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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 perfonnance 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 Surrrnary" 
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. 

,/ /! ) t) // 
k--JL-£/ r'. #t:-
Richard E. Hay, Dire r 
Office of Engineerin 

and Highway Opera ions 
Research and Development 

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 constitute a standard, specification, or regulation. 

The United States GoverilI!lent 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 

ll\TRODUCTION 

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. Nevertheless, they sus
tained more than one-half the total system usage, measured in vehicle 
miles traveled (VMT). As shown in Table 1, this relatively high ratio 
of usage to length held true across all major designations of Federal 
Aid system roads in urban areas. 

The pattern is most striking for the Interstate highways, no 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 roads in 1975 carried 52 per cent of In
terstate VMT nationwide. The relative distributions of average daily 
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-volume 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 loadinBs in rela
tively short periods of time, raising the problem of how to maintain or 
rehabilitate them adequately, safely and economically. Sever'al 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 involved. 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 high\~ays. Premium pavements are pavements expected to pro-
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TABLE l 

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 

INTERSTATE PRIMARY SECONDARY URBAN 

MILEAGE 1 4 3 6 

(% of Federal 
Aid System) 

VEHICLE MILES 
TRAVELED 13 16 5 16 

(% of Federal 
· Aid System) 

SOURCE: Highway Statistics, 1975. ( 1), Tables FM-1 and VM-2. 
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Mileage 
Kilometrage 
Per Cent 

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-
10,000 20,000 30,000 40,000 

1,056 2,081 1,896 1 , 199 
1,700 3,350 3,053 l ,930 

11 22 20 13 

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

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

TABLE 3 
DISTRIBUTIONS OF AVERAGE DAILY TRAFFIC VOLUMES 

ON NON-INTERSTATE URBAN HIGH\/AYS 
(Data in Per tent) 

> Totals* 40,000 

3,024 9,413 
4,869 15, 155 

32 98 

INTERVALS OF AVERAGE DAILY TRAFFIC 

0- 20,000- 30,000- > 
20,000 30,000 40,000 40,000 TOTAL ,. Non-Interstate 

Federal Aid Primary 
- Urban 80 12 4 4 100 

2. Federal Aid Urban 91 6 2 1 100 

SOURCE: Highway Statistics, 1975 (1), Table FM-110 
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TABLE 4 

CHARACTERISTICS OF NON-INTERSTATE ROADS 
HAVING DAILY TRAFFIC VOLUMES GREATER 

THAN 40,000 VPD 

1. NON-INTERSTATE FEDERAL AND PRIMARY SYSTEM - URBAW" 

Undivided 24% 
Divided, No or Partial 

Access Control 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-free service und0r projected traffic and envjrcnmcntal 
conditions for at le;:ist twenty ye.irs, and to rc.:quire only ro'c:t::.nc 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 to 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 greatly 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 production and quality, and in
creased unit costs of maintenance during 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 analysis 
procedure -- the EAROMAR system (Economic Analysis of Roadway Occupancy 
for Maintenance tnd Rehabilitation). - - -

Our 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, nainten~ncc 
scheduling and resource management, and treatment of differential 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 future re
visions, expansion, and adaptation to ~pecific 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, rieid, 
and composite pavement designs, and accounts for relevant physical, en
vironmental, economic and policy-related factors which interact· to in
fluence pavement performance and costs. It considers explicitly the 
operational, safety, and cost aspects of road occupancy of heavi:y traf
ficked routes. Results contributing to economic warrants comprise costs 
of pavement construction (and any subsequent reconstruction or overlays); 
pavement maintenance costs; user-associated 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, economic 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 

• Local 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 'W'ill 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 h.:ive 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 operating costs, discounted 
through an analysis period. These costs are obtained 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 desien 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 EAR.OMAR 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 length 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
fonnat 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 o~era
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 coses, and 
pollution emissions. 

Chapter 7 concludes the report, summarizing the major features 
of the EAROMAR system and identifying potential system applications. 
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TABLE 5 

COMPONENTS OF THE EAROMAR SYSTEM 

ROUTE CHARACTERISTICS 

• Geometry and Capacity 

• Pavement 

• Environment 

• Administrative Sections 

• Initial Construction Costs 

CONSTRUCTION PROJECTS. 

• Overlays 

• Reconstruction or Additional Construction 

TRAFFIC DEMAND 

• Vehicle characteristics 

• Trip Purpose 

• Volume and Growth 

• Daily and Hourly Distributions 

DAMAGE PREDICTION 

• Flexible Pavement 

• Rigid Pavement 

• Composite Pavement 

MAINTENANCE POLICIES 

• Flexible Pavement 

• Rigid Pavement 

• Composite Pavement 

-9-



TABLE 5 

COMPONENTS OF THE EAROMAR SYSTEM 

(continued) 

MAINTENANCE MANAGEMENT 

• Scheduling 

• Unit Cose and Production 

• Resource Limitations 

ROAD OPERATING CHARACTERISTICS 

• Free-flow Speed 

• Congestion and Queueing 

• Speed Change Cycles 

USER CONSEQUENCES 

• Vehicle Operating Costs 

• Travel Time 

• Accident Costs 

• Pollution Emissions 

ECONOMIC DATA 

• Discount Rates 

• Differential Inflation 

• Accident Costs 

STRATEGY SPECIFICATIONS 
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C!-iAPTER 2 

SCOPE, CONCEPT, AND ORGANIZATION OF THE EAROt·1AR ANALYSIS 

2 .1 OVERVIEW 

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 deterioration, 
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. Furthermore, 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 parameters 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 r.ewly constructed 
at the beginning of the analysis period. If it is an existing route, traffic 
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, ~anagers may input the costs of .initial construction, if it 
is desired that these costs be included in the economic analysis. 
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The facility to be analyzed within the EARO~lAR system is :enned 
a route - a length of highway comprising usually two or more roadways. 
Virtually any controlled-access divided highway, whether existing, 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 deno~ed 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 its 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 their commonly understood traffic service; e.g., •~orthbound" 
or "Southbound," "Inbound" or "Outbound," or for circumferential highways, 
"Clockwise" or "Counterclockwise." 

Roadway length and location are denoted by a beginning and an 
milepost, measured by the route milepost system described earlier. 
direction of traffic flow is specified in relation to the milepost 
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as procteding either "upstation" or "downstation." It is asstt'.:led that 
the direction of flow applies to the entire roadway throughout a 24-
hour day. Thus, roadways with counter-flow ]Dnes 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 feet; 

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, is 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 nccident rate, in occurrences per million vehicle 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 section* 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 co 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 drainage), 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 Ser~iceability Index PSI, 
individual damage components discussed in Chapter 3, and traffic 
loading history); 

3. Surface thickness, in inches; 

*See Note 1 at the end of this chapter regarding definition of roadway 
sections. 

-14-



4. ThE: AASHTO layE:r coeffic:lent, as developed in(!,); 

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

6. The elastic modulus and the rupture modulus of the portland 
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 cubic inch); and 

2. Drainage characteristics, expressed as "Good," "Fair," or 
"Poor." The technical interpretations of these terms'1.1ill be 
given in Chapter 3. 

Many items in the above lists are self-explanatory or fa□iliar to 
pavement designers and engineers. Others, such as aggregate suscepti
bility to blo1.1ups, are specialized technical parameters related to the 
prediction of pavement damage, and will be discussed in detail in Chap
ter 3. Following 1.1e ~resent simply some comments on pavement descrip
tions in general within EAROMAR. 

The pavement structure may be varied 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 roadways 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 asph::ilt concret~, includi:-:f its 
dynamic or comple~ 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 EA.ROMAR 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 moduli 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 one 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 EA.ROMAR for use by different pavement damage models.) 

Materials properties of pavement s~rfaces, underlying layers, and 
subgra·de 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 EA.ROMAR be treated in the same way at the same 
time. For example, one may sp·ecify the elastic moduli 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 seasonally to reflect periods 
of high groundwater. In each case a manager should consider ~hat 
seasonal effects are prevalent in his or her area, and what data are 
available 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 d~fined within 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 districts. 
Conditions within each jurisdiction may be important to a premiu::. 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 
EAROMAR. 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 implication 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 '-,hat seg
ments of the route under study might be the most favorable candidates 
for premium pavements. 

Environmental Conditions 

Moisture and temperature patterns throughout the year influence ooth 
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 only 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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FIGURE 1. ROADWAYS, AREAS AND MILEPOSTS 
OF A ROUTE . 
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which one may simulate periodic fluctuations in temperature and moisture 
levels. Any number of seasons bet'Ween c,ne and t1,1elve may be defined; 
the length of each season is likewise arbitrary, so long as the sum of 
the durations of all seasons equals t'Welve months. For each season one 
must specify the follo1,1ing information: 

l. The name of the season (any unique identifier, to be selected_ 
by the user); 

2. The duration of the season, in months; 

3. The average seasonal temperature, in degrees Fahrenheit; and 

4. The average seasonal moisture level, in inches total rainfall. 

Several examples of different seasonal descriptions are sho.m 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 conventional 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 seasons 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 
EAROMAR 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 t.irnes in subsequent chapters. 

REGIONAL FACTOR 

Several of the pavement deterioration relationships to be presented 
in Chapter 3 are based upon results of the AASHO 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 OF inches rainfall 

EXAMPLE A 
Spring 3 55 18 
Summer 3 75 13 
Fall 3 60 9 
Winter 3 30 11 

EXAMPLE B 
Wet Spring l 39 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 C 
January l 36 2. l 

·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 l 60 4.6 
November 1 48 3.3 
December 1 37 1.2 

EXAMPLED 
Annual 12 65 4.5 
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The regional factor is therefore identified as a separate envir0~mcntal 
input to EAR0~1AR. 

The regional factor is an empirically derived value to correlate the 
AASHO Road Test results 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.iactor ii measured over a scale of 0.2 to 5.0, with the following 
guideline values: 

1. 0.2 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 is 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 AASHT0 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, horizontil alignment, vertical profi~e. 
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 
EAR0MAR, while item 4, an overlay, is treated separately. 
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SUBSEQUENT ROADWAY CONSTRUCTION OR RECONSTRUCTION 

Project Descriptions. Construction projects within EAROMAR ~ay 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 roadways to four. Ort 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 name, 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. For 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 two 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 tiQe 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 

* A third aspect of project scheduling is the year in which work Yill com
mence. This information is 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 
rc~ain standing. If we assume the duration of each season to be three 
months, the total project duration in this case is 13 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 EA.ROMAR; 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 to those 
periods when the "7orkcrewis actually on sfte. See section 4.3.) Thus, in 
the example for project duration earlier, E.A.ROMAR 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 road"7ay 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 con~truction 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 si~Flifi~d 
costing approach has be1;n adopted since our interests in EAROl•:..:,R uo 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 co.st to cove-r 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 cost ,to cover erection and dismantling of the road
way closure, construction of temporary bypass lanes, setting up 
warning messages and detour signs, and the like. 

The division of total project costs between items land 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 roadway 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 rigid overlay on a flexible or rigid pavement results in a rigid pave
ment. A flexible overlay atop a flexible pavement results in 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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anv thickness or length. (Of course, the nverljy thjckness and ~~terials 
pr~perties specified should be realistic in light of available pavement 
technology and the limitations of construction practice.) 

D~ta to characterize the overlay are analogous to those already 
discussed for initial roadway pavement conditions and for construction 
projects. Overlay thickness, materials 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 closures, 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 
ch~nge 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 strategies - the type of information included, and assign
me.nt of data to roadway locations and time periods. We then illustrate 

' *Strategies within EAROMAR comprise chartges 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 variables 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 guidelines, 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 approach, able to repre
sent many different situation existing throughout the country. 
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ho,.• successive strategies may be defined through a series of U:'.:)'.:AR sim
ulations to obtain the range of cost results needed to justify premium 
pavements. 

Structure of Strategv Specifications 

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 sizab1e 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 
EAROMA.R is therefore not to include the body of policy and state variables 
within the strategy specifications, but rather to access this information 
in blocks 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, 
ma"intenance 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 for.t!ulating 
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 tne 
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 defirie this 
policy must be organized within a named block prior to strategy specifi
cation. If the same maintenance policy applies to several road~ay 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 ia Figure 
2 shows maintenance policy THREE replacing policy ONE in the simulation. 
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FIGURE 2 

ACCESSING BLOCKS OF 
INFORMATION UNDER STRATEGIES 

Strategy Specification EAROMAR Simulation Maintenance Policy Data 

Maintenance Policy 

ONE 

Maintenance Policy 

THREE 

Simulation 

Simulation 
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ASSIG:.1-lE~T OF INFOR.'1ATION 

The remaining issue is the assignment of information blocks to ap
propriate roadway locations and analysis periods. This is also accom
plished within the strategy statement. ln fact, the general for~ 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 traffic, 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 stateme~ts as illustrations: 

POLICY ONE 
MILEPOST NORTHBOUND 17.5 26.2 
START YEAR (1985) 

POLICY TWO 
MILEPOST SOUTHBOUND 0.0 10.7 
START PROJECT OVRLY-13 

( 1 ) 

( 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. In 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 
useful, constructions of strategy statements. 
to develop more complex statements using what 
For example, consider the following: 
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FIGURE 3 

GENERAL FORM OF THE 

STRATEGY SPECIFICATIOtl 

{ 

Data Block to be Accessed r-- (if Accessing Not Required. 
I a Value is Entered Directly) 

I { Designated Either 
I r- By Roadway Mi 1 epost 

I Or By Area 
I I L----------, 

I L---7 
Designated START Time, By } 
Yearts) or Following - 1 Completion of a Project 1 

I I 
I 

I 
I 

r- IDENTIFYING 
KEYWORD 

BLOCK NAME PORTION OF ROUTE ( TIME AT WHICH
TO WHICH APPLIES TAKES AFFECT 

_.J 

' I 
' I 

OR 
VALUE 

L { Identifies the Policy 
-- - State Variable to be 

Included in the Strategy: 

PROJECT - construction, reconstruction or overlay project 
AADT - traffic volume, average arrival vehicles per day 
GROWTH - annual traffic growths or growth rate 
TRAFFIC - traffic sets containing descriotions of traffic 

composition 
POLICY - mnintenance 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 
START YEAR 

30.0 42.7 
(1990) OR PROJECT RECONST 

In this case an option 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 e~"'Pressions 
until Chapter 4, where they will be thoroughly reviewed in relation to 
the definition of maintenance policies. (Also note in the example above 
that mileposts are not qualified by roadway name. In this case the spec
ification applies to the lengths of.all 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 specification. 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: 

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 denote the extent of project work 
recall from section 2.2 that li~its 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 is 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 COt,;ST-o:,E is 
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 exist a project description identified by that name 
and containing the type of information outlined in section 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 pavement damage rates, 
to be covered in Chapter 3; and MOD-INFLATION and HIGH-INFLATION, to 
economic 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 
recoIIDDended method of approach is illustrated in Figure 5. 

Route characteristics represent the initial conditions of the problem. 
For purposes of a premium pavement analysis, one of the most i~portant 
elements of the highway description is the pavement design itself. Pave
ment layer thicknesses and materials properties, and the variation in 
these ch~racteristics along the highway length, embody decisions on the 
extend to whicrr conventional vs. premium pavements are to be e~ployed. 
The relative impacts of different premium and conventional pave□ents 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 1 controlled by the INTERVAL keyword, is intended 
for use with overlay projects. 

-32-



FIGURE 4 

EXAMPLE OF STRATEGY SPECIFICATIONS 

AADT 30000 MlLEPOST 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) 
SCHEDULlNG 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-RI GD START YEAR ( 1980) 
SCHEDULING OPTION-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-RIGO 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 O 10 

DAMAGE PREMIUM MILEPOST O 5 
DAMAGE tlODERATE-RATE MILEPOST 5 10 

SCENARIO MOD-INFLATION HIGH-INFLATION 

-33 

J 



ROUTE 
CHARACTERISTICS 

I 

II 

FIGURE 5 

APPLICATION OF STRATEGIES 

TO ROUTE CHARACTERISTICS 

STRATEGIES 

D 

A 

EAROMAR 

RUNS 

l 

2 

3 

4 

5 

5 

7 

8 

9 

(Note: Designations of route characteristics by Roman nui'.lerals, 
and strategies by letters, are schematic representations for use 
in this figure, and are not employed in the use of EARO:-~!\R) 

-34-



charcicteristic of the highway ma;-• be tested in a similar fashion. 

Strategies encompass all time-dependent aspects of the problem. In 
developing different strategies a manager should assess the importantce 
of both policy and state or condition variables to the economic 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 economic 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. In 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 qual~ty of data 
available, the number of feasible management options, and construction 
or maintenance cost constraints). Also, the strategies should be con
sistent with the route characteristics to which they correspond. For 
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. If 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 L;~J~lAR analysis, 
tracing the general flow of the calculations leading to high~ay 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 is to process and validate infol"lllation 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 year values. 

If 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 simulated 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 da=age 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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to be repaired under each activity, and when maint~nance is to be under
taken. The quantity of damage remedied under each activity defines a 
maintenance workload. The maintenance policy in effect for the ~iven 
roadway section and year is determined from the strategy specifications. 
Development of maintenance 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 
involves 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 activity. 

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 ~ork zone 
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 Din Figure 7. These interactions will be clari
fied shortly. 

Data on maintenance scheduling and technology, unit costs of ~ainte-
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nance resources, and descriptions of closure zones are all contained 
within or more maintenance scheduling blocks provid~d by th~ ~~~ager, 
and are assigned by roatlway location and time through schedulir:g 
specifications in the EAROMAR strategies. Guidance on organizing 
scheduling information is given in Chapter 4, section 4.3. 

Costs and Resources Consumed. Maintenance costs and resources 
consumed are computed by activity, 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 houL 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 it 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 repairing 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 place_d. (The resources consumed ·are 
stored for later checks agains·t resource availability,· as indicated by E 
in Figure 7 .) The quantities of resources used, multiplied by cdrresponding 
unit costs, give the total estimated costs for each activity to repair 
specific types of damage. To these costs are added othe~ costs •ssociated 
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 E~ROMAR are 
given in ChapLer 4, 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 consequen~es (e.g. higher tolerable speeds, ·tower 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 repaired are illustrated in Chapter 4, 
section 4.2. An assessment of the influence of current damage levels 
on expected rates of future pavement damage is 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 hoth ~u~sequent 
(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, an_d on changes in route characteristics to 
result from the project is 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 8 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: 

1. 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 rehabilit~tion; 
and 

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

TRAFFIC DEMAND 

Warrants 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 9 
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subject to uncertainty, and it is often desirable to perform sensitivity 
analyses of selected pavement alternatives over different assu::.ptions of 
demand. Within the EAROMAR analysis roadway traffic volumes, annual 
growth rates, and traffic composition are each treated as state variables 
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. MDT may be adjusted by season as well as by weekday versus 
weekend splits; these adjusted AADT values are then decomposed into 
respective hourly flows to represent variations in demand patterns 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 traffic 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, 
social, 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. 

HOURLY OPERATING CHARACTERISTICS 

Hourly operating characteristics describe the level of service 
afforded motorists in terms of average spped attainable, 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 in 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 E.AROMAR system simulates road operating characteristics 
considering botn daily (weekday.versus weekend) and hourly variations in 
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traffic demand, simultaneously accounting for nny road occupancy 
determined by the maintenance polices, project commitments, and 
scheduling requirements discussed earlier. Uncongested flows ace 
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 character~stics 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. Details 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, nnd 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, etc,); other types of surficial 
distress (e.g. incident to materia-ls 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, load-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 their 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
cient data exist for a good model, and where local experience is 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 influences main
tenance prediction and scheduling in the following season. Or, referring 
to the simulation of maintenance in Figure 7 earlier, the then "current 
condition" of the roadway 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 
action• 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-
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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 values 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 
against resource constraints by area, to insure that the final amount of 
work called for under maintenance policies does not exceed one's ability 
to physically perform the work. Also, seasonal cost totals for construc
tion projects, maintenance, and user consequences are obtained 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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and compared based upon a series of road simulations. within~ series of 
runs one may vary factors influencing trnffic growth and co~rcsiticn, 
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 nodel, by 
adjusting route descriptions. Application of these concepts ~as illustrated 
in Figure 5. 

Within each season IDaintenance 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 initial construction 
costs provided under the route characteristics. 

Analysis of these results is illustrated in Figure 12. Although 
this example relate$ to warrants for premium pavements, a similar compari
sons could be done for evaluation of other pavement strategies or main
tenance management issu_~s. 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 economic warrant is thereby 
es_tablished 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 investigate 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 have 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 E~ROMAR 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 bolds: 

• The difference between the discounted costs of the t~'O pave
ment designs in Figure 13 defines the additional amount one 
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FIGURE 13 
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should be willing to pay over and above the coses of a conventiun~i 
pavement to install a premium pavem~nt. lf th~ premiu~ pavement 
envisioned can in fact be built within this addiitonal aoount, the 
premium pavement is warranted. If the cost of the premium pavement, 
less that of the conventional pavement, exceeds this cost cifferen
tial, the premium pavement is not economically justified. 

For example, suppose the discounted maintenance and ~ser 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 section of road 
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 is 
arbitrary, since both are equivalent and, ·if correctly applied, will lead 
to the same decision. 
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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 cli~~te 
through the analysis period. Within EAROMAR the economic situa~ion is 
represented by a set of information referred to as an economic scenario. 
Each scenario 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 analysis; 

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 run, 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 
econom:tc 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 
opinion 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 EAROMAR: 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, 
o( any percentage values, may be specified by the manager. 

The advantage of this strategy is that users may test the 
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ANNUAL COST TOTALS BY ROADWAY 

ROADWAY: NORTHBOUND OR WESTBOUND 

SCENARIO: NO-AELATlVE-INFLATION 

CONST~UCTION COSTS MAINTENANCE COSTS 
YEAR (MILLIONS) (MILLIONS) 

VEHICLE VEHICLE 
OPERATING COSTS ·TRAVEL TIME COSTS 

(MILLIONS) (MILLIONS) 
ACCIDENT COSTS 

(MILLIONS) 
------------------ ----------------- --------------- ---------------- --------------

Alm UAL 1974· 37. 0 20 o.o 5,954 5,960 0.000 
AN!WAi.. 1975 o.o o.o 7. 1 24 . 6.625 0.000 
Alm UAL 1976 0.0 o.o 8,448 7,736 0.000 
AN:-,UAL 1977 0.0 -o. 0 8. 527 7.832 0.000 

I Jl.lmUAL 1978 o.o o.o 8,599 7.928 0.000 
I.II Al~NUAL 1979 o.o 0.0 B .675 0.020 0.000 
(J\ Al.:-..UAL 1980 0.0 o.o 8. 754 8 .151 0.000 I .ll~~!UA L 1981 o.o o.o 8 .828 a.242 0.000 

AN!'\IUAL 1982 o.o o.o 8.906 8,334 0.000 
.llmUAL 1983 o.o o.o 8 .977 e.443 0.000 

PAGE 69 

TOTAL COSTS 
(MILLIONS) 

48.935 
13.749 
16.183 
16.359 
16 .527 
16.695 
16.904 
17.0iO 
17. :;'40 
17.420 ___________________________ , _______________________________________________________________________________________ _ 

TOTAL 1974-1983 37. 020 o.o 82. 792 77. 271 0.000 197.083 

----------------------------------------------------------------------------------------------------------------------
Di SCOUNTED 5% 35. 2 57 o.o 63. 104 58,935 11.000 157.297 
DI SCOUNTi:.D 8% 34. 2 78 0.0 54.404 50,835 0.000 139,517 
DISCOUNTED 10% 33 .6 54 o.o 49.556 46.322 0.000 129.533 
DISCOUNTED 12" 33.053 o.o 45,329 42,388 0.000 120. 771 
DJSCOUNTED 15:< 32. 1 91 o.o 39. 947 37,390 0.000 109.519 

FIGURE 14. EXAMPLE DISCOUNTED COST RESULTS 



sensitivity of the final outcome to the discount rate. If one policy 
or strategy dominates the others over the range of rates investigated, 
then no further refinements are called for. 

If the choice of rate does affect the outcome, then one must 
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, nor can they be "mixed" within an analysis. With 
reference to Figure.14, 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 values: 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 paid 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 ~s 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 Bat all rates between 
0% and 20%, then clearly A is the preeerred alternativ~. However, if A 
were preferable at 8%, and Bat 10%, then a precise rate should be fixed 
befq,:-e proceedi,ng with further analyses. These additional analyses 
shquld then include, if possible, more detailed estimates of future 
costs, and perhaps non-economic factors affecting the relative ~orth of 
each alternative. 

-57-



EAROMAR is an economic analysis, where one must resort to cons::-,:-. t 
dollars. The effect of inflation in a constant dollar analvsis arises 
onlv to.the extent that inflation rates differ among severai 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 remains 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, tnough, regarding the asphalt. 
Its relative value in constant dollars has increased by an amount 
equal to its relative rate of inflation: 

1.lS '" 1.045 
1.10 

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%-inflated 
figure. 

(5) 

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 so~e 
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 mainte~ance 
labor, equipment, and material, fuel, and value of travel time. 

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

where r is the 
r item; 

r is the 
by the 

and ro is the 

1 + r r 
l+r .. -

relative or differential 

nominal annual inflation 
user; 
general annual inflation 

(6) 

annual inflation rate for this 

rate for this item esti~ated · 

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 

TREATMENT OF INFLATJON 

WITHIN EAROMAR 

A. DATA PROVIDED BY USER 

Cateaorv 

General rate 

Labor 

Equipment 
operation 

Materials 

Fuel 

Year Rate 
Takes Effect 

1980 

1980 
1990 

1980 

1980 
1980 
1990 

Travel time 1980 

Annual 
· Rate 

10% 

11 
8 

9 

10 
15 
12 

5 
B. CONVERSION TO RELATIVE OR 

DIFFERENTIAL RATES 

CateQory 

General rate 

Labor 

Equipment 
operation 

Materials 

Fuel 

Travel Time 

Year Rate 
Takes Effect 

1980 

1980 
1990 
1980 · 

1980 

1980 
1990 

1980 
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Annual 
Rate 

0.9% 
-1 . 8% 

-0.9% 

0% 

4.5% 
1.8% 

-4.5% 



based on the appropriate differential or relntive rate, as inc:cated 
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 
situation. Sfl)arate 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 illustration of how this 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 r.ates 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 
5.5% 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 Putomatically convert these nominal 
rates to relative or differential 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 injury
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 APPLJCATJONS 

OF ECONOMIC SCENARIOS 

Strat~gy Specification (Scenarios to be tested): 

NO-INFLATION 
LOW-INFLATION 
HIGH-INFLATION 

Data for each Scenario: 

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

SCENARIO 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 SCENARIO 

SCANARIO 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 
ACCIDENr 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 over time (at multiple rates if 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 into lengths 
called "sections" so that each section exhibits homogenous characteris
tics. 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 simulation 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 manage~, directly influencing the co~puta
tional speed and cost of the simulation. 

The greatest efficiency is achieved if the various milepost- speci
fications in the route and strategy descriptions (e.g. milepost locations 
denoting changes in alignment, capacity, pavement structure, ad~inistra
tive areas, traffic, maintenance policy, etc.) coincide witn 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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CHAPTER 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 is 
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 conditions) 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 simulate at least some of the complex interactions 
among all these factors. However, these models differ widely iu 
scope, objective, mathematical formulation and range of independent 
variables, and the selection of candidates for use within EARO!L.\R 
must be judged in light of the requirements of a premium pavement analy
sis. Several items are worthy of note. 

As an e.conomic analysis EAROMAR requires predictions of pavement 
performance, as opposed to design. While certain equations or codels 
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~ 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 is the relative abundance for some damage mechan
isms of theoretical derivations based on laboratory tests, but ~hich 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 is the effect of maintenance rehabilitation, 
or overlay on pavement performance. There is very little in th~ 
research literature (particularly in a quantitative sense) on t~e 
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 re2ardin2 overlavs 
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 
serviceability 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 ~odels 
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 tir.es, 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 ~!_~OMAR) 
is that they are based on computations of stresses and strains 
(spatially and temporally dependent) that are difficult to capture in a 
closed-form relationship. Hence, large-scale computer systems are 
necessary to obtain mechanistic solutions (based, for example, on 
finite-element theory or on layered~ystem theory) and it would be 
difficult to merge all the mechanistic models that would be required 
within the EAROMAR framework. 

Some general commen.ts apply to both the empirical and the cechan
istic 3pproaches. 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 failures, 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 loadings 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 is 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 ~re unable to account for the effects of maintenance in their 
predictions of total damage accumulated. Therefore, in using these 
models it is necessary to convert the predictions of cumulative damagein
to the effective rate at which additional damage is now being induced. 
This is done by subtracting a model's estimate of prior cumulative 
damage (at time t-1) from the current estimate (for time t): 

Incremencal damage occurrence (t) ~ Cumulative Damage (t) 

- Cumulative Damage (t-1) (- 7 ). 
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The net amount of damage present at the ~nd of any time period t 
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 to 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 Oto 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 convenience the application of 
the design lane factor is 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 accommodate 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 da1:1age 
rates, variable along the roadway length, under the strategy specifica
tions described in Chapter 2. However, such rates will be applied 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 no further adjustments. Therefore, managers ~hould 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-varying 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 modular fashion; 
thus, they may be easily updated as new or improved relationships are 
derived through further research. 
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3.2 FLEXIBLE 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 bott'om 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 loadin~s 
(in relation to 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 j - progression of alligator cracking to more severe 

spalling and loosening of individual blocks of 
pavement, 

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

Mechanistic formulations of fat;.gue 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: 

where 

D ,. 
i 

ni 

Ni 

Dis the cumulative fatigue damage, 

( 9 ) 

n
1 

is the number of load applications during period i, and 

N1 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 ni depends upon traffic volume and 
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1 • 

2. 

3. 

4. 

s. 

6. 

7. 

8. 

TABLE 8 

TREATMENT OF FLEXIBLE PAVEMENT 
DAMAGE COMPONENTS WITHIN EAROMAR 

Damage Component 
· Or Serviceability 

Index 

Li near Cracking 

Areal Cracking 

Rutting 

Roughness 

Potholes 

Base Failures 

Pavement-Shoulder Joints 

Present Serviceability Index 

Prediction Model 
Included Within 

EAROMAR 

X 

X 

X 

X 

X 
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User May 
Input Rate 
Directly 

X 

X 

X 

X 

X 

X 

X 

X 



Model 

All 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 Iridex 

AASHTO Regional Factor 
AASHTO Layer Coefficients 
AASHTO Subgrade Support Value 

Elastic Modulus 
Subgrade Resilient Modulus 
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conposition during time period i; in EAROMAR the applicabl~ ti~~ 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 
layer, 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 is 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 cumbersome 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 mechanistic 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 
others in work under NCHRP Project 1-lOB (6). 
was regressed from their PSAD program: 

developed by Finn and 
The following equation 

where 

log E = 3.355 - 0.72219 log T
1 

- 0.089108 log T2 

- 0.065293 log T3 - 0.53784 log El 

- 0.26563 log E
2 

- 0.12667 log E
3 

- 0.7358 log E4 + 0.45913 log L (10) 

E • maximum horizontal tensile strain in asphalt layer, micro
inches/inch; 
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El = complex modulus IE*! of surfac~ layer psi >: 10 5 (3C,OOO 
to 2.75 X 10 6psi); 

E2 = modulus of base layer, ksi (15 to 50 ksi); 

E3 = modulus of subbase layer, ksi (7 to 50 ksi); 

E4 = modulus of subgrade, ksi (3 to 50 ksi); 

Tl, T2, T ., thickness of surface (3 to 6 inches), base (3 to 9 inches), 
3 and subbase (Oto 12 inches); and 

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

From the point of view of the EAR0MAR 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 EAR0MAR 
is not limited to any particular 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 general, 
it was decided to approximate the pavement structure using a two
layer solution for whic.h 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 coeffici,ents as follows: 

t' .. 
i 

( 11 ) 

where 

t' 
i is the effective thickness contributed to the surface thickness t, 

by each base or subbase layer i; 

ti is the actual thickness of layer i; 

ai is the AASHTO structural coefficient of layer i; and 

al is the AASHTO structural coefficient of the flexible surface 
layer. 

The equivalent thickness contributions of each·base/subbase layer are 
then added to the actual thickness of the. surface layer to obtain an 
equivalent surface thickness t 1 . 

Curves to solve for thP lnitial tensile strain at the bottom of 
the asphalt layer in the resulting two-layer system are taken from 
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Santucci 01), and are illustrated in Figure 16. These curv~s ~ere 
constructed for selected subgrade modulus values (E2), surface layer 
thicknesses (t1), and surface layer diametral resilient modulus (E1), 
using multi-layered elasti

1
c theory developed by the Chevron Research 

Cornpanv for a 9-kip equivalent wheel load under dual tires. By a?ply
ing linear regression techniques to the curves, the following model 
is obtained to predict the maximum critical tensile strain: 

where 

Et = A exp [-B log El) (12) 

A = lO(b-mtl) (13) 

b = 4.8183 exp [-0.0103 E2J (14) 

m = 0.04818 exp (-0.0245 E2l (15) 

B .. 1.831 exp [-CE2] (16) 

C • 0.02235 exp [-0.0512 tl) (17) 

Et is the maximum initial tensile strain in the surface layer,_ 
10-6 in/in; 

E
1 

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

t
1 

is the effective surface thickness in inches in a two-layer 
representation, computed from eq. (11); and 

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

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

(18) 

where 
E2 is the subgrade resilient modulus in ksi; and 

CBR is the statie CBR input by the user. 

FATIGUE DAMAGE 

Predictions of the number of loads Nf 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 fi;ld distress prediction 
equations for fatigue cracking, by determining a shift factor for the 
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laboratory equation based upon analys(;;!S of the AASJI0 Road Tt:st 
results. Their findings indicated that tht: number of traffil loads 
required to initiate fatigue 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 AASH0 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: 

where 

log Nf (<10%) = 15.947 - 3.291 log Et 

- 0. 854 log E* 

log Nf (.:':,45%) • 16.086 - 3.291 log Et 

- 0. 854 log E"' 

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

( 19 ) 

( 20 ) 

Et is the initial tensile strain at the bottom of the asphalt 
layer for the applied stress, 10-6 in/in; and 

E"' is the complex modulus of the asphalt concrete surface, ksi 

For purposes of the EAR0MAR 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 assu□ed 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, is unsuitable for the EAR0MAR requirements, since 
it is the extent of cracking which we seek to predict ·1n 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 EAR0MAR; it represents an increase in predicted allowable 
loads to initiate fatigue distress of about 15 times that given by 
laboratory results. 

log Nf = 16 - 3.291 log - 0.854 log E"' (21 ) 
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where 

Nf is the number of load applications of constant stress to 
cause fatigue cracking; 

is the initial tensile strain at the bottom of the asphalt 
layer computed from eq. (12 ), 10-6-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 Ni. From traffic volume and composi
tion data (discussed in Chapter 5) the actual number of seasonal loads 
ni can also be estimated. The ratio of these two items can then be 
computed and summed to obtain estimates 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 relationship 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: 

CI= 210 (log_ D)o. 947 , D ! 1.0 

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

Dis the cumulative damage. 

( 22) 

We .. have modified eq, (22) to convert the units of predicted damage 
to square feet of cra~ki~g ?er iane mile, consistent with other EAROMAll 
damage prediction models, The resulting relationship used within EAR.OMAR 
is then: 
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C 13300 (log D) o. 947 D > 1 ( 23 ) 

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

Dis 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 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 so-il 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 susceptibility 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 McCul
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 ~racking 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 &\ROMAR 
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 ot transverse cracking over time due to 
low-temperature shrinkage of the asphalt concrete surface, Thermal 

-70-



fatigue is not included. The following equation was developed by 
Hajek and Haas based upon regression analyses of 32 pavcrn~nt sections 
iri Canada: 

where 

101 = 2.497 x 1030 x s(6.7966 - 0.8740 t + 1.338Sa) 

X (7.054 X 10-J)d X (3.193 x 10-J~ffi 

x dO.6O26 S 

I is a cracking index equalling the number of full and half
transverse cracks per 5OO-ft section of road; 

( 24 ) 

Sis the stiffness of the original asphalt cement determined 
for temperature m and loading time of 20,000 sec by modified 
McLeod method, (kg/cm2 x 10-1 ); 

tis 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 

mis the winter design temperature, deg C x -0.10. 

Some minor modifications 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 Ontario and southern Manitoba. Also, 
the units of this relationship were converted to a Fahrenheit scale. 
The resulting equation is then: 

where 

T = -8.064 log 2 FI + 61.27 
w 

Tis the winter design temperature, °F; and 
w 

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 e"l)ressing subgrade type. This is not to say that sub~rade 
type has no influence on crack frequency; nevertheless, the use of an 
arbitrary term is awkward, since it does not identify what character
istics 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 illustrated 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. ( 2.5 ) 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 is to characterize 
materials by their relevant physical parameters.) Data from Table 8 
in reference ( 18) suggest that asphalt concrete and asphalt treated 
layers are associated with AASHTO layer coefficient values of about 
0.25 or higher. For purposes of this model,. then, the total asphalt 
thickness is 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 logarithm{c fonn. and converted the 
units of the predicted cracking index I into the predicted length 
of cracking in lineal feet per lane mile. The resulting model used 
within EAROMAR is: 

where 

I= (861.1 - 110.7 t + 169.6;~) log (S/0.1419) 

+ 88.0 T + 257 S + 220.5 
w 

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

( 26 ) 

t is the thickness in indices of all asphalt concrete __ layers 
having an MSHTO layer coefficient of at least 0.25; 

A is the age of asphalt concrete layers, years; 

Sis the stiffness of the asphalt cement, ksi, determined for 
temperature Tw and loading time of 20000 seconds by the modified 
McLeod method; and 

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

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 longitudinal roughness of a pavement is a measure of the 
deviation of its longitudinal profile (measured, 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 1110dels 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 EAROMAR. 

To obtain a model usable within EAROMAR we rely instead on the 
high degree of correlation observed between roughness and PSI. }1odels 
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 DETERIORATION OVER TIME 

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

* 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 equivalent 
function to predict roughness. 

-82-



where 
G 

t 

s 

is the logarithm of the ratio of Joss ir. serviceability 
at time t to the potential loss tilkcn tc a point where 
pt a= 1. 5; 

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

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 
serviceabiiity index of 1.5; and 

pt is the serviceability at the end of time t. 

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

where 

R 

SN 

s 

a 

P - 2.7 X [ 1.585 x W X RX (SN+ 1)-9• 36 
0 t 

= 

is the serviceability at end of time t; 

is the initial serviceability; 

(28 ) 

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

is the regional factor; 

is the pavement structural number; 

is the soil support value; and 

= 0.4 + 1094/(SN + 1) 5 · 19 • (29) 

All of the independent variables in eq. (28 ) are known to the 
EAR0MAR simulation. The initial serviceability p of a flexible 
pavement can be taken from AASH0 Road Text experignce to be 4.2. 
The number of 18-kip axle applications will be computed from EAR0MAR's 
simulation of traffic flow over time and from vehicle characteristics,, 
as described in Chapter 5. Pavement structural .. nWllber is computed 
frorn 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 vJlue, the 
following conversion is made:* 

S = 1. 45 + 3. 46 lo~ CBR 

where 
S is the AASHTO soil support value; and 

CBR is the static CBR. 

CORRELATIONS OF ROUGHNESS WITH SERVICEABILITY 

(30) 

Although loss of pavement serviceability is associated with 
cracking and rutting as well as roughness, data on 74 sel_ected 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 
serviceability. 

The desired relationship is suggested in Figure 21 · (36), ..,•hich 
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-PSI/S 

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

PSI is the present serviceabili~y 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 roug~~ess is then: 

log R = 1.11 + 0.54T 1.585 Wt x RFx (SN.+ 1)-9 •
36 

(31) 

x 10-.372(5 -. 3)]S (32) 

where all variables are as defined earlier. 

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

Rutting in the wheelpaths results from the permanent deformation 
in one or more pavement layers, influenced by the number of traffic 
loadings, layer properties, and environment. Analysis of the AA.SH0 
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 mecbanistic models such as VESYS 
(~)and PDMAP ( 6). Again, 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. 
Their regression model is as follows: 

RD .. - 1.0318 + 1.2067 AT+ 0.0803 U - 2,3684 ln (~r) 

+ 0.1896 ln (AT x N) + 1.1639 El ln (AT) 

where 

RD 

AT 

- 0.0216 E2N - 0.4114 E1 N ln (AT)+ 0.0456 E2 N ln (AT) (33) 

is the permanent deformation in inches; 

is the effective asphalt thickness in inches/10 
(with l" of hot mix '" 2" granular base = 3" sub base); 

is the modulus of the asphalt layer, psi/106 ; 

is the modulus of the subgrade, psi/104; and 

5 is the cumulative number of 18-kip single axle loads/10 • 

Although it is difficult to obtain physical insight into pavement 
behavior from this model, the equation is of closed form and includes 
the key influencing parameters as independent variables. (Environmental 
effects can be accounted for by specifying seasonal dependence of the 
layer moduli, as discussed in Chapter 2.) The specification of the 
equivalent asphalt thickness, however, is 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 
Coefficient 

< 0.14 

0.14 - 0.25 

> 0.25 

Equivalent Asphalt 
Thickn~ss Used in 
Rutting Model 

0.33 

0.5 

1.0 

Our original intent was to use this model directly within EAR.OMAR 
to predict rutting. However, trials with different flexible pavement 
designs produced anomalous results. Eq, (33) is insensitive to pavement 

(~:u!;si!1a:~~~ ~~~)~e~~!v~;;~:ina~:~!ti~h!~:n:~:eise:~~~~: ;~v!~:~~: 
of sign as E1 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 is 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 E1, Ez and 
AT over ranges of N. Hew functional forms were then fitted to these 
results. The final model developed for use within EAROMAR is as follows: 

where 

RD = R (1 - exp[-W/W*]) max 

ln R = 1.95 - 1.04 H+ 0.85 El - 0.40 E2 max 

ln W* = 3.06 - 0,72 H+ 3.50 E - 0.68 E2 1 

RD is the mean rut depth in inches; 

R max 

w 

H 

is the limiting rut depth in inches; 

is the cnmulative number of 18-kip single axle 
loads/105 

is Nmax• where ·wmax is the asymptotic number 

of axle loads/105; 

is the effective asphalt thickness in inches/IO 
(as computed above for AT); 

is the modulus of the asphalt concret~ input by 
the user, in ksi/103; and 

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

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

where 

PSI= 5.03 - 1.91 log (l+SV) - 1.38 RD 2 

- O. 01 ✓ C +. P (37) 

PSI is the present serviceahility index; 

SV is the mean slope variance in the wheelpaths, radians
2 x 10

6; 

RD is the mean rut depth, inches; 

C is the area of class 2 plus 3 cracking, sf per 
100.0 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 lf of crack= 1 sf of cracking is assumed. 
Slope variance ( x 106) is obtained from tbe estimate of roughness in 
eq. (J2), using the following conversion*: 

where 

sv 
R 

SV = 0.000117 R2 · 334 

2 6 
is mean slope variance in radians x 10; and 

is the longitudinal roughness, in inches per mile. 

(38) 

All damage terms in eq. (J7) 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 rehabilitation perfonned. 
Calculations of the amount of damage repaired in response to the ~3in
tenance policy specified are explained and illustrated in Chapter~. 
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 predict 
serviceability within EAROMAR and is to be viewed merely as a 
constituent of the roughness model.) 
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Summan· of Flexiblt Pavement Damage Relation~hips 

Below we summarize the equations developed for the flexible pave
ment damage models within EAR0M.AR. To impcise consistency amoni;; these 
rnodeli developed from different sources, we have restrrictured some 
of the equations to unify notation and to express constants generally 
to no·more than three significant digits _to the right to the decimal. 

FATIGUE CRACKING 

where 

Maximum Tensile Strain. 

Et= Kl exp [-K2 log~] 

1S_ = 10-m H + b 

m 

b 

K2 

K3 

H 

~ 

H 

= 0.0482 exp (-0.0245 E2J 

= 4.818 exp [-0.0103 E
2

] 

= 1.831 exp [-K3 E2] 

= 0.0244 exp [-0.0512 H] 

I: I l I: h = h = - ai i i al i i 

is the maximum initial tensile strain in the 
surface layer, 10-6 in/in; 

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

is the equivalent surface thickness in inches in 

(39) 

(40) 

(41) 

(42) 

(43) 

(44) 

(45) 

a two-layer representation of the pavement structure; 

is the resilient modulus of the subgrade, in ksi, 
input by the user ; 

is the effective thickness in inches contributed 
to the surface by each base or subbase layer 1; 

is the actual thickn.ess of layer i, in inches, 
input by the user; 

is the AASHT0 structural coefficient of layer i 
input by the user; and 

is the AASHTO structural coefficient of the 
flexible surface layer input by the user. 
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Fatigue Damage. The number of allowable lo~ds is co~nut~d 
as follows: 

log Ni• 16 - 3.291 log Et - 0.854 log Ef (46) 

where 

E* i 

is the number of load applications of constant 
stress to cause fatigue cracking through season i; 

is the initial tensile strain at the bottom of 
the asphalt layer computed from eq. (39), 10-6 in/in; 
and 

is the asphalt concrete complex modulus, in ksi, 
input by the user for season i. 

The applied loads contributing to 
2 

fatigue are computed as follows: 

where 

ni 

F ij 

wij 

n = 
i 

is the 

is the 

E F xwij 
j=l ij 

nu~ber of fatigue 

numberof weekdays 

(4 7) 

loads applied during season 

(j=l) or weekends (j=2) 
within season i, computed internally; and 

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

The fatigue damage according to Miner's hypothesis is computed 
a!I follows: 

i; 

D 
i 

(48) 

where 

Di is the fatigue damage occurring in season i; and 

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

Areal Fatigue Cracking. 

ACRACKS = 13300 (log D - 1.176)o. 947, 

D > 15. 
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ACRACKS is the amount of areal fatigue_cracking, in squa~e 
feet per lane mile added this season; and 

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

where 

LCRAC!i.S = (861.1 - 110.7 H' + 169.6 A) x loi,: (M /0.142) + bS.0 T 
s w 

+ 257 M + 220.5, 
s 

T = -8.064 log2 
FI+ 61.27 

w 

LCRACKS 

H' 

A 

M 
s 

T w 

Fl 

fs 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 coefficients 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 Tw 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 te~perature 
data input by the user. 
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LONGITUDINAL ROUGHNESS (52) 

where 

log ROUGHNESS= 1.71 + 0.54 (1.585 wt x Rx (SN+l)- 9 · 36 x 10-0 · 372 <5- 3>1B. 

ROUGHNESS 

6 ~ 0.4 + 1094/(SN+l) 5 · 19 (53) 

is the pavement roughness in inches per mile; 

is the cumulative number of 18-kip single axle 
loads in the design lane at the end of time 
t computed during the simulation: 

R is the AASHTO regional factor input by the user; 

SN is the pavement structural number co~puted from 
layer data input by the user; and 

S is the AASHTO subgrade soils support value input 
by the user. 
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RUTTING 

RUTS 

ln R max 

ln W* 

where 

t 

H" 

RUTS 

R max 

W* 
t 

H" 

= 

= 

= 

= 

R (1-exp[~ /W*]) 
max t t 

(54) 

1.95 - 1.04 H" + 0.85 E1 - 0.40 E2 (55) 

3.06 - 0. 72 H" + 3.50 El - 0.68 E
2 

(56) 

1 I F h. (57) X 10 
1 t l. 

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-kip axle loads in 
the· design lane, computed during th_e simulation; 

W is. the asymptotic 
max 

is equal to 1w , where 
max 5 number of axle loads/10; 

is the effective asphalt layer, in ksi/103 , 
"input by ·the user; 

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: 

and 

AASHTO Layer Coefficient 

< 0.14 
0.14 - 0.25 

> 0.25 

0.33 
0.50 
1.0 

is the thickness of pavement layer 1, in inches, 
input by the user. 
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SER\'ICEABILITi." 

PSl = 5.03 - 1.91 log (l+SV) - 1.38 (RUTTING 1
)

2 - 0.01 

sv = 0.000117 (ROUGHNEss·/· 334 

C = ACRACKS'/63.36 + LCRACKS'/63.36 

P = AR.EA__ h d/63.36 --!'ate e 

wherP.· 

PSI 

SV 

RUTTING' 

is the present serviceability index; 

2 6 
is the mean slope variance, in radians x 10; 

is the net mean rut.depth, in inches, resulting from 
both accumulation of damage and past maintenance 
performed; 

C+P is the area of cracking plus patching, in sf/lOOOSf; 

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

AC.RACKS' 
LCRACKS' 

AR~atched 

are the net amount of cracking in sf/lane mile and lf/lane 
mi_le 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 PAVE!·IENT 

Rigid pavement damage components and their treatment within E,\ROMAR 
are identified in Table 10. Models to predict rigid pavement da~~~e require 
the data listed in Table 11 from the roadway descriptions provid~= by the 
user (Chapter 2). Explanations of each of the rigid pavement models follow. 

Lineal Cracking 

Both transverse and longitudinal cracks appear in rigid pavecent 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 cracking by EAR.OMAR 
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 (especially 
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 · 
thicknes·s, load configurations and location, subgracle 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 is as follows: 

where 

STRT = STRL + (R)STRC 

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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1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

TAB.LE 10 

TREATMENT OF RIGID PAVEMENT 
DAMAGE COMPONENTS WITHIN EAROMAR 

Damage Component Prediction Model 
Or Serviceability Included Within 

Index EAROMAR 

Linear Cracking X 

Areal Cracking 

Roughness X 

Faulting X 

Joint Stripping 

Spall i ng X 

Blowups X 

Pumping Joints X 

Pavement-Shoulder Joints 

Present Serviceability Index X 
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User May 
Input Rate 
Directly 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 



Model 

Linear Cracking 

Roughness 

Faulting 

Spall ing 

Blowups 

Pumping 

TAB.LE 11 

DATA REQUIRED FOR RIGID PAVEMENT 
DAMAGE MODELS 

Input Data Required 

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

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

Layer Thicknesses 
Joint Spacing 
Pavement Age 
Drainage Characteristics 
Percent Trucks 
Su5base Modulus 

Joint Spacing 
Pavement Age 

Joint Spacing 
Pavement Age 
Aggregate Susceptibility 

Layer Thicknesses 
PCC Slab Length 
Drainage Characteristics 
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STRL = stress at bottom of PCC slab edge wh~n load is located at 
slab edge (no thermal curling stress); 

STRC = stress at bottom of PCC slab edge caused by curling of 
slab due to thermal gradient (no traffic load); 

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

The R ranges from about 0.8 to 1,5 depending on slab/foundation conditions. 

The regression equations determined for these stresses are as follows: 

where 

Load Stress for single axle load: (63) 

STRL = [LOAD/(l:8.0H
2

)](17.35783 + 0.078 ES - 0.05388H3 /k + 7.41722 log1,;o?/k)] 

Load stress for tandem axle load: 

STRL = [LOAD/(36.0H2)][14.09599 + 0.10522ES - 0.09886H
3
/k + 6.2339 

Curl Stress: 

(64) 
3 log

10
(H /k) 

STRC - [(G)(ET)/(5 x 10-6 )][0.006712k + 79.07391 log10k + 11.72690L 

-:0.00720kL - 3.22139L log
10

k - 0.06883LES - 0.59539ES log
10

k 

- 204. 394 7 7H/k - 38. 08854L/H - 8. 36842H log10k + 0. 07151ESH 
(65) 

+ 0.05691LES log10k + 0.20845LH log10k + 0.00058LHk - 0.00201LESH·log10k] 

R adjustment factor: 

R = 0.48039 + 0.01401H - 0.00427ES - 0.27278G - 0.00403L + 0.19508 lo8J..ok 
. 2 

+ 0.45187G 1og10H - ?-00532G + 0.01246GL - 0.00622GL log10k 
3 2 . · 3 

+ 8.7872 log
10

(H /k)/H + 0.00104GES - 0.11846G log10 (H /k) 

+ 0.07001 log10 (ES + 1.0) - 0.01331G log(ES + 1) 

LOAD= total load on single or tandem axle, pounds; 

H = PCC slab thickness, inches; 

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

L = 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 :EAR.OMAR. 
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 
lbs (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 

k • 51.93 CBRO.SS]6 

where 
k 

CBR 

is the modulus of foundation support, in pci; and 

is ~he static CBR, 

(67) 

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: 

where 

G = 
d 

(T/4)-1 
H + 2 

G 
n = -

(T/20)+5 
H + 2 

Gd, Gn are daytime and nighttime thermal gradients in the PCC 
slab in a iiven season (°F/in): 

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

H is the FCC slab thickness, in inches, input by the user. 
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FATIGUE DA.'-!AGE 

Fatigue damage is calculated using Miner's Law in a manner similar to 
that discussed for flexible pavement facigue. This procedure requires e~ti
mates of the number of applied loads ni during each time period 1, and the 
total number of loads to failure Nf. 

Applied Loads. The number of traffic loads applied each season is 
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 edge stress and thus the 
contribution to fatigue damage. Both these factors must therefore be accounted 
for in estimating the number of applied loads within the design lane. 

The critical loc~tion 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 distribution 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
lines, ho,.,-ever, 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). Statistic~ 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 location within EAR0MAR we have 
adopted, as a general approximation, a normal distribution 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 in an 
estimate of loads within 6 inches (15 cm) of the slab-edge as follows: 

where 

is the.number of loads falling within 6 inches (15 cm) of 
the slab edge; and 

is the total number of loads computed for the design lane. 
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Table 12. PERCENTAGE OF TRUCK WHEEL LOADS AT VARIOUS LATERhL 
DISTANCES FROM SLAB EDGE (22) 

j . 

Mean Lateral Dis12lacement (DL ins. 
Position on Slab 
(or Shoulder), D J1 . 24 36 42 48 

< -3 ins. 6.68 0.35 0. 01 

-3 to +3 ins. 11.73 1.44 o. 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 l l. 73 4.89 

33 to 39 ins. 1. 44 11. 73 23.58 19.80 11.·73 

39 to 45 ins. 0.30 4.89 19. 80 23.58 19.80 

45 to 51 ins. 0. 04 1. 44 11. 73 19.80 23.58 

51 ins. o. 01 0.35 6.68 18. 41 38. 21 

100.00 100.00 100.00 l 00. OO· l 00. 00 

*Data computed from normal distribution with standard deviation= 10 ins. 
(254 mm), and mean Das indicated. : 
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A second consideration in treating load effects on rigid paYc~ent 
fatigue is the time of day during ~hich loads are applied. Ti~e cf day 
is correlated with temperature gradients in the slab which affect thermal 
curling stresses, as discussed earlier. The number of loads inposed during 
daytime vs. nighttime, respectively, influences the pattern of si.:;:,erposition 
of load and environmental fatigue damage. 

Traffic loadings within EAR0MAR 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 purposes of rigid pavement fatigue 
thus computed as follows: 

2 

nid = . r Dij x (n6)1jd (71) 
J=l 

n = 
in 

where 

j 

2 

are the numbers of fatigue loads incurred in season 1 
during daytime (d) and nighttime' (n) respectively; 

denotes the type of day (weekday or weekend); 

is the number of weekdays (j=l) or weekends (j=2) within 
season 1; and 

is the number of seasonal 18-kip axle loadings predicted 
to fall within 6 inches (15 cm). of the slab edge. 

(72) 

Allowable Loads. The number of allowable loads Nf 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 l:lOdulus
of rupture, according to the relationships (22): 

where 

F = 
A 

F 
t 

FA 

FA x F28 

1.22 + 0.17 2 log A - 0.0S(log A) 

is the PCC modulus of rupture at any time t. in ksi; 

is a growth factor depending upon PCC pavement age; 
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is the 28-day mean modulus of rupture of the PCC in t~i, 
input by the user; and 

A is the time in years since the pavement slab was constructed,. 
as input by the user and updated during the EA.ROMAR simulatio~. 

The fatigue relationship developed in (22) is 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)) 

log Nin= 16.61 - 17.61 (STRTn/(Fi • 1000)) 

where 

(7 S) 

· (76) 

STRTd, 

STRT 
n 

are the numbers of allowable loads to failure through season 
i for daytime and nighttime (d and n) respectively; 

are the total (load plus curl) stresses in psi at the slab 
edge for daytime and nighttime, computed using equation (62); 
and 

is the PCC flexural strength through season i compu~ed using equation 
(73), in ksi. 

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

D = I: 

i 

+ 
E 

i 
(77) 

where 

D is the cumulative fatigue damage; 

are the numbers of applied loads during daytime and ni&httime 
predicted by eqs (71) and (72) respectively; and 

are the numbers of allowable loads predicted from PCC fatigue 
considerations for daytime and nighttime using eqs, (75) and 
(76) respectively. 

LINEAR FATIGUE CRACKING 

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

CI= 8.24 n°· 33191
, D > 0 (78) 

where 

CI is, the rigid pavement cracking in SF/1000 SF; and 

Dis 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: 

where 

C = 522 o0•332 

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 material on the leave side of 
the joint. The lack of effective load transfer at joints is 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 jo~nt 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, 

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

SVF ~ 1.11 TA2 /n4 • 60 

where 

SVF is the slope variance due to faulting 
at joints, radians2 x 106; 

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

A is the age of the pavement in years; and 

D is ·the thickness of the slab, in inches. 

(80a) 

(80b) 

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 [9m J 
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 bad 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 Favg (measured in 32nds of an inch (0.8 mm]) as 
the measure of faulting for which it would be easier to assign 
physical interpretation. 

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

whei;e 

F • 1.29 + 48.95 avg 

F avg is the average fault, in 32nds of 
an inch (0.8 111111); 

T 

A 

D 

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

is the age of the pavement, in years; 

is the slab thickness, inches; 

S is a factor denoting the drainage charact
eristics of the subgrade {l for good, 
2 for poor); 

J is the joint spacing, in f"eet; and 

b is a factor depending upon subbase 
characteristics, equaling 0.241 for 
granular bases, and 0.037 for stabil
ized bases. 

(81) 

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 avg 
damage that correlates well with observations of various pavements, 
as illustrated 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 avg 
requiring attention. 

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 mor~• can be used as ratings of pavement riding comfort. This 
approach is further supported by Packard ( 24 ) 1 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.~6.4 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 0.25 in. ( 6.4mm) per lane mile, using 
the following calculation: 

where 

F F .. 5280 

J 
x avg • 

32x0.25 

F < 5280/J 

165 

J 
X 

F 
avg 

0.25 

F is the average number of faults of 
0.25 inch {6.4mm) per lane mile; and 

F J are as defined earlier. avg' 

( 82) 

Traffic. The measure of traffic loadings T in equation (81 ) 
is an imprecise one, given that the weights of combination trucks 
can vary widely. In the absence of better information, however, 
the definition of Tin 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 MDT, 
will yield an estimate of the number of tractor-semi-trailer and 
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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 traffic specification is 
that the truck count defined for Tin equation (81) applies to all 
lanes in one direction (presumably one roadway of a divided highway). 
However, it is not stated explicitly in C-24) whether cne measured 
faulting represented by Favg also applies to all lanes in this 
direction, or rather to a single "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 typically 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 incorporated within the EAROMAR system's predic
tions of faulting. 

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

Drainage Characteristics 
Input to EAROMAR 

Good 

Fair 

Poor 

Value of Sin 
Equation ( 81 ) 

2.0 

1.5 

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 year. These differences in computing average daily 
volumes may lead to distortions 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 stabilized bases 
to reducing the severity of faulting is 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 properties discussed in Chapter 2. 
Domenichini (25) points out that the in situ properties of stab
ilized suboases 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 e~ple, have been reported variously as 12,000 
MPa to 500 MPa (1.8 x 106 to 7.5 x 104 psi), with the latter 
value comparable to that of a good unbound granular base. The 
assignment of values to the exponenet bin equation (81) is 
therefore based on the subbase modulus input by the user (Chapter 
2), as follows: 

Subbase Modulus, 
ksi 

< 75 

> 75 

Value of b 
in Equation ( 81 ) 

0.241 

0.037 

Proposed Model. 
model, we obtain the 
doweled pavements: 

Consolidating these adjustments to Packard's 
following relationship for faulting of non-

Fn = 165 [1.29 + 48,95 

Jx0.25 n3,9 

(83 ) 

F < 5280/J 
n-

where 

F 
n 

J 

V 

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

is the joint spacing input by the user, in feet; 

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

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 is the simulated age of the pavement surface, 
in years; 

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

S is the factor denoting 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 is a factor representing the contributions of 
stabilized vs. unstabilized sub base, based 
upon elastic modulus input by the user (0.241 
for E ~ 75 ksi [~517 MPa]; 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 perfcirmance 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 Figures 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 is 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, 
(_inches-mm) 4 ,lrS old 6 ,lrS old 12 ,lrS old 

D ND D ND D ND 

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 9 17 10 0 0 

o. 04 - 1. 02 7 9 7 0 0 

0.05 - 1.27 8 15 14 30-. 
0.06 - l .52 9 0 0 

o. 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 - 3.05 4 0 

0.14-3.56 l Q 

0.20 - 5.08 4 
0.30 - 7.62 3 

Total Percentage 
of Joints 100 l 00 100 l 00 100 l 00 

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. l 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 

where 

A 

l 

is the ratio of the numbers of 0.2S inch 
( 6.4 mm) faults predicted for doweled and 
non-doweled pavements respectively; and 

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

( 84 ) 

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

where 

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. 

( 85 ) 



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 deterioration (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 discontinuous 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). Accorrling to some authorities, "unsealed 
joints are a major contributor to concrete pavement deterioration" (30), 
and "for modern jointed concrete pavements built on w~ll-constructed founda
tions, joint construction and sealing problems are the prevelent caµse 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 reJation to sealer performance, as determined from field studies 
and interviews. Ray ( 29) mentioned that California requires sealed joints 
in new construction only in 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 prefoaned compres
sion sealers, covering 56 test sections over a 10-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. No correlation 
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was found between amount of spalling (or joint movement) ~nu ~~c~nt of 
debris above the joint ~ealer. (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. Also, 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 documented in several studies(22, 26, 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 
variability, and the contributing influences of good construction practices 
(depth and width of joint cut; clearing of joints) to sealant performance, 

~sers specify directly the projected annual deterioration of joint ~ealants 
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 pieces of pavement breakin~ 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) 1 

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 bet:'Jeen 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 1 but not the total pavement area spalled. 

The trends in Figure 26 were developed for use within EAR0MAR in 
the follo~ing way. The curves in Figure 26 (estimated by Darter) were 
reduced to the following functional forms: 

where 

F • 1 - e -a ( L-B) (86) 
S I 

a • 0.0000162 AJ.OS06 (87) 

F 
s 

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 EAR0MAR, 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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joint of 2 sf/joint. (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: 

SPALLS • 5280 
x 

L 
F 

8 x AREASpall 

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

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

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

AREA Spall is the spalled area per affected joint, 
assumed to be 2 sf/joint, 
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Pumping 

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 follo~ing 
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 provision of erosion
resistant (e.g. stabilized) sub!J.ases 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 pavements. 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 thes_e tables were 
regressed to obtain the following relationships: 

PI = mW18 

log m = 1.07 - 0.34 H 

where PI 

B 

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; and 

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

(89) 

(90) 

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 cubic 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• 5 inches 

Axle Load, 
Kips 

6S 

12S 

24T 

18S 

32T 

Axle Unweighted Load 
Equivalency Applications. 

Thousands 

0.01 1114 

II 

II 

II 

0.21 II 

II 

II 

II 

0.50 705 

1114 

901 

771 

1.00 716 

353 

291 

1.42 343 

328 

289 

*Pumping Index at PSI = 1.5. 

-126,-

Equivalent 18-Kip 
Single Axle 

Loads, Thousands 

11 

II 

II 

II 

234 

II 

II 

II 

353 

557 

451 

386 

716 

353 

291 

487 

466 

410 

Pumping Index, 
Cubic Inches 
per inch of 
slab length 

4 

6 

6 

2 

53 

83 

63 

88 

73* 

65 

106* 

146* 

191* 

91* 

147* 

202* 

101* 

118* 



TABLE 14 (con't) 

AASHO ROAD TEST PUMPING INDEX AT 1,114,000 LOAD APPLICATIO:lS 

OR PSI OF 1.5, 

PCC Slab Thickness - 5 inches 

Axle Load 
Kips 

40T 

30S 

48T 

Axle "
Equivalency 

3.55 

7.79 

7.27 

Unweighted Load 
Applications, 

Thousands 

1114 

It 

It 

898 

878 

1114 

" 
11 

It 

11 

*Pumping Index at PSI= 1.5. 

-l.27-

Equivalent 18-Kip 
Single Axle 

Loads, Thousands 

3955 

It 

It 

3188 

6839 

8678 

It 

8099 
II 

II 

Pumping Index, 
Cubic Inches 
per inch of 
slab length 

37 

67 

47 

98* 

150* 

159* 

168 

164 

133 

105* 
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TABLE 15 

AASHO ROAD TEST PUMPING INDEX AT 1.114.000 LOAD APPLICATIONS 

OR PS I OF l. 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 

12S 0.18 1114 200 18 

II II 18 
II 18 II 

24T 0.45 II 501 24 

II II 31 

II II 27 

18S 1.00 II 1114 24 

II II 20 

II II 24 

II II 21 

32T 1.47 II 1638 35 

II II 29 

II II 39 

II II 30 

22.4S 2.28 II 2540 33 

II II 47 

II II 97 

1111 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:is 

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 

22.4S 2.40 1114 2674 23 

II II 2 

II II 3 

40T 3.94 II 4389 35 

II II 0 

II II 12 

JOT 9.14 II 10182 15 

II II 19 

II II 20 

II II 12 

48T 8.55 II 9525 25 

II II 22 

II II 21 

II II 24 
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might assume that most, but not necessarily all, joints were pumping 
in a typical lane. These considera.tions 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 0\1 m/joint] 
would correspond to, say, a volume of 6 ft x 12 ft x 2 in deep. [1.8 
m x 3.65 m x 5 cm deep) i.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/mix Pr cu in/in 
PUMPING = 0.45 cu yds/joint x 

• 3PI joints/mile 

46656 cu in/ d cu y 

where PUMPING is the number of pumped joints per 
lane milei and 

p
1 

is the pumping index computed in 
eq. (89). 

{91) 

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 upon 
the qualitative 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: 

where 

PUMPING • 3 FD PI , 

PUMPING ~ 5280/L 

PUMPING is the number of pumped joints 
per lane mile; 

F' 
D 

L 

is a factor denoting the effects of 
subbase drainage quality input by 
the user (Good = 0. 2; Fair • O. 6; 
Poor= 1.0)i 

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

is the length of the P.CC slab, in 
feet, input by the user. 
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The inequality limits the number of pumped joints ~u the tota~ 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= PI 
DEPTIL ---Pump 

where ES is the width of eroded subbase, 
in inches, 

DEPTH_ --Pump 

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

is the average depth of material 
pumped from beneath the pavement 
surface, assumed to be 2 inches (5 

(93) 

cm). 



Blowups 

.Blowups ar·e instances of shattering or 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 Fatterns have 
been identified but no quantitative mechanism has been developed predicting 
blowups"; this situation continues today. 

NCBRP Synthesis No. 19 (36) suDDDarized the circumstances surrounding 
blowups, noting that most empirical observations focus on the number 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 associated 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 

B = sin pTT 

where 

(94) 

His the aggregate heterogeneity; and Pis 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 EAROMAR 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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JOINT SPACING 

Blowups are unlikely at joint spacings of less than 20 feet (6m). 
However, 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 distribution of the following form: 

BL• l/(l+exp-[L-25]) (95) 

where 

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

Lis the joint spacing (slab length), in feet, input 
by the user. 

PAVEMENT AGE 

Figures 27-29 demonstrate that blowups are rarely observed on pave-
ments less than 5 years old. Figure 27 charts the relative blowup fre-
quency over a 30-year period observed in Iowa (2 ), in which the annual 
occurrence per lane mile peaked-at 25.years or so,. after which the inci-
dence of blowups declined. Figures 28 and 29 cover only a 15-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: 

where 

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

K is a calibration constant; 

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

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

C1 is 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: 

K = 3 
M .. 25 years 
a• 7.5 years 

AGGREGATE PROPERTIES 

The homogeneity index defined by eq. (94) provides a convenient numer
ical measure to reflect aggregate properties affecting blowups. We expanded 
upon this concept to consider an aggregate susceptibility factor or index, 
ranging from Oto l, 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 blowup model used in EAROMAR, incorporating the 
several considerations above, is as follows: 

where 

BLOWUPS .. 3F exp- ( [A- 25+5F ] / 7. 5) 2 
a~ . qg . 

x l/(l+exp-[L-25)) 

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

F 
agg is a factor varying from zero to one 

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); 

-13] ... 

(97) 



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

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

In contrast with many of the other models discussed in this chapter, 
which predict cumulative damage over time, eq. (97) yields the~ 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 Fagg 
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 
1owups 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 F • agg 

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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Age of 
Pavement, 
Years 

0 
5 

10 
15 
20 
25 
30 

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

TABLE 17 

EXAMPLE PREDICTIONS OF BLOWUP FREQUENCIES 

(NUMBER PER LANE MILE) 

JOINT SPACING, FEET 

15 25 

AGGREGATE SUSCEPTIBILITY 
0.2 0.5 0.8 0.2 0.5 0.8 0.2 

0 0 0 0 0 .0 0 
0 0 0 0 .003 .013 .001 
0 0 0 .009 .047 .140 .018 
0 0 0 .071 .276 .633 .142 

0 0 0 .226 .671 1.179 .451 
0 0 0 .295 .671 .903 .589 
0 0 0 . 158 .276 .284 .316 

.139. .. 

40 

0.5 0.8 

0 .001 
.006 .025 
.093 .279 
.552 1.266 

1.342 2.358 
1.342 1.806 

.552 .569 



Roughness 

Rigid pavement roughness refers to distortions 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 of slope 
variance, according to the relationship: 

where 

SVO,. (A+l)n - 1 

SVO is the part of slope variance between joints; 

A is the pavement age, in years; and 

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

(98) 

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 approach 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
abil~ty equation that appears to fit more closely the serviceability trends 
of pavement. sections in servi.ce for 16 years. These equations have been 
adapted for use within EAROMAR. 

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

3 W' 18 = [ p ln ( y - 1) + 6 ] 

B m -50.08826 - 3. 77485H + 30.64386 I.if" 

P~-6.69703 + 0.13879H2 

y == P2 + 3 

exp{-B/p) + 1 
where 

-Pl 

Wis is the total equivalent 18-kip single 
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 

His the PCC slab thickness, in inches 

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

where 

log wlS • log Wis+ (3.892 - 0.706P2) Y 

[F28 4 log (S. 7S9HO.JS) + 0.359 ] 
y • logl690 _____ M'-----------

(z0·25(0.540H0.75) + 0.359 
4 log -M 

Z • E/k 

is the corrected number of equivalent 
18-kip single axle loads, in millions, 
to reduce the serviceability index 
from Pl to P2; 

w18 = is the result predicted by eq. (99); 

(103) 

(104) 

(105) 

(106) 

F28 is the modulus of rupture used in design, in psi; 

H • is the slab thickness, in inches; 

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

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

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

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 our application: 

P2 .. Pl - l + exp(-B/p) + 
3 3 

(107) 
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where all variables are as defined earlier, 

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 lbf ( 2-0 kN ) , yielding 
a contact radius of 4.37 inches (1.7 cm). The resulting equation for M 
is then: 

~ 
M = (30.56 + H2) - 0.675H. 

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

w .. 

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. 

(108) 

(109) 

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/BP2 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. 774Y (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 ___ _ + 3 

l+exp(..,e /P) (111) 

Note t.hat for this new equation, however, when w1a • 0, P2 is not equal 
to ~l, because of the inclusion of the variable X in the third term. To 
sad;fy this boundary condition while retaining ::he materials adjustment, 
we !~posed symmetry with respect to X between the second and third terms 
in eq. (111). (The modified second term.does not vary with w18; therefore 
this change does not affect the rate of serviceability deterioration.) 
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The final form of the equation adopted for EAROMAR is thus as follows: 

3 3 
P2 = Pl -

l +exp (-$/PX) + 
(112) 

where P2 is the current or terminal serviceability; 

Pl is the ~nitial -seTViceability, assumed to be 4.5; 

$ is as defined by eq. (100); 

p is as defined by eq. (101); and 

w18 is the cumulative number of 18-kip axle loads, 
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 yielded the following relationship: 

R ,. 360 - 72 P2 

where R is the pavement roughnes~ in inches per mile; 
and 

(113) 

P2 is 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: 

inches per 

1 
R • 360 - 216 (1.5 - l+exp(-e/pX) 

1 
+ 

where R is the rigid pavement roughness between joints 
mile; 

a 
p 

X 

is as defined by eq. (100); 

is as defined by eq. (101); 

is as defined by eq. (llO); and 

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). In any season and year during the EAROHA..~ simulation 
the PSI is estimated as a function of current surface damage according to 
the AASHTO relationship ( 4): 

where 

PSI - 5.41 - 1.80 log (l+SV)-0.09 ✓c+P 

PSI is the present serviceability index; 

SV is the mean slope variance in the wheelpaths, 
radians2 x 106-. . 

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

Pis the area of pavement patched, in sf/1000 sf. 

(115) 

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 (85)). The contribution due to roughness was 
derived from regression analysis of data on rigid pavement sections con-
tained in .( 4 ) : · 

SVR = 0.000145 R2· 255 

where SVR 
. 2 

is the slope variance, in radians 
X 106, due to roughness .. between 
joints; and 

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

(116) 

*A Class 3 crack is one opened or spalled at the surface to a width 
1..-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 perpen~icular to the pavement centerline. 
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The contribution due to faulting was adapted from a relationship between 
slope variance and faulting cited by Packard (24): 

SVR = 0.001512 [L F F]l.723 (ll7) 
L avg 

where SVR is the slope variance, in radians 2 
x 106, 

due to faulting; 

F avg 

Lis the number of joints (slab lenght), in 
feet, input by the user; 

is the height of an average fault, in inches 
(assumed to be 0.25 inch, or 6 mm); and 

Fis 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 lf 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. 



THERMAL AND FATIGUE CRACKING 

Maximum Tensile Stresses. 

where crT 

crT = cr + F •cr 
L 1 c 

(119) 

is the total stress in psi in the longitudinal direction at 
the bottom of the PCC slab when the wheel load is at the slab 
edge; 

cr
1 

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

crL ~ lOOO [17.358 + 0.078 e - 0.0539 H3/k 7 
(120) 

F
1 

is an adjustment factor given by 

a 
C 

F
1 

= 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 G2 + 0.0125 GL - 0.00622 GL log k 

+ 8.787 (log [H3/k])/H2- + 0.00104 Ge 

- 0.118 G log (H
3/k) + 0.0700 log (e+l) 

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

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

GK 
crc "' --- [0.00671 k + 79.074 log k + 11.727 L 

5xl0-6 

- 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 He+ 0.05691 Le log k 

+ 0.208 LR log k + 0.00058 LR k - 0.00201 Le H log@ 

(122) 
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G is the thermal gradient in the PCC slab, in °F/in, estimated 
by the following equations for daytime (0700-1900) and night
time (1900-0700) respectively: 

G = T/4-1 d 
d H+2 • an (123) 

G ~ -(T/20+5). 
n H+2 ' 

(124) 

and where 

time 
for 

B 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 pci, 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
1 

and a are made for daytime and night
within each season, resulting in &aytime and nighttime estimates 

season 1 of the total stress, OTid and oTin respectively. 

Fatigue Damage. 'l'he applied loads contributing to fatigue are 
computed as follows: 

(125) 

(126) 

' w ijd (127) 
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where 

i 

j 

d 

n 

h 

W
I 
iJ" n = 0 . 12 X 

h=20 
1 

is an index denoting season; 

wijh 
to 24, 
to 7 

is an index denoting type of day within the season 
(j=l=weekday; ja2-weekend); 

is an index denoting daytime; 

is an index denoting nighttime; 

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

(128) 

are the numbers of fatigue loads applied in season 1 during 
daytime and nighttime respectively; 

is the number of weekdays (j=l) or weekends (j=2) within 
season i; 

' ' w ijd'w ijn 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 

where 

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: 

log Nin• lo.61 - 17.61 (a /Mi ) Tin rup 

= (1.22 + 0.17 log A - 0.05 log
2 

A) M
28 
rup 

-148-

(1.29) , 

(1.30) 

(1.31) 



are the numbers of allowable loads to failure throu~h 
season 1 for daytime and nighttime respectively; 

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

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

~8 is the 28-day mean modulus of rupture, in ksi, input by the user. rup 

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

(132) 

(133) 

where 

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: 

where 

LCRACKS 

LCRACKS = 52i DO.JJJ (134) 

is the amount of linear cracking, in square feet per lane 
mile. 
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where 

• 

FAULTING 

Non-doweled Pavements. 

5280 
FAULTS (non-doweled)•~ [1.29 + 48.95 

avg 

FAULTS (non-doweled)~ 5280/L 

2 0.465 
PT VA 

( H3.9) 

(135) 

(136) 

FAULTS 
(non-doweled) 

is the number of _faulted joints p_er lane mile 
predicted for non-doweled pavements, .. 

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

F is the average height of fault, assumed to be 0.25 inches 
avg (6mm); 

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

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

is a factor denoting 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. unstabilized subbases, depending upon the elastic 
modulus input by the user (0.241 for E < 75 ksi 
[~ 517 '.MP;:i. ]; 0.037 for E > 75 ksi), 



• 

Doweled Pavements. 

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

F • 1/ (l+A)
3
• 

dn. 
(138) 

where 

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

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

SPALLS"' 5280 AREA 
L x spall (139) 

(140) 

a• 0.0000162 A).OSO& (141) 

where 

SPALLS 

L 

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

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

AREASpall is the spalled area per affected joint, a.ssumed within the 
model to be 2.sq ft per joint (0.j7 sm p~r joint); 

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

where 

BLOWUPS 

F agg 

A 

L 

BLOWUPS= 3 x Fagg x exp-([A - 25 +(5 x Fagg))/7.5)
2 

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 is applied during the season having 
the maximum mean temperature specified by the user.) 
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PUMPING 

where 

PUMPING + 3 x FD x PI , 

PUMPING~ 5280/L; 

log m = 1.07 - 0.34 H 

e'" PI/DEPTH pump 

(143) 

(144) 

(145) 

(146) 

(147) 

PUMPING is the number of pumped joints per mile; 

L 

H 

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

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

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; 

is the thickness of the FCC slab, in inches, input by 
the user; 

e is the erodability of .. support along the slab edge due to 
pumping, in inches; (used-in the linear cracking model); and 

DEPTH is the average depth of material pumped from beneath the 
pump pavement surface, assumed to be 2 inches (5 cm). 
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where 

ROUGHNESS 

ROUGHNESS• 360-216.~.5 - l+exp(-6/pX) 

+ ,-.'.1w18-BJ/ox~ 

1 

6 = 50.088 - 3,775 H + 30.644 fH 

2 
p = -6.697 + 0.139 H 

X ,. 101. 774 y 

Y =. log 
[ 

o. 75 J 
8.789 H + 0 _359 

4 log F2 

Z = 103 x E/k 

(148) 

(149) 

(150) 

(151) 

(152) 

(153) 

(154) 

ROUGHNESS is the longitudinal roughness of the pavement surface, i~ 
inches per mile; 

H 

is the cummulative number of 18-kip axle loads, in millions, 
computed during the simulation; 

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

is the 28-day modulus of rupture of the PCC pavement, in ksi, 
input by the .user; 
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E is the elastic modulus of the PCC pavements, in ksi, 
input by the user; and 

k is the modulus of foundation support on top of the 
subbase, in pounds per cubic inch, input by the user. 
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SERVICEABILITY 

p = 5.41 - 1.80 log (1 + SV) - 0.09 ✓c+P (155) 

2.255 
SV = 0.000145 ROUGHNESS + 0.001512 -(L F FAULTS) 

L avg 

C = LCRACKS/63.36 + ACRACKS/63.36 

P = AREA__ h d/63.36 --Pate e 

where 

p is the present serviceability index defined by AASHTO; 

ROUGHNESS is the pavement surface roughness, in inches per mile, 
computed during the simulation; 

L 

F avg 

is the joint spacing, in feet, input by the user; 

i& the average height of fault, assumed to be· 
0.25 in (6 mm); 

FAULTS 1s the number of faulted joints per lane mile; 

LCRACKS 

ACRACKS 

is the pavement linear cracking, in feet per lane mile, 
computed during the simulation; 

is the pavement areal cracking, in square feet per lane 
mile, computed during the simulation; and 

(156) 

(157) 

(158) 

~atched is the pavement patching simulated by the models main
tenance.routines, in square feet per lane mile. 



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 
treatment within EA.ROMAR, 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. 

Drainage Component 
or Serviceability 

Index 

l. Linear Cracking 

2. Areal Cracking 

3. Rutting 

4. Roughness 

s. Potholes 

Table 18 

TREATMENT OF COMPOSITE PAVEMENT 

DAMAGE COMPONENTS WITHIN EA.ROMAR 

Prediction Model 
Included Within 

EAROMAR -'-----

X 

X 

X 

X 

6. Pavement-Shoulder Joints 
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User May 
Input Rate 
Directly 

X 

X 

X 

X 

X 

X 



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 include 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.g. 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 rehabilitation is devoted to preserving the integrity of the pavement sur
face. The benefits af such work are often justified in part by the reduction 
in water infiltration, but typically no 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~oad 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 cleaT. the wide rangp. of these estimates precludes their 
applications to predicting pavement performance. 



The approach followed in the model within EAROMAR bases the a~ount 
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 saturatec, 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 infiltration are not included. The technical relation
ships employed are based upon work by Moulton (-4Q), supplem~nted by data 
presented 1n ( '39) and by assumptions on pavement materials behavior. 

GENERAL MODEL CONSIDERATIONS 

In pavements subject to rainfall one may distinguish three periods 
associated_ with wet weather, in addition to the p~riod corresponding to 
d-ry. conditions: 

l. 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 sufficiently heavy or the sublayers of sufficiently 
low permeabili'ty, the ti.me during which the sublayers are saturated or 
sufficiendy wet to affect materials properti~s and structural behavior; and 

3, The time during which any residual water, not sufficient to affect 
pavement.behavior, is drained off. 

We reviewed data for selected cities in their months of maxicum rain
fail, 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 following a rain can last from S - 20 
days, except in those pavements haying exceptionally good drainage'qualities 
( 3~). Therefore in our model we considered only the second period above -
the period (after it stops raining) during which the pavement is significantly 
wet or saturated -- as the time relevant to estimating changes in rate of 
pavement damage, and neglected the tii£e during which the rain is actually 
falling (period 1 above). (This assumption was made to simplify the model 
derivation; there is no reason why the time during rainfall could not also 
be included if desired.) 

Drainage characteristics are input by the users in qualitative descriptions 
Good, Fair, or·Poor -- as described in Chapter 2. For use in the drainage 

model these descriptions must be reduced to quantitative measures of subsur
face permeability. Cedergren ( 39) presented coefficjents of pen:ieability 
for standard bases and sub bases: ·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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Boston 

San Francisco 

Seattle 

Los Angeles 

Miami 

Chicago 

New Orleans 

TABLE 19 

RAINFALL DATA FOR SELECTED CITIES 
IN PEAK MONTH OF 1978 

Total Precip. 
( inches) . 

No. Days Precip. 

8.12 15 

6.20 16 

6.05 16 

7.70 10 

2.57 ·11 

6.38 12 

12.53 17 
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Average Daily 
Precip. 

(inches - mm) 

0.54 - 13.7 

0.39 - 9.9 

0.38 - 9.7 

0.77 - 19.6 

0.23 - 5.8 

o. 53 - 13 .5 

0.74 - 18.8 



Thus, typical bases and subbases lie in the Poor to Fair range unccr this 
designation. 

Quantifying the 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 variations at this site ranged from 
ab.:iut 20 in the spring-thaw months to over 140 in the frozen winter months. 

Y-n.lU·Q'(l 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. However, these data are not tied to detailed materials properties. 
We have therefore assumed that during the time of substantial pavement wetness, 
individual layer moduli are reduced by 50%. 

Determining the time during which the pavement is 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 D.S. 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 is these relationships which will be 
explained first. Following the description of outflow equations, we will 
consider the infloence of inflow parameters on the model. 

The time required to--dra:in 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~; and the transverse slope of 
the drainage layer S:1. From our earli_er discussion, we have assigned a value 
of 0.8 to U, the degree of drainage achieved, taken to DE tha point at which 
wetness no longer affects pavement structural behavior. Pavement cross-slopes 
typically vary from 1/8" - 1/4" per foot (1-2 cm/m); we have therefore assumed 
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FIGURE 30: TIME DEPENDENT DRAINAGE OF SATURATED LAYER (40) 



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 to the sum of the 
widths of all lanes-plus shoulders in the roadwa'y. Finally, we have assumed 
Hd, the depth of the pavement drainage layer, typically to be about 1 ft (0.3 
m). Based upon these assump.tions, we fit the following function t:o data 
points generated from Figure 30: 

-25' 
t/m • 2.5e (159) 

S' • 0.015 L/Hd 

1 = (Nlanes x Wlane) + I Wshldr 

where t/m is a normalized time of drainage; 

is the thickness of tbe drainage layer, 
assumed to be 1 ft (0.3 m); 

N W lanes' lane are the number and width, respectively, 
of lanes in this roadway; and 

Wshldr are the widths of the left and right shoulders 
in the roadway. 

(160) 

(161) 

The denominator of the normalized 
capacity of the drainage layer·: 

time is a function of the yield 

nL2 

m =k/d (162) 

where 

m is the normalizing factor; 

n is the yield-capacity (effective porosity) of the drainage layer. 

L is the width of roadway drained, defined by eq. (161); 

is the coefficient of permeability of ·.the pavement 
drainage layer; and 

is the thickness of tne 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 DRAINAGE PARAMETERS 

Drainage Quality 
Input 

Good 
Fair 
Poor 

Coefficient of 
Permeability, kd 

10~ ft/day (3050 m/day) 
10_

1
ft/day (30.5 m/day) 

10· ft/day (0.03 m/day) 
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Yield Capacity, 
n 

0.23 
0.08 
0.055 
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With these values one can solve eq. (162) form, and determint the rionnal
ized time t/m from eq. (159). The time of drainage corresponding to the 
period in which we have assumed pavement structural behavior is affected 
is then given by: 

where 

t "'m (t/m) drain 

tdrain is the time to achieve a degree of drainage of 
0.8, in days; 

m is the normalizing factor computed in eq. (162); and 

t/m is the normalized time computed in eq. (159). 

COMBINING INFLOW AND OUTFLOW CONSIDERATIONS 

(163) 

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 paveoent 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 daily intensity of 
0.5 in/day (12.7 mm/day) is reasonable as a composit-e national figure. 

Findings reported in (.39 l showed that substantial quantities of water 
can enter even very narrow cracks in a. pavement under field test conditions. 
(~racks 1/8-inch [3 mm] wide admit more than 95% of water· falling at an 
intensity of 2 in/hr [50 mm/hr]~ even with steep pavement transverse slopes. 
Cracks as narrow as 0.035-inch L0,89mm] can absorb 70% or more of runoff at 
the same intensity.) In practice tnere rates may oe reduced somewhat, 
due to debris at tne bottom of the cracK or. to buildup of water in the 
crac;k. Neverthelesa:, infiltration rates become quite high at low levels 
of cracking or open· joints in tne 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, 
suoject to as~umed boundary conditions. Specifically, if there are no 
open cracks or joints in tne pavement surface, water infiltration is 
reduced to zero. At cracking (pr open 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 incorporating a definition 
of the total area of discontinuities in the pavement surface, we obtain 
the following relationships: 

t = 
r season -9C 

(1-e ) td i ran 
(164) 

wet ----
i avg 

1 
C = 5280-

LCRACKS + ACRACKS 
w lane 

+ 
SHOULDER x W wet 
2 W N lane lane 

where 

t wet 

+ JOINTS- x W wet (165) 

is' the duratio.n of pavement wetness, in days, during 
which.structural response is assumed to be affected; 

r is the seasonal rainfall, in inches, input by the user 
season 

i avg 

C 

is. the daily rainfall intens·ity, assumed to equal O. 5 
inches. 0,2. 7 mm).; 

is. the fraction of pavement area having cracks or open 
(µnsealedl_ joints.; 

is. the time, in da:ys., to drain the saturated pavement 
sublayers:; 

LCRACKS, ACRACKS, SHOULDER, JOINTS are quantities of damage 
components per lane mile computed in sections 3.2 
and 3.3 or input b.:y· the user*; 

W N · are the width. of lane, in feet, and the number 
"lane~ lane of 

w 
sw:et 

lanes in the roadway respectively, as input 
b~· the user; and 

is the width. Qf subsurface zone wetted by an open 
joint, assumed to be 6 feet (J.8 m). 

REDUCTIONS IN PAVEMENT STRENGTH. 
r ': ??:; \::l 

Pavement characteristics are affected by water infiltration in two 
ways. First, the strengths of granular bases _and sue.grades are reduced 
oy.' so· percent, as des-crioed in the general model formulation. Second, 
the MSHTO regional factor ~s ~djusted to reflect· saturated conditions 
above and beyond tliose assumed by· the user in initial program input.** 
Resulting model relationsfiips· are as· follows: 

*LCRACKS in lf/lane mile; ACR,ACKS in st/lane mile; SHOULDER (the length 
of open shoulder jointl in ft per roadway-mile; and JOINTS in number of 
"damaged" or open joints pei;- lane mile. 
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t - 0. 5 t 
Fred= season wet (166) 

t season 

(5t + R[t t ]) 
R, = _ __,;w.:..e::..t::.._ __ -=s:..:e:..:a:..:s:.:o:..:n::._ ___ w=e:.:t;_ 

t 
(167) 

season 

where 

F 
red is a reduction factor applied to the moduli of granular 

pavement layers and to the CBR and moduli of the subgrade; 

t season is the length of the season, in days, deterinined from 
season inforination input by the user; 

t wet is the duration of pavement wetness, in days, computed 
from eq. (164); 

R' is the•AASHT0 regional factor corrected for additional 
wetness due to a cracked pavement surface; ·~nd 

R is the regional factor input by the user. 

Note that eq. (166) and (167) apply a time-averaged correction (under 
wet vs. d~y 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 coefiiceint 5 in eq. (167) 
reflects the value of ,the re~ional factor associated with saturated condi-- ' 

tions. 

The effects of water infiltration on pavement performance are there
fore modeled-indirectly within EAR0MAR, through the materials-related and 
environmental adjustments indicated above. This makes it possible, however, 
to consider interactioas 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. 

-**Regional factor capture~moiszure-related effecta on pav~ent perfor
mance :1:n AASl!T0-bas.ed models.. There.foJ,'e :tn reducing ·the· st:rengtb 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. AASHTO (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. cif the existing_ 
surface to the class of cracking present when overlaid, as shown in Table 21. 
The degree to which cracking has progressed is explicit, but not the extent 
of cracking. 

Surface 

TABLE 21 

REDUCTIONS IN FLEXIBLE SURFACE.MODULUS 
USED IN OVEIU.AY DESIGN 

Cracking Modulus 

Uncracked Equal to Overlay Modulus 

Class 2 Cracking 70,000 psi (483,000 kN/m2) 

Class 3 Cracking 20,000 psi (138,000 kN/m2) 

*Our emphasis in model developement was on flexible overlays for 
all pavements. In principle a rigid overlay may be specified within EAROMAR, 
and the model will accept the resulting pavement structure for stimulation. 
However, we do not consider the rigid pavement damage equations in EAROMAR 
appropriate to rigid overlays, and discourage use of the rigid overlays 
at the present time. 

-169-



We have consolidated these ideas in EAROMAR in the followin£ 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 c"acking 
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 as~nmed that cracking of about 5,000 sf/lane mile (83 sf/ 
1,000 sf, or 0.8 m2/m2) at age of 10 years reduced the coefficient of the 
layer (when overlaid) to 0.24 - that of an "old" 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 
both reduce the strength of the pavement surface simultaneously. 
equation to estimate the AASHTO coefficient of a flexible surface 
overlaid is as follows: 

cracking 
The resulting 
when it is 

where 

,. 
a .. a exp (.-0.0357 ·A -0.0000575 ACRACKS). 

0 

a' is the AASHTO coefficient of the former surface 
layer following an overlay; 

a
0 

is the original surface layer coefficient input by 
the user; 

(l6Bl 

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

ACRACKS is 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 ~uE;;:~sted in'( 42). However. within EAROMAR 
the value of 75 ksi (517 M~a ) defines the boundary between stabilized 
and unstablized pavement bases. We therefore adjust_ed ·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 Cs ) • The resulting adjustments to surface 
elastic, complex and resilient moduli simulated within EAROMAR following 
an overlay are given in Table 22. 



TABLE 22 

VALUES OF FLEXIBLE PAVEMENT 
MODULUS ASSUMED IN EAROMAR 

Surface Cracking Modulus 

l. < 5 0 000 sf/1,ne-mile 
(< 0. 08 m2/m ) 

Equal to Modulu's Value Input 
for that Layer 

2. 5,000-15,000 sf/lane-mile 
(0.08 - 0.24 m2/m2) 

3, > 15 0 000 sf/lane-mile 
(> 0. 24 m2/m2) 

FLEXIBLE OVERLAYS OF RIGID PAVEMENTS 

76 ksi 
(.524 MPa) 

20 ksi 
(138 MPa) 

Rigid pavement overlays are handled much.in the same way as described 
for flexible pavement overlays above. However. in addition to weakening 

of the old surface layer, we cons_ider reflection cracking o~iginating in 
the rigid surface and propagating through the n~wly-placed overlay. 

Weakening of Old Surface Layer. Tlie modulus of portland cement concrete 
used in p~ve~ents typically ranges from 2 to 5 million psi (13.8 to 34.5 
million kPa ). ARE Inc. (43) rec011DDended retaining this value for overlay 
design if the surface exhibited no cracks of only Class 1 or Class 2 cracking, 
or adopti.ng a value of 500,000 psi (3. 45 million k:Pa ) if the surface 
exhil:>ite(i Clas_s 3 or Class 4 cracking. (A modulus of 70,000 psi, or 483,000 
kP~, was suggested for surfaces to be broken up mechanically before placing 
the overlay.) 

Layer coefficients for overlaid rigid pavements, developed by Louisiana, 
were presented in the AASHTO Interim Guide ( 5 ). These values range from 
0.40 for an "old" 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 (~ith an initial layer coefficient of 0.5) 
should have a revised layer coefficient when overlaid of 0.4; and a 10 year 
old surface with cracking of 5,000 lf/lane-mile (0.26 m/sm), a revised layer 
coefficient of 0.20. The resulting equation incorporated within EAROMAR to 
estimate these reductions is as follows: 

where 

.. 
a ... a exp (-0.0223 A -0.00014 LCRACKS} 

0 
(169) 

a~ is the AASHTO coe~ficient of the former surface 
layer following an overlay; 

is the original surface layer coefficient 
input by the user and updated during the simulation; 
and 
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LCRACKS is the amount of lineal cracking, if 1£/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 OVERLAY·S 

Surface Cracking 

1. < 5,000 lf/lane-mile 
(<0.26 m/m2) 

2. > 5,000 lf/lane-mile 
(~ 0.26 m/m2) 

Modulus 

Equal to Modulus Value 
Input for that I.ayer 

500 ksi 
(3.45 million k.pa ) 

Reflection Cracking. Reflection cracks are cracks originating at 
discontinuities in 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 mechanisms 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 sho'Wll 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 3 
H 

0 

Cl - exp I-A/3]} 

X 5280 X 

L 
w lane 
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FIGURE 32: EFFECT OF INCREASED OVERLAY THICKNESS AND PAVEMENT 
BREAKING BY ROLLING ON REFLECTION CRACKING (43) 
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where 

Creflect < 

LCRACKS = 

C reflect 

H 
0 

A 

L 

w lane 

LCRACKS 

5280 
L 

LCRACKS 

X W 
lane 

+ C reflect 

is the extent of reflection cracking in 
the overlay surface, in lineal feet per lane
mile; 

is the thickness of the overlay, in inches, 
input by the user; 

is the age of the overlay surface, in years, 
computed during the silllulation; 

(171) 

(172) 

is the joint spacing, in feet, of the underlying 
PCC slab (input by the user for the old PCC 
surface); 

is the width of the roadway lane, in feet, 
input by the user; and 

is the amount of linear cracking, in lf/lane-mile, 
silllulated 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 s9me other type), he may involve the 
construction PROJECT option in lieu of the OVERLAr option within EAROMAR, 
specify the pavement structure following the overlay (PCC slab, interlayer, 
overlay surface), and provide all other project deta_ils 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 is to be broken up 
before overlaying. In this way EAROMAR 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 to 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 tr~nds combined to force 
a new awa~eness 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 preservation 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 ~hen 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~ 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: 

1. 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~ 
eluded. 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 data 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 management 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 ill
equipped to treat differences in input values {e.g., productivity. unit 
costs. changes in maintenance technology) among geographic regions or 
over tillle. To illustrate the implications of 'these facts for premium 
pavement analysis, le.t us consider some examples from the original EARO
MAR system. 

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 is 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 if 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, improving 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 construction, as 
were discussed in Chapter 3. 
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3. It is difficult to adjust the data in Figures 33-35 
account for the following changes, whether individually or 
lectively: 

to 
col-

• 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 institutional 
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 di~ension -- the condition (or dam
age) of the pavement, a function of the combined actions of road usage, 
response of th~ 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 EAR.OMAR 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 is 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 si~ulate all 
maintenance work projected through the analysis period. Activities 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 iD 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 fo'.l.lowing 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 in fact we treat overlays as a project, 
and not a 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 oelow. 

FLEXIBLE PAVEMENTS 

Flexible pavement activities modeled include crack filling, seal 
coating, pothole repair, skin patching, and deep patch and base repair, 
in addition 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 guidelines to the applicability of these activi
ties are as follows: 

1. Crack filling is applicable wh~re 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 is 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 

* Frojects- 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 
teli1Dinology, state maintenance departments may adopt somewhat different, 
or more refined, definitions based upon past experience and local prac
tice. In addition, 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 maintenance 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 policy 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, is at what point repairs 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 machinery and the work crews necessary with this equipcent, 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 operations. 

The conceptual relationship between various maintenance activities 
and when they should be undertaken in response to specific damage com
ponents is outlined in Table 27. For the surface.defects in particular, 
where the more extensive areas are involved 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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Activity No. 

Activity Name 

. Description 

Damage 
Condition 

Maintenance 
Level 

Workload Rate 

..... ' 

NEVADA NEVADA ILLINOIS· 

Surface patching - Premix Surface Patching - Premix Pavement repairs, bituminous 
(hand). (machine). 

Premix and liquid asphalt Premix and liquid asphalt Bituminous concrete and asphalt 
hand placed. placed by machine, primer tack coat laid by machine 

including rolling. 

Vertical differential of As above • Pa~ement surface spalling, ravel-
pavement in any direction 

. . 
ing or showing signs of settlement 

exceeds half an inch or 
differential with paved 
shoulder is three quarters 
of an inch. 

Restore loss of surfacing As above. Roadway surface should be maintain-
by raveling or other ed to provide a reasonably comfor-
causes,- which affect rid- table riding surface and provide a 
ing qualities or surface safe travel surface. 
seal. 

0.75 cubic yards per mile 6 cubic yards per mile of This acitivty can be either a spot 
of 24 foot bituminous 24 foot bituminous sur- location or a continuous rnilea~e 
surface. face. location depending upon the extent 

of work. The activitiy includes 
bituminous repair of concrete, bitu 
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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Activity No. 

Activity Name 

Description 

Damage 
Condition 

Maintenance 
Level 

Workload Rate 

. ,, 

COLORADO COLORADO MASSACHUSETTS 

483 484 621 

Patching - machine over- Patching - hand. Surface treatment (bituminous 
lay, and levalling. concrete method). 

Bituminous mix and tack Bituminous mix and tack Bituminous concrete and liquid 
coat placed by machine. aisle. asphalt. 

Deterioration of bitumin- Deterioration of bitumin- Extended surface deterioration (5 
ous surface due to settle ous surface due to pot- or more sq. yds.) indicated by 
ment, or raveling. holes and depressions. cracking, spalling, rutting and 

with no indication of base failure. 

Restore asphalt surface Restore loss of asphalt Restore to a smooth, level, imper-
to original condition. surface to level of vious surface. 

exisiting roadway surface. 

I 
' 10.0 tons per mile of 24 0.8 tons per mile of 24 This activity is to be carried out 

foot bituminous surface foot bituminous surface. to remedy areas of bituminous sur-
per year. face roadway and/or shoulder sur-

faces with hot bituminous concrete, 
1/2" tin depth, to correct poor 
pavement surfaces, spalling or 
rutting and to maintain a ridcahle 
surface until roadway is completel} 
resurfaced. The activity includes 
the use of dump trucks, pavers, anc 
rollers. Average daily production 
is approximately 200 tons. 

TABLE 24 
Comparison Between State Performance Standards - Skin Patching 

(rontin11,,d) 
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NEVADA NEVADA NEVADA 

Activity No. 

Activity Name Surface patching - spot Seal coat - sand. Seal coat - flush 
seal. 

Description Liquid asphalt and sand. Liquid asphalt and sand Aspahlt emulsion and sand 
with mechanical equip- with mechanical equip-
ment. ment. 

Damage condition Cracking and checking of Pavement surface is Surface raveling, crack-
surface has become gen- cracked or checked allow- ing or other deterioration 
eral and perveious to ing penetration of water. determined by inspection. 
water. 

Maintenance Maintain surface of pave- Maintain asphalt surface Renew old asphalt surface 
Level mant imperveious to water to prevent penetration and seal small cracks and 

to prevent cracking of by water. surface voids. 
old or oxidized surface. 

Workload Rate -- 1700 square yards per 2800 square yards per 
mile of 24 foot bitumi- mile of 24 foot bitumi-
nous surface. nous surface. 

TABLE 25 

Comparison Between State Performance Standards - Seal Coat 
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NEVADA COLORADO 

Activity No. 
I 

Aetivity Name Seal coating - chip, sand, fog, Seal coat - chips 
slurry 

Description Liquid asphalt and aggregate. Liquid asphalt and stone chips with 
mechanical equipment. 

Damage Condition Deterioration of bituminous surface When asphaltic surface becomes checked 
due to cracking and raveling. and raveled so as to be penneable 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 A renewed and revived surface that will 
surface. prevent penetration of water into 

underlying base material. 

Workload Rate Production 42000 square yards daily. 500 square yards per mile of 24 foot 
Apply a chip, sand or fog or slurry bituminous surface. 
coat to continuous sections of bitu-
minous roadway surfaces to see 
cracks and rejuvenate dry, weathered 
surfaces to prevent further surface 

,. . ~ deterioration. 

TABLE 25 

Comparison Between State Performance Standards - Seal Coat 
( rontinu""d) 
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Activity No. 

Activity name 

Description 

Damage 
Condition 

Maintenance 
Level 

Workload Rate 

,. 
NEVADA I I COLORADO MASSACHUSETTS l 

233 421 282 

Base and surface repair. Base Stabilization and repair, Deep patch and base reapir, activity 
activ.ity #164. #612. 

Aggregate base, premix, and Remove and replace base and sur- Base material, liquid asphalt and bitu- I 

liquid asphalt. face material using premix bitu- minous concrete placed by machines in-
minous material and/or required eluding loaders, rollers and pamper. 
base material to correct sever~ 
cracking, upheavals ~nd base 
failures. Materials required are 
base aggregate, bituminous mix, 
graders, rollers, etc. 

Pavement disintegration oc- Deterioration of bituminous and Pavement disinte-ration with vertical and 
curring along with vertical concrete surfaces due to unsta- lateral movement of the surface with a 
and lateral movement of the ble base material. showing of fines in and around cracks. 
surface, with show~ng of 
fines in and around cracks. 

Maintain the surface of the Removal of unsuitable base mater Restore base and replace surface to level 
highway in a condition pro- ial and replacement of base and of existing roadway. 
viding reasonable comfort and surface to restore proper condi-
safety to public traffic. tions. 

0.1 cubic yards per mile of 0.1 tons per mile of 24 foot Removal and replacement of all areas of I 
24 foot bituminous surface. surface. bituminous roadway, shoulder surfaces and

1 Work may extend to pavement PCC pavement, including removal ;rnrl re- j 
sub-base. placement of base material 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 



TYPE OF 
DEFECT 

Surface 

Full 
Depth 

Full or 
Partial 
Depth 

Table 27 
COMPARISON OF DAMAGE WITH APPROPRIATE 

MAINTENANCE ACTIVITIES FOR 
FLEXIBLE PAVEMENT 

MAINTENANCE ACTIVITIES 

Crack filling 
-or-

Seal coat, slurry, sand 

Seal coat~ possibly with 
gravel, stone chips or 
sand 

Skin patch (hand) 
-or-

Skin patch (machine} 

Overlay 

- Ful 1 depth pavement 
repair 

Pothole repair 
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DAMAGE cortPONENT 

Surface fatigue cracking, 
transverse and longitudinal, 
with no significant surface 
deformation or spall ing: 
i) In 1 imited areas . 

-or-
ii) Ov~r.extensive contiguous 

areas 

Spalling and ravelling with no 
significant deformation, but 
possibly some cracks also 

Minor (0.5 in • .:!:) rutting, 
transverse or longitudinal 
roughness: 
i) In limited areas 

-or-
ii) Over extensive areas 

Extensive areas of severe 
(1 1/2 in. +} rutting, trans
verse or longitudinal rough
ness but no indication of 
pavement or base damage: 

Base failure--almost always 
includes one or more of the 
above surface defects _but is 
identified by severe surface 
deformation characteristics 
also 

Potholes--can occ~r in conjunc
tion with any of the above 
conditions. 



Interaction Among Activities. Frorn 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 oaintenance 
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 c.aintenance 
activities may therefore be represented conceptually as in Figure 36. 
The shaded areas indicate the potential remedial effects of each activi
ty. Note that minor 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 no~lly 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 maintenance with
in a conceptual model, however, the relationship between specific types of 
damage and relevant maintenance or betterment activities needs to be for
malized by a well-defined set of rules. 

One reason for this need is that pavement condition can 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_! 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 must 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 relationsh.ips is that 
a conceptual model requires a clear definition of what activities to assign 
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DAMAGE COMPONENTS 

Potholes 

Minor longitudinal, transverse and fatique 
cracking, with no crazing, spalling or 
surface deformation. 

Extensive fatigue cracks, raveling, spall
ing, etc., but with no significant surface 
deformation. 

Small areas of longitudinal and transverse 
roughness, rutting, etc., accompanied by 
some surface defonnation. 

Large areas of longitudinal and transverse 
roughness, rutting, etc., with significant 
surface deformation. 

Extensive congiuous areas of roughness and 
deterioration with significant surface 
deformation. 
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FIGURE 36. REMEDIAL EFFECTS OF VARIOUS MAINTENANCE ACTIVITIES 

... 
..c: QJ 
u C: 
.µ .... 
,a ..c: 

0... u 
,a 

CE .... 
~~ 

;, 

0;,,~1: ir ., . 
f .,- -~ 

. i ,t ·,: 

; I\:·? 
!jt~·-
:lilll:: 
,'.;.~in .. • ~ 
llf·i .· •l .. .. · .. ·ri'. 
I. L 
,-•·\ I 

! ':I. j,.\ 1 ··~ . ! ~ 
'''J',;" . I. • I s·j,, 
l-1 :. I I .J • r~·: 
J>( 

~. } • ' f 
~ . ,. 

"C 
C: 
,a 

L ..c: .,... 
u ,a 
.µ a. 
,a QJ 

0... a:: 
a. a, 
QJ Ill 
a, ,a 
Cal 

1: 

! :,, 

~ 

f 

I 
( 

>, 
,a 
,-
L 
a, 
> 

0 

,. 

' , 
. ~ i . 
I!• 
! . 

': ! . 

,, 

i'. 



in repairing simulated damage or distress. Referring to our discus~ions 
above, we may target both crack filling and sealing to the re?air of cracks, 
depending on their extent. If severe cracking occurred, .we. 1.·ould then want 
to simulate the sealing activity, but we would also want to suppress crack 
filling, which would now be redundant. On the other hand, if the cracking 
were 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~
~ predictions of damage within a roadway section, and one cannot say what 
proportions of cra·cking would be suitable for sealing versus crack filling. 
These arguments therefore call for a more formal hierarchy among 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 EA.ROMAR 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 denotes 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 da==ge 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 EA.ROMAR. Let us consider an example of how mainten
ance activities are simulated under this approach. Table 29presents 
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 is assumed to occur within wheel tracks three feet (0.9m) 

wide (iesulting in the estimated 7,000 sy for the two-lane, one-mile length). 
A base failure is taken as i2 ft. x 12 ft., or 16 sy (13.4 sm). Poth~le~ 
are assumed to oe 4 sf (0.35 sml 1n area. ·The quantity of each damage com
ponent reparied will depend upon the particular maintenance strategy adopt
ed.* 
* . . 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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Maintenance Lineal Areal 
Activity Cracking Cracking 

Crack 
Filling p 

Seal Coat X p 

Pothole 
Hepair X X 

I _, Skin 
'° w Patch X p 
I 

Deep Patch 
and Base 
Repair X X 

Overlay X X 

TABLE 28 

RELATIONSHIP OF ACTIVITfES TO 
FL~XIBLE PAVEMENT DAMAGE COMPONENTS 

P JIVEMEtH DAMAGE COMPONENT 
Rutting or Longitu-
Transverse dinal 
Roughness Potholes Roughness 

p 

X X 

X X 

X X p 

Shoulder Base 
Distress failure 

X 

p 

X 



TABLE 29 

EXAMPLE OF FLEXIBLE PAVEMENT MAINTENANCE SIMULATION 

{ 

Flexible surface, 2-lane section 
PAVEMENT DESCRIPTION . one mile long; total surface area 

= 14,000 sq. yds.= 11,800 sm 

Pavement Area 
Damage Component Severity Affected 

Roughness 120 in./mile 100% or 14,000 sy 
(1,900 rrm/km) (11,800 sm) 

Rutting 0.75 in. 50% or 7,000 sy 
(1.9 cm) (5,900 sm) 

Potholes 5 per lane-mile "' 0% or 4.4 sy 
(3.7 sm) 

Cracking 12,600 sf/lane-mile 20% or 2 ,800 sy 
(2,340 sm) (2,340 sm) 

Base Failure 3 per lane-mile 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 

Roughness* 

Rutting 

Potholes 

Cracking 

Base Fa i1 ure 

Severity and Area Repaired Condition 

120 in/mile over 14,000 sy 51 in/mile over 14,000 sy 
(1,900 mm/km over 11,800 sm) (810 rrm/km over 11,800 sm) 

0.75 in over 7,000 sy O in over 7,000 sy 
(1.9 cm over 5,900 sm) (0 cm over 5,900 sm) 

5 per lane mile 0 
=40 sf = 4.4 sy = 3.7 sm 

12,600 sf/lane-mile 0 
= 2,800 sy = 2,340 sm 

3 per lane mile 0 

OPTION 2: Repair all base failures; place skin patches to correct 50% of 
cracking 

Damage Component 

Roughness 

Rutting 

Potholes 

Cracking 

Base Failure* 

Severity and Area 

120 in./rnile over 14,000 sy 
(1,900 mm/km over 11,800 sm} 

0.75 in. over 7,000 sy 
(1.9 cm over 5,900 sm) 

5 per lane-mile, 
= 40 sf or 4.4 sy = 3.7 sm 

12,600 sf/lane-mile 
= 2,800 sy = 2,340 sm 

3 per lane-mile 

(continued next page) 

* Primary damage component for this activity 
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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 

B. Effects of skin patching 

Roughness 

Rutting 

Potholes 

Cracking* 

Base Failure 

Severity and Area 

120 in./mi. over 14,000 sy 
(1,900 mm over 11,800 sm) 

0.75 in. over 7,000 sy 
(1.9 cm over 5,900 sm) 

O per lane-mile 

12,150 sf/lane-mile 
= 2,700 sy = 2,260 sm 

0 per lane-mile 

Repaired Condition 

113 in. /mi • over 
14,000 sy (1,795 mm/km) 

0.61 in. over 7,000 sy 
(1.5 cm over 5,900 sm) 

Same 

6,075 sf/lane-mile 
= 1,350 sy = 1,130 sm 

Same 

OPTION 3: Repair all base failures and potholes~ fill 75% of visible cracks 

A. Effects of base repair 

Roughness 

Rutting 

Potholes 

Cracking 

Base Failure* 

120 in./mi. over 14,000 sy 
(1,900 mm/km over 11,800 sm) 

0.75 in. over 7,000 sy 
(1.9 cm over 5,900 sm) 

5 per lane-mile, 
= 40 sq= 4.4 sy = 3.7 sm 

12,600 sf/lane-mile 
= 2,800 sy = 2,340 sm 

3 per lane-mile 

(continued next page) 

*Primary damage component for this activity 
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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 

Damage Component 

EXAMPLES OF DIFFERENT MAINTENANCE OPTIONS 
TO REPAIR PAVEMENT IN TABLE 29 

Severity and Area 

B. Effects of potholes repair 

Roughness 120 in/mile over 14,000 sy 
(1,900 mm/km over 11,800 sm) 

Rutting 

Potholes* 

Cracking 

Base Failure 

C. Effects of crack filling 

Roughness 

Rutting 

Potholes 

Cracking* 

Base Failure 

0.75 in. over 7,000 sy 
(1.9 cm over 5,900 sm) 

O per lane-mile 

3,038 sf/lane-mile 
= 675 sy = 565 sm 

0 per lane-mile 

120 in/mile over 14,000 sy 
(1,900 mm/km over 11,800 sm) 

0.75 in. over 7,000 sy 
(1.9 cm over 5,900 sm) 

0 sf /1 ane-mil e 

12,150 sf/lane-mile 
= 2,700 sy = 2,260 sm 

0 per lane-mile 

*Primary damage component for this activity 
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Repaired Condition 

Same 

Same 

Same 

Same 

Same 

Same 

Same 

3,038 sf/lane-mile 
= 675 sy_ = 565 sm 

Same 



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 describ~d later. For the 
time being, assume that the use:i: 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, s~lecting 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 certain area of roadway; if any other damage modes occur within 
that area, and if they are also corrected by the activity (i.e., if 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 specifications 
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 ~ompo
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/Ian) 
is assumed to be the minilllum achievable under current construction methods. 

Option 2 is a more lilnit_ed policy involving base repair and skin 
patching. Base repair is evaluated first in the activity hierarchy. Its 
primary damage component is base failure, of which 96 sy (.80 sm) are now 
present in the example roadway section (,3 o.ase failure/lane x 2 lane8· x 
l6 sy n 13. 4 sm per fa.11.ure.) The activity specifications under Option 2 
call for all liase failures· to b.e repaired; therefore 96 sy (.80 sm) of the 
pavement surface will be subjected to tliis activity. At. the same time, deep 
_pc\tching will correct any localized roughnes-s·, potholes·, or cracking; there
fore, eacn of tnes_e distress· modes will also be corrected to a maximum extent 
of 9"6 sy- (~0 sm). Tne damaged areas prior to the deep patch activity, and 
the respective amounts· remaining following re.pair, are sumnarized 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 i.i. con
sidered; since all base failures (totaling 96 sy or BO sm) were repaired, 
there are no remaining base failures -- zero (O) per lane-mile is indicated,· 
Potholes and cracking are assumed to have existed within the zones of base 
failure, and theretore to be repaired within· the pavement area encompassea 
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by deep patching. Of the 4.4 sy (3. 7 sm) of potholes initially simulated, 
a_ll 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: 

1 _ 96 sy repaired x 2,800 sy = 2,700 sy 
2800 sy existing 

(173) 

The roughness measure is in inches per mile (mm/km); it is assumed to be 
corrected in proportion to the percent of total pavement area repaired by 
the activity. In this case, the ratio (96 sy repaired/14000 sy total pave
ment area; 80 sm repaired/11800 sm total pavement area) is negligible, 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 sununarized in Option 2-B 
in Figure 37. For the primary distress mode of cracking, the area to be 
patched is 1350 sy (1130 sm) -- one-half of 2700 sy (2260 sm). Other damage 
modes affected by patching are rutting and roughness. Roughness shows 
improvement as a function of the area patched: 

1 _ 1350 sy 
14000 sy 

1130 sm 
l - 11800 sm 

x· (120 - 51) + 51 ~ 113 in/mile 

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 -

1 -

1350 sy 
70000 sy 

1130 sm 
5900 sm 

X 0.75 in~ 0.61 in 

X l. 9 cm .. 1. 5 cm, (175) 
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The final road condition resulting from this maintenance p~licy op
tion is shown in the rightmost column under Option 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 
31 denotes a maintenance policy comprising base repairs. patching of 
all potholes, and filling 75% 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 road 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 model. 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 31) 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 situations. 
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RIGID PAVD1ENTS 

Rigid pavement activities to be modeled include crack filli~;, patch
ing, joint filler replacement, slab replacement, 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 is 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 nand labor. Neither lend themselves to fully 
automated or large-scale operations such as surface sealing of e>.tensive 
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 which an overlay 1s desirable appears to be available. Bowever, 
considerations of rideability, indicated (for example) by a PSI of 2.5, 
have been used. 
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TYPE OF 
DEFECT 

Surface 

Full depth 

TABLE 30 

COMPARISON OF DAMAGE AND APPROPRIATE 
MAINTENANCE ACTIVITIES 

RIGID PAVEMENT 

MAINTENANCE ACTIVITIES DAMAGE COMPONENT 
DESCRIPTION DESCRIPTION 

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-
tion including: 
Faulting 
Spall ing 

Joint replacement Joint filler stripping 

Overlay All of the above and 'D' 
cracking, below. 

Slab replacement Blowups 
'D' cracking 
Corner cracking 

Mudjacking Pumping 
(May also necess- Faul ting 
itate crack filling, 
patching and joint 
replacement at the 
same site) 
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Activity N: 

Activity name 

Description/ 
Damage Condtion/ 
Mai~tenance level 

Workload Rate 

TABLE 31 

COMPARISON BETWEEN STATE PERFORMANCE STANOAROS - MUOJACKING 

S T A T E 

ILLINOIS NB~ YORK CALIFORNIA 

414 C-11 02-511 

Mudjacking Lime jacking rigid Mudjacking 
pavement 

To fill cavities under Lime jacking rigid pave- Roadbed deficiencies which 
the pavement and to lift ment is the restoring of invnediately affect safety, 
areas of the pavement cement concrete pavement riding quality, and capi-
that have settled in to the original line and tal investment, such as 
order to eliminate dips grade where slabs have excessive bridge approach 
and bring the pavement settled, by forcing a slab settlement and abrupt 
up to proper grade. To slurry of portland cement vertical variations should 
eliminate cavities and and ground limestone be given first priority in 
deter further erosion through holes in the slabs roadbed maintenance. When 
under culvert aprons, with a mud jack. It is to surface deviations exceed 
paved ditch and slope be done according to Qual- 1/2 inch between adjacent 
walls. Continued era- ity Guideline, Sec. 1.350. slabs. Corrections should 
sions may result in the be scheduled. 
complete loss of these 
facilities. 

4 - 6 Cu. Yd. daily 40 holes per 8-hr. day 3.45 Sq. Yd. per M~nhour 



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 acti.vities in sequence proceeds in much the same way 
as described in the examples in Figure 37 for flexible pavemen~s. 

COMPOSITE PAVEMENTS 

Maintenance activities for composite pavements include crack filling. 
patching, sealing, and pothole repairs. in addition to overlays. Their 
technical descriptions are similar to those given under flexible pavements 
earlier. The correspondence between activities and dam~e components and 
their order of simulation are given in Table 33. 

Maintenance calculations for all pavements 
tion of the units of repair for each activity. 
within EAROMAR to measure repair quantities are 
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Maintenance Lineal Areal 
Activity Cracking Cracking 

Crack 
Filling p 

Patching p 

I Joint Re-
~ placement 
VI 
I 

Mudjacking 

Slab Re-
placement X 

Overlay X X 

TABLE 32 

RELATIONSHIP OF ACTIVITIES TO 
RIGID PAVEMENT DAMAGE COMPONENTS 

PAVEMENT DAMAGE COMPONENT 
Longitu- Joint 
dinal Fault- Fill er 
Roughness ing Stripping 

X X 

p 

X r 

X X 

Spall- Blow- Pump- Shoulder 
ing ups ing · Dis tress 

X 

p 

p 

X , p 

X 



Maintenance Lineal 
Activity Cracking 

Crack 
Filling p 

Sealing X 
I 

N 
0 Pothole CJ\ 
I Repair X 

Patching X 

Overlay X 

TABLE 33 

RELATIONSUIP OF ACTIVITIES TO 
COMPOSITE PAVEMENT DAMAGE COMPONENTS 

PAVEMENT DAMAGE COMPONENT 
Longitu-

Areal dinal 
Cracking Rutting Roughness Potholes 

p 

X p 

p )t X 

X X X X 

Shoulder 
Dhtress 

X 



PAVEMENT ACTIVITY WORK 
TYPE UNIT 

Crack Fi 11 i ng Lineal Feet 
Patching Square Feet 

FLEXIBLE Base Repair Number 
Sealing Square Feet 
Pothole Repair Number 

Crack Fi 11 i ng Lineal Feet 
Patching Square Feet 

RIGID Joint Repair Number 
Slab Repair Number 
Mudjacking Number 

Crack Filling Lineal Feet 
Patching Square Feet 

COMPOSITE Sealing Square Feet 
Pothole Repair Number 

TABLE 34 

ACTIVITY WORK UNITS. 

-207-



Quality Standards 

GENERAL CONCEPT 

The examples in Figure 37 illustrate 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 one 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, .Q1 and Q2, on the levels.of cracking observed 
over time. It is assumed here that in each case all cracking exhibited 
is fully correct::ed. 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 R1, while the other undertakes less frequent but major 
repair Rz. Note that neither R1 nor K2 are sufficient to fill all cracks 
on the roadway. Several comments are wqr1:hy of note. 

First consider the effects of two alternative standards Q1 and Q2 
in Figure 38 B: The different quality standards result (not unexpect
edly) in two different trends in cracking observed over time. If we 
adopt a simple time average for illustration, the higher quality stan
dard Q1 results in a better (i.e., lower) average level of cracking C1, 

Second, the frequency of crack filling under Q1 is greater than 
that under Q2, in that t1 < t2- Influencing this result, however, is 
the fact that we have assumed all cracks to be repaired under both Q1 
and Q2• The actual values oft 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· :f predictions of lineal crackipg were expressed in units of 
lf 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 lf per lane mile or some index derived from this measure. This cor
respondence between the quality standard and the unit of pavement damage 
is shown clearly on the ordinate in Figure 38 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 
100% 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, vi.th more extensive repairs accomplished 
during pavement sealing. Qualifications of this type intentionally 
limit the extent of repair R in 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
tion of the pavement and designated maintenance pnlir{es. Moreover, 
since the damage function in Figure 38 acconnts f,.,-r the quality of 
both initial construction and of subsequent maintenance, rehabilita
tion and reconstruction, broad maintenance-investment tradeoffs can 
also 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 corresponding 
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 "pavecent types" 
with the "activity" identification makes it possible. for instance, 
to define separate "flexible pavement crack filling" and "rigid pavement 
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crack filling" standards within the same tn.1intenance 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 by 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 sre 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 Qin 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 a 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 
his knowledge,. of the rate of damage accumulation. Furthermore, a 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 co~ponent 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 components of the statement are connected 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 tvo 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: 

where: 

and 

ketJWo>r..d 

h. CtjWOJLJi. 

o pvu:z.to11. C. 0 YL6 .tant 

is one of a set of reserved words .n.th
in the EARDMAR system, identifying: 

(1) .individual damage components, 
(2) pavement PSI, 
(3) the time since this activity 

was last performed, or 
(4) the current roadway traffic vol

ume in AADT. 

opvu:z.toJr. is one of a set of six comparison opera
tors: 

(1) 
(2) 
(3) 
(4) 
(5) 
(6) 

EQ -
NE -
GT 
LT -
GE -
LE 

equal to 
not equal to 
greater than 
less than 
greater than or equal to 
less than or equal to 

( 176 ) 

C.On6tant is a constant value specified by the user, 
consistent in meaning and units of mea
sure with the h.eywo>r..d. 

The complete set of comparison keywords is listed in Table 35. Let us 
consider some examples of their use. 

The unit of measure 
pose a manager wished to 
appeared in a pavement. 
filling activity, then, 

of lineal cracking is lf per lane-mile. Sup
commence crack filling when 5000 lf/lane-mile 
Within his quality standard for the crack 

he would include the following expression: 

LCRACKS GE 5000 ( 177 ) 

So long as average cracking in the pavement remained below 5000 lf/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 lf/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 

PUMPING 

SHOULDER 

BASE-FAILURE 
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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 con"7, 
junction joining two expressions; if both expressions are TRUE, the 
result is 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 in 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 exacple for 
AND and OR respectively. 

Consider the following complex expressions: 

(LCRACKS GE 5000 OR PSI LT 3.5) AND INTERVAL GE 2 

NOT(LCRACKS LT 5000 AND PSI GE 3. 5) AND INTERVAL GE 2 

(179) 

(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 lf/lane-mile or the PSI falls below 
3.5, but in no case more frequently than every two years. (Note the 
change in meaning if the parentheses are removed.) 

Expression (180) is logically equivalent to ( 179). ~ithin 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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Given: 
And: 

Then: 

Also: 

FIGURE 40 

OPERATIONS INVOLVING 
LOGICAL OPERATORS 
. NOT, AND and OR 

[Expression One] , [El] 
[Expression Two] [E2] 

[El] . AND [E2] 

[El] AND NOT [E2] . 

NOT [El] AND [E2] 

NOT [El] AND NOT [E2] 

NOT [ El AND E2 ] 

[El] OR [E2] 

[El] OR NOT [E2] 

NOT [El] OR [E2] 

NOT [El] OR NOT [E2] 

NOT [ El OR E2 ] 
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= TRUE ( 181) 

= FALSE ( 182) 

= FALSE (183) 

= TRUE (184) 

= FALSE ( 185} 

= FALSE (186) 

= TRUE . ( i 87) 

= TRUE ( 188) 

= TRUE ( 189) 

= FALSE (190) 

= TRUE (191) 

= FALSE ( 192) 



( 180) is a less intuitive rendition of ( 179), logicall~· the two ex
pressions say the same thing. 

Predicate With Argument List. The predicate with argucent list 
takes the following form: 

where 

and 

p11.ecu.cat.e 

p!ted,i.cat.e = one of two reserved words with
in the EAR0?1AR system, identify
ing:· 

(1) a year within the analysis 
period 

(2) a season within the analysis 
period 

U..St • a list of one or more values spe
cified by the user, consistent in 
meaning with the p11.ecUc.a.te.. 

( 193 ) 

This convention for the Boolean expression is used within EARO
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 respect1ve 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 peri~d defined in Chap
ter 2 if the expression is to be TRUE. 

A similar approach applies to seasonal policy specifications. 
For instance, the expression 

SEASON ( FALL 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 if 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 er.press:!.c-ns: 

YEAR ( 1990 TO 1995 ) 

SEASON ( SPRING TO FALL ) 

(197) 

(198 ) 

Expression ( 197 ) assigns a TRUE value to each of the six years 1990, 
1991, 1992, 1993, 1994 and 199S, 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 S ) 

AND NOT YEAR ( 1995 TO 2000 ) 

(199 ) 

If this expression applied to the crack 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. ID 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 is always performed if 
any primary damage is present.* Within the simulation the caintenance 
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 policy. Refer to the next section. 
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all activities mu.st embody an integrated approach to the role of main
tenance in fulfilling pavement serviceability requirements. To con
sider the objectives of EAROMAR specifically, the evaluation of pre
mium pavement investments against competing maintenance alternatives 
requires a systematic treatment of the total pavement maintenance ef
fort. 

For these .reasons, quality standards are organized within what are 
termed "maintenance policies" within EAROMAR. · Each polic'y 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 is shown in Fi3ure 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 alternative 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 INTERVAL GE 2 AND RUTS GT 0.5 

RIGID PATCHING 100 INTERVAL GE 3 

COMPOSl1E PATCHING 100 INTERVAL GE 4 

BASE-REPAIR 100 ALWAYS 

FLEXIBLE SEALING 100 ACRACKS GT 10000 OR AADT GT 40000 

JOINT-REPAIR 100 INTERVAL GE 5 

SLAB-REPAIR 100 BLOHUPS GE 1 

END POLICY 

MUDJACKING 75 PUMPING GE 10 AND INTERVAL GE 2 

COMPOSITE POTHOLE-FILLING 100 POTHOLES GE l 

FLEXIBLE POTHOLE-FILLING 100 POTHOLES GE 1 

FIGURE 41 

EXAMPLE OF A POLICY SPECIFICATIOtl ENCOMPASSING THREE PAVEMENT TYPES 

--- ----- -----------------------------------------------~-------------------------



4.3 MAINTENANCE SCHEDULING AND RESOURCE CONSTRAINTS 

Background 

The prediction of maintenance requirements as a function of 
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 repairs 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 technology and resource 
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 
maintenance 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.! priori within the model ralation
ships, but rather must be specified by a user, based upon local stan
dards and practices. 

The information needed to describe maintenance technologies is 
very similar to that reported in Table 36. Its definition and 
treatment within the EAROMAR analysis is explained in the sections 
below. 
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STATE and ACTIVITY 

ALABAMA 
(Spot premix patch-
ing, hand operation) 

DELAWARE 
(Premix patching, 
hot mix; paved trav-

· el way) 

IOWA 
(Spall patching; 
roadway surface) 

LABOR 

2 truck drivers 
l la borer 
2 flagmen 

l foreman 
2 equipment op-

erators 
l laborer 
l equipment op-

era tor 
l equipment op-

era tor 
1 laborer 

2 men 

EQUIPMENT 

l fl at truck 
l dump truck 
l hot pot 
l portable roller 

1 pickup 
2 dumptrucks 
l compressor 
l roller (steel) 
1 vibratory com-

pactor 
1 cement saw (if 

required) 

l dumptruck 
l premix heater 
1 tack tank 

TABLE 36 

VARIOUS MIXES OF 

MATERIALS 

Premixed bituminous material 
Liquid asphalt 

Bituminous concrete 
Tack 
Select borrow (if required) 

Bituminous blade mix, 
Commercial premix, 
Liquid tack 

(continued next page) 

LABOR, EQUIPMENT & MATERIALS FROM SEVERAL STATES 
FOR HAND-PATCHING WITH PRE-MIX 
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(continued from previous page) 

STATE AND ACTIVITY 

MINNESOTA 
(Skin patch) 

VIRGINIA 

(Premix patch-
ing} 

LABOR 

l section truck 
driver-raker 

l tack & raker 
1 pick-up driver 

and section 
truck driver-
shoveler 

1 sweeper-shov-
eler and raker 

I 

l foreman 
4 operators 
2 maintenance 

help 

EQUIPMENT 

l 2½ ton dual-sec-
tion truck (haul 
hot mix) 

1 2½ ton dual-sec-
tion truck 

l tack tank 
l 6-pack pickup 

2 2½ ton trucks 
l roller 
1 kettle 

TABLE 36 

VARIOUS MIXES OF 

MATERIALS 

Tack and hot plant mix 
Bituminous surface material 
(fine mix) 

13 tons premix asphalt 
65 gallons RC2 
Asphalt 

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 
disaggregated within EA.ROMAR. 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 one) is 
that the list of resouce classes encompass all factors to be refer
enced subsequently in descriptions ·of technologies by activity. 
This· is not a restrictive requirement, since the use·r 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. 

Associated 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 ~ork in 
place to be attributed to the maintenance function: direct costs, as 
well as indirect costs associated 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. 

Yage 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 adjust~ent 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 ~hen 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: 

when 

and 

Factordh 

dh 
WageL is the hourly wage at which labor 

class L will be simulated 

Wagei is the base hourly wage for labor 
class L 

Factordh is a multiplicative factor, a func
tion of the type of day d (weekday 
or weekend) and hour of day h 

( 200 ) 

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 classes 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 ~nit 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 cubic yards, 
both must be based on cubic yards. This stipulation applies to all 
materials classes. 
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LABOR ADJUSTMENTS 
CLASSIFICATION BASE RATE Period 

Day-Hour Factor 

Weekday 
2400 - 0800 1.5 

0800 - 1600 1.0 
Workers $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 

Weekday 
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 COST, 
$/HR 

Dumptrucks $100 

Kettle 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, 

LIQUID-ASPH $50.00 I 

ASPH-EMULSION 50.00 I 

CHIPS 50.00 I 

BIT-CONC 50.00 I 

GRAVEL 1.00 I 

PC-CONCRETE 25.00 I 

SEALANT 50.00 I 

MESH 0.50 I 

EPOXY-ADDITIVE 75.00 I 

CURI flG- COMPOUND 10.00 I 

DIRT 0.50 I 

CEMENT 3.00 I 

WATER 0.0005 I 

TABLE 39 

DECLARATION OP 
MATERIALS CLASSES AND COSTS 
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RESOURCE CONSUMPTION AND WORK PRODUCTION 

A maintenance technology is nothing more than a method or pro
cess by which work is accomplished. In 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, ·c1) choices between labor-intensive vs. 
machine-intensive methods discussed earlier in section 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 
supervision and reliability of equipment on ~ork production. AB 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 vitally important that the description repre
sent a practical and consistent technological package. The number 
of laborers and their skills; the number and types of equip~ent; 
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. 
specified for each· activity 
quired are as follows: 

Inputs to the maintenance process are 
on the basis of a typical crew. Data re-

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 in 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 ae 
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 cechnolo
gies. 
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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 activity, 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 , 3-8, 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 
a 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 basis, 
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 joint 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 time periods, each covering any portion 
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ACTIVITY 

FLEXIBLE 
PAVEMENT 

SEALING 

RIGID 
PAVEMENT 

SLAB 
REPAIR 

LABOR 

1 Foreman 
4 Workers 

10 Drivers 

1 Foreman 
6 l~orkers 

MATERIALS 
EQUIPMENT Type Quantity 

5 Dumptrucks 
1 Loader Asphalt 
2 Rollers Emulsion 0.014 Gal/SF 
l C.hi p Spreader 
1 Broom Chips O. 001 Tons/SF 
2 Pickups 

3 Dumptrucks PC-Concrete 2.24 CY/Repair 
1 Loader Mesh 0.8 SF/Repair 
1 Roll er Epoxy 0.8 Gal/Repair 1 Compressor Additive 1 Concrete Saw 
l Vibrator Curing 0.72 Gal/Repair Compound 

TABLE 40 

DESCRIPTIONS OF TECHNOLOGY 
FOR TWO MAINTENANCE ACTIVITIES 

PRODUCTION 
RATE 

7920 SF/Hr. 

0.125 Repairs/Hr. 
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GROUP 

Activities 
Performed 

In Autumn Only 

Cold Weather Activities 
Performed From 

Autumn through Spring 

· Warm Weather Activities 
Performed From 

Spring through Autumn 

WEEKDAY WEEKEND MOBILIZATION 
ACTIVITIES SEASON (24-hr. clock) TIME 

(hours) 

Flexible 
Crack Fi 11 ing 

Flexible Autumn 1000-1500 1000-1600 0.5 

Sealing 

Flexible Pot- Autumn 
hole Filling to 0900-1200 --- 0.5 

Spring 

Base Repair 
Joint Repair 

-· 
Slab Rep~ir Spring 
Flexible to 0900-1700 1000-1600 0.5 

Patching Autumn 

Rigid Patching 
Mudjacking 

TABLE 41 

EXAMPLES OF SCHEDULING INFORMATION WITHIN EAROMAR 



of a 24-hour day, may be defined. 

Associated 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 EAR.OMAR system subtracts mobilization 
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 10:0o·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 4½ 
hours per day on weekdays and .5½ hours per day on weekends will be 
available for crack-filling and sealing. 

The us:e of scheduling 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 entire roadway is closed for ~ork, 
with traffic diverted to a temporary bypass not part of the 
route in question. 

The types of closures are illustrated in Figure 42. 

Closures affect traffic operations by introducing a te~porary 
reduction in route capacity, the analytic treatment of which is de
scribed in Chapter 5. At this point, suffice it to 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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A. LANE REDUCTION OR RESTRICTION 

-+ 
< t ,· .7 ,. -+ 

. --+ --+ ➔ -+ 
-+ ➔ -+ 

B. CROSSOVER 

+- +- +- +- +-
+- +-· +- +: 

C. DETOUR 

+- +-

FIGURE 42. TYPES OF ROADWAY CLOSURES SIMULATED 

-234-



performance. For example, where maintenance op~rations can proce~d 
on a limited scale involving only one or two lanes at a ti~e, 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 available 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 EAROHAR 
simulation, a roadway is divided into sections of uniform geometric 
and structural characteristics. Figure 44 illustrates two possibi
lities regarding the relationship between the length of a roadway 
section and that of the occupancy zone (workzone plus taper) speci
fied. If 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, If, however, the occupancy zone 
length exceeds the section length, then the reduction in capacity is 
simulated over the entire section length, with the excess zone 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. In cases where affected lanes can be easily and 
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FIGURE 43. CLOSURE LENGTH DUE TO MAINTENANCE WORKZONE 
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A. CLOSURE LENGTH LESS THAN SECTION LE~GTH 

I Roadway Section 

I Simulated Closure 

B. CLOSURE LENGTH GREATER THAN SECTION LENGTH 

!Roadway Section! 

Simulated 
Closure 

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 
prec~st concrete wall sections are employed. The implication here is 
that lane closures remain 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 capability 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 'l.1orkzone 
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 is 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 enough, the resulting work requirements would exce~d the 
maintenance dollars available for that route in that year. Put 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 EA.RO
MAR because they act as a supply-side check on the demand-side work 
projections generated through the quality standards. They injorm 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 rout~ 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~ 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 is 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 outlined 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 EAR0:·1AR sys
tem how a manager might respond to a specific situation. ·Orie option, 
mentioned above, is to adjust quality standards to see what (presUJDab
ly) lower level of maintenance must be tolerated to meet the resource 
constraints. Another is to increase resources available to the route 
under que~tion 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 avail
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 a more efficient 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 availability 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 
EAROMAR 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 compet-ing options of quality standard 
reductions .Y!.· increases in resource corranitments. 

An example of 
is shown in Table 
nual basis. 

resource constraints provided by a user to EAROMAR 
42. All constraints are assumed to·be on an an-

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 employnient levels, purchases of maintenance 
equipment, and the like. 

Within the EAROMAR simulation, these variations can be represent
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 covt-.red earlier in this 
section; and (2) a "resources" block containing data or resource con-
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RESOURCE ANNUAL 
CONSTRAINT 

LABOR 
Workers 10,000 
Ori vers 6,000 
Foremen 3,000 

EQUIPMENT 
Oumptrucks 2,000 
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 
Asph Emulsion 8,000 
Chips 500 
Bit Cone 30 
Gravel 20 
PC Concrete 150 
Sealant 200 
Mesh 1,000 
Epoxy 10 Additive 
Curing 5 Compound 
Dirt 100 
Cement 100 
Water 1,000 

TABLE 42 

EXAMPLES OF RESOURCE CONSTRAINTS 

-241-

UNIT 
MEASURE 

Hours 
II 

II 

Hours 

I 

II 

II 

Gal 
Gal 
Ton 
Ton 
Ton 
CY 

Gal 
SF 

Gal 

Gal 
CY 

Sack 
Gal 



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 jurisdictions or zones of general
ly different road characteristics simultaneously. 
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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; details 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. Workload is simply the total maintenance require
ment by season, roadway section, and activity. computed as the product 
of the current pavement condition and the respective quality standard. 
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 rates 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. From the production rate for the sealing activity 
(Table 40 ) • the total time required for sealing is estimated as: 

50,000 sf 
7,920 sf/hour = 6.3 hours (1 sf= 0.09 sm) ( 201) 

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 t~erefore require 6.3 hours of effort by each labor crew 
memcer, 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
umn 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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MAINTENANCE 
. WORKLOAD 

PRODUCTION MAINTENANCE 
RATE TIME 

· REQUIREMENTS 

UNIT LABOR., MAINTENANCE 
EQUIPMENT., AND - RESOURCES 

MATERIAL USE CONSUMED 

I TOTAL UNIT 
COSTS OF - MAINTENANCE 

RESOURCES COSTS 

FIGURE 45. CALCULATION OF MAINTENANCE COSTS 
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Resource Class 

Labor 

Foreman 

Workers 

Drivers 

Equipment ,. 

Dumptrucks 

Loader 

Rollers 

Chip Spreader 

Broom 

Pickups 

Materials 

Asphalt Emulsion 

Chips 

TABLE 43 

EXAMPLE CALCULATION OF 
MAINTENANCE REQUIREMENTS 

Seal 50,000 sf 
(4560 sm} 

6.3 MH 

25.2 MH 

63.0 MH 

31. 5 EH 

6.3 EH 

12 .6 EH 

6.3 EH 

6.3 EH 

12.6 EH 

700 Gal. 

50 T. 

(lT = 0.91 MT; 1 gal. = 3.8 litres) 
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Seal l million sf 
(92950 sm) 

126 MH 

504 MH 

. 1,260 MH 

630 EH 

126 EH 

252 EH 

126 EH 

126 EH 

252 EH 

14,000 gal. 

1,000 T. 



resources consumed equal to twenty times the quantities computed for 
the single roadwav section. These results are displayed in Colu:nn 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 to our example in Table l+l, 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 a season depend on the relative 
frequencies of each category of typical day occuring within that season. 

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.! 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 fractional 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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and the 

where: 

SUM = 5 x (WKDHRS - MOBTIM) + 2 X (WK.ERRS - MOBTI~I) 

CLSDYS 7 x WRKHRS = SUM 

WKDDYS 5 x CLSDYS = 7 

WKEDYS 2 x CLSDYS 
= 

7 

equations for tota.l closures are _as follows: 

SUM "' (5 x 'WKDHRS) + (2 x WKEHRS) 

CLSDYS • (7 x WRKHRS) + MOBTIM 
SUM 

WKDDYS • 5 x CLSDYS 
7 

WKEDYS = 
2 x CLSDYS 

7 

SUM is the weekly SUID of scheduled hours available 
for maintenance work 

WKDHRS is the number of daily weekday hours scheduled 
for this activity group 

WKEHRS is the number of daily weekend hours scheduled 
for this activity group 

MOBTIM is the mobilization time specified for this 
activity group, in hours 

CLSDYS is the number of closure days required to 
complete all work within the activity group 

WRKHRS is the total time required to complete all 
maintenance activities within this group, in 
hours 

WKDDYS is the total number of weekday closure days 
required 

WKEDYS is the total number of weekend closure days 
required 

and 5,2,7 are the weekday, we~kend, and total days per 
week respectively. 
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An example will illustrate the application of these relationships 
to a given roadway section. We estimated earlier that 6.3 hours were 
required to seal our example flexible pavement surface. From Table 41. 
crack filling is also an activity within this group, and would there
fore be performed with sealing. Suppose that a calculation (anologous 
to that performed for sealing in equation (201)) yields 5.7 hours 
required for crack filling. The total maintenance requirement for 
this activity group is then: 

WRKHRS • 6.3 + 5.7 • 12.0 hrs. 

From information in Table4lwe obtain the following: 

WKDHRS = 5.0 hrs. 
WKEHRS • 6.0 hrs. 
MOBTIM • 0.5 hr. 

AsstDDing an on-site closure, we then compute the closure days as 
follows: 

SUM = 5(5.0-0.5) + 2 (6.0 -0.5) = 33.5 hrs. weekly 

7·12 CLSDYS = -----,-.,.........,,,...--- = 2. 51 days 
33.5 

5 WKDDYS = ] • 2.51 = 1.79 weekday days 

2 WKEDYS = 7 . 2.51 = 0.72 weekend days, 

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). The road occupancy 
would be imposed only during those hours given in the scheduling speci
fications in Table 41. 

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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SUM = 5·5.0 + 2· 6.0 = 37.0 hours weekly (216) 

CLSDYS=-
7. 12.0 + 4.0 2.38 days (217) 37 .0 

5 2.38 1.7 weekday days (218) Wia>DYS= - = 
7 

2 2.38 0.68 weekend days (219) WKEDYS=- . = 
7 

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 
ni"aintenance program are computed in a similar way. In the simulation 
of their costs and impacts, activity groups are assumed to be independent 
cif one another. Thus, on any roadway section at a given ti.me 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 one to treat 
both maintenance and user costs attributable to each group in a linearly 
additive way~ 

RESOURCE USAGE 

Resource usage is 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. If 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) 

x Unit Cost (resource class, schedule) 

where "usage refers to the actual (as opposed to scheduled) ti.me 
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. 

(220) 

Mobilization costs are added to the maintenance costs computed above. 
For on-site closures the. costs of mobilization are tallied each ti.me the 
work.zone occupies the roadway. For total closures the mobilization costs 
are computed once for each work.zone. The relevant equation for on-site 
closures is then: 

Mobilization Costs (activity group) a fixed component 

x (Scheduled periods per day x Number of typical days) 

+ Mobilization Timex (Hourly Labor Charges+ Hourly 

Equipment Charges) 

and for total closures: 

Mobilization Costs (activity group) ~ fixed Component 

+ Mobilization Timex (Hourly Labor Charges+ 

Hourly Equipment Charges) 

where the mobilization time and fixed cost component are provided 

(221) 

(222) 

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 pieces 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 deterioration 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 volume 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 w~en travel demand is lowest. The premium 
prices commanded for work during other than regular hours, or within 
tight time and space constrictions, must be justified by the ;:;iinimum 
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 to 
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 <l~scription of travel de
mand consolidating these several characteristics, based upon e=pirical 
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 ~ith broad 
or long-term characteristics of demand (e.g., overall daily volume; rates 
of overall annual growth). From these aggregate quantities, core detail
ed or short-term effects will be derived (e.g., descriptions of the traf
fic mix; seasonal, daily or hourly variations). Then, in subsequent sec
tions, we will treat specific aspects of road operation necessary for 
the analysis of premi~m pavements (definition of road closure configura
tions in response to maintenance occupancy; and treatment of resulting 
congestion and queueing). 

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 Fi13ure 46. 

Within the EAROMAR system these demand characteristics can be de
scribed using the milepost convention introduced in Chapter?. For ex
ample, the specifications in Table 44 could be used to model the situation 
shown in Figure 46 assuming two roadways and a 50-50 directional distri
bution. 

MILEPOST INTERVAL 

70.0 - 73.6 
73.6 - 74.5 
74.5 - 76.2 
76.2 - 78.0 
78.0 - 83,0 

83.0 - 85.5 
85.5 - 87.9 

TABLE 44 

VARIATION IN AADT 
ALONG ROUTE LENGTH 

AADT 
ROADWAY l 

35,000 
36,750 
37,500 
38,000 
39,550 
38,500 
37,750. 
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35,000 
36,750 
37,500 
38,000 
39,550 
38,500 
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-road~ay, 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 
is appropriate for the types of roadways likeiy to be considered in a pre
mium pavement analysis. 

TIME VARIATIONS 

By definition, the AAJJT is a stable quantity, intended to measure 
only long-term time variations in travel demand. Two types of time var
iations in AAJJT 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, economic, or demographic activity. In addition, since 
the link analysis proposed for EAROMAR is 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 rei;ulting from modal shifts, or generated traffic. 

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 is 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: 

(223) 

where MADT 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 P tf'Unl<>ge of 

Trajµ Lana Truda ill 
( Tu,o Dirulioru) Duign Lana 

2 50 
4 45 (35-48)1 

6 or more 40 (25--48) 1 

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 increment MIADT remains cc~stant 
from year to year for a given roadway ser,ment, until updated or modi
fied by the user in his strategy specifications. 

Geometric growth between years T and T + 1 is computed as: 

= AADTT ( 1 + r/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 noilllal 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 possible 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 acco~plished 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 input directly 
by the user or made contingent upon the completion of a project. Once 
a future AADT level bas been assigned, it may be allowed to resume nor
mal growth under the growth pattern previously defined for the roadway 
seg.oent; 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 ac 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. 

7or each case the AADT and growth specifications are shoR"11, accom
p·anied by a schematic graph of resulting traffic demand through one anal-
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ysis period. Figure 48A projects a simple geometric growth of r 0 per 
cent from an inital AADT of v0• continuing throughout the aruilysis peri
od. This simple representation may be adequate for many analyses. ln 
Figure 48B we modify this situation to include the effects of a project 
that is presumed to change the rate of traffic growth. The new rate r 1 
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 v1• (Note that in this case the estimate of v1 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 Vi at a rate of r 1 through the remainder of the analysis period. 

Figure 49 illustrates a different type of example, where we have 
assumed steady growth of ro to be interrupted in year T by a significant, 
but short-lived, increase in traffic. (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 indicates how this 
situation could be treated using geometric growth relationships; Figure 
49B, employing linear growth conventions. Following the peak, one could 
specify either resumption of the original growth r 0 for the remainder of 
the original period, or assume some residual effect of the peak via a 
new rate r 1 (the latter option 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 vollDDe. 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: 

1. pavement loadings: 
2. volume-capacity relationships, speed-flow relationships, 

congestion and queueing; and 
3. differentiation among represent~tive types of vehicle 

operating costs, values of travel time, and other use~ 
consequences. 
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These data are conventionally derived from descriptors of traffic 
composition, particularly regarding distributions of trip pur?ose 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-ecoiiomic 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, daily 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 wi'th'trips 
in the other. If there were combined "work-shopping" trips 
in the traffic stream, these would have to be defined either~n 
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 !llore 
categories; 

3,. The set of trip purposes must be collectively exhaustive; 
i.e. the purposes defined must be sufficient to encoI:1pass 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; !u~ther 
distinctions by type of day will be discussed shortly. 
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A. 

B. 

C. 

D. 

TABLE 46 

EXAMPLES OF TRIP PURPOSE SPECIFICATIONS 

CATEGORY 

Conmuting 
Social-Recreational 
Shopping 
Personal business 
Vacation 
School 
Freight 
Service 
Passenger 

Commuting 
Personal 
Commercial Freight 
Conmercial Non-Freight 

Commercial 
Non-Commercial 

All Trips 
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WEEKDAY 

.30 

.15 

.05 
• 10 
.OS 
.10 
• l 0 
.10 
.05 

1.00 

.35 

.30 

.25 

• 10 
1.00 

.80 

.20 
1.00 

1.00 

WEEKEND 

.15 

.25 

.10 

.15 

.05 
0 

.10 

.10 
• l 0 

1.00 

• 15 
.35 
. 30 
.20 

1.00 

.80 

.20 
1.00 

1.00 

i 



To illustrate the application of these concepts within the 
EAROMAR analysis, we have listed in Table 46 s~veral 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 not necessarily recoi=ended in 
ao 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 
illustrated for three locations in Figure SO. 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 ao 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 inducina travel demand. 

Seasonal effects are included within the EAR.OMAR 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 is 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 its 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" in a 
90-day season implies that, for each of the 90 days, traffic volume 
will be projected at 130% 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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A. 

B. 

C. 

0. 

SEASON 
(Index) 

l 

2 
3 

4 
5 

6 

l 

2 
3 

4 

1 

2 

1 

TABLE 47 

EXAMPLES OF SEASONAL DISTRIBUTIONS 

LENGTH 
(Months) 

2 
. 2 

2 
2 
2 
2 

---;r 

3 

3 

3 

3 
12 

3 

9 
---;r 

12 

DISTRIBUTION 
FACTOR 
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0.7 
0.8 
1.0 

l. l 

1.2 
1.2 

0.8 
0.8 
l. l 

1.3 

0.8 
1.06 

1.0 

CHECK 
(2) X (3) 

1.4 

1.6 

2.0 
2.2 
2.4 
2.4 

12.0 

2.4 
2.4 
3.3 

3.9 
12.0 

2.4 
9.6 

OK 

OK 

12. 0 OK 

12.0 OK 



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 the 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: 

where 

= 

= 

AADT x SEASON x PURPOSE x HOURLY (225) 

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 

A. COMMUTER TRIPS B. SCHOOL TRIPS 
HOUR WEEKDAY WEEKEND WEEKDAY WEEKEND 

0001 
0100 0.00 0.00 0.00 0.00 
0200 o.oo 0.00 0.00 0.00 
0300 0.00 0.00 ·o.oo 0.00 
0400 0. 01 0.00 0.00 0.00 

0500 0.03 0.00 0.00 0.00 
0600 0.08 0.05 0.00 0.00 
0700 0.22 o. 15 0.00 0.00 
0800 o. 19 0.25 0.16 0.20 

0900 0.07 0.20 0.32 0.40 
l 000 0.05 0.05 0. l O 0.20 
1100 0.05 0.05 0.04 0.00 
1200 0.05 0.05 0.02 o.oo 
1300 0.05 0.00 0.01 0.00 
1400 0.04 0.05 0.01 0.00 
1500 0.04 0.10 0.01 0.00 
1600 0.03 0.05 o. 01 0.00 

1700 0.03 o.oo 0.02 - 0.00 
1800 0.03 0.00 0.06 0.00 
1900 0.03 0.00 o. 12 0.20 
2000 0.00 0.00 0.08 0.00 

2100 0.00 0.00 0.04 0.00 
2200 0.00 0.00 0.00 0.00 
2300 0.00 0.00 0.00 0.00 
2400 0.00 0.00 0.00 0.00 

1.00 1.00 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 

PURPOSE = 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: 

(226) 

VEHICLE TYPE 

The second aspect of traffic composition 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; 
50-Kip diesel-powered truck); 

3. by passenger or cargo capacity, 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 information 
correctly with each vehicle. Table 49 illustrates several examples 
of ways in which vehicles may be declared within the system. The last 
example is a degenerate one in which no differentiation among vehicle 
types is planned. In this case one would probably treat the traffic 
stream as consisting uniformly of so□e hypothetical composite vehicle 
having weight and operational•characteristics close to the averages 
observed for 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 composition) also 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 internal 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: 

• Automobile 
• Pickup truck 
• Single unit truck 
• 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. 

Weight. 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. 
Van 
Single-Unit-Truck 
2-S2 
3-S2 
Bus 

C. Automobile 
Truck 
Bus 

D. Vehicle 
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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 equivalericy 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 spectnnn 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 dist=ibutions. 

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 publication of the resulting AASHTO 
Interim Guide ( 3 ) for pavem·ent 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 F.AROMAR analysis will require that the 18-kip (80 kN) 
s'ingle axle equivalency of each vehicle type he estiniated. 

The procedures to be used are analogous to those now 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: 

w 18vehicle 
= E Axle equivalency 

all axles 
(227) 



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 a~le equivalency factor is a function of axle load, pavement 
type, terminal serviceability (i.e.,PSI 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 50 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 vo_lume 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 serviceability =- 2.5. 

Several states have developed their own procedures for loadometer 
table analysis which simplify the calculation shown in Figure 51. These 
procedures either (1) consolidate the z...;kip increments of vehicle weight 
in Tables 50 - 53 .into more aggregate groupings; (2) fix the speci
fication of terminal PS! and structural number or thickness at some pre
determined values, and use the equivalency factors so indicated; or (3) 
develop vehicle .11icle 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 various methods of eouivalencv factor determination 
in use, and found that they may lead in some cases to ~ubstantial errors 
(as compared to the more rigorous AASHTO procedures), especially if they 
are applied to highway types or regions markedly different from 
conditions assumed in their derivation. Nevertheless, they represent 
the types of simplifications possible in the characterization of 
traffic pavement loadings. If similar procedures were developed or in 
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TABLE 50 

TRAFFIC EQUIVALENCE FACTORS, RIGID PAVEMENT, 
SINGLE AXLES Pt= 2.5 

Axle Load D - Slab Thickness - inchc.1 

Kips kN 6 7 8 ' 10 11 

2 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 O.OJ 0.01 0.01 0.0) 0.01 
8 35.6 0.04 0.04 0.03 0.03 0.03 0.03 

JO 44.S 0.10 0.09 0.08 0.08 0.08 0.08 
12 53.4 0.20 0.19 0.)8 0:18 0.18 0.17 
14 62.3 0.38 0.36 0.35 0.34 0.34 0.34 
16 71.2 0.63 0.62 0.61 0.60 0.60 0.60 
)8 BG.I 1.00 1.00 1.00 1.00 1.00 1.00 
20 89.0 1.51 1.52 1.SS 1.57 1.58 1.58 
22 97.9 2.21 2.20 2.28 2.34 2.38 2.40 
24 106.8 3.16 3.10 3.23 3.36 3.45 3.50 
26 115.7 4.41 4.26 4A2 4.67 4.8S 4.9S 
28 124.6 6.0S S.76 S.92 6.29 6.61 6.81 
30 133.4 8.16 7.67 7.79 8.28 8.79 9.14 
32 142.3 10:81 10.06 10.10 J0.70 11.43 11.99 
34 JSJ.2 14.12 13.04 1234 13.62 14.59 15.43 
36 160.1 18.20 16.69 16.41 17.12 18.33 19.52 
38 169.0 23.15 21.14 20.61 21.31 22.74 24.31 
40 177.9 29.11 26.49 2S.6S 26.29 27.91 29.90 

TABLE 51 
TRAFFIC EQUIVALENCE FACTORS. RIGID PAVEMENT 

TANDEM AXLES Pt= 2:s 

Axle Lo3d D - Slab Thickness - inches 

Kips lcN 6 7 I 9 10 11 

10 44.S 0.01 0.01 0.01 0.01 0.01 0.01 
12 53.4 0.03 0.03 0.03 0.03 0.03 0.03 
14 62.3 0.06 0.0S o.os 0.0S o.os o.os 
16 71.2 0.10 0.09 0.08 0.08 0.08 0.08 
18 80.1 0.16 0.14 0.14 0.13 0.13 0.13 
20 89.0 0.23 0.22 0.21 0.21 0.20 0.20 
22 97.9 0.34 0.32 0.31 0.31 030 0.30 
24 )06.8 0.48 0.46 0.4S 0.44 0.44 0.44 
26 11S.7 0.64 0.64 0.63 0.62 0.62 0.62 
28 124.6 o.8s 0.8S 0.85 0.8S 0.8S 0.8S 
30 133.4 1.11 1.12 1.13 I .14 J.14 1.14 
32 142.3 1.43 1.44 1.47 1.49 I.SO 1.51 
34 151.2 1.82 J.82 1.87. 1.92 1.9S J _gc; 
36 160.l 2.29 2.27 2.3S 2.43 2.48 2.51 
38 169.0 2.85 2.80 :!.9) ~-04 3.12 3.16 
40 177.9 3.52 3.42 3.55 3.74 3.87 3.94 
42 186.8 432 4.16 4.30 4.55 4.74 4.l:6 
44 19S.7 S.26 ~-01 S.16 S.4R 5.7S S.92 
46 204.6 6.36 6.01 6.14 6.53 6.90 7.14 
48 213.S 7.64 7.16 7.27 7.73 S.21 S.5S 

Source: AASHTO Interim Guide, p. 109. (3) 
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TABLE 52 
TRAFFIC Ef'lUI\/,ll.LENCE F.IICTOPS, FLEY!8LE DIIVEMENT 

SINGLE AXLES p = 2.5 I 

Axle Load Structural Number, SN 

Kips kN 1 2 3 4 s 6 

2 8.9 0.0004 0.0004 0.0003 0.0002 0.0002 0.0002 .. 17.8 0.003 0.004 0.004 0.003 0.003 0.002 
6 26.7 0.0l 0.02 0.02 0.01 0.01 0.01 
a 3S.6 0.03 o.os o.os 0.04 0.03 0.03 

10 44.S 0.08 0.10 0.12 0.10 0.09 0.08 
12 S3.4 0.17. 0.20 0.23 0.21 0.19 0.18 
14 62.3 0.33 0.36 0.40 0.39 0.36 0.34 
16 71.2 0.59 0.61 0.65 0.6S 0.62 0.61 
18 80.1 1.00 J.00 J.00 1.00 l.00 1.00 
20 89.0 J.6l 1.57 1.49 1.47 l.Sl J.SS 
22 97.9 2.48' 2.38 2.17 2.09 2.18 2.30 
24 106.8 3.69 3.49 3.09 2.89 3.03 3.27 
26 115.7 S.33 4.99 4.31 3.91 4.09 4.48 
28 124.6 7.49 6.98 S.90 s.21 S.39 S.98 
30 133.4 10.31 9.SS 7.94 6.83 6.97 .7.79 
32 142.3 13.90 12.82 10.Sl 8.8S 8.88 9.95 
34 JSl.2 18.41 16.94 13.74 11.34 11.18 12.Sl 
36 160.1 14.02 22.04. · 17.73 14.38 13.93 IS.SO 
38 169.0 30.90 28.30 22.61 18.06 17.20 18.98 
40 177.9 39.26 3S.89 28.Sl 22.SO 21.08 23.04 

TABLE 53 
TRAFFIC EQUIVALENCE FACTORS, FLEX IBLE PAVEMENT

1 TANDEM AXLES Pt = 2.5 

Axle Load Structural Number, SN 

l{jpa ltN 1 2 3 4 s 6 

10 44.S 0.01 0.01 0.01. 0.01 0.01 0.01 
12 S3.4 0.02 0.02 0.02 0.02 0.01 0.01 
14 62.3 0.03 0.04 0.04 0.03 0.03 0.02 
16 71.2 0.04 0.07 0.07 0.06 o.os 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 0.1-1 
22 97.9 0.16 0.20 0.23 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 0.4S 0.49 o.ss 0.53. o.so 0.47 
30 133.4 0.61 0.65 0.70 0.70 0.66 0.63 
32 142.3 0.81 0.84 0.89 0.89 O.S6 0.83 
34 JSl.2 1.06 1.08 1.11 1.11 1.09 1.08 
36 160.1 1.38 1.38 1.38 1.38 1.38 1.38 
38 169.0 J.7S 1.73 1.69 1.68 J.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 2.49 2.43 2.51 2.61 
44 19S.7 3.41 3.27 2.99 2.68 3.00 3.16 
46 204.6 4.18 3.98 3.58 3.40 3.SS 3.79 
48 213.S 5.08 4.80 4,25 3.98 4.17 4.49 

Source: AASHTO Interim Guide, p. 65. (3) 
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FIGURE 52 
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) 



TABLE 54 

CALCULATION OF DAILY EQUIVALENT LOAD APPLICATIONS 

1970 1990 -
PP.UENI' LIMITS PROPOSED LIMm PRESENT LIMITS PROPOSED UMITT 

AVG, AVO, AVO, AVG, 
E18-XIP El8-XJP El8-ltJP E 18-JCJP 

DAILY LOAD DAILY LOAD DAILY LOAD DAILY LOAD 
VI.IIICLE rA\"LOAD APPU• DAJLY PAYLOAD APPU• DAILY PAYLOAD APPU• DAILY PAYLOAD ArPU• DAILY 
CLASS ADT (I.A) CATIONS ELA ADY (U) CATIONS ELA ADT (LB) CATIONS EU ADY (LB) CATIONS ELA -·----~----
A R C D B p 0 H I , I[ L M N 0 p Q ---
I. Pn.ur,:_::('r n·l,ldC".t: 

Cius. 1,8.50 0.0008 1.480 1,850 0.0008 1.480 3,900 0.0008 3.120 3.900 0.0008 3.120 
t.h•:t'rq·clcs 10 - • 10 - • 1.480 3,900 - • - • 
Du,::~. co:nm. 12 0.2000 2.400 12 0.2000 2.400 2.5 0.2000 !l.000 2.5 0.2000 5.00'J 
lh"cs, schoo,I 8 0.3000 · 2.400 8 0.3000 . 2.400 10 0.3000 : 3.000 10 0.3000 3.000 

·-- -- - -- --
si,t-101:,1 1,880 6.280 1,880 6.280 3,9115 11.120 3,98!1 11.120 

I 
l. Si11::l,·-1mit tr11d1: N ..... P;1•:.-I, pktups 140_ 0.0020 0.280 140 0.0020 0.280 300 0.0020 0.600 300 0.0020 0.600 ~ 

I · 0!'::r 4-lin:d 10_ 0.0100 0.100 10 0.0100 O.l00 25 
' 0.0100 0.250 2.5 0.0100 0.250 

2ll 120 481,200 0.1494 17.928 108 481,200 0.1990 2l.69i 220 '9!12,820 0.1494 •. 32.868 20.5 9.52,280 0.1990 40.795 
l,\ 30 296.SBO 0.3062 9.186 .29 296,.580 0.4052 11.751 .5.5 !176,34.5 0.3062 16.841 .54 _ .576,345 0.40.52 21.881 -- -- --- -- --S11h101;1I 300 - 27.494 288 33.822 600 .50.659 584 63 . .526 

3. TrorMr sC"mi-
tr11il,·t ·com/,s.: 

2-\1 2.5 163,100 0.3744 9.360 ia 163,100 0.5049 10.603 40 287,040 0.3744 14.976 35 287,040 0.5049 17.672 
2-~~ . .56 723,072 0.6137 34.367 53 723,072 0.8095 42.904 110 1,590,710 0.6137 67.507 109 -1,590,710 0.8095 Sll.236 
J-\~ 104 2,3.51,544 0.7178 74.651 96 2,351,544 0.9.546 91.742 350 9,021,950 0.7178 251.230 344 9,021,950 0.9.546 • 3:8J32 
l-~1-2 10 -- -- -- -- -S11h1olnl 19.5 118.378 170 14.5.249 .soo 333.713 488 J~J.290 

4. Tr11rl ,md /11ll 
truil, r cm11l•.r,: 8 - -- -T<'l31 2,383 1!12.152 2,338 185.3'1 5,08!1 39.5.492 !l,057 · .508.936 

• :-:rr.llrob!r. 

Source: NCHRP Report 141, p. 163. (49) 



use for high-volume routes within a particular region· or state, there is 
no reason why those factors could·not be employed wfthin 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 "pee". 

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 pee 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 observations a set of values for 
passenger car equivalents has been developed as shown in Table 55. 
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 perc·ent of trucks and road grade were the most 
important ones to capture in the EAR.OMAR analysis •. Adjustments between 
levels of service A-C and D-E appeared to be of second order; and, 

* In general. Van Til found the grea.test 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 seasonal 
conditions similar to those employed in deriving the particular methods. 
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T.11.BLE 55 
PASSENGER CAR EQUIVALENTS OF TRUCKS ON FREEl~AYS AND EXPRESS\iAYS, 

ON SPECIFIC INDIVIDUAL SUBSECTIONS OR GRADES 

.t'ASSENGER CAR tQUIVAUNT, ET 

UNOTH 
GRo\DE OF LEVELS OF SER VICt o\ TH ROUOH C FOR: LEVEU OF SERVta D AND E (CAPAOTY} FOR: 

(%} GRACE 

(Ml} 

I 3% S% lO'J., IS% 20% 3'"' 5% 10'7., 15';~ '" TRUD;S TRUCK.$ TRUCK.$ TRUCKS TRUCKS TRUCKS TRUCKS TRUCXS TRUCKS 

~] All 2 2 2 2 2 2 2 2 2 

2 ¼-½ .s 4 4 3 3 .s 4 4 3 
,,-1 7 5 5 4 4 7 5 5 4 

1½-2 7 6 6 6 6 7 6 6 6 
3-4 7 7 8 8 8 7 7 a 8 

3 ¼ 10 8 s 4 3 10 8 s 4 
½ 10 8 s 4 4 10 8 5 4 
¾ 10 B 6 5 s 10 8 5 4 

I ]0 8 6 5 6 10 I 6 5 
I½ 10 9 7 7 7 JO 9 7 7 
2 10 9 I I I 10 9 I 8 
3 10 10 10 10 10 10 10 10 10 
4 10 10 II II 11 10 10 11 11 

4 ¼ 12 9 5 4 3 13 9 .s 4 
½ 12 9 .s s s 13 9 .s ., 
¾ 12 9 7 7 7 13 9 7 7 

1 12 10 8 8 8 13 10 I 8 
I½ 12 11 10 10 10 13 II 10 10 
2 12 11 11 11 11 13 12 11 II 
3 12 12 13 13 13 13 13 14 14 
4 12 13 IS lS 14 13 14 16 16 

.s ¼ 13 10 6 4 3 14 10 6 4 
½ 13 11 7 7 7 14 11 7 7 
¾ 13 11 9 8 8 14 II 9 I 

I 13 12 10 10 10 14 13 10 10 
I½ 13 13 12 12 12 14 14 13 13 
2 13 14 14 14 14 14 IS IS IS 
3 13 15 16 16 IS 14 17 17 17 
4 IS 17 19 19 17 16 19 22 21 

6 ¼ 14 10 6 4 3 IS 10 6 4 
½ 14 II 8 8 8 15 11 I 8 
¾ 14 12 10 10 10 IS 12 10 10 

I 14 13 12 12 11 IS 14 13 13 
I½ 14 14 14 14 13 IS 16 IS IS 
2 14 IS 16 16 IS IS 18 18 18 
3 14 16 II 18 17 IS 20 20 20 
4 19 19 20 20 20 20 23 23 23 

Source: Highway Capacity Manual 1965. Highway Research Board 
Special Report 87, p. 258. (3) 
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for high-volume routes likely to be considered in a premium paYement 
analysis, the occurrence of a sustained Brade of any sip.nificant 
length was felt to be improbable. Therefore,we concentrated simply 
on the data given in Table 55 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 is 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: 

and 

where: 

~ - mG 

m • 

ET= passenger car equivalent, pee 

G = grade, per cent* 

PT= percentage of trucks, per cent* 

(228) 

(229) 

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 agreecent 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 ( 22s) 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 ( 22~ 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 minimu~ 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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Grade 
G, % 

2 

-
I 

3 

4 

5 

TABLE 56 

COMPARISON OF 
COMPUTED vs. TABULATED 

TRUCK pee FACTORS 

Percent Truck Factor 
ET of Trucks 

PT, % Comouted 

3 4.9 
5 3.9 

10 2.9 
15 2.7 
20 2.6 

3 7.4 
5 5.9 

10 4.4 
15 4.0 
20 3.9 

3 10.0 
5 7.9 

10 5.9 
15 5.4 
20 5.2 

3 12.3 
5 9.8 

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 pee 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 pee specified above. Road grade is 
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. If the grade is positive, and greater than 2.0 per cent, 
equations ( 228) and ( 229) will be used instead to estimate passenger 
car equivalent Et for each heavy vehicle type. The equivalent total 
travel demand, in passenger car units, will then be computed as: 

where: 

E a ~ Qi X pcei 
all 

= ~ AADT X SEASON X pi X pcei 
all 

vehicle vehicle 
types i types i 

E = total hourly passenger car equivalents 

Q1 = hourly demand by vehicle type, veh/hr 

pcei = passenger car equivalent by vehicle type 

pi = percentage of adjusted AADT by vehicle type 
and hour of day. 

The source of hourly percentage of AADT by vehicle type, Pi, 
be explained in a later section where we consolidate descriptions 
mand by trip purpose and vehicle type. 

<po> 
t 

will 
of de-

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 haodled 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 b.y the "fuel". inflation rate, while 
tires are assumed to increase at the 2eneral rate of inflation. 

Emissions 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 a vehicle emission le
vel factor provided by the user, defined to be: 

Vehicle Emission 
Level Factor - Level of Vehicle Emissions 

Passenger Car Emissions Under 
Equivalent Operating Conditions 

CONSOLIDATION OF TRIP AND VEHICLE CLASSIFICATIONS 

(231) 

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 t:wo 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 within 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 11 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 
drawn 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 !actors, 
. etc.) will be available when required by the system in assembli~g the -
characteristics of the total traffic stream. 

Second, the relationship between trip purpose and vehicle type au
tomatically defines and establishes internal links within the L-\ROMAR 
system between (1) all information structured by the trip purpose, and 
(2) all information associated with the vehicle type. These links are 
illustrated 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 association between the two enables the system to construct, for 
example, seasonal, daily, 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 operation, 
pavement 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 which auto 
is designated as a vehicle choice. 

The process of superposition is showi:t 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, SJ 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 within 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 in 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, it 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 PURPOSE 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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~------------- .,_ _____________ 

AUTO (95%) BUS (85%) 
f--------------- --------------

PICKUP (5%) AUTO (15%) 

AUTO INFORMATION 

I Weight 

I Fuel Type 

• Axle Equivalency 

• Passenger Car 
Equivalent 

• Usage Costs 
etc. 

FIGURE 56 

SHARING OF VEHICLE DATA'BY MULTIPLE TRIP PURPOSE 



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, illustrates a somewhat different and 
more imaginative use of the convention. The pr.oposed 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 on 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 is 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 is 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 reco111111end 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 prnblem 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 is useful to organize the several data 
that may be affected into logical organizations, and to refer to each 
collection of data simply by a name. These collections of data are 
termed traffic sets within Jhe 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 l 

PURPOSE: SERVICE-TRUCKING 

VEHICLES: 

PICKUP TIME VALUE 
PANEL TIME VALUE 

PURPOSE: FREIGHT-TRUCKING 

VEHICLES: 

SUT TIME VALUE 

COMB I NATION TIME VALUE 

Example 2 

PURPOSE: WORK COMMUTING 

VEHICLES: 

= vl 
= V2 

= V3 

= V4 

LOW-INCOME CAR TIME VALUE= V1 

. . . 

MODERATE-INCOME 
CAR TIME VALUE= V2 

HIGH-INCOME CAR TIME VALUE= V3 
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• Values of travel time by vehicle type 
and t-rip purpose. 

A number of traffic sets may be defined within an analysis. Traffic 
sets may differ from one another either in only one of the elements 
above, in several, or in all elements specified. An example ~"ill 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. In fact, each set must also include 
all other elements (seasonal, daily, hourly distributions, etc.) 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 counnuting trips within the traffic 
stream, increasing from 25% to 35%. 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- l. Finally, Set 
- 3 introduces light trucks into two of the trip categories represented 
exclusively by auto in Set- 2. Thus, the traffic sets taken 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, is 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 ef:fects of these superimpositions at 
will. 

Second, the projection of changes in demand projection, and the lo
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 

. . . 

Commuting - - - - 25% 
Commerc1'a1 ·- - - 10% 

,Personal/Social - 50% 
Other - - - - - - 15% 

TRAFFIC SET - 2 

TRIP PURPOSES 

. . . 

Commuting - - - - 30% 
Commercial - - - 10% 
Personal/Social - 50% 
Other - - - - - .; l 0% 

TRAFFIC SET - 3 

TRIP PURPOSES 
Commuting - - - - 35% 
Commercial - - - 10% 
Personal/Social - 40% 
Other - - - - - - 15% 
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VEHICLE DISTRIBUTIONS 
Auto - 100% 
SUT - 50% 3-S2 - 50% 
Auto - 100% 
Auto - 50% Light Truck - 50% 

Auto - 100% 
SUT - 60% _3-S2 - 40% 
Auto - 100% 
Auto - 50% Light Truck - 50% 

Auto - 95% 
SUT - 60% 
Auto - 90% 
Auto - 60% 

Light Truck - 5% 
3-S2 - - - - 40% 
light Truck - 10% 
Light Truck - 40% 



YEAR 

1980 

1985 

1990 

1995 

TABLE 59 

EXAMPLE OF COORDINATED TRAFFIC 
DESCRIPTIONS AND GROWTH 

ROADWAY 
MILEPOST 
SECTION INITIAL AADT GROWTH 

0 - 5 70,000 + 2000 AADT 
5 - 7 75,000 + 1000 AADT 
7 - 10 85,000 + 1000 AADT 

0 - 5 -- + 1000 AADT 
5 - 7 -- --
7 - 10 -- --

0 - 5 -- 0 
5 - 7 -- 0 
7 - 10 -- 0 

0 - 5 -- --
5 - 7 -- --
7 - 10 -- --
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TRAFFIC 
SET 

SET-1 
SET-1 
SET-1 

--
--

SET-2 

SET-2 
SET-2 
SET-3 

SET-3 
SET-3 

--



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 dat.a are assumed t<. 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 patterns 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 Illinois 
e.'CJ)ressways in 1966 and 19n. Overall two-way daily 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 

ii: 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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YEAR 

1980 

TABLE 60 

TRAFFIC CHARACTERISTICS RESULTING FROM 
SPECIFICATIONS IN TABLES 58 AND 59 

ROADWAY COMPUTED DAILY 
MILEPOST AADT COMMUTING 
SECTION TRIPS* 

. 

0-5 70,000 17,500 

5-7 75,000 18,750 

7-10 85,000 21,250 

DAILY 
TRIPS BY 

AUTO** 

57,750 
61 ;875 
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 

1995 

0-5 
5-7 
7-10 

0-5 
5-7 
7-10 

85,000 
85,000 
95,000 

85,000 
85,000 
95.000 

25,500 
25,500 
33,250 

29,750 
29,750 
33.250 

72,250 
72,250 
74,340 

66,515 
66,515 
74.340 

* Illustrates distributions of AADT by trip purpose regardless of 
vehicle type used -- in this case, auto and pickup for corrunuting 
trips. 

** Illustrates distributions of AADT by vehicle tvpe for pertinent 
trio purposes -- in this case. auto use for conmuting, personal/ 
social and nthP.r trips. 

-295-



TABLE 61 
Traffic Volume Reductions During·Reconstruction Hark on 
·Kennedy Expressway, October 1971 ~ Cook County, 111 i noi s* 

VOLUME II EDUCTION ( 'io) 

STAGE J STAG!.H 
NORMAL 
COUNT, OYEII• AM PM OVE:11• AM 

EXPRESSWAY AT 24•1111. (YEii) . ALL Pl!AK l'EAIC ALL !'EU: 

Kennedy Cum her land 130,000 40 . so so 2S 40 
Cicero 125,000 3!1 3S 45 2S 25 
Ohio 210,000 40 ~o 30 45 3.S 

Ryan 551h 230,000 l.S 45 
Edens Wilson IIS,000 so JS 

Church 10~.000 s 5 
Ei~nhowcr Sacramento 190,000 0 +s 

East J:?S.000 0 +s 
• Lnc-.:d 1.:anr c-losurn on Ry:an E:a.rrniu,w:a> i I:lkn1 :and Eiw-nha,.,·rr Ew.prns-.·a"" oprn. in full Krvi.n-. 
11 Jncr•aK. , 

TABLE fi2 . 
Analysis of Traffic Demand During 

Reconstruction Work on Edens Expressway. 
July 1966 1 Cook County. Illinois* 

TRAFl'IC DEMAND~ (Yllll) 

EXPRESS-
II.ED, 

WAY AT lllaFORE DUii.iNG DJFP. ('lf,) 

Edens Foster Ave. 110;100 87;800. 22,300 20 

Kennedy Pulaski 199,700 167,900 31,800 16 
Chic:1go Ave. 195,500 182,400 13,100 7 

• Rnurf:aC'in,: on !'!dens· •·ith 1wo 1:ann closed :.nd four orcn at an 
1in1rs: one opc-n bnc ll'"!'effl'd.. , 
· • 2~-hr d<m>nd. 2-w•J'• 

PM 
PEAIC 

40 
4!1 
so 

*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 th~ 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 ou.tside this zone. While 
Table 6.1 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 choice -- i.e., a net
work analysis of demand distribution. The problem is compounded by 
the fact that maintenance workzones move over 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) 
altemates 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 operati~g 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 EAR.OMAR analysis, bu~ cannot be at this time. 
Only by extending the EAR.OMAR 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 study, but is 
strongly recommended as·a future area of work. 
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5.2 FREE-FLOW OPERATING SPEEDS 

Introduction 

Road operating characteristics -traffic speed, flow and density
are the primary determinants of the level of service provided by a road 
facility, and atte~dant 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 ratios. 

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, 
tne 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 opeTational factors reduce this number 
to more practical limits, as identified in Table 63. To simplify ca
pacity calculations, these separate adjustments have been incorporated 
within only three terms of a general capacity relationship: 

where: 

C • 2000 N WT 

C • capacity (mixed vehicles per hour, total 
for one roadway in one direction) 
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TABLE 63 
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 
Multi lane 

Buses 

lane distribution 
Variations in traffic flow 

Traffic interruptions 

Source: Highway Capacity Manual 1965. 
Highway Research Board Special Report 
87, page 109. 
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N = number of lanes in roadway 

W = adjustment for lane wiclth and 
side clearance (see Table 64) 

T m 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 pee fac
tor Er [from eq. ( 228:)] and percent of trucks PT in the following rela
tionship: 

( 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) 

VOLUME-CAPACITY RATIO 

Similarly, the volume-capacity ratio is estimated as: 

V 

C 
- Hourly flow 

Hourly capacity 
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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 

ADJUS'TMEHT FACTOR,• W, FOR U.NE WIDTH AND U.T£RIIL Q.EARANCE 

DISTANCE FROM 
TRAFFIC LANE EDGE OBSTRUCTION ON ONE SIDE Of O0STRUCTIONS ON 0OTII SIDES Of 

TO O11...,-RUCTION ONF.·DIRlCTION ROADWAY ONE·OIRECTION ROADWAY 

(n) 

12-FT I 1-FT '~" I 9-rr 12-FT II-FT 10-FT 9-FT 
U.ND LANl:.S LANE.\ LANES LANES LANES LA.NU U.NE.5 

(a) 4-LANE D1v10EO FREEWAY, ONE D11tECTIO!-I OF TRAVO. 

6 1.00 0.97 0.91 0.81 1.00 0.97 0.91 0.81 
4 0.99 0.96 0.90 0.80 0.98 0.9S O.S9 0.79 
2 0.97 0.94 0.88 0.79 0.94 0.91 0.86 0.76 
0 0.90 0.87 0.82 0.73 0.81 0.79 0.74 0.66 

. 

(b) 6- ANO 8-LANE O1VIDE0 fRUWAY, ONE O11tECTION OF TRAVO. 

6 1.00 0.96 0.89 0.78 1.00 0.96 0.89 0.78 
4 0.99 0.9S 0.88 0.77 0.98 0.94 0.87 0.77 
2 0.97 0.93 0.87 0.76 0.96 0.92 o.ss 0.75 
0 0.94 0.91 0.8.5 0.74 0.91 0.87 0.81 0.70 

• S,uni: ndjus1m.:n1s ror c.:'\r,,·u,:i1y ::111-d nll lods of s,c-rvicc. 

Source: Highway Capacity Manual 1965. Highway Research Board 
Special Report 87, p. 256. (3) 
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For situations where no congestion is present, the ratios ( 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. For ag
gregates of vehicles a useful measure is the average running 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: 

ND ND D D 1 
u - - -- "' -- "' D 

N Nt t lND lNl 
l:ti -1:- -1:-

i=l N ui N ui 
(236) 1ml i=l 

where u1 is the speed of each vehic1e 1, Dis the distance traversed by 
each vehicle in time ti, and tis 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: 

q = 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, hc,..•ever, per
tinent relationships are often displayed instead as two-dimensional 
slices through the surface, yielding speed-concentration and speed-flow 
curves. 

* Flow is not:11'l2lly 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 tie a level of road 
service (average traffic speed) to road characteristics (flo~ 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 at
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 kj, 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 illustration of average speed values, and 
are not, strictly speaking, suitable for general demand-capacity calcu
lations. There are two reasons for this. First, the curves make no 
provisions 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. 

1dc I.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 Volume 
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from the Highway Capacity Manual 

Source: Highway Capacity Manual, 1965. Highway 
Research Board Special Report 87, p. 264. 

-305-

•N ... ... . " 



fects of roadside obstacles, presence of trucks and other factors dis
cussed earlier). This problem is remedied by replacing absolut~ 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
pacity 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 Highway 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 is 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 flow. Research on user consequences (speed, 
vehicle operating costs) as functions of surface condition for paved vs 
unpaved roads has oeen limited generally to developing countries; corres
ponding information on high-type pavements found on US freeways is scarce. 
Nevertheless, the existence of such a relationship has important implications 
for the type of analysis conducted through EAROMAR. 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 ~as conduc
ted by Karan and Haas in Ontario in 1974 (51). Data on traffic speed, 
flows, volume-capacity :ratio, speed limits, and pavement roughness (mea
sured oy a BPR roughomoter and converted into a Road Condition Index, 
or RCI) were ootained 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 RELATIONSHIPS 
USED WITHIN EAROMAR 

Sl • 0.9 DS 

S2 • 30 

S3 • Sl - S2 

S4 • (0.4 DS - 10) x V/C 

S5 • S3 - S4 

(239) 

(240) 

(241) 

(242) 

(243) 

(244) S6 • 0 (if V / C ' 0. 93) 

S6 • [(V/C) - 0.93] 
0.07 

X SS (if V / C ~ Q. 93) 

(245) 

Governing speed due to road design 

• SD • Sl - S4 - S6 

Governing speed due to speed limit 

V 
( 0.9 X SL) - ( 3.6 X C) 

Estimated Free-Flow Avera,ge Speed 

•, SPEED • MINIMUM (SD, SL) 

Where• 

OS • Freeway design speed. mph 

(246) 

(247) 

(248) 

C a Capacity of freeway or lane closure 
in lOOO's 

SL • Speed limit on freeway or of die 
lane closure 

V m Any volume in lOOO's 

S • Speed for a given volume V or 
volume~capacity ratio llic 

Source: EAROMAR Final Report, B.C. Butler, Jr., 
October 1974, pp. 101-103.(2) 
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eters. One was selected hy Karan and Haas based upon subjective evalua
tion and the model's simplicity. 

For use within EAR.OMAR 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 Js 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 
(~Sll, and expressing speeds in miles per hour in lieu of kilometers 
per hour, we obtained the following relationship for use within EAROMAR. 

where 

2 SR= 21.4 + 0.04 Si PSI+ 0.007S1 , 

SR is the limiting speed due to roughness, 

SL is the observed speed limit, mph; and 

(249) 

mph; 

PSI is the present serviceability index of the pavement. 

Then 
estimated 

where 

the free-flow average speed on a given roadway section is 
as: 

(250) 

SPEED is the predicted average speed of the traffic stream, 
mph; 

SD is the limiting speed, in mph, due to road design and 
operational parameters, as computed in eq. (246); 

s1 is the limiting sp,eed, in mph, due to the observed 
speed limit, as computed in eq. (247); and 

SR is 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 recotmI1end
ed type, placement, and extent of work.zones, required traffic warning 
devices and control methods, and allowable times of day for lane clo
sures. 

Those aspects of the problem relating to maintenance scheduling 
and work accomplishment within workzones as part of the EAROMAR analy
sis were discussed in Chapter 4. In this section, we will consider the 
operational effects of lane closures on road capacity, and develop ways 
of representing pertinent closure characteristics and their effects on 
the traffic stream within the EAR.OMAR 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 N (Traffic Controls 
for Street and Highway Construction and Maintenance Operations) of the 
Manual~ 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 th~ closures, and allowable spacing between suc
cessive closures; and 

6. Scheduling and duration of work closures; differentiatiOQ;;a.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 preceding page, cont.:) 

Graham, J. L., et al. "Accident and Speed Studies _in Construction 
Zones," Report FHWA-RD-77-80, prepared for FHWA, June 1977 (53 ) . 

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 _h, HRB, Washington, D.C., 1969 ( 52). 

"Reconditioning High Volume Freeways in Urban Areas," NCHRP Synthe
sis _£i Highway Practice~. TRB, 1974 (SO). 
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In addition to traffic routing ~hat included signing and coordination 
of traffic signals to smooth the flow of traffic), other componen~s of 
the plan included: 

1. 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 options can be investigated in 
the EA.ROMAR 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 lanes 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-site detours can be accomplished by restricting the number of 
travel lanes available, using paved shoulders as temporary lanes, em
ploying cross-overs to 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 is 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. Figure 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 Illinois, 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 trafftc 
operations 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 du~ing the analysis, as part of either the de
scriptions of maintenance activities or the specification of road pro
jects. 
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Figure 68 
Provision of Local and Express Detour Lanes During 

Work on the Eisenhower Expressway, Chicago 
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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 exist, 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-site 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 closurel help determine the changes in operational 
efficiency of the route as described below. The number of lanes available 
includes all open lanes· through. the closure zone, whether belonging to the 
roadway proper or whether te11Jporary lanes constructed for the duration of 
maintenance work. 

CAPACITY 

Several options are available for specifying 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 chat a lane closure will reduce the value of this factor. Users 
may therefore input a revised value W' over the length-of tii.e traffic 
rerouting. This factor can be specified for lane reductions and crossovers, 
but not detours. The resulting capacity is computed according to the follow
ing equation: 

where 

Closure Capacity, v-ph. = 2000 LAVAIL x W'T 

LAVAIL is 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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Tis 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 direction on freeways with only 
two roadways). For CTossovers users may therefore specify two 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 comP,uted as follows: 

where 

Reduced Capacity, vph = 2000 (N + LTEMP - LA.VAIL) laws 

LTEMP 

LAVAIL 

W" 

x W" T 

is the number of travel lanes on the 
receiving roadway, as input by the user; 

is the number of temporary lanes provided 
through the closure zone, as input by the user; 

(252) 

is the number of lanes through the closure zone 
seen by the diverted traffic, as input by the user; 

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 eqs. (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 
through the detour. These length and speed factors will 
as required in the user cost calculations in Chapter 6. 
congestion, we assume an average d~tour capacity of J500 
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Table 65 

Examples of Observed Capacities 
on Los Angeles Freeways During Road Work 

OBSERVED CAPACITY RATES FOR SOME TYPICAL 
OPERATIONS ON LOS ANGELES FREEWAYS• 

No. o{ lanes, one direction (normal 
operation) 2 3or4 4 

No. of lanes open, one direction I 2 3 

CAPACITY, ONE DIREC• 
TYPE OF OPElinON TION (VPH) 

Mcdfan b:irrier or guardr:iil repair IS00 3200 4800 
Pavement repair, mudjackinG, pave-

ment 11rooving 1400 3000 4500 
S1ripins, resurfacing, slide removal 1200 2600 4000 
Pavement marken ll00 2400 3600 
Middle lanes, any reason - 2200 3400 

-
• from: Forba., C. E.. er :i.l ... '"Rcducin~ Mo10,isi lncon,·cnitncr Due 

lo M:1in1en:1ncc Oper:11ion1 on Hiah•Volume f'rttw.a,a."' HR.B Sptt. Rtp. 
116 119Jn pp. 111.111. 

Table 66 

SUMMARY OF TRAFFIC CAPACITIES DURING CONSTRUCTION OF RA.",fPS 
AND WIDENING, SOUTHBOUND HOLLYWOOD FRE!.WAY AT LANKERSHIM 

DAY TIMI! 4-UNE 
DP OF CAPACITY' 
WEE.IC DATIi DAY WEATill!r (VPII) REMAIIU 

M 10/27/69 0830 Overcast 6400 Open 1rcnch; equipment working 
both sides. 

Th 10/30/69 0700 Sunny 6800 Open trench; loader and trueka 
working on right. 

M 11/2/69 0830 Sunny 6200 P~vement bre:iker working on 
rishL 

Tu 11/4/69 0715 Sunny 6700 Motor snder wortiag on rigbL 
w lJ/12/69 0730 Cloudy 6200 Roller and motor grader work• 

ing on righL 
F 11/14/69 0700 Clear 6200 Bollom-dump trucks and molar 

grader working on rigbL 
Tu 12/16/69 0800 Overcast 6400 P:iving ramp. 

• M11aim11m abse:ned · apacitr both brf'OIC :and alter constructlan. 7,600 wpb. 

(SOURCE: NCHRP Synthesis of Highway Practice 25, p. 22) (SOL 
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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 serviceability 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 is 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 requi~ed for traffic channeling 
or rerouting. 

For "projects" a second option is available, that of specifying 
milepost delineations for the workzone. This makes it possible to si
mulate, for example, complete rerouting of traffic from one intersec
tion to another when major rehabilitations are underway, even if the 
inters·ection 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 
workzones 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 
rush 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 is not present. 
ZS, 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) 
approaching the influence zone (i.e., upstream from the bottleneck). 

These speed components, and their 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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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 1 • The queue reaches 
a maximum at the point t2 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 2 will exit from it at time t 3, encountering a total delay time td· 
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 t4. 

QUANTIFICATION OF QUEUE CHARACTERISTICS 

The simulation of these queue characteristics (the number of vehicles 
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. In 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 illustrates 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 speed 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 73 

Schematic of Roadway Section with Queueing 

Downstream Section Bottleneck Section Upstream Section 
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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 1 to t 2 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 is determined by the dif
ference in vehicle flows (vehicles per hour) between the approach and con
gested sections; or: 

where: 

and 

Wt = speed that the shock wave travels upstream 
during time period t, mph 

llqt = difference in vehicle flow during time period t 
between congested section of roadway and the ap
proach section, vehicles per hour 

= difference in traffic density during time peri
od t between congested section and approach sec
tion, vehicles per mile. 

(253) 

The average queue length that each vehicle will experience during a time 
period of Tt hours is: 

(254) 

The total time to dissipate the queue (equivalent to the interval t 2 
to t4 in Figure 72) is TDQ in hours, estimated as 

where: Tt = duration of queue buildup 

llqt = difference in vehicle flows between congested 
and approach sections during queue buildup 

tiqt + l = difference in vehicle flows between congested 
and approach sections during queue dissipation. 

(255) 

Deterministic Method. The deterministic method conceptualizes traf
fic as a continuous fluid arriving through the approach zone at flow rate 
q1 , and released through_,,--t,he bottleneck section at a flow rate qm. If the 
arrival rate exceeds the departure rate (q1 > qm), a queue will form and 
build. At some later time the arrival rate q2 will be less than the de
parture rate (qz < qm) and the queue will dissipate. 
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In the following formulation we require the maximum density per lane 
Km for queued vehicles. This may be derived from the general traffic 
stream model in eq. ( 238 ) earlier: 

Maximum vehicle flow through queue 
Km = Speed in queue zone (256) 

The maximum vehicle flow through the queue is determined by the bot
tleneck capacity estimated from equations (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 vehicles arriving in the queue during queue buildup is 
then 

= 

The rate of queue buildup q1 is slightly greater than the flow of ve
hicles approaching the queue q1 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 1 to t2 in Figure 72 .) is Tc, the 
total number of vehicles entering the queue by the end of Tt is 

(258) 

The time TDQ required to dissipate the queue is: 

(259) 

(Note the analogy to eq. (255)) 

and, for the average number of vehicles in the queue Nt / 2, the average 
time spent in the queue is 

(Nt / 2) TSQ = 
(260) 

Finally, the average length of the queue is 

= (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 baaed on queuing analyses that considered only two levels 
of demand: peak demand (which causes queue buildup during time Tt), and 
off-peak demand (which results in queue dissipation during time TDQ). 

However, the EAROMAR system design -- and spe~ifically 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 series 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 0th.er 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 Figures75 
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 immediately downstream, the segment is independent of downstream 
effects. Whether or not the segment itself causes congestion upstream 
depends on its demand-capacity ratio in that hour. 

Congestion occurs when the traffic demand within a segment exceeds 
its hourly flow. Flow may be constrained by th.e capacity of the segment 
itself, or by capacity limitations downstream, The capacity limitations 
may be inherent in~heroad 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 also 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 td in Figure 72 ; the portion of the hourly 
demand subject to this delay is Dx 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. One 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 80 

It is very important to realize that when we speak of "delayed" or 
"queued" traffic, we are in fact referring to only~ set of vehicles. 
The reason we have defined two variables, Dx and XN, is to account for the 
effects of congestion in two dimensions -- time and space, respectively. 
It follows that the variables Dx 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 Dx ve
hicles are employed in the user cost calculations, particularly those re
lating to travel time. The space effects incorporating 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 Dx within the simulation of congestion in Figures 
75 through 80 is 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 EAROMAR, 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 information); but we cannot make~ priori 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. An 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 relationships 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: 

where 

and 

N = > DQ/2 + XN' + Dtot - V, N = 0. 

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; 

total hourly demand in this segment; 

V = flow through this segment. 

(262 ) 

*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 

K • 0/30 mph 

(263 ) 

(264 ) 

where the equation for density K represents a conservative approximation 
of eq. (256 ). The excess number of vehicles in the queue is computed 
by: 

where 

XN = N - 2 • Ls • K , XN ~ 0 

Ls = length of this segment. 

(265) 

Finally, the speed in congested flow is computed by a linear approxi-
mation to the curve in Figure 74 The equation used is: 

where 

Congested Speed • 30 Qm / C 

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 

Simulation of Road Operational 
Dependencies 

Do for each roadway section 

Do for each of 24 hours 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 

I 
I 

No 

Section is dependent Section is independent 
on downstream effects; of downstream effects; 

see Figure 76 . see Figure 79 . 

-338-



FIGURE 76 

Simulation of Roadway Section 
Dependent on Downstream Effects 

SECTION DEPENDENT ON 
DOWNSTREAM EFFECTS 

Section dependent upon follow
ing infonnation 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.g., eq. 226) 

B. Excess demand Dx (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., eqs. 232 , 251 , 252 ) 

If Dtot > C and C < Om, 

treat as a new bottle

neck section (Figure 77 ) 
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Figure 77 

Simulation of Bottleneck Sections 

BOTTLENECK SECTION 

Determine limiting capacity .Q m = C 

( pass to upstream section ) 
' 

A. · Set V = C = ~; VI c = 1. 0 

B. Excess demand D x = D tot - Qm 

( pass to next hour within section ) 

C. Excess number of vehicles 

in queue XN = D tot - 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 limiting capacities and hourly flows: 

Om= MIN (Qm , C) 
(pass to upstream section) 

V = MIN (Qm, Dtot) 

Compute effective volume-capacity ratio as: 

Vic= Qm/c 

Compute congested speed from eq. (266). 

Compute N, number of vehicles 
in queue, using eq. (262) 

Compute length of queue, L, 
using eqs. (263, 264). 

. I 
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(Figure 78 , cont.) 

Compute XN, excess number of vehicles 
in queue (if any) which cannot be stored in 

this segment, using eq. (265) 
Compute excess demand Dx = 

0tot - V 

(pass to next hour within section) 

A. If L < section length Ls, 
apply congested speed (eq. 266) 
to L only; compute free flow 

speed (Fig. 61) for length Ls - L 

B. Upstream section will be 
independent of downstream 

effects. 

A. If L ? section length Ls, 
apply congested speed (eq.266) 

to entire section L
5

• 

B. Pass excess number of vehicles 
XN to upstream section 

for this hour 

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 

Compute hourly section demand Dtot 
as sum of: 

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) 

Compute demand-capacity ratio 

= Dtot / C 

I 
I 

' 

If Dtot/C < 1, > If Dtot/C = 1, 

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) 

Flow= Demand 

V = 0tot 

Capacity= C 

Vol1.B11e/Capacity Ratio= V;C 

Compute free-fl ow speed 

from Figure 61 • 

Continue processing 

to next hour or section 
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Notes to CHAPTER 5 

Note l. 

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. Furthennore, although they could conceivably 
be coupled with an EAROMAR-type analysis in the future, there are sev
eral intennediate issues that would need to be addressed: (1) valida
tion of de~and model predictions; (2) data availability; (3) scope of 
model (urban versus intercity projections); and (4) need for network 
(as opposed to link) 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 detennination 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. 



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, oil, 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 cos.ts 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 EAR.OMAR 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 EAR.OMAR 
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 

Operating Costs: 

F1.iel Consumption 

Oil Consumption 

Tire Consumption 

Spare Parts Consumption 

Maintenance Labor Hours 

Depreciation Costs 

Travel Time Costs 

Accident Costs 

Pollution Levels 

HIGHWAY & TRAFFIC PARAMETERS 

-348-

Distance 

Pl us Gradients 

Minus Gradients 

Horizontal Curvature 

Roadway Capacity 

Road Surface Conditions 

Speed 

Speed Changes 

Hourly Traffic Volume 

Traffic Composition 

Vehicle Characteristics 

Value of Travel Time 



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 (S8) and 
this forms the bas·is fo rthe development of the internal fuel consump
tion regression relations. The basic fuel consumption rates on level 
tangents at uniform speed are modeled as follows, by vehicle type; 

FLG = A+ B/S + cs2 (267) 

where Bis the idle consumption rate, in gallons per thousand hours 
Sis the vehicle speed, in miles per hour 
FLG is the fuel consumption rate, in gallons per thousand miles 

and A and Care functions of the gradient, as follows: 

A = F - 3B/(2S) 
0 0 

(268) 

(269) 

where S is the speed at which the fuel consumption rate is minimal 
0 

F is the minimal fuel consumption rate. 
0 

Expressions for S0 and F0 , and hence for A and 
have been formulated as follows: 

s = + Ga2 a al 0 0 

F = b + b Gb2 
0 0 1 

C and FLc as well, 

(270) 

(271) 

Regression analysis performed on the Claffey data using the above 
relations provided the constants and correlations presented in Tables 
68 and 69. The r 2 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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B 

ao 
al 
a2 

bo 
bi 
b2 

r2 

* 

TABLE 68. Coefficients for Fuel Consumption 
on Positive Gradients 

Car · Pickup Six-Tire 

580 450 650 

30 25 20 
0 0 -0.024 
0 0 2.821 

44 47 59 
6.8 9.75 22.64 
l . 177 1.04 1. l l 

0.98 0.98 0.97* 

for G < 9 % 

B 

ao 
al 
a2 

bo 
bi 
b2 

r2 

TABLE 69. Coefficients for Fuel Consumption 
on Negative Gradients 

Car P.ickup Six-Tire 

580 450 650 

30 25 20 
0.0000444 0.00106 0.067 
6.285 4. 19 2.96 

44 47 59 
-14.2 -12.6 -12.62 

0.445 0.512 0.552 

0.93 0.95 0.96 
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Semi-Trailer 

840 

35 
-5. 51 
0.806 

163 
84.4 
1. 13 

0.97* 

Semi-Trailer 

840 

35 
0.0038 
3.52 

163 
-64.34 

0.344 

0.85 



the Claffey data are given in Figures 81 and 82. 

To correct for curvature effects, the following regression rela
tions were developed: 

where 

and 

a multiplicative correction 
is the vehicle speed, in miles 
is the curvature, in degrees. 

factor; 
per hour; 

(272) 

The constants obtained from the regression are as given in Table 70 . 

The effects of speed change cycles were modeled as follows: 

C:.FL = a(S • e:.sl. 44 ) b 
SC 

(273) 

where C:.FLsc 
s 

tis 

is the excess fuel consumed during a speed change cycle. 
' is the initial speed; 

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: 

where FR is a multiplicative roughness factor; 
S is the vehicle speed ; 

(274) 

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: 

(275) 

where FL is the total fuel consumption rate; 
FLG is the base rate as a function of grade and speed 

Fe is the curvature correction factor; 

FR is the roughness correction fa~tor; 
' and t.FLsc 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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Car 

Pickup 

Six-Ti re 

Semi-Tra i 1 er 

Car 

Pickup 

Six-Tire 

Semi-Trailer 

TABLE 70 

COEFFICIENTS FOR FUEL CONSUMPTION 
ON CURVES 

a b 

5.00 10- 7 2.49 

l . 02 lo- 9 
3.52 

3.69 10- 8 3.02 

2.65 10- 6 2. 14 

TABLE 71 
COEFFICIENTS FOR FUEL CONSUMPTION 

DURING SPEED CHANGES 

a b 

.00007784 0.56 

.000096 I 0.51 

.000279 0.50 

.000615 0.62 
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r2. 

0.90 

0.86 

0.94 

0.83 

r2 

0.99 

0.86 

0.96 

0.94 



Car 

Pickup 

Six-Tire 

Semi-Trail er* 

* 

TABLE 72 

COEFFICIENTS FOR FUEL CONSUMPTION 
INCREASES DUE TO ROUGHNESS 

a b 

3. 10 10-s 2.50 

2.60 10 
- 10 

5.08 

0.29 1.00 

0.29 1.00 

No data presented, so we are assuming same 
relation as for six-tire truck. 

a 

WO 

TABLE 73 

COEFFICIENTS FOR FUEL CONSUMPTION 
AS AFFECTED BY VEHICLE WEIGHT 

CAR 5-kip 12-kip 40-kip 

0.29 0.29 0.19 0.05 

4 5 12 45 

r2 

0.99 

0.85 

0.85 

0.85 



For diesel fuel consumption rates, NCHRP 111 presents gasoline
diesel conversion factors for various 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, 

FD = 0. 67 for diesel vehicles, 

FD = 1.00 for gasoline vehicles. 

The factor FD 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 weight relation was developed 
from NCHRP 111, as follows: 

(276) 

These factors are shown in Table 73. 

The final fuel consumption relation is then as follows: 

(277) 

Oil Consumption 

While the cost of lubricating oil is not generally a major component 
of running costs, numerous 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 oil 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 follows: 

where 

and 

( 2) FP/ ( 1 1 'S2) OIL = FL· a 0 + a 1S + a 2 S · OP= FL· a 0 + a 15 + a 2 • 

OIL 
FL 
s 

FP 
OP 

is the 
is the 
is the 
is the 
is the 

oil consumption rate in quarts per 1000 mile~ ; 
fuel consumption rate in gallons per 1000 miles; 
vehicle speed, in mph; 
fuel price, in dollars per gallon; 
oil price, in dollars per quart. 

(278) 

The constants of regression were deterl!lined 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. 



I 
FP, $/ GAL. 

OP, $/QT. 

ao 

al 

a2 

a' 0 

a' 1 

a' 
2 

r2 

Speed } . 
Range mph 

TABLE 74 

COEFFICIENTS FOR OIL CONSUMPTION 

AS A FRACTION OF FUEL CONSUMPTION 

CAR I 5-kip 12-kip 40-kip 

0.23 0.22 0.20 0. 18 

0.60 0.55 0.40 0.20 

0. 193 0. 168 0. 102 0.01133 

-0. 00118 -0.00140 -0.00100 0.00125 

0 0 0 -0.0001833 

0.0740 0.0672 0.0510 0.0110 

-0.000452 --0.000560 -0.000500 0.001125 
I 

0 0 0 -0.000165-

0.93 0.92 0.93 0.88 

10-60 . l 0-50 10-50 10-50 
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50-kip 
DIESEL 

0. 16 

0.20 

0.06 I 

0.005 

-0. 0001 

0.0480 

0.004000 

--0.000080 

1. 00 · 

10-50 



Tire Consumption 

Tire tread wear is 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, or 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: 

(279) 

where TCs is the tire consumption rate due to speed on tangent sections, 
in tires per thousand miles; 

S is 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 consumption was assumed to be independent 
of grade. The effects of curvature were derived from Claffey's data, 
with the following regression model being used: 

where Tc is the multiplicative speed-curvature correction factor; 
S is the vehicle speed in miles per hour; 

and C is the curvature, in degrees. 

(280) 

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 developed from Claffey, 
using the following regression model: 

where Tse is the tire consumption rate due to a speed change, in 
tires per thousand cycles; 

~S is the magnitude of the speed change; 
and TP is the tire price, in dollars per tire. 

(281) 

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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CAR 
5-kip 
12-kip 
40-kip 
50-kip diesel 

ALL 
VEHICLE 

TYPES 

TABLE 75 

COEFFICIENTS OF TIRE CONSUMPTION 
ON TANGENT SECTIONS 

TP, $/TIRE a b 

23.00 0.0185 1.29 
32.00 0.0269 1. 22 
66.00 0.0621 1.20 

120. 00 0. 1098 1.26 
120.00 0. 1490 1.25 

TABLE 76 

COEFFICIENTS OF TIRE CONSUMPTION 
ON CURVES 

a b 
ALL 

VEHICLE 3.244 ,o-a 4.33 
TYPES 

TABLE 77 

COEFFICIENTS OF TIRE CONSUMPTION 
DURING SPEED CHANGE CYCLES 

TP, $;TIRE a b 

23.00 0.695 1.27 
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a' 2 
r 

0.000804 0.98 
0.000841 0.99 
0.000941 0.99 
0.000915 0.99 
0.001242 0.99 

2 
r 

0.95 

I 2 
a r 

0.03022 0.98 



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: 

s FR= 0.68 + 1.3(4.5 - PSI) 

F:c= 0.49 + 1.77(4.5 - PSI) 

(282) 

(283) 

where F~ is the multiplicative roughness factor on tangent sections; 

r:c is the multiplicative roughness factor during speed changes ; 

and PSI is the road serviceability index. 

Thus, the final tire wear model would be: 

( S SC W TC• TCs • FR • Tc+ Tse • FR ) • /wQ (284) 

for each vehicle type. 

Maintenance Parts and Labor Costs 

With respect to engineering economy analyses, the maintenance 
expense of a vehicle is 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 is 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 overall 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 ~peed, 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 is much more 
related to time, mileage, and driver behavior. This would be repre
sented in the model as a constant 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 conditioos. 

With the exception of the TRRL Kenya Study (60), all the available 
depreciation relationships assume that the total mileage, and hence the 
per-mile depreciation, 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 localized 
link speed reflecting .the highway design parameters of condition and 
geometrics, and in the EAROMAR framework, capacity 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: 

"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. In 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, it presents considerable difficulties by its introduction 
into the analysis. Once the value of time is a function of the amo~nt 
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 their 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: 

where VTTS is the value of the travel time savings, in dollars; 
6T is the time saved, in minutes; 

and I is the annual income of the motorist, in thousands of 
dollars. 

The results are given in Table J8, 

(285) 

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 in the 
analysis: 

MVTTS = d(VTTS) - ab + a
1

b
1
I, 

d6T - l o 
(286) 

and the expected value of marginal travel time savings is as follows: 

l287). 

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 ao al bo bl r2 

VACATION 1 
-0.0360 0.0348 -0.3462 0.2144 1.00 

WORK
2 

-0.0504 0.0269 -0.3121 0. 1909 0.99 
SOCIAL 1 

-0.3465 0.0700 -1 . 1 910 0.2139 0.99 
BUSINESS 1 

-0.2652 0.0421 -1.9800 0. 551 5 0.99 
SCHOOL 2 

-0.4887 0.0735 -1. 2000 0.1718 0.97 

L Value of time per vehicle 
2. Value of time per person 
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the user input the marginal value of travel time savings directly. The 
latter is 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, road 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 construction 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 concentrations of accidents at interchanges and 
transition zones identify those roadway locations 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 operations within a con
struction zone is an important factor in the safe opera
tion of the zone. 

Number of Accidents 

The accident study portion of the research looked at the accident 
experience of construction zone roadways before and during construc
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 11 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 construction; 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 their 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 ratio 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 detailed 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. In the absence of such 
an analysis, the following relationship is recommended for incorporation 
into the roadway occupancy zone accident calculations: 

r 2 = 0.96 (288) 

where MCC is the percentage increase in accident rate due 
to the roadway occupancy; 

Nn is the number of lanes under normal operating conditions; 
and NC is the number of lanes available during the construction 

or maintenance operations. 

This relation, and the data from Table 79, are plotted in Figure 83. 
which indicates the extremely high correlation of this closure measure 
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TABLE 79. EFFECT OF DEGRADING VARIOUS ROAD TYPES 

Original Roadway Construct ion 
Number Mean Accident Roadway Mean Acci-

Roadway Tvpe Projects Rate {100 MVM) dent Rate (100 MVM) 

6 or 8-lane Interstate reduced 
to 2 lanes each direction 8 193. 96 204.23 

6 or 8-lane Interstate reduced 
to l lane each direction 3 227. 91 489.22 . 

4-lane Interstate reduced to 
1-lane each direction . 22 136. 16 229.55 

4-lane Interstate reduced to 
2-lane, 2-way 2 40.68 100.58 

4-lane divided reduced to 
1-lane each direction 5 314.73 361.46 

.4-lane divided reduced to 
2-lane, 2-way 5 177. 09 205.16 

4-lane divided on new alignment 6 249.08 200.52 
4-lane undivided reduced to 

2-lanes 3 801.46 761.99 

5-lane undivided w/TWLTL reduced 
to 2-lanes 3 488.25 776. 14 

2-lane reduced to 1-lane 7 363.99 475.73 
2-lane on new alignment 11 636.77 545.55 

75 

% Chanqe 

+5.3 

+114.7 

+68.6 

+147.2 

+14.8 

+15.9 

-19. 5 

-4.9 

+59.0 
+30.7 

-14.3 
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TABLE 80 

MEAN ACCIDENT RATE BY TYPE OF CONSTRUCTION (lOOMVM J 

NUMBER MEAN ACCIDENT 
TYPE OF CONSTRUCTION PROJECTS RATE BEFORE 

CONSTRUCTION 

Resurfacing, Pavement Patching 26 147.73 

Bridge Work 5 88.27 

Median Barrier Work 15 187. 16 

Widening of Existing Roadway 12 577. l 0 

Upgrading to Interstate Standards 9 167.65 

Reconstruction of Existing Roadway 2 278.98 

Construction of New Roadway 5 213. 49 (New Alignment) 

Other 1 137. 36 
--

75 
....... , ... 

· ·'.TABLE 81. MEAN ACCIDENT RATE BY AREA TYPE 

AREA TYPE 

Urban 
Rural 

Mean Accident Rate 
Before I 

273.54 

140.45 

(100:tvNM} 
During 

304. 70 

145.59 

PERCENT 
CHANGE 

+ 11. 4 

+ 10. 1 

MEAN ACCIDENT 
RATE DURING 

CONSTRUCTION 

159. 04 

132. 47 

203.87 

593.21 

194.65 

371.97 

214.27 

137. 36 

PERCENT 
CHANGE 

+ 7.7 

+ 50. l 

+ 8.9 

+ 2.8 

+ 16. l 

+ 33.3 

+ 0.4 

-0-



TABLE 82 

MEAN ACCIDENT RATE BY WORK AREA ROADWAY TYPE 

WORK AREA NUMBER MEAN ACCIDENT 
ROADWAY TYPE PROJECTS RATE (lOOMVM) 

Lane Closure 48 204.23 
J 

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 l 419. 35 --
75 
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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. Therefore, 
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 
accidents with and without road occupancy: 

Ni = AR * AHTi * L (289) n n 

Ni = Ni* ( 0.8403 + 0.6318 Nn/Nc) (290) 
C n 

where Ni is n the normal number of accidents in the i th hour 

ARn is the normal accident rate, per million vehicle miles; 

AHT1 is the average traffic in the 1th hour, in vehiclesi 

L is the section length, in miles; 

Ni 
C 

is the number of accidents in the i th hour in the 
presence of roadway occupancy; 

Nn is the number of lanes normally operational; 

and Nc is the number of lanes operational during the 
roadway occupancy. 

Accident 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 obtainable 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 model. 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 Durina Chanae (%) 

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-Off-Road 706 520 -26.3 
Roll 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 l ,467* l ,443* -1. 6 
Ice/Snow 706* 548* -22.4 
Unknown 786* 911* +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 (C.). 
i 

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: 

Ni,j = Ni * pj (291) 

Aci,j = Ni,j 
* cj (292) 

where Ni,j is the number of accidents in the 1th hour of severity 
class j (for either normal or occupancy cases), 

' 

pj is the fraction of total accidents of severity class j ; 

Aci,j is the accident costs in the i th hour for severity class j. 
' 

and cj is the average cost for an accident of severity class j. 

6.4 AIR 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 is incomplete, 
carbon monoxide is always present. Minor components, but important ones 
from an air pollution standpoint, are hydrogen, oxygen, unburned 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 motor 
vehicle emissions, which are taken by most researchers to be primarily 
weight and speed. Reference (57) presents graphs of hydrocarbon 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 modeled 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 unifonn speed (reference automobile) 
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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 (reference automobile) 
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Figure 87. Hydrocarbon emissions added from speed changes 
per 1,000 vehicle-miles (reference automobile) 
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Uniform SEeed Emission Levels 

ELS = 0.01221 + 0.56167 s-1 

RCS = ELs * (1.1640 + 0. 0391 S) * 10-2 

cos =ELS* (98.8360 - 0.0391 S) * 10-2 

where ELS is the passenger car emission level in 
vehicle mile (lb/VM); 

HCs is the hydrocarbon emission level; 

COs is the carbon monoxide emission level; 

and s is the uniform vehicle speed in mph. 

Freeway Speed Change Emission Levels 

ELsc = 0.010523 + 0.008055 (V/C) 

HCsc = ELsc * (0.22 + 0.20(V/C) ) * 10-2 

COsc = ELsc * (99.78 - 0.20 (V/C) ) * 10-2 

r2 = 0.99 

r2 = 0.99 

r2 = 0.99 

pounds per 

where ELsc is the passenger car emission level due to speed 
change cycles on normal freeway operation, in lb/VM 

HCsc is the hydrocarbon emission level; 

COsc is the carbon monoxide emission level; 

and V/C is the volume/capacity ratio. 

Queueing Emission Levels 

where 

ELq 

HCq 

coq 

= 0.04531 + 0.01746 (V/C) 

= ELq * (0.68 - 0.25 (V/C) ) * 10-2 

= ELq * (99.32 + 0.25 (V/C) ) * 10-
2 

is the passenger car emission level due to queue
ing operations, in lb/VM; 

HCq is the hydrocarbon emission level; 
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and V/C is the volume/capacity ratio, 

Total Passenger Car Emissions 

ELT = ELS + ELSC + oqELq (302) 

HCT = HC s + HCSC + oqHCq (303 

COT = C08 + COsc + oqcoq (304) 

where oq is 1 if queueing occurs, 0 otherwise, and all quantities are 

as given above. 

The results for vehicles other than passenger cars are developed 
from the above relations using adjustment factors defined by the user. 
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7.1 CONCLUSION 

CHAPTER 7 

CONCLUSION AND 

POTENTIAL APPLICATIONS 

The EAROMAR system performs economic analyses of freeway construction, 
maintenance and rehabilitation policies, encompassing both the structural 
(j.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 technical 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 alternatives. 

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. Users 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. Flexible, 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 employed, 
including crew compositions, 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 inflation. 

S. 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 construction - reha
bilitation-maintenance options. 

7. The economic analysis may be tested simultaneously under several 
assumed discount rates. Differential inflation rates may be applied to 
maintenance labor, equipment and materials; to 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. In 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 l. It should also be apparent from 
Chapters 2-6, however, that in its general approach to highway performance 
and cost modeling, EAR.OMAR is appropriate to a much larger set of problems 
involving pavement construction, mainten.ance and rehabilitation. Below 
we outline what we see are some potential uses of the EAROM.AR 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 options 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 C0111I11only discussed management problems fall 
under this set of options, including economic warrants for premium pave
ments; deferred maintenance; staged construction; and variations in 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 policies 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, attributable to a given 
vehicle class. This procedure is relevant to the problem of cost alloca
tion being addressed by the Federal and several State governments today. 
Because EAROMAR conducts an economic analysis, it predicts only the costs 
occasioned -- not necessarily 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, rehabili
tation costs, and changes in vehicles operating 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 developed for various pave
ment designs in different environmental regions. 

4. In its maintenance and user consequences 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 res·ource 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 modify the program in 
the future to incorporate this additional information in the analysis results. 
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FIGURE 88 

SEASONAL ROAD CONDITIONS BY ROADWAY 
CRACKING POT DAMAGED PUMPING DAMAGED BASE 

PAVEMENT LAUE ----------- ROUGHNESS RUTS HOLES FAULTS JOINTS SPALLING BLOWUPS JOINTS SHOULDERS FAILURES 
YEAR TYPE Ml LES PSI FT/LI.I SF/LM ( IN/LM) ( IN) (-/LM) (11/LM) (# /LM) (SF/LM) (11/LM) (#/LM) ( FT /M) (#/LM) 

-------- ---- - --- ----- ----- --------- ---- ------- ------ ----- -------- ------- -----·- --------- --------I 

SPR !MG 1 974 FLEX IBLE 17;5 3.7 o. o. 61. 0.23 1. o.o o.o 
~UMl,l[R 1 974 FLEXIBLE 17. 5 3_7 c_ I) . 62. 0.32 1. 0.0 o.o 
AljTIJMN 1 974 FLEX IBLE 17.5 3.6 o. 0. 64. 0.36 1. o.o o.o 
UNTFR 1 974 F LEXIBI.E 17.5 3.6 o. o. 65. 0.36 1. 0.0 o.o 

Al•,r,UAL 1 974 F LEXlBLE 17. 5 3.6 o. 0. 63. 0.32 1. o.o 0.0 

S.-R:NG 1 975 FLEXIBLE 17. 5 3.5 o. o. 66. 0.40 1. 0.0 o.o 
SUMMER 1 975 FLEXIBLE 1 i. 5 3.9 o. o. 59. 0.27 1. o.o 0.0 
AIJ!U'-lrl 1 975 FLEX IBLE 17. 5 '3.13 o. 0. 60. 0.31 1. o.o o.o 
\HUTER 1975 FLEX IBLE 17. 5 3.8 o. 0. 61. 0.31 1. o.o o.o 
----------------------------------------------------------------------------------------------------------------------------------
Al\rlUAL 1 975 F LEX16LE 17.5 3.8 0. 0. 61. 0.32 1. 0.0 o.o 

SPfllNG 1 976 FLEX IBLE 17. 5 3.8 0. 0. 62. 0.34 t. 0.0 (I. 0 
S'jWcER 1 976 FLEX IBLE 17.5 3.7 o. o. 62. 0.34 1. o.o o.o 
AUJ1.:r.1N 1 976 FLEXIBLE 17. 5 3.7 o. o. 63. 0.38 t. o.o 0.0 
WlNTER 1976 FLEXIBLE 17.5 3.7 O. 0. 64. 0.38 1. 0.0 0.0 

~ --------·-------------------------------------------------------------------------------------------------------------------
CX> ANNUAL 1 976 FLEXIBLE 17.5 3.7 o. 
N 

0. 63. 0.36 1. o.o 0.0 
I 

SPRING 1 977 FLEXIBLE 17.5 3.6 o. 0. 64. 0.41 1. 0.0 o.o 
SUMMER 1 977 FLEX IBLE 17.5 3.6 0. o. 65. 0.41 1. 0.0 o.o 
AUTUMN 1977 FLEXIBLE 17. 5 3.6 o. 0. 66. 0.43 1. o.o 0.0 
WINTER 1 977 FLEXIBLE 17. 5 3.5 0. 0. 66. 0.44 1. 0.0 o.o 
------------------------------------------------------------------------------------------------------------------------------
ANNUAL 1 977 FLEX IBLE 17. 5 3.6 o. 0. 65. 0.42 1. o.o o.o 

~PR IrlG 1 97S FLEX IBLE 17. 5 3.5 0. 0. E7. 0.45 1. 0,0 o.o 
surr.r~ER 1 97i3 FLEX IBLE 17.5 3.5 o. o. 67. 0.45 I. 0.0 o.o 
AUTUf~N 1 97B FLEX IBLE 17. 5 3.4 o. 0. 68. 0.48 1. 

I 
0.0 0.0 

~JI NTER 1 978 FLEX IBLE 17. 5 3.4 o. 0. 68. 0.48 1. o.o o.o 
-----------------------------------------------------------------------------------------------------------------------------
ANNU.•. L 1 978 F LEXleLE n. is 3 i:; IJ. ll , 67. 0.4? 1. o.o o.o 

SPRING 1 979 FLEX IBLE 17. 5 3.4 o. 0. 69. 0.49 1 • o.o o.o 
SUMMER 1 979 FLEXIBLE 17. 5 3.4 o. 0. 69. 0.49 1. o.o 0.0 
AUTL!MN 1 979 FLEX IBLE 17. 5 3.3 o. 0. 70. 0.51 1. 0.0 o.o 
WINT!:R 1 979 FLEXIBLE 17.5 3.3 o. o. 70. 0.51 1. o.o o.o 
----------------------------------------------------------------------------------------------------------------------------
ANNUAL 1 979 FLEXIBLE 17.5 3.4 o. 0. 69. 0.50 1. 0.0 o.o 

SPRING 1 980 FLEXIBLE 17.5 3.3 0. 0. 71. 0.52 1. o.o 0.0 
SUMMER 1 980 FLEXIBLE 17.5 3.3 o. 0. 71. 0.52 1 • 0.0 0.0 
AUTUMN 1 980 FLEXIBLE 17.5 3.3 o. 0. 72. 0.54 · 1. o.o o.o 
WINTER 1980 FLEXIBLE 17.5 3.2 o. 0. 72. 0.54 1. 0.0 o.o 
-- ------------------------------------------------------------------------------------------------------------------------
ANNUAL 1980 FLEXIBLE 17.5 3.3 o. 0. 71. 0.53 1. o.o o.o 



FIGURE 89 

SEASONAL EXPENDITURES BY ROADWAY 

MAINTENANCE COSTS BY ACTIVITY ($1000) 
CONSTRUCTION COSTS ($1000) ----------------------·----------------------------------------------------------------------------- CRACK BASE JOINT SLAB MUD POTHOLE 

YEAR LUMPSUM VARIABLE TOTAL FILLING PATCHING REPAIR SEALING REPAIR REPAIR JACKING FILLING TOTAL 
------- -------- -------- ------- -------- ------ ------ ------ ------ ------- -------

SPRING 1974 o.o 0.0 o.o o.o o.o o.o o.o o.o o.o o.o o.o 0.0 
SUIAMER 1!)74 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 0.0 
AUTUMN 1974 o.o 0.0 o.o 0.0 o.o o.o o.o o.o 0.0 o.o 0.3 0.3 
WINTER 1974 0.0 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 
-----------------------------------------------------------------------------------------------------------------------
ANNUAL 1974 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 0.3 0.3 

SPRING 1975 78.4 429.1 507.4 o.o o.o o.o 0.0 o.o o.o o.o 0.2 0.2 
SUMMER 1975 o.o 0.0 o.o o.o o.o o.o 0.0 o.o o.o o.o o.o o.o 
AUTUMN 1575 o.o 0.0 o.o o.o o.o o.o o.o o.o o.o o.o 0.3 0.3 
WIIHER 1975 0. (l I). 0 o.o o.o 0. I) o.o o.o o.o o.o o.o o.o o.o 
---------------------------------------------------------------------------------------------------------------------
ANNUAL 1975 78.4 429.1 507.4 o.o o.o o.o o.o o.o o.o o.o 0.5 0.5 

SPRING 1976 0.0 o.o o.o o.o o.o o.o 0.0 o.o o.o o.o 0.3 0.3 
I SUMMER 1976 o.o 0.0 o.o 0.0 o,o o.o 0.0 o.o 0.0 0.0 o.o 0.0 w 

OJ AUTUMN 1976 o.o o.o o.o o.o 0-0 o.o o.o o.o o.o o.o 0.3 0.3 
w WINTER 1976 o.o 0.0 o.o 0.0 o.o o.o 0.0 o.o o.o o.o o.o 0.0 I -----------------------------------------------------------------------------------------------------------------------

ANNUAL 1976 o.o 0.0 o.o o.o o.o o.o o.o o.o o.o o.o 0.6 0.6 

SPRING 1977 0.0 0.0 0.0 o.o o.o 0.0 o.o o.o o.o o.o 0.3 0.3 
SUMMEli 1977 o.o 0.0 o.o o.o o.o o.o 0.0 o.o o.o o.o o.o 0.0 
AUTUMN 1977 o.o 0.0 o.o o.o o.o o.o . o.o o.o o.o o.o 0.3 0.3 
WINTER 1977 o.o 0.0 o.o o.o o.o o.o o.o o.o o.o o.o o.o 0.0 

---------------------------------------------------------------------------------------------------------------------
ANNUAL 1977 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 0.6 0.6 

SPRING 1978 0.0 0.0 o.o o.o o.o o.o 0.0 o.o o.o o.o 0.3 0.3 
SUMMER 1978 o.o 0.0 o.o o.o o.o o.o 0.0 o.o o.o 0.0 o.o 0.0 
AUTUMN 1978 0." I). 0 fl 0 0.0 0. I') o.o o.o o.o o.o o.o 0.3 0.3 
WINTER 1978 0.0 o.o o.o o.o o.o 0.0 o.o o.o o.o 0.0 o.o 0.0 

---------------------------------------------------------------------------------------------------------------------
ANNUAL 1978 0.0 0.0 o.o 0.0 o.o o.o 0.0 o.o o.o o.o 0.6 0.6 

SPRING 1979 0.0 0.0 o.o o.o o.o 0.0 0.0 o.o o.o o.o 0.3 0.3 
SUMMER 1979 0.0 o.o o.o o.o o.o o.o o.o o.o o.o o.o o.o 0.0 
AUTUMN 1979 0.0 0.0 o.o o.o o.o o.o o.o o.o 0.0 o.o 0.3 0.3 
WINTER 1979 o.o O." o.o 0.0 0. {I o.o 0.0 o.o o.o o.o o.o 0.0 

-----------------------------------------------------------------------------------------------------------------
ANNUAL 1979 0.0 o.o o.o o.o o.o o.o o.o o.o o.o o.o 0.6 0.6 
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FIGURE 90 

ANNUAL OPERATOR IMPACTS BY ROADWAY 

VEHICLE OPERATING COSTS (S/MILE) · VEHICLE EMISSIONS ( LB/MILE) 

------------------------------
YEAR VEHICLE TYPE FUEL OIL TIRES TOTAL co HC TOTAL 

------ ------ ---- --- ----- ----- ------
ANNUAL 1974 AUTO 0.061 0.002 0.008 0.071 0.0365 0.0008 0.0373 
ANtWAL 1974 PICKUP 0.078 0.002 0.007 0.087 0.0365 0.0000 0.0373 
A~NUAl 1974 2D 0.205 0.004 0.014 0.223 0.0365 0.0008 0.0373 
ANNUAL 1974 2S2 0.087 0.004 0.026 0.117 0.0365 0.0008 0.0373 
ANNUAL 1974 3S2 0.117 o.oos 0.029 0 .151 0.0365 0.0008 0.0373 

------------------------------------------------------------------------------------------------------------
ANNUAL 1975 AUTO 0.060 0.002 0.007 0,069 0.0367 0.0008 0.0374 
ANNUAL 1975 PICKUP 0.078 0.002 . 0.007 0.087 0.0367 0.0008 0.0374 
ANl~UAL 1975 2D 0.205 0.004 0.013 0.222 0.0367 0.0008 0.0374 
ANNUAL 1975 2S2 0.087 0.004 0.024 0. 115 0.0367 0.0008 0.0374 
ANNUAL 1975 3S2 0 .116 0.005 0.0~7 0 .148 0.0367 0.0000 u.u:n4 

------------------------------------------------------------------------------------------------------------
ANNUAL 1976 AUTJ 0.061 0.002 0.007 0.070 0.036B 0.0008 o.o:n6 
ANN.UAL 1976 PICKUP 0.078 0.002 0.007 0.087 0.0368 0.0008 0.0376 
ANI.UAL 1976 2D 0.205 0.004 0.014 0.223 0.0368 0.0008 0.0376 
ANNUAL 1976 2S2 0.087 0,004 0.025 0. 116 0.0368 0.0008 0.0376 
ANNUAL 1976 3S2 0. 11 f.i 0.005 0.028 0. 1!50 0.0368 0.0008 0.0376 

.i:-- --·-----------------------------------------------------------------------------------------------------------1 

ANNUAL 1977 AUTO 0.061 0.002 0.008 0.072 0.0369 0.0008 0. 0377 
ANNUAL 1977 PICKUP 0.078 0.002 0.007 0.087 0.0369 0.0008 0. 0377 
ANNUAL 1977 2D 0.204 0.004 0.015 0.223 0.0369 0.0008 0. 0377 
At~•I UAL 1977 2S2 0.088 0.004 0.0:21 0. 118 0.0369 0.0008 0.0377 
ANNUAL 1977 3S2 0.117 o.oos 0.030 0. 152 0.0369 0.0008 0. 0377 
------------------------------------------------------------------------------------------------------------
ANI\IUAL 1978 AUTO 0.062 0.002 0.008 0.073 0.0370 0.0008 0.0378 
ANNUAL 1978 PICKUP 0.077 0.002 0.008 0.087 0.0370 0.0008 0.0378 
ANNUAL 1978 2D 0.204 0,004 0.015 0.223 0.0370 0.0008 0.0378 
ANNUAL 1978 252 0.009 0.004 0.028 0 .120 0.0370 0.0008 0.0378 
ANNUAL 1978 352 0. 117 0.006 0.032 0, 154 0.0370 0.0000 0.0378 

-- --- -- - ---- ----- ----------------------------------------------------------------------------------------
ANNUAL 1979 AUTO 0.063 0.002 0.009 0.074 0.0371 0.0008 0.0378 
ANNUAL 1979 PICKUP 0.077 0.002 0.008 0.087 0.0371 0.0008 0.0378 
ANNUAL 1979 2D 0.203 0.004 0;016 0.223 0.0371 0.0008 0.0378 
ANNUAL 1979 2S2 0.088 O.OC4 0.019 0 .122 0.0371 0.0008 0.0378 
ANNUAL 1979 352 0. 118 0.006 0.033 0 .156 0.0371 0.0008 0.0378 
---------------------------------------------------------------------------------------------------------------
ANNUAL 1980 ol.UTO 0.063 0.002 0.009 0.074 0.0372 0.0008 0.0379 
ANNUAL 1980 PICKUP 0.077 0.002 0.008 0.088 0.0372 0.0008 0.0379 
ANNUAL 1980 2D 0.203 0.004 0.017 0.223 0.0372 0.0008 0.0379 
ANNUAL 1980 2S2 0.088 0.004 0.030 0 .123 0.0372 o.oooa 0.0379 
ANNUAL 1981) 3S2 0. 118 0.006 0.034 0 .158 0.0372 0.0008 0.0379 

---------------------------------------------------------------------------------------------------------



FIGURE 91 

ANNUAL USER IMPACTS BY ROADWAY 

TOTAL ACCIDENT COSTS 
TOTAL VEHICLE TOTAL VEHICLE (MILLIONS) TOTAL TOTAL 

MILLION VEHICLE OPERATING COSTS TRAVEL TIME COSTS ----------------------- USER COSTS EMISIONS 
VEAR MI LES TRAVELED (MILLIONS) (MILLIONS) PDO INJURY FATALITY (Ml LL IONS) (1000 LB) -------- ------ ---------------·· .~----------·----- ------ ------ -------- ---------- ---------

ANNUAL 1974 78.281 6.288 5.816 0.011 0.028 0.017 12.143 2917.6 
ANNUAL 1975 82.586 6.527 6. 1 01 0.012 0.029 0.018 12-668 3092.3 
ANNUAL 1976 87 . 129 6. 951 6.456 0.012 0.031 0.019 13.450 3273.6 
ANNUAL 1977 87.939 7.129 6.555 0.012 0.031 0.019 13.728 · 3312.8 
ANNUAL 1978 88.750 7.290 6.651 0.012 0.031 0.019 13-985 3351.5 
ANNUAL 1979 89.560 7 .439 6. 743 0.013 0.031 ,0. 019 14.226 3389.7 
ANNUi1L 1980 90.370 7.577 6.833 0.013 0.032 0.019 14-454 3427.6 
ANl~UAL 1981 91 .181 7.707 6.920 0.013 0.032 0.019 14.672 3465.2 
AIIIWAL 1982 91 . 991 7 .830 7.006 0.013 0.032 0.020 14.881 3502.6 
ANNUAL 1983 92.802 7.948 7.090 0.013 0.033 0.020 15-084 3539.7 
ANl~UAL 1984 s~.6,2 8. C31 7 .173 0.013 0.033 0.020 15.?en ~r:;7F;. 7 
ANNUAL 1985 94.423 7.478 7.219 0.013 0.033 0.020 14. 744 37J9.4 
ANNUAL 1986 95.233 7.297 6.988 0.013 0.033 0.020 14.332 3596.2 
ANNUAL 1987 96.044 7.440 7.074 0.014 0.034 0.020 14.561 3633.8 

I ANNUAL 1988 96.854 7 .567 7.155 0.014 0.034 0.021 14-770 3670.8 w ANt~UAL 1989 97.665 7.683 7.234 0.014 0.034 0.021 14-966 3707.4 0) 
V, ANNUAL 1990 98.475 7. 791 7.310 0.014 0.035 0.021 15. 150 3743.7 I ANNUAL 1991 99.205 7.893 7.385 0.014 0.035 0.021 15.327 3779.8 

ANl~UAL 1992 1C0.096 7. ~'.)O 7.459 0.014 0.035 0. 021 15,498 3815.8 
ANNUAL 1993 100.906 8.083 7. 531 0.014 0.036 0.022 15.664 3851.6 
ANNUAL 1994 101. 717 8.174 7.603 o. 01.4 0.036 0.022 15.826 3887.3 
ANNUAL 1995 102.530 7.753 8.153 0.014 0.036 0.022 15-957 4416.9 
ANNUAL 1996 103.338 7.828 7.585 0.015 0.036 0.022 15.464 3933.9 
ANNUAL 1997 104 .148 7.942 7.664 0.015 0.037 0.022 15-657 3970.9 
ANNUAL 1998 104.959 8.043 7.739 0.015 0.037 0.022 15.834 4007.4 
ANNUAL 1999 105.769 8.135 7.812 0.015 0.037 0.023 16-000 4043.7 
ANNUAL 2000 106.579 8.224 7.884 0.015 0.038 0.023 16- 161 4079.8 
ANNUAL 2001 107.390 8.307 7.955 0.015 0.038 0.023 16.315 4115.8 
ANNUAL 2002 108.200 8.387 8.026 0.015 0.038 0.023 16.466 4151 .7 
ANNUAL 2003 109.011 . 8.465 8.096 0.015 0.038 0.023 16-615 4187.8 
ANNUAL 2004 109.B21 8.54~ 8. 167 0.015 0.039 0.023 16.765 '1'.?24,0 
ANNUAL 2005 11 0 . 632 8.591 8.375 0.016 0.039 0.024 11.020 43B1.4 
-------------------------------------------------------------------------------------------------------------------

.,.TOTAL 1974-2005 3127.274 248.364 233. 758 0.440 1.100 ·0.667 . 483. 661 119788.2 
---------------------------------------------------------------------------------------------------------------~ 
DISCOUNTED, 5% 3127.274 119. 384 111. 357 0.209 0.523 0.317 231.475 119788.2 
DISCOUNTED 8% 3127.274 85.108 79.042 0. 149 0.371 0.225 164.670 119788.2 
DISCOUNTED 10% 3127.274 70.262 65.104 0.122 0.306 0.185 135.794 119788 .2 
DISCOUNTED 12% 3127.274 59.329 54.873, 0.103 0.258 o. 156 · · · 114. 563 119788.2 
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FIGURE 92 

ANNUAL COST TOTALS BY ROADWAY 

VEHICLE VEHICLE 
CONSTRUCTION COSTS MAINTENANCE COSTS OPERATl NG COSTS TRAVEL TIME COSTS ACCIDENT COSTS TOTAL COSTS 

YEAR (MILLIONS) l MI L LI 01\ S ) (MILLIONS) (MILLIONS) (MILLIONS) (MILLIONS) 

----------------- ----------------- --------------- ----------------- -------------- -----------
ANIWAL 1974 o.o 0.000 6-288 5.816 0.055 12. 160 
ANt. UAL 1975 0.507 0.001 6-527 6. 101 0.058 13. 194 
AtJN UAL 1976 o.o 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 197EI o.o 0.001 7,290 6.651 0.063 14.004 
AllNUAL 1979 o.o 0.001 7,439 6,743 0.063 14.246 
ANIWAL 1980 o.o 0.001 7 .577 6,833 0.064 14.474 
ANNUAL 1981 o.o 0.001 7. 707 6.920 0.064 14.692 
AWJUAL 1982 o.o 0.001 7-830 7.006 0.065 14,902 
ANNUAL 1903 o.o 0.001 7,948 7,090 0.065 15. 104 
ANNUAL 1984 o.o 0.001 8,061 7,173 0.066 15.301 
I.NNUAL 1985 2.093 0.00".' 7.47R 7,219 0.067 16,857 
ANNUAL 198€ o.o 0.001 7,297 6.988 0.067 1'4. 353 
ANNUAL 1987 o.o 0.001 7 .440 . 7,074 0.068 14.582 
ANNUAL 1988 o.o 0.001 7.567 7. 155 0.06B 14.792 
ANNUAL 1989 o.o 0.001 7,683 7,234 0.069 14.987 
ANNUAL 1990 o.o 0.001 7-791 7.310 0.070 15. 172 
ANNUAL 1991 o.o 0.001 7,893 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 a.OBJ 7.531 0.071 15.686 
ANNUAL 1994 o.o 0.001 B. 174 7.603 0.072 15.849 
ANNUAL 1995 2.093 0.000 7-753 e. 153 0.072 18.072 
ANNUAL 1996 o.o 0.001 7.e2e 7,585 0.073 15.486 
ANNUAL 1997 o.o 0.001 7. 942 7,664 0.074 15.680 
ANNUAL 1998 o.o 0.001 Q.043 7.739 0,074 15.857 
ANIWAL 1999 o.o 0.001 8. 135 7.812 0.075 16.023 
ANNUAL 2000 o.o 0.001 8. 224 7.884 0.075 16. 184 
ANNUAL 2001 0.0 0.001 8. 307 7,955 0.076 16.339 
ANNUAL 2002 o.o 0.001 8,387 8,026 0.076 16.490 
ANNUAL 2003 o.o 0.001 a.465 8.096 0.077 16.639 
ANNUAL 2004 o.o 0.001 e.543 8. 167 0.078 16.789 
~NNUAL 2(1"5 (I. 0 0.001 9.591 8-375 0.078 17.045 

---------------------------------------------------------------------------------------------------------------------
TOT AL 197 4-2005 4.694 0.01B . 248. 364 233.758 2.207 489.040 

------------------------------------ ·-----------------------------------------------------------------------------
DISCOUNTED 5% 
DISCOUNTED 8% 
DISCOUNTED 10% 
DISCOUNTED 12% 
DISCOUNTED 15% 

2. 341 
1. 6 51 
1. 343 
1. 1 15 
0.872 

0.009 
0.006 
O.Ov5 
0.005 
0.004 

119. 384 
85 .108 
70,2152 
59-329 
47,666 

111 • 357 1. 050 234.142 
79-042 0.745 166.553 
65. 104 O.fi14 137 .328 
54,873 0.517 115.838 
43.999 0.415 92,955 
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