of the preliminary survey is not to gain a precise
determination of pavement section, but just a segmentation. The
GPR survey supplies lists and maps of segmentation, including
number of segments, segment length, and start and end coordinates
measured with block ending-beginning linkage. The coordinates are
input directly into the PMS data base, and the map is used to deter-
mine the boring points where simulated video core samples have
been taken in the precise survey.

Precise Survey

The velocity of an electromagnetic wave depends upon the mater-
ial of the medium through which it travels. Direct reading of layer
thickness from GPR records does not give an actual thickness.
Additionally, the material composition of each layer cannot be
determined from a GPR record. Only layer continuity can be deter-
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mined. Calibration of GPR data by BHC ground truth data is
required to determine actual thickness.

For that purpose, a BHC survey, which is preceded by a small
diameter boring, is performed. If CBR data are required, a visual
observation survey, which must be preceded by a large diameter
boring, is performed instead of the BHC survey.

Given a known material composition and actual thickness, a spe-
cific dielectric constant is determined by comparing the GPR and
BHC data. The scaling accuracy of the BHC image is 0.5 percent.
The dielectric constant is used for determining the calibration coef-
ficient. Calibration must be performed not by an automatic com-
parison, but by a deliberate and rational consideration of dielectric
constant values aimed at minimizing errors.

The profile is made by preparing a plot every 10 m. It is too pre-
cise to treat as PMS input data since the normal data base segment
is 500 m. Consequently, normalized values per segment are pre-
pared as input data by averaging profile values. As the PMS data
base evolves over time, it will be possible to treat the precise data
themselves as input data because the survey interval of the falling
weight deflectometer (FWD) is currently 20 m, and FWD is becom-
ing more popular in Japan, hence the justification for a smaller seg-
ment length.

ANALYSIS

Segmentation

Segmentation determination is not automatic; it is conducted with
rational consideration. There are some key points for judgment. The

five main points to consider are as follows:

e Break of segment should be indicated at the point where the
overall appearance of the GPR record changes. But careful atten-
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tion must be paid to avoid misinterpreting a break at railway cross-
ings, bridges, and local repair locations where a false break could
be read.

¢ Reflection at the bottom of the asphalt mixture layer is usually
very strong because of a high contrast in the dielectric constant.
The break should be indicated at the location where thicknesses on
the GPR record obviously change despite the thicknesses being
precalibrated because a calibration error originated from dielec-
tric constants is usually very small and is nullified by the actual
thickness.

¢ A noted difference in the number of layers is itself a decisive
factor in the determination of a segmentation break.

e Even though the thicknesses of the asphalt mixture are the
same, a break should be noted where the thicknesses of the crushed
stone layer are different. Because crushed stone layers are likely to
be more irregular than asphalt mixtures, global consideration is
needed to avoid misjudgment at locally changed layer thickness
points.

e There are some cases where reflection intensities are different
while thicknesses are the same. Though it is caused by the differ-
ence of dielectric constant contrasts, it is ambiguous whether the
anomaly is subgrade oriented or subbase oriented. Most of the cases
in the Tokyo area showed that the difference comes from loam as
subgrade, which has a very high dielectric constant with water con-
tent. Therefore, the break is basically not noted in that case as it is
better under such circumstances to select the bottom of the asphalt
mixture as the break criteria.

Profiling

Calibration is carried out before profiling. Figure 2 is a schematic
explanation of the difference between actual thickness and thick-
ness on the record. The data are calibrated by means of the follow-
ing formula:

Tactual = M - VL‘I;' Trecord = M Trecord

Jei

where

ei = dielectric constant of ith layer,
Vo = electromagnetic wave velocity in a vacuum,
Vi = electromagnetic wave velocity in ith layer’s material,
M = constant related to output machine,
Tactual = actual thickness, and
Trecord = thickness on the record.

Materials used for pavement have standard values of dielectric
constants. If the value calculated with GPR and BHC data compar-
ison deviates highly from the standard, it will not provide proper
calibration and should be excluded.

The dielectric constant of mixed material is calculated from the
component materials. In the case of crushed stone, it is calculated
as follows:

Je = na«/&+ nwNew + ns«/g

_2570-9)
nw = -y
na = ¢-nw
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where

g = dielectric constant of crushed stone,
ega = dielectric constant of air (1),

ew = dielectric constant of water (81),

es = dielectric constant of soil particle,
ma = volume fraction of air,

mw = volume fraction of water,

ms = volume fraction of soil particle,
v = water content rate, and

¢ = porosity.

It has been demonstrated that the dielectric constant of soil parti-
cles is assumed to be approximately four (2). The calculated dielec-
tric constant is shown in Figure 3. Besides the theoretical approach,
statistical values collected through past calibration works in Figure
4 for crushed stone and in Figure 5 for asphalt mixture are indicated.
The standard values are estimated at from four to six for asphalt
mixtures and from six to nine for crushed stone.
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FIGURE 3 Calculated dielectric
constant of crushed stone.

Though only one calibrating ratio is determined per segment, that
value should not be considered representative of the segment. The
tendency of all the values in the route should be looked over first. If
the tendency is normal, the average can be taken. If some values are
abnormal, the average can be taken after eliminating them. If itis a
specific value in the segment, the specific value may be taken for
the segment. By these deliberate considerations, the error cancella-
tion will be realized despite each value containing some error-
oriented variation.

FEATURE OF SEGMENT LENGTH

Using GPR data acquired in 1992 and 1993, the distribution of seg-
ment lengths has been quantified. Figure 6 indicates the distribution,
including all the data. Figure 7 includes data for both light traffic
and heavy traffic.

Segments with lengths distributed from 100 to 200 m occupy
the largest portion of all the segments at over 20 percent. While
the longest segment exceeds 2 km, the average segment length is
472 m.
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FIGURE 4 Observed dielectric constant of
crushed stone.
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No remarkable difference has been observed in the distribution
of segment length correlated with traffic flow. As previously noted,
almost all the pavement segments in the Tokyo metropolitan area
are designed as an average 500-m-long segment.

The average restriction length for 2,586 cases of road mainte-
nance operations that were performed from 1979 through 1988 is
395 m. In 1992, this figure was approximately 200 m. It is much
shorter compared with the previous period because of increasingly
severe restrictions in working time on the road (lane closure period)
and in working space. The distribution of road working segments in
1992 is depicted in Figure 8.

ACCURACY

The accuracy of layer thicknesses measured by this system depends
upon two criteria.

e Nonuniformity of dielectric constant. A pavement material has

a specific value of dielectric constant but even though it is the same
material, the dielectric constant is influenced by nonuniformity,

400+
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which essentially exists in combined materials such as asphalt mix-
tures. For example, variation in the relative amounts of aggregate in
asphalt mixtures, water content ratio, and porosity in the crushed
stone as subbase all bring about a small deviation in dielectric con-
stants. As a result, an error from the small deviation appears in plot-
ted sections after calibration. The error is small in asphalt mixture
layers, and larger (*2 cm) in subbase materials.

e Vehicle speed and irregularity in layer thickness. The speed of
the survey vehicle is about 30 kmph. In the precise survey, a boring
is carried out at a representative location within the segment. The
boring point cannot be expected to be the exact same point as that
on the GPR record. It has already been proven that probability of
discrepancy in location increases in proportion to vehicle speed (3).
This results in some thickness error in plotted sections. This error
occurs in linkage with the original application irregularity of layer
thicknesses. The layer irregularity is expected to be within an allow-
able standard by design. Irregularities may become considerably
larger as a result of repeated maintenance work, such as cutting and
filling and overlay.

In the actual survey, the error occurs as a result of the two afore-
mentioned factors and diminishes thickness accuracy. A test survey
(5) performed by the Tokyo metropolitan government showed that
84 percent of the asphalt mixture layer data and 78 percent of the
crushed stone layer data were within allowable values, which were
determined to be *2.5 cm for asphalt mixture and =5 cm for
crushed stone, considering a vehicle speed of 30 to 40 kmph.
Asphalt mixture thickness is designed with a 5-cm tolerance in
Tokyo; therefore, an accuracy of =2.5 cm is required. There is,
however, no theoretical reason for crushed stone to use a tolerance
of =5 cm; this figure is determined as a rule of thumb based on
the lesser need for accuracy with crushed stone than with asphalt
mixtures.

A statistical approach has been performed using 1992 data, which
include 300 locations of boring data. Correlations between GPR-
oriented data and boring-oriented data are shown in Figure 9
(asphalt mixture) and in Figure 10 (crushed stone). It has been
reconfirmed that layer thicknesses can be measured with the same
degree of accuracy as with a test survey. Eighty percent of asphalt

DATA:Taken in 1992&1993
TOTAL DISTANCE:992km
SEGMENTS: 2102
AVERAGE:472m

Number of Segments

0 0. 5 1.0 1. 5 2.0
Segment Length (km)

FIGURE 6 Distribution of segment lengths (all data).
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DATA:Taken in 1992
TOTAL DISTANCE:131km
SEGMENTS: 321
AVERAGE: 408m

.0 1. 5 2.0

Segment Length (km)

FIGURE 7 Distribution of segment lengths (based on traffic variation).

mixture and 70 percent of crushed stone have been measured within
allowable values.

Comparison between GPR and boring data in a static condition
(vehicle speed is 0 kmph) indicated that 80 percent of asphalt mix-
tures were measured within =1 cm (5). This indicates that the main
reason for the error originated in the linkage effect of vehicle speed
and pavement layer irregularity.

Assuming the data shown in Figures 9 and 10 represent normal
distribution, it was determined that a 95 percent reliable range of the
data are *=5.1 cm for asphalt mixture and £10.2 cm for crushed
stone. This means the allowable values of £2.5 cm and =5 cm are
both considered a severe condition. Despite the severity, the allow-
able values are considered to be reasonable in terms of accuracy
needed for pavement structure information, which is stored in the
referenced PMS data base.

DATA:Taken Prior to 1992
TOTAL DISTANCE:178km
SEGMENTS: 700
AVERAGE:197m

200

100

Number of Segments

[¢] 0.5 1. 0
Segment Length (kn)

FIGURE 8 Distribution of road maintenance
operation segments.

IRREGULARITY OF LAYER THICKNESS

Thickness data stored in the PMS data base are a normalized value.
They represent the average and normalized thickness of segments.
Basically, normalization is performed by averaging every 10 meters
of plotted thickness values in a profile. The concern here is how
large an irregularity of layer thickness might be concentrated to only
one normalized value. For that purpose, the degree of irregularity
was expressed as a distribution of standard deviations. The standard
deviations are calculated from layer thicknesses to normalized
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FIGURE 9 Accuracy in asphalt mixture.
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FIGURE 10 Accuracy in crushed stone.

value. The results are shown in Figure 11 for asphalt mixtures and
Figure 12 for crushed stone. The average standard deviation for
asphalt mixture is 2.3 cm and 3.3 cm for crushed stone. The irregu-
larity of asphalt mixture is smaller than that of crushed stone as
might be expected.

An example of a GPR record is shown in Figure 13. Surface
reflection is not smooth, because the antenna moves up and down
on the Y axis while the survey vehicle runs on the X axis. When a
profile is made, an absolute value is taken between the surface and
the bottom of asphalt mixture layer. Therefore, surface irregularity
does not affect that calculation of layer thickness. What should be

ASPHALT- MIXTURE
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FIGURE 11 Distribution of standard deviation for asphalt
mixture.
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FIGURE 12 Distribution of standard deviation for crushed
stone.

kept in mind is that every layer still has an original irregularity even
though the surface reflection is shifted to form a smooth line.
Nonuniformity of the dielectric constant and vehicle speed influ-
ence do not explain the irregularity sufficiently. The irregularity in
the record reflects an actual irregularity that originally existed in the
pavement structure.

Ta COMPARISON BETWEEN NORMALIZED AND
DESIGNED LAYER THICKNESS

To view the extent of difference between normalized and initially
designed thicknesses, the difference was calculated with a Ta struc-
ture index comparison. The Ta index, widely used in Japan, can be
converted to an AASHTO structure number by dividing the Ta
number by 5.68. The result is shown in Figure 14. Data used in cal-
culations are the values of 92 segments that were wholly recon-
structed in 1992.

10m _Pavement Surface

[ R B B ) ¥ DL 1 T 1

FIGURE 13 Example of GPR record.
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FIGURE 14 Ta comparison between normalized and designed
thickness.

Coefficients of relative strength to calculate Ta are 1 for asphalt
mixture and 0.55 for cement treatment. Because crushed stone (sub-
base) is difficult to recognize as a different grade of composition,
0.3 has been adopted as an average value coefficient. The magni-
tude of error due to adoption of the average value of the coefficient
to subbase is estimated to be maximum %2 cm, while the subbase
thickness is assumed to be 40 cm.

All the data are classified into five types according to asphalt mix-
ture thickness, 45 cm, 36 cm, 35 cm, 32 c¢cm, and 27 ¢m. The aver-
age of subtracted Ta (normalized less designed) is 0.33 cm, which
means the normalized value closely corresponds to the designed
value. The shape of the distribution looks like a normal distribution
with standard deviation and has been calculated to be 6 cm.

Most of the large differences are the result of the difference in
asphalt mixture layer thickness. It is considered that repair work
such as cutting and overlaying after whole reconstruction resulted
in the large differences. Extremely large differences are probably
caused by input mistakes of maintenance records or by incorrect
determination of sample location. To avoid such a misjudgment, the
data base of maintenance history should be updated as soon as pos-
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sible. The GPR survey is useful to pick up the portions in existing
pavement where the design information is uncertain.

CONCLUSION

The data base of pavement structure gives us valuable information
that contributes to the more accurate evaluation of pavement
design and repair strategy. Pavement structure cannot be observed
from the surface of the road, and the accuracy of structure infor-
mation is easily skewed by ongoing road maintenance work. These
factors contribute to the difficulty in managing an accurate road
structure data base.

The system integrated with GPR and BHC proved its practica-
bility through actual surveys and statistical analysis using large
amounts of data.

The nature of segment length distribution in the routes managed
by the Tokyo metropolitan government, the accuracy of measure-
ment, and the relationship between actual thicknesses and normal-
ized thicknesses have been quantitatively clarified. This system can
be used to find abnormal locations where designed and actual struc-
tures are significantly different.

Change of design conditions due to such changes as traffic load
increases requires a change of pavement structure. Design change
conditions occur as often as maintenance operations. It is important
to make a single structure’s segment a quantifiable unit, and to pre-
pare a format that allows the value in the data base to be easily
updated.
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Effect of Sample Unit Size and Number of
Surveyed Distress Types on Pavement
Condition Index for Asphalt-Surfaced

Roads

M. Y. SHAHIN, CHAD STOCK, MERCEDES CROVETTI, AND LISA BECKBERGER

A study was conducted to quantify the effects of altering the sample unit
size for performing a distress survey according to the Pavement Condi-
tion Index (PCI) method for asphalt surfaced roads. The effect of con-
solidating distresses into fewer distress types during condition surveys
was investigated. The effect of reducing sample unit size was investi-
gated using surface photographs of 24 asphalt-surfaced pavement sec-
tions located in Urbana-Champaign, Illinois. Continuous 35-mm strip
photographs of each pavement surface were obtained using the PASCO
system. The continuous photographs were subdivided into image units,
each 3 m (10 ft) long by one lane wide. Standard sample units, each 60
m (200 ft) long by one lane wide, were developed by grouping 20 con-
tiguous images. The PCI of each sample unit was calculated based on
observable distresses using Auto PAVER. Pavement image groups
were developed by combining varying numbers of contiguous pave-
ment images. The PCI was then calculated for each group using stan-
dard deduct curves and PCI calculation methodology. The effect of
reducing the number of recorded distresses was investigated using dis-
tress data contained in Micro PAVER data bases from several military
installations and cities. Comparisons were made between PCI values
calculated using standard PCI procedures (19-distress types) and PCI
values calculated using modified distress identification procedures
developed by the Metropolitan Transportation Commission (7 distress

types).

This paper presents the results of a study to quantify the effects of
altering the sample unit size for performing a distress survey
according to the pavement condition index (PCI) method, for
asphalt-surfaced roads. This paper also investigates the effect of
consolidating distresses into fewer distress types during condition
surveys.

A primary requirement for effective pavement management is
the accurate assessment of present and future pavement condition.
As such, a pavement distress survey is an important component of
any pavement management system. The information collected
from these distress surveys is used to document existing pavement
condition, to chart past performance history, and to predict future
pavement performance. This information is used in determining
appropriate maintenance and repair alternatives and their optimal
timing.

Methods have been devised by various agencies to standardize
distress classifications. The PCI distress identification and survey
procedures developed by the U.S. Army Corps of Engineers have
been widely used by many highway and airport agencies (/,2). PCI
is a repeatable index from O to 100, with 100 being excellent, that is

U.S. Army Engineer Construction and Engineering Research Laboratory,
P.O. Box 9005, Champaign, Ill. 61828-9005.

used to quantify pavement condition based on distress information.

To increase the efficiency of the rating process, various forms of
automation have been introduced for the recording, reduction, pro-
cessing, and/or storage of data. For example, small handheld com-
puters have been used to speed up recording and transfer of data
from the field to the office computer. Vehicles that obtain pho-
tographs or other visual images of the pavement surface have been
developed to accelerate the field data collection time and to provide
a permanent visual record of the pavement condition. However, in
most applications, human interpretation of the surface condition,
either in the field or in an office environment, is necessary to fully
quantify all existing distress (3).

To increase the efficiency of distress measurements significantly,
methods are needed to accelerate data collection and to reduce the
time required for data entry. Advancements are continually being
made in the development of specially equipped vehicles for pave-
ment distress survey. The direction of current development activities
is the use of video imaging to photograph a portion of pavement and,
through pattern recognition technology, classify and quantify pave-
ment distress directly without subjective evaluation by human raters.

Auto PAVER is one such method that simplifies the workload of
measuring pavement distresses from digitized images and enters the
data into the Micro PAVER system (4). Pavement sections are pho-
tographed and logged into an image-processing system. Auto
PAVER employs sophisticated algorithms to fully process the user-
defined distresses, including all necessary data entry tasks into
Micro PAVER.

EFFECT OF CHANGING SAMPLE UNIT SIZE ON
PCIFOR ASPHALT ROADS

For pavement management, a pavement network is divided into uni-
form sections based on use, pavement structure, construction his-
tory, traffic, and other factors. Each pavement section is further
divided into inspection or sample units by which each existing dis-
tress is identified and quantified. The recorded distress data are used
to calculate the PCI of each sample unit inspected; the PCI of the
section is determined by averaging all sample unit PCI values.

The PCI procedures for asphalt-surfaced roads are based on an
assumed sample unit size of 230 m? (2,500 ft?). The sample unit size
was selected for convenience by the developers of the PCI. For
example, the 230 m? for asphalt roads is two highway lanes wide (8
m) by 30 m (100 ft) long. Occasionally, it is inconvenient or impos-
sible to obtain a sample unit of that size. For example, the section
length is not always divisible into 30-m (100-ft) units.
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The effect of altering sample unit size has never been quantified.
The rule of thumb has been that a sample unit size should be within
+40 percent of the recommended size, 230 m?> = 90 m? (2,500 ft*
+1,000 ft?), for which there was no proven basis. As such, one
objective of this study was to determine the effect of varying sam-
ple unit size on the PCI value for roads and streets.

This study was limited to asphalt-surfaced pavements. Twenty-
four different pavement sections located in Urbana-Champaign,
Illinois, including conventional flexible pavement and composite
pavement construction, were used. The test sections were surveyed
using the PASCO (5) photographic system. A continuous set of
photographic prints was produced for each lane. Digitized images
of one-lane width by 3 m in length (approximately 10 m?) were
developed from the prints. Therefore, sample units of different sizes
could be produced by grouping the distress information from sev-
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eral images. For example, a recommended sample unit size of
approximately 230 m? (2,500 ft?) is produced by grouping 20 con-
secutive images, while a sample unit half this size is produced by
grouping 10 images.

Distress identification was performed on each digitized image
using Auto PAVER V1.0 (4,6). Auto PAVER is a mouse-driven
computer system that automates distress quantity calculation and
creates an image distress file. An additional software program was
written to perform PCI calculation on different groups of images.
The groups comprised 1, 2, 4, 5, 10, 20, and 40 images. Therefore,
the sample unit sizes created ranged from 5 percent to 200 percent
of the recommended sample unit size, which would consist of 20
images.

The results of the PCI calculations are provided in Tables 1 and
2. The PCI values shown are outlined as follows:

TABLE 1 Calculated PCI Values for Inspected Sample Units

Pavement ID Street Name Number of Sample Unit Rating per
Sample Units | PCI Value Sample Unit
Champ/00002/02E Newmark 3 47 Fair
Drive 73 Very Good
76 Very Good
Champ/00002/02W 3 60 Good
72 Very Good
49 Fair
Champ/0005/05N Curtis 3 31 Poor
Road 33 Poor
12 Very Poor
Champ/00005/05S 3 13 Very Poor
34 Poor
30 Poor
Champ/00006/06E First 3 21 Very Poor
Street 20 Very Poor
16 Very Poor
Champ/00006/06 W 3 25 Very Poor
34 Poor
42 Fair
Champ/00008/08N Logan 1 50 Fair
Road
Champ/00008/08S 1 56 Good
Champ/00009/09E Fourth 1 35 Poor
Street
Champ/00009/09W 1 40 Poor
Champ/00010/10N Chalmers 2 34 Poor
Street 59 Good
Champ/00010/10S 2 39 Poor
51 Fair

(continued on next page)
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I. A sample unit consisting of 20 consecutive images was first
defined. The distress data from the 20 images were added and the
regular sample unit PCI calculated (Column 1).

2. The PCI for each of the 20 individual images was calculated,
and the average of the 20 image PCI values was reported as the 5
percent sample unit PCI (Column 2).

3. The distress data for each pair of two consecutive images were
combined and the PCI of each pair calculated. The average PCI of
the 10 image pairs was reported as the 10 percent sample unit PCI
(Column 3).

4. Steps 1 through 3 were repeated for different image groups to
obtain the PCI values in the remaining columns.

Figure 1 provides a plot of the results for the 10 percent sample
unit size. A constrained least square technique was used to fit a
fourth-degree polynomial through the data. Similar analyses were
completed for the remaining sample unit sizes with the results illus-

TABLE 1 (continued)
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trated in Figure 2. The average change in PCI for each of the sam-
ple unit sizes investigated is plotted in Figure 3. As indicated in
Tables 3 and 4, the change in PCI is less than a few PCI points for
sample unit sizes of +40 percent of the recommended size.

EFFECT OF REDUCING NUMBER OF DISTRESS
TYPES ON PCI FOR ASPHALT ROADS

The PCI is used for pavement evaluation and determination of
maintenance and rehabilitation requirements. The PCI is also used
to project pavement performance and to establish maintenance and
rehabilitation strategies. Therefore, it is imperative that the PCI be
repeatable with a reasonable degree of accuracy.

- The PCI procedure uses 19 distress types for asphalt-surfaced
roads and streets to provide adequate information in all geographi-
cal areas. Some users have expressed interest in reducing the num-

Champ/00011/11E Broadway 2 50 Fair

Road 33 Poor

Champ/00011/11W 2 38 Poor

29 Poor

Champ/00012/12E Broadway 3 37 Poor

Road 44 Fair

42 Fair

Champ/00012/12W 3 42 Fair

43 Fair

44 Fair
Champ/00013/13E Lincoln 5 20 Very Poor

Avenue 36 Poor

' 33 Poor
Champ/00013/13W 5 18 Very Poor

20 Poor

24 Poor

Champ/00014/14N Pennsylvania 2 46 Fair

Avenue 47 Fair

Champ/00014/14S 2 41 Fair

52 Fair

Champ/00015/15E Mattis 3 56 Good

Avenue 41 Fair

31 Poor

Champ/00015/15W 3 26 Poor

26 Poor

47 Fair

Champ/00016/16N Bloomington 3 33 Poor
Road 16 Very Poor

26 Poor

Champ/00016/16S 2 36 Poor
22 Very Poor




TABLE 2 PCI Values and Standard Deviations per Group

Group Condition Index (GCI)
Group Group Group Group
Pvmt. Group Size 1 Group Size 2 Group Size 4 Size § Size 10 Size 20 Size 40
ID mean s mean s mean s mean mean (Nonmal Sample mean
Unit)
02E 68.98 14.83 64.80 16.18 60.40 18.76 59.25 54.50 47
78.4 1058 | 754 5.80 742 3.96 73.75 74.0 73 54
78.95 8.06 77.9 6.05 76.6 2.41 76.75 76.5 76
0w 73.65 12.36 | 70.30 1298 | 674 12.20 66.5 64.5 60
78.35 9.49 76.9 7.43 75.8 6.76 75.25 74.5 72 60
70.1 19.13 | 68.6 18.88 | 63.2 16.07 64 56.5 49
49.6 11.67 | 457 7.79 39.8 6.42 38.75 33.5 31
OSN 539 17.65 | 49.7 18.04 | 414 15.18 40 37.0 33 34
29.15 16.82 | 26.7 17.12 16.2 8.76 12.5 13.5 12
0s5S 33.85 1449 | 29.8 14.60 | 22.0 10.0 21.25 17.5 13
48.5 13.86 | 43.7 12.18 |} 36.8 8.93 37 340 34 19
42.45 11.08 | 383 10.25 | 34.0 11.66 31.25 30 30
O06E 50.35 1849 | 438 21.36 | 33.0 18.26 28.00 26.5 21
36.8 12.54 | 348 10.22 | 286 11.72 30.75 27.0 20 20
41.15 13.70 | 34.5 13.63 | 30.4 15.61 27.25 21.0 16
06w 49.1 15.50 | 43.7 1797 | 386 15.47 36.25 33 25
48.45 8.38 44.9 7.82 39.8 8.58 39.75 37.5 34 29
57.1 1409 | 529 8.72 51 8.37 49.75 46.0 42
08N 65.4 12.68 | 623 12.76 | 58.8 8.02 56.25 s3.0 50
53
08S 72.05 18.58 | 66.6 15.81 63.0 14.63 63.5 58.5 56
09E 56.05 16.97 | 533 16.64 | 47.0 17.0 42.75 39.5 35
38
oW 55.25 10.43 514 1069 | 47.0 10.51 46.0 435 40
10N 62.3 17.74 | 56.7 17.22 | 48.4 13.87 49.75 41.0 34
72.15 6.28 70.2 6.48 68.2 6.53 68.25 65.0 59 42
108 57.1 1597 | 539 16.49 | 48.8 18.57 47.0 42.5 39
62.3 9.02 59 8.45 57.0 7.04 58.0 56.0 S1 40
11E 72.9 16.69 | 69.9 16.19 | 64.8 12.81 64.0 57.5 S0
52.45 10.20 | 47.7 11.68 | 40.2 6.11 38.25 345 33 39

(continued on next page)




TABLE 2 (continued)

Group Condition Index (GCI)

Pvmt.
1D

Group Size 1

mean s

Group Size 2

mean N

Group Size 4

mean S

Group
Size §

mean

Group
Size 10

mean

Group
Size 20
(Normal Sample

Group
Size 40

mean

11W

668
S1.8

12E

583
64.45
60.75

12W

61.0
55.65
57.75

13E

43.9
56.55
50.75
49.95
52.45

13w

53.25
47.1
43.55
47.9
54.75

14N

68.75
68.55

148

53.8
62.75

1SE

68.1
612
57

15W

43.95-
39.6
64.7

16N

59.6
44.75
49.55

168

522
425
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FIGURE 1 PCI of regular sample unit size versus 10 percent sample unit size.

ber of distresses used in the PCI procedure to expedite field inspec-
tion. This section presents an analysis of the effect of reducing the
number of distresses on the PCI values. This study was limited to
comparison of the standard PCI method to a modified PCI method
used by the Metropolitan Transportation Commission (MTC), Oak-
land, California, in its pavement management system implementa-
tion. The MTC is the transportation planning agency for the 103
cities and counties in the San Francisco Bay Area.

Development of MTC-Modified PCI Procedure

The major objectives of MTC were to expedite the pavement
condition survey process and minimize the time required for
training the agency staff who will do the survey, while provid-
ing adequate information to make reasonable maintenance
and rehabilitation decisions. These objectives are addressed by
Smith (7):
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FIGURE 2 Effect of sample unit size on PCI.
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FIGURE 3 Change in PCI versus percent sample unit size.

1. Limiting the distress types in the condition survey procedure
to only those usually found in the area of study or implementation
site; _

2. Limiting the distress types in the condition survey procedure
to only those used to identify maintenance and rehabilitation needs
in the area of study or implementation site;

3. Combining less common distress types based on distress cau-
sation and maintenance requirements; and

4. Developing a sampling technique to expedite the inspection
process.

Since more than 95 percent of pavements maintained by cities and
counties in the MTC area have bituminous surfaces (8), only flexi-
ble surfaced pavements were initially included in the system. An
analysis of the prevailing distress types occurring in the MTC cities
resulted in the compilation of seven key distresses to be used for
PCI calculation. These distress types were identified as those that
are useful in determining maintenance and rehabilitation needs at
the network and project levels. The MTC-modified PCI procedure
preserves the rating scale of 0 to 100 and the distress deduct curves
used in the conventional PCI procedure. Table 5 presents a list of
distress conversions and deduct curves used.

Comparing Modified MTC PCI and Standard PCI
Procedure

A software program was developed to recalculate each PCI in a
given Micro PAVER data base according to the MTC procedure.
The distress types in each sample unit were converted to one of the
seven MTC distresses. The program was used with several Micro
PAVER data bases from military installations and cities. Table 6
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Relative Sample Unit Size (%)

shows summary statistics for several of the data bases. Figures 4 and
5 illustrate the PCI differences for sample units and for entire sec-
tions, respectively.

CONCLUSIONS AND RECOMMENDATIONS

The two main objectives of this study were (a) to determine the
effect of sample unit size on the PCI value and (b) to determine the
impact of PCI value when distress types are consolidated.

Previously completed pavement condition surveys (limited to
asphalt-surfaced roads), using pavement surface photography ana-
lyzed for distress with the Auto PAVER image-processing soft-
ware, were used in this study. The PCI was calculated for 61 sam-
ple units inspected (approximately 1,220 images). Figure 3 depicts
the average effect of sample unit size on the PCI value; however, it
should be noted that the effect of sample unit size on the PCl is also
a function of the PCI value of the pavement as indicated in Figure
2. Currently, the guidance is to use a sample unit size equal to 230
m? (2,500 ft?) = 40 percent. This guidance is acceptable and will
provide a PCI value that is * two points of the recommended sam-
ple unit PCL It is important to recognize that the comparison was
based on digitized images. These results may be different if the
comparison was based on traditional visual surveys.

The effect of consolidating distress types on the PCI is summa-
rized in Table 6 for several data bases. The difference in PCI is very
dependent on the data base and the types of distresses that exist in
any specific site or region. It is evident from Table 6 that there is
deviation from the true PCI when reducing the number of distresses.
Each agency will have to assess the benefit of reducing the number
of distresses versus the deviation from the true PCI.




TABLE 3 PCI for Different Sample Unit Sizes

Group Size 1 Group Size 2 | Group Size 4 | Group Size 6 | Group Size 10 | Group Size 20 | Group Size 40
Regular Sample Unit PCI 5% 10% 20% 26% 50% 100% 200%
12 29.15 26.7 16.2 12.5 13.5 12
13 33.85 29.8 22 21.25 17.5 13
14 14 14
16 44.75 37.7 31.2 30 19.5 16
16 41.15 34.5 30.4 27.25 21.0 16
17 17
18 53.25 48.6 26.2 24.5 18.0 18
19 19 14
20 47.1 38.4 25.6 26.25 23.5 20
20 43.9 38.5 30.6 29.5 24.0 20
20 36.8 34.8 28.6 30.75 27.0 20
21 50.35 43.8 33 28 26.5 21 20
22 42.5 39.6 34 32 26.5 22
24 43.55 a7.7 37.7 29.5 24.5 24 19
25 49.1 43.7 38.6 36.25 33.6 25 17
26 43.95 38.8 31.2 29.5 27.0 26 24
26 49.55 40.7 31.8 30.76 28.0 26
26 39.6 33.6 33 32.25 28.0 26
27 27 28
28 28 29
29 29 25
29 51.8 45.8 40.4 39.25 33.5 29
29 47.9 42.2 35.2 35.75 31.0 29 29
30 30 30
30 42.45 38.3 34 31.26 30.0 30 28
31 49.6 45.7 39.8 38.75 33.5 31
31 57 50 41.6 40.76 30.0 31
32 32 34
33 53.9 49.7 41.4 40 37.0 33
33 59.6 56.2 61.2 48.5 45.0 33
33 52.45 47.7 40.6 38.25 34.5 33
33 50.75 45.9 42.2 41.75 35.5 33
34 485 43.7 36.8 37 34.0 34 33
34 48.45 44.9 39.8 39.75 37.5 34
34 62.3 56.7 48.4 49.76 41.0 34 35
35 56.05 53.3 47 42.75 39.5 35
35 54,75 52.5 45.2 44 38.0 35
35 49.95 45 40.4 39.75 37.0 35
36 52.2 49.9 44.4 43.5 42.5 36
36 56.55 53.5 47.8 47 41.5 36
37 58.3 52.5 47.4 46 39.0 37
37 52.45 50.1 44.6 43 40.0 37 38
38 66.8 64.4 60.4 59.25 56.5 38
39 57.1 53.9 48.8 47 42.5 39 36
40 565.25 51.4 47 46 43.5 40 39
41 53.8 51.2 48.2 47.5 45.0 41 40
41 61.2 56.1 49.4 50 46.0 41 39
42 67.1 52.9 51 49.75 46.0 42
42 60.75 56.5 54 653.76 49.0 42 40
42 61 55.8 52.4 49 46.5 42
43 43 38
43 55.65 51.2 47 45.25 43.5 43 39
44 $7.7% 53.5 49.6 48 47.0 44
44 64.45 59.6 55.6 54.25 49.0 44
45 45 40
46 68.75 63.8 61 59 55.0 46 42
47 68.55 62.9 58.8 58 64.0 47 42
47 68.95 64.8 60.4 69,25 54.5 47
47 64.7 57.1 50.8 51.75 48.0 47 39
49 70.1 68.6 63.2 64 56.6 49 43
50 72.9 69.9 64.8 64 57.5 50
50 65.4 62.3 58.8 56.25 53.0 50
51 62.3 59 57 58 56.0 51
52 62.75 61.8 60.6 59.5 59.0 52
53 53 43
56 72.05 66.6 63 63.5 58.5 56 53
56 68.1 64.6 64.2 59.75 59.5 56
59 72.15 70.2 68.2 68.25 65.0 59
60 73.65 70.3 67.4 66.5 64.5 60 54
66 66 60
70 70 67
72 78.35 76.9 75.8 75.25 74.5 72
73 78.4 75.4 74.2 73.75 74 73
76 78.95 77.9 76.6 76.75 76.5 76




TABLE 4 Change in PCI for Different Sample Unit Sizes

Group Size 1/Group Size 2|Group Size 4|Group Size §|Group Size 10 |Group Size 20 |Group Size 40
Regular Sample Unit PCI 5% 10% 20% 25% 50% 100% 200%
12 17.15 147 42 05 15 0
13 20.85 16.8 9 8.25 45 0
14 0 0
16 28.75 217 15.2 14 35 0
16 2515 185 144 11.25 5 0
17 0
18 3525 306 82 6.5 0 0
19 0 -5
20 271 184 56 625 35 0
20 239 185 10.6 95 4 0
20 16.8 148 86 10.75 7 0
21 2935 2238 12 7. 55 0 -1
22 205 176 12 10 45 0
24 19.55 137 13.7 55 05 0 5
25 241 187 136 11.25 85 [4] -8
26 17.95 12.8 52 35 1 0 -2
26 2355 147 58 475 2 0
26 13.6 76 7 6.25 2 0
27 0 1
28 0 1
29 0 -4
29 22.8 168 11.4 10.25 45 0
29 18.9 132 6.2 6.75 2 0 0
30 0 0
30 12.45 83 4 1.25 0 0 -2
31 18.6 147 88 7.75 25 0
31 26 19 10.6 9.75 -1 0
32 0 2
33 209 16.7 8.4 7 4 0
33 266 232 18.2 155 12 0
33 19.45 147 76 525 15 0
33 17.75 12.9 9.2 B.75 25 0
34 145 97 28 3 0 0 -1
34 14.45 10.9 58 575 35 0
34 28.3 227 14.4 1575 7 0 1
35 21.05 18.3 12 7.75 45 0
35 19.75 175 10.2 9 3 0
35 14.95 10 5.4 475 2 0
36 16.2 13.9 84 7.5 6.5 0
36 20.55 175 11.8 11 55 0
37 213 155 10.4 9 2 0
37 15.45 13.1 76 6 3 0 k]
38 28.8 26.4 24 21.25 185 0
39 18.1 149 9.8 8 35 0 -3
40 15.25 1.4 7 6 35 0 -1
41 12.8 10.2 7.2 65 4 4] -1
41 202 151 8.4 9 S 0 -2
42 15.1 109 [£] 7.75 4 0
a2 1875 145 12 1175 7 0 2
42 19 13.8 10.4 7 45 0
43 0 5
43 12.65 8.2 4 2.25 05 0 -4
44 13.75 95 56 4 3 0
44 20.45 15.6 11.6 10.25 5 0
45 0 5
45 2275 17.8 15 13 9 0 -4
47 21.55 159 11.8 11 7 0 -5
47 21.95 178 13.4 1225 75 0
47 17.7 10.1 38 475 1 0 -8
49 2119 19.6 14.2 15 75 0 5
50 229 19.9 14.8 14 75 0
50 154 123 8.8 6.25 3 0
51 11.3 8 [ 7 5 0
52 10.75 98 86 75 7 0
53 0 -10
56 16.05 10.6 7 75 25 0 -3
56 121 86 8.2 375 35 0
59 13.15 112 92 925 6 0
60 13.65 103 7.4 65 45 0 -6
66 0 6
70 0 -3
72 6.35 49 38 325 25 0
73 5.4 24 1.2 0.75 1 0
76 2.95 19 0.6 0.75 0.5 0
Average 18.74 14.46 $.17 ~7.92 412 0.00 291




TABLE 5 Distress Conversion

Transverse Cracking

Edge Cracking (Low and Med. Severity)

Joint Reflection Cracking

Reduced List Micro PAVER Distresses Deduct Curves Used
Alligator Cracking Alligator Cracking Alligator Cracking
Potholes
Slippage Cracking
Edge Cracking (High Severity)
Block Cracking Block Cracking Block Cracking
Distortions Corrugations Corrugations
Bumps and Sags
Shoving
Swell
Longitudinal & Longitudinal & Transverse Cracking Longitudinal &

Transverse Cracking

Railroad Crossing

Patching (& Utility Cut | Patching (& Utility Cut Patching) Patching
Patching)
Rutting & Depressions Rutting & Depressions Rutting
Weathering & Raveling | Weathering & Raveling Weathering & Raveling
Not Counted Bleeding
Lane/Shoulder Drop-Off
Polished Aggregate

TABLE 6 Summary of Statistics Between Standard PCI and MTC PCI (Consolidated

Distress PCI)
Database Difference, Difference, Difference,
Absolute Mean Arithmetic Mean Standard

Deviation
Fort Lee, VA 397 0.61 6.27
Oakdale 423 2.56 4.98
USACERL 4.67 3.98 4.63
Fort Leonard Wood, MO 6.78 7.17 6.28
Pinellas Park, FL 1.00 0.23 3.19
Rockland, NY 2.79 0.46 4.86
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Metropolitan Planning Organizations and
Pavement Management: The Massachusetts

Experience

CORNELIUS W. ANDRES AND MATTHEW TURO

Management system mandates contained in the Intermodal Surface
Transportation Efficiency Act of 1991 (ISTEA) quadrupled the road-
way mileage that must be included under a pavement management sys-
tem (PMS) in Massachusetts. Most of the additional mileage is local
jurisdiction roadways that are eligible for Surface Transportation Pro-
gram funds under ISTEA. To handle this additional responsibility, the
Massachusetts Highway Department is working cooperatively with the
commonwealth’s metropolitan planning organizations (MPOs). This
partnership is in keeping with the spirit of ISTEA and takes advantage
of Massachusetts MPOs’ experience in pavement management as well
as local agency investments in pavement management systems. An
appropriate interagency PMS is being developed to address planning,
programming, budgeting, design, and maintenance requirements of a
roadway network composed of various classes of pavement under the
control of many jurisdictions. This is being accomplished by harmoniz-
ing (making the individual systems work together) rather than by stan-
dardizing a single PMS. The PMS is being integrated into a geographic
information system data base shared by other management systems.

Several years ago, the Massachusetts Highway Department began
the process of developing a statewide pavement management sys-
tem (PMS). This effort was being accomplished in cooperation with
regional and local agencies. Since that time, federal legislation has
mandated that each state have a pavement management system for
all roadways eligible for federal aid, regardless of jurisdiction. This
includes all public roadways except for rural minor collectors and
local roadways. This legislation, the Intermodal Surface Trans-
portation Efficiency Act (ISTEA), has acted as a catalyst to accel-
erate the development of the statewide pavement management sys-
tem. In two years, it will have quadrupled the number of miles that
must be included in the state’s PMS.

This paper describes how Massachusetts is unifying state,
regional, and local pavement management efforts so that they pro-
vide consistent data for the statewide PMS. Consistency is required
to determine overall network condition and to assess the priorities
of projects from all regions of the state.

The state, however, did not want to achieve this consistency at the
cost of compromising the individuality of the existing PMSs, which
use various software packages. These software packages have been
refined over time and rely on specific condition survey procedures.
The procedures range from automated data collection at the state
level to windshield surveys at the local level. The various software
packages trigger actions (candidate projects) based on specific crite-
ria. If condition data are not appropriate, the ability of the PMSs to
accurately predict actions and budgets may be severely diminished.

C. W. Andres, Town of Bourne Public Works, P. O. Box 290, Buzzards Bay,
, Mass. 02532. M. Turo, Massachusetts Highway Department, 10 Park Plaza,
4th Floor, Boston, Mass. 02116-3973.

The state, therefore, chose to harmonize the individual pavement
management systems (make the systems work together) rather than
mandate a standardized system because there is no single pavement
management system that is appropriate for all agencies. Addition-
ally, standardization is politically difficult. Local and regional agen-
cies have a great deal invested in their individual systems. Stan-
dardization would also be financially devastating to many private
consultants who have developed PMS software.

BACKGROUND

The Commonwealth of Massachusetts comprises 351 cities and
towns. These are contiguous jurisdictions with no unincorporated
land between them. Each has responsibility for the local public
roadways within its jurisdiction. There are 14 counties in the state.
These counties, with a few exceptions, are an archaic level of gov- -
ernment with few responsibilities. They are not responsible for
roadway maintenance. The state is also divided into 13 regional
planning areas that, in most cases, do not follow county bounds.
There is a regional planning agency (RPA) for each of these areas.

All the regional planning areas, except for three, include urban-
ized areas with populations of over 50,000 people and are thus man-
dated to have metropolitan planning organizations (MPOs). In
Massachusetts, the MPOs are generally composed of the RPA, the
regional transit authority, the Massachusetts Highway Department,
and the Executive Office of Transportation (/). The three regional
planning areas that are not MPOs have been organized as informal
MPOs and will hereafter be referred to as MPOs. The transportation
staffs of the RPAs are the recipients of transportation planning
funds provided to the state by the FHWA. The RPAs provide tech-
nical assistance to the local communities and serve as the trans-
portation planning staff of the MPO. ISTEA also recognized the
usefulness of this regional approach and mandated MPO involve-
ment with pavement management.

There are five district offices of the Massachusetts Highway
Department (MHD). Their bounds are not common with those of
the counties or RPAs.

Available Resources
State

The Massachusetts Highway Department Pavement Management
Section was established in November 1986. Its main purpose is to
coordinate the pavement-related activities involved in planning,
design, construction, maintenance, research, and rehabilitation. It is
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staffed by six full-time engineers. The Pavement Management Sec-
tion has an automatic road analyzer (ARAN), skid testing unit, and
a falling weight deflectometer. Organizationally, the MHD has a
fully equipped materials laboratory and a pavement design and
engineering section.

MPO

The transportation staffs of the MPOs are primarily planning staffs.
Given that several jurisdictions control the roadways in any region,
it is reasonable that the MPOs could serve a necessary and coordi-
nating role in network-level pavement management. This role has
been described as “ranging from that of an ‘initiator’ or ‘facilitator’
to that of a ‘coordinator’ or ‘doer’ ” (2). The MPOs, however, are
not organized to handle the detailed engineering requirements of
pavement management. They typically turn to the state highway
agency (SHA), technology transfer center, local engineering depart-
ments, or private consultants for this type of assistance.

In the early 1980s, the MPOs in Massachusetts started to assist
local communities with implementing PMSs. Typically, the MPO
would provide training, analysis, reports, and presentations to local
officials. The local community would collect data. Some MPOs
pooled these local efforts to estimate regional needs (3). The recent
ISTEA pavement management mandate has focused MPO
resources toward examining all federal-aid roadways in their juris-
dictions rather than all the roadways under the control of specific
municipalities. This new direction, however, takes advantage of the
previous pavement management efforts, as well as the MPOs’
familiarity with independent local pavement management efforts in
their regions.

Local

There is tremendous variation in the resources and abilities of the
local highway agencies. They range from cities with engineering
and maintenance staffs to small maintenance departments run by
working foremen. Massachusetts has encouraged pavement man-
agement at these local agencies through the regional efforts
described above, as well as through its pavement management pol-
icy (4). This policy, which was established in 1989, allows local
highway agencies to use state-aid funds to establish PMSs.

Coordination

The state PMS works cooperatively, through the MPOs, with the
more advanced local agencies, some of which have established
PMSs. This avoids duplication of effort. In the smaller communi-
ties, which may have only a few federal-aid roadways within their
jurisdictions, the MPOs coordinate data collection, which is per-
formed by MPO staff, summer engineering interns, or contracts
with private consultants. MPO coordination ensures consistent data
collection.

ISTEA Requirements

This section describes parts of the Intermodal Surface Transporta-
tion Efficiency Act that are relevant to the development of Massa-
chusetts’s statewide PMS.
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Section 1024. Metropolitan Planning

23 USC 134(f) contains factors to be considered (in the develop-

ment of long range plans):

(1) Preservation of existing transportation facilities;

(9) The transportation needs identified through the use of the
management systems; and

(12) The use of life-cycle costs in the design and engineering of
bridges, tunnels, and pavements.

Section 1025. Statewide Planning

23 USC 135(b) addresses coordination with metropolitan planning,
the state implementation plan. In carrying out planning under this
section, a state shall coordinate such planning with the transporta-
tion planning activities carried out under Section 134 of this title for
the metropolitan areas of the state.

23 USC 135(c) covers the state planning process. Each state shall
undertake a continuous transportation planning process that shall,
at a minimum, consider the following:

(1) The results of the management systems required pursuant to
Subsection (b) (see above);

(5) The transportation needs of the nonmetropolitan areas
through a process that includes consultation with local elected offi-
cials with jurisdiction over transportation;

(15) The transportation needs identified through use of the man-
agement systems required by Section 303 of this title;

(18) Long-range needs of the state transportation system; and

(20) The use of life-cycle costs in the design and engineering of
bridges, tunnels, and pavements.

Section 1034. Management Systems

(a) The states shall develop pavement management systems. In met-
ropolitan areas, the management systems shall be developed and
implemented in cooperation with the MPOs; 500.107 (From Pro-
posed Rule Making for Management Systems):

(a) Each state shall have procedures, within the state’s organiza-
tion, for coordination of the development, establishment, and imple-
mentation of the management systems. The procedures must
include an oversight process to ensure that adequate resources are
available for implementation and that target dates of the systems are
complementary so that the outputs of all the systems can be given
timely consideration in the development of metropolitan and
statewide transportation plans and programs.

(d) Each state shall be responsible for overseeing and coordinat-
ing such activities.

STATEWIDE PMS OVERVIEW

The procedure with which Massachusetts will meet the require-
ments set forth in ISTEA incorporates the evaluation and inventory
of the entire federal-aid eligible highway system in the state—
regardless of jurisdiction. This statewide-PMS also includes link-
ages with a central computerized geographic information system
(GIS) data base, the development of economic models and budgets,
procedures to assess the priorities of pavement maintenance and
rehabilitation projects, and an institutional framework for the
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statewide PMS. Figure | presents the activities at both the state and
MPO levels that are required to proceed from a network evaluation
to the development of rehabilitation projects and needs.

As indicated in Figure 1, the responsibilities for evaluating and
analyzing the federal-aid roadway system have been divided
between the state highway agency and the MPOs. The state will sur-
vey all roadways that can be tested with the department’s ARAN.
These roadways include the entire national highway system (NHS)
and other roadways that are eligible for Surface Transportation Pro-
gram (STP) funds. The MPOs will be responsible for the coordina-
tion of data collection for the remainder of the federal-aid system.
As previously stated, this will include gathering data from the more
advanced local agencies that already have acceptable pavement
management systems, as well as obtaining data for the roadways in
communities that do not yet have an acceptable PMS.

Because each PMS has distinctive data requirements for trigger-
ing treatment selection, all data will be analyzed using the PMS for
which they were collected. Analyzing the condition data within the
respective system keeps the individual integrity of each PMS intact.
Correlating condition data to a standardized index before analysis
would severely diminish the strengths of each individual system.
These strengths include features such as triggering actions based on
the type of distress, drainage conditions, or curb reveal (insufficient
curb reveal can prohibit certain actions in urban areas). During this
phase of network-level analysis (conducted by the state for national
highway system roadways and the MPOs for Surface Transporta-
tion Program roadways), potential treatments for candidate projects
and estimates of overall budget needs are developed. Treatment
selection will, of course, be based on costs and pavement perfor-
mance for typical pavements in the region.
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Based on this analysis, the state will forward candidate projects
and cost estimates for local roadways evaluated with its ARAN to
the MPOs for inclusion in estimates of their regional needs. The
candidate projects will then be refined through project-level analy-
sis conducted by qualified personnel (town engineers, state-aid
engineers, MPO staff, consultants, etc). The MPOS will, in turn,
forward the network-level project list for state roadways to the state
for inclusion in estimates of state highway needs. Project-level
analysis will then be carried out at the district level of the Massa-
chusetts Highway Department.

Until this point, emphasis has been placed on developing a list of
candidate projects and determining network-level budget needs.
However, to observe existing and projected statewide conditions,
and to assess priorities across the state, a uniform measure of pave-
ment condition must be developed. This is the point at which the
individual systems will be harmonized. This will be accomplished
through a correlation of condition surveys. In Massachusetts, this
task requires the correlation of the condition ratings of the three
most common PMSs to the SHA’s PMS. The harmonized condition
data will be used by the SHA to assess network conditions and to
develop a ranking of all NHS and STP projects to determine
regional funding requirements.

Eventually, through the statewide and metropolitan planning
processes (which consider the results of the other management sys-
tems), projects will be programmed for construction. After con-
struction, the PMS data base will be updated with “as-built” data.
The SHA will be responsible for maintaining historical records for
its pavements. The MPOs will serve as regional repositories for the
historical roadway records of all other federal-aid roadways within
their jurisdictions. This regional approach offers the advantage of
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Y Y
MHD RPA
RESPONSIBILITIES RESPONSIBILITIES
T |
\ 4 \ 4
NHS 7 NON-NHS NHS 7 NON-NHS
NETWORK EVALUATION NETWORK EVALUATION
NON-NAS MHD MAINTENANCE /|
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: SECTIONS SECTIONS
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FIGURE 1 Massachusetts pavement management activities.
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allowing the pooling of regional deterioration data so that accurate
multiyear projections can be made quickly. Obviously, feedback
will be crucial and necessary to ensure the credibility and reliabil-
ity of the overall PMS process.

COORDINATION WITH OTHER MANAGEMENT
SYSTEMS

Coordination with other management systems is being accom-
plished through the use of a shared GIS platform. This approach is
a natural outgrowth of previous work efforts mandated by ISTEA.
It also takes advantage of the latest technology available for trans-
portation planning.

Massachusetts began the coordination of the management sys-
tems by accomplishing the revision of the urban-rural boundaries
and the functional classification update with the GIS system. The
completion of these steps determined the federal-aid roadway net-
work that the statewide PMS had to address. Existing state inven-
tory numbers were attached to the roadway segments in the GIS so
that existing attribute data, such as lane width, pavement type, and
jurisdiction, could be attached. The functionally classified network
has also been used for transportation modeling purposes. Traffic
monitoring, safety, bridge, public transportation, and intermodal
facilities data also share a common GIS platform.

The results of all the management systems will be examined
through the planning process. It is anticipated that coordination of
condition, capacity, safety, and mobility factors identified through
the respective management systems will provide valuable informa-
tion to decision makers.

CONCLUSIONS

e PMSs must fit into institutional systems. In Massachusetts, the
PMS fits into the existing MPO structured regional planning arrange-
ments. This appreach is practical and fully consistent with ISTEA.
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e Massachusetts chose to harmonize the individual pavement
management systems (make the systems work together) rather
than mandate a standardized system because no single pavement
management system is appropriate for all agencies. Various pave-
ment management software packages are used to develop candi-
date projects and cost estimates. The distress indexes of the indi-
vidual PMS software packages will then be correlated to the state
condition index. This allows comparison of the condition of dif-
ferent roadway segments without compromising the ability of the
individual network-level PMS software packages to predict poten-
tial treatment.

e PMSs can share a common data base with other management
systems. The roadway inventory portion of the statewide PMS
development was based on the urban-rural boundary revision and
functional classification update requirements of ISTEA. These
efforts resulted in a GIS data base that is shared with the other man-
agement systems.

e Communication between agencies is essential. In Massachu-
setts, communication was facilitated by establishing user groups
(pavement management and transportation modeling) for regional
agencies. These organizations have fostered communication
between the state and the regions and helped to reduce institutional
barriers.
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Network-Level Analysis of Staged
Pavement Rehabilitation and

Reconstruction

VERA M1juskoviC, DRAGAN BANJEVIC, AND GORAN MLADENOVIC

An analysis of the influence of the staged construction on the overall
network condition was performed. It investigates the relations between
strategies concerning the sequence of rehabilitation works for one-step
and staged construction. The road network pavement deterioration and
repair were described by means of a controlled nonhomogeneous
Markov process. The influence of initial network condition on final con-
dition and users’ costs for both one-step and staged construction was

studied. It was concluded that the basic relations between strategies for

one-step construction remained unchanged in the case of staged con-
struction. Also, there was no difference between the effects considered
(backlog, extra users’ costs and extra routine maintenance costs) of two
types of construction in the first 15 years of a 20-year design period. No
reason has been found to improve a greater part of network by measures
of shorter service life instead of improving a minor part of network by
measures of longer service life.

Quality improvements of a road network in very poor condition are
usually limited by budgetary constraints. Although project-level
analysis, based on life-cycle costs, has indicated that staged con-
struction is not profitable, highway officials are often forced into
repairs with shorter service lives and postponement of achieving
excellent condition. Other studies have proved that “what is the best
for the section must not be the best for the whole network™ (7,2).
Thus, the basic aim of investigations described hereafter was to
compare the network-level effects of two ways of producing a high-
quality pavement: one-step and staged construction.

The network-level pavement performance prediction model,
used to describe the interdependence between pavement quality and
preservation strategy for one-step construction, has already been
presented in previous studies (3,4). Only the basic characteristics
needed to understand the adaptations made for staged construction
simulation will be presented herein. Since the model deals with
strategies defined as principles, it is as simple as possible. For prac-
tical use, it has to be widened and calibrated.

MODEL DESCRIPTION FOR ONE-STEP
CONSTRUCTION

Road networks are classified according to pavement type, pavement
width, design period, and traffic volume. Pavement condition on the

V. Mijuskovic, Faculty for Traffic-and Transport Engineering, University of
Belgrade, Vojvode Stepe 305, 11000 Belgrade, Yugoslavia. D. Banjevic,
University of Toronto, 100 St. George Street, Toronto, Ontario MSF1A1. G.
Mladenovic, Civil Engineering Faculty, University of Belgrade, Bulevar
Revolucije 73, 11000 Belgrade, Yugoslavia.

part of a network of the same type, same width, and in kth class of
traffic volume in a year i is described by state vector a:

o =[a|'0,k Ok Oiag 00k Carg Qg ai&k] 8]
where

oo, = the contribution of new, strengthened, and reconstructed
road sections in excellent state;

o, . = the contribution of new, strengthened, and reconstructed
road sections in excellent state after one treatment with a
thin layer;

o, = the contribution of new, strengthened, and reconstructed
road sections in excellent state after two treatments with
thin layers;

oo, = the contribution of new, strengthened, and reconstructed
road sections without surface treatment in good state;

o, = the contribution of new, strengthened, and reconstructed
road sections with one thin layer in good state;

o, = the contribution of roads in fair state; and
oy, = the contribution of roads in poor state.

Pavement condition classes are delimited by values of any index
or group of indicators that serve as standards for particular types of
interventions.

Another group of s vectors describes the percentile distribution
of road length, in particular age classes with an increment of 1 year,
separately for originally constructed pavement and separately for
every type of improvement (Figure 1).

There are three types of interventions aimed at bringing the pave-
ment into excellent condition:

e Improvement from good to excellent condition by applying
surface treatment or thin layers (whose minimum and maximum
depths depend on traffic load class or constructibility);

¢ Improvement from fair to excellent condition by rehabilitation;
and

e Improvement from poor to excellent condition by reconstruc-
tion.

Markov processes are used to forecast pavement deterioration on
the entire network. As there are only four pavement condition cat-
egories for which excellent condition comprised a long period on
the rating plot, inhomogeneous chains were chosen. To treat deteri-
oration and repair as parts of a unique process, controlled chains
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FIGURE 1 Calculation of transition probabilities based on age vectors.

were adopted. The probabilities needed for the transition matrix are
calculated for every year by summing the corresponding classes of
the age vectors. There is no obstacle to introducing semi-Markov
processes if the required data are available. Six strategies concern-
ing priorities were considered. Four of them were with fixed prior-
ities, and two were with optimal choice according to investor’s and
users’ points of view. The quantity of repair work was determined
in the frame of the given equal or unequal amounts of annual bud-
get. Six strategies were considered:

1. Best-first—sections in good condition are improved first fol-
lowed by sections in fair and poor condition;

2. Proportional—the length of repaired roads is in proportion to
their contribution in particular condition classes;

3. Involving standards—the part of the road length under the
allowed quality standards is improved first, the remaining budget is
spent according to the best-first strategy;

4. Worst-first—sections in poor condition are improved to excel-
lent condition, followed by sections in fair condition, and finally
sections in good condition;

5. Optimal investor’s—the priority sequence is defined by opti-
mization according to the “minimal backlog” criterion, where back-
log represents the total needed to bring the entire network into
excellent condition in 1 year;

6. Optimal users’—the priority sequence is defined by opti-
mization according to the criterion of minimal extra users’ costs
caused by imperfect pavement condition.

The second and the third strategy have only practical meaning, so
only the results of the first, fourth, fifth, and sixth are presented in
the paper.

Three different indicators of effects for every strategy mentioned
above have been considered.

Backlog

Backlog represents the total needed to improve the entire network
to an excellent condition. The general idea of backlog as a measure
of effects was taken from Bates’s pavement management forecast-
ing (PMF) model (5). Compared with the other criteria used in the
network-level optimization systems, backlog has some advantages
that must be respected:

e It is easily understandable to decision makers who are not
experts in highway engineering;

e Savings in backlog can be discounted during the analysis
period and added to other types of savings (i.e., the profitability
indicators may be calculated); and

e [t is very convenient for the optimization process.

Extra Users’ Costs

Extra users’ costs are additional costs caused by nonperfect condi-
tion of pavement surface. The basic target of any traffic network
improvement is to lower transportation costs. We also must be
aware that these costs are dispersed on millions of users and auto-
matically incorporated in the price of every article, while it is
extremely difficult for the road manager to generate the money from
different sources. This is probably why vehicle operating costs are
not included in many pavement management systems. They exist
mostly in the systems developed by the World Bank as well as sev-
eral European countries, such as Norway and Finland (6). In 1987,
the Organization for Economic Cooperation and Development
(OECD) Scientific Expert Group for Pavement Management (7)
“recognize[d] that user costs are an important factor in economic
analysis, [but] it is common practice to exclude all or part of these
costs from decision-making models for the following reasons:
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—Precise quantitative data [are] not presently available

—Extremely high relative level of these costs may lead to
maintenance norms being selected that are incompatible
with budget constraints . . .

—Reduction in users’ costs does not necessarily lead to an
increase in the funds available for maintenance . . . .

“The . . . serious omission in most existing pavement manage-
ment methods is their apparent failure to specify a quantifiable
statement of goals and objectives that compares the positive and
negative impacts of pavement states, intervention levels, and tech-
nique on all concerned parties—i.e., highway authorities, users and
community at large. . . . Particularly important is the lack of con-
sideration given to quantifying the impacts on users’ costs of pave-
ment management decisions.”

We had in mind several facts when deciding to introduce these
costs. (a) Extensive investigations have been performed in this field
from the time this report was written and their results were suc-

cessfully implemented. (b) The definition of total life-cycle costs of

a highway project in European and World Bank contractor countries
comprises costs of investment (initial construction), maintenance
(routine maintenance plus reinvestment, i.e., rehabilitation), users’
costs (time, operating, discomfort), and social costs (traffic disrup-
tion, accident and environmental costs). Different countries use dif-
ferent numbers for these particular costs according to the extent and
accuracy of their data banks. (c) The criteria for the network-level
management must be as close as needed to the project level if we
consider both as stages and accuracy levels of a unique process. (d)
These costs may be decisive by choosing the sections when all the
other effects are equal.

We neglected some redistribution of traffic caused by improve-
ment of pavement quality and assumed that only changes in costs
due to changes in roughness and slipperiness are decisive for the
rehabilitation strategies. Thus, we calculated the increase in vehicle
operating costs related to the costs on a harsh and even pavement
by means of vehicle operating cost (VOC) Module 4 of HDM-III
(8). Using only the additional users’ costs, we hope to overcome an
eventual error caused by the inconvenience of the VOC module for
the saturated traffic flows that we also considered.

Extra Routine Maintenance Costs

Occasionally, additional expenditures related to the costs of the rou-
tine maintenance of excellent pavement are needed to provide the
viability without improving its condition. The proportion between
routine maintenance costs for pavements in particular condition cat-
egories is almost the same as that between corresponding rehabili-
tation costs, so the priority sequence is the same as when backlog is
an optimization criterion. How quickly pavement deteriorates
depends largely on the routine maintenance level, but no quan-
tification of such relationships was available to us. So they are only
one of the effects considered to enable further economic calcula-
tions.

The pavement lifetime spent in a particular condition, as well as
the service life of repair measures (i.e., pavement performance
curves), may be defined by the user. Any deterioration model may
be adopted in such a way. The data for pavement lifetime in initial
considerations were taken from Bates’s PMF model (5). The
AASHTO and HDM-III curves were included later. The effects
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shown in this paper are calculated according to PMF data because
they correspond to the asphalt concrete HDM-III curve for regional
factor cca 0.65, which is not far from the recommendations for our
region. The substantial differences we found between the AASHTO
and HDM-III performance curves adapted for the same year of fail-
ure with the aforementioned regional factor (using the Sayers cor-
relations for roughness) represent two facts: (a) longer service life
in excellent condition and (b) some slower deterioration of pave-
ment structure for minor traffic volume, both in the HDM-III
model.

Knowing that according to the PMF model the “best-first” strat-
egy was always the best, we searched a set of input data that would
possibly give some other priority sequence from any point of view.
Thus, we adopted a few hypothetical combinations that represent
only a frame in which data could appear. In reality, the highest con-
tributions usually make good pavements.

The combinations adapted are as follows:

¢ Initial general network condition
—Good: 65% excel. 20% good 10% fair 5% poor pavement
—Fair: 25% excel. 25% good 25% fair 25% poor pavement
—Poor: 5% excel. 10% good 20% fair 65% poor pavement
¢ Pavement performance curve expressed as a length of service
periods spent in particular conditions
—PMF
—AASHTO
—HDM-III (m = 0.65)

e Funding levels of $1,200, $2,400, $3,600, $4,800, and
$6,000/km/year. For a funding level of $2,400/km/year the follow-
ing alternatives were considered:

—$2,400 $/km/year
—$4,800/km every second year
—$7,200/km every third year

Backlog functions as a consequence of different pavement reha-
bilitation strategies on the poor network are presented in Figure 2.
The optimal users’ strategy is identical to the best-first strategy;
optimal investor’s provides slightly better results. The step-by-step
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FIGURE 2 Backlog for $3,600/km/year budget as a function of
different strategy implementations.
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analysis showed that sections in fair condition are given first prior-
ity under the investor’s strategy. Though backlog is almost the same
for the three better strategies, pavement condition obtained by those
strategies is quite different (Figure 3).

Figures 4 and 5 show backlog and extra users’ costs, respectively,
depending on strategy and initial network condition. The shape and
general orientation of both effects are the same. Whatever the ini-
tial network condition, after a long enough period they will have the
same values depending only on the budget level. The ninth year of
the good network function is interesting for managers; a serious
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FIGURE 4 Backlog for $2,400/km/year budget and different
initial network conditions.

investment must be made at this time. The effects of different bud-
geting levels are presented in Figure 6.

Based on results of strategy comparison for one-step construc-
tion, several general conclusions were reached.

¢ The effects of the best-first, optimal investor’s, and optimal
users’ strategies are very close; the differences are under the level
of accuracy for the model itself.

e The effects of the worst-first strategy are much worse than the
effects of the other three strategies (Figures 2 and 3), and the steady
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FIGURE 5 Extra users’ costs for $2,400/km/year budget and
different initial network conditions.
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FIGURE 6 Inﬂuénce of budget level on poor initial network condition.

state begins after the service life of “the youngest” pavement has
expired.

e The initial network state has no great influence on the state
after 10 years; the available resources are decisive (Figures 4~6).

e Backlog is the most favorable criterion.

It must be pointed out that in the steady state process, no improve-
ment can be expected without additional resources.

ADAPTATION OF MODEL TO STAGED
CONSTRUCTION

Two types of questions dealing with the staged construction must
be answered:

e Are the effects of staged construction better or worse than
those of one-step construction when considered at the network
level? and

¢ Have the strategies been numbered before the same priority
sequence as in one-step construction?

Staged construction is more difficult to define at the network
level than at the project level. In this study, staged construction
was defined as raising the quality level in two steps. In the first step,
all the segments in fair and poor condition are brought into good
condition by repair measures with shorter service lives; in the
second step, they are brought from good to excellent condition by
measures that substantially prolong the pavement lifetime. For
this purpose, the network state vector and the transition matrix
were enlarged with the separate class (a;,) for the first step inter-
ventions. A limitation was imposed so that the improvement from
good to excellent condition could be performed after all the
other repairs had been accomplished. In the meantime, all sections
deteriorate according to the defined functions and are subjected to

routine maintenance measures. The transition matrix appears as
follows: :

[Pk i
L 1= P
R 1- Ry
afai Rl = ajze) (1= Bi)( — ala)
o Pioa)(l = dhos) (1= Pl X1 = abo)
[CIN Pl = abig) (1= Pl — ahig)
aiy Pl —di) (= P —aly)
diy 1-df,

@

The priority of repairs in the optimal investor’s strategy is deter-
mined by the sequence of FI¢(a!,,) magnitudes, where a',, repre-
sents the percentage of roads with traffic load class & in condition j
to be repaired to condition J in year i, and where SC signifies staged
construction. These magnitudes depend only on actual probability
of changing the condition and construction prices:

_ Gk . G
FI* (@hons) = 5= = Phos( o
(a20.11.4) Gorx p'o'l‘(Gz,l. )
=Gk G
F SC( 46 9 = AN 2 S -1
I°% (a31.12.4) Gz p'l’k(Gz.l.k )
) Gaix —Gaix i Gaix = Gai
FIC(a} 134) = —5——>00 = pl, ==
3,13,k G134 k Gi.i3k
) G . -G 2.k
FISC (o) = Saat =G ©)
413,k

where: Gj; are construction costs of improvement of 1 km of road
in class & from condition j to condition J.

The smaller the probability of staying in actual condition, the
higher the position on the priority list for improvement. This posi-
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tion is independent of the amount of resources, and the highway
manager must adapt the length of segments to be repaired to the
obtained a values. This is the basic difference from the so-called pri-
ority assessment models, in which a project with a very high rank
may be rejected because the segment was too long.

The priority of repairs in the optimal users’ strategy is defined
similarly to the optimal investor’s strategy. It is determined by the
sequence of FU(a},;) magnitudes.

¢~ T — Péo,k (Tiw —Tox)

. . T
FUS(aly,14) = O =

Gy
i I'Tq'—T.'— .’.‘(T_T)
FUSC(azx,n,k) =0 3,k 1.k (1;7711; 3.k 2.k
2,1,k
FUSC(aé",M) - Qi Tow—Thx ;flk (T — k)
A3,k

L~ Ty

C))
Gaiz

FUSC(ajt.llk) = Q/'<

where

Q% = mean AADT*365 in the ith year on the road in the kth
class; and

T;, = vehicle operating costs per vehicle kilometer for the traffic
composition on roads in the kth class and jth condition.

These relations show that the priority of intervention in the optimal
users’ strategy depends on the traffic volume and the ratio (operat-
ing costs)/(construction costs). The results for two initial network
conditions and for the annual budget of $2,400/km for a two-lane
road are presented in Figures 7 to 14.

Figures 7 and 8 show backlog for one-step and staged construc-
tion, respectively, whereas Figures 9 and 10 exhibit extra users’
costs for the same scenarios. Initially, the network is assumed to be
in poor condition. Figures 11-14 are similar to Figures 7-10; the
difference is that the assumed initial condition of the network is
good. Though the backlog and extra users’ costs are almost the same
for both types of construction, general network condition differs
considerably (Figure 15).
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FIGURE 7 Backlog for one-step construction with
$2,400/km/year budget and poor initial network condition.
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FINDINGS AND CONCLUSION

Based on the analysis presented, it could be concluded that in the
case of staged construction, the basic relation between worst-first
and other strategies, obtained for one-step construction, is not dis-
turbed. Staged construction produces neither exceptional savings
nor extra costs during the first 15 years. After that, such construc-
tion seems to be even more favorable.

Important effects of pavement improvement may be expected in
incidence of fewer accidents. The highest risk is usually recorded on
slippery, but not very rough, pavements that belong to the “good”
pavement category. So, the greatest benefits in safety may appear as
a consequence of surface treatment or even some routine mainte-
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FIGURE 12 Backlog for staged construction with $2,400/km
year budget and good initial network condition.
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FIGURE 13 Extra users’ costs for one-step construction with
$2,400/km/year budget and good initial network condition.

nance treatments. This fact supports the best-first strategy but does
not influence the relation between one-step and staged construction
because it concerns only the layer’s lifetime. No appropriate acci-
dent data base was available to provide a true picture of these rela-
tions. Thus, the entire segment of accident costs has not yet
been introduced. Some other facts dealing with long-term thin and
thick layer’s performance could not be incorporated before a precise
calibration. Though more refined data and a more detailed analysis
are needed for such investigations, a general conclusion may be
drawn from the results: If no great savings in future investments can
be expected when applying staged construction, there are good
reasons to introduce high standards for capital maintenance
immediately.
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FIGURE 14 Extra users’ costs for staged construction with
$2,400/km/year budget and good initial network condition.
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Virginia Aviation Pavement Management
System: A Historical Perspective

MARGARET BROTEN AND STEVEN MCNEELY

The use of pavement management systems for individual airports and
systems of airports is a relatively recent application compared to road-
way pavement management system implementations. Several papers
have been published that discuss the initial development and imple-
mentation of an airport pavement management system. However, pub-
lished information evaluating the usefulness and success of in-place air-
port pavement management systems is scarce. This dearth of
documentation has contributed to the slow acceptance of pavement
management practices for aviation applications. The Virginia Depart-
ment of Aviation (VDOA) initiated its pavement management efforts in
1990. VDOA uses its pavement management system to prioritize and
schedule pavement maintenance and rehabilitation activities. The use of
the system has contributed significantly to the increase in the overall
condition of Virginia’s paved runways from an area-weighted pavement
condition index (PCI) of 76 in 1990 to a PCI of 84 in 1993. Use of the
pavement management system permitted VDOA to obtain this increase
in condition without having to obtain a substantial increase in funding.
In addition, the PMS is expected to fully satisfy the requirements of the
1994 Airport Improvement Program reauthorization legislation per-
taining to airport pavement maintenance management. A case study of
a state aviation pavement management system is presented. The imple-
mentation process and the impact of the system on the selection of pave-
ment maintenance and rehabilitation projects are documented. Further,
condition and budget information prior to, and after, full implementa-
tion and use of the pavement management system is presented.

Since 1928, the Commonwealth of Virginia has taken an active role
in the development of an efficient statewide air transportation sys-
tem. Today, Virginia’s air transportation system consists of 70 pub-
lic-use airports and 1 heliport. Aviation is very important to the com-
monwealth, because airports link Virginia with commercial markets,
serve as gateways for tourism, generate $1.5 billion in wages, and
contribute $7.2 billion to the economic activity of Virginia. These
airports will continue to play a vital role in the economic health of
the commonwealth well into the 21st century, and the protection of
their physical infrastructure is of critical importance.

Prior to implementing a pavement management system (PMS),

the Virginia Department of Aviation (VDOA) relied heavily on
each airport sponsor’s knowledge of project justification when
pavement-related funding was requested. Often, these sponsors did
not have experience in identifying pavement-related needs at airport
facilities. Historically, this lack of experience led to problems.
Some projects that could have been delayed were funded, whereas
other projects that were needed went unrecognized and unfunded.
As aresult of a commitment and responsibility to maintain a safe
and efficient system of air transportation, and to protect the large
capital investment that the airports represented, Virginia imple-

M. Broten, ERES Consultants, Inc., 100 Wissahickon Avenue, Suite 110,
Ambler, Pa. 19002. S. McNeely, Department of Aviation, Commonwealth
of Virginia, 5702 Gulfstream Road, Sandston, Va. 23150.

mented a PMS to enable the VDOA to assist sponsors in managing
airport pavements. It is used to store, analyze, and retrieve pave-
ment condition data. The PMS permits the department to efficiently
monitor pavement condition, correct airport deficiencies, and take
advantage of limited budgets. In addition, the program facilitates
the development of annual maintenance plans and the preparation
of long-term (5- to 20-year) capital improvement programs (CIPs).

VDOA began the process of implementing a PMS in 1990 (/).
The first step in the implementation process involved determining
the current condition status of the pavements at selected airports, as
measured by the pavement condition index (PCI) (2). In 1990, the
overall area-weighted PCI of Virginia’s airport pavement network
(runways, taxiways, and aprons) was 76. The area-weighted PCI for
the runways was also 76. In 1993, after the PMS had been fully
implemented and in use for 3 years, the area-weighted PCI for the
entire pavement network had increased to 82, and the runway area-
weighted PCI had increased to 84. VDOA attributes much of this
improvement in pavement condition, obtained without a significant
increase in pavement-related expenditures, to its use of its PMS dur-
ing the past 4 years.

The objective of this paper is to provide a historical perspective
of the implementation and long-term use of a PMS for the manage-
ment of a state aviation pavement network. The paper documents
the implementation process and the impact the system has made on
the selection of pavement maintenance and rehabilitation projects.
Finally, the paper presents condition and budget information before
and after full implementation and use of the PMS. Because very lit-
tle published information is available on the actual results of using
an airport PMS, it is hoped this paper will partially fill the void that
has contributed to the relatively slow acceptance of pavement man-
agement practices for aviation applications.

MANAGEMENT OF PAVEMENTS BEFORE
IMPLEMENTATION OF PMS

Prior to 1990, VDOA did not have a pavement management system.
Pavement-related projects were typically undertaken when
requested by an airport sponsor. Due to a lack of current and accu-
rate pavement condition information, VDOA did not have the
means to evaluate these requests for appropriateness or to prioritize
one request.over another. During this period, however, VDOA was

- able to begin its move toward more proactively managing its airport

pavements through the implementation of a highly successful main-
tenance program (which is still in operation).

Determination of Annual Pavement Project List

Prior to the implementation of a PMS in 1990, VDOA approved the
majority of pavement-related projects based upon the airport spon-
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sors’ requests. In many cases, these sponsors consisted of some
form of a commission or authority in which the members were
appointed by their respective governing bodies. The sponsors’ lack
of experience in pavement-related issues often created problems. In
some situations, sponsors did not request funding for projects soon
enough, which resulted in much more extensive work being
required when the work was finally identified and scheduled. In
other cases, work was scheduled sooner than necessary. Because the
department had no easy way to review pertinent pavement condi-
tion information when evaluating pavement projects, the sponsors’
requests were normally granted if the funding was available.

Implementation of Maintenance Program

A very successful pavement-related effort, the VDOA Airport
Maintenance Program, was initiated in 1980. The program was
started in an effort to discourage airport sponsors from purposely
allowing a pavement to deteriorate through lack of timely mainte-
nance. The FAA does not currently provide funds for pavement
maintenance activities; rather, it depends upon airport sponsors to
fund and conduct these activities. However, the FAA does provide
funding for major pavement rehabilitation and reconstruction. For
this reason, sponsors often perceive it to be in their best interest to
forgo any maintenance activities and wait until the pavement dete-
riorates to a point where federal funding can be obtained.

VDOA recognized this as a very expensive management
approach. Timely application of the appropriate maintenance activi-
ties can significantly increase the life of a pavement for a relatively
small investment. VDOA is committed to this program, and the
amount of funding provided for pavement maintenance through the
Airport Maintenance Program has grown steadily over the past 14
years. _

Before implementation of the PMS and the periodic visual pave-
ment inspections, the VDOA depended upon the sponsor to request
funding from the Airport Maintenance Program. The department
did not have the information readily available to evaluate the tim-
ing or appropriateness of the type of maintenance proposed by the
sponsor. In addition, VDOA had no way of knowing when an air-
port was in need of pavement maintenance when it was not
requested by the sponsor. Further, the department did not collect the
historical condition information and work history information nec-
essary to evaluate which maintenance techniques and materials
were working well within the commonwealth.

INITIAL IMPLEMENTATION OF VIRGINIA’S
AVIATION PMS

In 1990, VDOA contracted with ERES Consultants, Inc. (ERES)
for the implementation of a comprehensive PMS for airfield pave-
ment evaluation and management. Sixty-one commercial, reliever,
and general aviation airports were included in the initial study. The
PMS implemented by the team members was ERES’ Decision Sup-
port Software (DSS). .

The work performed to meet the project objectives included gath-
ering information pertaining to pavement history, defining the pave-
ment network, conducting visual condition surveys, and establish-
ing a PMS data base. Maintenance and repair cost estimates and
prioritization schemes were integrated into the PMS software, and
computerized maps showing network layouts and condition ranges
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were developed and linked to the PMS. Individual airport reports
were prepared, the PMS installed, and training conducted. The ini-
tial project was completed in 1991.

Records Review

Prior to conducting field work, the project team reviewed existing
records to determine the pavement structure and age. These records
included as-built construction records, airport layout plans, and
FAA 5010 Airport Master Records. Local airport officials were
contacted to obtain information if the records were incomplete or
unavailable. The information collected was used to divide the air-
port pavements into distinct pavement sections and to identify pave-
ment performance trends on which future maintenance and rehabil-
itation requirements could be based.

Pavement Network Definition

The next task involved dividing the pavements at each airport into
units referred to as facilities, sections, and sample units, according
to procedures outlined in FAA Advisory Circular (AC) 150/5380-6.
A facility is a single entity that serves a distinct function. For exam-
ple, arunway is considered a facility because it serves a single func-
tion (allowing aircraft to take off and land). On an airfield, a facil-
ity typically represents an entire runway, taxiway, or apron.

Because of the disparity of characteristics that can occur through-
out a facility, it is further subdivided into units called sections. A
section is a portion of the pavement that has uniform construction
history, pavement structure, traffic patterns, and condition through-
out its entire length or area. Sections are used as a management unit
for the selection of potential maintenance and rehabilitation pro-
jects. The subdivision of facilities into sections is one of the most
important tasks conducted during the implementation of the PMS.
The best guideline to use in deciding the location of section breaks
is to think of the section as the “repair unit,” or a portion of the pave-
ment that will be managed independently and evaluated separately
for pavement maintenance and rehabilitation.

During the actual survey, it may be necessary to define additional
section divisions if there is a definite change in condition or surface.
Pavement sectioning should account for differences that will affect
pavement performance over time. On pavements receiving heavy
loads, it is important to separate heavily trafficked areas from non-
trafficked or lightly trafficked areas, because the deterioration pat-
terns associated with these areas may be markedly different. When
defining the pavement sections, it is extremely important to exercise
diligence, as poor sectioning can lead to erroneous results. The
value of any PCI survey is dependent directly on the successful
completion of this task.

Pavement sections are further subdivided into sample units for
inspection purposes. FAA AC 150/5380-6 states that “a sample unit
for jointed rigid pavement is approximately 20 slabs; a sample unit
for flexible pavement is an area of approximately 5,000 square feet”
(2). To determine an overall assessment of the network pavement
condition and to identify sections in need of repair within the plan-
ning period, not all sample units need be inspected. A network sam-
pling rate that is acceptable to the agency is normally used. In areas
that have experienced rapid deterioration or high traffic volumes, a
high-density inspection rate may be recommended. Additional]y,
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localized areas of weakness may be selected for a more compre-
hensive evaluation.

For Virginia’s PMS to work efficiently, some unique identifiers
were added to the data base. The facility numbers were designed to
assist in identification of the pavement area. The first character is
either an A, R, or T (for apron, runway, or taxiway). The second and
third characters are used to identify the pavement section. The last
two characters represent an airport code that is unique for each air-
port and is used to avoid duplication of a facility number through-
out the 61 airports.

Pavement use, rank, zone, and category were defined for each
pavement section. Pavement use refers to the primary function a
section serves and is always a runway, taxiway, or apron. A pave-
ment rank of “primary” or “secondary” has been assigned to all taxi-
way and apron pavements. At airports with multiple runways, run-
ways are identified as either “primary” or “secondary.” The Virginia
Department of Aviation provided assistance in assigning pavement
rank to sections.

Zones are used to separate the individual airports within the data
base. The FAA airport designator has been used to define each air-
port’s zone. Finally, categories are used to identify the region of the
state in which an airport is located, as well as whether the airport is
classified commercial, reliever, or general aviation.

Map Preparation

Maps were prepared for all pavement areas to be inspected and
included in the PMS. These maps provide important pavement
dimensions and the location of feature, section, and sample unit
boundaries. The maps were generated using a computer-aided
design (CAD) package, because computer-generated maps are far
more flexible and can present greater amounts of information than
their conventional, manually drawn counterparts. Furthermore,
these programs possess a powerful layering capability. Once a base
map is created, layers can be generated that use the base map to
show the location of any desired feature, such as lighting and land-
ing systems, drainage structures, and so forth.

Virginia’s PMS links each CAD airport map to the data base, thus
allowing information stored in the data base and analysis results to
be displayed on these maps. As a tool, one of the most important
functions of a PMS is to convey pavement needs to the government
body that approves funding. The ability to create high-quality maps
and graphics with the PMS assists VDOA in communicating
pavement-related needs to the FAA, the Board of Aviation, and the
public, making it clear to even those unfamiliar with pavements that
funding levels can have a dramatic impact on current and future
pavement condition and can significantly affect future expenditures.

Pavement Condition Index Survey

The PCI procedure, outlined in FAA AC 150/5380-6 for airfield
pavements, and further defined in the ASTM Standard D5340, is
used by the aviation industry and the military to assess current air-
port pavement conditions. The PCI was developed to provide engi-
neers with a numerical value indicating overall pavement condition.
The final calculated PCI value is a number from 0 to 100, with 100
representing a pavement in excellent condition.

The airport PCI surveys were conducted using the standardized
method outlined in AC 150/5380-6. This manual defines distress
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types and severities and specifies how to measure and record the
distress. Specially trained and highly experienced engineers and
engineering technicians were used to complete this task, because
accurate condition ratings are imperative for identifying appropri-
ate maintenance and repair alternatives.

It was important to inspect all of the pavements within each air-
port, including new pavements and those in very poor condition, to
establish the rate and cause of deterioration. This information was
vital during the development of pavement deterioration curves and
during the determination of suitable maintenance and repair alter-
natives.

The survey crews consisted of two team members. To check the
validity of the data collected, the quality assurance approach used
was to require that at least 5 percent of the sample units be inspected
independently by each inspector. During the PCI survey, 35-mm
photographs of each section were taken. These photographs pro-
vided an overview of typical conditions and covered any unusual or
severe distress identified in the field.

PMS Software Implementation and Data Base
Development

All information collected was input into a PMS. An interim soft-
ware delivery included the Corps of Engineers PMS, Micro
PAVER, supplemented by ERES’s software. This system was later
converted to ERES’s PMS software, DSS.

PMS Customization

Once the PMS data base had been established, the system was cus-
tomized for the department. Deterioration models were established
for similar types of pavements based on the results of the PCI field
surveys. Maintenance and rehabilitation alternatives for use at the
airports, along with associated unit costs, were identified. Decision
trees were constructed that defined the situations under which each
alternative was applicable. Finally, a prioritization scheme was
developed with the department to identify the highest priority pave-
ments for the allocation of available funding. VDOA’s engineers
were consulted throughout this customization process to ensure that
the annual maintenance plans and the long-range rehabilitation pro-
grams produced by the PMS actually reflect their management phi-
losophy as it is practiced.

Pavement Condition Prediction

Pavement management involves forecasting needs based on pave-
ment performance predictions. By projecting the rate at which the
pavement condition will change over time, a meaningful life-cycle
cost analysis can be performed to compare the costs of various
maintenance and rehabilitation alternatives. In addition to identify-
ing the most economical repair alternative through condition pre-
diction modeling, the optimal time for applying treatments can be
estimated. Typically, the optimal repair time is the point at which a
gradual rate of deterioration begins to increase at a much faster rate.
It is critical to identify this point in time to avoid higher mainte-
nance and rehabilitation costs caused by excess deterioration.
Many methods for predicting condition are available. DSS uses
an advanced modeling technique that involves organizing the pave-
ment network into “families” of pavements that perform in a simi-
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lar manner (3). For example, asphalt pavements that have never
received an overlay and are subjected to heavy traffic may be
grouped into a family. If the PMS is being implemented for a state,
a further separation of families may be based on geographic loca-
tion. By plotting the condition and age of all pavement sections that
fit within a given family description, a curve can be generated that
represents the performance trends of that particular family.

A meeting was held during the initial implementation project in
1990 during which decisions pertaining to the customization of
the software were made. One of the first steps was to divide the net-
work into families of pavements, which were developed to establish
deterioration curves that reflect the actual performance of these
pavement types. The families distinguished among pavement use,
pavement type, traffic levels, and geographic location. These per-
formance models were revised after the pavements were rein-
spected in 1993 and more data points were available. The revised
performance models are provided in Table 1.

Selection of Feasible Repair Alternatives

Once an acceptable method for predicting performance was in place
in the PMS, the next step was to define a rehabilitation decision
matrix. DSS permits the user to define feasible rehabilitation treat-
ments. The user sets the condition level at which each treatment is
considered feasible, as well as any other factors that would influ-
ence the selection of a treatment. The objective of this type of pro-
gram is to develop an automated version of the thought process used
to identify feasible rehabilitation strategies. The analysis program
uses this information to determine an optimized and prioritized pro-
ject list that contains only agency-specific feasible rehabilitation
options.

During a meeting with VDOA, the applicability of various reha-
bilitation types in different situations and to repair different types of
pavements was discussed, as were the impacts on condition and typ-

TABLE 1 Pavement Performance Models

- S
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ical costs. This step in the customization process ensures that the
recommended treatments are directly applicable to the existing
techniques used by the department. Table 2 contains the VDOA
treatment matrix.

Selection of Most Desirable Repair Alternative

The next analysis routine that a PMS needs to function is one that
is used to select a single rehabilitation method from a list of feasi-
ble alternatives to repair a given section. DSS uses a benefit-cost
analysis that evaluates not only the additional pavement life antici-
pated by the application of a treatment but also the change in con-
dition provided by that treatment. The result is a benefit-cost ratio
that can be used to rank treatments based on their overall cost-effec-
tiveness. DSS allows the selections indicated by the program to be
overridden if political or managerial factors prohibit the selection of
the recommended treatment, or if projects were already “in the
pipeline” prior to implementing the program.

Preparation of Prioritization Scheme

A prioritization scheme was also developed during this project. The
priority matrix is used to assist in ranking pavement rehabilitation
alternatives according to the practices used by VDOA. This allows
the department to weight certain projects more heavily than others
based on the pavement section’s importance to the Virginia aviation
system. Table 3 contains the VDOA prioritization matrix.

Data Analysis

The PMS was used to prepare a multiyear CIP and an annual main-
tenance program for each airport in the data base. A benefit-cost

Pavements Modeled

Mathematical Equation of Curve

AC Aprons at Commercial and Reliever Airports

-0.00022754 age* + 0.01484700 age® - 0.24818000 age? - 1.580 age + 100

AAC Pavements at Commercial and Reliever Airports

-0.00079944 age* + 0.02846000 age® - 0.29900000 age® - 0.238 age + 100

APC Pavements at Commercial and Reliever Airports

+0.00014068 age" - 0.01534000 age*® + 0.42896000 age? - 4.690 age + 100

PCC Pavements at Commercial and Reliever Airports

-0.00016512 age* + 0.00912700 age* - 0.12000000 age? - 0.990 age + 100

AC Runways at Commercial and Reliever Airports

-0.00025938 age + 0.01388200 age* - 0.17810000 age? - 1.89 age + 100

AC Taxiways at Commercial and Reliever Airports

-0.00021172 age* + 0.01567000 age® - 0.30786000 age? - 1.070 age + 100

AAC Aprons at General Aviation Airports

-0.00062051 age* + 0.02678600 age® - 0.40332000 age? - 0.092 age + 100

AC Aprons at General Aviation Airports

-0.00022547 age* + 0.01149400 age* - 0.12942000 age? - 2.400 age + 100

APC Aprons at General Aviation Airports

+0.00004399 age* - 0.00450000age® + 0.16443000 age? - 4.680 age + 100

PCC Pavements at General Aviation Airports

+0.00000833 age* + 0.00095900 age* - 0.1130200 age’ - 0.051 age + 100

AC Runways at General Aviation Airports

-0.00033938 age* + 0.01969400 age® - 0.2867000 age? - 1.580 age + 100

AAC Runways and Taxiways at General Aviation Airports

-0.00000766 age* + 0.00095000 age* - 0.10054000 age? - 0.900 age + 100

APC Runways and Taxiways at General Aviation Airports

+0.00012715 age* - 0.01354800 age* + 0.44581000 age? - 6.540 age + 100

AC Taxiways at General Aviation Airports

-0.00022197 age* + 0.00955900 age* - 0.04599000 age? - 3.080 age + 100

AC = asphalt concrete; PCC = portland cement concrete; APC = asphalt overlay on PCC; AAC = asphalt overlay on AC
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TABLE 2 Treatment Matrix
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Treatment PCl Surface Type Deducts due to Pavement Use Unit Cost (sq m)
: Load
Slurry and Crack Seal 75-90 AC, AAC, APC <10% All General Aviation $0.97
Slurry and Crack Seal 75-90 AC, AAC, APC <10% Commercial /Reliever Aprons $0.97
AC Overlay and Seal Coat 40-75 All < 50% Aprons $11.84
AC Overlay 40 - 80 All < 50% Runways/Taxiways $9.47
Mill, Overlay, and Seal Coat 40-75 AC, AAC, APC 50 - 75% Aprons $11.84
Mill and Overlay 40- 80 AC, AAC, APC 50-75% Runways/Taxiways $9.47
Total AC Reconstruction and Seal Coat 0-60 All >75% Aprons . $16.75
Total AC Reconstruction 0-60 All >75% Runways/Taxiways $14.32
Total PCC Reconstruction 0-60 All >75% All $22.71
Partial AC Reconstruction and Seal Coat 0-40 All <50% Aprons $14.32
Partial AC Reconstruction 0-40 All < 50% Runways/Taxiways $11.95

AC = asphalt concrete; PCC = portland cement concrete; AAC = asphalt overlay on AC; APC = asphalt overlay on PCC

ratio is determined for each feasible alternative, and the highest
ranking ratio is selected as the recommended treatment for that par-
ticular section. Benefit is determined as the area between the sec-
tion’s deterioration curve, assuming no répair is done, and the new
deterioration curve for the section following repair. Costs are deter-
mined on a life-cycle cost basis so that alternatives with differing
useful lives can be evaluated on an equal basis. Based on user input
budget estimates and the department’s prioritization scheme, the
ratios are ranked for each of the years in the budget analysis.

The distress data, treatment matrix, priority matrix, maintenance
policies, and budget parameters are all used during this analysis.
Because the PMS can accommodate multiple treatment, priority,
budgeting, and maintenance alternatives, VDOA can quickly and
easily analyze different scenarios, such as what effect a reduction in
pavement-related funding will have on future pavement condition
levels and funding requirements.

Report Preparation

A separate report was prepared for each airport and delivered to
VDOA in August 1991. These reports document the work that was
accomplished at each airport and present the field survey results.
Each airport report also includes a network map, showing the loca-
tion of all sections and sample units, and a color-coded map show-
ing the pavement condition rating of each section. Color pho-
tographs of typical distress types were included in these reports. A
summary report presenting the multiyear CIP and annual mainte-
nance program was also prepared.

PMS Installation and Demonstration

The PMS was installed at VDOA. An important consideration in the
PMS implementation process is the proper training of the individu-
als who will be using the system. At the completion of the training
process, VDOA personnel had all the skills necessary to operate the
program efficiently and effectively. Training included formal ses-

sions that covered topics such as the PCI procedure, PMS concepts,
and so forth. More importantly, training was ongoing throughout
the implementation process.

Update of Virginia’s Aviation PMS

The VDOA PMS was updated during 1993. Sixty airports were
reinspected using the PCI procedure. The performance models,
treatment matrix, priority matrix, and maintenance policies were
revised at that time. The PMS data base and maps were updated and
revised; a comprehensive analysis of the collected data was con-
ducted; and reports were prepared. A refresher course in the use of
the PMS program was conducted.

The timing of the update was excellent. The 1994 Airport
Improvement Program (AIP) reauthorization legislation enacted by
Congress has mandated that airport sponsors have a pavement
maintenance management program in place as a condition to receiv-
ing federal funding for pavement rehabilitation and reconstruction
projects. It is expected that the VDOA PMS will fully meet this
requirement.

RESULTS OF PMS IMPLEMENTATION

Table 4 summarizes the results of the PCI surveys conducted in
1990 and 1993. As this table indicates, the overall network
improved significantly during that time period, with runways show-
ing the most dramatic improvement. Table 5 provides the PCI sur-
vey results broken out into pavement condition ranges.

Figure 1 depicts the total expenditures for pavement maintenance
made by the department before and after the PMS implementation.
A modest increase in maintenance funding has been obtained since
the implementation of the PMS. Prior to PMS implementation, an
annual average of $244,000 was spent on pavement maintenance.
This amount increased to an annual average of $313,000 after the
PMS was implemented.




TABLE 3 Prioritization Matrix

v Reliever Primary Air Carrier/Reliever | Air Carrier/Reliever Air Carrier Secondary Air
Air Carrier/General Runways and Primary Taxiways Aprons and General Runways and General Carrier/Reliever
Aviation Primary General Aviation and General Aviation Secondary Aviation Secondary Reliever Secondary Secondary
Condition Range Runwa Primary Taxiways Aviation Aprons Runways Taxiways Runways Taxiways
Excellent 12 18 24 30 36 42
Very Good 5 10 15 20 25 30 ki3
Good 4 8 12 16 20 24 28
Fair " 3 6 9 12 15 18 21
Poor 1I 2 4 6 8 10 12 "
iL Very Poor/Failed J' 1 2 3 4 5 6 7
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TABLE 4 Area-Weighted PCI Values
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Year Runways Taxiways Aprons Network
1990 76 77 78 76
1993 84 82 80 82

TABLE 5 PCI for Virginia’s Airport network in 1990 and 1993

PC1 % Area Runways % Area Taxiways % Area Aprons
Range 1990 1993 1990 1993 1990 1993
86 - 100 42 55 40 49 45 19

71 - 85 30 26 26 28 21 29

56 - 70 11 14 19 11 20 33

41 - 55 10 2 9 3 8 9

26 - 40 5 1 5 8 3 5

11 - 25 2 2 1 1 3 3

0-10 0 0 0 0 0 2

Figure 1 also shows the department’s total expenditures for pave-
ment rehabilitation projects before and after the PMS implementa-
tion. Overall, the expenditures made for pavement rehabilitation
prior to the implementation of the PMS ($3,170,250 annually) have
remained almost unchanged since the implementation of the PMS
($3,203,000 annually).

Project rehabilitation expenditures initially increased after the
implementation of the PMS but declined rapidly beginning in 1994.
As aresult of the initial study, it was recognized that many pavements
did not meet the department’s expectations; substantial funding was
required in 1992 and 1993 to rehabilitate those pavements. Once those
projects were completed, a lower level of funding was needed to
maintain the pavement network. This situation is expected to continue
as long as timely maintenance continues to be applied at the airports.

VDOA uses the PMS data base and analysis routines to evaluate
sponsor requests for maintenance and rehabilitation funding. In sev-
eral cases during the past 3 years, the PMS helped the department
identify inappropriate requests, determine optimal timing of project
work, and identify projects that should have been requested but had
not been. In one case, an airport sponsor requested a major runway
rehabilitation project. Prior to the implementation of the PMS, this
request would have been granted if funding was available based pri-
marily on the airport sponsor’s justification. Using the PCI data con-
tained in the PMS data base, VDOA was able to determine that the
type of deterioration exhibited by the runway could probably be cor-
rected with a less major repair. Further project-level investigation of
the runway determined that this was, in fact, the case. In another sit-
uation, VDOA was able to use the PMS to identify a runway that
required immediate attention, although the airport sponsor had not
requested funding for its repair.

Through the use of the system, VDOA is able to better allocate lim-
ited resources and assist the sponsors in managing the airport pave-
ments. In addition, VDOA now has a tool to provide objective prior-
itization of pavement projects. The program allows VDOA to quickly
analyze “what if ” scenarios to respond to the Board of Aviation’s fre-

quent questions about the airport network, such as “What if funding
is reduced by 10%7” or “What if that project is delayed for 5 years?
What will be the impact on the condition of the pavement due to that
delay, and how will it affect feasible repair alternatives at the end of
the delay?” Analysis that used to take VDOA many days can now
be performed quickly, enabling the department to be more respon-
sive to the FAA, the Board of Aviation, and the public.

SUMMARY

The Virginia Department of Aviation has used a state-of-the-art
PMS for the past 4 years. It contains an up-to-date data base and can
be easily operated by the department’s staff. Through this program,
VDOA is able to select specific rehabilitation methods based on
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FIGURE 1 Pavement expenditures.
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An Interactive Graphical Pavement
Management System: Windows ILLINET

L1 WANG, YAN Lu, MICHAEL I. DARTER, KATHLEEN T. HALL, AND

DaviD L. LIPPERT

How can a pavement management system (PMS) be presented to max-
imize its usefulness to pavement managers in making rehabilitation
decisions? This research developed an interactive, graphical multime-
dia PMS called Windows ILLINET, which is a user-friendly, Windows-
based software. It applies color graphics, text, and digitized video
images to display current and historical pavement condition, rehabilita-
tion information, and predicted pavement performance. It also offers
multiple decision-making options. Moreover, users can be interactively
involved in the decision-making procedure. The results from the
research should be very valuable in the development of future PMS
software.

The main purpose of developing a pavement management system
(PMS) is to create a tool that will assist pavement engineers in mak-
ing decisions concerning the management of pavement facilities.
While any PMS can store vast amounts of data, it is imperative that
data be transformed into useful information to aid in making reha-
bilitation decisions. This paper describes a robust tool called Win-
dows ILLINET, a newly developed graphical, interactive PMS.

Windows ILLINET is a Windows-based system developed for
the Illinois Department of Transportation (IDOT) by the Depart-
ment of Civil Engineering at the University of Illinois at Urbana-
Champaign. This system applies color graphics, text, and digitized
motion video images to display current and historical pavement
condition, rehabilitation information, and predicted pavement per-
formance. It is coded in C++ 4.0 and runs in Microsoft Windows
3.1.

The supporting data base is the Illinois Pavement Feedback Sys-
tem (IPFS). This new PMS has several special features. First, the
system can indicate graphically almost all of the information in the
data base and the predicted pavement performance. Second, it offers
a large number of combinations of network-level and project-level
decision-making options. Third, the interactive decision-making
option allows users to be involved and apply their own knowledge.
If the results generated by the algorithms are not desirable, the users
can modify either the parameters in the decision-making procedure
or the rehabilitation decisions, based on their own experience.
Fourth, this system has a user-friendly interface. Users can easily
learn and master it. Many of the concepts were suggested by IDOT
personnel. The previous work done by Mohseni was also very help-
ful (1--3).

L. Wang, Y. Lu, M. I. Darter, and K. T. Hall, Department of Civil Engi-
neering, 4155 Newmark CE Lab., 205 N. Matthews Ave., Urbana, Ill. Uni-
versity of Illinois at Urbana-Champaign. D. L. Lippert, Illinois Department
of Transportation, 126 E. Ash St., Springfield, Ill. 62704.

GRAPHICAL DATA INTERPRETATION

Data must be formatted into understandable information to facili-
tate any necessary decisions. “Unexplained numbers are not infor-
mation” (4) and cannot be used by decision makers unless the num-
bers are presented in a meaningful context. To make data more
understandable, the numbers need to be analyzed and then inter-
preted in various formats, such as verbal explanations, tabular sum-
maries, and visual representations, such as graphs.

The key problem to successfully implement the data analysis and
interpretation component is being able to quickly access an over- .
whelming amount of data. As Wildbur has pointed out, people often
“mistakenly refer to the information explosion in the world today.
In fact, there is no information explosion—it’s a numbers explo-
sion, and it falls to designers to turn the numbers into useful infor-
mation” (4). The use of computer graphics can help quickly turn
numbers into useful information. Colors, sounds, and motion videos
can also be applied to sharpen the images and make the displayed
information more easily understandable. All these technologies
make “visual thinking” possible. Friedhoff and Benzon stress that
visual thinking is “a legitimate and distinctive mode of thinking”
and that the relatively effortless processing capabilities of the
human visual system are properly exploited by the use of graphics
(5,6).

Graphical Display of Source Information

The available data and information can be depicted on screen in
graphics or digitized images. Audio information can be supplied if
available. The pavement condition and traffic histories are dis-
played in graphics format upon users’ request when these history
data are available in IPFS. This greatly helps decision makers
understand the data stored in the data base. The graphics include a
historical pavement Condition Rating Survey (CRS), predicted
future CRS, and rehabilitation information for each section. Traffic
history data can also be provided on screen, including average daily
traffic (ADT), single-unit and multiunit truck volumes, equivalent
single axle loads, and growth rate histories of each.

The relationship between the traffic volume and the highway
capacity for a specified pavement section can be displayed as well,
as indicated by the pavement diagram in the lower left corner of Fig-
ure 1. The width of the tail of the arrow shown on the pavement is
proportional to the ADT. If the arrow width exceeds the pavement
width, the traffic volume exceeds the assumed capacity of 2,000
passenger cars per lane per hour. This occurs for some highway sec-
tions in the Chicago area and indicates that the traffic is congested
and cannot travel at the speed or with the ease of movement that the
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Note: 1in = 254 cm, 1 mile = 1.61 km

FIGURE 1 View history information.

drivers would like. The graphical display of this relationship is eas-
ier for IDOT managers to quickly understand than a mere presenta-
tion of the traffic volume numbers would be.

Figure 1 also illustrates a graphical display of the past and pre-
dicted future condition of the pavement section. The information at
the top of the screen identifies the pavement section. Key informa-
tion about the current and original pavement section is shown at the
left. The CRS history and predicted CRS for the specified section
over a period of 20 years appear in the graph at the upper right of
the screen. To help the user relate the CRS at any time to the CRS
level at which rehabilitation is needed, a broken line that represents
the CRS value identified by the user as a rehabilitation trigger value
is indicated as Min CRS. Traffic information is also provided on this
screen, as described above.

The rehabilitation history information is tabulated at the bottom
right corner of the screen. This information helps the user interpret
the CRS history curve. More detailed pavement rehabilitation his-
tory and construction information are provided on other screens.

Video images have been taken during pavement inspections of
Illinois highways and are stored by IDOT. Those images, along
with sound, are converted into digitized files that can then be pro-
vided on the computer when requested by the user. These digitized
video images give decision makers an appreciation for the current
pavement condition. It makes users feel as though they are driving
along the highway and inspecting the condition. To display PMS
video images, an analog/digital capture board is used to digitize the
images and sound, and the digitized files are indexed by route num-
ber and milepost. The digitized files are then written to CD-ROMs.
A compact disc drive is used to search through the files and read the
file for a user-specified highway number and milepost to the screen.

District: 6 Route: 55 Dirm N Begin: 39.13 End: 43.21
CAHS
Current Data 9
Type: CRCP 81. . .,
Thick: 9.0 g .
DCracke 1 D] mmmmm e e ey T T S e
2 of Lane: 2 i ] Min ORE
Org Construction g
Year: 1976 N
Type: CRCP 1 Actual Predivted
Thick: 9.0 P ’ ' L Year
1984 1988 1992 1936 2000 2004
i Behab Information
ADT: 9.33 Year Rehab
& car1.07 1987 P
B su:0.76 1988 P
' B vu: 2. 1991 P
Top : 9.0 in CRCP MU 2.10

Graphical Results

A PMS needs to display the data collected and stored in the data
base, as well as the analysis results and predicted pavement perfor-
mance. Such displays will assist the decision makers who are eager.
to know the probable consequences of their rehabilitation decisions.
The system can display graphically the network analysis results,
including quantified benefits, average network CRS, remaining life,
budget requirements, and so forth, as well as detailed section-by-
section information on predicted pavement performance, remaining
life, and rehabilitation plans. Bar graphs and line graphs are used to
demonstrate the pavement conditions and rehabilitation plans. Col-
ors are used to illustrate pavement attributes. Also, network reha-
bilitation strategies and performance can be depicted in map format
to make the information vivid. This helps the user interpret the
analysis results.

An example of graphically displaying network analysis results is
the remaining life screen in Figure 2. The interstate route number
and beginning milepost for a selected section in the selected IDOT
district are located at the top of the screen. The horizontal axis indi-
cates the mileposts for a length of highway that contains the selected
section; the vertical axis indicates the remaining life in years. The
upward bars represent the remaining lives of each section in one
direction of the highway; the downward bars represent the remain-
ing life of the sections in the other direction. A bar with zero height
indicates no remaining life left for that section in that year (i.e., the
current or predicted CRS in that year is already less than or equal to
the minimum CRS). The user may scroll down this screen to see the
remaining life chart for this length of highway for each year in the
analysis period. From this graph, users can quickly see and appre-
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Note: 1in = 234 cm, 1 mile = 1.61 km

FIGURE 2 Display yearly predicted remaining life.

ciate the remaining life changes for the selected section and how
they compare to the remaining lifes of other sections along the
route.

Detailed predicted pavement condition can be depicted in chart
as well as map formats. Figure 3 charts the predicted pavement con-
dition by milepost and year. In this chart, the horizontal axis repre-
sents time, and the vertical axis represents the milepost along the
route. Four colors are used to identify the pavement conditions:
“Excellent” in blue, “Good” in green, “Fair” in yellow, and “Poor”
in red. (The CRS values that identify these condition categories are
defined by IDOT.) These four color identifications are well known
by the IDOT central office and district engineers. When the color
chart appears on the screen, users can immediately understand the
pavement condition situation at specified locations and years. Fur-
thermore, in this chart, from left to right, users can understand the
predicted changes in pavement condition through the years for a
particular section. Also, from bottom to top, they can find out the
pavement condition changes along the route for a specified year.

The yearly network rehabilitation strategy may also be depicted
in a map format, as illustrated in Figure 4. The map contains the
rehabilitation plan for District 6 in 1995. On this screen, the user can
select a pavement section by identifying its route number, direction,
and beginning and ending mileposts at the top left part of the screen.
The user can also choose the year to be displayed. The middle left
part contains the updated pavement information stored in the data
base. The bottom left part displays the predicted CRS and rehabili-
tation plan for the selected section. The right part of the screen con-
tains the network rehabilitation plan in the year selected at the
“Year” box (which is 1995). Two red dots on the map indicate the
beginning and ending mileposts of the specified section. Different
colors are used to indicate different types of rehabilitation. This

Route: 55 Bmp: 39.13

Route; 55 Bmp: 39.13
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Remaining Life Year: 1996

Remaining Life Year: 1997

graph can clearly indicate where, when, and what kind of rehabili-
tation is planned.

Network statistical analysis results are also depicted in graphs
(see Figures 5 through 8). The network summaries are provided in
four separate screens: (a) benefit and cost, (b) rehabilitation and
cost, (c) condition (CRS), and (d) remaining life. Each screen indi-
cates one or several network-level analysis values. For example,
Graph A illustrates the total benefit and total cost of a multiyear
rehabilitation plan for one district at a time or for all districts in the
state. For the example in Figure 5, the total benefit is 40 091 000.94
veh*km (24,901,000.83 veh*mile) and the total multiyear cost is
$67.41 million. The yearly benefit and cost are depicted in two line
graphs. To clearly indicate the relationships among benefits, expen-
ditures, and available budget, a table is used.

In Figure 6, the upper graph depicts the mileage percentages that
should receive various types of rehabilitation (different colors are
used to identify different rehabilitation types). The lower graph in
Figure 6 presents the total rehabilitation cost each year in millions
of dollars. The bars indicate the percentages of the total cost that are
allocated for different kinds of rehabilitation in each year. For
example, in 1999, approximately $7 million will be spent, of which
12 percent will be used for patching, 66 percent for 7.6-cm (3-in.)
overlays, 22 percent for 12.7-cm (5-in.) overlays, and none for
reconstruction.

Predicted pavement conditions and remaining lives are illustrated
in Figures 7 and 8, respectively. The bar graph in the upper part of
Figure 7 depicts the percentages of pavement length that will fall in
the Backlog, Accruing, and Adequate categories. The bottom part
of the screen indicates the average CRS in each year and the CRS
values that encompass 90 percent and 100 percent of the sections.
For example, in 1997, 41 percent of the mileage will be in Adequate
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FIGURE 3 Detailed predicted pavement condition chart.
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FIGURE 5 Network benefit and cost analysis summary.
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FIGURE 6 Rehabilitation and cost allocation summary.
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FIGURE 7 Pavement condition summary.
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condition, 9 percent will be in Backlog condition, and the rest will
be in Accruing condition. The average CRS will be 6.6 in 1997 the
CRS for 90 percent of the sections will be between 5.4 and 8.4; the
highest CRS will be 9; and the lowest CRS will be about 4.7. Fig-
ure 8 indicates that in 1997, 40 percent of the mileage will be in
need of rehabilitation within O to 2 years; 30 percent will need reha-
bilitation in 3 to 5 years; and the remaining 30 percent will need no
rehabilitation for at least 6 years. The average remaining life will be
about 5.5 and will range from 0 to 30 years for various sections in
the district. Ninety percent of the sections will have a remaining life
of 21 years or less. i

ALTERNATIVE DECISION-MAKING
ALGORITHMS

A PMS should help managers select the “best” or most nearly “opti-
mal” strategies after evaluating the costs and benefits with regard to
various constraints. In recent years, many ranking and optimization
algorithms and theories have been developed to help in making
rehabilitation decisions (2,7-10). Each algorithm has advantages
and disadvantages, and satisfies different requirements. However,
none can meet all the desired decision-making needs. For example,
if someone wants to repair the worst pavement sections first, he or
she may choose the ranking algorithm, which will prioritize projects
in worst-first order regardless of the rehabilitation type or life-cycle
costs. Another person may want to consider both network-level pri-
oritization and project-level rehabilitation type selection. He or she
may choose the incremental benefit-cost ratio algorithm. A PMS
that provides options for network-level and project-level decision
making is more useful to a wider range of users in the agency who
have a range of different concerns, priorities, and goals.

Windows ILLINET offers a total of 60 different decision-mak-
ing options: 5 network-level algorithms, 6 project-level rehabilita-
tion selection algorithms, and 3 different types of benefits. The sys-
tem can run the algorithms only or can combine the algorithms with
a user-defined committed rehabilitation plan, in which the user
identifies specific rehabilitation projects that must be done at
specific times.

Figure 9 contains all of the algorithm alternatives offered by
Windows ILLINET. Committed Rehab Only, Needs, Ranking, B/C
Ratio (Benefit/Cost), and Incremental B/C (Incremental Benefit
Cost) are the five network algorithms. Committed Rehab Only
means the system will do the analysis based only on the user-spec-
ified committed plan, without selecting any other rehabilitation pro-
jects or employing any other optimization algorithm. The other four
algorithms can be run either alone or in combination with the com-
mitted rehabilitation plan. Decision Tree, Life-Cycle Cost, and Sin-
gle Rehab options of Patching, 7.6-cm (3-in.) Overlay, 12.7-cm (5-
in.) Overlay, or Reconstruction are the six project-level alternatives.
The Decision Tree method uses decision tree cutoffs to determine
which rehabilitation type should be selected for a given project. The
critical CRS (Min CRS) is used in the Single Rehab method to select
projects for rehabilitation. The ratio of predicted pavement life after
rehabilitation to rehabilitation cost is the selection criterion used in
the Life-Cycle Cost method. The three benefits the user can select
are (a) Vehicle-Miles traveled on adequate pavements, a benefit
measure that considers both pavement condition and traffic volume;
(b) Average CRS over the multiyear analysis period, which is
related to the area under the CRS performance curve; and (c) User
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Cost, which puts a dollar amount per person per mile on operational
costs as a function of pavement condition.

INTERACTIVE SYSTEM

Once the decision maker understands the pavement conditions and
related information, he or she can make decisions by applying his
or her own experience to evaluating the rehabilitation recommen-
dations generated by the optimization algorithms supplied by the
PMS. The decisions made by the PMS include alternative mainte-
nance or rehabilitation strategies for given roadway sections based
on the functional, structural, and material deficiencies found. It is
true that several optimization algorithms exist in the system that can
generate network rehabilitation strategies based on predicted pave-
ment performance and can be accomplished by a computer without
involving the pavement engineers or decision makers to a great
extent. However, in this case, decision makers have no way of being
involved in the decision-making process. The whole procedure fol-
lows a predetermined path until it generates the output. This is why
a PMS is often called a “black box.” Moreover, the outputs of the
optimization algorithms are often not trusted or accepted. There-
fore, there is a great need to involve decision makers to a greater
degree in the process.

Windows ILLINET allows users to input their own policies and
constraints. The decision-making policies may be different for each
district and agency. For example, how many times can the highway
be patched between two overlays? What conditions must be met to
warrant reconstruction? What is the maximum pavement life that
should be considered in calculating benefit? Windows ILLINET
provides defaults for policy issues such as these; however, users can
modify the defaults to reflect their own policies and constraints.
Users can also specify any time period for the multiyear rehabilita-
tion planning. )

The procedure for using the interactive capability of Windows
ILLINET to make the best rehabilitation decisions is as follows.
The initial plan can be input by the user or generated automatically
by the optimization algorithms supplied in the system, or a combi-
nation of the two. After prediction and analysis, the user can save
and modify the rehabilitation plan generated by the system based on
experience and then, evaluate the plan again. This procedure can be
repeated until a satisfactory plan is obtained.

The screen that allows users to modify and create rehabilitation
plans is depicted in Figure 10. A user can modify the rehabilitation
plan (rehabilitation year, type, and cost) for any section using the
Edit Plan option. He or she can also view the total cost spent each
year and save the edited plan or cancel it.

USER-FRIENDLY INTERFACE

A user-friendly interface is applied in this interactive PMS. The inter-
face’s purpose is to make the system easy to learn, use, and control.
“Easy to learn” means users can master this system in a shorter time
compared to other pavement management systems. To do this, the
systern offers pull-down menus on the screen. Users can manipulate
a mouse to pick up many items rather than using the keyboard. Ease
of use is greatly enhanced by the on-line help function, available at
any time, which provides detailed guidance that is relevant to the
screen at which the user requested help. The system allows users to
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FIGURE 9  Algorithms used in Windows ILLINET.

easily start and cancel jobs whenever they want, which makes the sys-
tem easy to control. Figure 11 illustrates all of Windows ILLINET’s
functions. Notice that almost all functions have more than one “entry”
and “exit,” which means the system is very flexible.

CONCLUSIONS

This paper describes some important features of Windows
ILLINET. This system is a user-friendly, graphical interactive
PMS. As a robust pavement management tool, this system interprets
numerical data in a graphical manner that can greatly assist pave-
ment managers in understanding pavement situations quickly and

correctly. Multimedia applied in the system help demonstrate the
pavement inspection motion video on the computer to vividly show
pavement conditions. Furthermore, the interactive decision-making
option allows users to use their own knowledge in the decision-
making procedure, which helps avoid decisions that the users would
not trust and would not consider acceptable. All in all, this system
is a powerful PMS that has been enthusiastically welcomed by
IDOT personnel, many of whom have been very involved in its
development and testing. The results from the research shed light
on important information-providing and decision-making capabili-
ties of future PMS software. Implementation of Windows ILLINET
is progressing and new ideas are being suggested as it is used more
and more by IDOT engineers and managers.
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FIGURE 10 Interactive decision-making interface.
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Developing an Analysis System for Road
Infrastructure Deterioration and Its
Effect on Regional Economy

O. OMAR, Y. HAavasH], K. Doi, AND T. OKuDA

Managing an aging infrastructure under budget limitations is becoming
a critical issue in many countries. A model system for supporting the
process of road infrastructure management is presented. The system
provides information on expected road performance in terms of pave-
ment deterioration and need for repair. Also, the direct impacts on the
users of the facility and indirect impacts on the regional economy are
quantified and given at each performance level. The system is supported
by a geographic information system as a tool to facilitate decision mak-
ing. A case study is carried out using the developed system to analyze
the performance of a selected road network under different budget lev-
els. It is shown how losses incurred by users and the regional economy
vastly exceed savings from road budget reduction. Therefore, the
importance of applying such a system to quantify direct and indirect
impacts of road performance is highlighted throughout this analysis.

Until now, necessary road maintenance cost in Japan has been
almost fully budgeted through treasury loans and investment. How-
ever, with the rapid increase in road infrastructure stock and the
aging of the network, it will become difficult to budget for all the
maintenance required. Under such circumstances, a certain level of
deterioration and increase in road user costs might be inevitable.
This may also bring about negative impacts on the regional and
national economy as has occurred in other countries, such as the
United States (/). Therefore, it is necessary to provide information
on when, where, and how to repair to minimize the possible future
damage cost due to budget shortage. Such information should also
include the amount of direct and indirect costs incurred at any
damage level. i

Having recognized the importance of this issue, we have devel-
oped a model system to provide such information, focusing on high-
way pavements as a typical example. The system is composed of the
following elements:

e Model to forecast future deterioration and need for repair,
which treats deterioration and repair as stochastic phenomena. It can
be applied on the network level to predict the performance of a road
network under different repair strategies and budgets (2,3).

¢ System to quantify the direct impacts of deterioration in the
form of changes in vehicle operating costs (VOCs) and travel speed.
Accordingly, generalized travel cost (GTC) between regions and
zones within a study area can be quantified under any road perfor-
mance level (4).

e Model to forecast indirect impacts of road deterioration on the

O. Omar, Y. Hayashi, and T. Okuda, Nagoya University, Chikusa-ku,
Nagoya 464-01, Japan. K. Doi, Tokyo Institute of Technology, Meguro-ku,
Tokyo 152, Japan.

regional economy. It combines an input-output model with a
business-industrial location model. The model can estimate the
change in the production levels of the sectors of the economy (4).

e Geographic information system (GIS) base to support the
decision-making process regarding deterioration and repair. This
system provides reports and maps that can facilitate further analy-
sis of information (5,6).

This paper briefly describes the outlines of each of these elements
and how they function together. An example application of the sys-
tem is also given. More details on model formulation and parame-
ters can be found elsewhere (2-6).

SYSTEM OBJECTIVES

Modeling pavement deterioration is regarded as an essential need
for the proper management of road infrastructure. Such a need
becomes more critical if such management has to be carried out
under budget constraints. Applying such models, road infrastructure
renewal strategies commonly based on the “fire-alarm strategy” are
likely to be abandoned in favor of strategies based on predicted
information, leading to efficient use of the available budget. How-
ever, under the current trend of governments worldwide to neglect
infrastructure repair, such models are not enough. It is also impor-
tant to ascertain how much direct and indirect cost will be incurred
if the infrastructure is left to deteriorate. If such information is
known, the repair budget is likely to be raised. It is also important
to adapt new technologies to develop computerized systems that can
help the management process. With such systems in hand, system-
atic analysis can be conducted and the aspects of the issue can be
clarified.

The main target of this research is to develop a system that can
handle the required analysis. The elements and flow logic of a
developed model system are shown in Figure 1. Each element is
briefly discussed in the following section.

SYSTEM ELEMENTS

Deterioration and Repair Model

The purpose of the deterioration and repair model is to estimate the
future performance of the road network considering its pavement
condition. Future condition is governed by the deterioration mech-
anism and repair applications. Thus, a model is developed to simu-
late two simultaneous processes: (a) deterioration with age and (b)
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repair need, application, and effect on condition. To account for the t f—t,\@
uncertainty in the deterioration mechanism and the subjective Ry =PT>n=1- L f(ndt = exp (_ ( B > > @

nature of repair decisions, the model treats these processes as sto-
chastic phenomena.

Deterioration is represented as successive transitions over subse-
quent condition states. Condition is defined by the value of the
maintenance control index (MCI, an index developed by the Japan-
ese Ministry of Construction that is conceptually similar to the pres-
ent serviceability index with maximum value of 10 for excellent
pavement and minimum value of O for damaged pavement); and
each state is defined by a range of MCI values. For example condi-
tion State 1 represents pavements with an MCI of 10-8, while State
2 has an MCI of 8-6, and so on. The pavement age at which any of
such transitions may occur is treated as a stochastic variable. The
model is developed for classes of pavements each of which has sim-
ilar life expectation. Here, classification is based on pavement type,
traffic level, and surrounding environment. For each class, a group
of probability distribution functions is fitted to historical data on the
age at which transition between condition states.occurred. Each
function gives the probability of transition between a certain pair of
successive condition states as a function of pavement age. There-
fore, given pavement age, current condition state, and its class,
probable future condition state (a specific MCI range) can be pre-
dicted. The function used has the following form:

f(t)=PU<T<t+At)/ A= %[ﬂj““ exp[—(t_to ]a} W

B B

where P(r < T <t + Av) is the probability that transition will occur
atage T, which is between f and ¢ + At years; 7, is the minimum age
at transition, « and 3 are parameters.

Equation 1 can be rewritten to yield a new indicator for perfor-
mance evaluation based on pavement reliability, that is, the proba-
bility of staying in the current condition state, and can be given by

where P(T > 1) is the probability of no transition for at least ¢ years.

In applying this model to estimate future deterioration, pavement
sections divided into cohorts based on age and condition state are
partially transferred to successive condition states with a yearly rate
that equals

f@ a [t—t,\*! 3)
MO =P(T<t+At|T>rt)/At= R(t)zﬁk 3 )

where P(T <t + At | T > 1) is the probability that transition will
occur before age t + At, given that it has not occurred at or before
age t. Applying this rate, the probable condition of any section at
any time, MCI,, can be predicted.

As for repair modeling, transition is assumed to occur between
only two states, the “repair not required” state (i.e., only routine
maintenance is required) and the “repair required” state (i.e., over-
lay or reconstruction is required). The probability of occurrence of
this transition depends on the pavement class and age. In this case,
cohorts of pavement sections from the same class and age are par-
tially selected for repair based on a yearly repair rate given by an
equation similar to the transition rate given by Equation 3. Type of
repair required is decided based on the class and condition state of
sections selected for repair. The effect of repair is simulated as tran-
sition to a better condition state that depends on the probable effi-
ciency of the selected repair type.

Prediction of future performance of a road network entails repeat-
ing the process of estimating the expected yearly transitions in con-
dition and selection for repair (and thus cost) and its effect, year by
year over an analysis period. Since the process is stochastic, it must
be repeated a sufficient number of times to obtain the most proba-
ble future performance and repair needs. Effect of different budget
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levels on performance can be estimated by adjusting the repair rate
to reflect the change in budget.

The prediction of pavement longitudinal roughness, LR, was also
modeled since it is the major distress influencing travel speed. This
was done as a linear regression relation between the expected
amount of roughness and pavement condition (MCI,) and age.

‘ Evaluation System for Direct Impacts

A-second element is used to evaluate the effects of road condition -

on the direct users of the facility. The effects considered here are the
change in VOCs and operating speed, and thus travel time. The total
impact is given as GTC between any two zones, including both of
the previously mentioned cost factors. The evaluation is based on
the estimated road condition according to the deterioration and
repair model. The following relations are employed:

1. VOCs:
VOC,. = . + ¢.exp (— MCI) + €, é )
in which
Vie = Voe — w LR, S
where

VOC,. = VOC of vehicle type c on a given pavement sec-
tion at time ¢ (yen/km);
MCI, = expected pavement condition at time ¢;

V.. = average operating speed of vehicle type ¢ (pas-
senger cars and trucks) on a pavement with con-
dition MCI, (km/hr),

U, d., €., w. = regression parameters that depend on vehicle
type c;

V.. = running speed of vehicle type ¢ on similar section

with new pavement (km/hr); and
LR, = longitudinal roughness at time ¢ (mm).

2. Travel time:

60L

To= o (©)
where

T,. = average travel time of vehicle ¢ on a given road section at

time ¢ (min); and
L = length of road section (km).

3. GTC between zones:

C;=min ) > (VOC.L + T.Cor. o
ij c

where

C; = GTC from zone i to zone j at time #;

C. = value of time for vehicle type ¢ (yen/min); and

ratio of vehicle type c in the traffic stream.

".\
I
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The first summation in Equation 7 is done over the road sections
of each alternative route from ¢ to j. Resulting minimum travel cost
is taken as the GTC.

Evaluation System for Indirect Impacts

In this study, the indirect impacts are represented by the change in
the productivity of each of the economy sectors. Unlike input-
output analyses, the change is analyzed on the regional and zone
level assuming no change in the total national product. The main
purpose of this analysis is to show the consequences of cutting the
road repair budget in the study region. A budget reduction might
result from a general decline in road budget or a reallocation with a
lower share for the study region. The developed model estimates the
shares of demand and supply for each production sector located in
each region and zone of the nation. Change in accessibility to any
region or zone causes rearrangement of the demand-supply shares
between regions and zones and thus losses to some sectors at cer-
tain locations. The GTC to a region or zone is assumed to reflect its
accessibility and thus the attractiveness of production activities in
exchange with other regions and zones.

The mathematical model is obtained by combining the concepts
of input-output analysis with those of a business-industrial location
model. The formulation is as follows (4):

The basic relation in the model is the equilibrium between sup-
ply and demand as given by

Xk = Z Amk X" + Fk (8)

m

where

X* = total products of any sector k;
X" = total products of sectorm, (m = 1,2,...,k,...,...);
A™ = input coefficient of materials and services to sector m from
sector k (amount of product k required for producing one
unit m); and
F¥ = final demand for sector k.

The implemented business location model uses the number of
employees in each sector rather than the amount of products. Thus,
Equation 8 is rewritten as

Ef=3" g™ E"+ B C)
in which

mk k
mk — —— mk — mk
ot = S o and @™ =x X
m

(10)

where

E* = number of employees in sector k;
E™ = number of employees in sector m;

6™ = input coefficient of employee to sector m from sector k
(number of employees in k to serve one employee in m);
B* = number of employees in k to serve the final demand; and

x"* = sales of k products to sector m.
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Equation 9 represents the market only under the assumption that
demand creates equal supply. However, in reality, the existence of
demand only increases the chance of supply. Thus, Equation 9 has
to be written twice, once from the viewpoint of demand and again
from the viewpoint of supply. Solution of the two equations yields
the market equilibrium.

Equation 9 can be rewritten from the viewpoint of demand, while
taking into account the distribution of demand on products of any
sector k over g regions (g = 1,2, ..., h,...,...), which are fur-
ther divided intoj zoneseach (= 1,2, ...,i,...,...),asfollows.

For any zone i in any region A,

D=t > 0" S SpPm kY D Ry Py an
m &8 J g8 J
in which

Sti eXp (8111k C/,,‘j)

mk
= (12)
hi "
! Z‘c Zj SifieXP (& Cip)
and for the whole region,
D, = > Dj, (13)
J

where

D}, = demand (number of required employees) for sector k
located in zone i (i.e., zone i located in region h);

Ss = supply (employees) by sector m located in zone gj;

R, = population in zone gj;

P = probability of selecting zone hi to supply & to sector m
located in zone gj;

Pf;= probability of selecting zone hi to supply k to final
demand sector located in zone gj;

7, k¥ = regression parameters;

d™ = diminishing parameter reflecting the effect of transport
cost on the marketing of product of sector k to sector m;

Cy; = the GTC from zone i to zone gj; and

D} = total demand (employees) for sector k located in re-
gion h.

The physical meaning of Equation 12 is that demand probability
rises with the scale of the producer (S) and its closeness to the mar-

ket (C).

From the viewpoint of supply, the choice of suppliers in this
model is where to locate their activities to cover the demand. Under
this condition, supply will be located as follows.

For region A,

Dy exp (8'U;)

I T —— (14)
" 2 Dt exp (3UY)
in which
Usr=> 6™ [Z D} exp (akc,,g)] (15)
m g

for any zone i in any region A,

Sk =8 Dfr:{k €Xp (SkU:i)
hi d _—
2. D exp (8°UE)

in which

Ut => 6m™In [ZD;;’, exp (S*C,»,)] )
m 7

where

Sk = supply (employees) by sector k located in region A;
S* = total supply (employees) by sector k;
& = diminishing parameter reflecting the average effect of
transport cost on the marketing of product of sector &;
C,, = the average GTC from region & to region g;
¢ = regression parameter;
Ul = expected extreme utility for producing k (considering
transport cost) if located in #;
Sk = supply (employees) by sector k located in zone hi; and
Uf; = expected extreme utility for producing k (considering
transport cost) if located in zone Ai.

Equations 15 and 17 mean that business considers both the
amount of demand and its distance while evaluating the utility of
each possible location for its activities.

The solution of the group of Equations 11 through 17 can be
obtained by iteration under the condition

D;:i = S:j (18)

GIS Base as a Decision-Supporting Tool

Road networks are inherently geographic as they are extended over
a wide area and intersect with different land topography, such as
rivers, mountains, buildings, and other roads. Also, network com-
ponents and events taking place within the network are locational
in nature. For example, the extent and shape of links, road intersec-
tions, accidents, and pavement conditions cannot be completely
defined unless the geographic location of the component or event is
given. Thus, spatial considerations in the analysis for different road
activities, including maintenance and repair management, are
essential and can vastly improve the quality of the decision-making
process. However, highway infrastructure management systems are
usually based on a central data bank in which only descriptive data
are handled. More advanced systems are also supported by
computer-assisted drafting systems for map generation. None of
these systems permits spatial operations on the data. GIS as a sys-
tem with spatial analysis capabilities—besides having the charac-
teristics of the above-mentioned systems—particularly matches the
geographic nature of road networks. Therefore, we coupled the pre-
viously discussed elements with a GIS. The developed system
includes the following components:

e A spatial data base that stores data describing the spatial dis-
tribution of geographic features in the study area. Examples of such
features are roads, city borders, land use, and main utility lines.
Each feature is stored as a separate layer and is related with the other
features by location as a common key.

e An attribute data base in which representative nongeographic
information on the spatial features is stored. Examples of such
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information for a road segment are road inventory, traffic volume,
and pavement condition.

¢ An analysis module in the form of computer programs that rep-
resent the previously mentioned three elements and use data from
both the spatial and attributes data bases. Spatial integration of dif-
ferent types of data is also possible to produce new information.

e An output-generation module to summarize data and informa-
tion and produce reports and maps. The generation of such output
can be achieved through programs, user textual queries, or user
geographic queries.

The resulting system has the following main advantages: automa-
tion of map generation, powerful geographic queries, network
analysis and simulation, and spatial analysis and data integration.

SUMMARY OF RESULTS

The developed model system was applied to a part of the trunk road
network within the Aichi region of Japan. The purpose of the appli-
cation was to examine the performance of this network under dif-
ferent levels of repair budget. The corresponding direct and indirect
costs were quantified. Also the merits of introducing GIS to the sys-
tem were examined. This section briefly gives some of the results.
Detailed results can be found elsewhere (2-5).

Figure 2 illustrates predicted performance in terms of reliability
and MCI of the average section of the network at the 80 percent and
60 percent repair budget levels (total 13-year cut of about 4 and 8.1
billion yen, respectively) compared with those at the 100 percent
level (current investment level). The results indicate that a 20 per-
cent reduction in the budget from its current level would result in a
20 percent and 17 percent decrease in the possible attainable relia-
bility and MCI by the year 2000, respectively. On the other hand, a
40 percent reduction would result in a 44 percent and 38 percent
decrease, respectively. The increasing damage-cut ratios show the
effect of cumulative damage due to budget shortage.

Comparison between the trends of curves in Figure 2 indi-
cates that the use of reliability as a performance indicator can
lead to conclusions similar to those obtained using a condition
index such as the MCI. However, the use of reliability has

Reliability of the Average Section

-

T T
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1992 1994 1996 1998 2000
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the advantage of it being able to link directly to the expected total
repair need.

As for prediction accuracy, the predicted average MCI value in
1991 under the assumption of current budget level is estimated to be
6.54, while the true average obtained from the condition survey for
the same year is 6.44. Comparison with prediction results obtained
using other deterministic models reveals that predictions using the
developed stochastic performance model are more accurate.

Besides physical damages to the network, the model was
employed to estimate the financial losses due to budget cuts. A rapid
increase in the yearly budget required for routine maintenance is
expected (see Figure 3). Another virtual loss is the increase in the
total repair needs of the network that will be incurred if all condi-
tion deficiencies are to be properly repaired in a certain future year
(cost to recover condition). The expected future recovery costs are
indicated in Figure 3."As shown, the costs in the year 2000 are about
two and three times as much as the total cut in budget in the 80 per-
cent and 60 percent budget levels, respectively.

Budget limitations cause both physical deterioration to the road
system and financial losses to the road agency. However, it is pos-
sible to cope with such a situation to minimize these negative
impacts by changing policies. The model was employed to examine
such policy changes. For example Figure 4 illustrates the progress
of the average MCI over the simulation period for the 80 percent
budget level assuming different priority ranking criteria (based on
pavement age, condition state, and traffic level). It is indicated that
such a policy change can result in considerable change in perfor-
mance level and ultimate condition. The curves indicate that the
age-state-traffic ranking criteria are optimal in this case. However,
further analysis of different budget levels reveals that it is not nec-
essary that this ranking criteria always be the optimal.

As for the direct user impacts, the yearly relative savings or losses
in total VOC were computed (see Figure 5). As indicated, an expo-
nential increase in cumulative VOC losses to the direct users in the
cases of limited budgets compared with an almost stable VOC in the
100 percent case. Doubling budget cuts results in more than twice
the loss as indicated by the increasing divergence between loss
curves in the figure. As a result of the increase in VOC and longer
travel time, an increase in the GTC between the region’s zones will
follow. Figure 5 also depicts the percentage change in average GTC

MCI of the Average Section

2000

T T

4.2 T T T
1988 1990 1992 1994 1996

Prediction Year
(b)

1998

FIGURE 2 Predicted 1988-2000 performance under different repair budget levels: (a) reliability, (b) MCI.
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Routine Maintenance Cost (Million 1991 Yen) Cost to Recover Condition (Billion 1991 Yen)
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FIGURE 3 Anticipated financial losses due to budget costs: (a) routine maintenance, (b) recovery costs.

MCI of the Average Section for each zone at the 10th year of the analysis period. As indicated,
rapid increase in such changes is expected with increasing budget
cuts. Itis also indicated that the differences in the magnitude of the
impacts on different zones are almost negligible in the 100 percent
case. However, such differences become more noticeable with the
increase in budget cuts, clearly illustrated in the 60 percent case.
This indicates a possible disruption in the spatial pattern of trans-
portation costs across the region. .

As for the indirect impacts, the number of employees in each sec-
tor was computed for each road performance level and thus GTC

\ pattern. These numbers were then multiplied by the productivity of
3 the employees in each sector to get the amount of the sector’s pro-
y duction. The change in the amount of production of all sectors as a
54 - result of different road conditions was considered as the effect on
1988 1990 1992 1994 1996 1998 2000 the economy of the study region and its zones.
Prediction Year The impacts in monetary terms on a selected zone, as an example,
is illustrated in Figure 6 for each sector under the 80 percent and 60
FIGURE 4 Performance assuming different allocation percent budget levels. Most of the loss is in the manufacturing sec-
priority criteria. ‘ tor, which is the main economic activity in this zone. Total produc-
Cumulative VOG Increase (billion 1991 yen) % Increase in Generalized Travel Cost (10th year)
200
160
1204 - - -
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40 -
0 -
P
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FIGURE 5 Direct impacts: (a) change in VOC, (b) change in GTC.
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FIGURE 6 Indirect impacts: losses by sector for a selected
zone.

tion losses over 10 years account for 30 and 56 biilion yen for the 80

percent and 60 percent budget levels, respectively. These losses
increase rapidly with time so that the cumulative losses over 20
years, for example, become about 20 times the losses after 10 years.

From the foregoing analysis, it is clear that the losses to the road
agency, road users, and the economy largely exceed the savings by
repair budget cuts. Such a result can be used to amplify the impor-
tance of satisfactory infrastructure performance and thus budget
justification.

As for the GIS application, Figure 7 provides an example of an
analysis type that becomes possible by introducing GIS to the sys-
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tem. The figure depicts an overlay between a road section scheduled
for future rehabilitation and the main waterlines underneath this
section. The overlay gives the location, characteristics, and future
repair year and authority of those lines intersecting with that road
section. Better coordination between timing of road repair and util-
ities repair and installation can be realized with such analysis.

CONCLUSIONS

This paper briefly discussed the development of a model system for
supporting road infrastructure management. The system can be
implemented on the network level to examine pavement perfor-
mance under different repair policies and budgeting levels and sce-
narios. More importantly, the system can be used to quantify nega-
tive impacts on road agency, road users, and the regional economy
due to unsatisfactory performance levels as a result of repair budget
cuts. The results of such a system can be used to amplify the impor-
tance of satisfactory infrastructure performance level and, thus, jus-
tify required budgets.

Some of the findings obtained throughout system development
and application are as follows:

e Modeling deterioration and repair as stochastic phenomena is
more realistic. This yields more accurate simulation and prediction
of future performance.

o Estimation of the direct and indirect costs incurred at any road
performance level is essential to clarify the importance of keeping
satisfactory conditions. The results indicate that such costs are much
larger than the cost of proper repair of the infrastructure.
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FIGURE 7 Coordination between timing of road repair and utilities repair and installations.
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e Adaptation of new technologies, such as GIS, in the area of
infrastructure management is promising and can vastly improve the
quality of the decision-making process.

Finally, the developed system framework can also be adapted for
other types of infrastructure. With such systems in hand, infra-
structure renewal strategies commonly based on the fire-alarm strat-
egy are likely to be abandoned in favor of strategies based on pre-
dicted information.
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