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FOREWORD

Highway administrators and engineers must select among alternative pavement
investment and maintenance strategies, These decisions should be based upon
economic analyses of the impacts expected for each pavement management
strategy. The FHWA system EAROMAR predicts structural performance and
simulates freeway operation to evaluate life-cycle roadway costs. "EAROMAR
Version 2, Final Technical Report" presents a detailed analysis of the
technical aspects of pavement life-cycle costing, The other four volumes are:

FHWA/RD-82/085, "Executive Summary"
FHWA/RD-82/087, "Users Manual"
FHWA/RD-82/088, "Program Documentation"
FHWA-IP-82-13, "Case Studies."

Sufficient copies of this report are being distributed by FHWA Bulletin to
provide a minimum. of one copy to each regional office, division office, and
State highway agency. Direct distribution is being made to the division

offices.
0 4
/PL,

Richard E. Hay, Dire
O0ffice of Engineerin
and Highway Operatfions

Research and Development

P

NOTICE

This document is disseminated under the sponsorship of the Department of
Transportation in the interest of information exchange. The United States
Government assumes no liability for its contents or use thereof.

The contents of this report reflect the views of the authors, who are
responsible for the facts and the accuracy of the data presented herein,
The contents do not necessarily reflect the official policy of the
Department of Transportation,

This report does not ceonstitute a standard, specification, or regulation.
The United States Government does not endorse products or manufacturers.

Trademarks or manufacturers' names appear herein only because they are
considered essential to the object of this document.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND TO STUDY

In 1975 urban highways accounted for less than one-sixth of the
total mileage in the U.S. Federal Aid system. WNevertheless, they sus-
tained more than one-half the total system usage, measured in vehicle
niles traveled (VMT). As shown iIn Table 1, this relatively high ratio
of usage to length held true across all major designations of Federal
Ald system roads in urban areas,

The pattern is most striking for the Interstate highways, nc doubt
owing to their uniformly superior design standards directed toward high-
volume, high~speed travel. The 22 per cent (by length) of Interstate
freeways classified as urban rcads in 1975 carried 52 per cent of In-
terstate VMT nationwide. The relative distributions of average dailly
traffic volumes in the urban Interstate network are shown in Table 2,
indicating that some 30 per cent of these roads experienced over 40,000

vehicles per day.

Occurrences of similarly high volumes were also recorded on other
urban portions of the Federal Aid system, but to a much lesser degree.
In fact, Tables 1, 3 and 4 imply that flows exceeding 40,000 vehicles
per day were characteristic of only one to two per cent of non-Inter-
state urban roads nationwide, these heavily used roads comprising for
the most part divided, controlled~access expressways and wide arterials.
Thus, the movement of high-veolume traffic can be associated almost ex-
clusively with controlled-access urban freeways typified by Interstate
program construction over the past twenty years.

An important consequence of the sustained heavy volumes on these
highways has been their deterioration under traffic loadings in rela-
tively short periods of time, raising the problem of how to maintain or
rehabilitate them adequately, safely and economically. Several repair
projects have already been undertaken on urban roads built during the
early years of the Interstate program, providing case study lessons in
the difficulties inveolved. The facts that many additional freeways
were completed under Interstate funding in the 1960s, and that such
heavily-trafficked pavements often start to show distress after only
10-15 years' service, indicate the continued significance of this prob-

lem through the coming years.

This relatively rapid rate of pavement deterioration observed, plus
the difficulty in repairing structural damage while contending with high
volume traffic, and the general trend toward rehabilitation of the exist-
ing urban network in lieu of new road construction, have all renewed in-
terest in premium pavements or so-called "zero maintenance'" designs for
major urban highvays. Premium pavements are pavements expected to pro—-



TABLE 1

URBAN HIGHWAY LENGTH AND USE, 1975

(Data Expressed as Percentage of Total Mileage and VMT
Respectively for the Federal Aid System as a Whole)

OTHER FEDERAL FEDERAL
| FEDERAL AID AID AID TOTAL
INTERSTATE PRIMARY SECONDARY URBAN URBAN
MILEAGE 1 4 3 6 14
(% of Federal
Aid System)
VEHICLE MILES
TRAVELED 13 16 5 16 50

(% of Federal
Aid System)

SOURCE:

Highway Statistics, 1975 ( 1), Tables FM-1 and VM-2.




TABLE 2
DISTRIBUTIONS OF AVERAGE DAILY TRAFFIC VOLUMES
ON URBAN INTERSTATE HIGHWAYS, 1975

(Data Based on National Totals for the
50 States Plus District of Columbia)

INTERVALS OF AVERAGE DAILY TRAFFIC
0 - 10,000- 20,000- 30,000~ > Totals*
10,000 20,000 30,000 40,000 40,000
Mileage 1,056 2,081 1,896 1,199 3,024 9,413
Kilometrage 1,700 3,350 3,053 1,930 4,869 15,155
Per Cent n 22 20 13 32 98

~ *157 miles (253 km.), or 2 percent, are unclassified.

SOURCE: Highway Statistics, 1975 (1), Table INT-15,

TABLE 3

DISTRIBUTIONS OF AVERAGE DAILY TRAFFIC VOLUMESL
ON NON-INTERSTATE URBAN HIGHWAYS

(Data in Per Cent)

INTERVALS OF AVERAGE DAILY TRAFFIC
0- 20,000-  30,000- >
20,000 30,000 40,000 40,000 TOTAL
1. Non-Interstate
Federal Aid Primary
- Urban 80 12 4 .} 100
2. Federal Aid Urban 9 6 2 1 100

SOURCE: Highway Statistics, 1975 (1), Table FM-110



TABLE 4

CHARACTERISTICS OF NON-INTERSTATE ROADS
HAVING DAILY TRAFFIC VOLUMES GREATER
THAN 40,000 VPD

1. NON-INTERSTATE FEDERAL AND PRIMARY SYSTEM - URBAN*

Undivided 24%

Divided, No or Partial '
Access Contro] 29

Divided, Full Access ‘
Control 47

Total 100%

2. FEDERAL AND URBAN SYSTEM*

Undivided 30%
Divided, No or Partial

Access Control 36
Divided, Full Access

Control 34
Total . : 100%

*Daily volumes of 40,000 or greater were observed within each
group predominantly on roads of 48 foot width (15 m.) or
wider.

SOURCE: Highway Statistics, 1975 (1), Table FM-110
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vide maintenance-iree service under projected traffic and environmental
conditions for at least twenty years, and to rcquire only routine struc-
tural maintenance for ten to twenty vears thereafter.

By their nature premium pavements are capital intensive strategies,
and their justification requires an assessment of the economic benefits
of such pavements (to both the sponsoring agency and the motoring pub-
lic) in comparison to their higher initial cost. Where anticipated ben~
efits exceed costs, an economic warrant is established for premium pave-
ment design and construction.

Current methods of pavement design and evaluation are not generally
applicable to analyzing the need for premium pavements. Such methods
typically incorporate rather arbitrary assumptions as to, for instance,
the suitable level of pavement serviceability to be afforded and over
what duration (e.g., producing designs sufficient to sustain pavement
PSI above 2.5 over a 20-year life); or the level of maintenance to be
provided (e.g., "normal"™ maintenance assumed, although this effort is
not explicitly defined). Furthermore, in incorporating these types of
assumptions, many pavement design and evaluation methods reduce the in-
herent economic problem -- to minimize total pavement-associated costs --
to a simpler, but not equivalent, technical problem.

Such simplifications break down under a premium pavement analysis.
For example, neither the 20-year design life, nor the terminal service-
ability value of 2.5 above, may be optimal under the high-volume traffic
conditions for which premium pavements are most appropriate. Also, as-
sumptions of "normal” maintenance as applied tc conventional designs
fail to account for the significant problems in repairing pavements dur-
ing peak hour urban flows. Difficulties in maintenance and rehabilita-
tion under high levels of demand include preatly increased congestion
and associated costs of traffic delay, safety hazards to both the main-
tenance work crew and the motoring public, space restrictions and tight
work schedules which may affect work produetion and quality, and in-
creased unit costs of maintenance durlng nighttime or weekends to avoid
rush-hour disruptions.

1.2 STUDY OBJECTIVE

This research project was undertaken in response to the Issues a-
bove, with the objective to develop a set of procedures to provide eco-
nomic warrants for premium pavements. From an historical perspective,
this project was intended to update findings developed for the Federal
Highway Administration in 1974 by Byrd, Tallamy, MacDonald and Lewis
( 2), findings which were incorporated within a computerized znalysis
procedure ~~ the EAROMAR system (Economic Analysis of Roadway Occupancy
for Maintenance And Rehabilitation).

Qur update and revisions of the engineering, economic, and compu-
ter design aspects of EAROMAR have been focused in three major areas:
(1) introduction of new concepts in, for example, the description of
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the analysis problem, maintenance policy specification, maintenante
scheduling and resource management, and treatment of differencial cost
inflation within the economic analysis; (2) incorporation of new mod-
els and data regarding, for example, pavement deterioration and user
cost predictions; and (3) restructuring the computer program code it-
self to produce a more modular organization, facilitating furure re-
visions, expansion, and adaptation to specific locales. Because the
collective effect of these changes has been major, we have produced a
new, redesigned, and recoded version of the EAROMAR system.*

The technical concepts, models and procedures developed under this
research for application to premium pavement evaluation are described
in this report. The computerized model encompasses flexible, rigid,
and composite pavement designs, and accounts for relevant physical, en-
vironmental, economic and policy-~related factors which interact to in-
fluence pavenment performance and costs. It considers explicitly the
operational, safety, and cost aspects of road occupancy of heavily traf-
ficked routes. Results contributing to economi¢ warrants comprise costs
of pavement construction {(and any subsequent reconstruction or overlays)
pavement maintenance costs; user—assoclated costs for vehicle operation,
travel time, and accident occurrence; and changes in levels of vehicle
emissions.

1.3 METHOD OF APPROACH

Premium pavement warrants depend upon the interaction of several
technical, eccnomic and socio-political criteria which are specific to
a region and time and can therefore be evaluated only on a case-by-case
basis. These include, for example:

® Road structural and operational characteristics
® Projected traffic volume and composition
® Local environmental conditions

® Policies regarding pavement maintenance and
rehabilitation

® TLocal practices on scheduling of maintenance work

® Prevailing unit costs for labor, equipment and
materials needed for pavement repair

® Values of travel time, economic costs attributable
to highway accidents, and appropriate rates of dis-
count.

* For simplicity the name "EAROMAR" when used in this report will refer
to the new version of the computerized analysis, unless qualified by
phrases denoting 'the original or "the initial" system.
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On a national basis these criteria governing the analysis may vary
widely. Throughout this project we¢ have therefore identified the prob~
lem not as one to develop specific premium pavement warrants, since
this would be impossible to do in any general way; but rather to devel-
op a flexible, practical procedure which local highway administrators
could apply to determining warrants under their particular situations.

*A premium pavement justified in one locale will not necessarily be war-
ranted in another, where maintenance practices, unit costs, or other
factors above may differ.

Economic warrants for premium pavements are built from the EAROMAR
system's estimates of pavement-related construction, maintenance, re-
habilitation, reconstruction, and user operatinp costs, discounted
through an analysis periocd. These costs are cbtained by simulating
road operational and structural performance through successive seasons
within years, accounting in each period for the collective influences.
of pavement characteristics, imposed loadings, environmental factors,
maintenance policies, and other factors enumerated above on pavement
damage and corresponding maintenance or rehabilitation requirements.
By performing the analysis for several different pavement designs and
maintenance policies, one may compare the total discounted costs of
each strategy to identify the least-cost combination of design and
maintenance. Where road occupancy for pavement maintenance or rehabi-
litation will cause substantial increases in user costs (due to in-
creased travel time and congestion, inefficient vehicle operation, in-
creased risk of accidents, and increased vehicle emissions), a premium
pavement requiring essentially no maintenance may be justified.

The major components of the EAROMAR simulation are identified in
Table 5. To the extent possible each component has been addressed in
as flexible and comprehensive a manner as possible. For exaople, spe-
cification of maintenance, reconstruction, traffic, and economic data
may vary both over time and along the lenpth of the road. Program de—
sign is modular, allowing each component in Table 5 to be easily up-
dated or replaced as need be. All data are provided the system via free-
format input conventions.

1.4 OUTLINE OF REPORT

The following chapters describe the function of each model component
in Table 5. ‘

Route characteristics, construction projects, strategy specifica-
tions and economic data are described in Chapter 2.

Chapter 3 presents damage prediction models for flexible, rigid
and composite pavements. :

Chapter 4 discusses treatment of pavement repair (whether by main-
tenance, overlay, or reconstruction), and develops our approach to
maintenance policy specifications and maintenance management.
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Chapter 5 describes the engineering aspects of road user opera-
tions, including representation of travel demand and simulation of
traffic flow under both free-flow and congested conditions.

Chapter 6 details the treatment of road user costs, including
vehicle operating costs, travel time costs, accident costs, and
pollution emissions.,

Chapter 7 concludes the report, summarizing the major features
of the EAROMAR system and ldentifying potential system applications.



TABLE 5

COMPONENTS OF THE EAROMAR SYSTEM

ROUTE CHARACTERISTICS

e Geometry and Capacity
& Pavement

(] Enviroﬁment

e Administrative Sections

® Initial Cons;ruction Costs
CONSTRUCTION PROJECTS .

e DOverlays
® Reconstruction or Additional Construction

TRAFFIC DEMAND

e Vehicle charécteristics
e Trip Purpose
e Volume and Growth

e Dailly and Hourly Distributions
DAMAGE PREDICTION

® Flexible Pavement
e Rigid Pavement

# Composite Pavement
MAINTENANCE POLICIES

o Flexible Pavement
s Rigid Pavement

e Composite Pavement



TABLE 5
COMPONENTS OF THE EAROMAR SYSTEM

(continued)

MAINTENANCE MANAGEMENT

e Scheduling
-# Unit Cost and Production

® Resource Limitations
ROAD OPERATING CHARACTERISTICS

e Free-flow Speed
® Congestion and Queueing

e Speed Change Cycles
USER -CONSEQUENCES

e Vehicle Operating Costs
o Travel Time
& Accident Costs

@ Polluticn Emissions
ECONOMIC DATA

e Discount Rates
e Differential Inflation

e Accident Costs

STRATEGY SPECIFICATIONS
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CHAPTER 2

SCOPE, CONCEPT, ARND ORGANIZATION OF THE EAROMAR ANALYSIS

2.1 QVERVIEW

Cost streams to determine economic warrants for premium pavements
are predicted by EAROMAR through its simulation of highway operation
and pavement performance, encompassing the several sets of parameters
listed in Table 5. This chapter begins our description of the modeling -
approach employed, defining system scope, concept, and organization,
The general precepts Introduced in this chapter will set the stage for
more detailed technical explanations presented later in this report.

We start below with the first component of problem definition, the
specification of route initial characteristics., For the sake of clarity
and convenience, all subsequent influences on pavement deterioratiom,
performance, and costs over time are considered under the organization of
strategies in Section 2.3. It is important to bear in mind, however, that
the data discussed in Sections 2.2 and 2.3 respectively must interrelate
with one another during the analysis. TFurthermore, both route characteristics
and strategy specifications may be varied by a manager over a series of
analyses to test different conventional versus premium pavement options. The
nature of this data interaction and suggestions of the types of alternatives
that can be evaluated are discussed in Section 2.4, Section 2.5 concludes the
chapter, with an explanation of economic paramerers influencing cost pre-
dictions, illustrating the treatment of inflation and discounted annual

totals.

2.2 ROUTE CHARACTERISTICS

General

Route characteristics encompass the geometric, structural, operational
and environmental descriptors which must be known to carry out an analysis
through EAROMAR, These characteristics are used, first, to define engin-
eering and environmental variables needed, for example, to predict pave-
ment damage or to estimate volume~capacity relationships; and second, to
identify administrative divisions of the route length for which separate
estimates of costs will be maintained.

The route studied may be one already existing or one rewly constructed
at the beginning of the analysis period. If it is an existing route, traffie
loading histories and the condition of the pavement surface at the start of
the analysis are provided by the manager in the pavement descriptions, If it
is a new route, managers may input the costs of .initial construction, i1f it
is desired that these costs be included in the economic analysis.
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The facility to be analvzed within the EAROMAR system is termed
a route - a length of highway comprising usually two or more roadways.
Virtually any controlled-access divided highway, whether exisring, newly-
constructed, or planned, may be considered. There are no restrictions on
the length of route one may define; this will depend solely on the scope
of the premium pavement analysis one wishes to carry out. Moreover, routes
may consist of two or more roadways representing physically distinct pave-
ments and traffic flows - denoting, for instance, directional flows,
express versus local lanes, or auto-only versus mixed traffic lanes. Each
roadway is simulated independently in the EAROMAR analysis, and separate
cost and performance results can be obtained for individual roadways.

Distance along a route within the EAROMAR analysis is denoted by a
milepost system assumed to run along the imaginary centerline of the route.
Locations on all roadways are tied to this single system; thus, variations
in the lengths of component roadways due to minor differences in their
respective geometrics are ignored. However, roadways need not all start
and end at the same mileposts, nor need they be of the same length. (As
we will show later, they also do not have to be constructed at the same
time.) These features make it possible to represent changing route con-
figurations over 1ts length, in terms of the number of roadways (and,
hence, total number of lanes) available to serve traffic.

Roadways

Each roadway within the route is identified by a name and described
in terms of its length and location, direction of traffic flow, capacity,
horizontal and vertical alignment, and pavement characteristics. Road-
ways may differ from one another in any or all of these characteristics, even
at the same milepost. Moreover, the capacity, horizontal and vertical
alignment, and pavement parameters associated with a roadway may vary over
its length independently of one another. More detailed explanations of
each roadway characteristic follow in the sections below.

NAME, LENGTH, AND DIRECTION OF FLOW

The roadway name serves to identify it, both to enable managers
to associate specific information and policies with individual roadways,
and to label analysis results such as roadway traffic flows, costs, pave-
ment performance, and the like. The names assigned to roadways are
arbitrary, and depend upon the inclination of the manager conducting the
analysis. Normally, however, it is good practice to label roadways
according to theilr commonly understood traffic service; e.g., "Northbound"
or "Southbound," "Inbound" or "Outbound,” or for circumferential highways,
"Clockwise™ or "Counterclockwise.”

Roadway length and location are dencted by a beginning and an ending
milepost, measured by the route milepost system described earlier. The
direction of traffic flow is specified in relation to the milepost convention,
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as proceeding either "upstation” or "downstation." It is assimed that
the direction of flow applies to the entire roadway throughout a 24-
hour day. Thus, roadways with counter-flow lanes or reversible traffic
flows are not considered within the analysis.

CAPACITY

The treatment of capacity within EAROMAR follows relationships
presented in the Highway Capacity Manual (3), and is discussed in detail
in Chapter 5. Data provided in the capacity block are used primarily in
support of these capacity calculations, but are also needed for pavement
deterioration and maintenance computations involving, for example, pave-

ment surface area.

Data on roadway lanes and shoulders that must be provided by the
user include:

1. The number of travel lanes, and the lane width in feer;
2., The widths of the right and the left shoulders respectively;

3. The design lane factor; and
4., A measure of the practical lane flow or impedance to flow,.

The first two items are self-explanatory. The design lane factor, a
decimal number ranging from zero to one, 1s used in estimating rates of
pavement deterioration. It specifies the percentage of total traffic
using the most heavily travelled roadway lane, and thus is a function of
the lane distribution observed on the roadway. Finally, data on practical
flow values are provided either directly by the average vehicles per hour
per lane observed, or indirectly by a decimal factor (from zero to one)
accounting for both lane width and side friction corrections to ideal -
flow values. (Refer to Chapter 5.)

Any of these capacity characteristics may be varied arbitrarily
along the roadway length. Where different characteristics begin (e.g.
a change in the number of lanes, or in side friction characteristics),
the user would simply specify the milepost location of the change, followed
by the new capacity value(s).

HORIZONTAL AND VERTICAL ALIGNMENT

Specification of the horizontal alignment encompasses the following
information:

1. Horizontal curvature, expressed optionally by the
degree of curvature or by the radius of the curve in feet;

2. The design speed of the roadway, in miles per hour;

3. The speed limit enforced on the roadway, in miles per hour; and
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4. The accident rate, in occurrences per million thicle miles
miles travelled (MVMT).

The vertical alignment includes simply the slope of the longitudinal
profile, in percent positive or negative.

Geometric characteristics may likewise be varied arbitrarily over
roadway length. However, judgment should be exercised in maintaining a
reasonable ratio of the length interval between changes in geometry to
the total route length under study. Geometric characteristics are appled
in assessing user costs on each roadway sectlion* as compared to those on
level tangent sections of otherwise identical characteristics. (Refer
to Chapter 6.) If a route of some length is being analyzed, then a very
detailed description of each geometric change may lead to a large number
of user cost and other calculations (one at each change in geometry),
rendering the simulation inefficient for the additional information
gained. In these situations it may be advisable to consolidate many
small sections into a larger section of equivalent total length and
representing a composite of the contributing characteristics. Another
approach is to model all roadways as level tangent sections throughout.
This should provide an adequate first approximation when examining a
broad range of alternatives. As one narrows the set of feasible solu-
tions, more detailed geometric descriptions may be provided if necessary.

PAVEMENT

Managers may define three types of pavement structures with EAROMAR:
flexible (asphalt concrete surface), rigid (portland cement concrete
surface), and composite (asphalt concrete surface over portland cement
concrete base). The procedure to describe roadway pavements is versa-
tile enough to accommodate the unique designs sometimes used for premium
pavements. The characteristics of the surface layer are specified
first, followed by descriptions of each succeeding layer up to and in-
cluding the subgrade. Any member of layers may be defined, with no
restrictions on the type or function of each layer. This makes it
possible, for example, to include specialized layers within the pavement
structure (such as for crack relief or dralnage), or to develop non-
standard designs for premium pavements.

Information required for the surface layer is as follows:

1. The type of structure (flexible, rigid or composite);

2. Surface conditions present at the start of the analysis
period (in terms of the Present Serviceability Index PSI,
Individual damage components discussed in Chapter 3, and traffic

loading history);

3. Surface thibkﬁess, in inches;

*See Note 1 at the end of this chapter regarding definitiom of roadway
sectiomns. '
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4. The AASHTO laver coefficient, as developed in ( 4);

5. The elastic moduli of the surface mix, and the stifiness
of the bitumen, for flexible and composite pavements;

6. The elastic modulus and the rupture modulus of the portiand
cement concrete, for rigid pavements;

7. The thermal coefficient of expansion, and the suscepti-
bility of the aggregate to blowups, for rigid pavements; and

8. The type and spacing of joints, for rigid pavements.

" For each succeeding layer in the pavement structure (excluding
the subgrade) the following information must be provided:

1. The name of the layer assigned by the manager (used for
identification purposes only);

2. Layer thickness, in inches;

3. The AASHTO coefficient of the layer material; and
4. The elastic modulus of the layer material,.

Data on subgrade conditions include the following:

1. The subgrade strength, expressed In terms of its static CBR,
its elastic modulus in kips per square inch), its AASHTO "S"
“value, or its "k" value (in pounds per c¢cubic inch); and

2. Drainage characteristics, expressed as "Good," '"Tair," or
"Poor." The technical interpretations of these terms will be

given in Chapter 3.

Many items in the above lists are self-explanatory or familiar to
pavement designers and engineers. Others, such as agpregate suscepti-
bility to blowups, are specilalized technical parameters related to the
prediction of pavement damage, and will be discussed in detail in Chap-
ter 3. Following we Present simply some comments on pavement descrip-
tions in general within EAROMAR.

The pavement structure may be variled arbitrarily over the roadway
length to represent changes in pavement design or construction. Modifi-
cations may be made in the number and type of layers Included, the
ordering of the layers, layer thicknesses, materials properties, or
subgrade characteristics. Pavement specifications may also differ
among two or more rcoadways to reflect non-uniform subgrade conditions

or unequal traffic loadings.
The descriptions of flexible and composite pavement surfaces con-
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tain several elastic moduli for the asphalt concrete, including its
dynamic or complex modulus and its diametral resilient modulus. The
reason for distinguishing among various definitions of modulus is that
~each of the flexible pavement damage models discussed in Chapter 3
employs a different measure of elastic response of the asphalt concrete.
We have retained within EAROMAR the distinctions among moduli implied

in the original derivations of these. damage equations. Managers must
therefore provide values for each type of elastic modulus, even if values
of all elastic or dynamic modull are considered to be equal for a given
flexible or composite pavement.

Elastic moduli are also required for all underlying layers of the
pavement. For granular bases this modulus is stress—dependent. There-
fore the values provided by a manager should approximate the state of
'stress within which the base layer is expected to serve,

Subgrade strength may be expressed in cne of the following four
ways: static CBR, elastic modulus (in kips per square inch), AASHTO
soil-support or "S" value, or modulus of foundation support or "k"
value (pounds per cubic inch). For convenience a manager need input
only one of these four measures; equivalent values of the other three
will be computed automatically, using conversion equations described
in Chapter 3. (All four measures of subgrade strength are required
internally within EAROMAR for use by different pavement damage models.)

Materials properties of pavement surfaces, underlying lavers, and
subgrade may be input either as constant throughout the year, or as
varying by season. In the latter case such variations reflect the
effects of temperature and moisture fluctuations on pavement =aterials
properties.* Moreover, it Is not necessary that all pavement character-
istics represented in EAROMAR be treated in the same way at the same
time. For example, one may specify the elastic meduli of the pavement
surface to vary by season (reflecting temperature effects), but input
base layer moduli and subgrade CBR as constant throughout the year.
Or, one may hold surface and base values constant (reflecting annual
averages), but vary subgrade properties seascnally to reflect periods
of high groundwater. In each case a manager should consider what
seasonal effects are prevalent in his or her area, and what data are
avallable on changes in materials properties throughout the year.
‘(Other time-dependent changes in pavement characteristics and how
they are treated within EAROMAR will be discussed in Chapter 3.)

*Pavement materials properties are not now represented as direct func-
tions of temperature (or moisture) within EAROMAR. However, there Is
no reason that they cannot be in the future, since temperature and
moisture data are provided for each season dafined uithin the year,
as will be discussed shortly.
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Administrative Areas

The route under study may traverse several highway administrative
jurisdictions, such as foreman repair sections or maintenance districes.
Conditions within each jurisdiction may be important to a premiuxz pave-
ment analysis, particularly as they affect the ability to provide needed
maintenance. For example, individual foreman sections or districts may
exhibit different levels of labor, equipment, or materials availability
to repair highway pavement now or in the future.

Managers may simulate these issues of maintenance supply through
what are termed administrative areas (or more simply, areas) within
EARCMAR. Areas define an arbitrary but contiguous set of divisions of
the route length. Each area is denoted by a name (assigned by the user)
and beginning and ending mileposts. By implicaticn an area also divides
all component roadways into segments bounded by the two mileposts; there-
fore, in effect areas establish subsets of the total route maintenance
responsibility. The relationships among areas, roadways, and the route
milepost system are illustrated in Figure 1.

All data on maintenance scheduling, technology, unit costs, and re-
source availability are provided within EAROMAR by area, as we shall see
in Chapter 4. Thus, areas can be used to reflect the local impacts of
maintenance budget constraints, the competition for scare maintenance
resources among this and other routes in the network, and differences
in maintenance practices among foremen or district engineers. Further-
more, a separate series of output reports on highway performance and
costs is available by area, to assist a manager in pinpointing vhat seg-
ments of the route under study might be the most favorable condidates
for premium pavements.

Environmental Conditions

Moisture and temperature patterns throughout the year influence both
the types and the respective rates of damage sustained in pavements. To
account for these effects within EAROMAR, users may describe environ-
mental conditions affecting the route in question. Environmental vari-
ables capture broad regional influences, rather than localized variations
along the route length. Therefore conly one set of environemental infor-
mation is required of the manager; this description applies uniformly to
all roadway sections, and is not modified during the analysis.

The EAROMAR system permits two independent methods of describing the
route environment: (1) division of the year into seasons characterized by
individual temperature and moisture averages; and (2) specification of
the AASHTO regional factor. Each of these conventions is discussed
further below,

SEASONS
Seasons within EAROMAR are arbitrary divisions of the year, among
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which one may simulate periodic fluctuations in temperature and moisture
levels. Any number of seascns between one and twelve may be defined;
the length of each season is likewise arbitrary, so long as the sum of
the durations of all seasons equals twelve months. For each season one
must specify the following information:

1. The name of the seascn (any unique identifier, to be selected.
by the user);

2. The duration of the season, in months;
3. The averapge seasonal temperature, in degrees Fahrenheit; and
4, The average seasonal moisture level, in inches total rainfaill.

Several examples of different seasonal descriptions are shown in
Table 6. A manager has complete independence (save for the guidelines
above) in deciding how seasons are to be structured in a typical -year.
Thus, the cases in Table 6 are for illustration only, and any other ex-
amples satisfying the conditions above could just as readily have been

chosen. ,

Example A in Table 6 illustrates a fairly conventicnal division.
It is based simply on the astronomical definitions of four seasons typ-
ical in temperate zones. Sometimes, however, models of pavement damage
may be more appropriately based on subdivisions of individual seascons or
upon departures from the astronomical calendar. Distinctions between
early and late fall, or between the wet and dry periods of spring, may be
useful as indicated in Example B. Moving on to Example C, we see that
with a maximum of twelve seasons permitted, a user may find it convenient
to divide the year into months particularly if monthly temperature and
moisture data are readily available. Finally, if no seasonal variations
are desired, the manager may simply default to an annual simulation, as
shown in Example D.

Whatever seasons are defined by a user become an integral part of
EARCMAR simulation over time. In addition to pavement damage histories,
both traffic volume projections and maintenance scheduling may be treated
as seasonally dependent (as will be explained in Chapters 4 and 5).
Furthermore, output reports on highway performance and costs can be strat-
ified by season of the year. Thus, beyond their role in organizing environ-
mental data, seasons form a structural component of the analysis, and
will be referred to many times in subsequent chapters.

REGIONAL FACTOR

Several of the pavement deterioration relationships tc be presented
in Chapter 3 are based upon results of the AASKRO Road Test (5 ). The
AASHTO equations do not include temperature and moisture conditions as
independent variables, but rather incorporate these (and other environ-
mental effects) within a weighting function termed a regional factor.
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TABLE 6
EXAMPLES OF DEFINITIONS OF SEASONS

Season Duration Mean Temp ~ Mean Seasonal Moisture
months °F inches rainfall
EXAMPLE A
Spring 3 55 18
Summer 3 75 13
Fall 3 60 9
Winter 3 30 1
EXAMPLE B
Wet Spring 1 - | 9.0
Dry Spring 2 48 9.7
Summer 3 75 - 7.2
Early Fall 2 70 . 8.5
Late Fall 2 53 4.5
Winter 2 37 7.4
EXAMPLE ¢ ;
January 1 36 2.1
-February 1 37 - 5.3
March 1 45 4.2
April 1 56 5.7
May 1 66 : 4.5
June 1 75 4.0
July 1 79 2.7
August 1 77 1.2
September 1 71 3.7
October 1 60 , 4.6
November 1 48 ‘ 3.3
December 1 37 ' 1.2
EXAMPLE D
Annual 12

65 ‘ 4.5
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The regional factor is therefore 1dent1f1ed as a separate envireamental
input to EAROMAR.

The regional factor 1s an empirically derived value to correlate the
AASHO Reoad Test rtesults with expected pavement performance in other regions
of the country, where moisture, temperature, drainage, and frost condi-
‘tions likely differ from those observed at the Road Test site. The re-
ional factor is measured over a scale of 0.2 to 5.0, with the follow1ng
guideline values:

1. 30.2 to 1.0 for frozen roadbeds;
2. 0.3 to 1.5 for dry roadbeds; and
3. 4.0 to 5.0 for saturated and thawing roadbeds. ( 5)

The regional factor at the Road Test site 1s defined to be 1.0. Where-
roadbed conditions are on actual pavement vary throughout the year, an,
annual average of the above guideline values must be used.

It should be noted that the regional factor does not substitute for
the seasonal temperature and moisture data described above. Rather, the
two sets of information are used in a complementary way, wtih the region—
al factor applicable to AASHTO pavement relationships, and the seasonal
data to more mechanistic formulations. Nevertheless, one should take
care that the value of the regional factor is consistent with the season-
al information provided.

Construction Projects

Projects are undertaken over time to restore or upgrade the charac-
teristics of the route, and thus their implementation should correctly be
discussed in section 2.3. However, since the data which a manager must
provide in the projects area corresponds to those input under the initial

road description, it is helpful to consider their specification here,

Projects may be applied to accomplish the following changes or im-
provements in route configuration: :

1. To create a new roadway within the route;
2. To extend the length of an existing roadway;

3, To change the capacity, horizontal alignment, vertical profile,
or pavement cross-section of an existing roadway; or

4, To overlay an existing pavement,

Items 1 through 3 are considered to be construction activities within
EAROMAR, while item 4, an overlay, is treated separately.

-21~



SUBSEQUENT ROADWAY CONSTRUCTION OR RECONSTRUCTION

Project Descriptions. Construction projects within EAROMAR cay be
used to modify any part of the route description explained earlier. For
example, new roadways may be added to simulate a major future expansion
of capacity, say, from two rocadways to four. Or, where a route comprises
multiple roadways (of perhaps unequal length), certain roadways may be .
extended at a future date under EAROMAR projects. Finally, on a given
roadway such projects may be used to simulate the addition of new lanes
or shoulders; road reconstruction to upgrade horizontal or vertical align-
ment; or rebuilding (as opposed to overlaying) the pavement structure,

In each case the description of the project scope replicates that for
initial roadway conditions described earlier. For new roadways or ex-
tensions to existing roadways, data on nawme, length, and (for new road-
ways only) direction of traffic flow; roadway capacity; horizontal and
vertical alignment; and pavement design must be provided by the user ex-
actly as for initial roadway conditions. The conventions discussed earlier
for varying these characteristics along roadway length (with subsequent
creation of roadway sections) likewise apply. For modifications to exis-
ting roadways only the block containing the affected data needs to be in-
put. TFor example, if a lane were to be added along a length.of roadway,
only the capacity block would have to be entered under beginning and
ending mileposts delimiting the roadway segment of interest.

Timing. The timing of construction work is important for twe reasons.
First, constraints on the season in which work starts may reflect technical
requirements regarding temperature or moisture conditions necessary to suc-
cessful project accomplishment., Second, both the start time and the dura-
tion of proposed work influence the degree of workzone interference with
the normal traffic stream. It may be possible to lessen traffic disrup-
tion by adjusting the timing of construction, as well as workzone config-

uration.

Within EAROMAR project timing is controlled by two parameters speci-
fied by the user: (1) the season(s) during the year in which project
work may commence; and (2) the proposed duration of work, in months.*

Any number of seasons may be listed as the potential starting time of
work, so long as each season has been corretly defined in the "seasons”
block earlier. Where a number of contiguous seasons are referred to
(e.g. spring, summer, and fall) the "to" keyword convention may be used
(e.g. spring to fall).

Project duration should encompass the entire period the workzone is
to occupy the road. For example, assume that work commences, say, in
spring, and continues actively through summer, fall, and the subsequent
spring and summer. Very little work can be accomplished in winter, but

x :

A third aspect of project scheduling is the year in which work will com-
mence. This information 18 contained in the strategy specifications, and
is therefore discussed in section 2.3,
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(since work is not finished) the barricades delimiting the work:-one will
remain standing. 1f we assume the duration of each season to be three
" months, the total project duration in this case is 1% months.

Roadway Closure. Three types of closures for construction projects
are possible within EAROMAR at the command of the user:

1. Lane restrictions, in which one or more lanes on a given road-
way are closed for repair work, with traffic constrained to the

remaining lanes;

2. Crossovers, in which an entire roadway is closed for work, with
traffic diverted to another roadway; and

3. Detours, in which an entire roadway is closed for work, with
traffic diverted to a temporary bypass not part of the route in
question.

These closure types duplicate those used in the simulation of maintenance .
within EAROMAR; therefore, illustration of their use and explanations of
technical details will be presented in Chapter 4, with the analytic treat-
metn of closures following in Chapter 5.

There are, however, two characteristics of road closures unique to
the treatment of projects (in comparison with maintenance). First,
closures for projects are assumed to occupy the roadway 24 hours per day
until all project work is completed. (By comparison, with maintenance
activities there is the option to confine roadway occupancies te those
periods when the workcrew is actually on site. See section 4.3.) Thus, in
the example for project duration earlier, EAROMAR will simulate a closure
zone present during all hours of the day throughout the 18-month duration
of the project. This relative permanence of project closure zones, and
the significant delays that may result in traffic movement are felt to
represent realistic operational aspects of highway construction.

Second, the physical limits of the closure zone may extend any dis-
tance beyond the length of the roadway actually to be reconstructed.
(This is also different from the treatment of maintenance, wherein closure
zones essentially coincide with the maintenance workzone itself.) This
feature permits managers to exercise a considerable degree of control over
the placement of the road occupancy. For example, ends of the closure
zone may be located at the mileposts of interchanges at which traffic will
be diverted from and returned to the roadway. Again, the objective is to
model the impacts of highway construction on traffic as realistically as

possible.

Project Costs. The costs of roadway construction are provided by the
user for each project. These costs should be consistent with (1) the level
of effort required to produce the end product, whether construction of a
new or extended roadway, or changes in roadway capacity, alignment, or
pavement; (2) the technology of construction envisioned, and (3) project
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duration and roadway closure configuration to be used. This sicplified
costing approach has been adopted since our interests in EAROMAR do not
require a simulation of the construction process itself. The premium
pavement analysis considers only the effects of construction activity on
the traffic stream, incorporation of construction output within an updated
road description, and the costs of accomplishing this improvement.

Costs may be provided by the manager in one or more of the following
categories:

1. A lump sum cost to cover any or all components of the project;

2. A unit cost in dollars per centerline mile to cover any or all
components of the project; and

.3, A lump sum caost to cover erection and dismantling of the road-
way closure, construction of temporary bypass lanes, setting up
warning messapes and detour signs, and the like.

The division of total projeect costs between items 1 and 2 is com
pletely at the discretion of the user, depending upon the scope of pro-
ject work and to what extent different project mileposts are to be in-
vestigated as strategic alternatives (section 2.3). For example, if the
scope of (re)construction is well-defined over a specific length of road-
way, it may be appropriate to provide all project costs as a lump sum
total. On the other hand, we shall see in section 2.3 that a project may
be executed over different rcadway lengths as governed by the strategy
specifications. In this case it may suffice to provide project costs on
a unit mile basis. Finally, in the general case total project costs will
exhibit both fixed and variable components. Users may therefore provide
both lump sum and per-mile figures respectively.

Item 3 above is self-explanatory. Costs associated with the roadway
. occupancy are segregated from the costs of actual construction work to
allow managers to substitute different closure options if required, and
to cost each one separately.

OVERLAYS

Overlays form a special subset of the construction project activities
treated within EAROMAR. The purpose of an overlay is to restore the riding
surface or to increase pavement strength by adding a new surface layer.
Within the EAROMAR analysis, overlays are simulated by updating roadway
pavement information to incorporate the structural contribution of the
new layer, as determined by its thickness and materials properties.

Overlays may consist of either flexible or and rigid pavement,* and may be

* A tigid overlay on a flexible or rigid pavement results in a rigid pave-
ment. A flexible overlay atop a flexible pavement results imn a flexible
pavement. A flexible overlay atop a rigid pavement results in a composite
pavement under the conventions adopted within EAROMAR. However, the simu-
lation of rigid overlays is discouraged; see section 3.5.
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‘any thickness or length. (Of course, the overlay thickness and materials
properties specified should be realistic in light of available pavement
technolegy and the limitations of construction practice.)

Data to characterize the overlay are analogous to those already
discussed for initial roadway pavement conditions and for construction
projects, Overlay thickness, matrerials properties (layer coefficient,
modulus, joint spacing, and so on as appropriate to a flexible or a
rigid material), and the resulting improvement in surface conditions
(in terms of PSI and values of individual damage components) are pro-
vided exactly as for a pavement surface layer described in initial road-
way construction. Project timing, roadway clesures, and costs inci-
dent to placing an overlay are input as for construction projects.
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2.3, SPECIFICATION OF STRATEGIES

Several problem elements in Table 5 are dynamic over both space
and time. Values of these parameters may vary simultaneously among
roadways and along roadway length, while depending as well upon the
analysis year. Some of these parameters are under the direct control
of the user (we may refer to these as policy or control variables), and
include pavement maintenance policies, maintenance management issues,
and the nature and timing of construction investments. Other aspects of
the problem are not subject to direct management control, but neverthe-
less significantly affect the outcome of the analysis. These condition
or state variables include future traffic volume and composition, assumed
rates of damage induced in pavements, and economic scenarios.*

~ Since system conditions are subject to uncertainty over time, and
since policy specifications are modified as a result of management de-
cisions, the effects of changes in both policy and state variables must
be investigated within premium pavement options. Furthermore, a number
of options must be analyzed to determine whether a warrant for premium
pavements exists. The capabilities required to organize policy and con-
dition information, to apply this information correctly, and to manipulate
it through a series of analyses are provided in EAROMAR through the defi-
nition of strategies. A strategy designates what values will be assumed
by each of the policy and state variables, and how these values will
change over both roadway location and time. The format of strategy defi-
nition permits managers to readily adjust the values and the location
and time dimensions of policy and state variables, so that successive
strategies may be readily defined.

The following sections provide more detailed information on the for-
mulation and use of strategies within EAROMAR. First we describe the
construction of strategles - the type of information included, and assign-
ment of data to roadway locations and time periods. We then illustrate

*Strategies within EAROMAR comprise chariges in both policy variables and
state variables. Although state variables are not subject to manage-
ment control, managers must still account for them in their analyses;
and in particular, managers must project.the uncertain future values of
state varlables such as traffic demand, pavement damage, and economic
discount and inflation rates. On the other hand, to say that policy
variables are under direct management control does not mean that man-
agers have complete freedom in determining respective values. For exam-
ple, maintenance standards, maintenance scheduling, and resource allo-
cations are often strongly Influenced by local statutes, budget
constraints, safety guldelines, civil service regulations and the like.
Nevertheless, within these constraints highway administrators have
some discretion over such policy areas, and it is this discretion in
each area that is treated as the policy variable. Furthermore, note
that the inclusion of both state and policy variables within the defi-
nition of strategies promotes a very versatile apprcach, able to repre-
sent many different situation existing throughout the country.
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how successive strategies may be defined through a series of LARDIHAR sim-
uvlations to obtain the range of cost results needed to justify premium
pavements. i

Structure of Strategy Specificaticns

ACCESS OF INFORMATION

If one assembled all the data associated with the several policy and
state variables, and particularly with the separate assignments of dif-
ferent values over roadway locations and time, the resulting collection
would be sizable and somewhat difficult to manipulate. For example, the
modification of any of this information to test different strategies might
require considerable editing to update values or to reassign data to dif-
ferent roadway sections and analysis years. The approach adopted within
EAROMAR is therefore not to include the body of policy and state variables
" within the strategy specifications, but rather to access this information
in bdlocks and assign blocks to specific roadway sections and specific
analysis periods simultaneously. This method requires only very succinct
statements within the strategy formulations, statements which can be
edited easily and rapidly to define new strategies.

To see how two systems of accessing informations blocks works, con-
sider the example shown in Figure 2 . A particular policy variable,
maintenance policy, is chosen for illustration; however, all other policy
and state variables would be treated in like fashion. ‘

Different maintenance policies must be defined prior to formulating
the strategy. (The information required to do this is explained in
Chapter 4.) Each different policy, comprising a different set of mainte-
nance data, is given a unique name by the user to identify it to the
EAROMAR, system. All maintenance policies relevant to the analysis must
be defined at this point; i.e. if a policy is to be used at any roadway
location, at any time during the analysis period, the data to define this
policy must be organized within a named block prior to strategy specifi-
cation. If the same maintenance policy applies to several roadway loca-
tions or to multiple time periods, the policy block needs to be entered

only once.

Within the strategy specifications, then, it is necessary only to
refer to the name of the maintenance policy to invoke the data contained
therein. As shown in the first example in Figure 2, identification of
maintenance policy ONE causes the EAROMAR simulation to execute all data
associated with that maintenance policy. If, in some subsequent simula-
tion, it is desired to test a different policy, the manager merely in-
vokes the name of this new policy instead. The second example in Figure
2 shows maintenance policy THREE replacing policy ONE in the simulation.
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FIGURE 2

ACCESSING BLOCKS QF
INFORMATION UNDER STRATEGIES
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ASSICGNMENT OF INFORMATION

The remaining issue is the assignment of information blocks to ap-
propriate roadway locations and analysis periods. This is also accom—
plished within the stratepy statement. In fact, the general forz of a
strategy specification is as shown in Figure 3. The block name identifies
a particular set of policy or condition data as discussed above., Roadway
lengths to which these data apply are identified either by roadway name
and milepost or by area name, depending upon the particular policy or
state variable. Finally, the designation of time periods follows a rule
of succession: strategy specification remains valid over a given roadway
length until it is superceded by another specification. There are sev-
eral options to establish the time at which policy or condition data are

invoked:

1. By stating directly the analysis year in which the data are
to be invoked;

2. By stating the name of a construction data project at whose com-
pletion the data will be invoked; and

3. If the policy variable is itself a construction project, by
stating levels of road performance at which the project should be
undertaken. Relevant road performance measures include the average
daily traffiec, the pavement PSI, pavement damage components, or the
time since the project was last completed.

If we again consider maintenance policies as examples of how policy
and state variables are treated within strategies, we can develop the
following statements as illustrations:

POLICY ONE

MILEPOST NORTHBOUND 17.5 26.2

START YEAR (1985) (1)
POLICY TWO

MILEPOST SOUTHBOUND 0.0 10.7

START PROJECT OVRLY-13 (2)

In the first example all data associated with maintenance policy ONE will
be assigned to the Northbound roadway between mileposts 17.5 and 26.2,
beginning in 1985. 1In the second example the Southbound roadway between
mileposts 0.0 and 10,7 will be assigned maintenance policy TWO following
completion of the pavement overlay, project OVRLY-13.

The examples above illustrate relatively simple, but nevertheless
useful, constructions of strategy statements. However, it is also possible
to develop more complex statements using what are called Boolean expressions.
For example, consider the following:
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FIGURE 3

GENERAL FORM GF THE
STRATEGY SPECIFICATION

(if Accessing Not Required,

{ Data Block to be Accessed
] a Value is Entered Directly)

i o Designated Either
| = By Roadway Milepost
| Or By Area .
l | Designated START Time, By
b—————--==9 |_ Year%s) or Following -
{ I | Completion of a Project
{ [
L inesrieyiae | BLOCK NAKE | ¢ .
r— [DENTIFYIRG " PORTION OF ROUTE |TIME AT WHICH-1+-—
t | KEYWORD 0 TO WHICH APPLIES ! TAKES AFFECT
’ VALUE
|
{_ Identifies the Policy
— — — ¢ State Variable to be
Included in the Strategy:
. PROJECT - construction, reconstruction or overlay project l
. AADT -~ traffic volume, average arrival vehicles per day
. GROWTH - annual traffic growths or growth rate
. TRAFFIC - traffic sets containing descripntions of traffic
composition
. POLICY - maintenance policies
. DAMAGE - projected rates of pavement damage
. SCHEDULING - maintenance technology, unit cost, and scheduling
information
. RESOURCES - maintenance resources available
. SCENARIO - economic scenarios
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POLICY THREE
MILEPOST 30.0 42.7
START YEAR (1990) OR PROJECT RECONST (32)

In this case an copticn on starting maintenance policy THREE is desired.
The policy will be invoked either during year 1990, or following com-
pletion of the construction project RECONST, whichever comes first. In
general, strategy specifications can incorporate any Boolean expression
involving years or projects, including those encompassing multiple years
or multiple projects (e.g. YEAR (1985 1990) AND (PROJECT OVRLY-13 OR
PROJECT RECONST)). However, the effective use of Boolean expressions
requires an understanding of their construction and syntax. At this point
we must therefore defer more detailed explanations of Boolean expressions
until Chapter 4, where they will be thoroughly reviewed in relation to

- the definition of maintenance policies. (Alsoc note in the example above
that mileposts are not qualified by roadway name. In this case the spec-
ification applies to the lengths of 2l1 roadways between the two mile-

posts.)

A further point concerns the special treatment of projects alluded to
in item 3 above. The execution of projects can be controlled by specifying
start years or other projects preceding the one in question, as described
above for any other strategy specificaction. However, in addition to these
controls projects can also be invoked in response to the condition of the
highway itself, with relevant parameters again organized within Boolean
expressions. Consider the following example: 7

PROJECT CONST-ONE
MILEPOST INBOUND 0.0 7.5
START (AADT GT. 7000) OR (PSI LT 3.0)
OR (INTERVAL GE 7) (4)

First, the mileposts here do not dencte the extent of project work --
recall from section 2.2 that limits of work are established by mileposts
contained in the project description itself. Rather, these mileposts
indicate the portion of roadway over which the Boolean expression for start

time is to be evaluated.,*
The interpretation of the Boolean expression itself is as follows.

The project CONST-ONE will commence when any of the following three
conditions are satisfied between mileposts 0.0 and 7.5 on roadway INBOUND:

1. The average daily traffic volume exceeds 70,000 vehicles per day;

* Of course, the mileposts for evaluation of the START expression may coin-
cide with the limits of the project, but it 1s not always necessary or
desirable to do this. For example, if the construction of a new roadway is
contingent upon traffic levels observed on an existing roadway, then the

two milepost specifications must differ.
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2. The average pavement PSI falls below 3.0; or

3. The time since the last performance of project CONST-OXE 1is
at least seven years.¥

Again, other conditions could have been included by manipulation of the
Boolean expression. The flexibility of such expressions will be explored
in Chapter 4.

EXAMPLE

An example of a complete strategy specification is given in Figure
4. Information on initial traffic levels (AADT) and traffic growth rates
(GROWTH) 'are straightforward and included directly in the strategy spec-
ifications. Other data, however, are accessed by name, and must be con-
tained in data blocks as described earlier. For example, for the project
PROJ~1 there must ekxist a project description identified by that name
and containing the type of information outlined in sectiom 2.2. Similarly,
SET-1 refers to descriptions of traffic composition which will be ex-
plained in Chapter 5; OPTION-1, PROJECTION-1, and DECISION-1, to main-
tenance scheduling options, projections of resource availability, and
maintenance policy decisions respectively, all of which are explained in
Chapter 4; PREMIUM and MODERATE-RATE, to sets of pavenent damage rates,
to be covered in Chapter 3; and MOD-INFLATION and HIGH-INFLATION, to
economie scenarios, which will be discussed in section 2.5.

Use of Strategies

Several strategies may be tested against different route descriptions
developed in section 2.2 to establish what combinations of traffic flows,
maintenance and reconstruction policies, maintenance scheduling and re-
source situations, and economic factors justify premium pavements. The
recommended method of approach is illustrated in Figure 5.

Route characteristics represent the iInitial conditions of the problem.
For purposes of a premium pavement analysis, one of the most icportant
elements of the highway description is the pavement design itself. Pave-
ment layer thicknesses and materials properties, and the variation in
these characteristics along the highway length, embody decisions on the
extend to which conventional vs. premium pavements are to be ecployed.
The relative impacts of different premium and conventional pavements may
be evaluated by including the respective pavement designs within separate
descriptions of the highway facility (denoted schematically by I and II
in Figure 5), and analyzing these different pavement configurations with-
in a series of EAROMAR simulations. Although pavement design has been
chosen here as the element of route description of perhaps greatest in-
terest, in fact any other geometric, operational, or environmental

This type of condition, contrclled by the INTERVAL keyword, is intended
for use with overlay projects.
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FIGURE 4

EXAMPLE OF STRATEGY SPECIFICATIONS

AADT 30000 MILEPOST O 10 START YEAR (1980)

GROWTH GEOMETRIC 2 MILEPOST O 10 START YEAR (1980)
GROWTH LINEAR 100 MILEPOST O 10 START YEAR (1985)

TRAFFIC SET-1 MILEPOST O 10 START YEAR (1980)

PROJECT PROJ-1 MILEPOST 5. 10 START PS1 LT 3.0 AND AADT GT 60000
.SCHEDULING OPTION-1 AREA LEV-TAN-PREM START YEAR (1980)
SCHEDULING OPTION-1 AREA LEV-CUR-PREM START YEAR (1980)
SCHEDULING OPTION-1 AREA UP-TAN-PREM START YEAR (1980)
SCHEDULING OPTION-1 AREA DOWN-TAN-PREM START YEAR (1980)
SCHEDULING OPTION-1 AREA LEV-TAN-FLEX START YEAR (1980)
SCHEDULING OPTION-1 AREA LEV-TAN-RIGD START YEAR (1980)
SCHEDULING QOPTION-1 AREA LEV-TAN-COMP START YEAR (1980)
SCHEDULING OPTION-1 AREA FLEX;HI-CAP START YEAR (1980)
SCHEDULING OPTION-1 AREA FLEX;LOW-CAP START YEAR (1980)

RESOURCES PROJECTION-1 AREA LEV-TAN-PREM START YEAR (1980)
RESOURCES PROJECTION-1 AREA LEV-CUR-PREM START YEAR (1980)
RESOURCES PROJECTION-1 AREA UP-TAN-PREM START YEAR (1980)
RESOURCES PROJECTION-1 AREA DOWN-TAN-PREM START YEAR (1980)
RESOURCES PROJECTION-1 AREA LEV-TAN-FLEX START YEAR (1980)
RESOURCES PROJECTION-1 AREA LEV-TAN-RIGD START YEAR (1980)
RESOURCES PROJECTION-1 . AREA LEV-TAN-COMP START YEAR (1980)
RESOURCES PROJECTION-1 AREA FLEX;HI-CAP START YEAR (1980)
RESOURCES PROJECTION-1 AREA FLEX;LOW-CAP START YEAR (1980)

POLICY DECISION~1 MILEPOST 0 10

DAMAGE PREMIUM  MILEPOST 0 5
DAMAGE MODERATE-RATE MILEPOST 5 10

SCENARIO MOD-INFLATION HIGH-INFLATION
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FIGURE 5

APPLICATION OF STRATELGIES
'TO ROUTE CHARACTERISTICS

ROUTE EAROMAR
CHARACTERISTICS STRATEGIES _ RUNS
A 1
B 2
I
C 3
D a
: A 5
C 6
11 E ' 7
F 8
G 9

(Note: Designations of route characteristics by Roman numerals,
and strategies by letters, are schematic representations for use

LA

in this figure, and are not employed in the use of EAROMAR)
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§

characteristic of the highway may be tested in a similar fashion.

Strategies encompass all time-dependent aspects of the problem. 1In
developing different strategies a manager should assess the importantce
of both policy and state or condition variables to the ecconomic analysis.
For example, policy variables encompassing pavement maintenance or re-
habilitation actions constitute administrative alternatives to a premium
pavement, and should be investigated in some depth. On the other hand,
condition or state variables involving traffic projections, rates of
pavement damage, and ecconomic scenarios are subject to uncertainity, and
managers may wish to bracket their extimates and gauge the sensitivity
of the results.

Figure 5 shows several strategies tested under each route descrip-
tion. 1In general the different strategies should reflect adjustments in
both policy and state variables, although the relative emphasis between
the two must depend upon the situation at hand (e.g. the quality of data
available, the number of feasible management options, and construccion
or maintenance cost constraints). Also, the strategies should be con-
sistent with the route characteristics to which they correspond. TFor
example, one should not have to assign a strategy including substantial
overlay projects to route characteristics embodying a premium pavement.
At the same time, the strategies must themselves be internally con-
sistent; maintenance policies and project schedules should complement one
another, and both should be realistic in light of projected traffic de-
mands. Note in Figure 5 that strategies A and C are deemed to be ap-
propriate to both route descritpions, while other strategies are applied
selectively. There is no restriction on the number of strategies that
may be examined under a given route description.

Each combination of route and strategy requires a separate EAROMAR
simulation or run and generates separate cost and performance results
as indicated in Figure 5. 1If the route descriptions and strategies have
been correctly approached, the results of all runs may be compared to
determine whether premium pavements are economically justified throughout
any portion or all of the route. To help the user understand how route
descriptions and strategies influence cost results in a given run section
2.4 outlines the simulation process employed within EAROMAR, and illustrates
the evaluation of cost totals.
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2.4 OVERVIEW OF THE EAROMAR SIMULATION

In this section we present a conceptual outline of the EZROMAR analysis,
tracing the general flow of the calculations leading to highwav performance
and cost results, Elements of the simulation are discussed in general
terms consistent with the information presented under route character-
istics and strategies earlier. The detailed analytical relationships
used in predicting pavement damage, maintenance, traffic operations, and
costs are explained Chapters 3 through 6.

Initialization

To begin the EAROMAR simulation requires a series of preparatory op-
erations and checks that are referred to collectively as program initial-
ization. A schematic of the initialization phase is shown in Figure 6 .

The primary task here 1s to process and validate information pro-
vided by the user. Route descriptions are assembled within an internal
representation of the facility to be studied. At the same time, strategy
specifications are evaluated to establish linkages to blocks of user-
supplied data concerning project descriptions, maintenance policies and
management information, pavement damage rates, traffic descriptions, and
economic data. Many bookkeeping aspects of the analysis are resolved:
for example, roadways are partitioned into sections; initial pavement
conditions are established; traffic is distributed throughout the route;
and economic and other indicators are set to base vear values.

I1f processing of all information proceeds to completion without error,
the simulation begins. An internal clock registers the first season of
the first year. Roadways are analyzed in sequence; and within each road-
way, each section is sinmulated individually. Potentially three types of
simulations may be conducted at the section level, corresponding to per-
formance of pavement maintenance, undertaking a construction project,
and modeling traffic operations. These paths are denoted by A, B, and C
respectively in Figure 6.

Simulation of Maintenance

The simulation of maintenance is diagrammed in Figure 7.

POLICIES AND WORKLOADS

Maintenance is treated within EAROMAR as a demand - responsive action.
This means that maintenance requirements are not extrapolated from histor-
ical trends of past work performed, but rather are based directly upon
the type and amount of pavement damage predicted. How much dacage is to
be repaired among the several maintenance activities is a management deci-
sion expressed through maintenance policies.

Quality standards within each policy specify the percentage of damage
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FIGURE 6
START OF EAROMAR

SIMULATION

START OF SIMULATION

Process data in initial route conditions
and strategies input by user

Do for each year

Do for each
season

Do for each

roadway section
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FIGURE 7
SIMULATION OF
MATNTENANCE OPERATIONS

MAINTENANCE
OPERATINONS

Apply maintenance policies to
current condition of section
to determine maintenance
workload requirements by
activity

Apply scheduling and management
information to:

a. Determine periods of road
occupancy by day and hour

b. Ccmpute maintenance costs
and resources consumed

Estimate imporvement in

pavement condition resulting
from maintenance
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to be repaired under each activity, and when maintenance is to be under-
taken. The quantity of damage remedied under each activity defines a
maintenance workload. The maintenance policy in effect for the given
roadway section and year is determined from the stratepv specifications.
Development of maincenance policies is described in Chapter 4, section

4.2,
MAINTENANCE SCHEDULING AND MANAGEMENT

Application of maintenance quality standards to the total accumu-
lated pavement damage results in a total maintenance workload for each
activity in the current season. The maintenance workload is then used
as the basis for scheduling work and estimating seasonal maintenance

costs.

Scheduling. Maintenance costs depend to some extent upon the time
of day in which work is carried out. Nighttime or weekend work typically
inveolves premium labor time. Nevertheless, such additional costs may be
warranted to avoid excessive congestion and hazards during more heavily

traveled periods.

Maintenance work may therefore be scheduled within the EAROMAR
analysis in the following ways:

® By seasonal distributions -- the allowable seasons during
the year when maintenance may be performed for each activity; and

® By daily and hourly distributions -~ the allowable hours
during weekdays and weekends when maintenance may be performed

for each activicy.

Descriptions of maintenance technologies to be employed for each
activity (in terms of labor, equipment and materials resources required
and associated production rates) are provided with the scheduling in-
formation. Also, maintenance wages may be adjusted by both type of day
(weekday or weekend) and by arbitrary blocks of hours within a day (to
distinguish hours for which time-and-a-half or double time will be paid,
for example). Other maintenance unit costs (for materials and equipment)
are assumed to remain constant through a week. These adjustments are
incorporated automatically in the maintenance cost algorithm discussed

below.

Furthermore, one may also describe the configuration of the work zcone
to be used for each activity or combination of activities. This descrip-
tion includes the type of closure, its length, and number of through traffic
lanes to be maintained. Closure characteristics affect the relative dis-
ruption of the traffic stream and associated user costs during roadway
occupance, as noted by D in Figure 7. These interactions will be clari-

fied shortly.

Data on maintenance scheduling and technology, unit costs of mainte-
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nance resources, and descriptions of closure zones are all contained
within or more maintenance scheduling blocks provided by the mznager,
and are assigned by roadway location and time through scheduling
specifications in the EAROMAR strategies. Culdance on organizlng
scheduling information is given in Chapter 4, section 4.3.

Costs and Resources Consumed. Maintenance costs and resources
consumed are computed by act1v1ty, based on estimated workloads, crew
production rates, unit resource requirements, and unit costs for labor,
equipment and materials provided above. The production rate is in '
units of damage repaired per hour. Unit resource requirements are the
number of men, and the quantity and type of equipment and materials to
be used. Unit costs are the dollars-per-hour costs for labor and equip-
ment, and unit quantity costs for materials. This breakdown is quite
flexible, since 1t segregates maintenance demand (activity workload),
productivity (the production rate), technology (the resource requirement),
and cost (the unit costs). This should make it easier, first, to adapt
EAROMAR to the requirement of different state agencies throughout the
nation; and second, for individual users to update EAROMAR over time.

The computation of maintenance costs proceeds as follows. The
production rate, applied to the workload, determines the aggregate length
of time maintenance crews will spend repairlng that type of damage that
season. Aggregate time, multiplied by unit resource requirements in
labor and materials, provides man-hour and equipment-hour estimates.
Likewise, the extend of damage, multiplied by unit material requirements,
determines the quantity of materials placed. (The resources consumed ‘are
stored for later checks against resource availability, as indicated by E
in Figure 7 .) The quantities of resources used, multiplied by corresponding
unit costs, give the total estimated costs for each activity to repair
specific types of damage. To these costs are added other costs associated
with the activity, such as for mobilization and traffic control. Costs
are then summed over all types of damage repaired to arrive at seasonal
totals for this roadway section, which are stored for later tabulation
(E in Figure 7 ). Details on costing procedures used within EAROMAR are
given in Chapcer &, section 4.4.

Damage Repaired. The immediate effects of maintenance are measured
by the extent of damage corrected and the improvement (if any) in the
surface PSI. However, pravement repairs may also have positive effects
on both user consequences (e.g. higher tolerable speeds, lower rates of
fuel and tire consumption), and upon rates of future pavement damage. An
attempt is made to account for both of these effects within EAROMAR, thus
accounting explicitly for the benefits of maintenance performance. The
calculations of quantity of damage repalred are illustrated in Chapter 4,
section 4,2. An assessment of the influence of current damage levels
on expected rates of future pavement damage 1s given in Chapter -3.
Finally, the interactions between pavement surface and user consequences
are discussed both in Chapter 5, section 5.3, and Chapter 6.
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Simulation of Construction Projects

The simulation of construction projects (including both subsegquent
{re)construction and overlays) is similar in approach to that for main-
tenance. A flow chart of the process is shown in Figure 8.

By their nature projects are undertaken at discrete intervals much
less frequently than maintenance activities. Therefore, a separate
check on project scheduling is performed, as indicated by the first operation
in Figure 8. The determination of whether or not the project is to be
performed now is predicated upon the governing strategy specification by

the manager.

All information on the type and duration of the planned roadway
occupancy, on project costs, and on changes in route characteristics to -
result from the project 1s contained in the project description reviewed
in section 2.2. Again, these data are contained in a block identified
by the project name, and are assigned to the appropriate roadway section
through the strategy specifications.

The keys labeled G, H, and I in Figure B indicate that specific data
or results are stored or passed to other parts of the program for later
use. Road occupancy information will be retrieved during the simulation
of traffic operations to account for any congestion induced by the work
zone. Project costs will be included as a separate item in the analysis
cost summaries. Finally, improvements gained through the project (whether
in the pavement itself, or in geometric or capacity related features of
the highway) will be incorporated in an updated route description for
use in subsequent periods of the simulation.

Traffic Operations and User Consequences

The simulation of traffic and traffic-related effects within EAROMAR
is pictured in Figure 9 . As part of a premium pavement analysis, the
consideration of the traffic stream has three objectives:

l. To assess the impacts of maintenance scheduling on traffic
disruption and congestion;

2, To estimate changes in user-conseQuences as influenced by pave-
ment condition and roadway occupancy for maintenance or rehabilitation;

and

3. To estimate pavement damage over time resulting from traffic
loadings.

' TRAFFIC DEMAND

N

Wafrants for-premium pavements -~ and indeed, any pavement management
decisions involving high traffic demand -- are sensitive to the volume and
composition of traffic affected. Furthermore, traffic predictions are
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FIGURE 8
SIMULATION OF
CONSTRUCTION PROJECTS

CONSTRUCTION
PROJECTS

Check whether prdjects are
scheduled for this road-
- way section in this
season and year

Yes

Simulate construction
projects, includina:

a. Road occupancy through-
out entire construction
period

b. Project costs

Improvement in route
characteristics resulting
from project
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FIGURE §

SIMULATION OF
TRAFFIC OPERATIONS AND COSTS

TRAFFIC OPERATIONS
AND USER CONSEQUENCES

Determine traffic demand
for this year, season
and roadway section

Simulate hourly operating characteris-
tics for weekdays and weekends;
include scheduled closures for
maintenance or construction to
estimate the following:

a. Speed and flow of the traffic
stream

b. Congestion and queuing (if any)

Compute user costs and vehicle
emissions levels

I

Compute effects of traffic
loadings and environment
on pavement condition

)
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subject to uncertainty, and it is often desirable to perform sensitivity
analyses of selected pavement alternatives over different assuzptions of
demand. Within the EAROMAR analysis roadway traffic volumes, annual
growth rates, and traffic composition are each treated as state varlables
controllable by the user through strategy specifications.

Basic traffic demand over a roadway section is expressed in terms of
AADT, which may grow over time at a linear or geometric rate; moreover, -
both the types of growth and their rates are themselves variable over
time. AADT may be adjusted by season as well as by weekday versus
weekend splits; these adjusted AADT walues are then decomposed into
respective hourly flows to represent variations in demand patterms through-
out each type of day.

Traffic composition is reflected by distributions of trip purposes
and vehicle types within the traffic mix. Both the individual classes of
trip purposes and the types of vehicles to be included within the analysis
may be defined by the user with no restrictions. Thus, through strategy
specifications, one may tailor the descriptions of travel demand to
exactly those projected for a particular route under study.

By use of the strategy specifications, separate traffi¢ descriptions
may be applied to each roadway to represent, for example, directional
flows or local-express splits. Furthermore, both volume and composition
may vary simultaneously over the roadway length and over time to model,
for instance, a route traversing several zones of different economic,
soclal, or demographic character, where factors affecting traffic demand,
growth, or composition are likely to vary now or in the future. Examples
of the many possibilities in representing anticipated traffic volumes and
composition are contained in Chapter 5, Section 5.2.

ROURLY OPERATING CHARACTERISTICS

Hourly operating characteristics describe the level of service
afforded motorists in terms of average spped attalnable, hourly vehicle
flows, and congestion or queuing, which are derived from comparing hourly
variations in travel demand to roadway capacity. ' Since separate demand
predictions and capacity characteristics may be provided for each roadway
in the analysis, simulations of traffic operations are carried out for
each hour of the day for each roadway section.

Under normal conditions the capacity of a roadway varies over its
length as a function of changes in the number of lanes, geometric
properties, side clearances, and so forth. Roadway occupancy for main-
tenance or rehabilitation causes a temporary local decrease 1im capacity,
depending upon the closure characteristics specified for maintenance
activities or projects, and the required duration of maintenance work.

Within a given season and year, and for each individual roadway
section, the EAROMAR system simulates road operating characteristics
considering both daily (weekday versus weekend) and hourly variations in
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traffic demand, simultaneously accounting for any road occupancy
determined by the maintenance polices, project commitments, and
scheduling requirements discussed earlier. Uncongested flows are
estimated using speed-flow relationships developed from the Highway
Capacity Manual ( 3). Where hourly demand exceeds local capacity
(whether due to normal rush hour peaks or to occupancy for pavement
repair), congested flows are simulated over both the roadway length and
time. A speed change cycle is also introduced upon entry of the flow
into the congested zone. Details on the simulation of the traffic
stream are covered in Chapter 5.4 for congested flow.

Since both variations in travel demand and performance of maintenance
work are considered on an hourly basis, the EAROMAR analysis is capable
of looking at maintenance scheduling as a decision variable in its own
right. The tradeoff to be investigated is that of the additional costs
of performing maintenance during off-peak hours versus the reduced dis-
ruption of the traffic stream, with attendant decreases in user-related

costs.
USER CONSEQUENCES

User consequences are estimated within the system based upon
simulated operating characteristics for each roadway section. Models are
included to compute vehicle operating costs, travel time and costs,
accident costs, and pollution levels as functions of speed, speed changes,
congestion, the characteristics of the vehicular traffic, and the current
condition of the pavement surface. These calculations are performed
for each hour of the weekday and weekend, and thus reflect the costs of
delays and interruptions to normal movement induced by maintenance or
project workzones. Detalls on user cost and vehicle emissions models are
contained in Chapter 6.

Variations in user costs among different components of the traffic
stream are automatically taken into account. For example, costs attri-
butable to fuel consumption and emissions will vary by vehicle type.
Values of travel time, on the other hand, are a function of trip purpose.
Data upon which these distinctions can be made are provided in the des- .
criptions of travel demand discussed earlier.

PAVEMENT DAMAGE

The last item identified in Figure 9 concerns the effects of traffic,
in combination with environmental influences, on pavement damage. Models
to predict pavement damage are included within EAROMAR for two purposes.

First, highway maintenance is often a demand-responsive activity, in
that work is done after damage has appeared. Therefore, to be able to
estimate future maintenance requirements accurately, one must be able to
predict the type and amount of damage expected to occur, and when it will
occur. (Put another way, to investigate a premium pavement design, one
should be able to confirm that no damage requiring maintenance is likely
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to occur within the first 20 years of life, and that only routine mainten-
ance will occur for the next 20 years.)

Second, the condition of the highway surface affects user response,
and may have some bearing on speed, vehicle operating costs, and accident
frequencies. Again we would like to know the type, amount, and timing of
expected damage to the pavement surface.

Pavement damage is computed in terms of individual structural damage
components (cracking, distortion, potholes, ete.); other types of surficial
distress (e.g. incident to materials durability) or loss of skid resistance
are not included. The rate of pavement damage is computed on a season-by-~
seadon basis as a function of the structural and environmental characteris-
tics of each roadway section, lcad-associated data computed from travel de-
mand above, and the existing pavement condition determined by damage and
maintenance histories. The seasonal dependence of the damage models allows
explicit consideration of effects of temperature and moisture on the rate
of damage accumulated; moreover, recall from our discussions earlier that
traffic loadings themselves may be seasonally adjusted. Derivations of the
damage models used with EAROMAR are presented in Chapter 3.

As an alternative to employing the built-in models to predict damage,
users may wish to input directly theilr own estimates of pavement deterior-
ation for one or more distress modes. The direct user input is a very
desirable feature, particularly for those types of distress where insuffi-
clent data exist for a good model, and where local experience 1is important.
However, users must In this case insure that some parity exists between
the levels of distress input directly, and data provided for the same
years in other areas (e.g. traffic loadings, maintenance policies).

Pavement damage is assumed to accrue throughout the season in ques-
tion, with all damage incurred totaled at season's end (as will be seen
shortly). Thus, the damage accumulated during one season inflvences main-
tenance prediction and scheduling in the following season. Or, referring
to the simulation of maintenance in Figure 7 earliet, the then ''current
condition" of the rcadway section pavement is based in part on damage
attributable to the preceeding season.

Seasonal Summaries

Figure 10 summarizes operations concluding the simulation of a given
roadway section through one season, These operations generally entail
consolidating and summarizing results on highway performance and costs.

Estimates of section pavement condition result from both positive and
negative influences experienced during the just-completed season. Positive
influences include the maintenance performed and any larger scale corrective
actions achieved through projects. Negative factors include the effects of
traffic loads and environment in causing new damage. The offsetting
effects of repairs and newly occurring distress are accounted for at the
level of individual damage components. The net improvements or deteriora-

~h6=




FIGURE 10
TABULATION OF
SEASONAL SUMMARIES

SEASONAL
SUMMARIES

Revise existing pavement condition
in this section to reflect:

a. Deterioration caused by traffic:
and environment this season.

b. Maintenance and rehabilitation
accomplished this season

A11 sections in all
roadways simulated?

Yes

No

Check maintenance resources used
against available in this route area
if area limits are exceeded, print
warning message

.
L]

(Continued on next page)
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(FIGURE 10, cont.)
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tion, applied to respective conditions from the previous season, determine
new damage and pavement index wvalues that will be used in the following
season's simulation of maintenance and traffic operations in this section.

The process described in Figures 6 through 10 is repeated -~ first,
for all remaining sections in this roadway, then for sections in all other
roadways in turn. Within each roadway sections are processed sequentially
in the direction counter to traffic flow, to handle congestion and
queueing effects (see Chapter ‘5, Section 5.4).

When all sections have been simulated, results are compiled, tabulated,
and checked., For example, maintenance resources consumed are compared
agalnst resource constraints by area, to insure that the final amount of
work called for under maintenance policies dees not exceed ome's ability
to physically perform the work. Also, seasonal cost totals for comstruc-
tion projects, maintenance, and user consequences are obtailned by roadway,
area, and the route as a whole.

Annual Summaries

When all seasons within the year have been completed, relevant cost
data are summarized on an annual basis by roadway, area, and for the route
as a whole. Cost totals are then adjusted for relative inflation rates
and for one or more discount or vestcharge rates specified by the user (see
Section 2.5).

Annually adjusted factors such as traffic growth rates and inflation
rates are updated before proceeding with the simulation of the next
analysis year. In addition, all strategy specifications are reviewed to
determine what traffic sets, maintenance data, economic scenarios and so
forth need to be revised by assessing new data blocks. See Figure 11.

The simulation of all years within the analysis period marks the
completion of the study. Discounted cost totals are printed, which can
be interpreted as described in the following section.

Interpretation of Results

Development of premium pavement warrants -- and in fact, evaluation
of any pavement strategy -- implies a comparison among different manage-
ment options. For example, a premium pavement is justified only if the
total discounted costs incident to its lifetime are less than those of a
conventional pavement. The same arguement is true for issues of main-
tenance policy, maintenance scheduling, -and maintenance resources applied
to a particular highway, Furthermore, the future projections of factors
such as traffic demand or pavement deterioration that are necessary to
estimate total discounted costs are subject to uncertainty. In these
situations it is desirable to test the sensitivity of different strategies
to variations in these factors.

For these reasons, the EAROMAR system is designed to be used in an
iterative sense, whereby several pavement alternatives may be investigated
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FIGURE 11.
COMPLETION OF
ANNUAL SIMULATIONS
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and compared based upon a series of road simulations., Within 2 series of
runs one may vary factors influencing traffic growth and composirion,
maintenance policy, maintenance scheduling, resource limitations, economic
data, or any combination of these using strategy specifications.

Variations in pavement design, or in other aspects of route characteristics,
may be addressed through repeated applications of the EAROMAR model, by
adjusting route descriptions. Application of these concepts was illustrated
in Figure 5.

Within each season maintenance costs and user costs are calculated as
described above. Seasonal totals are summed for each year, the total
annual costs discounted at specified rate(s), and the discounted totals
accumulated, At the completion of the simulation the discounted main-
tenance and user costs are displayed, together with 4initial comstruction
costs provided under the route characteristics.

Analysis of these results 1is illustrated in Figure 12. Although

this example relates to warrants for premium pavements, a similar compari-
sons could be done for evaluation of other pavement strategies or main-
tenance management issues., The total discounted costs for premium pave-
ments reflect the significant initial investment required, plus user costs
incident to travelling on the highway during the analysis period. Some
maintenance costs may be present but are negligible. The discounted costs
of conventional pavements represent initally lower costs of construction,
but higher maintenance costs and correspondingly higher user costs due to
road occupancy and the lower average condition of the pavement surface.

If the total discounted costs of the premium pavement are less than
those of a conventional pavement, an econonic warrant is thereby
established for the premium pavement. If not, then the warrant is not
established, and conventional pavements appear economically justified.

In the latter case one may, however, wish to investipate different options
between conventional designs versus maintenance policy, or in maintenance
scheduling for a given policy, to see if total discounted costs for the
conventional design may themselves be reduced through such management

changes.

An alternative but equivalent means of comparing different pavement
strategies is illustrated in Figure 13. Here we consider the same pave-
ment alternatives as shown in Figure 12; however, we haye chosen not to
estimate-construction costs for either of the initial pavements. The
discounted totals thus represent maintenance and user cost changes only,
as predicted by the EAROMAR simulation.

These results are Interpreted as follows. If the costs associated
with the premium pavement are higher than those for the conventional
design, a premium pavement is not justified under any circumstances.
However, if the opposite is true, then the following statement holds:

e The difference between the discounted costs of the two pave-
ment designs in Figure 13 defines the additional amount omne
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FIGURE 12
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FIGURE 13
EQUIVALENT ANALYSIS OF PREMIUM
PAVEMENT WARRANTS
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should be willing to pay over and above the costs of a conventional
pavement to install a premium pavement. If the premium pavement
envisioned can in fact be built within this addiitonal amount, the
premium pavement is warranted. If the cost of the premium pavement,
less that of the conventional pavement, exceeds this cest differen-
tial, the premium pavement is not economically justified.

For example, suppose the discounted maintenance and user costs of
the premium pavement in Figure 13 are $30 million less than those of a
conventional design. If the cost of the conventional pavement were $20
‘million, then any costs of a premium pavement for this secticn of rcad
would be justified to a limit of $50 million; costs above this limit would
not be warranted.

Again, the selection of the method of evaluating EAROMAR results 1s
arbitrary, since both are equivalent and, 'if correctly applied, will lead
to the same decisicn. '
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2.5 ECONOMIC SCENARIOS

Projections of future construction, maintenance, and road user costs
are affected by anticipated trends in the general economic climate
through the analysis period. Within EAROMAR the economic situation is
represented by a set of information referred to as an economic scenario.
Each scenaric comprises the following data specified by the manager:

1. One or more discount rates reflecting the opportunity costs of
money to be assumed in the analysisy

2. A set of inflation rates, variable over time, for individual
cost components; and

3. A set of costs associated with different severities of motor
vehicle accidents.

Scenarios are assigned through strategy specifications in each run.
Furthermore, multiple scenarios may be specified in a given rum, making
it easy for a manager to test the sensitivity of analysis results to (for
example) different inflationary patterns.

Following are more complete descriptions of each component of an
economic scenario.

Discount Rates

EAROMAR represents an economic {(as opposed to a financial) analysis;
therefore a discount rate (or a vestcharge rate, or the minimum attrac-
tive rate of return) is included to reflect the opportunity cost of

money.

The choice of discount rate may affect the selection of an optimal
pavement strategy within EAROMAR, since it directly influences the
comparative worths of capital-intensive vs. maintenance-intensive alter-
natives. Although this fact appears to be well understood in the high-
way profession, there is not unanimity on how to select a rate for a
given analysis, with values ranging from zero percent to rates approxi-
mating the cost of borrowing used in practice. '

Although it is not within the scope of this work to develop guide-
lines for determing the correct discount rate, nevertheless it is our
cpinion that non-zero rates are appropriate for public investments.

This feeling, coupled with the inherent difficulty in fixing a specific

rate, led us to build the following capability within EARCMAR: to per-

form analyses over a range of discount rates simultaneously, and to dis-
play results as illustrated in Figure 14. Any number of discount rates,
of any percentage values, may be specified by the manager.

The advantage of this strategy is that users may test the
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ROADWAY: NORTHBOUND OR WESTBOUND

—9;-

SCENARIO: NO-RELATEVE~INFLATION

ANNUAL COST TOTALS 8Y ROADWAY

PAGE 68

(MILLIONS)

157.297
139.517
129.533
120.771

, VEHICLE VEHICLE
CONSTRUCTION COSTS MAINTENANCE COSTS OPERATING COSTS ' TRAVEL TIME COSTS ACCIDENT COSTS TOTAL.COSTS

YEAR (MILLIONS) (MILLIONS) (MILLIONS) (MILLIONS) - (MILLIONS)
ANNUAL 1974 37.020 0.0 5.954 5.960 0.000
ANNUAL 1975 0.0 0.0 7.124° 6.625 0.000
ANNUAL 1976 0.0 0.0 8.448 7.736 0.000
ANNUAL 1977 0.0 0.0 8.527 7.832 0.000
AHNUAL 1978 0.0 0.0 8.599 7.928 0.000
ANNUAL 1979 0.0 0.0 B.675 8.020 0.000
ARNUAL 1980 0.0 0.0 8.754 8.151 0.000
ANMUAL 1981 0.0 0.0 9.828 8.242 0.000
ANNUAL 1982 0.0 0.0 8.906 8.334 0.000
ANNUAL 1983 0.0 0.0 8.977 8.443 0.000
TOTAL 1974-1983. 37.020 0.0 B82.792 77.2714 0.000
DISCOUNTED 5% 35.257 0.0 63.104 58.935 9.000
DISCOUNTED 8% 34.278 0.0 54.404 50.835 0.000
DISCOUNTED 10% 33.654 0.0 49.556 46.322 0.000
DISCOUNTED 12% 33.053 0.0 45.329 42.388 0.000
DISCOUNTED 15% 32.191 0.0 39.947 37.380 0.000

FIGURE 14, EXAMPLE DISCOUNTED COST RESULTS
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sensitivity of the final outcome to the discount rate. 1f one policy
or strategy dominates the others gver the range of rates investigated,

then no further refinements are called for.

1f the choice of rate does affect the outcome, then one wmust
determine whether the break point lies above or below the rate intended
for this analysis; or, if the results are highly sensitive, then one
must make a precise determination of the rate to be used. Over a number
of analyses, however, this strategy will require certainly no more time,
and in many cases less time, than would the requirements that the user
explicitly state one discount rate prior to undertaking analysis.*

This feature of multiple discount rates is.really a type of sensi-
tivity analysis, and it should not confuse the fact that discount rates
cannot vary over time, mor can they be "mixed" within an analysis. With
reference to Figure.l4, each line represents in effect the results
of a separate, complete analysis. Thus, in comparing two alternatives,
the manager should insure that both results are computed at the same
discount rate.

Inflation Rates

Inflation distorts the dollar value of resources consumed over time.
It then becomes necessary to talk about two dollar wvalues: current
dollars, which are the inflated dollars or the actual cost of a resource
at the time it is consumed; and constant dollars, which ‘are the dollars
one would have pald for the resource in some reference year. The ratio
of current dollars to constant dollars defines the aggregate (or
accumulated) rate of inflation for that time period in relation to the
reference year.

Current dollars are suitable in a financial analysis, where one must
deal with actual numbers of dollars at the time they are spent. This
would be the case, for example, in estimating a budget, or in arranging
financing for a project. However, the type of analysis conducted. by

* We do not mean to imply here the discount rates should be fixed after
the analysis is performed, since this may impair the impartiality

of the study. What is intended here 1s essentially a check that can be
done quickly and accurately. For example, if an agency typically uses
a discount rate in the vincinty of 8-10%, and the EAROMAR results
indicate alternative A superior to alternative B at all rates between
0% and 20%, then clearly A is the preferred alternative. However, if A
were preferable at 8%, and B at 10%, then a precise rate should be fixed
before proceeding with further analyses, These additional analyses
should then include, 1f possible, more detalled estimates of future
costs, and perhaps non-economic factors affecting the relative worth of
each alternative.
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EAROMAR is an economic analysis, where one must resort to cons:tant
dollars. The effect of inflation in a constant dollar analvsis zrises
ocnly to.the extent that inflation rates differ among several res-urces
considered. '

For example, take an analysis in which 1980 is the reference year,
and assume a general rate of inflation (1980~1981) of 12%. However,
further assume that the material price of asphalt increases by 15%
over the next year. Looking at 1981 in constant dollars, everything
except asphalt remaing at the same level of 1980 dollars, since the
effect of general inflation has been merely to increase the {(current)
price, but not to change the relative value of the resources.

This last statement is not true, though, regarding the asphalt.
1ts relative value in constant dollars has increased by an amount
equal to its relative rate of inflation:

1.15 \

1.10 1.045 - (3)
or a 4.5 percent increase. Therefore the constant dollar estimate
for asphalt in 1981 is 4.5% higher than the equivalent estimate in
1980. The discounted economic analysis would use the 4.5%Z-inflated
figure.

The treatment of inflation in EAROMAR can therefore be visualized
as in Table 7. Managers may specify a general rate of inflation,
as well as individual rates of inflation for specific components, all
varying over time if desired. Although it might be useful in. some
instances to specify separate rates for each different resource to
be used, we feel this would complicate the system needlessly and,
given the uncertainty in projecting inflation rates into the future,
would not be justified under EAROMAR's objectives, Instead we have
suggested that five rates be considered, corresponding to maintenance
labor, equipment, and material, fuel, and value of travel time.

The rates specified by the user are the nominal annual rates
(i.e. based on current dollars). The system computes the corresponding
relative rates of inflation automatically for each resource category
and each year, using the following relationship:

14r
1+ r_ Toz, (6)

where r_ is the relative or differential annual inflation rate for this
item;
r is the nominal annual inflation rate for this item estimated
by the user;
and T, is the general annual inflation rate,

Then, as the simulation proceeds year by year, the costs of labor,
equipment, materials, fuel and travel time will be adjusted annually
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TABLE 7

WITHIN EARCMAR

TREATMENT OF INFLATION

A. DATA PROVIDED BY USER

Year Rate Annual
Cateqory Takes Effect ‘Rate
General rate 1980 10%
Labor 1980 1
1990 8
Equipment 1980 9
operation
Materials 1380 10
Fuel 1880 15
1990 12
Travel time 1980 5
B. CONVERSION TQ RELATIVE QR
DIFFERENTIAL RATES
Year Rate Annual
Cateqgory Takes Effect Rate
General rate 1980 -
tabor 1980 0.9%
1990 -1.8%
Equipment 1980 -0.9%
operation
Materials 1980 0%
- Fuel 1980 4.5%
1990 1.8%
Travel Time 1980 -4.5%
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based on the appropriate differential or relative rate, as indicated
in Table 7B. '

Accident Costs

Accident costs are a function of the legal compensation environ-
ment under which the premium pavement analysis is carried out, and in
this sense are included as parameters describing the local economic
sitvation. Separate costs-per-occurrence can be provided by the
manager for (1) accidents causing property damage only, (2) accidents
causing injury, and (3) accidents causing fatalities. Obviously this
information encompasses only the monetary costs of motor vehicle
accidents; however, managers are free to adopt as wide a latitude as
they feel appropriate in identifying what costs need to be reflected
under each accident category. Use of these entries in the highway
user cost calculations will be described in Chapter 6.

Use of Multiple Scenarios

The data contained in economic scenarios do not affect the simu-
lation in progress, "but rather are applied as adjustments to simu-
lation results (as indicated in Figure 11). Therefore it is possible
to test multiple economic scenarios within a single run, rather than
among several runs as would be required for other state or policy
variables.

An 1llustration of how thls is accomplished in EAROMAR is shown
in Figure 15. The strategy specifications define three individual
scenarios, differentiated by their assumed patterns of inflation.
These specifications will cause the system to access the appropriate
blocks of economic information provided by the user, illustrated in
the lower part of Figure 15. Within each scenario the discount rates,
time-dependent inflation rates, and accident costs are entered.

Taking the "Low-Inflation" scenario as an example, we see that
the discount rates to be tested are 6, 8, 10, 12 and 14 percent. The
general rate of inflation (following the INFLATION keyword in Figure 15)
is projected to be 5% in 1980, 6% in 1981, 5% from 1982 to 1996, and
5.5Z2 from 1996 through the conclusion of the analysis.” Similar inter-
pretations are app” “ed. to the individual inflation rates projected
for maintenance labor, equipment, and materials; fuel, and value of
travel time. The system will then ~utomatically convert these nominal
rates to relative or differentlial rates as described earlier. Accident
costs under this low-inflation scenario are estimated to be $1000 per
occurrence for property-damage-only; $5000 per occurrence for imjury-
related accidents; and $100,000 per occurrence for fatal accidents. The
NO-INFLATION and HIGH-INFLATION scenarios contain analogous information.
(Note that for the NO-INFLATION case, no inflation rates need be
entered.)

As construction, maintenance, and user costs are tallied by the
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FIGURE 15
EXAMPLE APPLICATIONS
OF ECONOMIC SCENARIOS

Strategy Specification {Scenarios to be tested):

NO-INFLATION
LOW-INFLATION
HIGH-INFLATION

Data for each Scenario:

SCENARIOQ NO-INFALTION
DISCOUNT 6 8 10 12 14
ACCIDENT 1000 5000 100,000
END SCENARIO

SCENARIQ LOW-INFLATION
DISCOUNT 6 8 10 12 14
INFLATION 1980 5 1981 6 1982 5 1996 5.5
LABOR 1980 4
EQUIPMENT 1980 4 1987 5
MATERIALS 1980 5 1990 7
TIME 1980 3
FUEL 1980 10 1990 12
ACCIDENT 1000 5000 100,000
END SCENARIOQ '

SCANARIQ HIGH-INFLATION

DISCOUNT 6 8 10 12 14
LABOR 1980 8
INFLATION 1980 10 1990 12
EQUIPMENT 1980 8 1987 11
MATERIALS 1980 12 1999 14
TIME 1980 7
FUEL 1980 15 1990 20

" ACCIDENT 2000 10,000 100,000
_END SCENARIO
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EAROMAR simulation, each scenario in Figure 15 would be applied to adjust
costs for differential inflation, to compute accident costs, and to
discount cost totals pver time (at multiple rates 1f so indicated).

A separate set of cost reports would then be produced under each scen-
ario. Thus, managers can identify immediately the influence of dif-
ferent anticipated economic scenarios on the relative costs and

benefits of a given pavement strategy.

NOTES TO CHAPTER 2

1. Within the EAROMAR simulation roadways are divided inte lengths
called "sections" so that each section exhibits homogenous characreris-
ties. Many factors discussed in this chapter define boundaries between
roadway sections: locations of changes in roadway capacity, alignment
or pavement structure; locations of changes in traffic volumes, compo-
sitions or growth rates; limits of project workzones; limits of admin-
istration areas; and locations where maintenance policies change, to
name the more significant ones. While the division of a roadway into
sections is internal to the simulaticon and not apparent to the user,
managers should realize the following:

1. All internal calculations of roadway performance and costs
(including pavement deterioration, maintenance, traffic
flow and congestion, and user costs) are done section by
section; ‘

2. The efficiency of the simulation is roughly proportional to
the number of sections to be analyzed; and

3. The number of sections created by the simulation can be
controlled by the manager, directly influencing the computa-
tional speed and cost of the simulation.

The greatest efficiency 1s achieved if the various milepost speci-
fications in the route and strategy descriptions (e.g. milepost locations
denoting changes in alignment, capacity, pavement structure, administra-
tive areas, traffiec, maintenance policy, etc.) coincide with one another
as much as possible, and are the minimum number needed to describe the
problem effectively. Of course there is a tradeoff between computa-
tional efficiency and the level of detail required in-the analysis.
Nevertheless, if two adjacent sections differ from each other in only
minor respects, one should consider combining them.
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CEAPTER 3

PAVEMENT DAMAGE RELATIONSHIPS

3.1 RATIONALE AND APPROACH

Rationale

Pavement damage relationships are included within EAROMAR for
two reasons., First, pavement maintenance is a demand-responsive acti-
vity, in that work is done to correct damage that has already appeared,
and possibly to prevent more severe future damage. Therefore, to
estimate future maintenance requirements accurately, one must be able
to predict the type and amount of damage expected to occur, and when it
will occur. (Put another way: to investigate a premium pavement design,
one should be able to confirm that no damage requiring maintenance 1is
likely to occur within the first 20 years of life, and that only rou-
tine maintenance will occur in the 10-20 years thereafter.) Second,
the condition of the highway surface affects pavement serviceability to
users, and may (under certain conditiomns) affect traffic speed and
vehicle operating costs. Again, we would like to know the type, amount,
and timing of expected damage to the pavement surface.

Many factors combine to influence both the type and the rate of
pavement damage: (1) the quality of initial pavement design and
construction; (2) vehicle loadings to which the pavement is subjected
over time; (3) environmental conditions encompassing local subgrade
soils, temperature, moisture, and sunlight; and (4) the care and renewal
of the pavement through maintenance, rehabilitation and reconstruction. -
As a result, a large number of analytic models have been described in
the literature to similate at least some of the complex interactions
among all these factors. However, these models differ widely in
scope, objective, mathematical formulation and range of independent
variables, and the selection of candidates for use within EARCHAR
must be judged in light of the requirements of a premium pavement analy-
sis. Several items are worthy of note.

As an economic analysis EAROMAR requires predictions of pavement
performance, as opposed to design. While certain equations or models
used in design can also be applied to pavement performance, in general,
design procedures are predicted on controlling the level of specific
modes of damage (e.g. preventing the onset of cracking), or
of maintaining some adequate level of serviceability throughout the
design life. From a performance point of view we would like instead
to predict how a given pavement will behave under a given set of loads,
environmental factors and maintenance policies. In lieu of controlling .
damage, we need to know how much damage will in fact occur.

A related point 1s the relative abundance for some damage mechan-
isms of theoretical derivations based on laboratory tests, but which have
little correlation to field data. For example, Finn, et al (6 ) cite
this situation in the prediction of fatigue cracking in flexible pave-
ments. Again, what are needed in EAROMAR are measures of field dis-
tress over time as functions of the several independent variables
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above.

A third consideration 1is the effect of maintenance rehabilication,
or overlay on pavement performance. There is very little in the
research literature (particularly in a quantitative sense) on the
effects of pavement maintenance in improving either the current condi-
tion and serviceability of the road surface, or the future rate of
pavement deterioration. The same statement is true regarding overlays
and pavement rehabilitation. A particularly difficult question in
assessing the performance of an overlaid pavement is the structural
contribution to be attributed to the damaged original layers.

With these considerations in mind we reviewed the literature to
identify candidate models to predict the serviceability or the damage
in flexible, rigid, and composite pavements, as functions of the
several variables listed earlier. Both empirical and mechanistic
models were studied. Each type of model presented both advantages and
disadvantages for use in premium pavement studies,

Empirical models (such as the serviceability equations developed
from AASHO Road Test data (4, 5) relate pavement performance or
serviceabllity in the field .to gross measures of traffic; environmental,
and pavement parameters, and are generally derived from statistical
correlations between the respective input and output variables. They
have the advantage of being simple to use and, in cases where models
have been developed in a comprehensive way, they account for many of
the load, environmental, structural and materials parameters of
interest ‘in this study. Their disadvantages are, first, that the
approaches taken among the many available empirical models differ
widely; and second, they are not necessarily based on an understanding
of pavement behavior. As a result, empirical models show considerable
variation in their respective independent variables and, at tires, in
the goodness of fit between field observations and model predictions.

On the other hand, mechanistic models have been developed based
on an understanding of flexible and of rigid pavement response to
loads and environment. Furthermore, several of these models have been
field tested with generally good results, However, the disadvantage of
" mechanistic procedures (with reference to our requirement in E2ROMAR)
is that they are based on computations of stresses and strains
(spatially and temporally dependent) that are difficult to capture ina
closed-form relationship. Hence, large-scale computer systems are
necessary to obtain mechanietic solutions (based, for example, on
finite-element theory or on layered -system theory) and it would be
difficulct to merge all the mechanistic models that would be required
within the EAROMAR framework.

Some general comments apply to both the empirical and the mechan-
istic approaches. First, none of the models reviewed accounts for
the effects of maintenance, rehabilitation or overlays as discussed
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above. Therefore, at this time the beneficial aspects of pavement

repair can be modeled only indirectly. Second, the available models
predict only those damage components that are closely allied with
current formulations of pavement serviceability (e.g. cracking, rutting,
roughness), or {(for mechanistic models) those components attributable

to recognized modes of fracture or distortion (e.g. fatigue cracking,
temperature cracking, rutting). No models are currently available

to predict more localized forms of pavement distress which are never-
theless important in predicting future requirements for maintenance
(e.g. potholes, base fallures, joint filler deterioration, pumping).

Approach

Therefore, the strategy adopted in this project is to propose
performance relationships based on models available in the literature,
accounting to the greatest extent possible for relevant structural,
materials, load and environmental factors. Ideally this could have
been done by identifying appropriate mechanistic models , executing the
models for a range of input factors, and fitting closed-form relation-—
ships to the mechanistic results. Unfortunately, it was not possible
to accomplish this for the several damage components required, given the
resources available for this part of the investigation., However, from
published analyses of both flexible and rigid pavement fatigue cracking
we did obtain essentially closed form approximations of mechanistic
predictions for these damage modes. For the other distress mechanisms
of interest we adapted empirical models when available.

All pavement damage relationships are applied within EAROMAR
for each road section on a seasonal basis. This permits estimates of
damage to be sensitive to road physical and operational characteristics
(pavement layer structure, materials properties, vehicle locadings as a
function of traffic volume and composition) and to seasonal adjustments
in ambient temperature and moisture.

For each season of each year we are interested in using these
models to predict the rate of damage occurrence in lieu of the absolute
amount accumulated. The reason 1s that the net amount of pavement
damage present at any given time depends upon both the damage history
and the amount of past maintenance performed. However, available
models are unable to account for the effects of maintenance in their
predictions of total damage accumulated. Therefore,in using these
models 1t Is necessary to convert the predictions of cumulative damage in- .
to the effective rate at which additional damage is now being induced.
This is done by subtracting a model's estimate of prier cumulative
damage (at time t-1) from the current estimate (for time t):

Incremental damage occurrence (t) = Cumulative Damage (t)

- Cumulative Damage (t-1) 7 ).
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The net amount of damage present at the end of any time period ¢
is then given by:

Net Cumulative Damage (t) = Net Cumulative Damage (t-1)

+ Incremental Damage Occurrence. (t)

- Damage Repaired Through Maintenance,
Rehabilitation or Overlay (t). (8)..

The rate of damage occurrence is sensitive to time-dependent and
environmental influences on pavement materials properties, and toc the
remedial effects of preventive maintenance. However, while environ-
mental influences and aging are discussed in the literature, the
beneficial effects of maintenance in reducing the rate of future damage
occurrence have not been derived quantitatively. Within EAROMAR both
these effects are accounted for through adjustments in pavement mater-
ials properties over time (either by season or by year). Environmental
influences and aging are modeled by time- and seasonal-dependent fluctua-
tions in layer and subgrade properties.* The effects of maintenance are
simulated by damage-dependent adjustments in these same properties. In
this way we may say that the effects of maintenance on the preservation
of the highway investment are accounted for at least indirectly.

Effects of traffic loading on pavement damage are computed using a
design lane concept. A design lane factor ranging from 0 to 1 may be
specified by the user for each roadway section as discussed in Chapter 2.
This factor: represents the percentage of total traffic on the most heavily
used or "design" lane; the performance of this lane is taken to character-
ize the pavement performance in the roadway section overall. Within each
damage model any representation of traffic (e.g. average vehicles per day;
cumulative number of trucks; cumulative number of standard axle loadings)
is reduced by the design lane factor. For convenlence the application of
the design lane factor 1s understood in all the damage models which follow,
and it will not be shown explicitly in any of the pavement damage equations.

We discussed above that for some localized distress mechanisms
(e.g. potholes, base failures) generalized damage models have not
been published in the research literature. To accommcdate these types
of failures within the EAROMAR framework (since they too affect main-
tenance requirements) we allow a user to specify estimated rates of
damage accumulations over time. Such rates may also be specified (if
desired) for one or more damage components addressed by the pavement
models; in these cases the user's inputs will override model predictions
for those damage components. Users may provide time-dependent damage
rates, variable along the roadway length, under the strategy specifica-
ticns described in Chapter 2. However, such rates will be appiled exactly

*Temperature and moisture effects on materials properties can be simulated
by the user through seasonal variations in layer materials properties, as
explained in Chapter 2.
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as input, with nec further adjustments. Therefore, managers should insure
that any damage rates provided are consistent with the pavement section,
anticipated traffic volume and composition, and local environmental factors

influencing pavement damage.

Sections 3.2, 3.3 and 3.4 describe the models developed for flexible,
rigid and composite pavements respectively. Section 3.5 discusses the
time-varylng aspects of the models, considering effects of environment
and past maintenance performed on materials properties. These relation-~
ships have been adapted from existing performance or design models which
were considered compatible with the EAROMAR system structure and data
requirements. The models have been implemented in a medular fashion;
thus, they may be easily updated as new or improved relationships are

derived through further research,
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3.2 FLEX1BLE PAVEMENT

The flexible pavement damage components and their treatment
within EAROMAR are identified in Table 8. Models to predict flexible
pavement damage require the data listed in Table 9 from the roadway
descriptions provided by the user (discussed in Chapter 2). An explana-
tion of each of the flexible pavement models follows.

Fatigue Cracking

Flexible pavement fatigue is manifested by alligator cracking
appearing in the wheelpaths, induced by excessive tensile stresses
and strains at the bottom of the "asphalt concrete surface layer (if the
base is granular) or at the bottom of a stabilized base layer. Darter
and Barenberg (7 ) cite as causes repeated or heavy traffic loadings
(in relation te pavement structural capacity), loss of pavement support
due to excessive moisture or shear failure in the sub-layers, and
hardening of the asphalt concrete surface with time.

Fatigue cracking, together with other sources of cracking,
was one of the distress mechanisms correlated with reductions in ser-
viceability at the AASHO Road Test (4). Three levels of cracking
were identified:

1. Class 1 - fine, disconnected hairline cracks

2. Class 2 - formation of alligator cracking

3. Class 3 - progression of alligator cracking to more severe
spalling and loosening of individual blocks of
pavement,

Only when the extent of cracking reached Class 2 or Class 3 was it
included in the reduction in serviceability index. '

Mechanistic formulations of fatigue are typically based on
Miner's Law ( 8), which postulates a linear accumulation of damage
independent of the order in which loads are applied and with no healing
effects, according to the relationship:

n
D = £ (9 )
i i
where D is the cumulative fatigue damage,

n, is the number of load applications during period i, and

Ny is the total number of allowable loads in period i as
determined from fatigue relationships for the pavement struc-

ture and materials properties.

The number of applied loads ny depends upon traffic volume and
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TABLE 8

TREATMENT OF FLEXIBLE PAVEMENT
DAMAGE COMPONENTS WITHIN EAROMAR

Damage Component
" Or Serviceability
Index

Linear Cracking

Areal Cracking

Rutting

Roughngss

Potholes

Base Failures
Pavement-Shoulder Joints

Present Serviceabi]ity'lndex

Prediction Model
Included Within
EAROMAR
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Model
A1l Models

Areal Cracking

| Linear Cracking
Roughness

Rutting

TABLE 9
DATA REQUIRED FOR

FLEXIBLE PAVEMENT
DAMAGE MODELS

Input Data Required

Layer Thicknesses

Diametral Resilient Modulus
Complex Modulus

Subgrade Resilient Modulus
AASHTO Layer Coefficients

Pavement Age
Stiffness of Asphalt Cement
Freezing Index

AASHTO Regional Factor
AASHTO Layer Coefficients
AASHTO Subgrade Support Value

Elastic Modulus
Subgrade Resilient Modulus
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composition during time period i; in EARCMAR the applicable time periods
are seasons within years. The allowable number of load applications

Ni is estimated from fatigue curves relating the load limit to the ini-
tial tensile stress or strain at the bottom of the surface or stabilized
laver, as a function of materials properties. (Again, any time depen-
dencies in materials properties are accounted for by season within
EAROMAR.) The application of this concept within EAROMAR therefore re-

quires the following determinations:

1. Estimates of the maximum tensile stress or strain at the bottom
of the pavement surface or stabilized layer, as a function of
applied load, pavement structure and materials properties;

2. Estimates of cumulative fatigue damage according to eq. {( 9)
based upon the total number of applied loads vs. the number of
allowable loads determined by the tensile stress or strain from 1.;

and

3. A relationship between damage predicted by Miner's law (from
2. above) and field manifestations of fatigue cracking.

Each of these steps i1s developed analytically below.
MAXIMUM TENSILE STRENGTH OR STRAIN

Mechanistic models are available (e.g. refs.9, 10) to determine
layer stresses and strains in flexible pavements, However, as discussed
earlier, the use of such mechanistic models would be cumbérsome within
the EAROMAR framework and would not take proper account of the effects
of seasonal maintenance. What are needed instead are closed-form
approximations to the mechanistie solutions — approximations which yield
the desired stress-strain data as a function of appropriate layer thick-

nesses and materials properties.

One example of such an approximation was developed by Finn and
others in work under NCHRP Project 1-10B (6). The following equation
was regressed from their PSAD program:

log € = 3.355 - 0.72219 log T1 - 0.089108 log T2

0.065293 log T, ~ 0.53784 log E

3 1

0.26563 log EZ - 0.12667 log E3

0.7358 log E, + 0.45913 log L (10)

where

€ = maximum horizontal tensile strain in asphalt layer, micro-
inches/inch;
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E. = complex nodulus |E*| of surface layer psi » 10°(3C,000
to 2.75 x 10° psi);

E, = modulus of base layer, ksl (15 to 50 ksi);
E, = modulus of subbase layer, ksi (7 to 50 ksi);
E, = modulus of subgrade, ksi (3 to 50 ksi);

1 T T3 = thickness of surface (3 to 6 inches), base (3 to 9 inches),
and subbase (0 tc 12 inches); and

L = axle load, kips (18 or 30);

From the point of view of the EAROMAR design, a relationship of
this type is potentially useful; however, eq. (10 ) assumes a fixed
three-layer system plus subgrade, whereas the pavement input for EAROMAR
is not limited to any ﬁarticular number of layers. Furthermore, the ‘
fact that the moduli of untreated base layers are stress-dependent -
may preclude application of this relationship to other than the layer
thickness and modulus values tested.

To address the problem of a variable number of layers in gemneral,
it was decided to approximate the pavement structure using a two-
layer solution for which relationships yielding tensile strain in the
asphalt surface layer are available. Under this approach treated
and untreated base/subbase layers are converted to equivalent thick-
nesses of surface layer, using the AASHTO layer coefficients as follows:

t! = t, . a andti=-2t; - (11)
i .

where

ti is the effective thickness contributed to the surface thickness t,
by each base or subbase layer 1i;

ti 1s the actual thickness cof layer i;

ay is the AASHTQ structural coefficient of layer 1; and

a, is the AASHTO structural coefficient of the flexible surface
layer.

The equivalent thickness contributions of each-base/subbase layet are
then added tc the actual thickness of the: surface layer to obtain an
equivalent surface thickness tl.

Curves to solve for the Initial tensile strain at the bottom of
the asphalt layer in the resulting two-layer systeﬁ are taken from
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Santucci (11), and are illustrated in Figure 16. Thesc curves were
constructed for selected subgrade modulus values (Ep), surface lever
thicknesses (t]), and surface layer diametral resilient modulus (E;y),
using multi-layered elastic theory developed by the Chevron Research
Companyv for a 9-kip equivalent wheel load under dual tires. By apply-
ing linear regression techniques to the curves, the following model

is obtained to predict the maximum critical tensile strain:

€, = A exp [jB log El] ‘ (12)
A = 100Ty) - | | (13)
b = 4.8183 exp [-0.0103 E,] , (14)
w = 0.04818 exp [-0.0245 E,] : (15)
B =1.831 exp [-CE,] ' (16)
C = 0.02235 exp [-0.0512 t,] _ (17)

where ,
e, 1s the maximum initial tensile strain in the surface layer,

10~% in/in; '

is the diametral resilient modulus of the flexible surface
 layer as input by the user, ksi;

t. is the effective surface thickness in inches in a two-layer
representation, computed from eq. (ll); and

E2 is the resilient modulus of the subgrade as input by the
user, ksi. )

If the subgrade strength 1s entered by a static CBR value instead of the
resilient modulus, the following conversion is made:

E, = 1.5 CBR (18)

where

Ez 1s the subgrade resilient modulus in ksi; and

CBR 1s the statie CBR input by the user.

FATIGUE DAMAGE

Predictions of the number of loads Ny necessary to cause fatigue
failure have been developed extensively in the literature., However,
such curves are based on laboratory tests, generally with little
correlation to field experience to account for the relaxation times

between traffic loads and resulting differences in crack propagation
rates.

Finn and others (6) have attempted to transform laboratory
fatigue curves obtained by Monismith into field distress prediction
equations for fatigue cracking, by determining a shift factor for the
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laboratory equaticn based upon analyses of the AASHO Road Test
results. Their findings indicated that the number of traffic loads
required to initiate fatipue distress is on the order of 13 to 18
times that predicted by constant-stress laboratory tests.

Because of limitation in the data available from the AASHO Road
Test, field distress models could be estimated at only two levels of
cracking: (1) cracking less than or equal to 10 percent of the
wheelpath area; and (2) cracking equal to or greater than 45 percent
of the wheelpath area. The equations presented in ref. (6) are as
follows:

log No (<10%) = 15.947 - 3.291 log E

t .
- 0.854 log E* (19)

>l‘ z = . - .

- 0.854 log E*

f

N_ is the number of loads of constant stress necessary to
cause fatigue cracking;

€ _ 1s the initial tensile strain at the bottom of the asphalt
layer for the applied stress, 10~% in/in; and

E* is the complex modulus of the asphalt concrete surface, ksi

For purposes of the EARCMAR analysis we would like to interpret
eqs. (19 ) and (20 ) in terms of total pavement area rather than
wheelpath area. Since the wheelpaths for that study were assumed to
total about two meters or six feet in width, eq. (19 ) would apply
to cracking less than or equal to 5 percent of pavement area; and
equation (20 ), to cracking equal to or greater than about 25 percent
of pavement area. This interpretation does not change any numerical
parameters in these equations, but simply the description of their
range of applicability,

The identification of separate equations for different levels
of cracking, however, 1s unsuitable for the EAROMAR requirements, since
it is the extent of cracking which we seek to predict in the first
place. In the absence of any better field-laboratory correlations of
fatigue cracking, it appears reasonable to select a relationship mid-
way between eq. (19 ) and (20 ). The following equation is proposed
for use in EAROMAR; it represents an increase in predicted allowable
loads to initiate fatigue distress of about 15 times that givem by

laboratory results.

log N, = 16 - 3.291 log €, - 0.854 log E* (21 )
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wvhere

N_. is the number of load applications of constant stress to
cause farigue cracking:

€, 1s the initial tensile strain at the bottom of the asphalt
layer computed from eq. (12 ), 10-56 in/in; and

E* is the asphalt concrete complex modulus input by the user,
ksi;

The application of eq (21 ) within each season of each year will
define a number of allowable loads Nj. From traffic volume and composi-
tion data (discussed in Chapter 5) the actual number of seasonal loads
n, can also be estimated. The ratio of these two items can then be
computed and summed to obtain estimares of cumulative fatigue damage
according to Miner's hypothesis, eq (9 ). The one remaining step is
then to relate cumulative damage to the extent of areal cracking pre-
dicted on the pavement surface.

AREAL, FATIGUE CRACKING

A relatlionship between observed areal cracking and fatigue damage
according to Miner's Law was reported by Darter and Barenberg (7) and
is reproduced in Figure 17 . Cracking here includes Classes 1, 2 and 3,
whereas only Classes 2 and 3 were included in the formulation of the
AASHTO serviceability equation. Also, the scatter in the data in
Figure 17 indicate that, at best, only an approximate relationship
is possible at this time. ’

The data in Figure 17 suggest a relationship as follows:
eI = 210 (log D)% %*7, p > 1.0 | (22)

where ) :
CI is the area of cracking, sf/1000 sf; and

D is the cumulative damage.
We_have modified eq. (22} to convert the units of predicted damage

to square feet of cracking per lane mile, consistent with other EAROMAR
damage prediction models. The resulting relationship used within EAROMAR

is then:
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0.947

C = 13300 (log D) D>1 (23)

where
C is the area of fatigue cracking, sf/lane mile; and

D is the cumulative damage predicted by eq. (9 ).

Linear Cracking

Linear cracking in flexible pavements is generally attributed
to thermal or shrinkage mechanisms, whether low-temperature shrinkage
cracking or thermal fatigue active within the surface layer, or reflec-
tion cracking arising in a stabilized base layer or frozen granular

base layer.

Several mechanistic studies have been performed to estimate
pavement reflection cracking initiated in the base layer. Carpenter,
Lytton and Epps ( 12) investigated c¢cracking of pavements in West
Texas, using finite element analysis to establish freeze-thaw con-
traction of the unbound base layer as an important contributing
mechanism. Pretorius and Monismith ( 13) applied finite element tech-
niques to simulate fatigue cracking of an asphalt concrete surface
placed over a soil cement base in which shrinkage cracks have already
developed. Carpenter and Lytton ( 14) report a procedure to predict
thermally induced cracking based on the concept of susceptibilicy of
frozen unstabilized base course material to crack formation and pro-
pagation. All of these studies, however, rely on the application of
theoretical models to predict stress/strain distributions through the
pavement layers, and do not afford sufficient data from which closed-
form approximations can be derived. Thus, at this time we are
unable to include a model for flexible pavement reflection cracking
within EAROMAR.

Both low-temperature and thermal-fatigue mechanisms have been
investigated analytically for flexible pavements. Shahin and Mc¢Cul-
lough ( 15) and Shahin ( 16) describe a stochastic model to treat
both of these temperature-related phenomena, and have obtained
fairly good agreement with observed highway aracking in Caneda.
However, again this model has not been reduced to closed-form relation-
ships, and its method of predicting thermal fatigue (by calculating,
for each time period and each pavement section, cumulative damage
levels at different normal-distribution significance levels, and then
selecting that significance level corresponding to cumulative damage
equal to 1.0) would likely prove cumbersome under the EAROMAR
approach.

We have therefore selected a more adaptable model of temperature-
related linear cracking, based upon work by Hajek and Haas ( 17). This
model estimates the amount of transverse cracking over time due to
low-temperature shrinkage of the asphalt concrete surface. Thermal
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fatigue is not included. The following equation was developed by
Hajek and Haas based upon regressicn analyses of 32 pavement sections

in Canada:
10 = 2.497 x 1070 x g(b-7966 - 0.8740 t + 1.3388a)
-3 d -3 M
x (7.054 x 107%)" x (3.193 x 10713

N 40-6026 S (24 )

where

I is a cracking index equalling the number of full and half-
transverse cracks per 500-ft section of road;

S is the stiffness of the original asphalt cement determined
for temperature M and loading time of 20,000 sec by modified

McLeod method, (kg/cm® "x 10-1);
t is the thickness of all asphalt concrete layers, in.;
a is the age of asphalt concrete layers, years;

d type of subgrade (dimensionless code: 2 is clay, 3 is loam,
and 5 is sand); and

m is the winter design temperature, deg C x -0.10.

Some minor meodifications have been made in this model to have it con-
form to the EAROMAR framework. These are described below.

First, the winter design temperature is defined as "the lowest
temperature at or below which only 1 percent of the hourly ambient air
temperatures in January occur for the severest winter during a 10-year
period." ( 17) However, to obtain and analyze climatological data
necessary to determine this design temperature might prove cumbersome
for premium pavement studies in different regions of the country. In-
stead, it was decided to compute this design temperature from the
freezing index, using a correlation suggested in ( 17) and shown in
Figure 18 developed from data for Ontarioc and southern Manitoba. Also,
the units of this relationship were converted to a Fahrenheit scale.

The resulting equaticn is then:

T > -8.064 log? FI + 61.27 (259
where
Twis the winter design temperature, °F; and

FI is the local freezing index (input by the user).
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Second, it was felt desirable to suppress the dimensionless
"d" term expressing subgrade type. This is not to say that subgrade
type has no influence on crack frequency; nevertheless, the use of an
arbitrary term is awkward, since it does not identify what character-
isties of the subgrade are important to this analysis, and thus it
cannot be extended to other subgrade types, The results of a sensiti-
vity analysis performed by Hajek and Haas (as 1llustrated in Figure 19)
indicate that the effect of subgrade type on cracking is insignificant
except at extremely low design temperatures (Obs. 29 in Figure 19,
~40°C or -40°F). Based upon this reasoning we fixed the value of
"d" equal to 3.

Third, although eq. (25) is based upon the total thickness of -
all asphalt layers, there is no provision within EAROMAR for labeling
Individual layers by material type. (The preference 1s to characterize
materials by their relevant physical parameters.) Data from Table B
in reference ( 18) suggest that asphalt concrete and asphalt treated
layers are assoclated with AASHTO layer coefficient values of about
0.25 or higher. For purposes of this model, then, the total asphalt
thickness 1s taken to be the sum of the thicknesses of all conti-
guous layers, beginning with the surface layer, having layer coef-
ficients greater than or equal to 0,25,

Finally, we adopted a standard system of units of measurement,
rewrote eq. in its equivalent logarithmic form, and converted the
unlts of the predicted cracklng index I into the predicted length
of cracking in lineal feet per lane mile. The resulting model used
within EAROMAR is:

I = (861.1 - 110.7 t + 169.6:A) log (S/0.1419)

+ 88.0 T + 257 S + 220.5 (26)

where
I is the amount of cracking, lineal feet per lane mile;

t is the thickness in indices of all asphalt concrete layers
having an AASHTO layer coefficlent of at least 0.25;

A 1is the age of asphalt-concrete layers, years;

S is the stiffness of the asphalt cement, ksi, determined for
temperature T, and loading time of 20000 seconds by the modified
McLeod method and

Tw is the winter design temperature computed for eq. (25), °F.

The simulation of all linear cracking occurs within EAROMAR during
the coldest season of the year, as determined from mean seasonal tempera-
tures Input by the user.
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Longitudinal Roughness

The longitudirnal roughness of a pavement is a measure of the
deviation of its longitudinal profile (wmeasured, for example, in the
wheelpath) from a smooth reference plane. Results of the AASHO Road
Test ( 4) indicate that roughness plays a significant role in deter-
mining ride quality perceived by the user, as measured by Present
Serviceability Index (PSI).

Despite the importance of this parameter, however, roughness has
received relatively little attention (in comparison with rutting and
cracking) among models to predict pavement damage. One likely reason
is that roughness results from non-homogenous deformations in the
pavement surface, and accounting for this inherent variability in
pavement response is difficult using deterministic methods. As an
example of the approach required to estimate roughness as a function of
traffic and the environment, Brademeyer (19) applied a spatial auto-
correlation function representing differences in materials properties
and quality of construction along the pavement surface. However, this
idea has not yet been reduced to a closed-form relationship suitable
for use within EAROCMAR.

To obtain a model usable within EAROMAR we rely instead on the
high degree of correlation observed between roughness and PSI. Models
are available to estimate the decline in serviceability as a function
of pavement characteristics, cumulative traffic loads, and environment.
Since the level of serviceability measured by PSI is dominated by the
amount of roughness (expressed as slope variance), it is possible to
calculate approximately the amount of roughness present at a given
PSI level. This procedure thus allows one essentially to predict
roughness as a function of relevant pavement, traffic, and environmental
variables.* Derivation of the model is described below.

PAVEMENT SURFACE DETERIOCRATION OVER TIME

The deterioration of pavement serviceability over time is
given by the general AASHTO Road Test equation (4 , 5 );

G, = B (log W_~ log p) 27)

* We will not use this set of relationships to predict the future
pavement PSI within EAROMAR. PSI will be estimated instead in the
traditional way, as a function of roughness, rutting, and cracking,
as described in a later section. All we are proposing here is the
transformation of a time-dependent PSI function to an egquivalent
function to predict roughness.
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vhere
G_ s the logarithm of the ratie of Joss in serviceability
at time t to the potentlal loss taken tc a point where

P, = 1.5;

B is a function of design and load variables influencing
the shape of the p vs. W curve;

W is the cumulative axle load applications at the end of
time t;

p is a function of design and load variables that denotes
_ the expected number of axle load applications to a
serviceability index of 1.5; and

p, is the serviceability at the end of time t.

Moavenzadeh and Brademeyer (20) have rendered this relationship
in the following form:

pt = po - 2.7 x [ 1.585 x Wt x R x (SN ‘+ 1)_9.36

x 107-372(5 - 3) 4B @28 )

where
P is the serviceability at end of time t;

P is the initial serviceability;

W_ is the cumulative number of equivalent 18-kip single
axle loads at the end of time t in the design lane;

R is the regional factor;

SN is the pavement structural number;

s is the soil support value; and

B = 0.4+ 1094/ (sN + 1)°' 12, | (29)

All of the independent variables in eq. (28 ) are known to the
EARCMAR simulation. The initial serviceability p_ of a flexible
pavement can be taken from AASHO Road Text experience to be 4.2.

The number of 18-kip axle applications will be computed from EAROMAR's
simulation of traffic flow over time and from vehicle characteristics,
as described in Chapter 5. Pavement structural number is computed
from layer descriptions input by the user (Chapter 2), while regional
factor and soil support value are likewise provided by the user

as part of the roadway description., If the subgrade strength is
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entered by a static CBR value instead of the soil support value, the
following conversion is made:*

§ = 1.45 + 3.46 log CBR (30)

where
s 1s the AASHTO soil support wvalue; and

CBR is the static CBR.
CORRELATICNS OF ROUGﬁNESS WITH SERVICEABILITY

Although loss of pavement serviceability is associated with
cracking and rutting as well as roughness, data on 74 selected pavement
sections in Appendix F of the AASHO Road Test Report ( 4 ) indicate
that longitudinal roughness typically accounts for 85 to 95 per cent
of any decline in PSI. Plots of slope variance vs. serviceability
such as shown in Figure 20 also indicate a strong correlation between
these two variables. Thus if a relationship between PSI and roughness can
be defined, eq. (28 ) can be used to predict roughness in lieu of
servlceability.

The desired relationship is suggested im Figure 21 (38), which
compares roughness measurements and serviceability ratings from
Ontario and Minnesota respectively. The very close agreement between
the two plots leads to the following equation:

R = 355 x 10°°51/3 | (31)

vhere
R is the pavement roughness in inches per mile; and

PSI is the present serviceability index.

PROPOSED MODEL

We stressed earlier that the purpose of eq (28 ) is not to
predict pavement serviceability as such, but rather to lead to a
prediction of roughness, To emphasize this point we combine
equations (28 ) and (31 ) to suppress any reference to PSI. The
resulting model for longitudinal roughness is then:

log R = 1.711 + 0.54{{71.585‘Wt x RFx (SN + 1)"9'36

. 10—.372(5'—.3116 ‘ (32)
where all variables are as defined earlier.

* This equation is based on a comparison of soil support value with
static CBR values in the AASHTO Interim Guide ( 5).
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Rutting

Rutting in the wheelpaths results from the permanent defpormation
in cne or more pavement layers, influenced by the number of traffic
loadings, layer properties, and environment. Analysis of the AASHO
Road Test sections determined that lateral movement of material in
the subbase accounted for most of the rutting observed, although
some was attributable also to increases in density among the various
layers. The rate of rutting appears to decrease over time, at least
as long as pavement structure integrity is maintained.

Rutting has been addressed in mechanistic models such as VESYS
( 9) and PDMAP ( 6). Apgain, these solutions entail a detailed
simulation of the pavement structure, and would require additional
research to obtain closed-form approximations to be usable within
EAROMAR.

An approach more suitable for use within EAROMAR was reported by
Meyer and Haas (21) based upon analyses of the Brampton Test Road.
Thelr regression model is as follows:

RD = - 1.0318 + 1.2067 AT + 0.0803 N - 2.3684 1n (AT)
+ 0.1896 1n (AT x N) + 1.1639 E, 1n (aT)

- 0.0216 E,N - 0.4114 El N 1n (AT) + 0.0456 E2 N 1n (AT) (33)

2

where
RD is the permanent deformation in inches;

AT 1is the effective asphalt thickness in inches/1l0
(with 1" of hot mix = 2" granular base = 3" subbase);

E, is the modulus of the asphalt layer, psi/lOG;
E, 1s the modulus of the subgrade, psi/lOa; and
N is the cumulative number of 18~kip single axle loads/los.

Although it is difficult to obtain physical insight into pavement
behavier from this model, the equation 1s of closed form and includes
the key influencing parameters as independent variables. (Environmental
effects can be accounted for by specifying seasonal dependence cof the
layer moduli, as discussed in Chapter 2.) The specification of the
equivalent asphalt thickness, however, 1is arbitrary; for use within
EAROMAR we would have to key the layer conversion factors above to
values of the AASHTO layer coefficients. A suggested way to do this
is as follows:
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AASHTO Layer Equivalent Asphalt
Coefficient Thickness Used 1In
Rutting Model

< 0.14 0.33
0.14 - 0.25 0.5
>0.25 1.0

Our original intent was to use this model directly within EAROMAR
to predict rutting. However, trials with different flexible pavement
designs produced anomalous results. Eg. (33) is insensitive to pavement
modulus E, when the {equivalent) asphalt thickness 1s around 10 inches
{(or AT is about 1.0), and certain terms in the model exhibit reversals
of sign as E] is varied. Furthermore, because of logarithmic terms in
N, the model produces invalid results at low levels of cumulative traffic
(i.e. when the pavement is new and N 1s small). :

We therefore restructured the model to retain its sensitivity to
traffic loadings and materials properties, but to eliminate Inconsistent
behavior. Eq.(33)was exercised for different combinations of Ej, E, and
AT over ranges of N. New functional forms were then fitted to these
results. The final model developed for use within EAROMAR is as follows:

= - - &%
RD Rmax (1 exp[-W/W*]) | o ‘ | (34)
InR., =1.95-1.04H+ 0.85 E, - 0.40 E - - (35)
max i . . 1 2,
In W* = 3,06 -~ 0.72 H + 3.50 El - 0.68 EZ o : (36)
where

RD is the mean rut depth in inches;

Rmax is the limiting rut depth in inches;
W is the cumulative number of 18-kip single axle
loads/103
. _ | , 7 .
W is Vﬁ;ax' where wmax is the asymptotic number

. of axle loads/103;

H 1s the effective asphalt thickness in inches/10
(as computed above for AT);
El : is the modulus of the asphalt concrete input by
the user, in ksi/103; and
E2 is the subgrade wmodulus input by the user, in ks1/10.

-88-



Serviceability

The serviceability of a flexible pavement is expressed by its
present serviceability index (PSI). 1In any season and vear during
the EAROMAR simulation the PSI is estimated as a function of current
surface damage according to the AASHTO relationship ( 4):

PSI = 5.03 - 1.91 log (1+SV) - 1.38 rD2
- 0.01/yC+P ' : (37)

where

PSI is the present serviceahility index;
SV  1is the mean slope variance in the wheelpaths, radians2 x 106;‘
RD is the mean rut depth, inches;

c is the area of class 2 plus 3 cracking, sf per
1000 sf; and ;

P is the area of pavement patching, sf per 1000 sf.

The growth in surface damage, leading to declines in PSI, is
computed from the damage models discussed above. Rutting is predicted
using eq. (34); areal cracking, from eq. (23); and lineal cracking,
from eq. (26). Lineal cracking is included in the PSI computation within
EAROMAR; a conversion of 1 1f of crack = 1 sf of cracking is assumed.
Slope variance ( x 108) is obtained from the estimate of roughness in

eq. {(32), using the following conversion*:

sV = 0.000117 32'334 (38)

where

gy 1s mean slope variance in radians2 x 106; and

R is the longitudinal roughness, in inches per mile.

All damage terms in eq. (37) are converted to equivalent quantities
per lane mile before computing PSI on a lane-mile basis.

* This relationship is estimated from observations of both roughness
and slope variance for selected flexible pavement sections reported in
Appendix F of the AASHO Road Test Report (4).
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The quantity of surface damage present at any time is also a
function of past pavement maintenance and rehabiliration performed.
Calculations of the amount of damage repaired in response to the main-
tenance policy specified are explained and 1llustrated in Chapter 4,
and these adjustments in cumulative pavement damage are also taken into
account in the calculation of PSI. (Note that eq. (32) used in the
roughness model includes neither maintenance nor the seasonally-
dependent variables which build the damage models., These shortcomings
justify our earlier position that eq. (32) is inappropriate to predlct
serviceability within EAROMAR and is to be viewed merely as a
constituent of the roughness model.)
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Summary of Flexible Pavement Damage Relationships

Below we summarize the equations developed for the flexible pave-
ment damage models within EAROMAR. To impose consistency among these
models developed from different sources, we have restructured some
of the equations tc unify notation and to express constants generally
to no ‘more than three significant digits to the right to the decimal.

FATIGUE CRACKING

Maximum Tensile Strain.

€, = Kl exp [—l(2 log HR] (39)
K =10 H+D (40)
m = 0,0482 exp [-0.0245 EZ] (41)
b = 4.818 exp [-0.0103 EZ] (42)
K, = 1.831 exp [-K3 EZ] ' (43)
Ky = 0.0244 exp [-0.0512 H) (44)
= Z ' —-_— —1- E
Bo=ihy a i hy 3, (45)
where
Et 1s the maximum initial tensile strain in the

surface layer, 10-5 in/in;

MR is the diametral resilient modulus of the flexible
surface layer, in ksi, input by the user;

H is the equivalent surface thickness in inches in
a two-layer representation of the pavement structure;

E2 is the resilient modulus of the subgrade, in ksi,
input by the user ;
1
hi + 1is the effective thickness in inches contributed
to the surface by each base or subbase layer i;
hi i1s the actual thickness of layer i, in inches,

input by the user;

a is the AASHTO structural coefficient of layer &
input by the user; and

a 1s the AASHTO structural coefficient of the
1 filexible surface layer input by the user.
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Fatipue Damage. The number of allowable lecads is comnuted
as follows:

log N, = 16 - 3.291 log: €, - 0.854 log E (46)
where
Ni is the number of load applications of consﬁant

stress to cause fatigue cracking through season i;

tt 1s the initial tensile strain at the bottom of
the asphalt layer computed from eq. (39), 10~% in/in;
and

E* is the asphalt concrete complex modulus, in ksi,
input by the user for season {1,

The applied loads ifntributing to fatigue are computed as follows:

= & F X w (47)

n A
£ 0 1 13

where
n is the number of fatigue loads applied during season i;

Fi is the numberof weekdays (j=1) or weekends (j=2)
3 within season 1, computed internally; and

1 is the number of 18-kip single axle loads In the
3 design lane computed in EAROMAR by season and type
of day.

The fatipue damage according to Miner's hypothesis is computed
ags follows: ’
n, '
D =—; D=z D (48)

i Ni 1 i

where
D1 is the fatigue damage occurring in season 1; and

‘D is the cumulative fatigue damage; and all other
variables are as defined above,

Areal Fatigue Cracking.

ACRACKS = 13300 (log D - 1.176)
D > 15.
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ACRACKS 1s the amcunt of areal fatigue cracking, 1in square
feet per lane mlle added this season; and

D is the cumulative fatigue damage estimated by eg. (48).
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LINEAR CRACKING

LCRACKS = (861.1 - 110.7 H' 4 169.6 A) x log (MS/O.IGZ) + ’dS.O‘Tw

where

LCRACKS

H.'

T

w

Fl

+ 257 MS + 220.5,

-8.064 log® FI + 61.27

is the amount of lineal "thermal cracking, lineal feet
per lane mile;

is the sum of the thicknesses, in inches, of all con-
tiguous pavement layers (beginning with the surface
layer) having AASHTO layer coefficlents greater than
or equal to 0.25; '

is the age of the asphalt concrete pavement, in years,
input by the user -and updated during the simulation;

is the stiffness of the asphalt cement, in ksi, deter-
mined for temperature Ty, and loading time of 20,000
seconds by the modified Mcleod method;

is the winter design temperature, °F; and

is the local freezing index, input by the user.

Linear cracking is simulated for a flexible pavement only during

the coldest season of the year, as determined from seasonal temperature

data input by the user.

-~
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LONGITUDINAL ROUGHNESS (52)
9, 36 0-0.372(5—3)]8'

log ROUGHNESS = 1.71 + 0.54 [1.585 W x R x (SK+1) "~ » 1
B = 0.4 + 1094/ (sh1)>" 27 (53)
where
ROUGHNESS is the pavement roughness in inches per mile;
Wt is the cumulative number of 1B8-kip single axle

loads in the design lane at the €nd of time
t computed during the simulation;

R is the AASHTO regional factor input by the user;

SN is the pavement structural number computed from
layer data input by the user; and

- 8 is the AASHTO subgrade soils support value input
by the user.
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RUTTLING

RUTS
In R
max

*
1n w:

Hll

. where

RUTS

max

U}

"input by the user;

- ] *
R ., (1 exp[Wt/Wt]) (54)
1.95 - 1.04 H" + 0.85 El - 0.40 E, (55)
3.06 - 0.72 H"_+ 3.507E1 - 0.68 E2 (55)
17 A -
10 i Ft: x hi (57)

is the permanent deformation of the pavement surface
due to rutting, in inches;

is the limiting rut depth in inches;

is the cumulative number of 18—Eip axle loads in
the design lane, computed during the simulatior;

is equal to ] , where W is the asymptotic
' ' max max

number of axle loads/los;

is the effective asphalt layer, in ksi/103,

is the modulus of the asphalt layer, in ksi/103!

input by the user;
is the subgrade modulus, in ksi/10, input by the user;

is a factor used to compute the equivalent asphalt
thickness, according to the following relationship:

AASHTO Layer Coefficient Ft
< 0.14 0.33

0.14 - 0.25 0.50

> 0.25 1.0

and

1s the thickness of pavement layer i, in inches,
input by the user.
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SERVICEABILITY

PS1
sV
c
P
wherr
PSI
sv

RUTTING'

C+P

ROUGHNESS'

AGRACKS'
LCRACKS'

AREAPatched

1t

]

5.03 - 1.91 log (1+8V) - 1.38 (RUTTING')2 - 0.01 vC+P

0.000117 (Roucnwzss')2'334

ACRACKS'/63.36 + LCRACKS'/63.36

AREAPatChed/63.36'

is the present serviceability index;

. 2
is the mean slope variance, in radians x 106;

is the net mean rutndepth.‘in inches, resulting from
both accumulation of damage and past maintenance
performed; '

is the area of cracking plus patching, in sf/1000sf;

is the net roughness, in inches per mile, resulting
from both accumulation of damage and past maintenance

performed;

are the net amount of cracking in sf/lane mile and 1f/lane

.mile respectively, resulting from both accumulation of

damage and past maintenance performed; and

is the cumulative area of pavement patching simulated
by the model's maintenance routines, in square feet
per lane mile.
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3.3 RIGID PAVEMENT

Rigild pavement damage compcenents and thelr treatment within EAROMAR
are identified in Table 10. Models to predict rigid pavement damzape require
the data listed in Table 11 from the roadway descriptions provided by the
user (Chapter 2). Explanations of each of the rigid pavement models follow.

Lineal Cracking

Both transverse and longitudinal cracks appear in rigid pavement slabs.
Field studies of plain jointed and jointed reinforced concrete pavements by
Darter and Barenberg (. 7) indicate, however, that transverse cracking is
generally the more important of the two in considering potential zero-main-
tenance performance, Therefore the prediction of lineal cracklng by EAROMAR
focuses on transverse cracking alone.

Transverse cracking may be induced by fatigue or by environmental stresses.
Fatigue can arise through a number of causes: excessive traffic loads (in
terms of the weight or the cumulative number of vehicle passes); inadequate
slab thickness or strength; or loss of subgrade support (through erosion).
Environmentally induced damage can result through curling and slab friction
{which depend on temperature and slab length), and joint lockup (espec1ally
where deicing salts are used).

The model described below is based upon relationships developed by
Darter (22) for the design of zero-maintenance plain jointed
concrete pavement. This procedure empahsizes load fatigue and slab curling
as the primary damage mechanisms. The presentation below follows a sequence
similar to that employed for flexible pavement fatigue earlier.

MAXIMUM TENSILE STRESS OR STRAIN

Maximum tensile stresses at the edge of a slab were computed by Darter
using a finite element program to analyze the effects of slab
thickness, load configurations and location, subgrade support, and tempera-
ture gradient (variable throughout the day). These results were then used
to derive independent equations for load stress (STRL) due to traffic and
curl stresses (STRC) due to thermal gradients in the absence of loads. It
was found that load and curl stresses are additive if an adjustment factor
R is applied first to the curl stress term. The resulting system of regres-
sion equations for total stress at the slab edge when subjected to an edge
load 1s as follows:

STRT = STRL + (R)STRC (62)

where

STRT = total resultant stress in the longitudinal direction at
the bottom of the PCC slab edge when the wheel load is
located at the slab edge (load is single axle or tandem
axle) ;
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TABLE 10

TREATMENT OF RIGID PAVEMENT
DAMAGE COMPONENTS WITHIN EAROMAR

Damage Component Prediction Model User May
Or Serviceability Included Within Input Rate
Index EAROMAR Directly
Linear Cracking X X
Areal Cratking X
Roughness X | X
Faulting ‘ X X
Joint Stripping X
Spalling ' | X X
Blowups X X
Pumping Joints X X
Pavement-Shoulder Joints X
Present Serviceability Index X X
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TABLE 11

DATA REQUIRED FOR RIGID PAVEMENT
DAMAGE MQODELS

Model Input Data Required

Linear Cracking Layer Thickness
' PCC Modulus of Rupture
Modulus of Foundation Support
Average Daily Temperature
Slab Length
PCC Coefficient of Expansion
Pavement Age

Roughness Layer Thicknesses
PCC Modulus of Rupture
PCC Elastic Modulus
Modulus of Foundation Support

Faulting Layer Thicknesses
Joint Spacing
Pavement Age
Drainage Characteristics
Percent Trucks
Subbase Modulus

Spalling ‘ Joint Spacing
' Pavement Age

Blowups Joint Spacing
Pavement Age
Aggregate Susceptibility

Pumping Layer Thicknesses
PCC Slab Length
Drainage Characteristics
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The R

The r

STRL = stress at bottom of PCC slab edge when load is located at
slab edge (no thermal curling stress)
S5TRC = stress at bottom of PCC slab edge caused by curling of

slab due to thermal gradient (no traffic lead);

R = adjustment factor for STRC so that it can be combined
with STRL to gilve correct STRT,

ranges from about 0.8 to 1.5 depending on slab/foundation conditions.
egression equations determined for these stresses are as follows:

Load Stress for single axle load: (63)

STRL = [LOAD/(IB.OHZ)][17.35783 + 0.078 ES - 0.053BBH3/k + 7.41722 logld(HSIk)]

Load stress for tandem axle load: (64)

STRL = [LOAD/(36.OH2)][1a}09599‘+ 0.10522ES - 0.09886H-/k + 6.2339 1og10(a3/k)

Curl Stress:

where

STRC - [(G) (ET)/ (5 x 10‘6)1[0.006712k + 79.07391 log, jk + 11.72690L

-0.00720kL - 3.22139L 1qglok - 0.06883LES -~ 0.59539ES loglok

- 204.39477H/k - 38.08854L/H - 8.36842H log,k + 0.07151ESH
(65)

+ 0.05691LES loglok + 0.20845LH loglok + 0.00058LHk - 0.00ZOILESH‘loglok]

R adjustment factor:

R = 0.48039 + 0.01401H - 0.00427ES - 0.27278G - 0.00403L + 0.19508 logiok

Z ¢ 0.01246GL - 0.00622GL log, gk

+ 0.45187G log, H - 0.00532G
+ 8.7872 1ogm(ﬂ3/k)/H2 + 0.00104GES - 0.11846G 1ogloca3lk)

+ 0.07001 log, . (ES + 1.0) - 0.01331G log(ES + 1) (66)
10

total load on single or tandem axle, pounds;

LOAD

PCC slab thickness, inches;

s+
(]

thermal gradient through slab, °F/in.;
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k = modulus of foundation support (top of subbase, pci)

=
[

slab length, ft.;

ES

erodability of support along slab edge, inches; and
ET = thermal coefficient of contraction of PPC/°F .

There are several comments on the use of these equations in EAROMAR.
Within EAROMAR are expressed in terms of equivalent 18-kip (8.2 MT) single
axle loadings; therefore only the equation for single axle loads is refer-
enced from eqs. (63) and (64), with the variable LOAD set equal to 18,000
1bs (8.2 MT). Second, the width of erodability along the slab edge, ES,
is dependent upon the extent of pumping, and will be estimated by the
pumping model to be discussed shortly. Third, if the modulus of subgrade
support is not input directly by the user, it is estimated using che rela-
tionship

i = 51.93 cprO-3876 k , (67)

where :
k 1is the modulus of foundation support, in pci; and

_CBR is the static CER.

Finally, the daytime and nighttime temperature gradients through a slab of
arbitrary thickness have been related to slab thickness and seasonal average
daily temperature, using data for several cities developed in (22). Esti-
mates for daytime (0700 - 1900) and nighttime (1900 - 0700) are given
respectively by:

o {T/4)-1 | (68)

G4 = "H + 2
T/20)+ .
€p = "(u/i ; . | (69)
where

Gd' Gn are daytime and nighttime thermal gradients in the PCC
slab in a given season (°F/in);

T is the seasonal average daily temperature in °F input by
the user; and

H is the PCC slab thickness, Iin inches, Iinput by the user.
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FATIGUE DAMAGE

Fatigue damage is calculated using Miner's law in a manner similar to
that discussed for flexible pavement fatigue. This procedure requires esti-
mates of the number of applied loads ni during each time peried 1, and the
total number of loads to failure Ng¢.

Applied Loads. The number of traffic loads applied each season 1s
predicted from traffic volume and composition data discussed in Chapter 5.
However, the point of application of wheel loads with respect to slab geom-
etry, and the temperature conditions (varying by time of day) under which the
loads are applied, influence the magnitude of the edpe stress and thus the
contribution to fatigue damage. Both these factors must therefore be accounted
for in estimating the number of applied loads within tlie design lane.

"The critical location for fatigue damage has been shown to lie at the
mid-point of the longitudinal slab edge €2 ). The magnitude of the stresses
at this location is influenced by the distance of the vehicle's outer wheel
from the slab edge, a function of the lateral discribution of vehicles in the
outer (assumed to be the design) lane. For purposes of calculating fatigue
damage, Darter considers only that percentage of loads falling

within 6 inches (15 centimeters) of the slab edge.

The lateral distribution of vehicles on a highway depends upon local
road geometry and individual vehicle and driver characteristics, and should
properly be measured as part of a rigid pavement study. As general guide-
linés, however, observations cited in (22) indicate that the average distance
from outer wheel to slab edge lies typically within the range of 11 to 21
inches (28 to 53 cm), with variations in lateral placement normally distributed
and having a standard deviation of 10 inches (25 cm). Statistics on the fre-
quencies of truck wheel loads at various distances from the slab edge, as a
function of the mean lateral displacement, are given in Table 12 (20).

To incorporate these effects of load locatlon within EAROMAR we have
adopted, as a general approximation, a normal distributlon of lateral tire-
to-slab-edge distance (according to Table 12) with an assumed mean lateral
displacement of about 18 inches (38 cm). These assumptions result iIn an
estimate of loads within 6 inches (15 cm) of the slab-edge as follows:

ng = 0..12nd1 .' (70)
where
n is the. number of loads falling within 6 inches {15 cm) of
6 .
the slab edge; and
N4y is the total number of loads computed for the design lane.
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Tahle 12. PERCENTAGE OF TRUCK WHEEL LOADS AT VARIOUS LATERAL
DISTANCES FROM SLAB EDGE (22)

Mean Lateral Displacement (D), ins.

Position on Slab

(or Shoulder), D 12 24 36 42 48

< -3 ins. 6.68 0.35 0.01 - --

-3 to 43 ins. 11.73 1.44 0.04 0.01 --
+3 to +9 ins. 19.80  4.89 0.30 0.04 0.01
9 to 15 ins. 23.58 11.73 1.44 0.30 0.04
15 to 21 ins. 19.80 19.80 4.89 1.44 0.30
21 to 27 ins. 11.73 23.58 . 11.73 4.89 1.44
27 to 33 ins. 4.89 19.80 19.80 .73 4.89
33 to 39 ins. 1.44 11.73 23.58 19.80 . 11.73
39 to 45 ins. 030 4.89  19.80  23.58 19.80
45 to 51 ins. 0.04 1.44 11.73 19.80 23.58
51 ins. ~ 0.0 0.35 6.68 18.41 38.21

100.00 100.00 100.00 100.00° - 100.00

f

*Data computed from normal d1str1but1on w1th standard deviaticn = 10 ins.
(254 mm), and mean D as indicated. : S
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A second conslderation in treating load effects on rigid pavement
fatigue is the time of day during which loads are applied. Time of day
is correlated with temperature gradients in the slab which affect thermal
curling stresses, as discussed earlier. The number of loads imposed during
davtime vs. nighttime, respectively, influences the pattern of su-erposition
of load and environmmental fatigue damage.

Traffic loadings within EAROMAR are simulated, within each season, on
an hourly basis throughout the day (for both weekdays and weekends) as
described in Chapter 5. For purposes of estimating rigid pavement fatigue,
"daytime' is interpreted to run from 7 AM to 7 PM, with "nighttime" con-
suming the remaining twelve hours,

The number of applied loadings for pufposes of rigid pavement fatigue
thus computeg as follows:

= I | |
gt Dij x (n6)ijd (21)‘
J=1 :
2 -
= 2z
n Dij x (n6)1jn (72)
j=1
where
ngg are the numbers of fatigue loads incurred in season 1
, during daytime (d) and nighttime’ (n) respectively;
nin
j‘ denotes the type of day (weekday or weekend);
Dij is the number of weekdays (j=1) or weekends (j=2) within
season 1; and
n is the number of seasonal 18-kip axle loadings predicted

6 to fall within 6 inches (15 cm) of the slab edge.

Allowable Loads. The number of allowable loads Ng to rigid pavement
fatigue depends upon the ratio of the total stress at the pavement slab
edge to the PCC flexural strength. Total stress as a function of both
traffic loads and slab curling is computed by the system of equations
(62) - (66). Flexural strength is predicted by a time-dependent modulus.
of rupture, according to the relationships (22):

Fp = F,xFog (73)

rA = 1,22 + 0.17 log A - 0.05(log A)2 (74)
where

Ft is the PCC modglus of rupture at any time t, in ksi;

Fa is a growth factor depending upon PCC pavemeﬁt age;
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FZS is the 28-dav mean modulus of rupture of the PCC in kei,
input by the user; and

A is the time 1n years since the pavement slab was constructed,.
as input by the user and updated during the EARCMAR simgulation.

The farigue relationship developed in (22) 1s for design purposes,
in that it represents not the mean fatigue curve, but rather a more con-_
servative estimate providing a confidence interval of about one decade
of load applications (or about 76 percent). The relevant equations incor-
porated within EAROMAR are as follows:

log Nid = 16.61‘— 17.61 (STRTd/(Fi- 1000)) » ‘(75)
log Nin‘= 16.61 - 17.61 (S’;RTn/(Fi . lOOO))‘. ‘ | 7 __:(76)“
where

Nid’ N are the numbers of allowable loads to failure through season
i for daytime and nighttime (d and n) respectlvely, 3
STRTd, are the total (lcad plus curl) stresses In psi at the slab

edge for daytime and nighttime, computed using equation (62);
STRTn and

Fi is the PCC flexural strength through season 1 computed using equation
(73)) in ksi.

Damage Equation. Based upon the results of the preceding twe sectioens,
the fatigue damage relationship incorporating Miner's hypothesis is con-
structed within EAROMAR as follows:

n, n
D = id + p in 77
Nid 1 Nip

where

D 1s the cumulative fatigue damage;

n,yo are the numbers of applied lcads during daytime and nighttime
a ' predicted by eqs (71) and (72) respectively; and

in
N, 4» are the numbers of allowable loads predicted from PCC fatigue
N considerations for daytime and nighttime using eqs. (75) and

in (76) respectively.
LINEAR FATIGUE CRACKING

As with flexible pavement, it is necessary to relate the magnitude of
rigld pavement fatigue damage to the macroscopic cracking likely to be observed
in the field. Such a relationship is suggested in Figure 22 (22), and can be
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approximated by the equation

cr = 8.24 00339 5 g | (78)

where

Cl is the rigid pavement cracking in SF/1000 SF; and
D 1s the PCC fatigue damage computed form eq. (77).

Equation (78) can then be modified to convert the units of predicted damage
to linear feet of cracking per lane mile, consistent with other EAROMAR damage
prediction models. The resulting relationship used within EAROMAR is then:

0.332

C=1522D (79

where

C is the amount of fatigue cracking,
ft/lane mile; and

Di is the cumulative fatigue damage predicted by eq. (77).
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Faulting

Faults are vertical dislocations between adjacent slabs, at a
transverse joint. Faulting is usually attributed to the action of
moving traffic in causing a buildup of water-borne particles under
the approach 'slab and erosion of base materlal on the leave side of
the joint. The lack of effective load transfer at joints ie also
a major factor; faulting is generally more severe at non-doweled
transverse joints, although doweled pavements also experience
faulting ( 22).

NON-DOWELED PAVEMENTS

Studies of joint performance with regard to faulting in plain
non-doweled concrete pavements were reviewed by Brokaw {23), who
sought to relate the effects of joint roughness to user dissatis-
faction and to pavement serviceability as defined by AASHTO. By
converting measurements of faulting to slope variance at joints
only, and by correlating these measurements with observation of
pavement thickness and age, vehicle loads, and subgrade soil, Brokaw
obtained the following relationships for plain non-doweled concrete

pavement:

For A-1, A-2 and A-3 subgrade soils,

SVF = 1.92 TAZ/D> 473 (80a)

and for A-4, A-5, A-6 and A-7 subgrade soils,

SVF = 1.11 TA2/p*-60 (80B)

where

SVF 1s the slope variance due to feulting
at joints, radians2 x 106 ;

T i1is the average 2-way ADT of tractor -
semi-trailer and combination vehicles;

A 1is the age of the pavement in years; and
D 1is the thickness of the slab, in inches.
More recently Packard (24 ) updated the review of field studies,
and proposed a revised design procedure for controlling joint fault-

ing of non-doweled pavements with short joint spacings (30 ft [Sm ]
or less). Packard's model evolved from the premise that faulting
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represents a special kind of roughness in rigid pavements, whose
effects on quality of ride are not well accounted for by AASHTO
concepts of serviceability and slope variance. He contended that
since the AASHTO pavements had experienced no significant faulting
during the Road Test period, "severely faulted pavements affect.
serviceability much more adversely than indicated by the AASHTO
model.” Also, since slope variance is dependent upon not only the
magnitude of the faults but also the joint spacing, Packard chose
the average fault F,,, (measured in 32nds of an inch {0.8 mm]) as
the measure of faulting for which it would be easler to assign
physical interpretation.

By analyzing data on the faulting of non-doweled pavements in
five states, Packard obtained the following relationship:

2,0.465 _0.610 b
Favg 1.29 + 48.95 (TA ; 5 ] (J-13.5) (81)
D -
whexe
F is the average fault, In 32nds of

V8 an inch (0.8 mm):;

T 1s the number of tractor - semi-trailer
and combination trucks in one direction
(average number per day during A years
of service);

A 1is the age of the pavement, in years;
D 1is the slab thickness, inches;

§ 1s a factor denoting the drainage charact-
'~ eristics of the subgrade (1 for good,
2 for poor);

J is the joint spacing, in feet; and

b 18 a factor depending upon subbase
characteridtics, equaling 0.241 for
granular bases, and 0.037 for stabil-
ized bases.

With some minor modifications this model can be used to predict

faulting within EAROMAR. Let us discuss each of the changes or
clarifications in turn.
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Measure of Faulting. The quantity F is a measure of field
damage that correlates well with observations of various pavements,
as 1llustrated in Figure 23 ( 24). Within EAROMAR, however, such
measures are used not only to express current pavement condition,
but also to estimate maintenance requirements. The workload to
maintain faulted joints is based on the number of such joints, rath-
er than the absolute magnitude of faulting per se; therefore the
quantity F must be converted to an equivalent number of joints

av
requiring at%ention.

This conversion is based upon an observation by Brokaw (23)
that statistics such as "100 percent of joints faulted 0.15 [3.8 mm]
and moreg' can be used as ratings of pavement riding comfort. This
approach is further supported by Packard ( 24 ), who notes that
serviceability declines gradually and uniformly until faults reach
a level of 7/32 to 8/32 of an inch (0.22-0.25 in, or 5.6-6.4 mm),
at which time the ride quality diminishes rapidly thereafter. With-
in the EAROMAR simulation, then, the extent of faulting is expressed
by the number of faults of 025 in., (6.4mm) per lane mile, using
the following calculation:

165
pa- 280 x Faqgﬁ = x‘Favg . (82)
J 32x0.25 J 0.25
F< 5280/3

where

F 1s the average number of faults of
0.25 inch (6.4 mm) per lane mile; and

F , J are as defined earlier.
avg ‘

Traffic. The measure of traffic loadings T in equation (81 )
is an imprecise one, given that the weights of combination trucks
can vary widely. 1In the absence of better information, however,
the definition of T in equation (81 ) must be adhered to.

Within the EAROMAR simulation the number of tractor-semi-trailer
and combination trucks can be approximated by using the percent of
trucks in the traffic stream, defined (in the model) as the percent-
age of vehicles having a passenger-car-equivalent greater than 2.0
This percent of trucks, multiplied by the seasonally-adjusted AADT,
will yield an estimate of the number of tractor-semi-trailer and

~111-



Averoge foult, 32'195- of an Inch

T L

Granulor subbasa
Poor subgrode -

® 7in. (178 mm.) slobs

O 8in. (203 mm.) slabs
0 gin (229 mm.) slabs
#0ln (254 mm.} slabs

1t 1

72

64
56
48
40
32

2.4

o)

} 2
60 70 80

7al . thouscnds

FIGURE 23. - JOINT FAULTING IN MINNESOTA, NORTH DAKOTA,
AND WISCONSIN (20-FT JOINT SPACING, POOR
SUBGRADE, GRANULAR SUBBASE). (24)

-112-




combination trucks per day on a given roadway.* (See Chapter 5 for
further explanations of traffic-related calculations.)

One further point with regard to the traific specification is
that the truck count defined for T in equation (81 ) applies to all
lanes in one direction (presumably one roadway of a divided highway).
However, it is not stated explicitly in (24 ) whether tne measured
faulting represented by F_,, also applies to all lanes in this
direction, or rather to a'sgngle "design lane."” From the context
of the discussions in (24 ) it appears that the damage (faulting) is
indeed measured in a single lane (the outer lane); and for rural
highways similar to those surveyed in (24 ), the assumption that
most trucks use the outer lane is a valid one.

On highly traveled roadways, however, truck loads tend to be
distributed across the typlecally six to eight lanes provided, as dis~
cussed earlier in this chapter and in Chapter 5. It is therefore
reasonable to assume that the factor T is equation {81 ) should be
reduced by the design lane factor, as are vehicle loads. This ad-
justment has been incerporated within the EAROMAR system's predic-
tions of faulting.

Subgrade. The subgrade drainage factor S in equation (81 )
embodies a qualitative assessment of design and environmental factors
influencing faulting. Again lacking more precise information on this
effect, we assoclate the values suggested in equation (8l ) with
inputs for pavement drainage provided by the user to EAROMAR, as
follows:

Drainage Characteristics Value of S in
Input to EAROMAR Equation (81 )
Good 2.0
_Fair 1.5
Poor 1.0

*Note that the value of T defined in eq.(81 ) represents the average
number of trucks per day during A years of service assuming 5% annual
growth; within EAROMAR we use the seasonally adjusted average per day
within a given vear. These differences in computing average daily
volumes may lead to distortioms in the fault predictions. However,
Packard (24 ) himself noted the likelihood of "large inherent varia-
tion...associated with the truck traffic factor" in his source data,
due to fluctuations in actual daily counts about the average, and to
increasing magnitudes of loads and proportions of heavy trucks over
time. Therefore any error introduced by the calculation of average
daily truck traffic within EAROMAR is not expected to affect the
results significantly.
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Subbase Stabilization. The contribution of stahilized bases
to reducing the severity of faulting 13 accounted for by the expo~
nent "b" in equation (81). Within EAROMAR the distinction between
stabilized and unstabilized materials must be reflected by some
discrimination in materials propertiles discussed in Chapter 2.
Domenichini ( 25) points out that the in situ preperties of stab-
1l1ized subbases are difficult to correlate with standard laboratory
values, since they vary over time and are influenced by shrinkage
and cracking. He notes that the elastic moduli of cement-treated
subgrades, for example, have been reported variously as 12,000
MPa to 500 MPa (1.8 x 10% to 7.5 x 10% psi), with the latter
value comparable to that of a geoed unbound granular base. The
assignment of values to the exponenet b in equation (81 ) is
therefore based on the subbase modulus input by the user (Chapter
2), as follows:

Subbase Modulus, Value of b
ksi in Equation (81 )
< 75 0.241
> 75 0.037

Proposed Model. Consolidating these adjustments to Packard's
model, we obtain the following relatiomship for faulting of non-
doweled pavements:

2)0.465 S0.610

Fo= 165 (1.29 + 48.95 (P_VA (J-13.5°1,  (83)

Jx0.25 3.9

F < 5280/J
a —
where

F_ is the average number of faults of 0.25 inch
(6.4 mm) per lane mile predicted for non-
doweled pavements;

J is the joint spacing input by the user, in feet:

P is the fraction of trucks in the traffic
stream as calculated in Chapter 5;

V  is the seasonally adjusted average daily
traffic in the design lane, as calculated in
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Chapter 5 and adjusted by the design lane
factor input by the user;

A 1is the 51nulated age of the pavement surface,
in years; '

D is the slab thickness input by the user, in
inches ; :

§ 1s the factor denbting the drainage character-
istics of the subgrade, based upon inputs by
the user (1 for good, 1.5 for fair, 2 for poor);
and : '

b 1is a factor representing the contributions of
stabilized vs. unstabilized subbase, based
upon elastic modulus input by the user (0.241
for E £ 75 ksi [<517 MPal]; 0.037 for E > 75 ksi),

DOWELED PAVEMENTS

We were not able to locate in the literature a model for dow-
eled pavements comparable to equation (83 ). However, information
comparing the performance of doweled vs non-doweled pavements in
Florida indicates the relative decrease in faulting attributable
to positive load transfer at joints. This information can be used
to develop a relationship for faulting of doweled rigid pavements

in EAROMAR.

The Florida data were summarized by Darter (22)
as shown in Flgures 24 and 25 . Classifications of test sites by
pavement age, slab thickness, and traffic loadings are obscured by
data aggregation. Nevertheless, the greater faulting experienced
by the non~doweled pavements 1is apparent, and the relationships
inferred from Figures 24 and 25 can be taken as composite models
covering a range of situations,

The distributions in Figures 24 and 25 may be reduced to
mean fault depths, which can then be expressed as an equivalent per-
centage of joints having faults of 0.25 inch (6.4 mm). Results of
these calculations are shown in Table 13 , demonstrating the rela-
tive performance of doweled vs. non-doweled pavements over time.

The ratios of faulted joints for doweled and non-doweled slabs
respectively are computed for the three pavement ages in Table 13.
Based upon these Florida data, doweled pavements can be expected to
exhibit one-third to one-fourth the faulting predicted for non-
doweled sections, with this ratio declining with increasing pavement
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TABLE 13
FAULTING IN DOWELED AND
UNDOWELED PAVEMENTS
(Refer to Figures 24 and 25)

Percent of Joints

Faulting/Joint Sections 5-7, Sections 1-4, Sections 3, 6, 7
(inches-mm) 4 yrs old 6 yrs old 12 yrs old
DM D M DN
0.00 - 0.00 78 48 41 8 72 14
0.01 - 0.25 4 17 25 10 0 Q
0.02 - 0.51 18 19 0 7 0 Q
0.03 - 0.76 g 17 10 0 0
0.04 - 1.02 7 9 7 0 0
0.05 - 1.27 8 15 14 30
0.06 - 1.52 | ‘ 9 Q 0
0.07 - 1.78 10 0 0
0.08 - 2.03 4 0 0
0.09 - 2.29 3 0 Q
0.10 - 2.54 8 14 49
0.11 - 2.79 4 0
0.12 - 3.0% ‘ 4 0
0.14 - 3.56 1 - Q
0.20 - 5.08 4
0.30 - 7.62 3
Total Percentage
of Joints 100 100 100 100 | 100 100
Avg. Fault/Joint
Inches 0.004 0.001 0.052 0.053 0.021 0.081
mm 0.10 0.28 0.39 1.35 0.53 2.06
Avg. % Joints ' ' ‘
Faulted* 1.6 4.4 6.1 21.2 8.4 32.4

*Assuming 0.25 in, or 6.35 mm, per faulted joint
D - doweled; ND - not doweled ‘
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age. The time dependency can be accounted for by the following
correction ‘

1
F - — (84)
d/n 1l 4+ vA
where '
F is the ratio of the numbers of 0.25 inch

d/n (6.4 mm) faults predicted for doweled and
non-doweled pavements respectively: and

A is the age of the doweled or non-doweled
pavement, in years '

Combining equations (83 ) and (84 ), we obtain the model for faulting
of doweled pavements in EAROMAR: '

Fd - Fn x Fd/n : (as)

where -

Pd is the average number of faults of 0.25 inch
(6.4 mm) per lane mile predicted for doweled

pavements; and

Fn, Fdn are defined earlier.
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Joint Seal Deterioration

"Joint damage" within EAROMAR refers to the deterioration, stripping,
or non-performance of joint sealants in plain-jointed concrete pavements.
Review of the literature indicates that useful lifetimes and performance
of different sealants are product-specific, and depend as much upon details
of joint design as upon more general structural, traffic, and environmental
- conditions surrounding the pavement. For these reasons we do not model the
deterioration of joint sealants within EAROMAR, but rather have the user
specify annual rates of deteriloration (indicating average sealant lifetime),
as noted in Table 10. However, because of disagreement in the literature
regarding the apparent usefulness of joint sealants, we have included some
comments below on these issues and their implications for the treatment of
pavement damage within EAROMAR,

Two themes recur in the literature on joint sealants. The first is
that sealants provide continuity to an otherwise discontinuocus concrete
surface, to prevent (1) infiltration of free water to the underlying pave-
‘ment layers, (2) infiltration of incompressibles to the pavement joint,
and (3) infiltration of snow-melting brine to load-transfer devices (LTDs).
Modes of damage commonly associated with these penetrations of the joint are
pumping, faulting, spalling, blowups, mid-slab cracking, joint movement, and
LTD failure (22, 26, 27, 28, 29). According to some authorities, "unsealed
joints are a major contributor to concrete pavement deterioration" (30),
and "for modern jointed concrete pavements built on well-constructed founda-
tions, joint construction and sealing problems are the prevelent cause of
premature pavement failure" (26).

The second theme Is that despite this conventional wisdom regarding
joint sealants, correlations of joint filler deterioration with expected
increases in pavement damage are not always apparent. In their survey of
premium jointed concrete pavements, Darter and Barenberg ( 7 ) found consid-
erable joint filler stripping, but no connection between sealer damage and
structural maintenance activity. Darter (22 ) noted little spalling or
blowups in relation to sealer performance, as determined from field studies
and interviews. Ray ( 29) mentioned that California requires sealed joints
in new construction only 1n mountainous areas, relying instead upon short
joint spacings (averaging 15.5 ft, or 4.7 m) and erosion-resistant subbases
in JCP design. He also cited extensive European practice in leaving joints
unsealed, and-referred to conclusions by the Permanent International Asso—
ciation of Road Congresses ( 31 ) that unsealed joints perform acceptably
if (1) traffic is light, (2) traffic is heavy but the climate is dry, or
(3) traffic is heavy and the climate wet, but the pavement is doweled.

New York State has conducted an extensive study of preformed compres-
sion sealers, covering 56 test sections over a l0-year period (26 ). The
study monitored the performance of the sealers (e.g. infiltration of incom—
pressibles on top, at the edge;, and below sealers) and associated changes
in pavement condition, primarily spalling. Most spalls observed were small
and occurred within 2-3 years, leading the investigators to conclude that
they were porbably due to joint sawing during construction. ¥Xo correlation
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was found between amount of spalling (or joint movement) and amcunt of
debris above the joint sealer. (However, comparisons with poured-sealant

joints and unsealed joints were not included in this study.)

As a result, we Have limited the interaction between joint sealant
damage and other damage components within EAROMAR to that of water infil-
tration alone. An unsealed joint is considered analogous to an open crack,
the treatment of which is discussed in section 3.5. No direct linkages are
now included in EAROMAR between joint damage and faulting, spalling, blowups
or pumping. While this decision is open to change in the future, the model-
ing of interactions among these damage components will require much better
quantitative information, isolating the effects of the joint seal itself,
than is now available. Alspc, the relative contributions of infiltration
through pavement joints vs. through cracks or joints at the pavement-shoulder
boundary will have to be accounted for.

Many joint sealers are now on the market, and their properties and
relative performance have been documénted in several studies(22, 256, 28, 30, 32,
33, 34, 35, 36). In general, hot-poured seals using bituminous materials,
rubberized asphalt, or polysulfides have lives of about 1-5 years; preformed
compression sealers perform acceptably for 5-10 years or more. (Of course,
relative cost must be considered as well.) Because of this considerable
varlability, and the contributing influences of good construction practices
(depth and width of joint cut; clearing of joints) to sealant performance,
'users specify directly the projected annual deterioration of joint sealants
to be simulated within EAROMAR. For example, an annual deterioration rate
of 0.10 would mean that, on average, 10 per cent of pavement joints will
fail each year; this is equivalent to an average sealant life of 10 years.

A deterioration rate of 0.5 implies failure of 50% of joints each year, or

an equivalent sealant life of 2 years. In this way the deterioration rate
specified by the user can be used to represent the range of both the observed
lifetimes of sealants and the effects of joint construction and environment

peculiar to a given state.
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Spalling

Spalling refers to the disintegration of the concrete surface near
joints or cracks, evidenced by pleces of pavement breaking away to leave
a rough riding surface. Darter and Barenberg (7 ) cite several design,
performance, and environmental factors that may cause spalls, including
joint spacing (with longer spacings resulting in more severe spalling),
infiltration of incompressibles into joints, problems in joint construc-
tion or load transfer devices, freeze-thaw cycles, and deterioration of
the portland cement concrete.

Only some of these causes can be accounted for well within a predic-
tion model. Joint spacing and climate can be described unambiguously,
and incorporated within a time-dependent relationship. However, deficient
design and construction practices at joints, and deterioration of the
concrete material, are difficult to capture in a general way, The infil-
tration of incompressibles into transverse joints may proceed at first
from the pavement-shoulder joint and from the subbase or subgrade; later,
fines and debris may enter from the pavement surface, as joint sealants
deteriorate or are stripped away. But the value of joint sealants them-
selves in affecting maintenance requirements is debatable(as discussed
in the previous section): thus, the relationship berween sealant deter-
ioration and subsequent spalling is not clear at this time.

Data on the percent of joints spalled over time as a function of
joint spacing are reported by Darter (22) for the Michigan
Test Road, as shown in Figure 26. The reduction in the incidence of
spalling with decreases in joint spacing is clearly indicated. The increase
in joints spalled over time is substantial, due probably to combinations of
influencing factors cited above. Note that one may infer the number of
joints spalled from Figure 26, but not the total pavement area spalled.

The trends in Figure 26 were developed for use within EAROMAR in
the following way. The curves in Figure 26 (estimated by Darter) were
reduced to the following functional forms:

Fo=1-e® (1-8) (86)

a = 0.0000162 4>-0806 (87)

where Fs is the fraction of joints spalled

L is-the-joint spacing  (slab length),
in feet, input by the user; and

A is the age of the pavement, in years,
as input by the user and updated during
the simulation.

To estimate maintenance requirements within EAROMAR, however, we
need the area of spalling rather than the number of spalled joints. To
relate these two quantities we have assumed an average spalled area for
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FIGURE 26. EFFECT OF JOINT SPACING ON SPALLING OF JOINTS. (22)
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joint of 2 sf/jeint. (This value may be revised as better field data
become available.) Also, we have converted predictions of spalls to
an equivalent lane-mile basis. The resulting equation used within
EAROMAR is then: ' :

L]

where

Spall

(88)

5280 x Tg x
o 8

SPALLS = AREAC oy

SPALLS 18 the area of spalled pavement
in square feet per lane mile;

is the joint spacing (slab length), in
feet, input by the user;

is the fraction of joints spalled, computed
by eq. (86); and

is the spalled area per affected joint,
assumed to be 2 sf/joint,
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Pumging'

Pumping refers to the ejection of water-borne subbase or subgrade
materials from beneath a slab, caused by the action of traffic across
a pavement joint or crack. Pumping does not occur immediately following
pavement construction, but rather develops over time through gradual
development of voids beneath the slab, due to cumulative traffic loadings
and slab warping, and filling of these voids with free water. Design
against pumping generally involves use of free-draining subbase materials
(to prevent buildup of water beneath the slab) or prevision of erosion-
resistant (e.g. stabilized) subbases to withstand the scouring effects of
water ejection.

Although the mechanisms underlying pumping are well recognized in the
literature (e.g. (37)), no models exist to predict the number of pumped
joints for a given pavement, traffic and environment that would be needed
to assess maintenance requirements for rigid pPavements. For EAROMAR we
have therefore developed a model based upon data on pumping observed at
the AASHO Road Test ( 4 ). Given the structural orientation of the Road
Test, these data stress the influences of cumulative axle loads and slab
thickness on the development of pumping.

The amount of pumping at the Road Test was expressed volumetrically
by a pumping index, in cubic inches of material ejected per inch of pave-
ment edge. The pumping index is strongly correlated with slab thickness
and equivalent 18-kip axle applications, as shown in Tables 14-16 derived
from ref. { 4 ) for non-reinforced sections. Data in these tables were
regressed to obtain the following relationships:

Py = oW g (89)
logm =1.07 - 0.34 H (90)
where PI is the pumping index, in cubic inches

per dnch of slab length;

wlB is the cumulative number of 18-kip
axle loads, in thousands, computed
during the simulation; and

H 1is thickness of the PCC slab, in
inches, input by the user.

To translate the pumping index into an equivalent number of joints
experiencing pumping (as might be required in assessing maintenance needs),
one must assume a volume of material pumped per joint. From the data in
Tables 14-16, say the pumping index for a moderately pumped pavement were
100. This corresponds to 6.3 million cubic inches, or 136 cuble yards
[104 cu.m.] of material pumped per mile, or approximately 2.6 cu. yds.

[2 cu.m.] pumped per 100 feet of pavement lane. Joint spacing for non-
reinforced sections at the AASHO Road Test was 15 feet [14.6 m]. We
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TABLE 14
AASHO ROAD TEST PUMPING INDEX AT 1,114,000 LOAD APPLICATIONS
OR PSI OF 1.5,
PCC Slab Thickness = § inches

Axle Load, Axle Unweighted Load Equivalent 18-Kip Pumping Index,
Kips Equivalency Applications, = Single Axle Cubic Inches
‘ Thousands " Loads, Thousands per inch of
slab length

65 0.01 1114 - 4
" " 6
" " 6
" " 2
125 0.21 u 234 53
" . ‘ 83
u " 63

" n 88

2471 0.50 705 353 73
1114 557 65

901 451 106*

mn 386 146*

188 1.00 716 716 191
353 353 o1+

291 291 147*

327 1.42 343 487 20z*
328 466 101*

289 a0 B 12

*Pumping Index at PSI = 1.5.
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TABLE 14 (con't)
AASHO ROAD TEST PUMPING INDEX AT 1,114,000 LOAD APPLICATIONS
| OR PSI OF 1.5,
PCCySIab Thickness - 5 inches

Axle Load Axle ~  Unweighted Load Equivalent 18-Kip Pumping Index,
Kips Equivalency Applications, Single Axle Cubic Inches
’ Thousands Loads, Thousands per inch of

slab length
40T 3.55 1114 3955 37
" " 67
" " 47
898 3188 98*
308 7.79 878 6839 150*
1114 8678 159*
" ‘ " 168
487 7.27 " 8C99 164
" " 133
" " 105*

*Pumping Index at PSI = 1.5.
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TABLE 15 _
AASHO ROAD TEST PUMPING INDEX AT 1,114,000 LOAD APPLICATIONS
OR PSI OF 1.5,
PCC Slab Thickness = 8 inches
Axle Load Axle ‘Unweighted. Load Equivalent 18-Kip Pumping Index,
Kips Equivalency Applications, = Single Axle Cubic Inches
Thousands Loads, Thousands per inch of
- slab length

125 0.18 n4 200 - 8
" " 18

y " -8

24T 0.45 " 501 26

: : 3

. " 27

185 1.00 " 1114 26

" ; 20

" " 24

" " 21

3T 1.47 " 1638 35
" " 29

" " 39

| | . " 30
22.45 2.28 " 2540 33
" " 47

“ " 97

nn 2533 122*
*Pumping Index at PSI =1.5.
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TABLE 16
AASHO ROAD TEST PUMPING INDEX AT 1,114,000 LOAD APPLICATIO:S
OR PSI OF 1.5,
PCC Slab Thickness = 11 inches
Axle Load Axle Unweighted Load = Equivalent 18-Kip Pumping Index,
Kips Equivalency Applications, Single Axle Cubic Inches

Thousands Loads, Thousands per inch of
slab length

22.45 2.40 M4 | 2674 23
"o u 2

" " 3

40T 3.94 L 4389 | 35
" " 0

" m 12

30T 9.14 " 10182 15
" n 19

" " 20

" n 12

48T 8.55 " 9525 25
L " 22

. . 21

" " 24
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might assume that most, but not necessarily all, joints were pumping
in a typical lane. These considerations would lead one to estimate a
range of perhaps 0.35 - 0.55 cu, yds. [0.27 - 0.42 cu. m] of material
pumped per joint. A midpoint of 0.45 cu yds/joint [0.35 ou m/joint]
would correspond to, say, & volume of 6 ft x 12 ft x 2 in deep [1.8
mx 3.65m %X 5 cm deep] — 1.e. a zone extending half of a typical
lane width, and about 6 ft [1.8 m]) on each side of the joint.

The number of joints per lane mile experiencing pumping can then

be estimated as follows:
63360 in/mi x PI cu in/in

PUMPING =
0.45 cu yds/joint x 46656 cu in/cu vd
= 3PI joints/mile (91)

where PUMPING 1s the number of pumped joints per
lane mile; and

is the pumping index computed in
PI eq. (895. ping

Improvements in subsurface drainage will reduce the incidence of
pumping, although no quantitative information is available in the liter-
ature to relate the extent of this reduction to subbase permeability.
However, conceptually we may propose a reduction factor dependent upen
the gqualitative description of pavement drainage (Good, Fair, or Poor)
input by the user (Chapter 2). Arbitrary values this factor of 0.2, 0.6,
and 1.0 for Good, Fair, and Poor drainage respectively have been assumed
within EAROMAR; these may be revised in the future as field data become
available. The pumping equation used within EAROMAR is then:

(92)

PUMPING 3 FD PI o

PUMPING < 5280/L

where
PUMPING 1is the number of pumped joints
per lane mile;

F'! 1is a factor denoting the effects of
subbase drainage quality input by
the user (Gooed = 0,2; Fair = 0.6;
Poor = 1.0);

P is the pumping index, in cubic
inches per inch of slab length,
computed in eq. (89); and

L is the length of the PCC slab, in
feet, input by the user.
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The inequality limits the number of pumped joints to the total number
of joints in the section.

Recall in eqs (63) - (66) the use of an erodability variable ES,
denoting 'a longitudinal strip of width ES inches along the outer slab
edge under which subbase support was assumed to have been eroded. This
variable, used to predict linear cracking, can be related to the pumping
index as follows:

ES = '1 (93)
DEPTHp o
where ES§ 1s the width of eroded subbase,

in inches;

P. 1is the pumping index, cu in/in,
computed in eq. (89); and

DEPTHPump is the average depth of material

pumped from beneath the pavement
surface, assumed to be 2 inches (5 cm).
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Blowups

.Blowups are instances of shattering eor buckling of the rigid pave-
ment surface occurring at joints or cracks., In his development of the
original EAROMAR system, Butler ( 2) noted that "a number of patrerns have
been identified but no quantitative mechanism has been developed predicting
blowups"; this situation continues today.

NCHRP Synthesis No. 19 (36) summarized the circumstances surrounding
blowups, noting that most empirical observations focus on the nunmber of
blowups vs. environment, joint spacing and pavement length between blowups.
Little is known about the state of stress at the time of a blowup, the
materials properties of the concrete and their variation near joints,
the amount of debris in the joints. and contributions of other pavement
elements (subbase, drainage, ‘shoulders, slab thickness and joint sealants).
Most blowups occur in spring or early summer, following a hot spell and
a recent rain, and in the US are typically assoclated with physical causes
(e.g. stress relief due to buildup of debris in joints) rather than chemical
ones. Blowups are rarely observed in pavements having joint spacings less
than 20 ft. (6 m), or in pavements less than 5 years old; however, once
blowups begin, they continue for a period, usually at frequencies no more
than one per mile (0.6 per km) per year.

~ Most authorities agree that incompressibles in the joint are undesirable,
and may cause blowups by restricting slab movement and weakening the joint
through spalling. Soft aggregates that weaken the concrete may also con-
tribute to blowups. Blowup frequency per lane-mile changes with age, as
shown in Figure 27 ( 2).

Finney (32) focused on the problem of soft aggregates in relation to
blowup frequency, as shown in Figures 28 and 29. He found that aggregate
heterogeneity, defined by the following relationship ‘

H = sin py (94)
where

H is the aggregate heterogeneity; and p is the proportion
of carbonate in the aggregate

was a better predictor of blowup frequency than carbonate content. Note
that the increases in blowup frequency over time shown in Figures 28 and
29 agree with the trend implied in Figure 27,

In developing a model of blowups for EARCMAR we consolidated the effects
of joint spacing, pavement age and aggregate properties discussed above.
While it would have been desirable to include the effects due to infiltration
of incompressibles into joints, data to build an analytic model suitable
to EAROMAR were not available at this time. Construction of the model to
predict blowups within EAROMAR proceeded.as follows.
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FIGURE 27.
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AVERAGE NUMBER OF BLOWUPS PER MILE

7 Aggregate wifﬁ
0-60% carbonate;
Average soft, non-
durable = 1.5%

6-
Aggregate with

= = 80-100% carbonate

and pure crushed

5 1imestone;

] Average soft,
non-durable =
0.87%

4—

3—d

2_

]

0

0
| YEARS IN SERVICE
FIGURE 28. BLOWUP FREQUENCIES VS. AGE AND

AGGREGATE CLASSIFICATION (AFTER (32))
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BLOWUPS PER MILE

8 : | 40-60%
{Percentages shown give proportions
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JOINT SPACING

Blowups are unlikely at joint spacings of less than 20 feer (6m).
Hovwever, we wished to represent a rapidly increasing possibility of
blowups (all other factors being equal) at spacings above 30 feet (9m).
Mathematically the most direct way to do this using a smooth function
was through a logit distributicn of the following form:

BL = 1/(1+exp-[L-25]) oo (95)
where

B, is a welghting factor varying from zero to one, .
expressing the likelihood of blowups as a function
of joint: spacing; and

L is the joint spacing (slab length), in feet, lnput
by the user.

PAVEMENT AGE

Figures 27-29 demonstrate that blowups are rarely observed on pave-
ments less than 5 years old. ‘Figuré 27 charts the relative blowup fre-
quency over a 30-year period observed im Iowa (2 ), in which the annual
octcurrence per lane mile peaked-at 25.years or 50, after which the inci-
dence of blowups declined.  Figures 28 and 29 cover only a l5-year interval,
and therefore show blowups increasing monotonically with pavement age (corres-
ponding to the upward side of the curve in Figure 27).

To capture these effects we proposed a bell-shaped curve modeled by
the equation for a normal distribution: ‘

B, =K exp-[(x—m)/cr]2 , (96)
where |

B, is a prediction of blowup frequency per
lane mile, dependent upon pavement age;

K 1s a calibration constant;

X 1s the random variable (in this case,
pavement age);

M is the value of pavement age at which
BA is maximum; and -

0 1s the standard deviation of pavement
age, indicating the width of the distri-
bution used to approximate the Iowa data
in Figure 27.
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Experiments with this function against the data in Figures 27-29 suggested
the following values for. the parameters above:

=3
= 25 years
a 7.5 years

_nxm

AGGREGATE PROPERTIES

The homogeneity index defined by eq. (94) provides a convenient numer-
ical measure to reflect agpregate properties affecting blowups. We expanded
upon this concept to consider an aggregate susceptibility factor or index,
ranging from O to 1, that encompasses the homogeneity index in eq. (94),
and which may be adjusted by the user to reflect other materials properties

as desired.

The trends in Figures 28 and 29 indicate that, for a given time in
service, the incidence of blowups increases rapidly as the homogeneity index
approaches 1.0. Referring now to Figure 27, we hold to the assumptions that
blowups are neglibible after 30 years, and that the frequency of blowups
is on the order of 1-2 per lane-mile (.05-1.2/lane-kilometer) at the maxi-
mum. Then, under the functional form proposed in eq. (96), the increase
in blowups observed with increasing homogeneity index can be accounted for
by both an increase in the magnitude of K, and a shift in the value m to
an earlier age (i.e. the peak blowup frequency both becomes larger and
occurs earlier for a pavement with a higher homogeneity index). The results
of these adjustments are incorporated in the final form of the model rela-

tionship given below.

PROPOSED MODEL

The final form of the biowup model used in EAROMAR, incorporating the
several considerations above, is as follows:

BLOWUPS = 3F exp- A-~25+5F 7.5

- % 1/(1+exp-[L-25]) (97)

where

BLOWUPS is the predicted number of blowups
per lane mile per year;

Fa is a factor varying from zero to one
&8 denoting the susceptibility of the
PCC aggregate to blowups, as input
by the user {may reflect homogeneity
index, or other parameters as judged
by the user);
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A .is the age of the PCC pavement,
in years, input by the user and
updated during the simulation; and

L 41s the PCC joint spacing (slab length),
in feet, input by the user.

In contrast with many of the other models discussed in this chapter,
wvhich predict cumulative damage over time, eq., (97) yields the rate of
damage occurrence. Its predictions are therefore already in the form
required by EAROMAR (see section 3.1). Because blowups are associated
with hot weather, the results of eq. (97) are applied (in any year) only
during that season having the maximum mean temperature specified by
the user. Finally, the frequency of blowups varies linearly with Fag
in eq. (97), implying that if the aggregate index is zero, the number

blowups is also zero. This result may not be realistic (e.g. if
iowups are due to other causes); in such cases the model may give
better results if a small, non-zero value (e.g. 0.2) is assigned to Fagg'

To illustrate the interactions among the several variables involved,
Table 17 gives results estimated by eq. (97) for selected values of joint
spacing, aggregate susceptibility, and pavement age.
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TABLE 17

(NUMBER PER LANE MILE)

EXAMPLE PREDICTIONS OF BLOWUP FREQUENCIES

JOINT SPACING, FEET

Age of 15 25 40
Pavement, :
Years AGGREGATE SUSCEPTIBILITY
0.2] 0.5} 0.8 0.2 0.5/ 0.8§ 0.2/ 0.5] 0.8
0 0 0 0 0 0 .0 0 0] .001
5 0 0 0 0 | .003} .0131|.001| .006| .025
10 0 0 0 .009 | .047| .140]||.018] .093| .279
15 0 0 0 071 §.276| .633)|.142| .552]1.266
20 0 0 0 .226 | .67111.179 (] .451]1.342|2.358
25 0 0 0 .295 | .671] .903 || .589}1.342 (1.806
30 0 0 0 .158 | .276 .284 |}.316F .552 | .569

(1 mile = 1.6 km)
(1 ft = 0.305 m)
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Roughness

Rigid pavement roughness refers to distcrtions along the longitu-
dinal profile of the pavement, excluding those due to faulting. Estimates
of roughness between joints were made by Brokaw (23 ) in terms oI slope
variance, according to the relationship:

svo= (a+1)" -1 (98)
where
SV0O is the part of slope variance betweeﬁ joints;
A is the pavement age, in years; and

n is an exponent depending upon type of subgrade
soll (0.58 for A-1, A-2, and A-3 subgrade soils;.
0.70 for A-4 through A-7 subgrade soils).

However, it was desired to have roughness sensitive to variables additional
to those of pavement age and subgrade type. Also, descriptions of soils
within EAROMAR are in terms of materials properties rather than designa-
tions by type or class. Therefore we adopted an aporoach similar to that
taken for flexible pavements, relying on the correlation between roughness
and serviceability ( 4).

PAVEMENT SURFACE DETERIORATION OVER TIME

An equation to predict rigid pavement serviceability over time was
developed at the AASHO Road Test; however, researchers have found this
relationship to be unrealistic over longer time periods. or at different
sites (2 , 22, 24). Recently Darter ( 22) developed a modified service-
ability equation that appears to fit more closely the serviceability trends
of pavement sections in service for 16 years. These equations have been
adapted for use within EAROMAR.

The approach developed by Darter is based upon the following functional
form:

3
] = _— -

W.g=Ipln (3 - +8] (99)
B = -50.08826 - 3.77485H + 30.64386 +H (100)
p=-6.69703 + 0.13879H> ' (101)

3
y = P2 + -P1 (102)

exp(-B/p) + 1
where

W'a is the total equivalent 1B-kip single
1 axle loads, in millions, to reduce the
serviceability index from Pl to P2;
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P2 is the current or terminal serviceability
index; .

Pl is the‘initial serviceability index; and
H is the PCC slab thickness, in inches

This equation was then further modified by Darter to include materials
porpetties, with the following result:

+ (3.892 ~ 0.706P2) Y (103)

log “13 log W18
0.75
g = 10o]F28 & log ETEE T 4 0359
= 8190
0.25
4 log (Z j;fShOH ) + 0,359 (104)
M~ (162 + &Y - 0.675m | (105)
Z = E/k (106)
w18 is the corrected number of equivalent
18-kip single axle loads, in millions,
to reduce the serviceability index
from Pl to P2;
t
where - "13 = 1sg the result predicted by eq. (99);
F28 is the modulus of rupture used in design, in psi;

H = iz the slab thickness, in inches;

‘a is the radius of the applied edge load on
the slab, in inches;

E is the modulus of elasﬁicity of the PCC,
in psi; and

k is the modulus of foundation support on
top of the subbase, in pecl.

These equations have been modified for use within EAROMAR as follows.

Consider first the simpler form of the model given by eq. (99).
It can be transformed algebraically into an equivalent function of PSI
deterioration more suitable to ocur application:
P2 = Pl - T amEny * : ‘
SERRTEIP 1+ expl(w, -8/)/P)  (107)
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where all variables are as defined earlier.

Note that for W18= 0, P2=Pl.

Moving now to the adjustments for materials properties, we suppressed
the radius of the contact area of applied edge loading, by assuming a pres-
sure of 75 psi (517 kPa) for a tire carrying 4500 1bf (20 kN ), yielding
a contact radius of 4.37 inches (1.7 em). The resulting equation for M
is then: '

¥

M= (30.56 + HY) - 0.675H. (108)

The basic form of the adjusted model in eq. (103) is:

W= _H%%__ (109)
B

where W,W’' are the adjusted and unadjusted
18-~kip axle loads, in millions;

A,B are constants or functions of Y,
and therefore constant for any
given pavement and materials
properties; and

P2 is the current or terminal service-
ability index,

The exponent P2 in eq. (109) renders this adjustment intractable when we
try to incorporate it in the form of eq. (107). To overcome this problem
we considered the variation in the ratio A/BPZ for P2 =(4.5 to 1.5), and
selected the midpoint of this range. This allowed us to define a new
variable X as follows, which is contant for given pavement and materials

properties:

X = 101.774? (110)
where Y is defined by eq. (104)

By repeating the derivation of eq.. (107), but now with the materials
adjustment included, we arrived at the following relationship:

p2=PL-_3 4 3 ,
l+exp(-B/P) 14exp ((W, ;-R /P X) (111)

Note that for this new equation, however, when Wjg * 0, P2 is not equal

to PL, because of the inclusion of the variable X in the third term. To
sart4fy this boundary condition while retaining the materials adjustment,
we imposed symmetry with respect to X between the second and third terms
in eq. (111). (The modified second term does not vary with W,o; therefore
this change does not affect the rate of serviceability deterioration.)
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The final form of the eqﬁation adopted for EAROMAR is thus as follows:
3 3
P2 = - +
2= Pl = exp(~B/PX) L+exp (W g=B) OX) (112)

where P2 is the current or terminal serviceability;
Pl is the ihitial-serviceaﬁility. assumed to be 4.5;
B is as defined by eq. (100);
p 1s as defined by eq. (101); and

W., 1s the cumulative number of 18-kip axle loads,
18
in millions,

CORRELATIONS OF ROUGHNESS WITH SERVICEABILITY

Correlations of roughness with serviceability were based upon data
on rigid pavement sections presented in (4 ). Regression analyses of
these data ylelded the following relationship:

R = 360 - 72 P2 (113)

where R 1s the pavement roughness in inches per mile;
and

P2 ig the current value of the present serviceability
index

PROPOSED MODEL

Equations (112) and (113) may now be combined to yield the model for
rigid pavement roughness within EAROMAR:

‘ 1l
R = 360 - 216 (1-5 - 1+exp(_8/px)
1
+
1t+exp ((W, o-B) hX) (114)

where R is the rigid pavement roughness between joints in
inches per mile;

B is as defined by eq. (100);
p 1s as defined by eq. (101);
X is as defined by eq. (110); and

wlS is the cumulative member of 18-kip axle loads,
in millions, as computed during the EAROMAR

simulation.
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Serviceability

Serviceability of rigid pavements is expressed by its present service-
ability index (PSI). 1In any season and year during the EAROMAR simulation
the PSI 1s estimated as a function of current surface damage according to
the AASHTO relationship ( 4):

PSI - 5.41 - 1.80 log (1+5V)-0,09 vC+P (115)
where
PSI is the present serviceability index;

SV is the mean slope variance in the wheelpaths,
radians? x 106;

C is the lineal feet of Class 3 plus Class 4
cracks per 1000 sf of pavement area*; and

P is the area of pavement patched, in s£f/1000 sf.

The growth in surface damage, leading to declines in PSI, is computed
using the damage models discussed above. Slope variance is computed as
the sum of contributions to slope variance from roughness (eq. (114)) and
faulting (eqs. (83) and (B5)). The contribution due to roughness was
derived from regression analysis of data on rigid pavement sections con-
tained in ( &4 ):

= 0.000145 R%-2°° (116)

where SVR is the slope variance, in radians2
X 106, due to roughness between
joints; and

R is the rigid pavement roughness between
joints, in inches per mile.

*A Class 3 crack is one opened or spalled at the surface to a width
L-inch (6 mm) or more over at least half its length. A Class 4 crack is
~one that has been sealed. Crack length is measured by the projection of
the crack parallel or perpendicular to the pavement centerline.
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The contribution due to faulting was adapted from a relationship between
slope yariance and faulting cited by Packard (24):

0.001512 1.723

SVR = === [L Fove F] (117)
where SVR is the slope variance, in radians2 X 106,
due to faulting;
L 1s the number of joints (slab lenght), in
feet, input by the user;
Fav is the height of an average fault, in inches
& (assumed to be 0.25 inch, or 6 mm): and
F 1s the number of faults per lane mile computed
by eq. (83) or (85).
Total slope variance is then computed as

SV = SVR + SVF. : : (118)

Both lineal -and areal cracking are included in the PSI computation
within EAROMAR; a conversion of 1 1f of crack = lsf of cracking (lsm
cracking = 3.28 m of crack), is assumed. Lineal cracking is computed
within EAROMAR using eq. (79); rate of areal cracking is input by the
user.

Summary of Rigid Pavement Damage Relationships

Below we summarize the equations developed for the rigid pavement
deterioration models within EAROMAR. As with the flexible pavement models
earlier, we have restructured some of the equations to achieve more con-
sistent notation among the several models presented and to express con-
stants generally to no more than three significant digits to the right
of the decimal.
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THERMAL AND FATIGUE CRACKING

Maximum Tensile Stresses.

g. =0, +F -cc (119)

where O,, 1s the total stress in psi in the longitudinal direction at
the bottom of the PCC slab when the wheel load 1s at the slab
edge;

(o} is the portion of total stress in psi due to an 18-kip single
axle load (with no thermal curling stress), as given by:

o, = 19%9 [17.358 + 0.078 e — 0.0539 H°/k
H
+7.417 log (B/0)] ; (120)
Fl is an adjustment factor given by
Fl = 0.48 + 0.014 H - 0.00427 e - 0.273 G

0.00403 L + 0.195 log k + 0.452 G log H

0.00532 6% + 0.0125 GL - 0.00622 GL log k

+ 8.787 (log [H3/k])/H% + 0.00104 Ge

0.118 G log (H3/k) + 0.0700 log (et+l)

0.0133 G log (e+l) (121).

0 1is the portion of total stress in psi due to curling arising
from a thermal gradient (with no traffic load), as given by:

GK
5x10

g =

c [0.00671 k + 79.074 log k + 11.727 L

6

0.00720 kL - 3.221 L log k - 0.0688 Le

0.595 e log k - 204,395 H/k - 38.089 L/H

8.368 H log k+ 0.072 H e + 0.05691 Le log k

+ 0.208 LH log k + 0.00058 LH k - 0.00201 Le H log Eb
(122)
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G is the thermal gradient in the PCC slab, in °F/in, estimated
by the following equations for dayvtime (0700-1900) and night-
time (1900-0700) respectively:

_ T/4-1
Gy R and (123)
T/20+5, .
G = =Gz (124)

and where
H is the PCC slab thickness, in inches, input by the user;

e is the erodability of support along the slab edge due to
.pumping, in inches, as computed by the pumping model;

k is the modulus of foundation support at the top of the
subbase, in pei, input by the user;

T is the seasonal average daily temperature in °F input by the
user;

L is the length of the PCC slab, in feet, input by the user; and

K is the thermal coefficient of expansion of the PCC slab, ft per
ft per °F, input by the user.

‘ Separate calculations of F. and 0 are made for daytime and night-
time within each season, resulting in gaytime and nighttime estimates
for season 1 of the total stress, oTid and cTin respectively.

Fatigue Damage. rThe applied loads contributing to fatigue are
computed as follows:

2
L = I Fij x w'ijd (125)
=1
2
= . '
win p Fij.x w i3n (126)
=1
19
' -
¥4 0.12 x hfa Y4 ih (127)
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w'i. = 0.12 x I w
jn h=20 to 24,
1lto?

15h {128)
where
i is an index denoting season;

3 is an index denoting type of day within the season
(j=1-weekday; j=2=weekend);

d i8 an index denoting daytime;
n is an Index denoting nighttime;

h 1is an index denoting hour of day (1 through 24);

Via'¥yn 8re the numbers of fatigue loads applied in season 1 during
daytime and nighttime respectively,
Fij is the number of weekdays (j=1) or weekends (j=2) within
season i;
w'ijd’w'i are the numbers of 18-kip axle loadings predicted to fall
within 6 inches (15 cm) of the slab edge, by season, type
of day, and day or night split; and
wijh is the number of 18-kip axle loadings in the design lane

computed in EAROMAR by season, type of day, and hour.

The number of allowable loads is computed as follows:

| A |
= - : 2
log Nyy = 16.61 - 17.61 (opy /i ) az9) .
' | 1
log Ny = 16.61 - 17.61 (op, /Ml ) 130)
e = (1.22 + 0.17 log A - 0.05 log> 4) M2 @31)
Tup i rup

where
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N N are the numbers of allowable ioads to failure throuch
id, in . \ . )
season 1 for daytime and nighttime respectively;

Mrup is the modulus of rupture of the PCC pavement, in ksi;

A is the time since the paﬁement slab was constructed, in years,
as the input by the user and updated during the EAROMAR simu-

lation; and
Hfgp is the 28-day mean modulus of rupture, in ksi, input by the user.

o

The damage according to Miner's hypothesis is computed as follows:

w W
D, = ﬁii +.E$E | ‘ . (132)
id Tin
D = LD (133)
i
1
ﬁhere
Di is the fatigue plus curl stress damage occurring this season;
D is the cumulative fatigue plus curl stress damage; and

.all other variables are as defined above.

~ The amount of linear cracking on the pavement surface is then
calculated as follows: :

LCRACKS = 522 p@-333 (134)
where

LCRACKS is the amount of linear cracking, in square feet per lane
mile,
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FAULTING

Non-doweled Pavements,

2 0.465
5280 PT VA
FAULTS (non-doweled) = LF__ [1.29 + 48.95 (———)
avg H3.9
x5 0 @ -13.9%, s
FAULTS (non-doweled) < 5280/L (136)
where
FAULTS is the number of faulted joints per lane mile

(non-doweled) predicted for non-doweled pavements;.

L 1is the joint spacing (51ab length)‘input by the user, in feet;

Fav is the average height of fault, assumed to be 0.25 inches
& (6mm);
PT is the fraction of trucks in the traffic stream, as cal-

culated in Chapter 5;

V  is the seasonally adjusted average daily traffic in the
design lane; as calculated in Chapter 5 and adjusted by the
design lane factor input by the user;

A 1s the age of the pavement surface, In years, as input by the
user and updated during the simulation;

H is the slab thickness input by the user, in inches;

F is a factor dencting the drainage characteristics of the
subgrade, based upon inputs by the user (1 for good, 1.5
for fair, 2 for poor); and

b is a factor representing the contribution of stabilized
vs. unstablilized subbases, depending upon the elastic
modulus input by the user (0.241 for E < 75 ksi
{< 517 MPa ]; 0.037 for E > 75 ksi),
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Doweled Pavements.

FAULTS (doweled) = Fdn x FAULTS (non-doweled) (137)

Py = 1/(14A)® (138)

where

FAULTS is the number of faulted joints per lane
(doweled) mile predicted for doweled pavements;-and

A 1is the age of the doweled or non-doweled pavement, in
years.
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SPALLING

X spall (139)

SPALLS = 2%59 AREA

F, = a-e® 09 (140)

a = 0.0000162 A>- 0806 (141)

whére

SPALLS is the area of spalled pavement in squére_feet per lane mile;

L dis the joint spacing (slab iength), in feet, input by the
user;

5 éll is the spalled area per afféctedljoint,"assumed wvithin the
P model to be 2.sq ft per joint (0.37 sm per joint);

A is the age of the pavement, in years, as input by the user and
updated during the simulationm.
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BLOWUPS

where

BLOWUPS

agg

' 2
BLOWUPS = 3 x Fa x exp=([A - 25 +(5 x Fagg)]/Y.S)

2B

x 1/¢1 + exp = [L -25]) (142)

is the predicted number of blowups per lane mile per year;

is a factor varying from zero to one denoting the susceptibility
of the PCC aggregate to blowups, input by the user;

is the age of the PCC pavement, in years, input by the user
and updated during the simulation; and

is the PCC joint spacing (slab length), in feet, input by

th= user.

(Note that this model predicts the annual rate of blowup
occurrence. This rate 1s applied during the season having
the maximum mean temperature specified by the user.)
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PUMPING

PUMPING + 3 x F) x Py » (143)
PUMPING < 5280/L; SRS
PI =2 W, (145)
logm = 1.07 - 0.34 H (146)

e = PI/DEPTHpump (147)

PUMPING is the number of pumped joints per mile;

' is a factor denoting the quality of subbase drainage as input
D by the user (good = 0.2; fair = 0.6; poor = 1.0);

L 1is the length of the PCC slab, in feet, input by the user;

P is the pumping index, in cubic inches per inch of slab length;

is the cumulative number of 18-kip axle loads, in
thousands, computed during the simulation;

H is the thickness of the PCC slab, in inches, input by
the user;

e 1s the erodability of “support along the slab edge due to
pumping, in inches; (used in the linear cracking model); and

DEPTH um is the average depth of material pumped from beneath the
pump pavement surface, assumed to be 2 inches (5 cm).
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ROUGHNESS

1
R = - - ——
OUGHNESS = 360-216 (1.5 - Trom(CEToR)
1
+
T¥exp([W,4-B1/0%) (148)
B = 50.088 - 3.775 H + 30.644 vH (149)
o = -6.697 + 0.139 B° (150
X = 107747 (151)
[~ 0.75
niﬁ‘ 4 log §:1§2—%E——— + 0.359
Y =1log (5 g9 4 tog [29°2 (0.54 5 075 (152)
. + 0.359
i 2
F, = (30.56 + 52 _ 5 675 & (153)
z =10° x E/k | (154)
where

ROUGHNESS is the longitudinal roughness of the pavement surface, in
inches per mile;

Wlsi is the cummulative number of 18-kip axle loads, in millions,
computed during the simulation;

H is the PCC slab thickness, in inches, input by the user;

M28

rup is the 28-day modulus of rupture of the PCC pavement, in ksi,

input by the .user;
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is the elastic modulus of the PCC pavements, in ksi,
input by the user; and

is the modulus of foundation support on top of the
subbase, in pounds per cubiec inch, input by the user.
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SERVICEABILITY

p =5.41 - 1.80 log (1 + SV) - 0.09 /E¥P . (155)
2.25 0.001512
SV = (.000145 ROUGHNESS ] + ‘—f—“_‘(L Favg FAULTS)
(156)
C = LCRACKS/63.36 + ACRACKS/63.36 (157)
P = AREAPatched/63.35 (158)

where

p {s the present serviceability index defined by AASHTO;

ROUGHNESS 1s the pavement surface roughness, in inches per mile,
computed during the simulation;

L is the joint spacing, in feet, input by the user;

is the average height of fault, assumed to be

aV8 .25 in (6 mm);

FAULTS is the number of faulted joints per lane mile;

LCRACKS is the pavement linear cracking, in feet per lane mile,
computed during the simulation;

ACRACKS is the pavement areal cracking, in square feet per lane
mile, computed during the simulation; and

AREAP is the pavement patching simulated by the models main-
atched ‘
tenance .routines, in square feet per lane mile.
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3.4 COMPOSITE PAVEMENT

Composite pavements within EAROMAR are pavements having a flexible
surface with one of the underlying layers consisting of a rigid material.
Properties of the surface layer and all successive pavement layers are
specified by the user exactly as described for flexible pavements (i.e.
in terms of physical dimensions and materials properties).

The damage components considered for composite pavements, and their
treatwent within EAROMAR, are identified in Table 18. Damage models used
to predict composite pavement condition over time are identical to those
described for corresponding flexible pavement damage modes in section
3.2; and readers are referred to that section for explanations of model
derivations.

Table 18

TREATMENT OF COMPOSITE PAVEMENT
DAMAGE COMPONENTS WITHIN EAROMAR

Drainage Component Prediction Model User May

or Serviceability Included Within Input Rate
Index EAROMAR Directly

1. Linear Cracking X x

2. Aredl Cracking X : x

3. Rutting x x

4, Roughness x X

5. Potholes x

6. Pavement-Shoulder Joints 7 x
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3.5 ADDITIONAL PAVEMENT CONSIDERATIONS

In this section we consider two additional aspects of pavement structure,
not directly involving damage prediction, but nevertheless important to the
simulation of pavement performance., The first concerns the interactions among
the environment, pavement materials properties, and resulting damage incurred.
The second concerns the treatment of overlays and the evaluation of pavement
strength and layer properties following an overlay.

Interactions Among Environment, Materials Properties and Damage

Several types of interactions among damage components and environmental
influences have already been described in Chapters 2 and 3 in relation to
their treatment within EAROMAR, These interactions 1nclude the following:

1. Seasonal variations in pavement layer and subgrade moduli imput by
the user, allowing one to reflect the changes in materials properties due
to variations in temperature (or other seasonal effects) throughout the year;

2. Inclusion of age-dependent terms within several of the damage equations
derived in sections 3.2 and 3,3;

3. Limitations of particular damage occurrence to certain seasons of the
year -- e.p. blowups, to the hottest season, and cold-weather cracking in flexible

pavement, to the coldest season of the year; and

4. Interactions between two damage components, such as the contribution of
erodability due to pumping to linear cracking in rigid pavements.

Regarding this last point, we would like to have seen more direct inter-
actions between other pavement damage components, such as between pumping and
faulting, or blowups and joint infiltration. The disagreement among engineers
on the contribution of incompressibles in joints to subsequent spalling was
cited in section 3.3. Defining these additional interactions conclusively is
not now possible, given the closed-form models available and the fact that
they originate from many different sources. It is hoped that in the future,
as knowledge from comprehensive mechanistic models is applied more widely,
the effects of one damage mechanism on another will become clearer.

In this section we wish to address a specific interaction important to
maintenance and premium pavement evaluation: the infiltration of water into
cracks and joints, with resulting potential weakening of the pavement structure.
This mechanism is important because a good deal of structural maintenance
and rehabllitation is devoted to preserving the integrity of the pavement sur-
face. The benefits 3f such work are often justified in part by the reducticn
in water infiltration, but typilcally nc quantitative evidence of impacts on
future pavement damage is provided.

The lack of current information on the effects of water infiltration and
drainage has been cited by Cedergren (39). Using data from several road tests
and test tracks, he calculated relative damage factors, ranging from 5 or 10
to 1, to 70,000 to 1, for wet vs. dry conditions respectively. Although the
trend indicating shortened pavement life with increasing traffic loads under
wet conditions is cleay, the wide range of these estimates precludes their
applications to predi¢ting pavement performance.
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The approach followed in the model within EAROMAR bases the znount
of water entering the pavement structure on the seasonal rainfall and the
extent of cracking in the pavement surface. Reduction in pavement strength
is dependent upon the length of time the sublayers remain saturated, which
is a function of the amount of water having entered the pavement and the
drainage characteristics of the sublayers input by the user. The model
considers only water entering the pavement structure through discontinu-
ities in the surface (typically the most significant source); groundwater
sources and side infilcration are not included. The technical relation—
ships employed are based upon work by Moulton (-4Q.), supplemented by data
presented in ( 39) and by assumptions on pavement materials behavior.

GENERAL MODEL CONSIDERATIONS

In pavements subject to rainfall one may distinguish three periods
assoclated with wet weather, in addition to the period corresponding to
dry conditions.

"1. The time during which rain is falling, in which the pavement sub-
layers may or may not be building up to saturation;

2. If rainfall is sﬁfficiently heavy or fhe sublayers of sufficiently
low permeability, the time during which the sublayers are saturated or
sufficiently wet to affect materials properties and structural behavior; and

3. The time during Qﬁich any residual wéfer, not sufficient to affect
pavement behavior, is drained off.

We reviewed data for selected cities in their months of maximum rain-
fall, as shown in Table 19. Seldom do the total days of precipitation
greater than 0.1 inch (2.5 mm) exceed 10, and the number of days in which
the precipitation exceeds 0.5 inch (12.7 mm) is typically seven or fewer.
However, the period of saturation feollowing a rain can last from 5 - 20
days, except in those pavements having exceptionally good drainage qualities
(39). Therefore in our model we considered only the second period above —-
the pericd (after it stops raining) during which the pavement is significantly
wvet or saturated -- as the time relevant to estimating changes in rate of
pavement damage, and neglected the time during which the rain is actually
falling (period 1 above). (This assumption was made to simplify the model
derivation; there i1s no reason why the time during rainfall could pot also
be included if desired.)

Drainage characteristics are input by the users in qualitative descriptions
~- Good, Fair, or 'Poor —- as described im Chapter 2. For use in the drainage
model these descriptions must be reduced to quantitative measures of subsur-
face permeability. Cedergren { 39) presented coefficjients of permeability
for standard bases and subbases of about 0.02 - 20 ft/day (0.6 - 610 cm/day),
and for open graded bases, about 3000 - 250,000 ft/day (900 - 75,000 m/day).
Based on these data we defined the following correspondence between user
descriptions of drainage quality and coefficient of permeability used in
model calculations:

Poor 0.1 ft/day, or 0.03 m/day
Fair 100 ft/day, or 30.5 m/day
Good 10,000 ft/day, or 3050 m/day,
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TABLE 19

RAINFALL DATA FOR SELECTED CITIES
IN PEAK MONTH OF 1978

Total Precip. No. Days Precip. AVerage Daily

(inches) . Precip.
(inches - mm)

Boston 8.12 15 0.54 - 13.7
San Francisco 6.20 16 0.39 - 9.9
Seattle 6.05 16 0.38 - 9.7
Los Angeles 7.70 10 0.77 - 19.6
Miami 2,57 n 0.23 - 5.8
Chicago | 6.38 12 0.53 - 13.5

- 18.8

New Orleans 12.53 17 0.74
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Thus, typical bases and subbases lie in the Ppor to Fair range under this
designation. 7

Quantifying che deleterious effects of water on pavement life requires
‘estimates of (1) the reduction in sublayer materials properties during the
time the pavement is significantly wet; and (2) the duration of this period
of weakened strength (in terms of the three wet periods described earlier,
the length of time between the starts of the second and third periods
respectively). Unfortunately the answers to these key questions are not well
supported by field documentation.

Von Quintus et al ( 41) presented data on seasonal changes in plate
bearing capacity for a pavement having granular base, frost-susceptible sub-
grade, and high water table. Based upon the September bearing strength
normalized to a value of 100, seasonal varlations at this site ranged from
abyut 20 in the spring-thaw months to over 140 in the frozen winter months.
Yalueg of relative damage factors between wet and dry periods were discussed
earlier; Cedergren (39 ) calculated values of about 10-40 to 1 for the AASHTO
Road Test. BHowever, these data are not tied to detailed materials properties.
We have therefore assumed that during the time of substantial pavement wetness,
individual layer modull are reduced by 50X.

Determining the time during which the pavement 1s sufficiently wet to
affect performance is more difficult. Equations are available relating degree
of drainage (i.e. percent of water removed from a saturated layer) to time,
but again these data are not tied to changes in layer materials properties or
in pavement performance. As a conservative estimate we have calculated drain-
age times on the basis of an assumed degree of 0.8. The implication of this
and the preceding assumption is that in the time required to drain 80 percent
of the water from a saturated layer, the sublayer moduli will be considered
to be reduced in value by 50 percent in the EAROMAR simulation.

Based upon these general formulations, the following model relationships
have been derived.

ESTIMATES OF DURATION OF PAVEMENT WETNESS

The duration of pavement wetness is determined by the interaction of
water inflow and outflow characteristics of the pavement structure. As
explained in the preceding -section, outflow characteristics dominate the
particular model within EAROMAR, and it 1is these relationships which will be
explained first. Following the description of outflow equatlons, we will
consider the influence of inflow parameters om. the model

The time required to draim a. saturated subsurface layer is captured within
the relationships shown in Figure 30 (40). The normalized time factor, t/m,
is dependent upon U, the degree of drainage achieved; the width of road L to
be drained; the depth of the drainage layer Hy; and the transverse slope of
the drainage layer S:1. From our earlier discussion, Wwe have assigned a value
of 0.8 to U, the degree of drainage achleved, taken to be the point at which
wetness no longer affects pavement structural behavior. Pavement cross-slopes
typically vary from 1/8" - 1/4" per foot (1-2 c¢cm/m); we have therefore assumed
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S, the slope factor, to be a constant equal to 0.015. Also, we have taken

L, the width of road drained, conservatively to be equal toc the sum of the
widths of all lanes  plus shoulders in the roadway. Finally, we have assumed
Hy, the depth of the pavement drainage layer, typically te be about 1 ft (0.3
m). Based upon these assumptions, we fit the following function to data
points generated from Figure 30: .

t/m = 2.5 2 (159)
§' = 0.015 L/Hy - (160)
L= (Nlanes x wlane) + 1 “ahldr (161)

where t/m 1s a normalized time of drainage;

H is the thickness of the drainage layer,
assumed to be 1 £t (0.3 m);

are the number and width, respectively,

Nlanea' wlanev
of lanes in this roadway; and

W are the widths of the left and right shoulders
shldr .
in the roadway.

, The dencominator of the nermalized time is a function of the yield
capacity of the drainage layer:
2

nL
m =1 (162)
kg,

where

o 1is the normalizing factor;
n 1s the yleld capacity {(effective porosity) of the drainage layer;
L 1s the width of roadway drained, defined by eq. (161);

| k, 1is the coefficient of permeability of the pavement
drainage layer; and

is the thickness of the drainage layer, assumed to
to 1 ft (0.3 m). '

Values of n can be estimated from Figure 31 (40), using the coefficients
of permeability assigned earlier to users qualitative descriptions of drainage:

TABLE 20, VALUES OF DRATINAGE PARAMETERS

. Drainage Quality Coefficient of Yield Capacity,
Input Permeability,‘kd n
| 4 0.23
Good 10!} £t/day (3050 m/day) .
Fair 102 ft/day (30.5 m/day) 0.08
Poor 10° “ft/day (0.03 m/day) 0.055
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With these values one can solve eq. (162) for m, and determine the normal-
ized time t/m from eq. (159). The time of drainage corresponding to the
period in which we have assumed pavement structural behavior i1s affected
is then given by:

tyrain = O (t/@) (163)
where
t is the time to achieve a degree of drainage of
drain
0.8, in days;
o is the normalizing factor computed in eq. {162); and

t/m is the normalized time computed in eq. (159).
COMBINING INFLOW AND OUTFLOW CONSIDERATIONS

Eq, (163) gives the drainage time of a saturated pavement layer once
the rainfall has stopped. However, the quantity of water to be drained
depends not only on the seasonal rainfall, but also on the condition of
the pavement surface -- the number of open cracks and joints. We have
treated both of these contributing factors to inflow as multipliers of the
time computed in eq. (163). Thus, if either the seasonal rainfall (for
a fixed amount of cracking) or the amount of cracking or open joints (for
a fixed seasonal rainfall) increases, the time during which pavement struc-
tural response is affected will also increase. If either the seasonal
rainfall or the open cracks and joints in the pavement are negligible,
the time the pavement is affected will also be negligible.

Consider first the seasonal rainfall input by the user (Chapter 2.).
To convert total precipitation to an equivalent time or duration comparable
to the duration predicted in eq. (163}, we require an assumed rainfall inten-
sity. Data in Table 19 and in (39, 40 ) suggest that a dailly intensity of
0.5 in/day (12.7 mm/day) is reasonable as a composite national figure.

Findings reported in (39 ) showed that substantial quantities of water
can enter even very narrow cracks in a pavement under field test conditions.
(Cracks 1/8-inch [3 mm] wide admit more than 95% of water falling at an
intensity of 2 in/hr [50 mm/kir], even with steep pavement transverse slopes.
Cracks as narrow as 0.035-inch tO 89mm] can absorb 70% or more of runoff at
the same intensity.} 1In practice there rates may be reduced somewhat,
due to debris at the bottom of the crack or. to buildup of water in the
crack. Nevertheless, infiltration rates become gquite high at low levels
of cracking or open-joints in the pavement surface.

To model this relationship we have assumed the fraction of water
inflow to be a negative exponential function of cracking and open joints,
subject to assumed boundary conditions. Specifically, if there are no
open cracks or jolnts in the pavement surface, water infiltrationm is
reduced to zero. At cracking (or opem joints) covering 50 percent of the
pavement surface, infiltration is assumed to equal 99 percent of all water
falling on the pavement area.
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By combining the above assumptions, and incorperating a de{inition
of the total area of discontinuities in the pavement surface, we obtain
the following relationships:

t = T season (l_e-QC) . 166)
wet R ' drain
avg

C = 1 LCRACKS + ACRACKS + SHOULDER x Wwet

5280 W W R

lane lane "'lane
+ JOINTS x W__, | (165)
where

et is' the duration of pavement wetness, in days, during

which. structural response is assumed to be affected;

T is the seasonal rainfall, in inches, input by the user
season

ia is the daily rainfall intensity, assumed to equal 0.5
,ave inches (12.7 mm); o .

c . is the fraction of pavement area having cracks or open
(unsealedl_jointa;

Carai ig the time, in days, to drain the saturated pavement
Fain
suhlayers;

LCRACKS, ACRACKS, SHOULDER, JOINTS are quantities of damage
components per lane mile computed in sections 3.2
and 3.3 or input by  the user¥*;

are the width of lane, in feet, and the number

W I
lane, lane of lanes In the roadway respectiyely, as input
by the user; and
wﬁet is the width of subsurface zone wetted by an open

joint, assumed to he 6 feet (1.8 m).

" .REDUCTIONS IN PAVEMENT STRENGTH

Pavement characteristics are affected by water infiltration in two
ways. First, the strengths of granular bases and subgrades are reduced
by 50 percent, as described in the general model formulation. Second,
the AASHTO regional factor is adjusted to reflect saturated conditions
above and beyond tliose assumed hy the user in initial program input *k
Resulting model relationshiips are as follows:

*LCRACKS in 1f/lane mile; ACRACKS in sf/lane mile; SHOULDER (the length
of open shculder jeint) in ft per roadway mile; and JOINTS in number of
"damaged" or open joints per lane mile.
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t - 0. :
red = _Season > twet_ (166)
*season
+ Rl - ‘
R' = (Stwet R[tseason twet]) '
S : (167)
season : : .
where
Fred is a reduction factor applied to the mo&uli of granular
pavement layers and to the CBR and moduli of the subgrade;
tseason is the length of the seascn, in days, deterﬁined from
season information input by the user;
twet i1s the duration of pavement wetness, in days, computed

‘from eq. (164):

R' 1is the: AASHTO regional factor corrected for additional
wetness due to a cracked pavement surface; ‘and

R is the regional factor imput by Ehe user.

Note that eq. (166) and (167) apply a time-averaged correction (under
wet vs. dry conditions) to the pavement materials properties and regional
factor. Multiplication by 0.5 in eq. (166) reflects the assumed loss in
materials strengths under wet conditions; the coefficeint 5 in eq. (167)
reflects the value of the regional factor associated with sarurated condi-
tions. |

The effects of water infiltration on pavement performance are there-
fore modeled -indirectly within EAROMAR, through the materials-related and
environmental adjustments indicated above. This makes it possible, however,
to consider interactioms between load-related and environmental influences
on pavement damage (using the equations in sections 3.2 and 3.3) and to see
what effects unsealed cracks and joints have on the rate of future pavement
damage. The-latter relationship in turn allows one also to investigate the
benefits achieved through the routine maintenance actions of sealing joints
and cracks. :

. **Reglonal facto: captures moisture-related effects on pavement perfor-
mance In AASHTO-based models. Therefare In reducing the strength of the

subgrade due to water infiltration we adjust only the regional factor, not
the soil support value, ' ’
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Pavement Overlays

Pavement overlays may be specified by the user under construction
activities, as described in Chapter 2. User specifications include not
only the physical description of the proposed overlay (thickness, materials
properties), but also policy statements on the timing and extent of the
work to be performed. The analytical task within EAROMAR is to simulate the
structural performance of the overlaid pavement, accounting for the residual
strength of the original pavement and the contribution of the new surface

- layer. This process is described below for flexible overlays on non-rigid
and rigid pavements respectively.* In addition, the treatment of reflection
cracking is presented for overlaid rigid pavements.

FLEXIBLE OVERLAYS OF FLEXIBLE PAVEMENTS

Although methods have been developed to design overlays of flexible
pavements, little research has been devoted to overlay performance, in-
cluding the structural response and materials properties of the old pave-
ment under a new surface layer. The performance models in EAROMAR were there-
fore adopted from data developed for existing design procedures.

For design purposes the strengths of existing pavements due to be
overlaid are reduced from their as-constructed values. AASHTQ (5 )
recommended that the layer coefficient of the existing surface, typically
0.44 for high-quality bituminous mixes, be lowered to 0.24 (or to 0.40
for "new" pavements). ARE Inc. ( 42) related elastic moduli.of the existing
surface to the class of cracking present when overlaid, as shown in Table 21,
The degree to which cracking has progressed 1s explicit, but not the extent

of cracking.

TABLE 21

REDUCTIONS IN FLEXIBLE SURFACE MODULUS
USED IN OVERLAY DESIGN

Surface Cracking ‘ | Modulus

Uncracked Equal to Overlay Modulus
Class 2 Cracking 70,000 psi (483,000 kN/mz)
Class 3 Cracking 20,000 psi (138,000 kN/m%)

*Qur emphasis in model developement was on flexible overlays for
all pavements. In principle a rigid overlay may be specified within EARQOMAR,
and the model will accept the resulting pavement structure for stimulation.
However, we do not consider the rigid pavement damage equatiocns in EAROMAR
appropriate to rigid overlays, and discourage use of the rigid overlays
at the present time.
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We have consolidated these ideas in EAROMAR in the following way.
The value of the reduced AASHTO layer coefficient for the surface was
taken to be dependent upon both pavement age and the amount of cracking
present when overlaid. We assumed that at an age of 10 years, in the
absence of any cracking, a pavement surface would function as a reasonably
good black base following an overlay. If the original surface coefficient
were 0.44, and that of the equivalent base 0.30, this would mean a reduction
in the layer coefficient of about 70% at 10 years.

We further assmmed that cracking of about 5,000 sf/lane mile {83 sf/
1,000 sf, or 0.8 m2/m?) at age of 10 years reduced the coefficient of the
layer (when overlaid) to 0.24 - that of an "o0ld" bituminous pavement in
the AASHTO Guide, This value is about 55 percent of the value when new.

We then conbined these assumptions on the basis that age and cracking
both reduce the strength of the pavement surface simultaneously. The resulting
equation to estimate the AASHTO coefficient of a flexible surface when it is
overlaid is as follows: ‘ '

a’ = a, exp (-0.0357A -0.0000575 ACRACKS) (168)

-

where a” 1s the AASHTO coefficient of the former surface
layer following an overlay;

a_1is the original surface layer coefficient input by
the user;

A 1is the age of the pavement surface, in years, input
by the user and updated during the simulation; and

ACRACKS 1is the amount of areal cracking, in sf/lane-mile,
computed during the simulation as described in section
3.2,

Treatment of the surface elastic, complex and resilient moduli
followed upon the guidelines suvsested in'( 42). However, within EAROMAR
the value of 75 ksi (517 MPa. ) defines the boundary between stabilized
and unstablized pavement bases. We therefore adjusted the modulus values
"in Table 21 slightly so that a pavement subject to Class 2 cracking would
continue to perform as a stablized base. We also associated extents
‘of cracking with the moduli values in Table 21. estimated from data for
road sections contained in (5 ). Thé resulting adjustments to surface
elastic, complex and resilient moduli simulated within EAROMAR following
an overlay are given in Table 22,
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TABLE 22

VALUES OF FLEXIBLE PAVIMENT
MODULUS ASSUMED IN EAROMAR

Surface Cracking Modulus
1. < 5,000 sf/line-mile Equal to Modulus Value Input
(< 0.08 m?/m“) for that Layer
2. 5,000-15,000 sf/lane-mile 76 ksi
(0.08 - 0.24 m2/m?) (524 MPa)
.3, > 15,000 sf/lane-mile 20 ksi
(> 0.24 m?/m2) . (138 MPa)

FLEXIBLE OVERLAYS OF RIGID PAVEMENTS

Rigid pavement overlays are handled much in the same way as described
for flexible pavement overlays above. However, in addition tc weakening
of the old surface layer, we consider reflection cracking origimating in
the rigid surface and propagating through the newly~placed overlay.

Weakening of Qld Surface Layer. The modulus of portland cement concrete
used in pavements typically ranges from 2 to 5 million psi (13.8 to 34.5
million kPa ). ARE Inc. (43 ) recommended retaining this value for overlay
design if the surface exhibited no cracks of only Class 1 or Class 2 cracking,
or adopting a value of 500,000 psi (3.45 million kPg ) if the surface
exhibited Class 3 or Class 4 cracking. (A modulus of 70,000 psi, or 483,000
kPa, was suggested for surfaces to be broken up mechanically before placing
the overlay.)

Layer coefficients for overlaid rigid pavements, developed by Louisiana,
vere presented in the AASHTO Interim Guide ( 5 ). These values range from
0.40 for an "o0ld" surface, to 0.20 for one that is "old, failed,"™ to 0.10
for one that is "old, pumping.” For comparison, a "new" concrete surface was
associated with a value of 0.5,

We consolidated these effects due to age and damage, considering that
an uncracked surface 10 years old (with an initial layer coefficient of 0.5)
should have a revised layer coeffictent when overlaid of 0.4; and a 10 year
old surface with cracking of 5,000 1f/lane-mile (0.26 m/sm), a revised layer
coefficient of 0.20. The resulting equation incorporated within EAROMAR to
estimate these reductions iIs as follows:

P

a = a, exp (-0.0223 A -0,.00014 LCRACKS) (169)

-

where a” 1is the AASHTO coefficient of the former surface
layer following an overlay;

a is the original surface layer coefficient
input by the user and updated during the simulactioen;
and
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LCRACKS  1is the amount of lineal cracking, if 1f/lane-mile,
‘ computed during the simulation as described in section 3.3.

Reductions in elastic modulus values as a function of surface condition
prior to an overlay are given in Table 23.

TABLE 23

VALUES OF RIGID PAVEMENT
MODULUS ASSUMED IN EAROMAR
FOR OVERLAYS

Surface Cracking Modulus
1. < 5,000 1f/lane-mile Equal to Modulus Value
(<0.26 m/m2) Input for that Layer
;2. > 5,000 1f/lane-mile 500 ksi

(> 0.26 m/m?) (3.45 million kPa )

Reflection Cracking. Reflection cracks are cracks originating at
discontinuities 1in the underlying concrete slab, which propagate through
the overlay layer. Crack formation can be due to differential horizontal
or vertical movements at cracks or joints in the underlying slab. Many
methods have been tried in the field, with varying success, to reduce
reflection cracking, including breaking up the old pavement surface,
placing granular layers or fabrics to act as bond breakers between the
overlay and concrete slab,reinforcing the overlay, increasing overlay thick-
ness, and sawing joints in the overlay ( 43, 44, 45, 46).

Apparently because of the different potential wechanisms involved,
no generally used models of reflection cracking exist. For a performance
model within EAROMAR we have therefore relied on data presented in ( 43)
and supported by other sources, Indicating that crack reflection appears
in overlays a very short time after construction, and that nearly 100
percent of joints and cracks in the underlying slab can be reflected
within a few years. Thicker overlays resist cracking as shown in Figure 32.

The model within EAROMAR is based upon the simplifying assumption that
only joints, and not cracks, In the PCC slab will initiate reflection cracking.
From the data in Figure 32, the following relationships were derived to
simulate reflection cracking in an overlay of a rigid pavement:

Creflect = '%- (1 - exp [-A/3])
o
x é%gg x wlane {170)
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BREAKING BY ROLLING ON REFLECTION CRACKING (43)
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Creflect 2 E%EQ‘ x wlane, (171)
LCRACK =
CKS LCRACKS + C__c1..0 (172)
where creflect is the extent of reflection cracking in
the overlay surface, in lineal feet per lane-
mile;
Ho is the thickness of the overlay, in inches,
input by the user;
A is the age of the overlay surface, in years.
computed during the simulation;
L is the joint spacing, in feet, of the underlying
PCC slab (input by the user for the old PCC
surface);

1ane is the width of the roadway lane, in feet,

input by the user; and

LCRACKS 1s the amount of linear cracking, in 1f/lane-mile,
simulated for the overlay surface.

This model applies only when the overlay surface is placed directly
above the PCC slab., If the user wishes instead to simulate an interlayer
(whether a gravel cushion, fabric, or some other type), he may involve the
construction PROJECT option in lieu of the OVERLAY option within EAROMAR,
specify the pavement structure following the cverlay (PCC slab, interlayer,
overlay surface), and provide all other project details as he would have
for the overlay. The EAROMAR system will then simulate the resulting pavement
structure as a flexible or -a composite pavement, but will not invoke eqs.
(170-172). (The user may account for any reflection cracking he feels
may appear by specifying a damage rate for LCRACKS in his input.)

A similar approach may be used if the PCC slab 1s to be broken up

before overlaying. In this way EARCMAR can account at least indirectly
for several of the procedures used to control reflection cracking.
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CHAPTER 4

MAINTENANCE POLICIES, SCHEDULING AND COSTS

4.1 INTRODUCTION

Over the past fifteen years highway maintenance has made increasing
use of management techniques for work accomplishment analysis, planning
and budgeting. The development of maintenance management systems in the
1960's through the 1970's instituted practices of systematic data collec-
tion, work reporting, and extrapolation of past trends toc future planning

estimates.

In the 1970's, the completion of many roadbuilding programs (includ-
ing much of the Interstate system) created large additions of road physi-
cal inventory requiring maintenance. At the same time, factors affecting
the economical timing and performance of maintenance were changing, includ-
ing higher traffic volumes, higher allowable vehicle weights, and increased
costs for maintenance labor and materials. These trends combined to force-
a new awareness of maintenance as a demand-responsive activity; i.e., one
whose levels of performance and costs cannot be estimated adequately from
extrapolation of past trends, but rather must be based upon rational as-
sessments of anticipated future deterioration of the highway system. This
awareness led to development of damage prediction models for use in main-
tenance management and road project evaluation systems.

However, it is generally impossible for an agency to muster the re-
sources necessary to accomplish all required maintenance work at a given
time; indeed, it may not even be economically efficient to do so. The
allocation of scarce resources among maintenance activities requires con-
scious policy decisions by highway administrators regarding the types of
maintenance activities to be funded, the intensity of these activities,
and their scheduling among various budget periods and maintenance districts.
This fact led to research to formalize maintenance policies in terms of
quality standards, and to consider as well the impacts of particular le-
vels of maintenance performance in terms of preservatioun of road invest-
ment, user consequences, and safety (47 ).

The treatment of pavement maintenance within the EAROMAR system is
drawn directly from these state-of-the-art developments in maintenance
management. Three important characteristics of maintenance planning are
embodied in this approach: (1) the specification of maintenance policy
to address predicted pavement damage, which determines what maintenance
will be performed; (2) the scheduling of maintenance operations by dis-
trict on a seasonal, daily and hourly basis, which determines when the
specified maintenance will be performed; and (3) the identification of
labor, equipment, and materials requirements, crew production rates, and
unit resource costs, which determine the cost of the planned maintenance.

Based upon these user-supplied data (which collectively define a
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total maintenance program in an engineering, economic and technological
sense), EAROMAR estimates the impacts of the level of maintenance per-
formed in terms of:

l. preservation of investment: improvements in the pave-
ment's current condition and rate of future deterioration;

2. user consequences: changes in operating cost, travel
time, and vehicle emissions; and

3. safety: variations in accident likelihood and severity.

The following sections discuss the policy, scheduling, and cost as-
pects of the maintenance simulation respectively. Consistent with the
scope of this research, emphasis is placed upon the structural (i.e.,
load-induced) components of pavement deterioration and repair. Thus,
factors such as skid resistance or construction quality control are ex-
cluded. In discussing maintenance policy, scheduling or cost considera-
tions individually, the following sections venture in some cases into
considerable explanatory detail, and therefore stand independently of
one another. Nevertheless, one should realize that the simulation of the
total maintenance program results from the interaction of all three com~
ponents; and by skillful specification of input datz within each of the
respective areas, one may represent virtually any realistic maintenance
situation.
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4.2 DEFINITION OF MAINTENANCE POLICY

Background

Many states have incorporated models within their manapement systems
to predict annual maintenance requirements or costs. Because these rela-
tionships are often based upon historical data or upon regression analyses
drawn from existing practices, they include implicitly a particular level
of maintenance performance — namely, the standards to which the roads
have been or are currently being maintained. Moreover, to the extent
that such models estimate directly the cost per unit inventory (or the
work effort per unit inventory), without considering the road deteriora-
tion or damage (or the specific maintenance policy) leading to the pro-
jected maintenance requirement, these models develop maintenance predic-
tions based upon work outputs rather than inputs, and are therefore 1ill-
equipped to treat differences in input values (e.g., productivity, unit
costs, changes in maintenance technology) among geographic regioms or
over time. To illustrate the implications of these facts for premium
pavement analysis, let us consider some examples from the original EARO-
MAR system. o - ' '

Figures 33, 34, and 35 illustrate maintenance prediction rela-
tionships in the original EAROMAR system for the activities of patching
bituminous concrete pavements, patching PCC pavements, and mudjacking
respectively. Figures 33 and 34 are in terms of maintenance dollars
per lane mile, while Figure 35 1is in terms of aggregate dollars. Note,
however, that all are measures of output (i.e., total work performed),
and are limited to considering the supply of maintenance services.

Even 1f such data were used to back-compute probable levels of dam-
age, these results would be limited for the following reasons:

1. They are based upon the one particular maintenance policy
inherent in the source data, and no other. As a corollary, the
maintenance level-of-effort and cost requirements over time in
Figures 33-35 are based upon one particular road condition
history, and no other. Thus, one may not be able to relate these
results to other pavements, where, for example, more extensive
initial maintenance was performed, iImproving the subsequent damage
history, and therefore reducing later maintenance required; or,
where maintenance was initially deferred, causing higher rates

of subsequent damage, and eventually leading to more extensive
remedial action required. ‘

2. The relationships in Figures 33-35 are insensitive to
factors influencing rate of deterioration, and therefore the
demand for maintenance work. These influencing items include
magnitude and frequency of physical loads, environmental con-
ditions, and quality of initial design and conatruction, as
were discussed in Chapter 3.
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3. 1t is difficult to adjust the data in Figures 33-35 to
account for the following changes, whether individually or col-

lectively:

® Maintenance technology (a function of labor, equipment, and
materials employed)

® (Crew productivity (a function of the size of the crew,
labor skills and motivation, and equipment and materi-

als employed)

® Unit costs (a function of local economic and institutionmal
conditions, prevailing safety practices, methods of pro-
curement, work space or time limitations, and classes of
labor, equipment or materials employed.)

To circumvent these problems in maintenance prediction it is neces-
sary to go beyond the supply of maintenance services to consider the de-
mand for maintenance work, and to cost this work on the basis of inputs
to the maintenance process -- labor, equipment and materials. Maintenance
demand arises through both a physical dimension -- the condition (or dam-
age) of the pavement, a function of the combined actions of road usage,
response of the physical systems, and environmental influences —— and a
policy dimension -~ the desired or specified level of service, expressed
through quality standards. Demand-responsive representations of mainten-
ance are essential to assess changes in pavement condition and rate of
deterioration over time (i.e., measures of preservation of investment),
and impacts of pavement maintenance upon attendant user considerations re-
garding cost, safety and vehicle emissions.

The discussions of maintenance policy to follow employ these demand-
responsive characteristics in terms of quality standards. Also, use is
made of the existing pavement condition as determined by the deteriora-
tion models in Chapter 3. To relate quality standards to specific com—
ponents of damage, the EAROMAR analysis includes a set of well-defined .
maintenance activities that may be simulated. These activities ‘are dis-
cussed for each pavement type below.

Maintenance Activities

Pavement maintenance encompasses several actions in response to the
type of pavement surface, evident damage, climate, traffic, and desired
level of service involved. Approaches to maintenance differ somewhat from
state to state, for a number of possible reasons: variations among the
several influencing factors above, administrative or definitional differ-
ences, or local preferences among several maintenance technologies avail-
able, to name a few. Nevertheless, it 1s possible to categorize mainten-
ance actions for pavement within a general set of activities, within which
one may express different mixes of labor, equipment and materials employed,

and extent of damage repaired.
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The set of activities included within EAROMAR is used to simulate all
maintenance work projected through the analysis period. Actrivities are re-
lated to one or more damage modes predicted by the pavement deterioration
models in Chapter 3, and are also keyed to maintenance policy specifications
to be described later in this chapter. The activities represent typical
operations recognizable to highway maintenance personnel, and are flexible
enough in their descriptions to allow for realistic variations in methods
of performance, sizes of crews employed, or specialized equipment or ma-
terials required for a given roadway.

We should also point out that in the following technical discussions
of maintenance we have intentionally included overlays. Because of their
potential for structural contribution to the existing pavement, overlays
are not generally considered a maintenance activity (they are rather a
strengthening or betterment); and iIn fact we treat overlays as a project,
and not & maintenance activity, within the EAROMAR simulation* Neverthe-
less, overlays obviously correct several types of surficial distress, and
may improve measured road condition considerably, thereby affecting the
amount of routine or periodic maintenance required. It is this interac-
tion between the remedial effects of overlays and those of less intensive
maintenance activities that we wish to focus on bBelow.

FLEXIBLE PAVEMENTS

Flexible pavemwent activities modeled include crack filling, seal
coating, pothole repair, skin patching, and deep patch and base repair,
in additiom to overlays. :

Technical Review. Before we describe the treatment of these mainten-
ance activities within EAROMAR, it:may be useful to review briefly their
technical aspects, particularly as to how their practice varies among dif-
ferent states. General guldelines to the applicability of these activi-
ties are as follows:

1. Crack filling is applicable where moderate fatigue, transverse,
or longitudinal cracking occur, but with no surface deformation

present.

2. Seal coating may be applicable where intensive cracking and/or
spalling, raveling or surface disintegration occur, particularly
where large areas are involved. It 1s not suitable for correcting
surface deformations.

3. Pothole repairs are appropriate when such depressions appear in
the pavement surface.

4. Skin patching is applicable where there is some evidence of sur-
face deformation, such as rutting or other forms of transverse or

* Projects within the EAROMAR system are described in Chapter 2,
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longitudinal roughness.

5. Deep patching and base repairs are appropriate where evidence of
base failure exists. Thus is it often applicable in conjunction
with (or prior to) skin patching or overlay operations.

6. Overlays are applicable where surface deformation greater than
can be remedied by skin patching are evident over extensive areas.

Although the above descriptions correspond to generally understood
te¥minology, state maintenance departments may adopt somewhat different,
or more refined, definitions based upon past experience and local prac-
tice. In additicn, the threshold levels at which maintenance should be
performed, the technology employed for maintenance accomplishment, and
the specified finished conditions following maintenance also vary within

limits.

Tables 24 through 26 summarize data for skin patching, surface
sealing, and deep patching activities, illustrating typical variations
among state malntenance department practices. These characteristics have
been abstracted from the performance standard sheets of the respective
highway maintenance departments. The implications of these data for EAR-~
OMAR are that a degree of adaptability is highly desirable in describing
the technology, performance, costs, and remedial effects of each mainten-
ance activity. This adaptability.is embodied within both the peolicy spe-
cifications and the activity management information provided by the user
to the EAROMAR system, as will be described in subsequent sections.

Labor-Intensive vs. Equipment—~Intensive Technology. One of the major
decisions to be made 'in maintenance management, and which significantly
affects costs, 1s at what point repalrs by machine should replace hand-
work. In general, the decision to use the more productive and economical
machine work is made when that area to be maintained is sufficiently large.
Exactly how large is a decision which is often made by maintenance person-
nel and can be guided by the fact that to mobilize a spreader, trucks, an-
cillary wachinery and the work crews necessary with this equipment, at
least a whole day's work effort in continguous areas is necessary. The
decision may also be affected by whether or not a private contractor can
offer a competitive price compared to the regular agency ocperations.

The conceptual relationship between various maintenancé activities
and when they should be undertaken in response to specific damage com—
ponents 1s outlined in Table 27, For the surface defects in particular,
where the more extensive areas are invelved machine methods are indicated.
Thus seal coating would replace crack filling where cracking is intensive
and extends over large areas. Also, skin patching would normally be per-
formed by machine methods over the larger areas.
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NEVADA

NEVADA

ILLINOIS

Activity No.

Activity Name

Surface patching - Premix
(hand).

Surface Patching - Premix
(machine).

Pavement repairs, bituminous

. Description

Premix and 1iquid asphalt
hand placed.

Premix and 1iquid asphalt
placed by machine,

Bituminous concrete and asphalt
primer tack coat laid by machine
including rolling.

Damage
Condition

-of an inch,

Vertical differential of
pavement in any direction
exceeds half an inch or
differential with paved
shoulder is three quarters

As above.

Pavement surface spalling, ravel-
ing or showing signs of settlement ]

Maintenance
Level

Restore loss of surfacing
by raveling or other
causes,- which affect rid-
ing qualities or surface
seal.

As above.

| safe travel surface.

Roadway surface should be maintain
ed to provide a reasonably comfor-
table riding surface and provide a

Workload Rate

0.75 cubic yards-per mile
of 24 foot bituminous
surface.

'6 cubic yards per mile of
24 foot bituminous sur-
face.

| location or a continuous mileanec

| of work, The activitiy includes

This acitivty can be either a spot
location depending upon the extent

bituminous repair of concrete, bitt
minous, or overlay pavement which
has deteriorated due to cracking,
raveling, spalling or rutting.

TABLE 24

Comparison Between State Performance Standards - Skin Patching
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COLORADO

COLORADO

MASSACHUSETTS

Activity No.

483

484

621

Activity Name

Patching - machine over-
lay, and levalling.

Patching - hand.

Surface treatment (bituminous
concrete method).

Description

Bituminous mix and tack
coat placed by machine.

Bituminous mix and tack
aisle.

Bituminous concrete and liquid
asphalt.

Damage
Condition

Deterioration of bitumin-
ous surface due to settle-
ment, or raveling.

Deterioration of bitumin-
ous surface due to pot-
holes and depressions.

Extended surface deterioration (5
or more sq. yds.) indicated by
cracking, spalling, rutting and
with no indication of base failure.

Maintenance
Level

Restore asphalt surface
to original condition.

Restore loss of asphalt
surface to level of
exisiting roadway surface.

Restore to a smooth, level, imper-
vious surface. .

Workload Rate

10.0 tons per mi]é of 24
foot bituminous surface
per year.

0.8 tons per mile of 24
foot bituminous surface.

This activity is to be carried out
to remedy areas of bituminous sur-
face roadway and/or shoulder sur-
faces with hot bituminous concrete,
1/2" + in depth, to correct poor
pavement surfaces, spalling or
rutting and to maintain a rideable
surface until roadway is completely

‘{resurfaced. The activity includes

the use of dump trucks, pavers, and
rollers. Average daily production
is approximately 200 tons.

TABLE 24

Comparison Between State Performance Standards - Skin Patching
(continueq)
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NEVADA

NEVADA

NEVADA

Activity No.

Activity Name

Surface patching - spot
seal.

Seal coat - sand.

Seal coat - flush

Description

Liquid asphalt and sand.

Liquid asphalt and sand
with mechanical equip-
ment .

Aspahlt emulsion and sand
with mechanical equip-
ment.

Damage condition

Cracking and checking of
surface has become gen-
eral and perveious to
water.

Pavement surface is
cracked or checked allow-
ing penetration of water.

Surface raveling, crack-
ing or other deterioration
determined by inspection.

Maintenance
Level

Maintain surface of pave-
mant imperveious to water
to prevent cracking of
old or oxidized surface.

Maintain asphalt surface
to prevent penetration
by water.

Renew o0ld asphalt surface
and seal small cracks and
surface voids.

Workload Rate

1700 square yards per
mile of 24 foot bitumi-
nous surface.

2800 square yards per
mile of 24 foot bitumi-
nous surface.

TABLE 25

Comparison Between State Performance Standards - Seal Coat
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NEVADA

COLORADO

Activity No.

Activity Name

Seal coating - chip, sand, fog,
slurry

Seal coat - chips

Description

Liquid asphalt and aggregate.

Liquid asphalt and stone chips with
mechanical equipment.-

Damage Condition

Deterioration of bituminous surface
due to cracking and raveling.

When asphaltic surface becomes checked
and raveled so as to be permeable to
water and surface loss is occuring,
and the work is of such and extent

as to preclude the use of regular
maintenance operations.

Maintenance Level

Restore or renew deterioration
surface.

A renewed and revived surface that will
prevent penetration of water into
underlying base material,

Workload Rate

Production 42000 square yards daily.
Apply a chip, sand or fog or slurry
coat to continuous sections of bitu-
minous roadway surfaces to see
cracks and. rejuvenate dry, weathered
surfaces to prevent further surface
deterioration. '

500 square yards per mile of 24 foot
bituminous surface.

TABLE 25

Comparison Between State Performance Standards - Seal Coat

(rontinued)
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“ NEVADA ' '

COLORADO

MASSACHUSETTS

Activity No.

233

421

282

Activity name

Base and surface repair.

Base Stabilization and repair,
activity #164.

Deep patch and base reapir, activity
#612.

Description

Aggregate base, premix, and
liquid asphalt.

Remove and replace base and sur-
face material using premix bitu-
minous material and/or required
base material to correct severe
cracking, upheavals and base
failures. Materials required are
base aggregate, bituminous mix,
graders, rollers, etc.

Base material, liquid asphalt and bitu- |
minous concrete placed by machines in-
cluding loaders, rollers and pamper.

Damage
Condition

Pavement disintegration oc-
curring along with vertical
and lateral movement of the
surface, with showing of

fines in and around cracks.

Deterioration of bituminous and
concrete surfaces due to unsta-
ble base material.

Pavement disinte-ration with vertical and
lateral movement of the surface with a
showing of fines in and around cracks.

Maintenance
Level

Maintain the surface of the
highway in a condition pro-
viding reasonable comfort and
safety to public traffic.

Removal of unsuitable base mater:
jal and replacement of base and
surface to restore proper condi-
tions.

Restore base and replace surface to level
of existing roadway.

Workload Rate

0.1 cubic yards per mile of
24 foot bituminous surface,
Work may extend to pavement
sub-base.

0.1 tons per mile of 24 foot
surface.

Removal and replacement of all areas of
bituminous roadway, shoulder surfaces and:
PCC pavement, including removal and re-
placement of base materfal using hot bitu
minous material and required base mater-
ial to correct severe cracking, upheavals
potholes clusters, frost boils and base
failures. Average daily production 120
'square yards.

TABLE 26.

Comparison Between State Performance Standards - Deep Patch and Base Repair



Table 27

COMPARISON OF DAMAGE WITH APPROPRIATE
MAINTENANCE ACTIVITIES FOR

FLEXIBLE PAVEMENT

TYPE OF -

DEFECT

MAINTENANCE ACTIVITIES

DAMAGE COMPQONENT

Surface

Crack filling
-orq
Seal coat, slurry, sand

Surface fatigue cracking,
transverse and longitudinal,
with no significant surface
deformation or spalling:
i) In limited areas - -
: -or-

ii) Over_ extensive contiguous

areas :

Seal coat, possibly with
gravel, stone chips or
sand

Spalling and ravelling with no
significant defermation, but
possibly some cracks also

Skin patch (hand)
-o r‘-
Skin patch (machine)

Minor (0.5 in., +) rutting,
transverse or longitudinal
roughness:

i) In limited areas

-Or=

i1) Over extensive areas

Overlay

Extensive areas of severe

(1 1/2 in. #) rutting, trans-
verse or longitudinal rough-
ness but no indication of
pavement or base damage:

Full
Depth

Full depth pavement
repair

Base failure--almost always

includes one or more of the

above surface defects but is
identified by severe surface
deformation characteristics

also :

Full or
Partial
Depth

Pothole repair

Potholes--can occur in conjunc-
tion with any of the above

conditions.
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Interaction Among Activities. From the discussion above, it is clear
that the beneficial effects of some flexible pavement activities overlap
those of others. That is, there does not exist a simple one-to-one cor-
respondence between specific damage components and associated maintenance
activities. For a given damage component more than one activity may be
applicable, as with cracking (where both crack filling and sealing are
reasonable actions). On the other hand, for a given maintenance activity
more than one damage component may be repaired; skin patching, for in-
stance, may correct both roughness and cracking.

The relationship between damage components and relevant maintenance
activities may therefore be represented conceptually as in Figure 36 .
The shaded areas indicate the potential remedial effects of each activi-
ty. Note that mincor damage will almost always be repaired by activities
designed to correct the more severe deficiencies that occur in the same
areas. For example, skin patching will normally obviate the need for
separate crack filling operations because the applied tack coat and pre-
paratory work will seal the cracks prior to laying the patch. Also, the
patch itself will assist in sealing the cracks.

Further note that the activities are not themselves mutually exclu-
sive. For example, the deep patch and base repair activity may occur in
conjunction with skin patching when surface deformations are present due
to base failure. Pothole patching may occur in conjunction with any of

the other activities.

These types of considerations are not a problem in field performance
of maintenance, where visual inspections determine the type, extent, and
likely causes of damage at a pavement location, and result in the schedul-
ing of appropriate corrective actions. In representing mainterance with-
in a conceptual model, however, the relationship between specific types of
damage and relevant maintenance or betterment activities needs to be for-
walized by a well-defined set of rules.

One reason for this need is that pavement condition canm only be pre-
dicted in an average sense over some length of road segment. Quantities
of each component of damage are estimated in proportion to total pavement
area as described in Chapter 3, but in no sense are the models precise e-
nough to predict combinations of distress mechanisms at a particular road-
way location. Thus, although the EAROMAR system may estimate, for example,
both cracking and surface deformations, one does not have the capability
of investigating what proportions of these distress manifestations occur
together within a localized area, and are therefore likely attributable
to a single cause (e.g., base failure). The most one can say is that both
cracking and deformations are indicated by the models, and each wmust be re-
paired by an appropriate maintenance activity. This line of thought ar-
gues for a well-defined correspondence between the several activities to
be simulated and respective damage components.

A second reason for more direct damage-activity relationships is that
a conceptual model requires a clear definition of what activities to assign
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in repairing simulated damage or distress. Referring to our discussions
above, we may target both crack filling and sealing to the repair of cracks,
depending on their extent. I1f severe cracking occurred, we would then want
to simulate the sealing activity, but we would alse want to suppress crack
filling, which would now be redundant. On the other hand, if the cracking
vere not -extensive, we would want to model crack filling only, foregoing
the sealing until the pavement condition warranted this more intensive op-
eration. Note that specifications of combinations of crack filling and
sealing would be difficult to model, since we are again dealing with aver-
ape predictions of damage within a roadway section, and one cannot say what
proportions of cracking would be suitable for sealing versus crack filling.
These arguments therefore call for a more formal hierarchy awmong the sev-
eral activities to be simulated.

Activity Precedence. The needs of both a hierarchy among flexible
pavement activities and a clear~cut correspondence between activities and
damage components in the EAROMAR analysis may be satisfied by the entries
in Table 28 . Table 28 represents a formalization for modeling purposes
of the ideas introduced in Figure 36 . The P's denote the primary damage
component which the activity is intended to correct. The X's denote other
components which will also be corrected within the roadway area in which
primary work is performed. The order of activities listed demotes a hier-
archy of corrective actions. '

These activities are processed beginning with the more intensive ac-
tions and proceeding toward the least; i.e., from the bottom of the list
upward. For a given damage component, any portion of that damage corrected
by an intensive action will correspondingly reduce the level of effort re-
quired for less intensive operations. In evaluating the combined benefi-
cial effects of several maintenance activities at a given location and time,
it will be assumed, first, that quantities of damage components represent
averages over each section; and second, that certain damage components may
be associated with one another.

Treatment Within EAROMAR. Let us consider an example of how mainten-
ance activities are simulated under this approach. Table 29 presents
data for a one-mile roadway section exhibiting several modes of distress.
The percentages at the right indicate the relative areas of the two-lane
pavement surface subject to the respective damage components (again, av-
erage values over both lanes throughout the one-mile length). From Chap-
ter 3, roughness is assumed to exist uniformly over the entire pavement
surface. Rutting 1is assumed to occur within wheel tracks three feet (0.9m)
wide (resulting in the estimated 7,000 sy for the two-lane, one-mile length).
A base failure is taken as 12 ft. x 12 ft., or 16 sy (13.4 sm). Potholes
are assumed to be 4 sf (0.35 sm) 1n area. The quantity of each damage com-
ponent reparied will depend upon the particular maintenance strategy adopt-

.ea'*
* For simplicity, we have shown cracking in an areal sense only. If lineal

cracking is present also, it will be repaired to the same proportion that a-
real cracking is filled or sealed in each of the examples below.
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TABLE 28

RELATIONSHIP OF ACTIVITIES TO
FLEXIBLE PAVEMENT DAMAGE COMPONENTS

P AVEMENT DAMAGE COMPONENT

Rutting or Longitu-
Maintenance Lineal Areal Transverse dinal Shoulder Base
Activity Cracking Cracking Roughness Potholes Roughness Distress Failure
Crack
Filling P X
Seal Coat X P
Pothole
Repair X X P
Skin
Patch X P X X
Deep Patch
and Base
Repair X X X X P
Overlay X X X X P X



TABLE 29

EXAMPLE OF FLEXIBLE PAVEMENT MAINTENANCE SIMULATION

PAVEMENT DESCRIPTION {

Flexible surface, 2-lane section
one mile long; total surface area
= 14,000 sq. yds.= 11,800 sm

Damage Component

Severity

Pavement Area
Affected

Roughness
Rutting
Potholes
Cracking

Base Failure

120 in./mile
(1,900 mm/km)
0.75 in.

" (1.9 cm)

5 per lane-mile

12,600 sf/lane-mile
(2,340 sm)
3 per lane-mile

100% or 14,000 sy
(11,800 sm)

.50% or 7,000 sy
(5,900 sm)

n 0% or 4.4 sy

(3.7 sm)

20% or 2,800 sy
(2,340 sm)

0.7% or 96 sy
(80 sm)
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FIGURE 37

EXAMPLES OF DIFFERENT MAINTENANCE OPTIONS

TO REPAIR PAVEMENT IN TABLE 29
OPTION 1: Overlay 100% of pavement area

Damage Component Severity and Area

Roughness* 120 in/mile over 14,000 sy
{1,900 mm/km over 11,800 sm)
Rutting 0.75 in over 7,000 sy
(1.9 cm over 5,900 sm)
Potholes 5 per lane mile
' =40 sf =4.4 sy = 3.7 sm
Cracking 12,600 sf/lane-mile

= 2,800 sy = 2,340 sm
Base Faijlure 3 per lane mile

OPTION 2:
cracking

Damage Component Severity and Area

Roughness 120 in./mile over 14,000 sy
(1,900 mm/km over 11,800 sm)
Rutting 0.75 in. over 7,000 s
(1.9 cm over 5,900 sm{
Potholes 5 per lane-mile,
= 40 sf or 4.4 sy = 3.7 sm
Cracking 12,600 sf/lane-mile

= 2,800 sy = 2,340 sm
Base Failure* 3 per lane-mile

(continued next page)

* Primary damage component for this activity
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Repaired Condition

51 in/mile over 14,000 sy
(810 mm/km over 11,800 sm)

0 in over 7,000 sy
{0 cm over 5,900 sm)

6

0

Repair all base failures; place skin patches to correct 50% of

Repaired Condition

120 in./mile over
14,000 sy {1,900 mm/km
over 11,800 sm)

same
0 per lane-mile
12,150 sf/lane-mile

= 2,700 sy = 2,260 sm

0 per lane-mile



(Continued)
FIGURE 37 EXAMPLES OF DIFFERENT MAINTENANCE OPTIONS
TO REPAIR PAVEMENT IN TABLE 29

Damage Component Severity and Area Repaired Condition

B. Effects of skin patching

Roughness - 120 in./mi. over 14,000 sy 113 in./mi. over
(1,900 mm over 11,800 sm) 14,000 sy (1,795 mm/km)
Rutting - 0.75 in. over 7,000 sy 0.61 in. over 7,000 sy
(1.9 cm over 5,900 sm) (1.5 cm over 5,900 sm)
Potholes 0 per lane-mile Same '
Cracking* 12,150 sf/lane-mile 6,075 sf/lane-mile
.= 2,700 sy = 2,260 sm = 1,350 sy = 1,130 sm
Base Failure 0 per lane-mile" Same

OPTION 3: Repair all base failures and potholes; fill 75% of visible cracks

A. Effects of base repair

Roughness 120 in./mi. over 14,000 sy 120 in./mile over
{1,900 mm/km over 11,800 sm) 14,000 sy (1,900 mm/km
over 11,800 sm)

Rutting : 0.75 in. over 7,000 sy Same
: (1.9 cm over 5,900 sm)
Potholes 5 per lane-mile, 0 per lane-mile
= 40 sg = 4.4 sy = 3.7 sm
Cracking 12,600 sf/lane-mile 12,150 sf/1ane-mile
= 2,800 sy = 2,340 sm = 2,700 sy = 2,260 sm
Base Failure* 3 per lane-mile 0 per lane-mile

{continued next page)

*Primary damage component for this activity
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(Continued) ‘ ‘
FIGURE 37 EXAMPLES OF DIFFERENT MAINTENANCE OPTIONS
TO REPAIR PAVEMENT IN TABLE 29

Damage Component Severity and Area Repaired Condition

8. Effects of potholes repair

Roughness 120 in/mile over 14,000 sy Same .
(1,900 mm/km over 11,800 sm)
- Rutting | 0.75 in. over 7,000 sy Same
(1.9 cm over 5,900 sm)
Potholes* 0 per lane-mile Same
Cracking 3,038 sf/lane-mile Same

= 675 sy = 565 sm

Base Failure | 0 per lane-mile

C. Effects of crack filling

Roughness 120 in/mile over 14,000 sy Same
{1,900 mm/km over 11,800 sm)
Rutting : ' 0.75 in. over 7,000 sy Same
(1.9 cm over 5,900 sm)
Potholes 0 sf/lane-mile Same
Cracking* 12,150 sf/lane-mile 3,038 sf/Tane-mile

= 2,700 sy = 2,260 sm 675 sy = 565 sm

Base Failure | 0 per lane-mile Same

*Primary damage component for this activity
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There are a number of maintenance or rehabilitation options avail-
able, depending upon management decisions as to what activities should
be undertaken, and the thresholds at which each activity will be perform
ed. Translation of these policy issues into user-defined activity spe-
cifications within the EAROMAR system will be described later. For the
time being, assume that the user wishes to test three alternative policy
options, described qualitatively in Figure 37.

For each option, EAROMAR must evaluate the total range of activi-
ties specified, selecting first the most intensive action (i.e., the
one farthest down on the activity list in Table 28 ). It will then
identify the primary damage component for that activity (i.e., the com—
ponent denoted by P in Table 28 ), retrieve the total quantity of damage
present, and compute the portion of the primary damage to be corrected
by that activity. The repair of the primary damage component will occur
over a certaln area of roadway; if any other damage modes occur within
that area, and if they are also corrected by the activity (i.e., 1if they
are denoted by X in Table 28 ), they will likewise be simulated as being
repaired. The system will repeat the process for each succeeding acti-
vity (moving up the activity list in Table 28 ) until all speciflcations
within the maintenance policy have been satisfied.

Consider Option 1 in Figure 37 , calling for an overlay over the
entire roadway section. From Table 28 , an overlay is the most inten-
sive maintenance or rehabilitation activity listed, in that it corrects
all surface deficiencies. The extent of overlay is specified in the pro-
ject description; usually it includes all roadway lanes. The net effect
is that the entire roadway section will be overlaid, and all damage compo-
nents will be repaired over their entire areas. This outcome is indicated
under Option 1 in Figure 37. The roughness level of 51 in./mile (810 mm/lm)
is assumed to be the minimum achievable under current comnstruction methods. \

Opticn 2 is a more limited policy Involving base repair and skin
patching. Base repair is evaluated first in the activity hierarchy. 1Its
primary damage component is base failure, of which 96 sy (80 sm) are now
Present in the example roadway section (3 base failure/lane x 2 lanes x
16 sy or 13.4 sm per failure.) The activity specifications under Option 2
call for all Fase failures- to be repaired; therefore 96 sy (80 sm) of the
pavement surface will be subjected to this activity. At the same time, deep
patching will correct any localized roughness, potholes, or cracking; there-
fore, each of tnese distress modes will also be corrected to a2 maximum extent
of 96 sy (BO sm). The damaged areas prior to the deep patch activity, and
the respective amounts remaining following repair, are summarized under "A"
in Option 2 in Figure 37,

The quantities shown in the '"repaired condition" column under Option
2-A are computed as follows. First, the primary damage component 15 con-
sidered; since all base failures (totaling 96 sy or B0 sm) were repaired,
there are no remaining base failures -- zero (0) per lane-mile is indicated.
Potholes and cracking are assumed to have existed within the zones of base
failure, and therefore to be repaired within the pavement area encompassed
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by deep patching. Of the 4.4 sy (3.7 sm) of potholes initially simulated,
all are repaired, since 4.4 sy < 96 sy (3.7 xm < 80 sm). An analogous
calculation holds for cracking; only now, not all cracking is repaired,
since the area of cracking ‘is greater than the pavement area repaired. The
calculation of cracked area remaining is as follows:

96 sy repaired x 2,800 sy = 2,700 sy
2800 sy existing

1l -

80 sm repaired
1 - 3340 sm existing X 2340 sm = 2260 sm. (173)

~ The roughness measure is in inches per nmile (mm/km); it is assumed to be
corrected in proportion to the percent of total pavement area repaired by

- the activity. 1In this case, the ratio (96 sy repaired/14000 sy total pave-
ment area; 80 sm repaired/llBOO sm total pavement area) is negligidble, and
roughness remains at 120 in/mile (1900 mm/km).

- The second activity under Option 2 is to patch the pavement to repair
50 percent of the cracking. 'The calculations are summarized in Option 2-B
in Figure 37. For the primary distress mode of cracking, the area to be
patched 1s 1350 sy (1130 sm) -~ one-half of 2700 sy (2260 sm). Other damage
modes affected by patching are ructing and roughness. Roughness shows
improvement as a function of the area patched:

1 - -l%g——ggg— X' (120 - 51) + 51 = 113 in/mile

1130 sm .
1 - 71800 sg~ X (1900 - 810) + 810 = 1795 mm/km, (174)

For rutting we assume that patching one-half the area of ruts is equiva-
lent to reducing the mean rut depth by one-half. (This assumption follows
from our statement earlier that we can consider only average conditions
within a roadway section.) The improvement in rutting due to'patching is

calculated as follows:

1 - ;gggossy X 0.75 in = 0.61 in

_ 1130 sm X 1.9 cm = 1.5 cm, (175)
5900 sm
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The final road condition resulting from this maintenance pelicy op-
ticn is shown in the rightmost column under Qption 2-B., Not surprising-
ly, the pavement is improved to a lesser degree than that achieved by
the overlay in Option 1. Base failures and cracking are substantially
improved due to the particular activites. performed; other manifestations
of distress are only moderately or marginally corrected. ‘

To give some further examples of this approach, Option 3 in Figure
37 denotes a maintenance policy comprising base repairs, patching of
all potholes, and filling 75%Z of visible cracks {which could be inter-
preted as filling of all cracks greater than some minimum width). . The
incremental effects of each activity performed in sequence is given un-
der A, B, and C respectively in Option 3. Note from the final rocad con-
dition that this policy could be considered less intensive than Option
2: while base failures and potholes are completely repaired, the crack
filling under Option 3 did not gain the benefits of the skin patching
in Option 2, in terms of correcting cracking, ruts, and roughness.

Many other maintenance options could of course have been conceived
in Figure 37, However, our purpose was not to demonstrate maintenance
policy (the full range of maintenance policies in EAROMAR will be de-
scribed in the section on Quality Standards); but rather, to demonstrate
how the interactions among flexible pavement activities in Figure 36
can be accommodated within a conceptual medel. Within the EAROMAR ana-
lysis we have formalized these interactions by first defining the speci-
fic damage modes for which each activity is relevant; and second, list-
ing activities in the order in which they are to be processed. Table 28
defines both of these relationships. The implementation of this approach
(as illustrated in Figure 37 ) simplifies reality to some degree, as in
the adoption of average damage measures throughout roadway section length,
and the associations among several damage modes (e.g., base failure,
cracking, and potholes). Nevertheless, if these abstractions are borne
in mind when defining maintenance policy, the simulation of flexible
pavement maintenance can well represent realistic road situationms.
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RIGID PAVEMENTS

Rigid pavement activities to be modeled include crack filling, patch-
ing, joint filler replacement, slab teplacement, and mudjacking, in addi-

tion to overlays.

Technical Review. Guidelines on the applications of each of these
activities are as follows: :

1. Crack filling is applicable where transverse, corner, longitudinal
and diagonal cracking occur, but with no surface deformation present.

2. Patching corrects localized roughness or deterioration due to
faulting or spalling.

3. Joint filler replacement may be required where existing filler has
been stripped or no longer functions as an effective seal.

4. Slab replacement may be necessary where faulting and corner crack-
ing cannot be remedied by surface patching or where blowups or D-crack-
ing occur. In general, slab replacement 1s necessary when structural
adequacy cannot be maintained by less expensive methods.

5. Mudjacking is undertaken to correct excessive faulting and pumping
of the slab. ‘ ‘

Table 30 summarizes these relationships between damage components and
appropriate maintenance activities. Examples from three states of the
standards governing the mudjacking activity are shown in Table 31.

Technology. The question of when certain activities are appropriate
is usually a matter for field inspection and judgement, and often depends
upon the practice of a particular state., The scale of technology that can
be successfully employed is also dictated by the often localized nature of
rigid pavement damage, occurring at slab boundaries or cracks. .

For example, crack filling and joint seal replacement are activities
which must be conducted using hand labor. Neither lend themselves to fully
automated or large-scale operations such as surface sealing of extensive

areas of pavement.

Patching of faulted and spalled slabs can be done either in small areas
by hand or, where extensive areas of damage exist, by machine laying and
finishing. Indications of blowups, D-cracking and pumping necessitate full-
depth slab repairs (or mudjacking in the case of pumping) that are indepen-
dent of other structural maintenance. Where extensive areas of surface
roughness occur, and where spot-patches may have been placed previously,
it may be appropriate to overlay the entire pavement. No universally accepted
point at vhich an overlay 1is desirable appears to be available. However,
considerations of rideability, indicated (for example) by a PSI of 2.5,

have been used.
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TABLE 30

COMPARISON OF DAMAGE AND APPROPRIATE
MAINTENANCE ACTIVITIES '
RIGID PAVEMENT

TYPE OF MAINTENANCE ACTIVITIES DAMAGE COMPONENT
DEFECT DESCRIPTION DESCRIPTION
Surface Crack filling Various forms of slab

cracking but no signi-
ficant deformation or
settlement. Includes the
following: '

Transverse cracking
Corner cracking
Longitudinal cracking
Diagonal cracking

Patching Surface deterioration
but with minimal deforma<q
tion including:

Faulting

Spalling
Joint replacement Joint filler stripping
Overlay A1l of the above and 'D'

cracking, below.

Full depth Slab replacement | Blowups
'D' cracking
Corner cracking

Mudjacking ‘ Pumping
(May also necess- Faulting
jtate crack filling,
patching and joint
replacement at the
same site)
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TABLE 31

COMPARISON BETWEEN STATE PERFORMANCE STANDARDS - MUDJACKING

STATE
ITEM ILLINOIS NEW YORK CALIFORNIA
Activity N: 414 c-1 02-511
Activity name Mudjacking Lime jécking rigid Mudjacking

pavement

Description/
Damage Condtion/
Maintenance level

To fill cavities under
the pavement and to lift
areas of the pavement
that have settled in
order to eliminate dips
and bring the pavement
‘up to proper grade. To
eliminate cavities and
deter further erosion
under culvert aprons,
paved ditch and slope
walls. Continued ero-
sions may result in the
complete loss of these
facilities.

Lime jacking rigid pave-
ment is the restoring of
cement concrete pavement
to the original line and
grade where slabs have
settled, by forcing a
slurry of portland cement
and ground limestone
through holes in the slabs
with a mud jack. It is to
be done according to Qual-
ity Guideline, Sec. 1.350.

Roadbed deficiencies which
immediately affect safety,
riding quality, and capi-
tal investment, such as
excessive bridge approach

.slab settlement and abrupt

vertical variations should
be given first priority in
roadbed maintenance. lhen
surface deviations exceed
1/2 inch between adjacent
slabs. Corrections should
be scheduled.

Workload Rate

4 - 6 Cu. Yd. daily

40 holes per 8-hr. day

3.45 Sq. Yd. per Manhour




Treatment Within EAROMAR. The treatment of rigid pavement activities
within EAROMAR is analogous to that of flexible maintenance earlier.
Table 32 formalizes the hierarchy of rigid pavement activities and the
correspondence between activities and damage components repaired. The
simulation of these activities in sequence proceeds in much the same way
as described in the examples in Figure 37 for flexible pavements.

COMPOSITE PAVEMENTS

Maintenance activities for composite pavements include crack filling,
patching, sealing, and pothele repairs, in addition to overlays. Their
technical descriptions are similar to those given under flexible pavements
earlier. The correspondence between activities and damage components and
their order of simulation are given in Table 33.

Maintenance calculations for all pavements also require standardiza-

tion of the units of repair for each activity. Work units incorporated
within EAROMAR to measure repair quantities are listed in Table 34.
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TABLE 32

RELATIONSHIP OF ACTIVITIES TO
RIGID PAVEMENT DAMAGE COMPONENTS

PAVEMENT DAMAGE COMPONENT

Longitu- Joint
Maintenance Lineal Areal dinal Fault- Filler  Spaill- Blow- Pump- Shoulder
Activity Cracking Cracking Roughness ing Stripping - ing - ups ing -Distress
Crack
Filling P X
Patching P X X p
Joint Re-
placement P
Mudjacking X P P
Slab Re- ~
placement X X . P
Overlay X X X X X



-90¢-

TABLE 33

RELATIONSHIP OF ACTIVITIES TO
COMPOSITE PAVEMENT DAMAGE COMPONENTS

PAVEMENT DAMAGE COMPONENT

‘ : Longitu-

Maintenance Lineal Areal . ' dinal Shoulder
Activity Cracking Cracking Rutting Roughness Potholes  Distress
Crack

Filling P X
Sealing X P

Pothole

Repair X X P

Patching X P X X

Overilay X X X X X



PAVEMENT ACTIVITY WORK
TYPE UNIT
Crack Filling Lineal Feet
Patching Square Feet
FLEXIBLE Base Repair Number
Sealing Square Feet
Pothole Repair | Number
Crack Filling Lineal Feet
Patching Square Feet
RIGID Joint Repair Number
STab Repair Number
Mudjacking Number
Crack Filling Lineal Feet
Patching Square Feet
COMPOSITE Sealing Square Feet

Pothole Repair

Number

TABLE 34

-207=

ACTIVITY WORK UNITS




Quality Standards

GENERAL CONCEPT

The examples in Figure 37 1illustrate the effects of different main-
tenance policies on both the type and extent of remedial work.required
and the resulting condition of the pavement surface. Maintenance poli-
cies are expressed in EAROMAR through "quality standards” defining the
thresholds at which work should be performed and the portion of accumu-
lated damage to be repaired. Quality standards can be applied to con-
trol the timing and the intensity of pavement maintenance over the route
length, rendering the maintenance function sensitive to both the rates
of damage accumulation and the previous maintenance performed. As in-
struments of maintenance policy, quality standards are thus an integral
part of the demand~responsive approach to maintenance.

To visualize the application of quality standards, consider the
situation for ome mode of pavement damage and one maintenance activity
-~ say, lineal cracking and crack filling, respectively -- in Figure 38 .
The top curve, Figure 38 A, represents the accumulation of lineal crack~
ing over time (as a function of cumulative traffic loadings) in the ab-
-sence of any maintenance. Figure 38 B shows the effects of two alter-
.native quality standards, .Q; and Qp, on the levels of cracking observed
over time. It is assumed here that in each case all cracking exhibited
is fully corrected. A more general situation, however, is that at any
~given time only a portion of the total cracking on the roadway is re-
paired through maintenance. Figure 38 C illustrates two different ap-
plications for a given threshold Q: one results in relatively frequent
but minor repair Rj, while the other undertakes less frequent but major
repair Ry. Note that neither Rj nor Ry are sufficient to fill all cracks
on the roadway. Several comments are worthy of note

First consider the effects of two alternative standards Q1 and Q,
in Figure 38 B: The different quality standards result (not unexpect-
edly) in two different tremnds in cracking observed over time. If we
adopt a simple time average for illustration, the higher quality stan-
dard Ql results in a better‘(i.e., lower) average level of cracking Cj.

Second, the frequency of crack filling under Qi is greater than
that under Q, 1in that tj < tp. Influencing this result, however, is
the fact that we have assumed all cracks to be repaired under both Qi
and Q. The actual values of t will depend on the relative percentages
of cracks actually filled under each standard (as will be discussed for
Figure 38C below). Nevertheless, it is correct to say that for a given
deterioration curve (Figure 38A), specifying the quality standard is
.equivalent to establishing some implicit frequency of maintenance.

Third, it is useful to define a quality standard using a unit of
measure commensurate with that of the corresponding damage mode. In
Chapter 3 predictions of lineal cracking were expressed in units of
1f per lane mile. The threshold at which crack filling commences would
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therefore likely be some level of total lineal cracking observed, also
in 1f per lane mile or some index derived from this measure. This cor-
respondence between the gquality standard and the unit of pavement damage
is shown clearly on the ordinate in Figureig B.

Finally, consider the mechanism available to control the extent
of repair R under a given threshold Q, as postulated in Figure 38 C.
The procedure is to restrict quality standards and associated main-
tenance actions to classes of damage most critical to road integrity
and performance. For example, one could specify that only those cracks
greater than a certain width be filled; the result is that less than
100Z of all cracks would be repaired. Furthermore, one could employ
this mechanism among several activities to simulate policies of de-
ferred maintenance, or of options between hand- vs. machine-operations
described earlier. Filling of cracks, say, could be confined to a
relatively small operation, with more extensive repairs accomplished
during pavement sealing. Qualifications of this type intentionally
limit the extent of repair R iIn comparison to the total damage accu-
mulated in the pavement.

The relationships in Figure 38 thus define an approach to pre~
dict maintenance work requirements as a function of both the condi-
ticn of the pavement and designated maintenance poliries. Moreover,
since the damage function in Figure 38 accomts fnr the quality of
both initial construction and of subsequent maintenance, rehabilita-
tion and reconstruction, broad maintenance-investment tradeoffs cam
alsoc be explicitly evaluated. The demand-responsive approach pictur-
ed ir Figure 38 is therefore fundamental to addressing the types of
strategic decisions inherent in establishing premium pavement warrants.

IMPLEMENTATION WITHIN EAROMAR

The implementation of maintenance quality standards within EARO-
MAR is accomplished by a series of statements constructed as shown
in Figure 39 . Statements of this type may be defined by the user
for each combination of maintenance activity and its correspbnding
primary damage component in Tables 28 , 32 |, or 33 . These state-
ments, in turn, may be aggregated among all relevant activities into
what are termed maintenance policies. More will be said about poli-
cies shortly; first, let us review in detail the elements of the qual-
ity standard presented in Figure 39,

The first two elements define the pavement type and maintenance
activity for which the standard is applicable. "Pavement type" is
required for two reasons. First, it is conceivable that the route un-
der study exhibits different pavement surfaces, either over its length
or among different roadways. Second, in such a case it may be desir-
able to specify two different standards for (essentially) the same
activity on the two different surfaces. Inclusion of "pavement types"
with the "activity" identification makes it possible, for instance,
to define separate "flexible pavement crack filling" and "rigid pavement
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...identifies surface type for ..Qpercent of damage

- — | those activities applicable to T |to be repaired
: more than one pavement : :
l: :
| PAVEMENT | . :
TYPE \ r-ACTIVITY 1 L-VALUE | r-EXPRESSION

|

|

: : ...maintenance activity

L —{(e.g., crack filling, patching,
slab repair, sealing, etc.)

FIGURE 39

TYPICAL CONSTRUCTION OF A QUALITY STANDARD

...Boolean expression de-
fining the threshold at
which the activity is to
be performed
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crack filling" standards within the same maintenance policy.

The "percent of damage repaired" is the numerical representation
of the magnitude of repair R in Figure 38, This value is interpreted
as the percentage of total (primary) damage to be corrected bv that
maintenance activity. As discussed in relation to both Figure 38 and
Figure 37 earlier, from a value of less than one hundred per cent one
would infer that only the more severe manifestations of damage are to
be remedied (e.g., only cracks greater than a certain width are to be
filled, or cracking greater than a certain area sealed). However, it is
important to note that since the EAROMAR simulation treats only the mean
damage components over a roadway section, this implication is not address-—
ed explicitly within the analysis.

The final element in Figure 39 is an expression that corresponds
to the quality standard threshold Q in Figure 38 . The point at which
a manager feels it prudent to undertake a particular maintenance ac~-
tivity is not always simple to define. It may depend, for instance,
on the accumulation of some minimum amount of damage, or on s pavement
index falling below some acceptable value. On the other hand, for rea-
sons of scheduling and logistical efficiency, a manager may wish to
specify directly the frequency of maintenance performance, based on
hie knowledge of the rate of damage accumulation. TFurthermore, & mana-
ger may at the same time wish to control the timing of maintenance for
reasons of work quality.* For instance, he may specify that crack
filling be done in fall and early winter when the cracks have opened
in width.

All of these factors can be incorporated precisely and succinctly
within logical statements called Boolean expressions. A Boolean ex-
pression is a statement that can be evaluated to a TRUE or FALSE result.
A Boolean expression may be simple, containing only one component yield-
ing TRUE or FALSE; or, it may be complex, containing multiple components
each of which can be evaluated as TRUE or FALSE.” In the latter case,
the compeonents of the statement are conmected to each other using one
of three logical operators: NOT, AND, and OR (evaluated in that order).
The expression components yielding TRUE or FALSE may be of two types:
(1) a comparison of a keyword with some constant, and (2} a predicate
keyword followed by an argument list.

* Maintenance may also be scheduled for reasons of resource availabi-
lity and minimization of traffic interference, as will be described

in section 4.3 Within EAROMAR, both of these scheduling capabilities
are provided as separate and independent controls for use by the man-

ager.
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Logical Comparisons. A logical comparison takes the following form:

keywond operaton constant (176)

where: keywond  is one of a set of reserved words with-
in the EAROMAR system, identifying:

(1) 1individual damage components,

(2) pavement PSI,

(3) the time since this activity
wag last performed, or

(4) the current roadway traffic vol-
ume in AADT. |

operaton 1is one of a set of six comparison opera-

tors:
(1) EQ - equal to
(2) NE - not equal to
(3) GT - greater than
(4) LT -~ less than
(5) GE - greater than or equal to
(6) LE - 1less than or equal to
and constant 1s a constant value specified by the user,

consistent in meaning and units of mea-
sure with the keyword.

The complete set of comparison keywords is listed in Table 35 . Let us
consider some examples of their use.

The unit of measure of lineal cracking is 1f per lane-mile. Sup-
pose a manager wished to commence crack filling when 5000 1f/lane-mile
appeared in a pavement. Within his quality standard for the crack
filling activity, them, he would include the following expression:

LCRACKS GE 5000 - (177)

So long as average cracking in the pavement remained below 5000 1£/lane-
mile, the Boolean expression (177 ) would be evaluated as FALSE, and

the crack filling activity would not be executed. However, as soon as
lineal cracking exceeded the 5000 1f/lane-mile threshold specified by
the user, crack filling would be simulated, subject to the scheduling
constraints in section 4.3,

As an alternative, suppose the manager now wished to set a policy
for crack filling not as a function of the actual amount of damage in
the pavement, but rather on a periodic basis -- say, every two years.
The governing expression would then be as follows:
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TABLE 35

LIST OF COMPARISON KEYWORDS

AADT
INTERVAL
PSI
LCRACKS
ACRACKS
RUTS
POTHOLES
ROUGHNESS
FAULTS
JOINTS
SPALLS
BLOWUPS
PUMP ING
SHOULDER
BASE-FATLURE
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INTERVAL GE 2 / . (178)

The "GE" operator is used here instead of the "EQ" operator denoting
strict equality, since scheduling constraints (section 4.3) or (more
generally) other components of a complex Boolean expression may pre-
clude work from being performed exactly two years after the previous
accomplishment of this activity. Use of the less restrictive "GE"
comparison allows the manager's intent (to perform crack filling at
two-year intervals) to be fulfilled as soon as possible, but is flex-
ible enough to allow for any potential delays due to scheduling con-
straints or other influences.

In moving to complex expressions we must first define how the
logical operators NOT, AND, and OR are interpreted. " NOT changes the
' logical meaning of the expression it precedes. If [ Expression ] =.
TRUE, then NOT [ Expression ] = FALSE and vice versa. AND is a comn-.
junction joining two expressions; if both expressions are TRUE, the
result 1is TRUE. Otherwise, the result is FALSE. OR is.also a con-
junction joining two expressions; however, for the result to be TRUE,
at least one of the expressions must be TRUE. If both expressions
are FALSE, the result is FALSE. These rules are summarized in more
concise notation inm Figure 40.

Note that the regular order of priority among these operators is
NOT, AND, then OR. That is, all factors modified by NOT will be eval-
uated first; then all expressions joined by AND; finally, the remain-
ing expressions joined by OR. This order of precedence may, however,
be modified by parentheses, as illustrated by the fifth example for
AND and OR respectively.

Consider the following complex expressions:

(LCRACKS GE 5000 OR PSI LT 3.5) AND INTERVAL GE 2 .. (179)
NOT(LCRACKS LT 5000 AND PSI GE 3.5) AND INTERVAL GE 2 (180)

In both expressions parentheses are used to modify the order in which
the logical operators are evaluated. In ( 179), the parentheses cause
the two expressions joined by OR to be evaluated first; the result is
then combined with that of the INTERVAL term, according to the rules
of AND. The meaning of this expression (if assigned to a crack fill-
ing activity) is that crack filling will be performed if either the
extent of cracking exceeds 5000 1f/lane-mile or the PSI falls below
3.5, but in no case more frequently than every two years. (Note the
change in meaning ng 1f the parentheses are removed.)

Expression (180 ) is logically equivalent to ( 179). Within the
parentheses the sense of the comparisons have been reversed, and OR
replaced with AND. The parentheses cause the expressions joined by
AND to be evaluated first. The result is then modified by NOT, and
that result then evaluated together with the INTERVAL term. Although
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FIGURE 40

OPERATIONS INVOLVING
LOGICAL OPERATORS
NOT, AND and OR

Given: " [Expression One] , [E1] = TRUE (181)
And: [Expression Two] , [E2] =  FALSE (182)
Then: | [E1] AND [E2] = FALSE (183)

| [E1] AND NOT [E2] - TRUE | - (184)

NOT [E1] AND [E2] = FALSE ’(185)

NOT [E1] AND NOT [E2] = FALSE - (186)

NOT [ E1 AND E2 ] = TRUE - (187)

Also: [E1] OR [E2] = TRUE (188)
[E1] OR NOT [E2] = TRUE (189)

NOT [E1] OR [EZ2] = FALSE (190)

| NOT [E1] OR NOT [52]‘ = TRUE - 191)

NOT [El OR E2] = FALSE (192)
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(180) is a less intuitive rendition of (179), logicallv the two ex-
pressions say the same thing.

Predicate With Argpument List. The predicate with argument list
takes the following form:

predicate (£4s2) : (193)
where predicate = one of two reserved words with-
: in the EAROMAR system, ldentify-
ing:-

(1) a year within the analysis

period
(2) a season within the analysis
period
and £ist = a list of one or more values spe-

cified by the user, consistent in
meaning with the predicate.

This convention for the Boolean expression is used within EARQO-
MAR to identify specific seasons or years in which work should be per-

formed. Thus, for the example

YEAR ( 1980 1983 1989 1992 2000 ) (194 )

this expression would be evaluated as TRUE in the respective years
listed, and maintenance would be simulated (again subject to schedul-
ing constraints) only in those years shown. In all other years, (194)
would result in a FALSE evaluation. Of course, the years listed under
the YEAR keyword must fall within the analysis period defined in Chap-
ter 2 1f the expression is to be TRUE.

A similar approach applies to seasonal policy specificationé.
For instance, the expression

SEASON ( TFALL SPRING ) (195 )

would generate a requirement for maintenance in the fall and spring of
every year (unless modified by a YEAR expression), but at no other
time during the annual simulation. Again, the seasons listed must fall
within the set defined under general route characteristics in Chapter

2 1if the expression is to be TRUE,

Both season and year may be governed by a complex statement such
as the following:

SEASON ( FALL SPRING ) AND YEAR ( 1980 1983 1989 )
(196 )
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Also, where many contiguous years or seasons are to be referenced,
one may use a built-in "TO" convention, as in these expressions:

YEAR ( 1990 TO 1995 ) (197 )
SEASON ( SPRING TO FALL ) (198 )

Expression (197 ) assigns a TRUE value to each of the six years 1990,
- 1991, 1992, 1993, 1994 and 1995, while ( 198) results in a TRUE value
during spring, summer, and fall (assuming this was the sequence of
seasons defined in the initial route characteristics).

Predicates with argument lists may be used in conjunction with
logical comparisons, with all expressions joined by AND or OR or modi-
fied by NOT as described earlier. For example, a reasonable expression

would be:

(PSI LT 3.0 OR INTERVAL GE 5 )
AND NOT YEAR ( 1995 TO 2000 )
' (199 )

If this expression applied to the e¢rack filling activity, work would
commence when the PSI fell below 3.0 or when at least five years had
passed since cracks were last filled. 1In no case, however, would cracks
be filled from year 1995 to 2000, (Perhaps an overlay is scheduled in
year 2000, and maintenance work becomes uneconomical as that time ap-
proaches).

Default Value for Expressions. The Boolean expressions are use-
ful for controlling the threshold at which work commences under a
maintenance activity. Where no expression is entered in the quality
standard, the implication is that the activity 1s always performed if
any primary damage is present.* Within the simulation the maintenance
activity will thus respond to existing primary damage in all seasons
of all years, so long as the governing policy remains in effect (see
next section). An equivalent procedure is to enter the keyword ALWAYS
in lieu of a Boolean expression; this keyword has a perpetual value
of TRUE and would therefore be processed in the same way as the de-
fault expression value.

ASSEMBLING STANDARDS WITHIN POLICIES

The preceding sections have described the mechanisms of construct-
ing quality standards for individual maintenance activities within
EAROMAR. When taken collectively, however, quality standards among

* If no work at all is to be performed under a given maintenance acti-
vity, the activity should be excluded from the definition of the main-
tenance poliey. Refer to the next section.
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all activities must embody an integrated approach to the role of main-
tenance in fulfilling pavement serviceability requirements. 7To con-
sider the objectives of EAROMAR specifically, the evaluatrion of pre-
mium pavement investments against competing maintenance alternatives
requires a systematic treatment of the total pavement maintenance ef-

foret.

. For these reasons, quality standards are organized within what are
termed "maintenance policies" within EAROMAR. Each policy consists of
a complete set of standards, one standard for each combination of pave-
ment surface type and maintenance activity relevant to the study. Only
those activities included within an active policy will be simulated
within EAROMAR; activities excluded from policies are not executed.

An example of a policy specification encompassing three pavement
types 1is shown in Figure 41. No special constraints govern the or-
ganization of a policy. However, from our -discussions above it is re-
commended that each policy represent some readily identifiable charac-
teristic or approach distinguishing it from altermative policies. For
example, separate policies can be defined to represent, respectively,
a high level and a low level of maintenance. Or, a given policy may
‘be based on a preventive maintenance approach, while another may be
oriented more toward deferred maintenance concepts.

Each policy is denoted by an identifier which enables it to be
referenced in the specification of strategies described in Chapter
2. Thus, over the length of the route different policies may be ac-
 tive at the same time. Also, at a given route location policies may
be varied over time. This dynamic character of the maintenance pol-
icies, coupled with the flexibility afforded the user in defining
component quality standards, provides a versatile management instru-
ment to replicate existing situations in various states and to test
new maintenance strategies.
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POLICY DECISION-1

FLEXIBLE CRACK-FILLING 50 LCRACKS GT 500

RIGID CRACK-FILLING 100 LCRACKS GT 1000

FLEXIBLE PATCHING 100 INTERVAt GE 2 AND RUTS GT 0.5
RIGID PATCHING 100 INTERVAL GE 3

COMPOSITE PATCHING 100 INTERVAL GE 4

BASE—ﬁEPAIR 100 ALWAYS

FLEXIBLE SEALING 100 ACRACKS ET 10000 OR AADT GT 40000
JOINT-REPAIR 100 INTERVAL GE 5

SLAB-REPAIR 100 BLOWUPS GE 1

MUDJACKING 75 PUMPING GE 10 AND INTERVAL GE 2
COMPOSITE POTHOLE-FILLING 100 POTHOLES GE 1
FLEXIBLE POTHOLE-FILLING 100 POTHOLES GE 1

END POLICY
FIGURE 41

EXAMPLE OF A POLICY SPECIFICATION ENCOMPASSING THREE PAVEMENT TYPES




4.3 MAINTENANCE SCHEDULING AND RESOURCLE CONSTRAINTS

Background

The prediction of maintenance requirements as a functien ef-
pavement condition and maintenance policy is a demand-side relation-
ship determining what work ought to be done. To fulfill these work
requirements, however, introduces a new set of management issues
associated with maintenance supply and the question of what work
can be done. Supply-side relationships consider the maintenance
technology proposed, associated resource requirements, and schedul—

ing of periods of road occupancy.

The implications of the supply-side analysis fall in two broad
areas. One is the consumption of scarce maintenance resources and
generation of costs. Maintenance cost considerations are particu-
larly important in a premium pavement analysis, where work require-
ments can be substantial (owing to heavy use of the route in ques-
tion) and where repalrs must often be accomplished rapidly and during
premium time to avoid severe congestion. The second is the interfer-
ence with the traffic stream occasioned by the workzone itself -~
another major planning consideration on heavily trafficked routes.
The degree of inconvenience and increased costs borne by motorists
will depend on the severity of the roadway closure for the mainten-
ance workzone and the hours of occupancy.

In this section we develop the fundamental relationships for
maintenance supply, looking at maintenance techriology and resocurce
consumption, work scheduling, and physical characteristics of road
closures. In section 4.4 we will relate technology and scheduling
to maintenance costs. Interactions between the workzone and the
traffic stream will be analyzed under the treatment of roadway capa-
city, congestion and queueing in Chapter 5.

Maintenance Technology

A maintenance technology determines what quantities of what re-
sources must be combined to complete an activity. However, just as
malntenance standards were seen earlier to vary from state to state
(e.g., Tables 24 through 26 ), so too do maintenance technologies.
Table 36, for instance, reports various mixes of labor, equipment
and materials from several states for hand-patching with premix. In
developing the EAROMAR system, we therefore felt that maintenance
technologies could not be assumed a priori within the model realation-
ships, but rather must be specified by a user, based upon local stan-

dards and practices.

The information needed to describe maintenance technclaogies is
very similar to that reported in Table 36 . Its definitiom and
treatment within the EAROMAR analysis 1s explained in the sections
below,
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STATE and ACTIVITY LABOR EQUIPMENT MATERIALS
ALABAMA 2 truck drivers 1 flat truck Premixed bituminous material
(Spot premix patgh- ; }?gggg: } gg?ppgzuck Liquid asphalt
ing, hand operation) 1 portable roller
DELAWARE 1 foreman 1 pickup Bituminous concrete
: . . 2 equipment op- 2 dumptrucks Tack
agzemzi-pa:SZLn%;av- erators 1 compressor Select borrow (if required)
o] wa )’ P 1 laborer 1 roller (steel)
Y 1 equipment op- 1 vibratory com-
erator pactor
1 equipment op- 1 cement saw (if
erator required)
1 laborer
I0WA 2 men 1 dumptruck Bituminous blade mix,
. 1 premix heater Commercial premix,
(Spall patching; ey
roadway surface) 1 tack tank Liquid tack
TABLE 36

(continued next page)

VARIOUS MIXES OF
LABOR, EQUIPMENT & MATERIALS FROM SEVERAL STATES
FOR HAND-PATCHING WITH PRE-MIX




(continued from previous page)
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STATE AND ACTIVITY LABOR EQUIPMENT MATERIALS
MINNESOTA 1 section truck 1 2% ton dual-sec- Tack and hot plant mix
(Skin patch) . driver-raker tion truck (haul Bituminous surface material
1 tack & raker hot mix) (fine mix)
1 pick-up driver 1 2% ton dual-sec-
and section tion truck
truck driver- 1 tack tank
shoveler 1 6-pack pickup

1 sweeper-shov-
eler and raker

/

VIRGINIA 1 foreman 2 2% ton trucks 13 to?s premix asphalt
. - 4 operators 1 roller 65 gallons RC2
gzrﬁm’x patch 2 maintenance 1 kettle Asphalt
g help
TABLE 36

VARIOUS MIXES OF
LABOR, EQUIPMENT & MATERIALS FROM SEVERAL STATES
FOR HAND-PATCHING WITH PRE-MIX -




RESOURCE CLASS

Maintenance resources are categorized within EAROMAR as either
labor, equipment, or materials. As seen from Table 36, however,
many different kinds of these factors of production are used even
within a single activity, and their combination varies from state
to state. For these reasons, labor, equipment, and materials are
disagpregated within EAROMAR. Each kind of resource, or each indi-
vidual factor of production, is termed a resource class.

The definition of resource classes is at the freedom of the
user, with no restrictions as to the type or number of classes.
For example, labor classes could comprise one item (e.g., mainten-
ance workers) or several, as indicated in Table 36 (e.g., foremen,
drivers, operators, laborers). Equipment classes could include,
for instance, dumptrucks, pickup trucks, trailers, signboards, as-
phalt kettles, pavers, and so forth. Materials could encompass any
item put in place or consumed during the maintenance process, such
as liquid asphalt, portland cement or bituminous concrete, aggregate,
grout, and the like. The only requirement (and a logical ome) is
that the list of resouce classes encompass all factors to be refer-
enced subsequently In descriptions of technelogies by activity.
This is not a restrictive requirement, since the user himself de-
fines the activity technologies as well. What is implied here, how-
ever, is that the user must make conscious decisions on the level of
detail to be represented in the technological descriptions, and then
provide consistent information throughout the input process.

Assoclated with each resource class are factor prices that will
be used in the computation of maintenance costs described in section
4.4, These unit costs should include all cost elements of work in
place to be attributed to the maintenance function: direct costs, as
well as Indirect costs assoclated with work performance. How these

costs are determined is again at the discretion of the user.

For example, if indirect labor costs for on-site foremen are
charged against the maintenance function within the user's organiza-
tion, then the costs of such supervision should be included in the
EAROMAR description. This can be done in different ways. A labor
class for supervisory personnel can be explicitly declared, and a
., wage rate attributed directly to it. Another option is not to iso-

- late supervisory personnel as a separate labor class, but rather to

apportion their expenses as an indirect cost burden on wages of di-
rect cost workers (resulting in a "loaded" wage rate). Similar ar-
guments hold for costs associated with payroll benefits, equipment
depreciation, and materials storage, among other such items.

 Wage Rates. Individual wage schedules are assigned for each
labor class. To allow for the possibility of maintenance work out-
side of normal working hours, wage schedules include adjustment fac-
tors for time of day worked and for separate weekday vs. weekend
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rates. The specification of wage rates is as follows.

Each labor class is assigned a base wage rate: the normal rate
which that class receives during "straight time'" work. The user
may then specify optional wage factors, applicable over some period
during either a weekday or weekend. The wage rate simulated for this
labor class will then be the product of the base rate and the adjust-~
ment factor, or:

Wagegh & Wagég * Factory, ‘ (200)

when WageLh is the hourly wage at which labor
class L will be simulated

Wageg is the base hourly wage for labor
class L

and Factory, 1s a multiplicative factor, a func-
tion of the type of day d (weekday
or weekend) and hour of day h

Table 37 illustrates the declaration of labor classes and as-
signment of wage schedules. From the hours of 9:00 a.m. through
5:00 p.m. in this example, all workers will receive their base rate:
$10.00/hour for foremen, $8.00/hour for drivers, and $5.00/hour for
workers. During other hours on weekdays all labor classes accrue
time-and-one-half wages. On weekends all labor c¢lasses are paid
double-time. Table 37 is merely an example of the types of wage
distinctions that can be made. The user is free to specify any
time distribution and wage adjustment factors that model correctly
his local situation,

Equipment and Materials Unit Costs. The unit costs of equip-
ment and materials are assumed to be constant by hour and day. Unit
operating costs in dollars per hour (including depreciation if ap~
propriate) are provided by the user for each equipment class listed.
Unit materials costs in dollars per uynit quantity are provided for
each materials class.* Table 38 gives some examples of equipment
class descriptions, while Table 39 illustrates the declaration of
materials classes and costs.

* The unit of quantity used for materials is arbitrary and at the con-
trol of the user. The only stipulation is that the user must remain
consistent between the unit chosen as the basis of cost, and the unit
specified in the maintenance technology in the following section. For
instance, if aggregate is to be measured in tons, then both the unit
costs and the rates of resource consumption in the maintenance tech-
nology must be based on tons. If the unit of quantity is cubilc yards,
both must be based on cubilc yards. This stipulation applies to all

- materials classes. '
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LABOR ADJUSTHENTS
‘ BASE RATE .
CLASSIFICATION Period Factor
Day-Hour acto
Weekday
2400 - 0800 1.5
0800 - 1600 1.0
Horkers $5.00 1600 - 2400 1.5
Weekend
2400 - 2400 2.0
Weekday
2400 - 0800 1.5
Drivers $8.00 0800 - 1600 1.0
' 1600 - 2400 1.5
Weekend
2400 - 2400 2.0
Yeekday
2400 - 0300 1.5
Foremen $10.00 0800 - 1600 1.0
1600 - 2400 1.5
Weekend
2400 - 2400 2.0
TABLE 37

DECLARATION OF

LABOR CLASSES & ASSIGNMENT OF WAGE SCHEDULES
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EQUIPMENT O
o
Dumptrucks $100
Kettie 10
Router 15
Compressor 15
Pickup 25
Loader 50
Roller 75
Chip-Spreader 100
Broom 35
Tamper 10
Backhoe 35
Distributor 100
Paver 100
Concrete-Saw 25
Water-Tank 10
Applicator 5
Mudjacker 100
Vibrator 5
TABLE 38
EXAMPLES OF

EQUIPMENT CLASS DESCRIPTIONS
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MATERIALS COST per UNIT QTY.
ﬁ.
‘LIQUID-ASPH $50.00 / GAL
ASPH-EMULSION - 50.00 / GAL
CHIPS 50.00 / TON
BIT-CONC 50.00 / TON
GRAVEL 1.00 / TON
PC-CONCRETE 25,00 / CY
SEALANT ~ 50.00 / GAL
MESH 0.50 / SF
EPOXY-ADDITIVE 75.00 / GAL
CURING-COMPOUND 10.00 / GAL
DIRT 0.50 / cCY
CEMENT - 3.00 / SACK
WATER 0.0005 / GAL
TABLE 39

DECLARATION OF
MATERIALS CLASSES AND COSTS
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RESOURCE CONSUMPTION AND WORK PRODUCTION

A maintenance technology 15 nothing more than a methoé or pro-
cess by which work is accomplished. 1In describing a method for each
activity within EAROMAR, we wish to focus on both the input and the
output sides of this process. Inputs are measured by resources con-
sumed, while outputs are characterized by rate of work production.

In developing descriptions of the methods, users may address
several issues: for example, (1) choices between labor-intemsive vs.
machine~intensive methods discussed earlier in sectiom 4.2; (2) la-
bor/machine ratios dictated by machine operational requirements or
governing labor work rules; (3) the implications of safety regulations
in requiring additional flagmen, arrow boards, or other safety pre-
cautions; and (4) the effects of available labor skills, quality of
supervigsion and reliability of equipment on work production. As with
other data discussed in this chapter, the user has virtually complete
freedom in specifying different methods for each maintenance acti-
vity. However, it is wvitally important that the description repre-
sent a practical and consistent technological package. The number
of laborers and their skills; the number and types of equipzent;
and types and quantities of materials -~ all must be compatible with
one another. Also, production rates must be realistic, given the
resource mix proposed. These requirements must be met if estimates
of maintenance schedules and costs are to be reasonable.

Resource Consumption. Inputs to the maintenance process are
specified for each activity on the basis of a typical crew. Data re-

quired are as follows:

1. the number of persons required within each
labor class;

2. the number of pieces required within each
equipment class; and

3. the materials quantity per work unit required,
for each materials class.

Within each materials class, the unit of measure for materials quan-
tity must agree with the basis of unit cost. The work unit for each
activity is fixed within the simulation logic as indicated im Tab

35. Note that, in agreement with the demand-responsive approach

to maintenance prediction presented in sections 4.1 and 4.2, work
units are based on elements of maintenance demand (i.e., measures aof
damage components) rather than maintenance supply (e.g., tons of con-
crete patching placed). This feature permits a manager to vary the
maintenance technology independently of the activity work unit, and
to simulate (if need be) novel or experimental maintenance tachnolo-

gles.
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Work Production. Outputs of the maintenance process are spe-
cified for each activity as an average production rate, in work
units accomplished per hour. This hourly production should be taken
as that of a typical crew for the corresponding acrivity, and should
reflect the particular types and quantities of resource classes de-
veloped for the method input description above.

Example. Table 40 illustrates descriptions of technology for
two maintenance activities: flexible pavement sealing and rigid pave-
ment slab repair. Any resource class may be included in these de-
scriptions, as long as it has been previously declared to the sys-
tem (e.g., in Tables 37, 38, or 39). Note the use of the
demand-side work unit in the materials consumption rates and the
work production rate.

Maintenance Scheduling and Occupancy

The occupancy of a road for maintenance or rehabilitation raises
& number of management issues regarding the timing and duration of
work, and potential disruption of the traffic stream. Within EAROMAR
these effects are simulated using two sets of information provided
by the user: (1) maintenance schedules, and (2) descriptions of clo-
sure zones.

SCHEDULING

The scheduling capabilities within EAROMAR afford a user the
opportunity to .eflect supply-side considerations associated with,
for example, the limited availability of maintenance crews, the
consolidation of several activities within one workzone, or the de-
sire to minimize interference with the normal flow of traffic.
Whereas the demand-side relationships in section 4.2 determine how
much work will be done annually, the scheduling data specify when
this work will be accomplished during a simulated year,

Schedules are defined on a seasonal, daily, and hourly baslis,
consistent with the simulation of traffic operations (described in
Chpater 5). Each schedule also identifies a group of activities
to be accomplished during the same occupancy period. For example,
if both crack filling and jolnt sealing (two separate activities
within EAROMAR) are to be performed within the same work zone, these
can be declared within the same activity group within EAROMAR, and
will be scheduled together.

Table 41 illustrates the application of scheduling informa-
tion within EAROMAR. The rationale for grouping activities here is
the season in which they are normally performed; however, any other
basis could just as well have been used. Different times of road
occupancy have been specified for both weekdays and weekends among
the various groups to illustrate the flexibility available to a man-
ager. Again, any number of timwe periods, each covering any portion
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MATERIALS

DESCRIPTIONS OF TECHNOLOGY
FOR TWO MAINTENANCE ACTIVITIES

: PRODUCTION
ACTIVITY LABOR EQUIPMENT Type Quantity RATE
5 Dumptrucks
1 Loader Asphalt
FLEXIBLE 1 Foreman | 5 poilers Emulsion  0.014 Gal/SF
- PAVEMENT 4 workers 1 Chip Spreader
SEALING 10 Drivers 1 Broom Chips 0.001 Tons/SF 7920 SF/Hr.
-2 Pickups
_ 3 Dumptrucks PC-Concrete 2.24 CY/Repair
RIGID 1 Loader Mesh 0.8 SF/Repair
PAVEMENT 1 Foreman 1 Roller .
SLAB 6 Workers 1 Compressor pr:§'t' 0.8 Gal/Repair 0.125 Repairs/Hr.
REPAIR 1 Concrete Saw 1tive
1 Vibrator Curing .
_ Compound 0.72 Gal/Repair
TABLE 40




AT

EXAMPLES OF SCHEDULING INFORMAT ION HITHIN—EAROMAR

WEEKDAY WEEKEND MOBILIZATION
GROUP ACTIVITIES SEASON (24-hr. clock) TIME
(hours)
Flexible
Activities Crack Filling ,
"Performed . Autumn 1000-1500 | 1000-1600 0.5
Flexible
In Autumn Only Sealing -
Cold Weather Activities . Autumn o
Performed From Flexible tot- to 0900-1200 --- 0.5
Autumn through Spring ‘ g Spring '
Base Repair.
_ Joint Repair .
" Warm Weather Activities | Slab Repair Spring o |
Performed From , Flexible to 0900-1700 | 1000-1600 0.5
»Spring through Autumn Patching Autpmn :
Rigid Patching
Mudjacking
TABLE 41




of a 24-hour day, may be defined.

Assoclated with each group of activities is a maintenance work-
zone, the characteristics of which will be explained in the next sec-
tion. From a scheduling standpoint, however, the setting up and dis-
mantling of this workzone may consume some time that would not then
be available for productive work. This time, estimated and provid-
ed by the user, is shown as "mobilization time" in Table 41 . Mo~
bilization time may in fact be used to represent any non-direct con-
sumption of time by the crew, including travel time to and from the
site, workzone mobilization and demobilization, crew breaks, and mis-
cellaneous or lost time (if not already accounted for in the crew
production rate described earlier).

In its simulation the EAROMAR system subtracts mobilizaticn
time from the daily time allotted in the schedule; the balance is
then available for direct repair work. ‘For example, for the first
group of activities in Table 41. (flexible crack filling and seal-
ing), the daily hours available are five on weekdays (from 10:00 a.m.
to 3:00 p.m.), and six on weekends (from 10:00 a.m. to 4:00 p.m.).
Mobilization is allowed as one-half hour. Therefore, a total of &4
hours per day on weekdays and 5% hours per day on weekends will be
available for crack-filling and sealing.

The usé of sgheduliﬁg information to estimate the total dura-
tion of maintenance work and to arrive at maintenance costs will be
explained in section 4.4,

CLOSURES

Types. Three types of closures for pavement repair are defined
within EAROMAR: '

1. Lane restrictions, in which one or more lanes on a given
roadway are closed for repair work, with traffic constrained

to the remaining lanes;

2. Crossovers, in which an entire roadway is closed for work,
with traffic diverted to another roadway; and

3. Detours, in which an entlire roadway 1is closed for work,
with traffic diverted to a temporary bypass not part of the

route in question.
The types of closures ére illustrated in Figure 42.

Closures affect traffic operations by introducing a temporary
reduction in route capacity, the analytic treatment of which is de-
scribed in Chapter 5. At this point, suffice it toc say that the
type of closure influences the impact of maintenance occupancy on
traffic flow, and also must be compatible with the method of work
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LANE REDUCTION OR RESTRICTION
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FIGURE 42. TYPES OF ROADWAY CLOSURES SIMULATED
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performance. TFor example, where maintenance operations can proceed
on a limited scale involving only one or two lanes at a tize, a lane
restriction may be the most appropriate type of closure. Only the
traffic on the affected roadway is disrupted, and construction of
temporary lanes is generally not called for.

Where the magnitude of operations or logistical considerations
require that the entire roadway be closed, the choice involves the
relative merits of a crossover vs. a detour for the case at hand.

A crossover generates reduced capacity and ensuing congestion for two
roadways instead of one, but restricts disruption to within the ex-
isting route right-of-way, and requires relatively little temporary
construction. On the other hand, a detour involves the rerouting of
traffic onto existing parallel thoroughfares outside the route right-
of-way, or onto a temporary bypass constructed around the workzone.
This option eliminates the roadway interactions present in crossovers,
but its efficiency depends obviously on the relative capacities of
alternate routes avalilable or on the degree to which a manager is
willing to invest in the construction of temporary roadways. The
costs and effectiveness of different closure configurations can be
evaluated as part of an EAROMAR analysis.

Extent. The longitudinal extent of a closure zone is specified
by the user in terms of the length of workzone proper, and the length
of taper leading into the workzone. These elements are illustrated
for a lane restriction in Figure 43.

The accomplishment of maintenance work is assumed to take place
within the confines of the workzone proper. However, in simulating
traffic operations (Chapter 5), the reduction in capacity is over
the total length of the workzone plus taper.

In Chapter 2, we mentioned that, for purposes of the EAROMAR
simulation, a roadway 1s divided into sections of uniform geometric
and structural characteristics. Figure 44 1illustrates two possibi-
lities regarding the relationship between the length of a roadway
section and that of the occupancy zone (workzone plus taper) speci-
fied. 1If the section length exceeds the zone length, then a reduc-
tion in capacity is simulated over the zone length only (refer also
to Chapter 5). For purposes of positioning the zone during the simu-
lation, the occupancy is assumed to begin at the downstream (as traf-
fic flows) end of the section, and to extend upstream for the requir-
ed length, as shown in Figure 44 A, 1If, however, the occupancy zone
length exceeds the section length, then the reduction in capacity is
simulated over the entire section length, with the excess zome length
(i.e., zone length minus section length) ignored. (Any maintenance
work required in adjacent sections will be accounted for in the simu-
lation of those sections individually.) This situation is illustrat-
ed in Figure 44 B.

Transience. 1In cases where affected lanes can be easily and
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A. CLOSURE LENGTH LESS THAN SECTION LELGTH
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|
! Roadway Section
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FIGURE 44, DETERMINATION OF CLOSURE LENGTH
TO BE SIMULATED
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safely reopened to traffic after each day's maintenance operations,
lane closures will be in force only during the hours scheduled for
road work. Crack filling and routine patching are typical examples
of activities that can be completed within a day, or at least resumed
from day to day. In these situations, barriers which can be posi-
tioned and moved quickly and cheaply —- truck-mounted signboards,
cones, flagmen -- will likely be used. The implication here is that
neither the type of maintenance work being performed nor the extent
of pavement area being repaired require a 24-hour-per-day closure of
the affected lanes.

In other situations, generally involving major maintenance or
rehabilitation activities such as substantial patching, slab repair,
or overlays, it may be necessary to retain lane closures continuously
in place over periods of several days or more, until work is complet-
ed. Usually more permanent barriers such as wooden barricades or
precast concrete wall sections are employed. The implication here is
that lane closures remaln in effect during all hours of the day, re-
gardless of whether maintenance crews are actually on site. The cri-
terion for removing the lane closure is not the completion of a day's
work, but rather the completion of the total repair.

The EAROMAR system provides the capabilicy to simulate either
type of closure at the command of the user. This choice does not af-
fect the simulation of maintenance work itself, since this is deter-
mined solely by the interaction between demand-side considerations
(quality standards and rates of deterioration discussed in section
4.2 and Chapter 3) and supply-side factors (maintenance scheduling
discussed earlier). The transience or permanance of the workzone
does, however, affect the impedance seen by roadway traffic through-
out a 24-hour day.

Within EAROMAR, a workzone that reduces roadway capacity only
during those hours in which maintenance work is scheduled is referred
to as an "onsite" closure. The time and cost of mobilization 1s tal-
lied for each work period simulated.* A workzone that remains on the
roadway continuously from the start of repair until all work is com-
pleted, independent of scheduling considerations, is called a "total"
closure. In the latter case the reduction in road capacity attribu-
table to the workzone is simulated 24 hours per day until all main-
tenance within the workzone is completed. Mobilization time and costs
are tallied once for each workzone.

Resource Constraints

Suppose a manager adjusted maintenance policies to increase the
amount of work called for under the quality standards. If the increase

* If maintenance is scheduled in two or more separate time periods
per day, mobilization time and cost will be computed for each such

period,
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were large encugh, the resulting work requirements would exceed the
maintenance dollars available for that route in that year. Putr an-
other way, the manager would lack the necessary labor, equipment or
material resources to fulfill all the work he had intended to do.

~ Resource constraints are an important consideration within EARO-
MAR because they act as a supply-side check on the demand-side work
projections generated through the quality standards. They inform a
manager whether his specified policy (no matter how desirable) is
realistic given the scarcity of maintenance resources and his as-
sumed commitments to other routes of the road netword under his

jurisdiction.

Resource constraints are typically discussed among maintenance
managers in terms of budget dollar limitations. Within EAROMAR the
alternative is used: i.e., individual constraints on the total labor
time (by class), total equipment time (by class of equipment) and
total material quantity (by class of material) for the route under
analysis. Two reasons underlie this approach. First, EAROMAR re-
presents an economic, as opposed to a financial, analysis of pavement
strategies. Whereas imposition of budget limitations would require
comparisons of current or nominal dollars in financial terms, EARO-
MAR computes costs in constant dollars for discounted economic com-
parison. Second, it is conceivable that only one type or class of
resource may be exceeded in a particular policy. For example, a
policy may require more labor time than allocated to this route, but
all other resource projections may remain adequate. The approach
embodied within EAROMAR makes it possible to discern these individ-
ual overruns of resource availability (which could not be detected
under a simple budget constraint), and to respond with appropriate
management actions.

If total annual resource availability is exceeded for any re-
source class within the EAROMAR simulation, a warning message is
printed to the user. No other corrective action 1s taken, and the
maitenance work is simulated as if no constraint existed. Although
other courses of action could have been adoped (e.g., attempting to
contrain the amount of work actually simulated), in fact these other
possibilities would not be entirely consistent with the demand-re-
sponsive approach cutlined in section 4.2, and would be difficult to
implement in practice.

Under. the demand-responsive approach maintenance requirements

are governed by explicit policy decisions (represented by the quality
standards), and not by resource constraints or any other factor. This
is not to say that resource constraints should be ignored, for they

are a very real and Important aspect of maintenance planning. What

we are saying, however, is that the effects of resource constraints
must be explicitly considered but as a part of the formulation of main-
tenance policy, either by adjusting quality standards to meet the re-
source constraints, or by enacting management decisions to eliminate
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the constraints.

Where resource constraints exist several options are open tO mana-
gers, and it would be impossible to anticipate within the EAROMAR sys-
tem how a manager might respond to a specific situwation. One option,
mentioned above, is to adjust quality standards to see what (presumab-
ly) lower level of maintenance must be tolerated to meet the resource
constraints. Another is to increase resources available to the route
under quéstion through overtime or reallocation of resources from other
routes in the system. (In the latter case the deleterious effects of
any such transfers on the other routes in the system would have to be
accounted for.) A third is to reflect the increase in resources avall-
able to the route that would be obtained by additional temporary or
permanent hires or by going out to contract. A fourth is to investi-
gate a2 more efficlent way of accomplishing maintenance, as for example
by switching from hand to machine methods as discussed in section 4.2.
This could be simulated in EAROMAR by adjustments in both the quality
standards and the maintenance technologies discussed earlier.

Finally, it is important to realize that several maintenance ac-
tivities are simulated within EAROMAR, all of which compete for the
same pool of resources. If resource availlability is exceeded at any
time, the question of which activities should be cut back to what ex-
tent is a difficult one that likewise cannot be anticipated by the
EARCMAR system. Again, this question is better addressed by the mana-
ger himself, who is able to judge the severity of the resource short-
age, and weigh this against the competing options of quality standard
reductions vs. increases in resource commitments.

An example of resource constraints provided by a user tc EARCMAR
is shown in Table 42 . All constraints are assumed to be on an an=-
nual basis. .

Incorporation Within Strategies

The requirements for maintenance scheduling and lane occupancy
may vary along the length of the route and over time, due to .changes
in roadway geometry, pavement characteristics, or traffic levels.

The imposition of resource constraints may also need to vary over
length and time to represent conditions in different maintenance jur-
isdictions (e.g., districts or foremen areas) traversed by the route,
or projected changes in employment levels, purchases of maintenance
equipment, and the like.

Within the EAROMAR simulation, these variations can be répresent
ed through the definition of strategies described in Chapter 2. In-
formation on the supply of maintenance services is organized within
two independent blocks: (1) a "scheduling" block, comprising the in-
formation on resource class declarations, unit costs, maintenance
technology, scheduling, and roadway occupancy coveared earlier in this
section; and (2) a "resources" block containing data or resource con-
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ANNUAL UNIT
RESOURCE CONSTRAINT MEASURE
LABOR
Workers 10,000 Hours
Drivers 6,000 "
Foremen 3,000 "
EQUIPMENT
Dumptrucks 2,000 Hours
Kettle 2,000 "
Router 2,000 "
Compressor 2,000 "
Pickup 2,000 "
Loader . 2,000 "
Roller 2,000 "
Chip Spreader 2,000 "
Broom 2,000 "
Tamper 2,000 "
Backhoe- 2,000 "
Distributor 2,000 "
Paver 2,000 "
Concrete Saw 2,000 "
Water Tank 2,000 "
Applicator . 2,000 "
Vibrator 2,000 "
Mudjacker 2,000 "
MATERIALS
Liquid Asph 8,000 Gal
Asph Emulsion 8,000 Gal
Chips 500 Ton
Bit Conc 30 Ton
Gravel 20 Ton
PC Concrete 150 cY
Sealant 200 Gal
Mesh 1,000 SF
Epoxy
Addi tive 10 Gal
Curing
Compound 5 Gal
Dirt 100 cY
Cement 100 Sack
Water 1,000 Gal
TABLE 42

EXAMPLES OF RESOURCE CONSTRAINTS
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straints discussed above.

Different blocks of "scheduling"” and '"resource' information may
be defined and applied by area and time under the strategy specifi-
cations. '"Area'" was chosen in lieu of '"roadway" as the basis of as-
signment for this maintenance information, since the determinants of
scheduling and occupancy decisons are likely to be found in the chang-
ing character of the route as a whole along its length, rather than
in individual roadways. Furthermore, issues of maintenance technology
and resource constraints are tied to maintenance jurisdictions, again
a regional concept. The "areas" defined within EAROMAR may be used
to designate different maintenance jurisdietions or zones of general-
ly different road characteristics simultaneously, '

-242-



4.4 MAINTENANCE COSTS

The calculation of maintenance costs within EAROMAR accounts for
both the demand-side elements discussed in section 4.2 and the supply-
side factors considered in section 4.3. The simulation progresses on
a seasonal basis, considering each maintenance activity in turn, within
each roadway section. The basic approach to the cost calculation is
pictured in Figure 45 ; detaills on the steps of this process are pre-
sented below,

Workload, Time, and Resource Requirements

GENERAL

The basis for predicting maintenance costs within EAROMAR is the
maintenance workload. Worklocad is siwmply the total maintenance require-
ment by season, roadway section, and activity, computed as the product
of the current pavement condition and the respective quality sctandard.
Examples of workload calculations under different quality standards
were given in Figure 37 .

Workloads are expressed in terms of the activity work units shown
in Table 34. At the same time, both activity production ractes and
resource consumption rates (e.g., Table 40) also include the activi-
ty work unit within their dimensions. This correspondence among the
different terms of the problem render the calculation of required time
and resources a straightforward one. An example will illustrate.

Suppose that within a roadway section, 50,000 sf of flexible pave-
ment are to be sealed. TFrom the production rate for the sealing activity
(Table 40 ), the total time required for sealing is estimated as:

50,000 sf _
77920 st/hour 6.3 hours (1 sf = 0.09 sm) . ),

The resources required for this activity, also given in Table 40 ,
include one foreman, ten drivers, four workers, and several items of
equipment and material. To seal 50,000 sf of pavement in this roadway
section will therefore require 5.3 hours of effort by each labor crew
nember, 6.3 hours of operation by each piece of equipment, and suffi-
cient materials to seal 50,000 sf of pavement. The resulting total
resource requirements for this section are displayed in the first col-
um in Table 43,

Calculations of maintenance time requirements and resources con-
sumed analogous to these may be carried out on an area-wide level as
well. Assume that the area encompassing the roadway section above
has a projected workload for sealing of one million square feet (in-
cluding the 50,000 sf for the section computed above). The area-wide
maintenance time required for sealing would then be 126 hours, and the
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TABLE 43

EXAMPLE CALCULATICN OF
MAINTENANCE REQUIREMENTS

Resource Class - Seal 50,000 sf Seal 1 million sf

(4560 sm) (92950 sm}

Labor _

Foreman ‘ ' 6.3 MH f © . 126 MH

Workers - 25.2 M . 504 MH

Drivers 63.0 Mi . 1,260 MH
Equipment .

Dumptrucks - | ‘ 31.5 EH . - 630 EH

Loader 6.3 EH ‘ 126 EH

Rollers 12,6 EH 252 EH

Chip Spreader ‘ 6.3 EH 126 EH

Broom - 6.3 EH | 126 EH

Pickups -. f . 12.6 EH 252 EH
Materials

Asphalt Emulsion 700 Gal. 14,000 gal.

Chips 50 T. 1,000 T.

(1T = 0.91 MT; 1 gal. = 3.8 litres)
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resources consumed equal to twenty times the quantities computed for
the single roadwav section. These results are displayed in Column 2
of Table 43.

SCHEDULING IMPLICATIONS

The application of scheduling data {as typified in Table 41 ) takes
place at the roadway section level, since it is here that the interaction
between maintenance occupancy and traffic operations is simulated (see
Chapter 5.)* Continuing t6 our example in Table 41, the task now is to
allocate the 6.3 hours attributable to sealing among hours in a day, and
among days within the season of the year.

First consider the problem in its general context. In an analysis such
as that performed by EAROMAR, which projects costs streams several years
into the future, it is unrealistic to attempt to schedule maintenance on
specific calendar days. It makes more sense, rather, to think in terms
of generic or "typical" categories of days, and then to estimate what
proportion of each category of typical day occurs within a season. The
distinction between weekdays and weekends immediately defines two broad
classes of typical days. Within each such class, however, there are
additional divisions of typical days; e.g. those days on which the activity
group that includes sealing is performed, those days on which groups of
other maintenance activities are performed, or those days on which no
maintenance at all is performed. The magnitudes of both maintenance costs
and highway user costs accumulated within a2 season depend on the relative
frequencies of each category of typical day occuring within that seasonm.

The characteristics of a typical day are defined by the scheduling
information as illustrated in Table 41 This information is interpreted
in a totally unbiased manner. For example, if an activity is scheduled on
both weekdays and weekends, there is no reason to assume a priori that
either the weekday or the weekend would be favored over the other. Sim-
ilarly, if the time required for an activity group turns out to be less
than the total daily hours allotted in the maintenance schedule, there is
no basis for assuming that one subset of available hours would be favored
over another. The implication is that any maintenance requirement will
be prorated over the total weekday and weekend time available. If the
hours required for maintenance are less than the total time scheduled, this
will be reflected in a fractionmal number of typical days computed.

These assumptions are embodied in two sets of equations corresponding
to "on-site" and "total"” closure zones respectively. The equations
for on-site closures are as follows:

*Recall that the scheduling block of information is provided by the
user by route areas. Therefore a given scheduling block will apply
to all roadway sections within the referenced area(s).
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SUM

CLSDYS =

WKDDYS

WKEDYS

and the equations

wvhere:

and

7 x WRKHRS'
SUM

5 x CLSDYS
7

2 x CLSDYS
7

for total closures are as follows:

SOM = (5 x WKDHRS) + (2 x WKEHRS)
CLSDYS = (/X WRKHRS) + MOBTIM
SUM

VKDDYS = —S X gLsan

WKEDYS = —2 X gLSDYS

SUM is the weekly sum of scheduled hours avallable
for maintenance work

WKDHRS 1s the number of daily weekday hours scheduled
for this activity group

WKEHRS is the number of dally weekend hours scheduled
for this activity group

MOBTIM is the mobilization time specified for this
activity group, in hours

CLSDYS is the number of closuré days required to
complete all work within the activity group

WRKHRS 1s the total time required to complete all
maintenance activities within this group, in
hours

WKDDYS 1s the total number of weekday closure days
required

WKEDYS is the total number of weekend closure days
required

5,2,7 are the weekday, wegkend, and total days per

week respectively.
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An example will illustrate the application of these relationships
We estimated earlier that 6.3 hours were

to a given roadway section.

required to seal our example flexible pavement surface. From Table 4l.
crack filling 1s also an activity within this group, and would there-
Suppose that a calculation (anologous
to that performed for sealing in equation (201)) yields 5.7 hours

The total maintenance regquirement for

fore be performed with sealing.

required for crack filling.
this activity group is then:

WRKHRS = 6.3 + 5,7 = 12.0 hrs,

From information in Table4l we obtain the following:

WKDHRS = 5.0 hrs.
WKEHRS = 6.0 hrs.
MOBTIM = 0.5 hr.

Assuming an on-site closure, we then compute the closure days‘as

5(5.0-0.5) + 2 (6.0 -0.5) = 33.5 hrs. weekly

follows:
SUM =
7-12
CLSDYS = 33.5
WKDDYS = ; . 2,51 =
WKEDYS =-—§ . 2.51 =

= 2.5]1 days

1.79 weekday days

0.72 weekend days,

(210)

(211)

- (212)

(213)

(216

‘ (l21*-5)

Therefore, if there were 90 days within a season comprising, on
average, 64 weekdays and 26 weekend days, then about 1.8 of those
weekdays and 0.7 of the weekend days would experience maintenance and

user costs incident to sealing and crack filling.

Such costs would be

computed by simulating a weekday closure totaling five hours (of which
one-half hour is spent in mobilization), and a weekend closure of six

hours (again with one-half hour for mobilization)}.
would be imposed only during those hours given in the scheduling speci-

fications in Table

41.

The road occupancy

In contrast, if the occupancy entailed a total closure, and if we
assumed an increased mobilization time of 4.0 hours, the closure

statistics would be:
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37.0 hours weekly (16

SUM = 55,0 + 2 6.0 =
CLSDYS= —22:0+ 4.0 _ 5 33 ga0¢ | | (217)
T 37.0 | |
WKDDYS= —% . 2.38 = 1.7 weekday days : (218)
WKEDYS= —% . 2.38 = 0.68 weekend days (219)

In this case the number of days required to complete work under a
total closure is somewhat less than that for an on-site closure. How-
ever, it should be realized that total closures are simulated with the
workzone occupying the roadway 24 hours per day. Thus in this example,
the user costs incident to such all-day closure will be tallied for
1.7 weekday days and 0.68 weekend days during this season.

The times required to complete other activity groups within the
maintenance program are computed in a similar way. In the simulation
of thelr costs and impacts, activity groups are assumed to be independent
of one another. Thus, on any roadway section at a given time the vehicle
stream may experience effects due to roadway occupancy for one activity
group, but never more than one such group. Stated another way, the
- number of different "typical" days to be simulated depends upon the
number of individual activity groups, but never upon combinations of
activity groups. This assumption of independence allows cne to treat
both maintenance and user costs attributable to each group in a linearly
additive way. ' ' ‘

RESOURCE USAGE

Resource usage i1s monitored within each season at the area level,
following completion of all maintenance activities on all relevant.
roadway sections. Data on resource consumption by activity are compiled
in much the same way as shown for flexible pavement sealing in Column 2
of Table 43. The total resource usage is then obtained for each resource
class, by summing the respective quantities used in each activity through-
out the area. 1If the predicted usage for any class exceeds the limits
illustrated in Table 42, a warning message is printed as described in
Section 4.3.

Cost Predictions

Maintenance costs predicted by EAROMAR follow directly from the
resource requirements estimated above and the unit costs provided by
the user as discussed in Section 4.3. Costs are computed for each
resource class according to the relationship:
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Cost (resource class, activity)
= Usage (resource class, activity, schedule)
% Unit Cost (resource class, schedule) (220)

where "usage refers to the actual (as oppesed to scheduled) time
spent on maintenance by labor and equipment, and where the unit
cost includes time-dependent adjustments denoted by the "schedule"
parameter. These maintenance costs are then aggregated within the
general categories of labor, equipment and materials by maintenance
activity.

Mobilization costs are added to the maintenance costs computed above.
For on-site closures the costs of mobilization are tallied each time the
workzone occupiles the roadway. For total closures the mobilization costs
are computed once for each workzone. The relevant equation for on-site
closures is then: ' '
Mobilization Costs (activity group) = fixed component
x (Scheduled periods per day x Number of typical days) (221)

+ Mobilization Time x (Hourly Labor Charges + Hourly
Equipment Charges)

and for total closures:
Mobilizatiop Costs (activity group) = fixed Component

+ Mobilization Time x (Bourly Labor Charges + (222)

Hourly Equipment Charges)
where the mwobilization time and fixed cost component are provided
by the user, hourly labor charges include the sum of time-adjusted wages

for all crew members, and hourly equipment charges include the sum of
hourly equipment rates for all classes and pileces of equipment.

Cost Results

The labor, equipment, and materials components of maintenance costs
including mobilization costs, are individually inflated at the respective
relative rates discussed in Chapter 2. Maintenance cost totals are then
reported by maintenance activity, season, and year. Maintenance cost
data are available through EAROMAR by individual roadway, area or route
as a total.
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CHAPTER 5

ROADWAY OPERATIONAL CHARACTERISTICS

5.1 TRAVEL DEMAND

Introduction

The demand upon a road facility is conventionally expressed as the
traffic magnitude (volume or flow) and its composition (by trip purpose
and/or vehicle type). Moreover, demand is dynamic,  in that it varies
simultaneously over route length, direction, and time. An understanding
of these dynamic demand characteristics is important to the economic jus-
tification of premium pavements, because they contribute to or interact
with several technical and economic components of the analysis:

1. Pavement damage. Road traffic subjects the pavement to struc-
tural loadings, causing deterioraticn and eventually failure of the
pavement system. For a given traffic projection the rate of pavement
deterioration, and hence the probability that time to failure will ex-
ceed desired pavement life, may be controlled through pavement thick-
ness and materials quality specifications (and a correct accounting of
environmental effects) during design and construction, complemented by
appropriate maintenance or rehabilitation actions during service life.
Traffic-induced stresses are functions of cumulative numbers and gross
weights of vehicles applied, the seasons during which applications take
place, and vehicle characteristics such as the number and spacing of
tires, tire pressures, and vehicle speeds.

2. Maintenance scheduling. Apart from purely technical require-
ments, maintenance work schedules can be strongly influenced by travel
demand patterns, particularly on high velume roads. For those mainten-
ance and rehabilitation actions requiring sizable work zones or substan-
tial periods of -occupancy, agencies may investigate off-peak, weekend,
or off-season work periods when travel demand is lowest. The pregium
prices commanded for work during other than regular hours, or within
tight time and space counstrictions, must be justified by the minimum
disruption to the traffic stream and attendant benefits to the users in
increased travel time savings and reduced vehicle operating costs and

accident and pollution potentials.

3. User consequences. Beyond their proportional relationship te
numbers of vehicles, user-related costs and benefits are also functions
of traffic composition; thus, for given traffic volumes or flows, the
observed average speeds, congestion characteristics, vehicle operating
costs, travel time values, and accident and pollution levels will differ
depending upon distributions of trip purposes and vehicle types in the
traffic mix. Since user consequences are a factor in maintenance sche-
duling, traffic compositon may cause second-order corrections to costs
and benefits discussed in item 2 above.
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It is possible to construct an aggregate description of travel de-
mand consolidating these several characteristics, based upon exzpirical
or semi-empirical relationships appearing in the current literature.
(See note 1 at end of chapter.) These relationships are generally fami-
liar to highway practitioners and consistent with current procedures for
data collection. Development of this description will begin with broad
or long-term characteristics of demand (e.g., overall daily volume; rates

of overall annual growth). From these aggregate guantities, more detail-
ed or short-term effects will be derived (e.g., descriptions of the traf-
fic wix; seasonal, daily or hourly variations). Then, in subsequent sec-—

tions, we will treat specific aspects of road operation necessary for
the analysis of premium pavements (definition of road closure configura-
tions in response to maintenance occupancy; and treatment of resulting
congestion and queuelng).

Traffic Volume

One of the most commonly used measures of travel demand is annual
average daily traffic (AADT), defined as the total yearly volume divided
by the number of days in the year. Separate values of AADT may be spe-
cified for each roadway, as described in Chapter 2.

VARIATION ALONG ROUTE LENGTH

The AADT typically varies along route length, according to the cu-
mulative impact of the point-to-point travel requirements of each motor-
ist. For high volume urban freeways, AADT counts are generally avail-
able for individual route lengths between interchanges, as illustrated
in Figure 46.

Within the EAROMAR system these demand characteristics can be de-
scribed using the milepost convention introduced in Chapter 2. For ex-

ample, the specifications in Table 44 could be used to model the situation

shown in Figure 46 assuming two reoadways and a 50-50 directional distri-
bution.

TABLE 44

VARIATION IN AADT
ALONG ROUTE LENGTH

, AADT

MILEPOST INTERVAL ROADWAY 1 ' ROADWAY 2
70.0 - 73.6 35,000 35,000
73.6 - 74.5 36,750 36,750
74.5 - 76.2 37,500 37,500
76.2 - 78.0 38,000 38,000
78.0 - 83.0 39,550 39,550
83.0 - 85.5 38,500 38, 500
85.5 - 87.9 37,750 . 37,750
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LANE DISTRIBUTION

The lane distribution on multilane roadways may vary widely, de-
pending upon traffic volume, side friction, spacing of exits and per-
centage of slower-moving vehicles. Figure 47 illustrates observed
distributions for six-lane facilities as a function of flow (vehicles
per hour), indicating that peak lane usage (in this case, for the mid-
dle lane) varied from about 48% to about 37% of total flow.

EAROMAR does not require knowledge of lane distribution for opera-
tional purposes, since road closures, congestion, and other flow-related
factors can be more efficiently treated in a roadway-by-roadwvay, rather
than a lane-by-lane, simulation. However, lane distribution is impor-
tant in predicting pavement deterioration (under the "design lane" con-
cept), and in this regard it is useful to mention how this item is treat-
ed within the analysis.

Because of the variability of design lane factors observed in prac-
tice, EAROMAR permits users to specify these data within the capacity-
related characteristics of each roadway. Furthermore, lane factors may
be varied over roadway length to represent changes in lane distribution
due, for example, to different numbers of lanes or different demand
characteristics. From the data presented above, and in Table 45, it is
reasonable to assume that a lane distribution factor of 50 to 80 per cent
1s appropriate for the types of roadways likely to be considered in a pre-
mium pavement analysis.

TIME VARIATIONS

By definition, the AADT is a stable quantity, intended to measure
only long-term time variatlions in travel demand. Two types of time var-
lations in AADT are included in the EAROMAR analysis: growth in demand,
and future point adjustments. Specification of data governing these
variations was discussed as part of strategy definition in Chapter 2.

Traffic Growth., Traffic growth is correlated with changes in pat-
terns of social, economie, or demographic activity. 1In addition, since
the link analysis proposed for EAROMAR 1s an approximation to the more
comprehensive network approach, other factors may also be included in
demand growth projections: e.g., traffic diverted from other highways,
traffic resulting from modal shifts, or generated traffiec.

Two types of growth patterns are included within the EAROMAR anal-
ysis: ‘linear growth, and geometric growth. Regardless of which type is
specified, traffic growth 1s assumed to apply to total roadway demand,
rather than to any component of it. Linear growth between years T and
T+1 is computed as:

AADT = AADT,, + AAADT (223)

T+1

where AAADT is rate of growth in units of incremental numbers of vehi-
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Source: Highway Capacity Manual, SR 87, 1965. (3)

Number of Percentape of
Traffic Lanes Trucks in
{Two Direclions) Design Lane

2 50
4 15 (35-48)t
8 or more 40 (25-48)t

1 Probable range.

TABLE 45
PERCENTAGE OF TOTAL TRUCK TRAFFIC
(TWO DIRECTIONS) IN DESIGN LANE

Source: Thickness Design Manual (MS-1), September 1963.
(48)
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cles, as provided by the user. The incrcment AAADT remains censtant
from year to year for a given roadway sepgment, until updated or modi-
fied by the user in his strategy specifications.

Geometric growth between years T and T+ 1 is computed as:

AADT,]H_I = AADTT (1+ x/100 ) (224)

where r is the average annual rate of growth expressed as a percentage,
as provided by the user. Again, the rate of annual growth remains con-
stant for a given roadway segment, until updated or modified in the
strategy description. ‘

Future Adjustments. Ocassionally within a road network relatively
abrupt changes in traffic assignment occur, due to construction of a
new road link, addition of new interchanges, or revisions in levels of
service in other modes. Such changes are interruptions in normal growth
patterns. Although it is possible to represent such interruptions by
short-lived changes in growth rates, at other times it is simpler to re-
compute route AADT based upon estimates of traffic redistribution.

Since the EAROMAR analysis is conducted at a link rather than a network
level, the redistribution must be calculated by the user before perform-
ing the premium pavement analysis. Nevertheless, it is pessible to re-
present the results of such calculations as point adjustments in AADT,
which would be independent of, and would override the predictions of,
prior growth patterns.

The specification of future adjustments in AADT is accooplished in
much the same way described for initial AADT earlier, and is also part
of the strategy definition process described in Chapter 2. Such adjust-
ments may vary simultaneously over roadway, location, and time. The
year in which an adjustment takes effect may be either iInput directly
by the user or made contingent upon the completion of a project. Once
a future AADT level has been assigned, it may be allowed to resume nor-
mal growth under the growth patternm previously defined for the roadway
segaoent; or, a new growth pattern may be specified.

Examples. At this point it may be useful to consolidate our dis-
cussions above on the several ways in which traffic volume may be treat-
ed as a dynamic route characteristic within the EAROMAR analysis. Fol-
lowing are two examples illustrating application of the concepts pre-
sented earlier. For simplicity we have focused on time variations of
volume at one route location; however, variations along the length of
the route would be accomplished simply by adjusting the milepost bound-
aries of each description of AADT or traffic growth.

Figure 48 illustrates three typical situations of traffic growth,
each succeeding one increasing in complexity.

For each case the AADT and growth specifications are shown, accom-
panied by a schematic graph of resulting traffic demand through one anal-
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FIGURE 48. EXAMPLES OF AADT GROWTH PATTERNS AND SPECIFICATIONS
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ysis period. Figure 4BA projects a simple geometric growth of Iy per
cent from an inital AADT of Vor. continuing throughout the analvsis peri-
od. This simple representation may be adequate for many analyses. In
Figure 4BB we modify this situation to include the effects of a project -
that is presumed to change the rate of traffic growth. The new rate rj
governs from the completion of the project through the remainder of the
analysis period. In Figure 48C we assume further that project comple-
tion will cause redistribution of traffic throughout the road network,
and that the resulting volume estimated for the route segment under anal-
ysis is V;. (Note that in this case the estimate of V; causes a positive
or upward shift from the trend line indicated by prior growth; the shift
could just as well have been negative,) Subsequent growth will proceed
from V; at a rate of r; through the remainder of the analysis pericd.

Figure 49 1llustrates a different type of example, where we have
assumed steady growth of rg to be interrupted in year T by a significant,
but short-lived, increase in traffie. (The cause of this increase might
be, for example, a planned attraction such as an exposition; temporary
diversion of traffic from another source; or, if the change were nega-
tive, the results of a fuel shortage.) Figure 49A 1indicates how this
situation could be treated using geometric growth relationships; Figure
498 , employing linear growth conventions. Following the peak, one could
specify either resumption of the origimal growth ry for the remainder of
the original pericd, or assume some residual effect of the peak via a
new rate r; (the latter optior is illustrated in Figure 49 ).

The descriptions of traffic volume presented earlier, when applied
correctly in combination with one another, therefore provide consider-
able flexibility in representing many different types of growth scen-
arios for traffic volume. Moreover, if future traffic growth is sub-
ject to uncertainty, several different scenarios may be defined and
tested in a series of runs under the EAROMAR system, to gauge the sen-
sitivity of results to different growth assumptions.

Traffic Composition

There are several important aspects of road operations that
require more detailed information on travel demand than that
provided by AADT, and perhaps over shorter time intervals than
annual daily average. Factors for which we would like additional
information include:

l. pavement loadings:

2. volume-capacity relationships, speed-flow relationships,
congestion and queueing; and . '

3. differentiation among representative types of vehicle
operating costs, values of travel time, and other user
conseguences,
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FIGURE 49. EXAMPLES OF AADT GROWTH INTERRUPTIONS
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These data are conventionally derived from descriptors coi traffic
composition, particularly regarding distributions of trip purpose and
vehicle type in the traffic stream. Each major component of the descrip-
tion of traffic composition and its variation over time and space are
discussed below. ‘

TRIP PURPOSE

The distribution of the traffic stream by trip purpose is an impor-
tant characteristic of travel demand, since it relates the underlying
socio~economic need to undertake transportation to a specific user re-
sponse regarding mode, time, and cost of travel. Trip purpose is there-
fore often used as a stratifier in expressing individual values of trav-
el time; seasonal, dally and hourly variations in traffic flow; and
choice of vehicles to accomplish the transport objective.

Definition. The definition of trip purpose is based upon the fol-
lowing concepts:

1. Trip purpose, and information associated with trip purpose,
is defined by the user at the time of the analysis; it need
not be pre-defined within the EAROMAR system beforehand.

2. Individual trip purposes must be mutually exclusive; i.e.
pertain to readily identifiable and separable components of
the traffic stream., Thus, "work trips" and "shopping trips"
are two different, mutually exclusive purposes in that
trips in one category do not coincide or overlap with trips
in the other. If there were combined "work-shopping" trips
in the traffic stream, these would have to be defined either “in
one category or the other above; or a separate purpose,
"work-shopping,'" could be created to include them. In any
case, trips should not be "double-counted” in two or more
catepgories;

3. The set of‘trip purposes must be collectively exhaustive;
i.e. the purposes defined must be sufficient to encompass the
total volume of AADT. :

Given these general conditions, trip purpose may be declared
within the analysis via (1) a name or identifier, and (2) the relative
percentage of AADT attributable to that purpose.* The identifier
will enable the system to recognize each trip purpose declared by
the user, and to organize all related information correctly by purpose.
The percentage of AADT will distribute the total demand volume, and
serve as the basis for more detailed variations over space and time
to follow below. The percentages for all trip purposes must sum
to 100 per cent. '

* Separate percentages are provided for weekdays and weekends; further
distinctions by type of day will be discussed shortly.
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TABLE 46

EXAMPLES OF TRIP PURPOSE SPECIFICATIONS

CATEGORY

Commuting
Social-Recreational
Shopping

Personal business
Vacation '

School

Freight

Service

Passenger

Commuting

Personal

Commercial Freight
Commercial Non-Freight

Commercial
Non-Commercial

A1l Trips
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WEEKDAY

.30
.15
.05
.10

WEEKEND

+15
.25
.10
.15
.05

0
.10




To illustrate the application of these concepts within the
EAROMAR analysis, we have listed in Table 46 several co rect examples
of trip purpose definition. The last example is a special case
where one in effect suppresses any differences among trip purpose
classifications, and treats travel demand as an anonymous stream of
motorists. Although this procedure is nor necessarily recommended in
an analysis, it may have use in certain special situations, and in any
case it illustrates the generality of the proposed approach. Further-
more, the specific purposes shown are for illustration only; any other
divisions could have been chosen, subject only to the constraint that
one provide the associated data required by the analysis under each
trip purpose classification. These requirements will be explained
in detail below and in Chapter 6.

Seasonal Distribution. Traffic has been observed to vary seasonally
by as much as + 30 per cent from the equivalent annual average, as
iliustrated for three locations in Figure 50, However, note that the
patterns of seasonal variations may differ widely from one another, and
in some cases can run counter to one another. This is not an unreason-
able finding, in that travel demand is likely to fluctuate depending
upon the particular economic character, degree of urbanization, and
climate of the region served by a route, and the composite of social,
economic and demographic factors inducing travel demand.

Seasonal effects are included within the EAROMAR analysis, first,
to relate the demand fluctuations above to route operational re-
quirements and concomitant scheduling of needed maintenance or
rehabilitation; and second, to account for differences in numbers of
pavement loadings, and pavement response to stress, at various times
of the year. From our discussion above it 1s reasonable to represent
seasonal fluctuations in total traffic volume by introducing, instead,
individual variations by trip purpose. (The validity of this
approach will be further reinforced through the correlation of
trip purpose with vehicle type and 1its effect on pavement loadings,
as will be discussed in a following section.)

Recall from Chapter 2 that the number, names, and durations of
seasons to be considered in the analysis are initially declared as
part of the general route characteristics; therefore, the seasons
over which traffic demand will vary must be consistent with the
earlier information provided. Quantification of demand variation
will be expressed as "relative percentage of AADT" throughout the
duration of the season. Therefore, a demand level of "1.3" ia a
90-day season implies that, for each of the 90 days, traffic volume
will be projected at 130Z of the annual daily average. Note that
by the definition of AADT, the seasonal levels provided, when
weighted by season length in months, must balance to a 12-month
average of 1.0.
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EXAMPLES OF MONTHLY TRAFFIC VOLUME VARIATIONS
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TABLE 47 o
EXAMPLES OF SEASONAL DISTRIBUTIONS

LENGTH DISTRIBUTION - CHECK-
{Months) FACTOR (2) X (3)
2 0.7 1.4
2 0.8 1.6
2 1.0 2.0
2 1.1 2.2
2 1.2 2.4
2 1.2 2.4
2 2.0 0K
3 0.8 2.4
3 0.8 2.4
3 1.1 3.3
3 1.3 3.9
12 2.0 0K
0.8 2.4
9 1.06 9.6
7 20 oK
12 1.0 12.0 0K
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Table 47 gives examples of correctly specified seasonal distri-
butions. The last example is the degenerate one, where no seasonal
variation is assumed; in this case analysis results will be based upon
demand volumes equal to AADT that remain uniform throughout the year.
Season length is included in the table only to illustrate that dis-
tribution factors have been correctly estimated; in actually using the
analysis, one would specify season length with the route characteristics
discussed in Chapter 2. ‘

Daily and Hourly Variations. A knowledge of daily and hourly
variations in traffic volume is fundamental in analyzing high~volume
routes for premium warrants. In certain periods of the day demand
may already exceed capacity, resulting in congestion and queueing.
Additional disruptions in cthe traffic flow are then likely if temporary
worksites or partial route closures are introduced for pavement
maintenance and rehabilitation. Because the user-related excess coSts
in congested flow can be very high due to the large numbers of vehicles
typically involved, daily and hourly demand variations may also play
a strong role in maintenance scheduling during off-peak periods,
affecting the cost and conceivably the quality of work thus performed.

For each trip purpose category one may specify separate hourly
distributions of demand for weekdays and weekends. Specification of
the required distributions is in terms of percentage of seasonally
adjusted AADT within each hour for each trip purpose and type of day.
It is assumed that the hourly distributions (whether for weekday or
weekend) are independent of seasonal adjustments and remain the same
throughout the year. Seasonal adjustments therefore serve ‘to change
only total daily volume, and not the hourly distribution of that
volume,

Table 48 illustrates the correct assignment of hourly demand
distributions for two hypothetical trip purposes. The hourly

percentages, when summed, must total 1.0 for each trip-purpose/type-
of-day combination. :

Integration of Time Variations. Under the general heading of
trip purpose we have just discussed several types of time variations
in travel demand of intervals shorter than one year. The individual
adjustment factors presented may now be combined within a single
relationship to yield hourly flows for each trip purpose as measures
of demand composition. These flow estimates will be used by the
EAROMAR analysis in later computations of volume-capacity, speed-flow,
and user consequence values. The general equation is:

Q: = AADT X SEASON X PURPOSE x HOURLY (225)
where Qj = projected demand in vehicles per hour for a given
trip purpose, analysis year, season, type of day,
and hour of day;

j = an index over trip purpose
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TABLE 48

EXAMPLES OF HOURLY..DISTRIBUTIONS

SCHOOL TRIPS

B.
WEEKDAY

COMMUTER TRIPS

KEEKDAY

A,

WEEKEND

WEEKEND

HOUR

0001

0100
0200
0300
0400
0500
0600
0700
0800
0900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
2400

.00

.00

1.00

1.00
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AADT = projected demand volume for a given analysis year,
in average annual daily traffic

SEASON = ratio of average seasonal daily traffic to average
annual daily traffic

PURPCSE = percent of adjusted AADT by trip purpose for a giv-
en type of day

HOURLY = ratio of hourly vehicle flow to total daily volume
for a given trip purpose and type of day.

The total hourly demand in mixed vehicles, for all trip purposes,
and by weekday or weekend is then given by:

Q = LQ4 - (226)

VEHICLE TYPE

The second aspect of traffic compasition of interest in the EARO~-
MAR analysis is vehicle mix within the traffic stream. The vehicle dis-
tribution provides information on the number and magnitude of axle load=-
ings to which the pavement will be subjected, and is critical in defin-
ing several operational and user-related factors in the route economic
analysis, including average speed, volume-capacity ratio, and vehicle
operating costs.

Definition. There are several ways in which one might conceivably
categorize vehicles within an economic analysis:

1. by generic class (e.g., passenger car, single unit truck, semi-
trailer);

2. by weight or fuel type (e.g., 12-Kip gasoline-powered truck;
5Q0-Kip diesel-powered truck);

3. by passenger or carge capaclty, or by commodity carried; or

4, by type of route served or service provided (e.g., local vs.
intercity route; common carrier vs. private vs. Government-
owned trucking; etc.).

Under this range of potential options it is reasonable to assume
that one would like considerable flexibility in definition of types.
The EAROMAR system thus permits user definition of vehicles to be
included, so long as vehicle technical, operational, and economic
characteristics required by the system are available, and vehicle types
can be reconciled with limits imposed by system models (which will
be described below). In terms of the flexibility of input, the
definition of vehicle types therefore follows guidelines similar to
those discussed earlier for trip purpose.
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Definition of vehicle type requires simply declaration of a name
or identifier for each vehicle, enabling the EAROMAR system to recognize
all user-defined vehicle categories and to associate related informatiom
correctly with each vehicle. Table 49 illustrates several examples’
of ways in which vehicles may be declared within the system. The last
example 1s a degenerate one in which no differentiation among vehicle
types 1s planned. 1Imn this case one would probably treat the traffic
stream as consisting uniformly of some lLiypothetical composite vehicle
having weight and operational:characteristics close to the averages
observed faor the traffic 'stream as a whole. Again, such a strategy is
not necessarily recommended,but it, together with the other examples
in Table 49, is indicative of the versatility afforded the user by
this procedure.

Several data items characterizing each vehicle must also be
provided by the user under each vehicle declaration. To some extent
this information may be influenced or constrained by internal EAROMAR
relationships for vehicle flow and operating costs; these influences
will be explained below. Furthermore, the structuring of vehicle
characteristics data and their relation to trip purpose (providing a
unified representation of traffic compesition) alsc require
explanation. Following are discussions of each element of data
required.

Model Type. To compute operating costs for fuel, oil, and tires,
each vehicle classification must be represented within the EAROMAR sys-—
tem by a set of internmal resource consumption and cost models. We have
developed four sets of such models for use within the analysis, describ-
ed in Chapter 6 for the following general vehicle classifications:

e Automobile

® Pickup truck

e Single unit truck -

e Tractor-trailer combination

In specifying vehicle types within the traffic stream, one must
therefore select one of the internal models to represent that particular
vehicle classification insofar as operating cost predictions are concerned.
For example, one may have declared a passenger bus as a vehicle type; in
reviewing the cost models, one may judge that the bus operating charac~
teristics will be best represented by the models for single unit truck.

These models would therefore be indicated by the user during declaration
of the bus vehicle type. Model selection governs operating cost
predictions only; other vehicle characteristics would be specified
separately, as will be described below,

Welght. Vehicle weight, expressed in pounds, tons, or kips, has a
strong influence on vehicle operating costs. In addition, it affects
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TABLE 49

EXAMPLES OF VEHICLE TYPE
DEFINITIONS

A. Automobile
Pickup
Single-Unit-Truck
Combination-Truck
Bus

B. Automobile
Pickup -
Yan
Single-Unit-Truck
2-S2
3-52
Bus

C. Automobile
Truck
Bus

D. Yehicle
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the stresses induced in the pavement by the vehicle; however,

this latter effect is also a function of axle and tire configuration,
and is better represented by equivalency factors to be described
shortly.

Gross vehicle weight is applied within the EAROMAR system to adjust
vehicle operating cost estimates within general model categories.
For example, assume one wishes to model a tractor-trailer combination
at an average gross weight of 55 kips (25 MT). The representative operating
cost model within the EAROMAR system will be that for a composite ‘
45-kip (20 MT) semi-trailer (see Chapter 6). The weight differential of
10 kips (4.5 MT) will therefore be applied automatically by the system to
increase operating costs predicted by the model to account for the heavier
weight.

The definition of gross weight must of necessity be an average one,
including not only the spectrum of weights among the many individual
vehicles falling within the class, but also operational variations in
weight over time (e.g., cargo trucks making return trips empty). If
necessary one may define more than one vehicle type within the same
general class to differentiate among different classes of cargo carried,
for example; or one may conduct sensitivity analyses across different
assumptions of weight distzibutions.

Fuel Type. The two primary fuel types for on-the-road vehicles
are gasoline and diesel. Most automobiles and pickup trucks are
gasoline-powered; however, single unit trucks and tractor-trailer
combinations may be powered by either fuel, with diesel predominating in
long-haul intercity routes. Therefore, in Chapter 6 we introduce a
correction for diesel fuel consumption developed for trucks ranging
from 16 kips to 50 kips (7.2 to 22,7 MT) in gross. One would invoke this
adjustment by specifying "diesel" as the vehicle fuel type; otherwise,
"gasoline" should be specified.

Axle Weight Equivalencies. With the promulgation of research re-
sults from the AASHO Road Test, and publicatiom of the resulting AASHTO
Interim Guide ( 3 ) for pavement design, the 18-kip equivalent single
axle load has become a relatively standardized measure of pavement load-
ing. Applying this measure to estimating traffic-induced pavement dam-
age within the FAROMAR analysis will require that the 18-kip (88 kN)
single axle equivalency of each vehicle type be estimated.

The procedures to be used are analogous to those mow employed by
many state highway departments in analyzing: loadometer data such as
those contained on standard FHWA W4 loadometer tables. The difference is
that for the EAROMAR analysis, the axle load computation will be performed
for each vehicle type, rather than for a mixed traffic stream. The
18-kip single axle equivalency factor for a given vehicle would be

estimated as:

= [ Axle equivalency (227)
vehicle all axles

Wig
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The weight on each axle would be determined based upon the average
vehicle gross weight (determined earlier) and the assumed .
distribution of gross weight over each axle, as illustrated in the

example in Figure 51.

The axle equivalency factor is a function of axle load, pavement
type, terminal serviceability (i.e., PST at which pavement is
considered to be failed) and Pavement structural number or slab
thickness. Tabulations of equivalency values across these parameters.
are given in the Interim Guide as shown in Tables 350 through 53 .

For the types of pavements likely to be considered in a premium
pavement analysis, a terminalPSI of 2.5 is more appropriate for both
flexible and rigid pavements. Furthermore, to simplify calculations
for flexible pavements the Interim Guide suggests a tentative value
of 3.0 for structural number to select the equivalency factors for
the first pass of a pavement design. Although many charts have been
published under this assumption (see Table 54 ), one should bear in
mind that a high volume freeway of the type normally considered for
premium pavements may have a structural number considerably higher
than 3.0.

The calculations in Figure 51 illustrate the determination of
the axle equivalency for the vehicle shown. The factors employed are
taken from Tables 52 and 53 assuming a flexible pavement with SN =
4.0, and terminal serviceabiliry = 2.5. :

Several states have developed their own procedures for loadometer
table analysis which simplify the calculation shown in Figure 5] . These
procedures either (1) consolidate the 2-kip increments of vehicle weight
in Tables 50 - 53 ioto more aggregate groupings; (2) fix the speci-
fication of terminal p§I and structural number or thickness at some pre-
determined values, and use the equivalency factors so indicated; or (3)
develop vehicle 2xle equivalencies for representative classes of vehicles
(in a manner sim.lar to that shown in Figure 51 ), and apply the vehicle
equivalencies in lieu of the axle equivalencies in subsequent analyses.
If such procedures have been developed within a state, they may likewise
be applied in determining the vehicle equivalency for the EAROMAR anal-

ysis.

However, the range of axle weights observed on a highway may vary
considerably, as illustrated in truck survey results shown in Figure 52.
Van Til (63) has studied varicus methods of equivalency factor determination
in use, and found that they may lead in some cases to substantial errors
(as compared to the more rigorous AASHTO procedures), especially 1f they
are applied to highway types or regions markedly different from
conditions assumed in their derivation. Nevertheless, they represent
the types of simplifications possihle in the characterization of
traffic pavement loadings. If similar procedures were developed or im
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TABLE 50

TRAFFIC EQUIVALENCE FACTORS, RIGID PAVEMENT,
SINGLE AXLES Pt = 2.5

D — Slab Thickness — inches

Axle Load

Kips kN 6 7 8 9 10 11

p 8.9 0.0002 ° 0.0002 0.0002 0.0002 0.0002 0.0002

4 17.8 ©0.003 0.002 0.002 0.002 0.002 0.002

6 26.7 0.01 0.01 0.01 0.01 0.0] 0.01

8 356 0.04 0.04 0.03 0.03 0.03 0.03
10 445 0.10 0.09 0.08 0.08 0.08 0.08
12 534 0.20 0.19 0.18 o18 0.18 017
14 623 038 036 0.3s 0.34 0.34 034
16 712 0.6 0.62 0.61 060 0.60 040
18 80.1 1.00 1.00 1.00 1.00 1.00 1.00
20 89.0 151 1.52 155 1.57 1.58 1.58
2 97.9 221 220 2.28 234 238 240
24 106.8 3.16 ilo in 336 345 350
26 115.7 441 4.26 442 4.67 485 4.95
28 124.6 6.05 3.76 5.92 6.29 6.61 6.8]
30 1334 8.16 1.67 .79 8.28 8.79 5.14
32 1423 10.8] 10.06 10.10 10.70 1143 11.99
34 1512 14.12 13.04 1234 13.62 1459 1543
36 160.1 18.20 16.69 1641 . 1712 1833 19.52
k1] 169.0 23.15 21.14 20.61 21.31 22.74 2431
40 1779 2%.11 26.49 25.65 26.29 2791 29.90

TABLE 51

TRAFFIC EQUIVALENCE FACTORS. RIGID PAVEMENT
TANDEM AXLES P, = 2.5

Axle Load D — Slab Thickness — inches
Kips kN 6 7 8 9 10 11
10 445 0.01 0.01 0.01 0.01 0.01 001
12 534 0.03 0.03 0.03 0.03 0.03 0.03
14 623 0.06 0.05 0.05 0.05 0.05 0.05
16 712 0.10 0.09 0.08 0.08 0.08 0.08
18 80.1 0.16 0.14 0.14 0.12 0.13 0.13
20 890 0.23 0.22 0.21 021 0.20 0.20
22 979 0.3 0.32 0.31 0.31 030 0.30
24 106.8 0.48 046 0.45 044 044 044
26 115.7 0.64 0.64 0.63 0.62 0.62 0.62
28 1246 0.85 0.85 0.835 0.8S 0.85 0.85
30 1334 1.11 1.12 1.13 1.14 1.14 1.14
32 1423 143 1.44 1.47 149 1.50 151
4 151.2 1.82 1.82 1.87. 1.92 1.95 196
36 160.1 2.29 2.27 2,35 243 248 2.51
38 169.0 2.38 2.80 191 304 3.12 3.16
40 1779 s 342 3.55 374 .87 394
42 186.8 432 4.16 4.30 458 4.74 486
44 195.7 5.26 5.01 5.16 548 5.75 592
46 204.6 6.36 6.01 6.14 653 690 . .14
48 21358 7.64 - 1.16 7.27 7.13 8.2] 855

Source: AASHTO Interim Guide, p. 109. {3)
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TABLE 52

SINGLE AXLES P, = 2.5

LE PAVEMEND

Structural Number, SN

Axle Load
Kipa kN 1 2 3 4 s 6
2 8.9 0.0004 0.0004 0.0003 0.0002 0.0002 0.0002
4 17.8 0.003 0.004 0.004 0.003 0.003 0.002
6 26.7 0.0} 0.02 0.02 0.01 0.01 0.01
] 356 0.03 0.05 0.05 0.04 0.03 0.03
10 445 0.08 0.10 0.12 0.10 0.09 0.08
12 534 0.17° 0.20 0.23 0.21 0.19 0.18
14 623 0.33 0.36 0.40 0.39 0.36 034
16 712 0.59 0.61 0.65 0.65 0.62 0.61
18 80.1 1.00 1.00 1.00 1.00 1.00 1.00
20 89.0 161 157 1.49 1.47 1.51 155
22 91.9 248 2.38 217 2.09 2.18 .30
y L} 106.8 3.69 349 3.09 2.89 303 1.a7
26 115.7 533 499 4.31 391 4.09 4.48
28 1246 7.49 6.98 5.90 s.21 5.39 598
30 1334 1031 9.55 7.94 6.83 6.97 179
32 1423 1390 12.82 10.52 8.8s 8.88 995
34 1512 1841 16.94 13.74 11.34 11.18 12,51
36 160.1 24.02 22.04 - 17.73 14,38 1393 1550
38 169.0 3090 28.30 22.61 18.06 17.20 18.98
40 1779 39.26 35.89 28.51 22.50 21.08 23.04
TABLE 53

TRAFFIC EQUIVALENCE FACTORS, FLEXIBLE PAVEMENT,

TANDEM AXLES P, = 2.5

Structural Number, SN

Axle Load ;

Kips kN 1 2 3 4 ] 6

10 44.5 0.01 0.01 0.0} 0.01 0.01 0.01
12 534 0.02 0.02 0.02 0.02 0.01 0.01
14 623 0.03 0.04 0.04 0.03 0.03 0.02
16 71.2 0.04 0.07 0.07 0.06 0.05 0.04
18 80.1 0.07. 0.10 0.11 0.09 0.08 0.07
20 89.0 0.11 0.14 0.16 0.14 0.12 0.11
v} 979 0.16 0.20 0.2 0.21 0.18 0.17
24 106.8 0.23 0.27 0.31 0.29 0.26 0.24
26 115.7 0.33 0.37 0.42 0.40 0.36 0.34
28 - 124.6 045 049 058 0353 0.50 0.47
30 1334 061 0.65 0.70 0.70. 0.66 063
32 1423 0.81 0.84 0.89 0.89 0.86 0.83
34 151.2 1.06 1.08 1.11 1.11 1.09 1.08
36 160.1 1.38 1.38 1.28 1.38 1.38 1.38
3B 169.0 1.75 1.713 1.69 1.68 1.70 1.73
40 177.9 2.21 2.16 2.06 2.03 2.08 2.14
42 186.8 2.76 2.67 249 243 2.51 2.61
44 - 195.7- 341 3.27 2.99 2.88 3.00 3.16
46 204 .6 4.13 198 3.58 340 3iss 3.79
48 213.% 5.08 4.80 4.25 398 4.17 4.49

Source: AASHTO Interim Guide, p. 65. (3)
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FIGURE 51

EXAMPLE DETERMINATION OF 18-KIP SINGLE AXLE
EQUIVALENCY FACTOR FOR A VEHICLE

(SN
(Pt

4.0)
2.5)

oo OO0
| B

17« 17k 17x 17k
34k 34k

(Equivalency Factors from Tables 52 and 53)

Single Axle @ 8 Kips: o 0.0400
Tandem Axles @ 34 Kips: 2 x 1.11 2.2200
Total Vehicle Axle Equiv 2.2600
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EXAMPLES OF CURVES SHOWING DISTRIBUTION OF AXLE WEIGHT BY VEHICLE CLASS

FROM A TRUCK WEIGHT STUDY (SOLID CURVES).

Source:

NCHRP Report 141, P. 68 (49)
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TABLE 54
CALCULATION OF DAILY EQUIVALENT LOAD APPLICATIONS

1970 , ' 1990
PRESENY LIMITS PROPOSED LIMITS PRESENT LIMITS PROPOSED LIMITS
AVG, Avo, AvG. Avo,
El8-xip E18-xip E18-xiP El8-xip
DAILY LOAD DAILY LOAD DAILY LOAD DAILY LOAD
VLMICLE PAYLOAD  APPLI-  DAILY PAYLOAD  APPLI-  DAILY PAYLOAD  APPLI-  DAILY PAYLOAD  APPLI-  DAILY
CLASS " ADT  (1R) CATIONS ELA ADT (L8) CATIONS ELA AT (LB) CATIONS ELA AT (LB) CATIONS ELA
A - P D E F ] H 1 J X L M N o P Q
1. Passeuzer vehleles: , ' ' ‘ o
Cinus, 1,850 0.0008 1.480 1,850 0.0008 1480 3,900 ‘ 0.0008 3.120 3,900 0.0008  13.120
Muiorcycles 10 . — 10 . =—* 1480 3,900 - - =t
Buszs, comm. 12 0.2000 - 2.400 12 0.2000  2.400 25 © 02000  5.000 " 25 02000  5.000
Buises, school 8 0.3000 °~ 2.400 8 030000 ° 2.400 10 : 0.3000 : 3.000 10 03000  3.000
Subtotal _ 1,880 R 6.280 1,880 " 6280 3,985 11.120 3985 - 11.120
2. Singleunit rucks: ~ ’ :
Pa-:), pickups  140: " © 0,0020 0.280 140 ; 0.0020 0.280 300 0.0020 0.600 300 0.0020 0.600
- Orrer 4-lired 10 ©0.0100 0.100 10 - 0.0100 0.100 25 . . 0.0100 0.250 25 0.0100 0.250
20 120 481,200 0.1494 17928 108 481,200 0.1990 21.691 220 952,820 0.1494 . 32.863 205 952,280 0.1990 40.795
N ) 30 296,580 03062  9.186 29 296,580 0.4052 11.751 55 576,345 0.3062 16.841 54 . 576,345 0.4052 21.881

Subtotal 300 .- 21494 288 33822 600 - 50.659 584 63.526

3. Tractor semi-
trailyr combs.:

s 25 163,100 0.3744 9.360 33 163,100 0.5049 10.603 40 287,040 0.3744 14976 35 287,040 0.5049 17.672

2.8 56 . 723,072 0.6137 34367 53 723,072 0.8095 42.904 110 1,590,710 0.6137 67.507 109 - 1,590,710 0.8095 §R.236
s 104 2,351,544 0.7178 74.651 96 2,351,544 09546 91.742 350 9,021,950 0.7178 251.230° 344 9,021,950 0.9546 .328.282
3-51-2 10 :
Subtolal 195 118.378 170 145.249 500 - 333.713 488 / 414,290
4, Truck and [ill
traili r comlos. 8 . ] ,
Total : 2,383 - 152.152 2,338 ) "~ 185.351 5,085 . 395492 5,057 508.936
® Neglivible,

Source: NCHRP Report 141, p. 163. (49)




use for high-volume routes within a partiéﬂlar,iegiqﬁ or state, there is
no reason why those factors could not be employed within the [AROMAR a-

nalysis.*

Passenger Car Equivalents. Vehicles such as heavy trucks can
influence traffic flow through their size and relative speed, serving
to reduce the capacity of a highway under certain conditions. This
capacity reduction is measured by the effective number of passenger
cars displaced by the vehicle, whether physically (due to vehicle size)
or operationally (due to vehicle speed). .The units of capacity
reduction are termed the vehicle's passenger car equivalent, or

"Pce" .

The passenger car equivalent of a heavy truck can vary widely
depending upon the road geometry and surrounding traffic volume and
composition, On level grades or downgrades truck speeds can match those
of passenger cars, and the passenger car equivalent of a truck will
be about 2 due simply to its size. However, on upgrades truck
speed is dependent upon the steepness and length of grade, as well as
the number of lanes; and the resulting pce value may range from 3 to more

than 20. :

Unfortunately, no well-defined relationship exists to predict.
passenger car equivalent as a function of grade or number of lanes.
The problem is complicated by the fact that the passenger car
equivalent is influenced also by the percentage of heavy trucks in the
traffic stream, the distribution of traffic among lanes, driver
behavior toward maneuvering, and any psychological intimidation caused
by the presence of trucks.

The Highway Capacity Manual (3 ) reports very limited research in
this area, restricted primarily to conditions observed under level
of service B. Based upon these observaticns a set of values for
passenger car equivalents has been developed as shown in Table 53.
This table is intended for road performance estimates on specific
sections of highway (as opposed to long sections encompassing a
range of geometric features), and is therefore appropriate to the
fairly detailed road descriptions in the EAROMAR analysis discussed in
Chapter 2. However, in tabular form the data are rather clumsy to
use, and a more streamlined analytic approach was sought.

In considering the values shown in Table 55, we felt that the
variations due to percent of trucks and road grade were the most
important ones to capture in the EAROMAR analysis.  Adjustments between
levels of service A-C and D-E appeared to be of second order; and,

* In general, Van Til found the greatest errors in those methods that
had assumed the greatest degree of aggregate or averaged values. Hence
the need to confine use of such values to road, vehicle, and seasanal

" conditions similar to those employed in deriving the particular methods.
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TARLE

55

PASSENGER CAR EQUIVALENTS OF TRUCKS ON FREEWAYS AND EXPRESSUAYS,
ON SPECIFIC INDIVIDUAL SUBSECTIONS OR GRADES

PASSENGER CAR LQUIVALENT, Er
LENGTH
GRADE | ' OF LEVELS OF SERVICE A THROUGH C FOR: LEVELS OF SERVICE D AND E {(CAPACITY) FOR:
(%) GRADE
(1)
% 59, 109, | 15% | 20% 3%, 5%, 109, | 15% A
TRUCKS | TRUCKS | TRUCKS | TRUCKS | TRUCKS | TRUCKS | TRUCKS | TRUCKS | TRUCKS | TRLUICKS
01 Al 2 2 2 2 2 2 2 2 2 2
2 i-%4 5 4 4 3 3 5 4 4 3 3
31 ? 5 5 4 4 ? 5 s 4 L]
1142 ? 6 6 6 6 ? 6 6 § 6
34 ? ? 8 8 8 7 7 8 ] 8
3 Y 10 B 5 4 3 10 8 S 4 3
1% 10 B 5 4 4 10 8 5 4 4
u 10 B 6 5 5 10 8 5 4 5
1 10 8 6 5 6 10 8 6 5 6
1% 10 9 7 7 7 10 9 7 7 7
2 10 9 8 8 8 10 9 8 8 8
3 10 10 10 10 10 10 10 10 10 10
4 10 10 11 11 n 10 10 1 1 1
4 Y 12 9 5 4 3 13 9 5 4 3
1% 12 9 s 5 L] 13 9 5 s 5
3 12 9 7 7 ? 13 9 7 7 7
1 12 10 8 8 8 13 10 8 ] 8
144 12 1 10 10 10 13 11 10 10 10
2 12 n 1 1 11 13 12 1 11 i
3 12 12 13 13 13 13 13 12 14 12
4 12 13 15 15 14 13 14 16 16 15
s Y 13 10 6 4 3 14 10 6 4 3
¥4 13 n ? 7 7 14 1" ? 7 ?
Yy 13 1 9 3 ] 14 n 9 8 8
1 13 12 10 10 10 14 13 10 10 10
1% 13 13 12 12 12 14 14 13 13 13
2 13 14 14 14 14 14 15 15 15 15
3 13 15 16 16 15 14 17 17 17 17
4 15 17 19 19 17 16 9 2 21 19
6 Y 14 10 6 4 3 15 10 § 4 3
14 14 1 8 8 B 15 11 g 8 8
% 14 12 10 10 10 15 12 10 10 10
1 14 13 12 12 1 15 14 13 13 1l
1% 14 14 14 14 13 15 16 15 15 14
2 14 15 16 16 15 15 18 13 18 16
3 14 16 18 18 17 15 20 2 20 19
4 19 19 20 20 20 20 p1] P11 2 23
Source: Highway Capacity Manual 1965. Highway Research Board

Special Report 87, p. 258. (3)
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FIGURE 53 ,
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FIGURE 54

'SLOPE OF LINEAR RELATIONSHIP (FIGURE 53 )
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for high-volume routes likely to be considered in a premium pavement
analysis, the occurrence of a sustained grade of any significant
length was felt to be improbable. Therefore,we concentrated simply
on the data given in Table 35 for levels of service A~C, and assumed
a representative length of 1/2 mile for all grades shown.

The variation of passenger car equivalent with grade (assuming
1/2 mile length of grade throughout) is illustrated in Figure 53 for
selected values of truck percentage. Note that the relationships
are approximately linear, with the slope of the function decreasing with
increasing truck percentage. This variation of slope vs. truck
percentage 1s illustrated in Figure 54 ; it can be approximated by
a negative exponential curve as shown.

The relationships embodied in Figure 53 and 54 can, therefore,
be represented fairly simply in mathematical form by two equations:

Ep = u6 | (228)
and me= 1.3+ 2.7¢"0- 28 (229)
where!

Er = passenger car equivalent, pce

G = grade, per cent*

Pr = percentage of trucks, per cent*

A comparison -of the predicted passenger car equivalents versus those
given for the corresponding grade and percentage of trucks in the
Highway Capacity Manual is presented in Table 56. The agreerent is
quite good across the entire range of grades and truck percentages
considered; the maximum errors observed are approximately 20-25%,

and these occur infrequently. Furthermore, given the fact that the
Manual values themselves are approximations, equations {228 and (229
are considered to be quite adequate for use within the EAROMAR system.

One further refinement need be added: as a simple linear relation-
ship equation {228 passes through the origin, predicting a zero
equivalency factor at a zero grade. In reality this is not true,
since passenger cars and other relatively mobile vehicles would have
a passenger car equivalency of 1.0 on level roads or downgrades, while
heavier vehicles would probably have a value of between 1.0 and 2.0.
Therefore a minimuw or floor is needed for the function; this minimum
will be provided by the user as part of the description of each vehicle

type.

* Expressed as the numerical percentage, not a decimal number.
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TABLE 56

COMPARISON OF
COMPUTED vs. TABULATED
TRUCK pce FACTORS

Percent TruckEFactor TruckEFactor
Grade of Trucks T ‘ T
G, % P1. % Computed from HCM*
2 3 4.9 5
5 3.9 4
10 2.9 4
15 2.7 3
20 2.6 3
3‘ 3 7.4 10
5 5.9 8
10 4.4 5
15 4.0 4
20 3.9 4
4 3 10.0 12
> 7.9 9
10 5.9 5
15 5.4 5
20 5.2 5
3 3 2.3 13
S 9.8 n
10 7.3
15 6.7
20 6.5

*Highway Capacity Manual (3)
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Having derived a simple, closed-form model to relate passenger car
equivalents to road and traffic characteristics, we are now ready to
consolidate elements of their treatment within the EAROMAR analysis.

For each vehicle type declared one will specify its passenger car equi-
valent on level roads as some number greater than or equal to 1.0. Pas-
senger cars, pickup trucks, and light trucks would typically assume a
value of 1.0; buses, about 1.6; and combination trucks and other heavy
vehicles, 2.0 or more. All vehicles having pce greater than or equal to
2.0 would be considered as contributing to the "percentage of trucks”
used for capacity purposes.

During the simulation of traffic operations on a given road sec-
tion, the system will compute the composition of travel demand by ve-
hicle type within each hour of the day; the percentage of trucks will
then be determined based upon the pce specified above. Road grade 1is
known from the road characteristics provided in Chapter 2. If the grade
is algebraically less than 2.0 per cent the passenger car equivalent
will be taken directly from the value provided by the user for each ve-
hicle type. 1If the grade is positive, and greater thanm 2.0 per cent,
equations { 228) and ( 229) will be used instead to estimate passenger
car equivalent E. for each heavy vehicle type. The equivalent total
travel demand, in passenger car units, will then be computed as:

E = I @ xpcey = I AADT x SEASON x Py x pcey (%30)

all all
vehicle vehicle
types 1 types 1
where: E = total hourly passenger car equivalents
Q4 = hourly demand by vehicle type, veh/hr
pcey = passenger car equivalent by vehicle type

Py = percentage of adjusted AADT by vehicle type
and hour of day.

The source of hourly percentage of AADT by vehicle type, Pi’ will
be explained in a later section where we consolidate descriptions of de-

mand by trip purpose and vehicle type.

Unit Costs of Consumables. In the course of their operation, ve-
hicles consume fuel, oil, and tires at rates dependent upon the charac-
teristics of the vehicles themselves and road geometric and operational
conditions. Predictions of consumption rates and costs are handled by
a set of models to be discussed in Chapter 6. As part of the vehicle
description, though, unit costs must be provided for each resource cate-
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gory: fuel, in dollars per gallon; oil, in dollars per quart; and tires,
in dollars per tire. Costs must reflect products appropriate to the ve-
hicle in question (e.g., fuel type; size of tires) for the initial year
of the analysis period. These unit costs will then be inflated each
year of the simulation according to the procedures described in Chapter
2. Fuel costs are inflated by the "fuel" inflation rate, while

tires are assumed to increase at the general rate of inflatiom.

Enmissions Factor. The vehicle air pollution emissions models pre-
sented in Chapter 6 are based upon passenger car emission levels for
uniform speeds, for speed changes, and for queueing. These predictions
~will then be corrected for each vehicle type via a2 vehicle emission le-
vel factor provided by the user, defined to be:

Vehicle Emission _ _Level of Vehicle Emissions
Level Factor Passenger Car Emissions Under
Equivalent Operating Conditionms 231)

- CONSOLIDATION OF TRIF AND VEHICLE CLASSIFICATIONS

Having expanded upon- the two components of our description of traf-
fic composition —- trip purpose and vehicle type — we would now like to
consolidate these two sets of information to unify our representation of
demand characteristics. Merging these two sets of data will enable one
to completely stratify the traffic stream at any given location and time,
and ‘more importantly, to do so in an internally consistent way.

Structure of Relationship. Recall from our previous discussions
that declarations of both trip purpose and vehicle type are intended
to be at the control of the user. It stands to reason, then, that the
pairing of trip categories with vehicle classifications must likewise
be by user command, and need not (indeed cannot) be defined by prior
convention within the EAROMAR system.

This pairing is accomplished in the EAROMAR analysis through a per-
centage distribution of vehicle types projected withim each trip purpose.
For instance, a declaration of work commuter trips could be followed
with the specification, say, of "95 per cent autos, 5 per cent pickup
trucks” constituting the commuter vehicle mix. Likewise, commercial
freight could comprise "40 per cent combinations, 60 per -cent single
unit trucks"; school trips might have a mix of "85 per cent buses, 15
per cent autos.” Note that since the percentages apply to vehicles with-
" in each trip category, and not to the traffic demand in total, the per-
centages must sum to 100 per cent for each trip purpose considered.

Several comments need to be made regarding this procedure. The
first concerns consistency among the different elements of data involv-
"ed. Simply put, the vehicles assigned under each trip category must be
dravn from the pool of vehicles previously declared to the system (via
the vehicle name or identifier). This requirement insures that all data
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associated with each vehicle class (e.g., weight, equivalency factors,
.etc.) will be available when required by the system in assembling the-
characteristics of the total traffic stream.

Second, the relationship between trip purpose and vehicle type au-
tomatically defines and establishes intermal links within the EAROMAR
system between (1) all information structured by the trip purpose, and
(2) all information associated with the vehicle type. These links are
1llustrated in Figure 55 for the work commuting example earlier. Re-
call that trip purpose definition includes among other factors seasonal,
daily and hourly variations in demand; on the other hand, vehicle type
description includes, for instance, pavement and capacity equivalencies.
The associlation between the two enables the system to comstruct, for
example, seasonal, dally, and hourly variations in pavement axle equi-
valencies, or in numbers of passenger car equivalents. When aggregat-
ed among all trip categories (and hence all vehicle classes), these as-
sociations become very important in the simulation of road operatiom,
pavenent deterioration and maintenance scheduling.

Third, there are no restrictions on the ways in which vehicles may
be related by purpose. Again considering our examples earlier, both
commuter trips and school trips encompass use of passenger autos. The
implication is that both of these trip purposes will share access to
the description of the automobile vehicle data, as shown in Figure 56.
‘Moreover, the portion of total demand attributable to automobile travel
may now be estimated as the superposition of: (1) the.demand generated
by work commuter trips; plus (2) the demand arising from school travel;
plus (3) the demand patterns of any other trip categories in whlch auto
is designated as a vehicle choice.

The process of superposition is shown schematically in Figure 56,
and provides the user considerable versatility and power in structuring
travel demand characteristics for various user impact policy studies.
For example, Table 57 illustrates one potential way of organizing
commercial trucking demand within the EAROMAR analysis. . Through in-
teraction of the trip categories of local and intercity £frieght (parti-
tioned by general commodity class), and the vehicle mixes withio each
(comprising different gasoline- and diesel-powered vehicles), one would
be able to assess user impacts in a market sense, a vehicle sense,. and
a fuel consumption sense. Similar breakdowns could be made for other
trips or vehicles if warranted within the analysis.

Values of Travel Time. Past research has shown that values of trav-
el time are correlated with trip purpose; further information in this re-
gard is presented im Chapter 6. Nevertheless, it was felt unreasonable
to assume that such values would always be uniform within a given trip
category, particularly in light of the independence with which one may
declare trip categories within the EAROMAR analysis. Therefore, 1t was
decided that values of travel time would be most appropriately provided
to the system by vehicle class within a trip category.
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TABLE 57

EXAMPLE USE OF TRIP PURPQOSE AND VEHICLE CLASS
SPECIFICATIONS FOR TRUCKING

PURPOSE VEHICLES
LOCAL-SERVICE GAS-PICKUP
GAS-PANEL
LOCAL-GOODS GAS-SUT
DIESEL-SUT
INTERCITY-DURABLES GAS-SUT
' DIESEL-SUT

GAS-COMBINATION
DIESEL-COMBINATION

INTERCITY-AGRICULTURAL GAS-SUT
DIESEL-SUT
GAS-COMBINATION
DIESEL-COMBINATION

INTERCITY-SERVICE GAS-PANEL
GAS-PICKUP
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Figure 57 gives two examples of travel time value specifications.
The first example illustrates the case where time values may be deter-
mined simply by differing wage scales within broadly defined trip cate-
gories. It has been assumed that the wage levels are correlated in a
fairly consistent way with vehicle class driven.

The second example, however, 1llustrates a somewhat different and
more imaginative use of the convention. The proposed EAROMAR analysis
does not incorporate a breakdown of travel time values by motorist in-
come, for several reasons: (1) there is disagreement among the studies
reviewed as to how time values are specifically related to income; (2)
it was felt that distributions of income levels for users om particular
routes would be difficult to obtain; and (3) the sensitivity of time
valuation to income might be overshadowed by uncertainty in the basic
value of time concept itself,

Nevertheless, there may arise instances where stratification of
time values by income 1s desired. The second example in Figure 57
corporates three income ranges for passenger car travel, using vehicle
type as a proxy for the user income parameter. It 1s assumed that the
technological and economic specifications of three "types" of passen-
ger cars are the same, although this is certainly not a requirement. As
with several prior examples, we do not necessarily recommend this ap-
proach in any specific analysis. The example is intended to show, how-
ever, that through imaginative use of the input capabilities provided by
the system, one may construct an analysis according to a structure and
level of detail deemed most appropriate for the problem at hand.

Traffic Sets

In Chapter 2, we discussed the desirability of varying traffic de-
scriptions within a series of strategies, to account for the uncertainty
in predicting changes in either short-term effects (e.g., seasonal, dai-
ly, or hourly distributions) or the composition of the traffic stream
(by trip purpose or vehicle type). For convenience in specifying these
temporal or spatial changes, it 1is useful to organize the several data
that may be affected into logical organizations, and tao refer to each
collection of data simply by a name. These collections of data are
termed traffic sets within the EAROMAR analysis.

Each traffic set comprises one complete specification of the follow-
ing information discussed in previous sections:

® Seasonal adjustment to AADT

® Distributions of AADT by trip purpose,
type of day (weekday or weekend}, and
hour of day

® Distributions of vehicle type within
each trip purpose
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FIGURE 57.

EXAMPLES OF TRAVEL TIME SPECIFICATIONS

Example 1

PURPOSE: SERVICE-TRUCKING

VEHICLES:
PIEKUP TIME VALUE = \I.I
PANEL TIME VALUE = Vz
PURPOSE: FREIGHT-TRUCKING
VEHICLES:
SUT TIME VALUE = V3

COMBINATION TIME VALUE = V4

Example 2 ‘ -

'PURPOSE: - WORK COMMUTING

VEHICLES:
LOW-INCOME CAR TIME VALUE = V]
MODERATE - INCOME '
CAR TIME VALUE = V,

HIGH-INCOME CAR TIME VALUE = Vg
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® Values of travel time by vehicle type
and trip purpose.

A number of traffic sets may be defined within an analysis. Traffic
sets may differ from cne another either in only one of the elements
above, in several, or in all elements specified. An example will help
to illustrate their practicality and convenience in modeling several
diverse but typical situations.

Table 58 identifies three traffic sets defined for a hypotheti-
cal problem. For simplicity, only those portions that change from one
set to another have been shown. 1In fact, each set must also include
all other elements (seasonal, daily, hourly distributions, etec.) iden-
tified above, and for this problem we assume that these other items
are the same among the three sets listed.

The sets represent changes in relative traffic composition across
both trip purpose and vehicle mix. First, each set denotes successive-
ly higher relative percentages of commuting trips within the traffic
stream, increasing from 25Z to 35Z. Second, Set ~ 2 defines a simul-
taneous change in composition of commercial traffic, reflecting a great-
er proportion of single unit trucks than shown in Set -1, Finally, Set
- 3 introduces light trucks into two of the trip categories represented
exclusively by auto in Set- 2. Thus, the traffic sets takem collective=
ly define some type of emerging pattern based presumably on independent
assessments of future regional economic development and changing pre-
ferences in driver behavior.

The application of these sets, through the strategy specifications
described in Chapter 2, together with other information necessary to
describe travel demand, 1s shown schematically in Table 59 This
table is essentially an extension of the AADT specifications formulated
earlier in Table 44: the inclusion of traffic set data serves now to
vary the composition of the traffic stream over space and time as well.

Several points are worthy of note. First, it is clear that the
several components of demand are varying spatially and temporally; what
should be stressed is that these variations may occur in whatever com-
binations desired to represent the problem at hand. For example, in
1980, the same traffic set is superimposed upon different levels of
AADT along the length of the road. The implication is that the demand
levels projected on each of the three road segments will have similar
composition (in terms of trip purpose and vehicle type), cyclical vari-
ations, and peaking characteristics, In later years of the analysis
period, growth rates and traffic sets can be manipulated in concert with
one another as shown, to vary the effects of these superimpositions at
will. '

Second, the projection of changes in demand projection, and the la-
cations over which they occur, are arbitrary. Table 59 shows changes
at five year intervals, with milepost segments remaining the same for
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TABLE 58
EXAMPLES OF TRAFFIC SET SPECIFICATION

TRAFFIC SET - 1

TRIP PURPOSES VERICLE DiSTRIBUTIONS

Commuting ~ - - - 25% Auto - 100%

Commercial - - - 10% SUT - 50% 3-S2 - 50%

- Personal/Social - 50% Auto - 100%

Other = = - - - = 15% Auto - 50% Light Truck - 50%

TRAFFIC SET - 2

TRIP PURPOSES

Commuting - - - - 30% Auto - 100%

Commercial - - - 10% SUT. - 60% 3-52 - 40%
Personal/Social - 50% ‘ Auto - 100%

Other - - - - - = 10% Auto - 50% Light Truck - 50%

TRAFFIC SET - 3
TRIP PURPOSES

Commuting - - - - 35% Auto - 95% Light Truck - 5%
Commercial - -~ - 10% SUT - 60% 3-S52 - - - - 40%
Personal/Social - 40% Auto - 90% Light Truck - 10%
Other = = = = - - 15% Auto - 60% Light Truck - 40%
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TABLE 59

EXAMPLE OF COORDINATED TRAFFIC

DESCRIPTIONS AND GROWTH

ROADWAY

MILEPOST TRAFFIC
YEAR SECTION INITIAL AADT GROWTH SET

F:?—J —

0- 5 70,000 + 2000 AADT SET-1
1980 5~ 7 75,000 + 1000 AADT SET-1

7 - 10 85,000 + 1000 AADT SET-1

0- 5 - + 1000 AADT -
1985 5 - 7 - - -

7 - 10 - -- SET-2

_ 0- 5 - 0 SET-2

1990 5- 7 - 0 SET-2

7 -10 -- 0 SET-3

0- 5 -- - SET-3
1995 5~ 7 -- - SET-3

7 -10 - - --
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each year. In general, however, any year within the analysis period
could have been specified;* furthermore, updates of any of the demand
components would not have to be confined to milepost segments 0-5, 5-7,
and 7-10, but could be defined in terms of any other boundaries (e g-,
0-6, 6-10).

Third, the highway demand at any particular time is the product
of the currently defined AADT and the currently defined traffic set.
"Currently defined" in this context is taken to mean the following.
AADT and traffic set data are assumed tc be valid within the year in
which they are declared. For example, in 1980 road segment "0-5" will
be projected to have 70,000 AADT, and traffic composition and cyclical
demand variations as described by Set=-1. On the other hand, rate of
traffic growth is assumed to occur from the year in which it is first
declared to the following year, and | therefore its effects are not tal=-
lied within the analysis until that second year. Again looking at seg-
ment 0-5 in 1980, the applicable rate of growth is linear at + 2000
AADT per year. However, this growth will not be registered until 1981,
when AADT will have been simulated to climb from 70,000 to 72,000. To
illustrate these points more completely, selected demand projection
resulting from the combined specifications in Tables 58 and 59 are -
compiled in Table 60.

Travel Diversion Effects

One final issue remains to be discussed concerning representation
of travel demand: the diversion of vehicles to alternate routes, due
to heightened congestion caused by road maintenance or rehabilitation
work-zones. In contrast to the development of demand volume and com-
position already discussed, such diversion patterns are not part of
the general literature on traffic demand; rather, they are specific to
the particular network under consideration, the demand patterms on that
network, and the work-~zone size and duration of the occupancy. How-
ever, since such road occupancy impacts are germane to the EAROMAR an-
alysis, it was felt that they sould be mentioned in this report.

The magnitudes of such diversions may be estimated from actual
traffic counts for high-volume routes under repair. Tables 61 and
62 report the effects of road reconstruction on two major Illincis
expressways in 1966 and 1971. Overall two-way dally volumes were re-
duced ‘by 20-45 per cent during repair or reconstruction, with somewhat
higher reductions exhibited in the directional peak flows.

Clearly, such potential reductions can have a marked impact upon
demand estimates, and would therefore be desirable to include within

*A project could also have been specified, at whose completion the traf-

fic set or growth pattern would be implemented. See the discussion of
AADT variation over time earlier in this chapter.
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TABLE 60

TRAFFIC CHARACTERISTICS RESULT FROM
SPECIFICATIONS IN TABLES 5% E&ﬁg 590”
YEAR ROADWAY COMPUTED DAILY DAILY
MILEPOST AADT -+ COMMUTING TRIPS BY
SECTION : TRIPS* AUTO**
1980 0-5 , 70,000 17,500 57,750
5-7 75,000 : 18,750 61,875
7-10 85,000 21,250 70,125
1985 0-5 80,000 20,000 66,000
5-7 80,000 20,000 66,000
7-10 90,000 27,000 76,500
1990 0-5 85,000 25,500 72,250
5.7 85,000 25,500 72,250
7-10 95,000 33,250 74,340
1995 0-5 85,000 29,750 66,515
5-7 85,000 29,750 66,515
7-10 95.000 33.250 74,340

* I1lustrates distributions of AADT by trip purpose regardless of -
vehicle type used -- in this case, auto and pickup for commuting

trips.

** I1lustrates distributions of AADT by vehicle tvpe for pertinent
trio purposes -- in this case. auto use for commuting, personal/
social and other trips.
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) TABLE 61 - |
Traffic Volume Reductions During Reconstruction lWork on
Kennedy Expressway, October 1971, Cook County, I1linois*

' VOLUME REDUCTION { % )

STAGE 1 sTace 1l
NORMAL .

. COUNT, OVER- AM PM OVER: AM PM
EXPRESSWAY AT 24-nR (VEN)  ALL PEAK PTEAK ALL.  PEAK PEAK
Kennedy Cumbesland 130,000 - 40 50 50 ¢ 25 40 40

Cicero 125,000 3s 35 45 25 25 45

‘ Ohio 210,000 40 40 k1) 45 35 50

Ryan 55th 230,000 k}) _ —_— 45 —_— —_
Edens Wilson 115,000 o 80— —_ 35 _— -_—
Church 105,000 . 5 —_ —_— 5 —_— —_—

Eisenhower Sacramento 190,000 0 —_ —_— +5 —_ —
East 125.000 - -0 —_ —_ +5 —_ _

:Local lane ¢losrres on Ryan Eaprescway; Edens and Eisenhower Expresswam open, in full service.
Increase.

TABLE A2

Analysis ﬁf Traffic Demand During
Reconstruction Work on Edens Expressway,
July 1966, Cook County, I11inois*

TRAFFIC DEMAND * (VEH)

: RED.
PRESS- ‘
:-:AY AT PEFORE DURING DIFR. (%)
Edens Foster Ave. 110,100 87,800 22300 20
Kennedy  Pulaski 199,700 167,900 31,800 I6

Chicago Ave. 195,500 182,400 13,100 7

» Resurfacing on Cdens’ with two 1anes closed and four open at all
vimet: onc open lanc reversed.
" = 24-hr demand. 2-way.

*SOURCE: Reconditioning High-Volume Freeways in Urban Areas.
NCHRP Synthesis of Highway Practice 25. (50)
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the EAROMAR analysis. However, further investigation of the problem
revealed several difficulties in incorporating these diversion effects
within the analysis as it is now conceived.

At the heart of these difficulties lies the fact that the EARO-
MAR approach is structured at a link, rather than a network, level.
Considerations of traffic distribution and diversion therefore cannot
be modeled other than in a very approximate way. And the data avail-
able, such as those in Tables 61 and 62 , are not sufficient to
enable one to extend these approximations to general use.

The first problem is how to adjust these factors to be consis-
tent with the more general treatment of travel demand already develop-
ed. For instance, seasonal, daily and hourly traffic variations are
included in the analysis, and it is reasonable to assume that percen-
tages of demand reduction will likewise vary over time. Yet, the data
to support this contention are not available, nor is it clear how one
would provide these variations to the analysis in a convenient way.

Second, it is also reasonable to assume that demand reduction
due to maintenance congestion will occur primarily within some pre-
scribed distance of the actual workzone limits == within an influence
zone, if you will — but will be negligible outside this zone. While
Table 61 hints at spatial variation in diversion percentage, it sug-
gests no clues as to the total length of zone in which demand is af-
fected. Determining this length requires knowledge of point-to-point
travel desires of each motorist in the traffic stream, as well as es-
timates of their sensitivity to alternate route cholce -=- i.e., a net=-
work analysis of demand distribution. The problem is compounded by
the fact that maintenance workzones move gver time, and therefore the
spatial variation in demand reduction may itself change rather frequent=-

ly within the analysis.

Finally, assuming that the demand reduction comprises primarily
diversion of traffic to alternate routes, one has no way of estimat-
ing revised user costs and travel times on these (perhaps overcrowded)
alternates without resorting to a network analysis. If, somehow, de-
mand reductions were effected within the analysis on the route under
study, but account were not taken of the additional congestion, time,
and operating costs on alternate routes, one could substantially under-
estimate the cost impact of lane .closures during peak periods.

Thus, in volume reductions due to congestion caused by mainten-
ance, we are faced with an aspect of travel demand that should be in-
corporated within the EAROMAR analysis, but cannot be at this time.
Only by extending the EAROMAR framework to a network level can such
effects be properly and generally accounted for. Research on a net-
work formulation is beyond the scope of the present studv, but is
strongly recommended as a future area of work,
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5.2 FREE-FLOW OPERATING SPELDS

Introduction

Road operating characteristics —traffic speed, flow and density—
are the primary determinants of the level of service provided by a road
facility, and attandant travel costs incurred by its users. Values of
these operational measures result from an equilibrium among transporta-
tion supply and demand, dynamic over both route length and time.

The next several sections concentrate upon the supply side of this
balance as measured by road capacity (i.e., maximum practical flow). Ap-
propriate relationships for the physical and operational contributions
to capacity will be developed. Then, predictions of capacity will be
combined with the treatment of demand from preceeding sections to esti-
mate equilibrium conditions in terms of volume-capacity ratics.

Using established speed-flow relationships, volume-capacity ratios
will be translated into predicted average free-flow operating speeds.
Other road factors affecting average speeds, such as speed limits and
pavement roughness, will also be discussed.

This portion of Chapter 5 will be limited to considering free~flow
conditions (i.e., levels of service A through E). Analysis of conges-
tion and queueing, and associated congested zone speeds and speed changes,
will be presented later in the chapter, following discussions of traffic
bottlenecks and road closures for maintenance and rehabilitation.

Capacity Relationships

The capacity relationships discussed below are taken from the High-
way Capacity Manual. { 3 ) Based upon analysis of a considerable body
of empirical observations, these relationships are widely used through-
out the US, and are familiar to most highway practitioners. Therefore,
the emphasis below is on application of pertinent concepts within the
EAROMAR analysis, rather than upon their background and derivation. Fur-
thermore, although the Highway Capacity Manual is now being revised,
current indications are that there will be no substantial changes expect-
ed in the basic approach to capacity estimates.

The "ideal" capacity for multilane roads with access control under
uninterrupted conditions is normally taken to be 2000 passenger cars
per hour. Several geometric and operational factors reduce this number
to wore practical limits, as identified in Table 63. To simplify ca-
pacity calculations, these separate adjustments have been incorporated
within only three terms of a gemeral capacity relationship:

C = 2000 8WT (232)

where: C = capacity (mixed vehicles per hour, total
for one roadway in one direction)
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TABLE &3
FACTORS CAUSING ADJUSTMENTS TO
IDEAL UNINTERRUPTED FLOW VALUES

ROADWAY FACTORS

Lane width
Lateral clearance
Shoulders

Auxiliary lanes
Parking lanes
Speed change lanes
Turning and storage lanes

Weaving lanes
Truck climbing lanes
Surface condition

Alinement
Grades

TRAFFIC FACTORS

Trucks, Two-lane
Multilane

Buses

Lane distribution ‘
Variations in traffic flow

Traffic interruptions

Source: Highway Capaciﬁy Manual 1965.
Highway Research Board Special Report
87, page 109.
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N = number of lanes in roadway

W = adjustment for lane width and
side clearance (see Table 64)

T = truck factor at capacity

NUMBER OF LANES

Number of lanes is directly available to the EAROMAR system from
the route descriptions provided by the user in Chapter 2. No further
action is necessary.

LANE WIDTH AND SIDE CLEARANCE ADJUSTMENT

Although the lane width will also be provided in the route charac-
teristics in Chapter 2, information on side clearance will not be called
for. In lieu of providing distance to nearest obstruction for both sides
of the road, it was felt simpler to have user provide the width and side
clearance factor directly from Table 64 for each section of roadway.

'This information is provided with other "capacity" data within the route
descriptions discussed in Chapter 2.

TRUCK FACTOR

The truck factor is determined automatically by the system for each
hour simulated throughout the analysis period, using the truck pce fac-
tor Er [from eq. ( 228 ] and percent of trucks Pr in the following rela-
tionship:

T = 100/ (100 - Py + E{Pr) ( 233}

DEMAND-~-CAPACITY RATIO

The demand-capacity ratio is determined for each hour of operations
simulated by the EAROMAR analysis by dividing total demand (in mixed ve-
hicles per hour) by total capacity (computed above) for each roadway
within the route under consideration; or

D Hourly demand computed by eq. (226)

c Hourly capacity computed by eq. ( 232) ( 234)

VOLUME-CAPACITY RATIO
Similarly, the volume-capacity ratio 1s estimated as:

Hourly flow

v
C Hourly capacity ( 235)
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Table 64

Combined Effect of Lane Width and Restricted Lateral
Clearance on Capacity and Service Volumes of Divided
Freeways and Expressways with Uninterrupted Flow

ADIUSTMENT FACTOR* W, FOR LANE WIDTH AND LATERAL CLEARANCE

DISTANCE FROM . ‘ .
TRAFFIC LANE EDGE OBSTAUCTION ON ONE SIDE OF ONSTRUCTIONS OM BOTII SIDES OF

TO ONSTRUCTION ONE-DIRECTION ROADWAY . ONE-DIRECTION ROADWAY
(FY)

1260 | N-Fr | 1O-FT ) 9FT | 12,7 | N1k | 10/7 | 9-FT
LANES LANES LANES LANES LANES LANES LANES LANES

(a) 4-Lane Divinep Freeway, ONE DIRECTION OF TRAVEL

6 1.00 0.97 0N 0.81 1.00 0.97 0.91 0.81
4 0.99 0.96 0.90 0.80 0.98 0.95 0.89 0.79
2 0.97 0.94 0.58 0.79 0.94 0.91 0.8 0.76
0 0.%0 0.87 0.82 0.7} 0.81 0.79 0.74 0.66

() 6 AND B-LANE Divinep Freeway, ONe DirecTiON OF TraveEL

6 1.00 0.96 0.89 0.78 1.00 0.96 0.89 0.78
4 0.99 0.93 0.88 0.77 0.98 0.%4 0.87 0.77
2 0.97 0.93 0.87 0.76 0.96 0.92 0.85 | 0.75
0 0.94 0.91 0.83 0.74 0.91 0.87 0.81 0.70

~ Same adjusimcnis for capacily and all tevels of service.

Source: Highway Capacity Manual 1965. Highway Research Board
Special Report 87, p. 256.
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For situations where no congestion is present, the ratics (D/C ) and
(V/C) will be identical. Where congestion does occur, however, (V/C)
will be less than (D /C) as discussed in section 5.4.

Speed-Flow Relationships

The operational characteristics of a traffic stream are defined by
its speed, flow and concentration. Speed, denoted by u, is defined for
a single vehicle as simply rate of movement in miles per hour. TFor ag-
gregates of vehicles a useful nmeasure is the average rumning speed, de-
fined as the sum of the distances traversed by all vehicles divided by
the sum of the running times. Assuming the same distance D traversed by
N vehicles, the average running speed would be computed as:

L . _ ®™ _p» _ p _ _1
N NT T N N
Tty %zg %zl
u u
i=1 1=l 1 1=11 (236 )

where u; is the speed of each vehicle i, D is the distance traversed by
each veﬁicle in time t4, and T is the average running time over distance
D.

Flow (or volume *) is defined as the number of vehicles passing a
point within a given time period; or:

qQ = N/T (237)

where q = vehicle flow ;
N = number of vehicles passing a given point ;

and - T = time interval, which for the EAROMAR analysis will
be taken as one hour.

Concentration, k, the number of vehicles per unit length of road,
is then related to speed and flow via the general relationship:

k = q/u; or u = q/k; or q = ku ( 238)

) A model of the form of eq. (238 }is referred to as a traffic-stream
model, and defines a three-dimensional surface relating the operational
parameters u, q, and k. For simplicity in representation, however, per-
tinent relationships are often displayed instead as two—dimensional
slices through the surface, yielding speed-concentration and speed-flow

curves.

® Flow is normally measured over intervals of less than one hour; vol-
ume, over intervals of one hour or longer.
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Both theoretical and empirical models are available to represent
the speed-flow relationship, which can be used to tile a level of road
service (average traffic speed) to road characteristics (flow as con-
strained by road capacity), Although the precise mathematical forms
of these various models differ, all realistic speed-flow curves exhibit
the same general shape, consistent with empirical observations of traf-
fic behavior.

First, the free-flow speed of a vehicle approaches the maximum ar-
tainable speed* as concentration (and therefore flow) approach zero.
The average speed may be somewhat lower than the maximum attainable,
because not all drivers choose to operate at the maximum speed that can
be realized. However, this average speed will likewise exhibit its max-
imum value at zero density. Second, speed reduces to zero as concentra-
tion reaches the jam concentration k;, and as flow again goes to zero.
Thus, the speed-flow function has two realisitic values on the speed ax-
is at zero flow — one point at the origin, the second at the maximum
attainable value. Third, between these zero and maximum values of speed,
the speed-flow curve is convex, reaching to a point of maximum flow q at
some speed u and critical density k.

To remain consistent with our development of road capacity using
procedures recommended in the Highway Capacity Manual ( 3 ), we have
adapted speed-flow relationships from the empirical curves presented in
the Manual for freeways. Brief discussions of both the Manual data and
our rendering of these data for use within EAROMAR are described below.

HIGHWAY CAPACITY MANUAL

Highway Capacity Manual procedures are based on analysis of empir-
ical data such as those illustrated in Figure 58 for the free-flow
regime on freeways.™ Superimposed on this figure are volume-average
speed curves developed from the data points shown, and including the
regulating effect of speed limits. Except for portions of the curves
near critical density (the shaded area in Figure 58 ), the speed-flow
relationships are linear or near-linear; however, no closed form equa-
tions are formally introduced in the Manual for these curves.

It should be pointed out that the curves in Figure 58 are includ-
ed within the Manual only for i1llustration of average speed values, and
are not, strictly speaking, suitable for gemeral demand-capacity calcu-
lations. There are two reasons for this. First, the curves make neo
provisicns for incorporating adjustments to reflect various adverse con-
ditions normally found on actual roadways {such as the constraining ef-

* Maximum attainable speed is defined as that speed governed by road
design and safe driver practices; i.e., favorable weather conditions
and no traffic interferences prevail.

** T.e., in the absence of congestion. Congestion and queueing will
be treated in a later part of this chapter.
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Data and Relationship for Average Speed and Yolume

Source: Highway Capacity Manual 1965. Highway i
Research Board Special Report 87, p. 66. (3)
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fects of roadside obstacles, presence of trucks and other factors dis-

cussed earlier). This problem is remedied by replacing absolute volume
or flow along the abscissa by the volume-capacity ratio, as will be il-
lustrated shortly. Second, the Highway Capacity Manual bases its level
of service concepts on road operating speed” rather than average speed,
and therefore a different set of curves is actually recommended for ca-
paclty calculations. .

These recommended curves are reproduced in Figure 59, Note that
the use of the volume-capacity ratio as a measure of flow now enables
one to treat different classes of road, numbers of lanes, and other in-
fluences on capacity under one generalized procedure. However, the use
of operating speed (in lieu of average speed) is inappropriate for the
EAROMAR analysis, because it does not reflect overall characteristics of
the entire traffic stream, and is therefore unsuitable for calculations
of, for example, total user travel time.

EAROMAR RELATIONSHIP

In his development of the original EAROMAR system, Butler ( 2 ) de-
rived a set of equations to approximate the Eighway Capacity Manual
curves for average speed in Figure 60, but replacing absolute volume
by the volume-capacity ratio as discussed above. We have modified or
simplified these equations for use within the current version. The re-
sulting model 1is presented in Figure 61 , with interpretations of var-
iables shown in Figure 60. Note that the effects of both highway de-
sign speed and speed limit can be explicitly accounted for.

Speed-Roughness Relationship

The relationship between speed and the geometric and operating charac-
teristics of a highway has been covered extensively in the literature.
Much less attention, however, has been devoted to the influence of pave-
ment condition on speed and fIow. Research on user consequences (speed,
vehicle operating costs) as functions of surface condition for paved vs
unpaved roads has been limited generally to developing countries; corres-
ponding information on high-type pavements found on US freeways 1s scarce.
Nevertheless, the existence of such a relationship has important implications
for the type of analysis conducted through EARCMAR, It would define
the benefits of a smooth pavement surface resulting either from good main-
tenance policies or from investment in a premium pavement.

The one study which was appropriate to our requirements was conduc-
ted by Karan and Haas in Ontario in 1974 (51). Data on traffic speed,
flows, volume-capacity ratio, speed limits, and pavement roughnesa (mea-
sured by a BPR roughomoter and converted into a Road Condition Index,
or RCI) were obtainad for 72 road sections, Several regression models
were developed to fit tyese data, all of which had good statistical param-

* Operating speed is the maximum attainable speed under prevailing traf-
fic conditions.
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FIGURE 61

SPEED-FLOW RELATICONSHIPS
USED WITHIN EARCMAR

S1 = 0.9 DS (239)

S2 = 30 ‘ | (240)

'§3 = S1-82 A (241)

S4& = (0,4 DS - 10) x v/cC (242)

S5 = 83 - 84 (2_43)‘

S6 = 0 (if V/CS0,93) - (248)

56 [(v/gfo; 0-93] ¢ ss (rv/cza.o3)

(245)
Governing speed duve to road design

= S5 = S1-Sk-56 (246)
Governing speed due to speed limit

-5, = (o.gxsrl.\)-(a.sx%) (247)
Estimated Free-Flow Average Speed

= SPEED = MINDMUM (Sp, Sp) (248)

Where* }
0§ = Freeway design speed, mMph

C = Capacity of freeway or lane closure
in 1000's

SL = Speed limit on freeway or of the
lane closure

V = Any volume in 1000's

S = Speed for a given velume V or
volume-capacity ratio Wh

Source: EARCMAR Final Report, B.C. Butler, Jr.,
October 1974, pp. 101-103.(2)
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eters. One was selected by Karan and Haas based upon subjective evalua-
tion and the model's simplicity.

For use within EAROMAR we have selected a different model from the
set developed in (51). This model is also simple in form; moreover, of
the four models developed by Karan and Haas, it is the only one which
excludes the effects of volume-capacity ratio. This we wanted to do,
since volume-capacity ratio is already accounted for in the equations
in Figure 61. By converting RCI to the Present Serviceability Index
(PSI), and expressing speeds in miles per hour in lieu of kilometers
per hour, we obtained the following relationship for use within EAROMAR.

_ 2
SR = 21.4 + 0.04 Si PSI + 0.007SLl , | (249)

where
SR 1s the limiting speed due to roughness, mph;

SL 1s the observed speed limit, mph; and

PSI 1is the present serviceability index of the pavement.

Then the free-flow average speed on a given roadway sectiom is
estimated as:

SPEED = MINIMUM (SD, S;, S (250)

L SR

where

SPEED is the predicted ~average speed of the traffic stream,
oph:

SD is the limiting speed, in mph, due to road design and
operational parameters, as computed in eq. (246);

S. is the limiting speed, in mph, due to the observed
speed limit, as computed in eq. (247); and

1s the limiting speed, in mph, due to pavement
condition, as computed in eq. (249).
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5.3 LANE CLOSURES FOR MAINTENANCE AND REHABILITATION

Introduction

Whenever pavement maintenance or rehabilitation work encroaches up-
on one or more roadway lanes, these lanes are closed to traffic under
established procedures to protect the safety of both motorists and main-
tenance crews. Guidelines for workzone delineation and scheduling are
often contained in a procedural manual published by the appropriate
state agency or road operating authority, which discusses the recommend-
ed type, placement, and extent of workzones, required traffic warning
devices and control methods, and allowable times of day for lame clo-
sures.

Those agpects of the problem trelating to maintenance scheduling
and work accomplishment within workzones as part of the EAROMAR analy-
sis were discussed in Chapter 4. 1In this section, we will consider the
operational effects of lane closures on road capacity, and develop ways
of representing pertiment closure characteristics and their effects on
the traffic stream within the EAROMAR simulation.

Examples of State Practices

The safe and efficient conduct of traffic through temporary work-
zones has become a topic of considerable interest to highway adminis-
trators. Traffic control operations require considerable planning and
public information efforts, particularly for high-volume urban freeways
requiring maintenance or rehabilitation, where one generally must con=-
tend with a combination of large numbers of vehicles already exhibiting
congestion during peak flows; right-of-way restrictions often preclud-
ing construction of temporary detours; and already crowded conditions
on available detour routes. Even where availability of adequate detour
measures is not a problem, the tasks of providing advance warning to
vehicles entering the workzone area at freeway speeds, and of rechan-
neling traffic into temporary bypasses of perhaps lower geometric stan-
dards, requires established procedures to effectively deploy control
devices over a road length extending beyond the actual workzone limits.

Effective workzone procedures have been investigated by several
research and performing groups.* The examples given below are taken
from NCHRP Syntheses of Highway Practice 1 and 25, and are included to
illustrate geometric and operational characteristics of lane closures

* The subject has been covered in NCHRP Project 20-5, and has been de-
signated an emphasis area by FHWA. Also, Part IV (Traffic Controls

for Street and Highway Construction and Maintenance Operations) of the
Manual on Uniform Traffic Control Devices is now being revised. Sev-
eral reports in this area include:

‘(cont. over)
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of interest in estimating capacity reductions (50, 52).

Factors that characterize lane occupancy for maintenance and re-
habilitation include:

1. The traffic demand that must be accomodated through the work-
Zone area, including total AADT and any notable peak-period flows;

2. The degree of closure to be employed: whether full (all lanes
closed, detour provided) or partial (travel restricted to less than
full number of lanes) on the affected roadway;

3. The severity of the road constriction: the number of lanes to
be closed (a function of demand and of the type work that must be per-
formed) versus the number of lanes to remain open (a function of demand,
total lanes and shoulders available, and temporary lanes to be construct-
ed or provided);

4. The placement of the workzone (outer shoulder, median, or cen-
ter lane closing; proximity of entrance or exit ramps);

5. The length of the closures, and allowable spacing between suc-
cessive closures; and

6. Scheduling and duration of work closures; differentiatiom.among
moving, short-term, or long-term closures; and daylight closures ver-
sus nighttime closures.

OFF-SITE DETOURS.

Figure 62 illustrates the closure plan for using an off-site
detour for nighttime repair work on the Edsel Ford Freeway in Detroit.

* (Footnote from pregéding page, cont.:)

Graham, J. L., et al. "Accident and Speed Studies in Construction
Zones," Report FHWA-RD-77-80, prepared for FHWA, June 1977 (33 ).

Chipps, J. A., et al. "Traffic Controls for Construction and Main-

tenance Worksites: A Research Reference Report," Vol. I. Prepared for
FHWA by Amer, Public Works Assn., Chicago, October 1976 (54 ).

Byrd, Tallamy, MacDonald & Lewis. “Techniques for Reducing Roadway
Occupancy During Routine Maintenance Activities," NCHRP Report 161 { 55).

"Traffic Control for Freeway Maintanance,'" NCHRP Synthesis of High-
way Practice 1, HRB, Washington, D.C., 1969 ( 52).

"Reconditioning High Volume Freeways in Urban Areas,' NCHRP Synthe-
sis of Highway Practice 25, TRB, 1974 (50 ).
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FIGURE 62

Plan for Offsite Detour of a Section of Edsel Ford Freeway, Detroit.
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In addition to traffic routing that included signing and coordination
of traffic signals to smooth the flow of traffic), other components of
the plan included:

l. Scheduling. Economic studies indicated that the best period
for work performance (on a seasonal level) extended from mid-June through
August; on weekdays, from 10 p.m. to 5 a.m.; and on weekends, from 2 a.m.
to 10 a.m. Note that similar scheduling cptions can be investigated in
the EAROMAR analysis using conventions described in Chapter 4.

2. Freeway Entrances and Exits. It was determined that ramps
serving to reroute the freeway traffic around the worksite should be
capable of handling at least two lanmes of traffic. Also, it was found
helpful to close entrance ramps to the freeway a mile or so prior to
the detour, to prevent traffic entering the system only to be immedi-
ately diverted.

ON=SITE DETOURS

On-gite detours can be accomplished by restricting the number of
travel lanes available, using paved shoulders as temporary lanes, em~
ploying cross-overs tc lanes in the opposing traffic roadway, restrip-
ing pavements to maintain all lanes at reduced widths, or construct-
ing a temporary bypass within the right-of-way. One example of a plan
employing reduced numbers of lanes plus shoulder use ig shown in Fig-
ure 63,

Figures 64 , 65, and 66 illustrate recommended practices
for single-lane (both right and left), double-lane, and center lane
closings in daytime for the New Jersey Turnpike. Corresponding dia-
grams are included in the New Jersey manual for shoulder closures, work-
zones in the vicinity of ramps, and nighttime work. TFigure 67 dia-
grams a traffic crossover between two roadways to bypass some bridge
repair work (prepared by the Illinois State Toll Highway Authority);
while Figure 68 , taken from a public information release by the
State of Illincis, shows a combination use of lane constrictions and
traffic reversal for maintenance and improvements work on the Eisen-
hower Expressway in Chicago.

Modeling Lane Closures

The treatment of road occupancy within EAROMAR is based on this
fact: lane closures for maintenance or rehabilitation affect traffic
coperations through their reduction in road capacity. Closure charac-
teristics with implications toward capacity reduction fall into the
several categories below. Specification of data within each category
is provided by the user during the analysis, as part of either the de-
scriptions of maintenance activities or the specification of road pro-
jects.
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Figure 63. Example of Lane Closures and Use of Shoulders for Urban Freeways

Source: NCHRP Synthesis 25, p. 20. (50)
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Figure 682

Provision of Loca1.and Express Detour Lanes During
Work on the Eisenhower Expressway, Chicago
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Just west af 9ch Avenue, the merorist may leave the EXPRESS LANE, [or all exics: 17ch Ave, to Wolt
Rd. Motorists heading for ¢xits st of Wolf Rd. smonld concinue in che ZXPRESS LANE.

3. The EXPRESS LANE vnd« at Wnlf Road.

4. Trucks and Buscs are restricted to the LOCAL LANE.
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elther Wolf Road or llch avenue.
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Reproduced from
best available copy.

Source: NCHRP Synfhesis 1. p. 45. (52)
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TYPE OF CLOSURE

Three types of closures can be defined:

1. Lane restrictions, where the roadway on which work is to be
performed will remain open, with traffic accomodated over
either a reduced number of lanes or lanes of reduced width:

2. Crossovers, where the roadway under repair will be closed and
traffic rerouted to an adjacent roadway (if more than two road=-
ways exlst, this need not imply reversal of flows); and

3. Detours, where the roadway under repair will be closed and traf-
fic rerouted to an on-site or off-gite bypass. The detour may
comprise existing streets, newly constructed temporary roads,
or a combination of both.

Each type of closure will be described by one or more of the fol-
lowing operational characteristics:

LANES AVAILABLE

The number and width of lanes available to the affected traffic
(together with the type of ¢losure] help determine the changes in operational
efficiency of the route as described helow. The number of lanes available
includes all open lanes through the closure zone, whether belonging to the
roadway proper or whether temporary lanes constructed for the duration of
maintenance work.

CAPACITY

Several options are available for speclifying closure capacity, to
accommodate the characteristics of the different closure types possible or
the nature of the data available.

Reduction Factors. The capacity reduction factor W was explained
earlier as a function of lane width and side friction effects. It is
possible that a lane closure will reduce the value of this factor. Users
may therefore input a revised value W' over the length of the traffic
rercouting. This factor can be specified for lane reductions and crossovers,
but not detours. The resulting capacity is computed according to the follow-
ing equation:

Closure Capacity, vph = 2000 LAVAIL x W'T (251)

where

LAVAIL 1is the number of lanes available
through the closure zone, as input
by the user;

W' is a modified capacity reduction
factor for the closure zone, input
by the user; and
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T is the truck factor defined in eq. (233)

When a crossover is specified, two streams of traffic occupy a
single roadway -- the diverted traffic, and the traffic on the receiving
roadway (e.g. traffic in the opposing directicn on freeways with only
two roadways). For crossovers users may therefore specify twe reduction
factors: W' to govern roadway capacity for the diverted traffic, and
W' to govern capacity for traffic already on the receiving roadway. The
reduced capacity seen by the diverted traffic is computed by eq. (251).
The reduced capacity seen by traffic already on the receiving roadway
is computed as follows: - '

Reduced Capacity, vph = 2000 (NlaWS + LTEMP - LAVAIL)
X W'T ' (252)

where

N is the number of travel lanes on the -
lanes . . .
receiving roadway, as input by the user;
LTEMP is the number of temporary lanes provided
through the closure zone, as input by the user;

LAVAIL 1is the number of lanes through the closure zone
seen by the diverted traffic, as input by the user;

W is the modified capacity reduction factor through
the closure zone for traffic on the receiving road-
way, as input by the user; and

T is the truck factor defined in eq. (233).

Flows at Capacity. Lane reductions may present frictional effects
greater than those accounted for in eqs. (251) and (252)., Or, users may
have data available on practical capacities for lane closures based on
prior experience. For example, Tables 65 and 66 give roadway capacities
observed during maintenance and construction operations on Los Angeles
freeways (50).

Flows at capacity may therefore be input directly by the user for
lane restrictions and crossovers, but not detours. When crossovers are
specified, capacities may be input for each direction of flow. The flow
values so provided will substitute for the calculations by egqs. (251) and
(252) above.

Detour Length and Speed. The capacity flows estimated above, when
compared against hourly roadway demand, can be used to determine average
speed through the workzone area, leading to calculation of changes in
user costs to be described in Chapter 6. For detours, however, capacities
are difficult to estimated. Take, for example, an offsite detour traversing
several existing streets, complicated by lack of access control, signals,
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. and side friction typical of urban areas. To develop composite detour
capacities in such cases would be time consuming and difficult to con~

struct within a link-level analysis.

Instead, users provide the length of the detour and average speed
through the detour. These length and speed factors will then be applied
as required in the user cost calculations in Chapter 6. In simulating
congestion, we assume an average d-tour capacity of 1500 vehicles per hour.
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Table &5

Examples of Observed Capacities
on Los Angeles Freeways During Road Work

OBSERVED CAPACITY RATES FOR SOME TYPICAL
OPERATIONS ON 1LOS5 ANGELES FREEWAYS*

No. of lanes, one direction (normal

operation)

2

3or4

No. of lanes open, onc direction

1

2

CAPACITY, ONE DIREC-

TYPE OF OPERATION TION (VPH) ‘
Median barrier or guardrail repair 1500 3200 4800
Pavement repair, mudjacking, pave-

ment grooving 1400 3000 4500
Striping, resurfacing, slide removal 1200 2600 4000
Pavement markers 1100 2400 3600
Middle lanes, any reason _—

2200 3400

* From: Farbes, C. E., er al, "Reducing Motorist Inconvenicnce Due

to Mai

¢ Operat

15 (1917) pp. 181-188,

Table 66

on High-Volume Freewayr™ MREB Spec. Rep.

SUMMARY OF TRAFFIC CAPACITIES DURING CONSTRUCTION OF RAMPS
AND WIDENING, SOUTHBOUND HOLLYWOOD FREEWAY AT LANKERSHIM

DAY TIME 4-LANE

oF QF CAPACITY *

WEEK DATE DAY WEATHEX (veH} REMARES

M 10/27/69 1830 Overcast 6400 Qpen trench; equipment working
both sides.

Th 10/30/69 0700 Sunny 6800 Open trench; loader and trucks
working onr right.

M 1172/69 0830 Sunny 6200 Pavement breaker working on
right.

Tu 11/4/69 0715 Sunny 6700 Motor grader working on right.

w 11/12/69% 0730 Cloudy 6200 Roller and motor grader work-
ing on righL

F 11/14/69 0700 Clear 6200 Bottom-dump trucks and molor
grader working on right.

Tu 12/16/69 0800 Overcast 6400 Paving ramp,

& Mazimum observed capacity both before and ofier constructon, 7,600 vph.

(SOURCE: NCHRP Synthesis of Highway Practice 25, p. 22) (s0)
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DURATION OF OCCUPANCY

Maintenance and rehabilitation work can be scheduled within the
EAROMAR analysis by type and hour of day as described in Chapter 4.
However, it is not necessary that the duration of road occupancy coin-
cide exactly with periods of actual work performance. For example,
for work scheduled to be performed, say, at periods of six hours per
day over several successive days, the workzone barriers may or may not
be lifted on the road during off-work hours, depending upon the effort
needed to set up and remove the barriers, and the serviceabllity of
the affected road area following each day's work.

EAROMAR therefore allows users to differentiate between these
two options for road occupancy. ''Onsite'" occupancy duration will sche~
dule workzone closures to be in place only when maintenance forces are
actually on-site and performing work. "Total" occupancy duration will
schedule workzone closures to be in place continuously from the time
work begins until it is completed (either the same day or on following
days). The determination of which option applies should be made by the
user depending upon the type of maintenance activity under considera-
tion and locally governing practices. It iIs assumed that closures for
"project" (as opposed to "'maintenance") work will be of "total" dura-
tion.

LENGTH OF CLOSURE

The lineal extent of a closure is determined in one of two ways.
For all maintenance activities (and optionally for projects), the clo-

sure location and length coincide with the location and length, respec-
tively, of the workzone plus the taper required for traffic channeling
or rercuting.

For "projects" a second option is available, that of specifying
milepost delineations for the workzonme. This makes 1t possible to si-
mulate, for example, complete rerouting of traffic from one intersec-
tion to another when major rehabilitations are underway, even if the
intersection locations do not coincide with the limits of actual work
being performed.

DETOUR COST

Where detours involve extensive construction of temporary roads
or structures, their costs may form a significant percentage of the
total maintenance or rehabilitation expenditure. Users may,therefore,
include lump-sum costs of construction and removal of temporary bypass
roads, bridges, or other work as part of the closure description.
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5.4 CONGESTION AND QUEUEING

Introduction

To this point we have looked at road operating characteristics under
free-flow operating speeds; i.e., in the absence of congestion. However,
the constricting effects of road closures just described, superimposed up-
on demand patterns introduced earlier, will likely result under typical
urban conditions in increased congestion and queueing, reduced average
speeds, and associated increases in user—-related costs. The objective of
this section is to develop the methods needed to estimate average speed
over road length and time under congested conditions, for use later by
the user cost relationships in Chapter 6.

Congestion arises on a road section when its demand-capacity ratio
exceeds 1.0. Equation ( 235 defined the V/C ratio under normal operat-
ing conditions. This relationship will be used in the EAROMAR simulation
to test for congestion now existing (due to peak-hour effects) or that may
result in the future from growth in demand.

The introduction of road closures for maintenance or rehabilitation
workzoneés reduces effective road capacity, thereby increasing the V/C ra-
tio (assuming other factors remain the same) and generating increased
likelihood of congestion over more sections of the road or over more hours
of the day. These capacity reductions were quantified by equations (251 )
and (252 ), and illustrated in Tables 65 and 66 . These reduced capa-
cities are applied in a relationship similar to eq. (235 ) to test for
congestion induced by roadway occupancy. -

An investigation of congestion and formation of queues and their ef-
fects on the traffic stream was carried out by Butler as part of the ori-
ginal EAROMAR development ( 2 ). Observing actual traffic streams in
tush hour traffic and in areas affected by maintenance workzones, he de-
veloped schematic speed profiles for uncongested, on the verge of congest-
ed, and queued traffic as shown in Figures 69 through 71 respectively.

These figures define several speed regimes of use in our later devel-
opment of congestion equations. Approach speed, or AS, defines the free-
flow speed typical of the road section when congestion i1s not present.

25, or zone speed, is the reduced speed through the zone of restricted ca-
pacity (or excessive demand) causing the congestion (i.e., the bottleneck

section). QS, or queue speed, is the reduced speed in the queue (if any)

appreaching the influence zone (i.e., upstream from the bottleneck).

These speed components, and theilr variation over route length and
time, can be related to demand-capacity characteristics through the simu~
" lation of roadway operations proposed for the EAROMAR analysis. This sim—
ulation will involve computations over each section of roadway for each
type and hour of day. When maintenance or rehabilitation work is to be
performed, the roadway section will be simulated with the road closure so
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FIGURE 69. SCHEMATIC SPEED PROFILE OF UNQUEUED TRAFFIC
OPERATION THROUGH A TRAFFIC CONTROL ZONE.
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that increased congestion and attendant user costs can be estimated.

Treatment of Congestion and Queueing in the Literature

The treatment of congestion and queueing in an aggregate sense has
been well developed in the literature. The following presentation is based
upon work by Butler during the original EAROMAR development ( 2 ), subse-
quent work by Byrd, Tallamy, MacDonald and Lewis for FHWA (56 ), and by
Curry and Anderson in their analysis of road user costs (57 ).

FORMATION OF QUEUES

The queueing process can be understood through a graphical represen-
tation as shown in Figure 72 , with cumulative number of vehicles shown
on the vertical axis and time on the horizontal axis. The straight line
represents the fixed capacity at a bottleneck; when demand exceeds this
capacity, a queue will form upstream from this bottleneck. The variation
in demand over time leading to the formation of congestion is shown by the
curved line in Figure 72.

In Figure 72, a queue starts building at time t;. The queue reaches
a maximum at the point t; where the slope of the demand curve is equal to
that of the capacity line. The maximum queue (in terms of number of vehicles)
is given by the vertical distance Q. The vehicle that enters the queue at
time t,; will exit from it at time tg, encountering a total delay time t4.
As the vehicle flow associated with demand decreases with respect to the
bottleneck capacity, the queue will begin to dissipate until it is finally
eliminated at time t,. :

QUANTIFICATION OF QUEUE -CHARACTERISTICS

The simulation of these queue characteristics (the number of wvehicles
in the queue, delay times, average length of the queue, and time to dissi-
pate the queue) requires a time-~dependent treatment of road demand and ca-
pacity relationships. 1In addition, it should be recognized that both de-
mand and capacity in the approach zone may vary along roadway length. For
simplicity, however, the literature sources assume that demand and approach
capacity are constant over the roadway length in question. For the time
being, we will observe this limitation in discussing the basic equations to
simulate congestion. Then, in the following section, we will relax this
restriction to develop the more general approach required in the EAROMAR
simulation.

Figure 73 1illustrates a section of roadway on which queueing is to
be analyzed for the easterly traffic flow. The bottleneck section will
cause the queue, and corresponds to the region of "zone speed" defined in
Butler's speed profiles earlier. Immediately upstream from the bottle-
neck is the congested zone (identified by the shaded area in Figure 73 ),
corresponding to the region of '"queue speed”" in the gpeed profiles. Ly-
ing beyond the congested zone is the upstream approach section, correspond-
ing to the region in which "approach speed" governs in the speed profiles.
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FIGURE 72
- Traffic Volume-Capacity Relationships As
Queueing Qccurs
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FIGURE 73

Schematic of Roadway Section with Queueing
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(Source: NCHRP Report 133, p. 14) (57)
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Analysis of this situation may be accomplished by two different but equi-~
valent approaches: the shock-wave method, and the deterministic method.

Shock-wave Method. The shock-wave analogy holds that during its
buildup (e.g., from t; to t, in Figure 72 ), the queue boundary will pro-
gress upstream (counter to the flow of traffic) encompassing ever greater
numbers of approaching vehicles, similar to the advance of a shock wave
in a fluid medium. The speed of the shock wave 1s determined by the dif-
ference in vehicle flows (vehicles per hour) between the approach and con-
gested sections; or:

We = ( ~Aqe / Akg ) (253)

where: W, = speed that the shock wave travels upstream
during time period t, mph

Aqy = difference in vehicle flow during time period t
between congested section of roadway and the ap-
proach section, vehicles per hour

and Akey = difference in traffic density during time peri-
od t between congested section and approach sec-
tion, vehicles per mile.

The average queue length that each vehicle will experience during a time
period of Ty hours is:

Lo = WeTe/ 2 (254)

The total time to dissipate the queue (equivalent to the interval t,
to t4 in Figure 72 ) is TDQ in hours, estimated as

TDQ = 8q, T¢ / AQe 41 (255)
where: T, = duration of queue buildup

Aqp = difference in vehicle flows between congested
and approach sections during queue buildup

difference in vehicle flows between congested
and approach sections during queue dissipation.

Aqe +1

Deterministic Method. The deterministic method conceptualizes traf-
fic as a continuous fluid arriving through the approach zone at flow rate
q1, and released through the bottleneck section at a flow rate qg. If the

arrival rate exceeds the departure rate (q; > qp), a queue will form and
build. At some later time the arrival rate q; will be less than the de-
parture rate (qp < qp) and the queue will dissipate.
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Figure 74

Average Speed Versus V/C Ratio for
Level of Service
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(Source: NCHRP 133, p. 22) (57)
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In the following formulation we require the maximum density per lane
Ky for queued vehicles. This may be derived from the general traffic
stream model in eq. ({238 ) earlier:

Ry = Maximum vehicle flow through queue
Speed in queue zone (256 }

The maximum vehicle flow through the queue is determined by the bot-
tleneck capacity estimated from equatiomns (232 ), (251 )} or (252).
The speed in the queue zone can be estimated from Figure 74 , which was
developed from observations and research conducted by Curry and Anderson
and reported in (57).

The rate of wvehicles arriving in the queue during queue buildup is

then
ql-qm

(AS » Km) -~ qp | (257)

qp = q |1+

The rate of queue buildup qi is slightly greater than the flow of ve-
hicles approaching the queue q; because the queue boundary itself has a
non-zero upstream speed (as shown in the shock-wave analogy earlier). If
the time of queue buildup (e.g., from t; to t; in Figure 72 ) is Ty, the
total number of vehicles entering the queue by the end of T, is

Ne = Telay = ap) | (258)
The time TDQ required to dissipate the queue is:‘

Q= Tl - ay / (g - 9y (259)

(Note the analogy to eq. (233))

and, for the average number of vehicles in the queue N/ 2, the average
time spent in the queue is

N, / 2)

TS '
@ 9m (260)

Finally, the average length of the queue is

g = Nyl 2k (261)
(Compare with eq. (254 ).)
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Approach Used Within the EAROMAR Analysis

GENERAL

The preceding discussions of congestion and queuing relationships -~
particularly relating to Figures 72 and 73 =-- have assumed that both
the demand and the approach capacity on the roadway under consideration
are uniform along roadway length. Furthermore, eqs. 253 through 261
were developed based on queuing analyses that considered only two levels
of demand: peak demand (which causes queue buildup. during time T.), and
off-peak demand (which results in queue dissipation during time TDQ).

However, the EAROMAR system design -~ and specifically the descrip~-
tion of road characteristics in Chapter 2 and the development of demand
representation earlier in this chapter -- indicates that these assumptions
are too restrictive. Both demand and capacity may vary arbitrarily along
route length to define a set of roadway sections; there is no reason to
assume that bottleneck, queue, or approach zones would not traverse more
than one such roadway section. Furthermore, traffic demand is defined to
the hourly level, rendering a "peak / off-peak' distinction as too simplis-
tic. What is required is a tailoring of the theoretical concepts above
to the EAROMAR simulation design.

This adaptation is illustrated in the seriles of flow charts in Figures
75 through 80 ., This simulation of road operations is performed with-
in each road section for each hour of the day, consistent with other as-
pects (e.g., maintenance scheduling) of the EAROMAR design. Within each
section average characteristics are computed in terms of demand, capacity,
speed, and (if queuing occurs) average length of the queue within an hour.

The simulation is of a one-way type heading upstream. Operational
results may be influenced by conditions in the given section or in down=
stream sections; however, once results are computed, they will not be ad-
justed for any influences that may lie upstream of the section in question.
The simulation therefore accounts for the limiting effects of bottleneck
capacities on all affected upstream sections, as well as for continuation
of queues through several contiguous sections within an hour, and from
hour to hour.

The following paragraphs describe the extention of concepts for queu-
ing and congestion, to the EAROMAR simulation represented in Figures 75
through 80 .

RELATIONSHIPS

The relationships to estimate demand, capacity, and free-flow speed
developed earlier in this chapter remain valid for the simulation of con-
gestion. It should be noted, however, that within the simulation these
factors must be computed for each hour of the day within each roadway seg-
ment. '
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Within a given hour, traffic conditions in a roadway segment may be
influenced by conditions (for the same hour) in the segment immediately
downstream. For example, if the downstream segment contains a bottle-~
neck or is fully congested, then the queue will extend through at least
a portion of the segment under consideration. We then speak of a segment
as "dependent" on downstream effects. On the other hand, where no queuing
exists immedlately downstream, the segment 1s independent of downstream
effects. Whether or not the segment itself causes congestion upstream
depends on its demand=-capaclty ratic in that hour.

Congestion occurs when the traffic demand within a segment exceeds
its hourly flow. Flow may be constrained by the capacity of the segment
itself, or by capacity limitations downstream. The capacity limitations
may be inherent in the road geometric design, in which case one would ex~
pect to observe congestion in the day-to-day roadway operations. On the
other hand, a local, temporary capacity limitation may arise from occu-
pancy of the roadway for maintenance or rehabilitation, in which case
any additional congestion due to the workzone would alsoc be simulated.

Central to the simulation approach is the following concept: where
congestion occurs there is excess demand that is not able to flow through
a segment in a given hour. The implications of such excess demand extend
in dimensions of both space and time. For example, that portion of demand
that is not able to flow through the segment in the specified hour must
necessarily clear the segment in some later hour. This simulated delay
is analogous to the variable ty in Figure 72 ; the portion of the hourly
demand subject to this delay is D, in Figures 75 through 80 .

The fact that these delayed vehicles do not flow through the segment
in this hour means that they must be "stored" somewhere in the highway
system. Omne likely storage area is the segment in question. However, if
the segment does not have the capacity to accommodate all queued vehicles,
then some excess queued vehicles must be ''passed" to the segment immedia-
tely upstream. These excess queued vehicles are identified by the vari-
able XN in Figures 75 through 8¢ .

It is very important to realize that when we speak of "delayed" or
"queued" traffic, we are in fact referring to only one set of vehicles.
The reason we have defined two variables, D, and XN, is to account for the
effects of congestion in two dimensions —— time and space, respectively.
It follows that the variables Dy and XN cannot serve duplicate functions
in calculations of time and space effects; otherwise, the simulation
would effectively double count queued vehicles.

Within EAROMAR, the time effects represented by the delay to D, ve~
hicles are employed in the user cost calculations, particularly those re-
lating to travel time. The space effects incorperating the excess queued
vehicles XN are used to identify the length of queue and the number of
vehicles in the queue, and thus to determine what segments are affected
by the queue.
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Calculation of Dy within the simulation of congestion in Figures
75 through 80 1is straightforward and requires no further explana-
tion. The treatment of space effects, however, is somewhat more compli-
cated because traffic demand varies along the roadway length, causing
discontinuities in the rates of queue buildup among several continuous
segments. Within a link analysis such as that employed in EARQMAR, there
is no theoretically preferred way to handle this problem; we have thus
approached the solution in the following way.

Where a difference in hourly demand equal to DQ exists between two
contiguous segments, then DQ traffic must enter or exit the roadway at
the interchange implied between the two segments. If congestion exists
in both segments, we could make some statements about its effect on the
traffic known to be on the roadway itself (since we have relevant volume
and capacity infermation); but we cannot make a priorl statements about
its effect on the traffic entering or leaving the roadway, since there is
no information on the characteristics of the collector or distributor
network. Aa arbitrary but reasonable assumption is that on average dur-
ing the entire hour, one-half of the difference in demand, or DQ/2, ex-
periences queuing on the roadway proper and therefore must be included
in the simulation of roadway congestion. The other half (or the remain-. -
ing DQ/2 component) is assumed to be "stored" on entrance or exit ramps,
or in general in other parts of the collector/distributor network, and
thus does not experience congestion on the roadway in question. (Again,
this does not mean that there is no congestion in other parts of the net-
work. It simply means that we have no information whatever on this subject.)

Under this approach the following relatlonships for queuing may be
adapted from analyses reported in the literature. For a given roadway
segment within a given hour the number of vehicles may be computed by:

>
N = DQ/2 + XN' 4+ Dgge - V, N =0, (262 )
where N = total number of vehicles in queue;
DQ = difference between hourly demand in this
segment and hourly demand in downstream
segment;

XN' = excess number of vehicles passed from down—
stream segment;

Diot = total hourly demand in this segment;

and v flow through this segment.

*I,e,, this traffic entered the roadway during the first half-hour and
began immediately to experience the congestion; or, it did not exit the
roadway until the last half-hour, and had experienced congestion up to
that time. :
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Then the length of queue may be estimated by:

L = N/2K (263 )
K = €/30 mph (264 )

where the eguation for demsity K represents a conservative approximation
of eq. (256 ). The excess number of vehicles in the queue is computed

by:
N = N-2-Lg- K, XN 20 (265 )

where Ls = length of this segment.

Finally, the speed 1in congested flow 1s computed by a limear approxi-
mation to the curve in Figure 74 . The equation used is:

Congested Speed = 30 - Q, / C (266 )

where Qm = the limiting capacity or flow
governing this segment (dependent
upon the capacity of this segment
and upon limiting capacities down-
stream).
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FIGURE 75

SimuTation of Road Operational
Dependencies

Do for each roadway section

Do for each of 24 hourﬁ within day

Check whether the previously
simulated {(i.e., downstream)
section (a) is a bottleneck,
or (b) has a queue extending
fully along its length

Yes No
Section is dependent Section is independent
on downstream effects; of downstream effects;
see Figure 76. see Figure 79.
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FIGURE 76

Simulation of Roadway Section
Dependent on Downstream Effects

SECTION DEPENDENT ON
DOWNSTREAM EFFECTS

Section dependent upon follow-
ing information from downstream:

A. Limiting or bottleneck
capacity Qm

B. Excess vehicles in
queue XN.

Information passed from previous
hour within this segment:

A. Excess demand Dx

Compute hourly section demand Dtot
as sum of:

A. Normal demand D (e.qg., eq. 226)

B. Excess demand D, (if any)
from previous hour within
this section

(Continued on next page)
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(FIGURE 76 , cont.)

Compute hourly section capacity C
(e.g., egs, 232,251,252 )

[f Dgot > Cand C < Qp, Otherwise, treat as a
treat as a new bottle- gueued or congested ‘
neck section (Figure 77 ) | section (Figure 78 )
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Figure 77

Simulation of Bottleneck Sections

BOTTLENECK SECTION

Determine 1imiting capacity,Qm =C

( pass to upstream section )

|

A Set V=C=0Qp '/ =1.0

B. Excess demand Dx = Dtot - Qm
( pass to next hour within section )
C. Excess number of vehicles

in queue XN = Dtot - Qm

( pass to upstream section )

Set speed through bottleneck
= 30 mph

Continue processing
to next hour or section.
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FIGURE 78

Simulation of Congested Sections

QUEUEING PRESENT, OVER AT LEAST
PART OF SECTION LENGTH

Compute 11mifing capacities and hourly flows:

Qn = MIN (Q_ , C)

(pass to upstream section)

V = MIN (Qm, Dtot)

Compute effective volume-capacity ratio as:

y
fe = Yy

Compute congested speed from eq. (26€).

Compute N, number of vehicles
in queue, using eq. (262)

Compute length of gqueue, L,
using eqs. (263, 264).
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(Figure 78 , cont.) I

Compute XN, excess number of vehicles
in queue (if any) which cannot be stored in
this segment, using eq. (265)
Compute excess demand Dy =
Diat = ¥

(pass to next hour within section)

A. If L < section length L, A. If L 2 section length L,
apply congested speed (eq. 266) apply congested speed (eq.266 )
to L only; compute free flow to entire section Ls'

speed (Fig. 61) for length Ls -t B. Pass excess number of vehicles

XN to upstream section
for this hour

B. Upstream section will be
independent of downstream
effects. C. Upstream section will be

dependent on downstream effects.

Continue processing to next

hour or section.
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FIGURE 79

Simulation of Roadway Sections
Independent of Downstream Effects

SECTIONS INDEPENDENT
OF DOWNSTREAM EFFECTS

1

Compute hourly section demand Dto
as sum of:

t

A. Normal demand D (e.g., eq. 266 )
B. Excess demand Dx (if any) from
previous hour within this section

Compute hourly section capacity C
(e.g., eqs. 232,251, or 252)

I

Compute demand-capacity ratio
| =Dtot/c '

J ‘ ;

>
If Dtot/C <1, If Dtot/c g1,
treat as free-flow section treat as bottleneck section
(Figure 80 ) (Figure 77 )
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FIGURE 80

Simulation of Free-Flow Roadway Sections

FREE-FLOW SECTION

(No queueing present)

s

Flow = Demand

Capacity = C

[

Volume/Capacity Ratio = V/¢

[

Compute free-flow speed

~from Figure 67 .

Continue processing

to next hour or section
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Notes to CHAPTER 5

Note 1.

Our objectives within the EAROMAR system are simply to represent
future traffic patterns as opposed to predicting them. Thus, although
various models exist in the literature having future travel demand as
an output (e.g., macroeconomic models; transportation planning models
[as related to land use, activity distribution, or population changes];
and disaggregate demand models), they are beyond the scope of the cur-
rent EAROMAR analysis. Furthermore, although they could conceivably
be coupled with an EAROMAR-type analysis in the future, there are sev-
eral intermediate issues that would need to be addressed: (1) valida-
tion of demand model predictions; (2) data availability; (3) scope of
model (urban versus intercity projections); and {4) need for network
(as opposed to 1ink) analysis. Until these side issues can be resolv-
ed, and the EAROMAR analysis made compatible with assumptions of the
demand prediction models, the aggregate, empirical-based methods de-
scribed in this chapter are considered the most appropriate way to treat
demand. They require independent determination by the user of demand
volume and characteristics through the analysis period, derived from
planning estimates, extrapolation of current trends, or best judgement
of future conditions. Where uncertainty exists in these projections,
the EAROMAR analysis may be repeated to investigate sensitivity to de-
mand characteristics.
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CHAPTER 6

USER CONSEQUENCES

The user consequences due to roadway maintenance occupancy in=-
clude increases in operating costs and travel times, changes in ac-
cident potentials, and increases in pollution emission rates. To ef=-
fectively evaluate these impacts requires the development of func-
tional relationships between the user consequences given in Table 67.
to each of the highway and traffic parameters in the righthand column.
The availability of empirical relationships relating the independent
and dependent variables will be discussed below, where each of the
major user consequence item categories is described separately.

6.1 VEHICLE OPERATING COSTS

Generally, vehicle operating casts are divided into two cate-
gories: running costs, which include fuel, o0il, tires, parts, and
maintenance labor hours; and fixed costs, which include depreciation,
insurance, registration, overhead, and so on. Numerous studies have
been conducted both here and abroad which have attempted to relate
the physical resources consumed under the above classification of
running costs to specific parameters of highway design and traffic
characteristics, usually within strickly controlled experiments or
operator surveys. On the other hand, analysis of the components of
fixed costs, primarily depreciation, are typically based on assump-
tions of lifetime speed/kilometrage relationships, average life ex-
pectancies, or vehicle age spectrums. The costs of insurance, over-
head, and licensing usually present little difficulty to the analyst,
as they are normally available from standard records.

However, the question arises as to which of the above parameters
are sensitive to the policies incorporated within the EAROMAR Analy-
sis, and to what extent. These policies, reflecting different pave-
ment construction and maintenance alternatives, affect operating costs
only locally, for the duration of the maintenance occupancy, through
changes in operating patterns such as speed changes and braking, and
throught the extra wear and tear caused by the poor pavement condition
prior to the maintenance operations. Roadway occupancy for mainten-
ance can hardly be expected to cause significant impacts to the over-
all annual or lifetime performance of any particular single vehicle
(although the absence of such maintenance activity may, as through a
sprung suspension); therefore, the fixed costs in the above categori-
zation are not affected by the alternatives available in an EAROMAR
analysis, at least within the framework of current understanding as
regards the relationships between road condition, vehicle maintenance,
and vehicle depreciation. These points will be elaborated upon in
later sections.
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TABLE 67

USER IMPACTS OF

HIGHWAY DESIGN AND TRAFFIC PARAMETERS

USER CONSEQUENCE HIGHWAY & TRAFFIC PARAMETERS

Operating Costs:
Fuel Consumption
0i1 Consumption
Tire Consumption
Spare Parts Consumption
Maintenance Labor Hours

Depreciation Costs

Travel Time Costs

Accident Costs

Pollution Levels

Distance

Plus Gradients

Minus Gradients
Horizontal Curvature
Roadway Capacity

Road Surface Conditions

Speed

Speed Changes

Hourly Traffic‘V01ume

Traffic Composition

Vehicle Characteristics

Value of Travel Time
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Fuel Consumption

No other single item of motor vehicle operating costs had been
studied more than fuel consumption. Variables which have been assumed
by various investigators to affect fuel consumption rates include gra-
dients, curvature, roughness, tractive resistence, speed, speed changes,
gross vehicle weight, horsepower, elevation, wind velocity, vehicle
cross section, and tire preseure, among others. Not all investigations
have determined the same significance for these parameters, and sever-
al parameters have proven insignificant in all cases studied,

Most investigators have modeled fuel consumption as consisting of
a base rate on tangent sections which is a function of grade and uniform
speed, with correction factors or increments to account for the other’
features of highway design, such as curvature, volume/capacity ratio,
vehicle weight, road condition, and speed changes.

The most comprehensive data source appears to be Claffey (58) and
this forms the basis forthe development of the intermal fuel consump-~
tion regression relations. The basic fuel consumption rates on level
tangents at uniform speed are modeled as follows, by vehicle type;

2

FLG = A+ B/S +CS

(267)
where B is the idle consumption rate, in gallons per thousand hours
S is the wvehicle speed, in miles per hour

FLG is the fuel consumption rate, in gallons per thousand miles

and A and C are functions of the gradient, as follows:

C

B/ (252) | (268)

A

1}

F_ - 3B/(28) (269)

where So is the speed at which the fuel consumption rate is minimal
Fo is the minimal fuel consumption rate.

Expressions for S, and F,, and hence for A and C and Flg as well,
have been formulated as follows:

a2

a +aG (270)

o o 1

b
+
bo blG

S
2

F (271)

o

Regression analysis performed on the Claffey data using the above
relations provided the constants and correlations presented in Tables
68 and 69 . The r2 values are for all speed-grade combinations pre-
sented in NCHRP 111, and the extremely high correlation indicates that
equations (267) through (271) provide a sound theoretical basis for any
further regressions on new fuel consumption data. Comparisons with
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TABLE 68.

Coefficients for Fuel Consumption

on Positive Gradients

Car "Pickup Six-Tire Semi-Trailer

B 580 450 650 340

do 30 25 20 35

a 4] 0 -0.024 -5.51
as 0 a 2.821 0. 806
bg 44 47 59 163

b, 6.8 9.75 22.64 84.4

b, 1.177 1.04 1.11 1.13
r2 0.98 0.93 0.97% 0.97*

wr
for G<9 %

TABLE 69. Coefficients for Fuel Consumption
on Negative Gradients

Car Pickup Six-Tire Semi-Trailer
B 580 450 650 840
ap 30 25 20 35
a, 0.0000444 0.00706 0.067 0.0038
az 6.285 4.19 2.96 3.52
By 44 47 59 163
b: -14.2 -12.6 -12.62 -64.34
b2 0.445 0.512 0.552 0.344
r? 0.93 0.95 0.96 0.85
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the Claffey data are given in Figures 81 and 82,

To correct for curvature effects, the following regression rela-
tions were developed:

F =1+ a(s-c0 77y P (272)

where F_ is a multiplicative correction factor;
S 1s the vehicle speed, in miles per hour;
and C 1is the curvature, in degrees.

The constants obtained from the regression are as given in Table 70

The effects of speed change cycles were modeled as follows:

AFL = a(s-asi P (273)
sc
where AFLsc is the excess fuel consumed during a speed change cycle;

) is the initial speed;
AS  is the magnitude of the speed change.

The constants obtained from the regression are as given in Table 71,
For roughness-fuel consumption relations, the following form was used:

Fp = 1+ asd (2= SD) (274)

where Fp i1s a multiplicative roughness factor;

S 1is the vehicle speed;
and 'PSI is the road serviceability index (where 4.5 is considered
perfect and 1.5 is considered badly broken).

The constants obtained from the regression are as given in Table 72 .
Thus, the proposed fuel consumption relation would be:

= . . 7
FL = FLg * Fp * Fp + AFLg. (275)

where FL is the total fuel consumption rate;
FL; is the base rate as a function of grade and speed ;

Fo is the curvature correction factor;
, Fp is the roughness correction factor;
and AFLg. is the excess due to speed change.

A relation of the above type is incorporated for each of the four ve-
hicle types presented in NCHRP 111 (58).
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Fuel Consumption, gallons/1000 miles +
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Figure 81. Fuel Consumption on Positive Grades
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Fuel Consumption, gallons/1000 miles

FIGURE 82. Fuel Consumption on
Positive Grades
- 40 - kip 2-S2
1000 7
o Winfrey Text
—_— Claffey, NCHRP 111
—_—— - EAROMAR
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100 . ' T r

10 20 30 - 40 50 60
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COEFFICIENTS FOR FUEL CONSUMPTION

TABLE 70

ON CURVES
a b r?
Car 5.00 10°7 2.49 0.90
Pickup 1.02 10°° 3.52 0.86
Six=Tire 3.69 10°°8 3.02 0.94
Semi-Trailer 2.65 10~° 2.14 0.83
TABLE 71
COEFFICIENTS FOR FUEL CONSUMPTION
DURING SPEED CHANGES
a b r2
Car .00007784 0.56 0.99
Pickup .000096 0.51 0.86
Six-Tire .000279 0.50 0.96
Semi-Trailer .0NQe15 0.62 0.94
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TABLE 72

COEFFICIENTS FOR FUEL CONSUMPTION
INCREASES DUE TO ROUGHNESS

a b : r?
Car 3.10 10°° 2.50 0.99
Pickup 2.60 107" ~ 5.08 0.85
Six-Tire 0.29 1.00 0.85
Semi-Trailer* 0.29 | 1.00 0.85

*
No data presented, so we are assuming same

relation as for six-tire truck.

TABLE 73
COEFFICIENTS FOR FUEL CONSUMPTION
AS AFFECTED BY VEHICLE WEIGHT

CAR 5-kip 12-kip 40-kip

a 0.29 0.29 0.19 0.05

o 4 5 12 45
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For diesel fuel consumption rates, NCHRP 11l presents gasoline-
diesel conversion factors for wvarious truck weights and positive grades.
Since no data were presented for negative grades, it was decided to use
a gasoline-to-diesel conversion factor of 0.67 for all diesel vehicles.

Fy = 0.67 for diesel vehicles,

FD = 1.00 for gasoline vehicles.
The factor Fp would then be used to convert total gasoline consumption
for a road section to total diesel fuel consumption, for each diesel ve-
hicle type.

A linear fuel consumption/vehicle welght relation was developed
from NCHRP 111, as follows:

Fy = 1+ a (W - Wol (276)
These factors are shown in Table 73.

The final fuel consumption relation is then as follows:

FL = (FLg - Fo « Fp +AFL, ) - Fy » Fy. (277)

0il Consumption

While the cost of lubricating oil is not generally a major component
of running costg, numercus studies have nevertheless attempted to deter~ -
mine functional relationships between oil consumption rates and highway
design and traffic parameters. Variables which have been assumed by vari-
ous investigators to affect oll consumption rates include gradients, cur-
vature, roughness, tractive resistance, speed, speed changes, and gross
vehicle weight.

The proposed approach is to model oil consumption as being a propor-
tion of fuel consumption, as fellows:

OIL = FL - (a, + a,5 + aZSZ) - FP/op = FL - (ag + ajs + aiSZ).

. (278)

whera OQIL 1is the o0il consumption rate in quarts per 1000 miles ;
FL 1is the fuel consumption rate in gallons per 1000 miles;
S 1s the vehicle speed, in mph;

FP 1s the fuel price, in dollars per gallon;
and OP 1s the o0il price, in dollars per quart.

The constants of regression were determined using Winfrey's (59) level
tangent data, and are assumed to hold for other highway design conditions.
The fuel consumption rate is computed as described in the previous section.
The coefficients of the regression analysis are given in Table 74.
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TABLE 74

COEFFICIENTS FOR OIL CONSUMPTION
AS A FRACTION OF FUEL CONSUMPTION

50-kip
CAR 5-kip 12-kip 40-kip DIESEL
FP, $/GAL 0.23 0.22 0.20 0.18 0.16
op, $/qr. | 0.60 0.55 0.40 0.20 0.20
a, 0.193 0.168 0.102 0.01133 0.06 -
a, -0.00118 | -0.00140 | -0.00100 0.00125 0.005
a, 0 0 0 -0.0001833 | -0.0001
al 0.0740 0.0672 0.0510 0.0110 0.0480
a} -0.000452 | -0.000560 | -0.000500 | 0.001125 | 0.004000 |
al 0 0 0 -0.000165- | -0.000080
rt 0.93 0.92 0.93 0.88 1.00°
Speed ,. T _ _ .
Range 1 ™ |- 10-60 - 10-50 10-50 10-5Q 10-50
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Tire Consumption

Tire tread wear 1s difficult to measure. Since current tires are
of high performance quality, it takes thousands of miles to produce
enough wear to give reliable measurements. This means that it is dif-
ficult to measure tire wear resulting from localized features such as
speed changes, braking, eor travel around horizontal curves.

The basic tire consumption relation is derived from Winfrey's level
tangent data. Corrective factors for speed changes, curvature, and road
roughness are developed from Claffey's data. The basic regression model
for speed effects was formulated as follows:

TC, = as?/Tp = a' 5P (279)

where TC; 1s the tire consumption rate due to speed on tangent sections,
in tires per thousand miles;
S 1is the vehicle speed, in mph;
TP is the tire price, in dollars per tire;
and the coefficients of the regression are presented in Table 75.

Following Claffey, tire congumption was assumed to be independent
of grade. The effects of curvature were derived from Claffey's data,
with the following regression madel being used:

T, =1+ a(s-co"’z)b (280)

where T, 1s the multiplicative speed-curvature correction factor;
S 1s the vehicle speed in miles per hour;
and C 1is the curvature, in degrees.

The results of the regression are found in Table 76. Since only pas-
senger car data are presented by Claffey, the curvature factor was as-
sumed to hold for all vehicle types.

The effects of speed changes were also developéd from Claffey,
using the following regression model:

Te. = a(as)® / TP = a’ s)® (281)

where Tsc is the tire consumption rate due to a speed change, in
tires per thousand cycles; )
AS is the magnitude of the speed change;
and TP is the tire price, in dollars per tire.

The results of the regression are presented in Table 77. Since only
passenger car data are presented by Claffey, the above rates are as-
sumed to hold for all vehicle types.
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TABLE 75

COEFFICIENTS OF TIRE CONSUMPTION
ON TANGENT SECTIONS

TP, $/TIRE a b a r
CAR 23.00 0.0185 1.29 0.000804 0.98
5-kip 32.00 0.0269 1.22 0.000841 0.99
12-kip 66.00 0.0621 1.20 0.000941 0.99
40-kip 120.00 0.1098 1.26 0.000915 0.99
50-kip diesel 120.00 0.1490 1.25 0.001242 0.99
TABLE 76
COEFFICIENTS QF TIRE CONSUMPTION
ON CURVES
a . b r
ALL B
VEHICLE 3.244 10 4.33 0.95
TYPES
TABLE 77
COEFFICIENTS OF TIRE CONSUMPTION
DURING SPEED CHANGE CYCLES
™, $/11Re a b a' re
ALL
VEHICLE 23.00 0.695 1.27 0.03022 0.98
TYPES
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Roughness was found to affect tire consumption on tangents and
during speed changes; using the Claffey data and assuming PSI values
of 4.5 and 4.2, respectively, for concrete and asphalt pavements,
the resulting multiplicative factors are:

Fy = 0.68 + 1,3(4.5 - PSI) (282)

FE°= 0.49 + 1.77(4.5 - PSI) (283)

where Fgris the multiplicative roughness factor on tangent sections;

Ficis the multiplicative roughness factor during speed changes;
and PSI is the road serviceability index.

Thus, the final tire wear model would be:
‘ S, sc
TC= (TCg * Fp * Tg + Tgo * FR°) « Wy, (284)
for each vehicle type.

Maintenance Parts and Labor Costs

With respect to engineering economy analyses, the maintenance
expense of a vehicle 18 an important item. It is affected by dis-
tance, gradients, horizontal curves, speed changes, and roadway sur-
face condition. However, since the maintenance expenses of a vehicle
and the actual wear of parts 1s so difficult to relate to these spe-
cific features of highway design, it has not yet been possible to meas-
ure by field testing the maintenance expense of the cverall vehicle
with respect to these particular features. To further complicate mat-
ters, the maintenance expense of the motor vehicle is highly dependent
upon the owner's maintenance policy. Thus, maintepance is the one
large item of motor vehicle operating expense which is most difficult
to allocate to specific highway design features.

Winfrey relates maintenance cost to speed, while Claffey presents
average cost per mile figures. We feel that maintenance cost is not
the function of speed that Winfrey presents, but that it 1is much more
related to time, mileage, and driver behavior. This would be repre-
sented in the model as a comstant annual amount, and hence will not
be considered in the economic analysis.

Vehicle Depreciation

Possibly no other single vehicle cost item has produced more the-
oretical argumentation with less empirical highway design evidence than
has vehicle depreciation costs. While the generally accepted defini-
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tion of total vehicle depreciation, the difference in the initial ve-
hicle cost and its scrap value when it is removed from service, seems
quite straightforward, there is little guidance in the literature point-
ing first to the proportion of total depreciation which might be charge-
able to the mileage use of the vehicle and the remaining portion that
should be charged to time or simply ownership of the vehicle, Moreover,
there is less evidence still of the mileage portion of the total depre-
ciation that should be charged to the factors of highway design and use,
such as distance, vertical grades, horizontal curves, speed, speed
changes, and roadway surface conditions.

With the exception of the TRRL Kenya Study (60), all the available
depreciation relationships assume that the total mileage, and hence the
per-mile depreclation, is a function of speed. But is this reasonable?
Certainly, if we are talking of average annual speed, the notion would
be highly plausible. But we in highway economy studies use a locallzed
link speed reflecting the highway design parameters of condition and
geometrics, and in the EAROMAR framework, capacilty reductions due to
road occupancy. We feel that annual mileage is much more reasonably
determined by a driver's needs, travel budget, and preferences, rather
than on a localized speed effect produced, possibly, by the performance
of highway maintenance. This suggests, by the way, that perhaps a di-
version paramater should be introduced to account for the reduced trav-
el demand as maintenance is taking place. Given the above considerations
and the general lack of quantitative support for the various approaches
found in the literature, we propose that vehicle depreciation be taken
as a constant annual amount, and hence need not be included in the eco-
nomic analysis. '

6.2 VALUE -OF TRAVEL TIME SAVINGS.

There is widespread agreement that the value of travel time sav-
ings is a major source of justification for road investments, partic-
ularly so for the high-volume highways that are the focus of this re~
search. However, there is no such consensus on the appropriate con-
ceptual and empirical approaches to determining these values. The
studies reviewed suggest that the values of travel time savings tend
to range from a high for working time, through business travel time and
commuting time, to a low for non-work, non-commuting time; furthermore,
a definite trend in technique is also emerging. Nevertheless, the fol-
lowing words of caution are found in a recent review of the evaluation-
of highway improvements: X

"It is advisable to treat travel time as a separate
item in economy studies in order that the decision-
maker can see readily the amount of overall gains
that are priced out on the basis of the dollar val-
ue of time and those gains that are actual bona fide
reductions in expenditure for travel." (61)
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It is apparent that most studies have estimated time values as by-
products of single or simultaneous travel choice and demand models, in
which the emphasis was on prediction rather than on capturing the con-
cept of the value of travel time. 1In the desired EAROMAR analysis, we
will not be looking at travel demand, but rather at travel supply, for
which the requirements of usable travel time are considerably different.

The SRI study by Thomas and Thompson (62) appears to remain as the
best source of disaggregate data, including trip purpose and income lev-
el. However, 1t presents considerable difficulties by its introduction
into the analysis. Once the value of time is a function of the amount
of time saved, then clearly the total amount of time saved per trip
must be known. Because motorists on short trips can be expected to have
less total time saved by highway improvements than motorists on longer
trips, road users would need to be segregated by thelr total trip length
(and perhaps ultimately even by origin and destination).

Suddenly the highway economist needs more information than just the
amount of time saved due to highway improvements and the volume of mo-
torists and their incomes, leading directly to a network-level analysis.
Since this is not anticipated at this time, some modifications to the
SRI results must be developed.

Closed-form approximations of the SRI data have been obtained
using a regression model of the form:

VITS = (ay + a; AT)(by + by I _ (285)

where VITS is the value of the travel time savings, in dollars;
AT 1is the time saved, in minutes;

and I is the annual income of the motorist, in thousands of
dellars, '

The results are given in Table 78.

Since we are not following individual vehicle movements in the
simulation, or even the actual time spent in the system by a represen-
tative vehicle, we will not know the total trip travel times by trip

purpose. Hence, we must use marginal values of travel time 1in the
analysis:

wvrrs = SOTIS)

AT albo + ab. I (286)

1’1 »

and the expected value of marginal travel time savings i1s as follows:

E[MVITS] = albo + alblE[I] = constant (287)

Thus, the modeler has the choice of using the SRI marginal values and
having the average income by trip purpose input by the user, or having
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TABLE 78

COEFFICIENTS OF VALUE OF TRAVEL TIME SAVINGS

TRIP PURPOSE

VACATION'
WORK®
soc1aLt
BUSINESS'
ScHooL*

1. Value of

2. Value of time per person

a a, by b

0

-0.0360 | 0.0348 | -0.3462 | 0.2144 1.00
-0.0504 { 0.0269 | -0.3121 §0.1909 0.99
-0.3465 | 0.0700 § -1.1970 } 0.2139 0.99
-0.2652 )} 0.0421 | -1.9800 } 0.5515 0.99
-0.4887 | 0.0735 | -1.2000 ] 0.1718 0.97

time per vehicle
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the user input the marginal value of travel time savings directly. The
latter 1s the approach we adopted for the updated EAROMAR analysis, i.e.,
the user will specify the value of time by trip purpose by vehicle.

6.3 ACCIDENTS

In a recent FHWA report (53}, the relationships between construction
type, road type, rcad closure type, and construction zone accident rates
were investigated. The major conclusions drawn from the literature re-
view of that study were:

(1) Although several alternative combinations of work area,
roadway type and comstruction scheduling are currently
used, little or no data are available to determine the
safety effect of the choice of any particular alterna-
tive.

(2) There are two prevailing philosophies on speed control
in construction zones. One maintains that speeds should
always be reduced, while the other claims that normal
highway operating speeds should be maintained throughout
the zone. Again, there are no data to support the rela-
tive safety benefits of either of the philosophies.

(3) The application of traffic control devices in construc—
tion zones appears to vary widely between agencies and
between construction projects, indicating a general
lack of knowledge regarding the safety effectiveness of
the various traffic control devices and their location-
al application.

(4) The high concentrationg of accidents at interchanges and
transition zones identify those roadway locatioms where
extreme care must be exercised in the selection, utili-
zation, and maintenance of construction zone traffic con-
trol devices. )

(5) The daily management of traffic aperations within a con-

struction zone is an important facter in the safe opera-
tion of the zone.

Number of Accidents

The accident study portiom of the research looked at the accident
experience of construction zone roadways before and during comstruc-
tion. Data from seven states were used in the analysis. The construc-
tion data included the type of construction, length, duration, traffic
volumes, and type of traffic controls used. Accident data were reduced
into several catagories such as type, location, time of occurrence, and
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severity. The data included 79 projects of which 1l were on six- or
eight-lane interstate highways, 24 on four-lane divided interstates, 18
on four-lane divided non-interstates, 3 on five-lane undivided, 4 on
four-lane undivided, and 19 were on two~lane roadways. There were 31
urban projects and 48 rural projects. Eleven closure categories were
covered.

Although comparative analysis using accident numbers provides some
very useful information, the determination of the change in accident
rates from the before to the during construction period is a more mean~
ingful measure of the effects of construction. Although the researchers
were able to obtain the necessary data to compute accident rates for the
before period (length, duration, accident number, and traffic volumes),
with the exception of two projects, they were unable to obtain traffic
volumes during constructionj the states simply did not have that data
available., However, the analysis using accident rates provided a method
of comparing before to during accidents using only documented accident
data, although the lack of construction period traffic volumes forced
the authors to compute construction accident rates using the before traf-
fic volumes. They concluded that, overall, the construction projects
probably had lower traffic volumes than in theilr respective before peri-
ods, indicating that the actual increase in construction accident rates
is probably greater than their results indicate.

The measure taken to try to explain the reported accident rates
was the ratic of number of lanes before construction to the number of
lanes during construction. The mean accident rate Increases for this
measure of "interference' are presented in Table 79.

Table 80 presents the mean accident rates for the various work area
roadway types, while Table 82 gives the mean accident rates for the var-
ious types of construction. Table 81 illustrates the percent increase in
accident rates comparing urban and rural projects. Unfortunately, the
authors do not present this data disaggregated to the single project lev—~
el. A more detalled analysis of the disaggregate project data, if avail-
able from the authors, may permit a correlation of these closure types
with the road degradation types summarized above. 1In the absence of such
an analysils, the following relationship is recommended for incorporatiom
into the roadway occupancy zone accident calculations:

MACC (%) = -15.97+ 63.18 N_/N_ r? = 0.96 (288)

where AACC 1is the percentage increase in accident rate due
to the roadway occupancy;
N, 1is the number. of lanes under normal operating conditions;

and N. 1is the number of lanes available during the construction
or maintenance operations,

This relation, and the data from Table 79, are plotted in Figure B83.
which indicates the extremely high correlation of this closure measure

~365-



-99¢-

TABLE 79. EFFECT OF DEGRADING VARIOUS ROAD TYPES

Original Roadway

Construction

- 545,55

Number Mean Accident Roadway Mean Acci-

Roadway Type Projects Rate (100 MVM) dent Rate (100 MVM) % Change
6 or 8-lane Interstate reduced |

to 2 lanes each direction 8 193.96 204.23 +5.3
6 or 8-lane Interstate reduced

to 1 lane each direction 3 227.91 489.22 +114.7
4-lane Interstate reduced to

1-1ane each direction . 22 136.16 229.55 +68.6
4-lane Interstate reduced to

2-lane, 2-way 2 40.68 100.58 +147.2
4-1ane divided reduced to
- 1-lane each direction 5 314.73 361.46 +14.8
4-lane divided reduced to ,

2-lane, 2-way 5 177.09 205.16 +15.9
4-lane divided on new alignment 6 249.08 200.52 -19.5
4-1ane undivided reduced to

2-lanes ' 3 801.46 761.99 -4.9
5-1ane undivided w/TWLTL reduced

to 2-lanes 3 488.25 776.14 +59.0
2-1ane reduced to 1-lane 7 363.99 475.73 +30.7
2-1ane on new alignment 11 636.77 -14.3




TABLE 80
MEAN ACCIDENT RATE BY TYPE OF CONSTRUCTION (100M¥M )

-L9¢E-

IYPE OF CONSTRUCTION MuMBeR | GaTe'SERORE | RATE DURING. | PERCENT
CONSTRUCTION CONSTRUCTION
Resurfacing, Pavement Patching 26 147.73 159.04 + 7.7
- ‘Bridge Work 5 88.27 132.47 + 50.1
Median Barrier Work 15 187.16 _ 203.87 + 8.9
Widening of Existing Roadway 12 577.10 593.21 + 2.8
Upgrading to Interstate Standards 9 167.65 194.65 + 16.1
Reconstruction of Existing Roadway 2 278.98 - 371.97 + 33.3
O s R+ ) 2y 5 213.49 214.27 | + 0.4
Other 1 137.36 137.36 -0-
| 75
-TABLE 81. MEAN ACCIDENT RATE BY AREA TYPE
N
Urban 273.54 304.70 +11.4
Rural 140.45 145.59 + 10.1



TABLE 82

MEAN ACCIDENT RATE BY WORK AREA ROADWAY TYPE

WORK AREA NUMBER MEAN ACCIDENT
ROADWAY TYPE PROJECTS RATE (100MVM)
Lane Closure 48 | 204.23
Cross-over 4 ’ 215.28
Temp. By-pass 0 -
Detour 0 -
LC and Cross-over 5 144.29
LC and Temp. By-pass 4 507.91
LC and Detour 10 286.67
Cross-over and Detour 3 154.08
Temp. By-pass and Detour 1 419.35
75
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Change in Accident Rate, Percent

FIGURE 83

CHANGES IN ACCIDENT RATES
AS A FUNCTION OF CAPACITY REDUCTION
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with the mean accident rate increases.

Another advantage of this formulation is that it reflects actual ac-
cident increases due to the presence of the occupancy zone. Therefare,
one does not have to resort to assumptions on the deceleration rate in
the influence zone or funneling effects.

Thus, we would have the following relationships for the number of
accldents with and without road occupancy:

i _ %

Nn ARn AHTi * L (289)
i i :

Nc = Nn *# ( 0.8403 + 0.6318 Nn/Nc) (290)

where Ni is the normal number of accidents in the it® hour ;

ARp is the normal accident rate, per million vehicle miles;
{ 1s the average traffic in the ith hour, in vehicles:
L 1is the section length, in miles;

is the number of accidents in the ith hour in the
presence of roadway occupancy ;

N, 1is the number of lanes normally operational ;

and N. 1is the number of lanes operational during the
roadway occupancy.

Accldent Costs

The data presented in Table 83 indicates that, in general, roadway
occupancy tends to reduce the average severity of accidents while in-
creasing the average accident rate. Although these data are presented
in aggregate form, and therefore no information is obtalnable about the
actual effects of various closure categories, we feel that the severity
effects are significant and should be seriously considered for incorpor-
ation in the medel. This would imply the following data input values
(as optional default overrides):

(1) The base year accident rate (AR} for normal annual
operation of the facility;

(2) The percentage distribution by severity class (Pi)
(property-damage-only, injury, fatal)}; and
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TABLE 83. TOTAL CONSTRUCTION ZONE ACCIDENTS

Before During Change (%)

Total Accidents - 8,172 8,785 +7.5
Night Accidents 2,454* 2,685%* +9.4
Severity
Property-Damage-Only 4,718* 5.226* +10.7
Injury 2,369* 2,488* +5.0
Fatal 62* 58* -6.5

7,149* 7.772*

Accident Type

Right Angle 720 585 -18.8
Rear End 2,614 3.048 +16.6
Side Swipe 939 850 -9.6
Head On 99 114 +15.2
Turning 480 552 +15.0
. Ran-0ff-Road 706 520 -26.3
Ro11 204 225 +10.3
Animal ' 84 102 +21.4
Fixed Object 941 1,307 +38.9
Fixed Object (Construction Equip.) -- 120 N/A
Other 1,385 1.362 1.7
8,172 8.785
Surface
Dry : 4,190* 4,870* +16.2
Wet 1,467* 1,443% -1.6
[ce/Snow 706* 548* -22.4
Unknown 786%* g1 1* " +15.6
7.149* 7.772*
Area . -
Urban 4,873 5,149 +6.0
Rural 3,299 3,636 +10.0
8.172 - 8,785

* Does not include State 2 data.

Source: Ref {53)
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(3) The average accident cost by severity class (Ci)°
From these and the above relations, the total increased accidents

and costs, in total and by severity class, could be determined for any
ADT and closure category, as follows:

gisd = nioa P, (291)

aci-d = yis3 & c, (292)

where N'»J is the number of accidents in the ith hour of severity
class j (for either mormal or occupancy cases);

P. is the fraction of total accidents of severity class j,;

AclsJ is the accident costs in the ith hour for severity class j;

and C.: is the average cost for an accident of severity class j.

6.4 ATR POLLUTION

The major components of automobile exhaust are the complete oxida-
tion products of the fuel, carbon dioxide and water, and the nitrogen in
the air fed to the combustion chamber. Because oxidation 1s incomplete,
carbon monoxide is always present. Minor components, but important ones
from an air pollution standpoint, are hydrogen, oxygen, unburmned hydro-
carbons, partially oxidized hydrocarbons, nitric oxide, and sulfur diox-
ide.

Although there is a large body of literature available on the evo-
lution of air pollution emission standards and regulations, there is
considerably less available on the physical parameters affecting motoer
vehicle emissions, which are taken by most researchers to be primarily
weight and speed. Reference (57) presents graphs of hydrocarben and car-
bon monoxide mass emissions for uniform speed, stops from various speeds,
and speed-change cycles for a reference automobile (Figures 84-87

The physical relations determining the emission levels can be mod-
eled by using the relationships presented in (57) (see Figures 84-
87 with the omission of the stopping cycle effects, since these are
not medeled in the vehicle speed submodel (see Chapter 5). These re-
sults have been curve fitted to provide passenger car emission levels as
follows:
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~ Figure 84, Hydrocarbon and carbon monoxide emissions per 1,000
miles of driving at uniform speed (reference automobile)
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Source: National Cooperative Highway Research Program, NCHRP
Report 133, Highway Research Board, p. 39. (57)
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Figure 85, Hydrocarbon and carbon monoxide emissions added
per 1,000 stops (reference automobile)
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Figure 86. Carbon monoxide emissions added from speed changes
per 1,000 vehicle-miles (referenca automobiie)
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Figure 87. Hydrocarbon emissions added from speed changes
per 1,000 vehicle-miles (reference automobile)
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Uniform Speed Emission Levels

1

EL, = 0.01221 + 0.56167 S~ r? = 0.99
HCg = ELg % (1.1640 + 0.0391 8) * 1072  r% = 0.99
COg = ELg * (98.8360 - 0.0391 §) % 1072 % = 0.99

where EL; 1s the passenger car emission level in pounds per
vehicle mile (1b/VM);

HC, is the hydrocarbon emission level;
COg 1s the carbon monoxide emission level:

and ) is the uniform vehicle speed in mph.

Freeway Speed Change Emission Levels

0.010523 + 0.008055 (V/C)

EL. .

2

HCge = ELgo * (0.22 + 0.20(V/C) ) * 107
COge = ELgo * (99.78 = 0.20 (V/C) ) * 1072

where ELg;. 1s the passenger car emission level due to speed

change cycles on normal freeway operation, in 1lb/VM ;

HC;. 1is the hydrocarbon emission level;
COg. 1s the carbon monoxide emission levels

and V/C 1is the volume/capacity ratio.

Queueing Emission Levels

ELq = 0.04531 + 0.01746 (V/C)
HCq = ELg # (0.68 ~ 0.25 (V/C) ) * 10”2
COq = ELg * (99.32 + 0.25 (V/C) ) % 1072

where ELq is the passenger car emission level due to queue-
ing operations, in 1lb/VM;

» HCq is the hydrocarbon emission level;
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and

V/C 1is the volume/capacity ratio.

Total Passenger Car Emissions

where Gq

as given

The
from the

ELp = ELg + ELg. + §(EL

q

HCp = HCg + HCg, + 5 HC

q

COp = COg + COgc + §,4C0q

(302)

(303

(304)

is 1 if queueing occurs, 0 otherwise, and all quantities are

above.

results for vehicles other than passenger cars are developed
above relations using adjustment factors defined by the user.
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CHAPTER 7

CONCLUSION AND

POTENTIAL APPLICATIONS

7.1 CONCLUSION

The EAROMAR system performs economic analyses of freeway construction,
maintenance and rehabilitation policies, encompassing both the structural
(i.e. pavement-related) and the operational (i.e. speed- and flow-related)
aspects of road performance. This report has documented the technical
concepts and relationships incorporated within EAROMAR, organized about
route and construction project descriptions, pavement damage, maintenance
policies and management, traffic flow, user consequences, economic data,
and assembly of this information within strategies to be tested. Although
the techmical explanations have been segmented in this way for clarity,
we have repeatedly stressed the interactions among various system compo-
nents. One must consider all engineering, economic, and management factors
affecting road performance and costs when formulating and evaluating diff-
erent investment or repair altermnatives.

Several new concepts or features have been introduced within the
EAROMAR analysis to promote its effectiveness and versatility as a manage-
ment tool. Among the more important of these are the following:

1. TUsers have great flexibility in describing route and traffic
characteristics. A route may comprise any number of individual roadways,
each with its own pattern of traffic loadings. Roadway geometry, capacity,
and pavement structure may vary arbitrarily over roadway length, and over
time as a result of construction projects. Traffic volume, composition,
and growth may likewise vary over roadway length and time.

2. TFlexible, rigid, or composite pavements may be simulated on a
roadway. Pavement structures are described by component layer thickness
and materials properties for any number of layers. Thus it is possible to
include non-standard or specialized layers, such as drainage layers or
bond-breaking cushions, within the pavement description.

3. Prediction of pavement maintenance requirements is based upon
response to the demand for maintenance arising from (a) estimates of pave-~
ment damage over time, and (b) maintenance and rehabilitation policies
specified by the user. Thus, maintenance workloads and costs are not
extrapolated from past trends, but rather are direct functions of the
quality of initial pavement design and construction, traffic loading
patterns through different seasons of the year, load-environment inter-
actions, past maintenance performed, and current decisions on what work
is to be performed, when, and to what level of repair.
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4. Key issues of maintenance management are treated in detail.
Users may specify completely the maintenance technology to be emploved,
including crew compositicns, equipment and materials requirements, and
average production rates. Activities may be scheduled by hour and day
within a season; the configuration of the road closure to be used during
work performance may also be specified. Maintenance costs are computed
using unit costs of each class of labor, equipment and materials, which
may be adjusted for inflatiom.

5. Simulations of traffic speed and flow account for both free-flow
and congested situations, by hour of day within each season. Speed and
flow within EAROMAR are sensitive to the ratio of demand to roadway capa-
city, the condition of the pavement surface, and occupancy of the roadway
for maintenance or rehabilitation. Consequences to users are monitored
in terms of travel time and value of travel time, vehicle operating costs,
and accident frequencies and costs. Vehicle pollution emissions are also
estimated.

6. The user has the ability to manipulate the set of variables affect-
ing one's analysis through the definition of strategies. Strategy specifi-
cations make it possible to change conditions or policies at different
roadway locations over time. By correctly defining a route and the stra-
tegies to be tested, one may simulate a wide range of constructlion - reha-
bilitation-maintenance options.

7. The economic analysis may be tested simultaneously uader several
assumed discount rates., Differential inflation rates may be applied to
maintenance labor, equipment and materials; toc motor fuel; and to the
value of travel time.

Results of the EAROMAR simulations may be obtained in seasonal, annual,
or total period summaries. Examples of the types of reports available are
given in Figures 88-92. 1In addition, simulation traces are available for
each roadway section, giving detailed information on hourly traffic flows
" and speeds, pavement damage, maintenance operations and costs, and vehicle
operating costs. These traces supplement the information in Figures 88-92
and are useful in obtaining insight into particular aspects of the analysis.

7.2 POTENTIAL APPLICATIONS

Our original objective in designing the EAROMAR system was to develop
procedures for determining economic warrants for premium pavements. Chap-
ters 2 through 6 indicated how we have fulfilled this objective in response
to the approach proposed in Chapter 1. It should also be apparent from
Chapters 2-6, however, that in its general approach to highway performance
and cost modeling, EAROMAR is appropriate to a much larger set of problems
involving pavement construction, maintenance and rehabilitation. Below
we outline what we see are some potential uses of the EAROMAR system. These
are but suggestions, and users may wish to consider other types of analyses
as well.
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1. Because EAROMAR performs a link-level analysis, it is not a
true pavement management system (which adopts a system-wide view).
Nevertheless, its structure and logic are compatible with pavement manage-
ment concepts, and EAROMAR may be used to investigate the same types of
investment - maintenance opticns considered by pavement management systems.
Policy alternatives that can be evaluated range from strategic decisions
between initial investment vs. subsequent rehabilitation or betterments,
to tactical choices among the timing, location and priority of maintenance
and rehabilitation. Several commonly discussed management problems fall
under this set of options, including economic warrants for premium pave-
ments; deferred malntenance; staged construction; and variations 1in overlay
thickness or frequency.

2. The formulation of maintenance within EAROMAR is also compatible
with maintenance management systems in use throughout the country today.
For given maintenance pelicies one may therefore investigate options in
work scheduling and configuration of the work zone, or in the method of

performing work (e.g. labor-based vs. mechanized technology).

3. The traffic stream simulated within EAROMAR comprises individual

vehicle classes whose effects on pavement damage and roadway congestion

can be isolated. It is therefore possible to analyze the costs, both to
the highway agency and to other roadway users, attributabtle to a gilven
vehicle class. This procedure is relevant to the problem of cost alloca-
tion being addressed by the Federal and several State goverrments today.
Because EAROMAR conducts an ecconomic analysis, it predicts only the costs
occasioned -- not necessarlly the prices to be charged. Nevertheless,

one may consider both pavement-related costs (all costs arising through
damage to the pavement by a vehicle, including maintenance costs, rehablli-
tation costs, and changes in vehicles cperating costs due to pavement surface
"damage), and costs related to traffic flow and congestion (changes in
vehicle operating costs and travel time costs caused by the addition of a
vehicle class). Cost allocation results may be develcped for various pave-
"ment designs in different environmental regions.

4. In its maintenance and user consequernces routines EAROMAR calculates
costs on the basis of resources consumed. It may therefore be used to
examine different policies affecting scarce or highly priced resources,
such as motor fuel or selected maintenance materials (e.g. asphalt). The
effect of future prices rises in fuel can be seen using the inflation
adjustment for fuel provided in the economic input (section 2.5). The value
of materials can be reflected in either their unit costs or in their scarcity
under resource limitations (section 4.4). Although resource consumption
rates are not now included in the reports in Figures 88-92, they are dis-
played in the traces, and it would be possible to medify the program in
the future to incorporate this additicnal information in the analysis results.
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FIGURE 88

SEASONAL ROAD CONDITIQONS BY RQADWAY
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FIGURE 89

SEASONAL EXPENDITURES BY ROADWAY
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- YEAR VEHICLE TYPE

FIGURE 90

ANNUAL OPERATOR IMPACTS BY ROADWAY

ANNUAL 1974 AUTO
ANHUAL 1974 PICKUP
ANNUAL 1974 20
ANNUAL 1974 252
ANNUAL 1974 352
ANNUAL 1975 AUTO
ANNUAL 1975 PICKUP
ANNUAL 1975 2D
ANNUAL 1975 252
ANNUAL 1975 382
ANNUAL 1976 AUTI
ANNUAL 1976 PICKUP
ANK UAL 1976 2D
ANNUAL 1976 252
ANNUAL 1976 3s2
ANNUAL 1977 AUTO
ANNUAL 1977 PICKUP
ANNUAL 1977 20
ANNUAL 1977 252
ANMUAL 1977 352
ANNUAL 1978 AUTO
ANNUAL 1978 PICKUP
ANNUAL 1978 20
ANNUAL 1978 252
ANNUAL 1978 352
ANNUAL 1979 AUTO
ANNUAL 1979 PICKUP
ANNUAL 1979 20
ANNUAL 1979 252
ANNUAL 1979 352
ANNUAL 1980 AUTO
ANNUAL 1980 PICKUP
ANNUAL 1980 2D
ANNUAL 1980 252
ANNUAL 1980 352

" VEHICLE EMISSIONS (LB/MILE)

OIL TIRES TOTAL co HC TOTAL
0.002 0.008 0.071 0.0365 0.0008 0.0373
0.002 0.007 0.087 0.0365 0.0008 0.0373
0.004 0.014 0.223 0.0365 0.0008 0.0373
0.004 0.026 0.117 0.0365 0.0008 0.0373
0.005 0.029 0.151 0.0365 0.0008 0.0373
0.002 0.007 0.069 0.0367 0.0008 0.0374
0.002 0.007 0.087 0.0367 0.0008 0.0374
0.004 0.013 0.222 0.0367 0.0008 0.0374
0.0043 0.024 0.115 0.0367 0.0008 0.0374
0.005 0.027 0.148 0.0367 0.0008 V.V374
0.002 0.007 0.070 0.0368 0.0008 0.0276
0.002 0.007 0.087 0.0368 0.0008 0.0376
0.004 0.014 0.223 0.0368 0.0008 0.0376
0.004 0.025 0.116 0.0368 0.0008 0.0376
0.0905 0.028 0.150 0.0368 0.0008 0.0376
0.002 0.008 0.072 0.0369 0.0008 0.0377
0.002 0.007 0.087 0.0369 0.0008 0.0377
0.003 0.015 0.223 0.0369 0.0008 0.0377
0.004 0.027 0.118 0.0369 0.0008 0.0377
0.005 0.030 0.152 0.0369 0.0008 0.0377
0.002 0.008 0.073 0.0370 0.0008 0.0378
0.002 0.008 0.087 0.0370 0.0008 0.0378
0,004 0.015 0.223 0.0370 0.0008 0.0378
0.004 0.028 0.120 0.0370 0.0008 0.0378
0.006 0.032 0.154 0.0370 0.0008 0.0378
0.002 0.009 0.074 0.0371 0.0008 0.0378
0.002 0.008 0.087 0.0371 0.0008 0.0378
0.004 0.016 0.223 0.0371 0.0008 0.0378
0.00a 0.029 0.122° 0.0371 0.0008 0.0378
0.006 0.033 0.156 0.0371 0.0008 0.0378
0.002 0.009 0.074 0.0372 0.0008 0.0379
0.002 0.008 0.088 0.0372 0.0008 0.0379
0.004 0.017 0.223 0.0372 0.0008 0.0379
0.004 0.030 0.123 0.0372 0.0008 0.0379
0.006 0.034 0.158 0.0372 0.0008 0.0379
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ANNUAL
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ANNUAL
ANNUAL
ANNUAL
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ANNUAL
ANNUAL
ANNUAL
ANNUAL
ANNUAL
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DISCOUNTED.

DISCOUNTED
DISCOUNTED
DISCOUNTED

FIGURE 91

ANNUAL USER IMPACTS BY ROADWAY

TOTAL VEHICLE

TAOTAL VEHICLE

TOTAL ACCIDENT COSTS

(MILLIONS) TOTAL TOTAL
MILLION VEHICLE OPERATING COSTS TRAVEL TIME COSTS =—me———m—mcecmm e USER COSTS EMISIONS
MILES TRAVELED (MILLIONS) {MILLIONS) PDO INJURY FATALITY (MILLIONS) (1000 LB)
78.281 6.288 5.816 0.011 0.028 0.017 12.143 2917.6
82.586 6.527 6.101 0.012 0.029 0.018 12.668 3092.3
87 .129 6.951 6.456 0.012 0.031 0.019 13.450 3273.6
87 .939 7.129 6.555 0.012 0.031 0.019 13.728 - 3312.8
88.750 7.290 6.651 0.012 0.031 0.019 13.985 3351.5
89.560 7.439 6.743 0.013 0.031 0.019 14.226 3389.7
90 .370 7.577 6.833 0.013 0.032 0.019 14.454 3427.6
91.181 7.707 6.920 0.013 0.032 0.019 14.672 3465.2
91 .991 7.830 7.006 0.013 0.032 0.020 14.881 3502.6
92.802 7.948 7.090 0.013 0.033 0.020 15.084 3539.7
€2.612 8.CC1 7173 0.013 0.033 0.020 15.7280 1576.7
94 .423 7.478 7.219 0.013 0.033 0.020 14.744 3739.4
95.233 7.297 6.988 0.013 0.033 0.020 14.332 3596.2
96 .044 7.440 7.074 0.014 0.034 0.020 14.561 3633.8
96 .854 7.567 7.155% 0.014 0.034 0.02¢ 14.770 3670.8
97 .665 7.683 7.234 0.014 0.034 0.021 14.966 3707-4
98 .475 7.791 7.310 0.014 0.03% 0.021 15.150 3743.7
99.285 7.893 7.385 0.014 0.035 0.021 15.327 3779.8
1¢0.096 7.220 7.459 0.014 0.035 0.021 19.498 3815.8
100.906 8.083 7.531 0.014 0.036 0.022 15.664 3851.6
101.717 8.174 7.603 0.014 0.036 0.022 15.826 3887.3
102.530 7.753 8.153 0.014 0.036 0.022 15.957 4416.9
103 .338 7.828 7.585 0.015 0.036 0.022 15.464 3933.9
104 .148 7.942 7.664 0.015 0.037 0.022 15.657 3970.9
104 .959 8.043 7.739 0.015 0.037 0.022 15.834 4007 .4
105.769 8.135 7.812 0.015 0.037 0.023 16.000 4043.7
106 .579 8.224 7.884 0.015 0.038 0.023 16.161 4079.8
107 .390 8.307 7.955 0.015 0.038 0.023 16.315 4115.8
108.200 8.387 8.026 0.015 0.038 0.023 16.466 4151.7
109.011 .8.465 8.096 0.015 0.038 0.023 16.615 4187.8
109.821 8.5453 8.167 0.015 0.039 0.023 16.765 4224.0
110.632 8.591 8.375 0.016 0.039 0.024 17.020 4381.4
3127 .274 248.364 233.758 0.440 1.100 0.667 483 .661 119788.2
3127.274 119.384 111.357 0.209 0.523 0.317 231.475 119788.2
3127 .274 85.108 79.042 0.149 0.371 0.225 164.670 119788.2
3127.274 70.262 65.104 0.122 0.306 0.185 - . 135.794 119788.2
3127.274 59.329 54.873 - 0.103 0.258 0.156 - " . - 114.563 119788.2
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FIGURE 92
ANNUAL COST TOTALS BY ROADWAY

VEHICLE VEHICLE
CONSTRUCTION COSTS MAINTENANCE COSTS OPERATING COSTS TRAVEL TIME COSTS ACCIDENT COSTS TOTAL ¢QSTS
YEAR (MILLIONS) (MILLIONS) (MILLIONS) (MILLIONS): (MILLIONS) (MILLIONS)
ANHNUAL 1974 0.0 0.000 6.288 5.816 0.055 12.160
ANNUAL 1975 0.507 0.001 6.527 6.101 0.058 13.194
ANNUAL 1976 0.0 0.001 6.951 6.456 0.061 13.470
ANNUAL 1977 0.0 0.001 7.129 6.555 0.062 13.747
ANNUAL 1978 0.0 0.001 7.290 6.651 0.063 14,004
AHNUAL 1979 0.0 0.001 7.439 6.743 0.063 14.246
ANNUAL 1980 0.0 0.001 7.577 6.833 '0.064 14.474
ANINUAL 1981 0.0 0.001 7.707 6.920 0.064 14.692
AMNUAL 1962 0.0 0.001 7.630 7.006 0.065 14.902
ANNUAL 1983 0.0 0.001 7.948 7.090 0.065 15,104
ANNUAL 1984 0.0 0.001 8.061 7.173 0.066 15.301
ANINUAL 1985 2.093 0.00" 7.478 7.219 0.067 16.857
ANNUAL 1986 0.0 0.001 7.297 6.988 0.067 14.353
ANNUAL 1987 0.0 0.001 7.440 ° 7.074 0.068 14.582
ANNUAL 1988 0.0 0.001 7.567 7.155 0.068 14.792
ANNUAL 1989 0.0 0.001 7.663 7.234 0.069 14.987
ANNUAL 1990 0.0 0.001 7T.791 7.310 0.070 15.172
ANNUAL 1991 0.0 0.001 7.6893 7.385 0.070 15.349
ANNUAL 1992 0.0 0.001 7.990 7.459 0.071 15.520
ANNUAL 1993 0.0 0.001 8.083 7.531 0.071 15.686
~ANNUAL 1994 0.0 0.001 - 8.174 7.603 0.072 15.849
ANNUAL 1995 2.093 0.000 7.753 B8.153 0.072 18.072
ANNUAL 1996 0.0 0.001 7.828 - 7.585 0.073 15.486
ANNUAL 1997 0.0 0.001 7.942 7.664 0.074 15,680
ANNUAL 1998 0.0 0.001 8.043 7.739 0.074 15.857
ANNUAL 1999 0.0 0.001 8.135% 7.812 0.075 16.023
ANNUAL 2000 0.0 0.001 8.224 7.884 0.075 16.184
ANNUAL 2001 0.0 0.001 8.307 7.95% 0.076 16.339
ANNUAL 2002 0.0 0.001 8.387 8.026 0.076 16.490
ANNUAL 2003 0.0 0.001 8.465 B8.096 0.077 16.639
ANNUAL 2004 0.0 0.001 8.543 8.167 . 0.078 16.789
ANNUAL 2005 Q.0 0.001 8.591 8.375 0.078 17.045
TOTAL 1974-2005 4.694 0.018 ' 248 .364 233.758 2,207 489.040
DISCOUNTED S% 2.34% 0.009. 119.384 111.357 1.050 234.142
DISCOUNTED 8% 1.651 : 0.006 85.108 79.042 0.745 166.5593
DISCOUNTED 10% 1.343 0.005 70.262 €5.104 0.A14 137.328
DISCOUNTED 12% 1.115 0.005 59.329 54.873 0.517 115.838

DISCOUNTED 15% 0.872 0.004 47 .666 43.999 0.415 92.955
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