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SPECIAL NOTICE

The Guide for Design of Pavement Structures, when it was published in 1986, was pub-
lished as two volumes. Volume 1 was written as a basic design guide and provided all of the
information required to understand and apply the “Guide” to pavement design. Volume 2 was
a series of appendices prepared to provide documentation or further explanations for informa-
tion contained in Volume 1. Volume 2 is not required for design.

This 1993 edition of the “Guide” contains only one Volume. This Volume replaces the
1986 “Guide”” Volume 1 and serves the same purpose. The major changes included in the
1993 “Guide’ are changes to the overlay design procedure and the accompanying appendices
L, M, and N. There are other minor changes and some of an editorial nature throughout the
new Volume 1.

Volume 2 of the 1986 ‘Guide” is still applicable to most sections of Volume 1 of the 1993
“Guide” and is available through AASHTO, 444 N. Capitol Street, N.W., Suite 249, Wash-
ington, D.C. 20001; 202-624-5800. Request book code ‘“GDPS3-V2.”” A copy of the Table of
Contents from Volume 2 of the 1986 *‘Guide” follows.

VOLUME 2 APPENDICES

AA. Guidelines for the Design of Highway Internal Drainage Systems
BB. Position Paper on Pavement Management

CC. Remaining Life Considerations in Overlay Design

DD. Development of Coefficients for Treatment of Drainage

EE. Development of Reliability

FE. Relationship Between Resilient Modulus and Soil Support

GG. Relationships Between Resilient Modulus and Layer Coefficients
HH. Development of Effective Roadbed Soil Moduli

II. Survey of Current Levels of Reliability

JI. Development of Design Nomographs

KK. Determination of J-Factor for Undowelled Pavements

LL. Development of Models for Effects of Subbase and Loss of Support
MM. Extension of Equivalency Factor Tables

NN. Recommendations for the Selection of an AASHTO Overlay

Method Using NDT Within the AASHTO Performance
Model Framework

00. Pavement Recycling Fundamentals

PP. Development of NDT Structural Capacity Relationships
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PREFACE

When construction, maintenance, and rehabilita-
tion costs are considered, the single most costly ele-
ment of our nation’s highway system is the pavement
structure. In an effort to reduce this cost, the state
highway and transportation departments and the Fed-
eral Government have sponsored a continuous pro-
gram of research on pavements. One output of that
research effort was the Interim Guide for the Design of
Pavement Structures published in 1972 and revised in
1981. It was based largely upon the findings at the
AASHO Road Test.

Because this is such an important topic, the Joint
Task Force on Pavements—composed of members
from the Subcommittee on Design, one member each
from the Materials, Construction, and Maintenance
Subcommittees, and one from the Planning Commit-
tee of AASHTO—was assigned the task of rewriting
the Interim Guide incorporating new developments
and specifically addressing pavement rehabilitation.

- Because many states were found to be using at least
portions of the Interim Guide and because no other
generally accepted procedures could be identified, it
was decided that this Guide would retain the basic
algorithms developed from the AASHO Road Test as
used in the Interim Guide. Because the Road Test was
very limited in scope, i.e. a few materials, one sub-
grade, non-mixed traffic, one environment, etc., the
original Interim Guide contained many additional
models to expand the framework so designers could
consider other conditions. The new Guide has been
further expanded with the following 14 major new
considerations:

(1) Reliability
(2) Resilient Modulus for Soil Support

(3) Resilient Modulus for Flexible Pavement
Layer Coefficients

(4) Drainage

(5) Improved Environment Considerations

(6) Tied Concrete Shoulders or Widened Lanes
(7) Subbase Erosion for Rigid Pavements

(8) Life Cycle Cost Considerations

(9) Rehabilitation

(10) Pavement Management

(11)  Extension of Load Equivalency Values
(12) Improved Traffic Data
(13) Design of Pavements for Low
Volume Roads
(14) State of the Knowledge on Mechanistic-

Empirical Design Concepts

The Task Force recognizes that a considerable body
of information exists to design pavements utilizing
so-called mechanistic models. It further believes that
significant improvements in pavement design will
occur as these mechanistic models are calibrated to
in-service performance, and are incorporated in
everyday design usage. Part IV of this document sum-
marizes the mechanistic/empirical status.

In order to provide state-of-the-art approaches
without lengthy research, values and concepts are
shown that have limited support in research or experi-
ence. Each user should consider this to be a reference
document and carefully evaluate his or her need of
each concept and what initial values to use. To most
effectively use the Guide it is suggested that the user
adopt a process similar to the following:

(1) Conduct a sensitivity study to determine which
inputs have a significant effect on pavement
design answers for its range of conditions.

(2) For those inputs that are insignificant or inap-
propriate, no additional effort is required.

(3) For those that are significant and the state has
sufficient data or methods to estimate design
values with adequate accuracy, no additional
effort is required.

(4) Finally, for those sensitive inputs for which the
state has no data of methodology to develop the
inputs, research will be necessary. Because of
the complexity of pavement design and the
large expansion of this Guide, it is anticipated
that some additional research will be cost-
effective for each and every user agency in or-
der to optimally utilize the Guide.

One significant event, the pavement performance
research effort being undertaken in the Strategic High-
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way Research Program (SHRP), should aid greatly in
improving this document.

The Task Force believes that pavement design is
gradually, but steadily transitioning from an art to a
science. However, when one considers the nebulous
nature of such difficult, but important inputs to design
considerations such as traffic forecasting, weather
forecasting, construction control, maintenance prac-
tices, etc.; successful pavement design will always de-
pend largely upon the good judgment of the designer.

Finally, the national trend toward developing and
implementing pavement management systems, PMS,
appears to the Task Force to be extremely important in
developing the good judgment needed by pavement
designers as well as providing many other elements
needed for good design, i.e. information to support
adequate funding and fund allocation.

The AASHTO Joint Task Force on Pavements
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EXECUTIVE SUMMARY

One of the major objectives of the AASHO Road
Test was to provide information that could be used to
develop pavement design criteria and pavement design
procedures. Accordingly, following completion of the
Road Test, the AASHO Design Committee (currently
the AASHTO Design Committee), through its Sub-
committee on Pavement Design Practices, developed
and circulated in 1961 the “AASHO Interim Guide for
the Design of Rigid and Flexible Pavements.”” The
Guide was based on the results of the AASHO Road
Test supplemented by existing design procedures and,
in the case of rigid pavements, available theory.

After the Guide had been used for several years,
the AASHTO Design Committee prepared and
AASHTO published the “AASHTO Interim Guide for
Design of Pavement Structures—1972." Revisions
were made in 1981 to Chapter III of the Guide relative
to design criteria for Portland Cement Concrete pave-
ments. Evaluation of the Guide by the AASHTO De-
sign Committee in 1983 led to the conclusion that
some revisions and additions were required. Repre-
sentations from government, industry, consultants,
and academia led to the conclusion that the Guide
should be strengthened to incorporate information de-
veloped since 1972 and that a new section on rehabili-
tation should be added. It is also pertinent to note that,
based on responses to a questionnaire sent to the
States, there was an indication that the Guide was
serving its main objectives and no serious problems
were indicated. In other words, the States were gener-
ally satisfied with the Guide but acknowledged that
some improvements could be made.

Based on the overall evaluation of input from user
agencies and the status of research, it was determined
by the AASHTO Joint Task Force on Pavements that
the revisions to the Guide would retain the AASHO
Road Test performance prediction equations, as modi-
fied for use in the 1972 Guide, as the basic model to
be used for pavement design. This determination also
established the present serviceability index (PSI) as
the performance variable upon which design would be
based.

The major changes which have been included in the
revised Guide include the following considerations:
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1.  Reliability. The procedure for design of both
rigid and flexible pavements provides a com-
mon method for incorporating a reliability fac-
tor into the design based on a shift in the
design traffic.

2. Soil support value. AASHTO test method
T 274 (resilient modulus of roadbed soils) is
recommended as the definitive test for charac-
terizing soil support. The soil property is rec-
ommended for use with both flexible and rigid
pavement design.

3. Layer coefficients (flexible pavements). The
resilient modulus test has been recommended
as the procedure to be used in assigning layer
coefficients to both stabilized and unstabilized
material.

[NOTE: Guidelines for relating resilient
modulus to soil support value and layer coeffi-
cients are provided in the Guide; however, user
agencies are encouraged to obtain equipment
and to train personnel in order to measure the
resilient modulus directly.]

4. Drainage. Provision has been made in the
Guide to provide guidance in the design of sub-
surface drainage systems and for modifying
the design equations to take advantage of im-
provements in performance to good drainage.

5. Environment. Improvements in the Guide have
been made in order to adjust designs as a func-
tion of environment, e.g., frost heave, swelling
soils, and thaw-weakening. Major emphasis is
given to thaw-weakening and the effect that
seasonal variations have on performance.

6. Tied shoulders and widened lanes (rigid pave-
ments). A procedure is provided for the design
of rigid pavements with tied shoulders or wid-
ened outside lanes.

7. Subbase erosion. A method for adjusting the
design equations to represent possible soil ero-
sion under rigid pavements is provided.

8. Life-cycle costs. Information has been added
relative to economic analysis and economic
comparisons of alternate designs based on life-
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cycle costs. Present worth and/or equivalent 12. Traffic. Extensive information concerning
uniform annual cost evaluations during a spec- methods for calculating equivalent single axle
ified analysis period are recommended for loads and specific problems related to obtain-
making economic analyses. ing reliable estimates of traffic loading are
9.  Rehabilitation. A major addition to the Guide provided.
is the inclusion of a section on rehabilitation. 13.  Low-volume roads. A special category for
Information is provided for rehabilitation with design of pavements subjected to a relative
or without overlays. small number of heavy loads is provided in the
10.  Pavement management. Background informa- design section.
tion is provided regarding pavement manage- 14.  Mechanistic-Empirical design procedure. The
ment and the role of the Guide in the overall state of the knowledge concerning mechanis-
scheme of pavement management. tic-empirical Qesign concepts is provided in
11. Load equivalency values. Load equivalency the Guide. While these procedures have not, as

values have been extended to include heavier
loads, more axles, and terminal serviceability
levels of up to 3.0.

yet, been incorporated into the Guides, exten-
sive information is provided as to how such
methods could be used in the future when
enough documentation can be provided.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

1.1 SCOPE OF THE GUIDE

This Guide for the Design of Pavement Structures
provides a comprehensive set of procedures which can
be used for the design and rehabilitation of pavements;
both rigid (portland cement concrete surface) and
flexible (asphalt concrete surface) and aggregate sur-
faced for low-volume roads. The Guide has been de-
veloped to provide recommendations regarding the
determination of the pavement structure as shown in
Figure 1.1. These recommendations will include the
determination of total thickness of the pavement struc-
ture as well as the thickness of the individual struc-
tural components. The procedures for design provide
for the determination of alternate structures using a
variety of materials and construction procedures.

A glossary of terms, as used in this Guide, is pro-
vided in Appendix A. It is recognized that some of the
terms used herein may differ from those used in your
local practice; however, it is necessary to establish
standard terminology in order to facilitate preparation
of the Guide for nationwide use. Insofar as is possible,
AASHTO definitions have been used herein.

It should be remembered that the total set of con-
siderations required to assure reliable performance of
a pavement structure will include many factors other
than the determination of layer thicknesses of the
structural components. For example, material require-
ments, construction requirements, and quality control
will significantly influence the ability of the pavement
structure to perform according to design expectations.
In other words, “pavement design” involves more
than choosing thicknesses. Information concerning
material and construction requirements will be briefly
described in this Guide; however, a good pavement
designer must be familiar with relevant publications of
AASHTO and ASTM, as well as the local agencies,
i.e., state agencies or counties, for whom the design is
being prepared. It is extremely important that the
designer prepare special provisions to the standard
specifications when circumstances indicate that non-
standard conditions exist for a specific project. Exam-
ples of such a condition could involve a roadbed soil
which is known to be expansive or nonstandard mate-

rials which are to be stabilized for use in the pavement
structure or prepared roadbed.

Part I of this Guide has been prepared as general
background material to assist the user in the proper
interpretation of the design procedures and to provide
an understanding of the concepts used in the develop-
ment of the Guide. Detailed information related di-
rectly to a number of design considerations, e.g.,
reliability, drainage, life-cycle costs, traffic, and pave-
ment type selection, will be found in the Appendices.
References used in the preparation of the Guide can be
found following each of the four major Parts.

Part I, Chapter 3 of the Guide provides information
concerning economic evaluation of alternate pavement
design strategies. It should not be concluded that the
selection of a pavement design should be based on
economics alone. There are a number of consider-
ations involved in the final design selection. Appendix
B of the Guide on pavement type selection provides an
extensive list of guidelines which should be used in
comparing alternate design strategies.

Part II of this Guide provides a detailed method for
the design of new pavements or for reconstruction of
existing pavements on the existing alignment with new
or recycled materials.

Part III of this Guide provides alternative methods
for pavement rehabilitation with or without the addi-
tion of an overlay. The methodology used in this part
of the Guide represents the state of the knowledge
regarding the deterioration of a pavement structure
before and after an overlay has been applied. It is
recognized that there are alternate methods for the
determination of overlay requirements; a number of
these methods are cited in Appendix C. The method
included in Part III is somewhat more basic in concept
than other existing methods and has the capability for
broader application to different types of overlays,
e.g., flexible on rigid, flexible on flexible, rigid on
rigid, and rigid on flexible type pavements. The
method is also compatible with the performance and
design concepts used in Part II. In this way, consider-
ation of such factors as drainage, reliability, and
traffic is the same for both new and rehabilitated
(overlayed) pavement structures.
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Introduction and Background

State of the art procedures for rehabilitation of
pavement structures without overlay, including drain-
age and the use of recycled material, are emphasized
in Part III. These techniques represent an alternative
to overlays which can reduce long-term costs and sat-
isfy design constraints associated with specific design
situations.

As an adjunct to pavement rehabilitation it is im-
portant to first determine what is wrong with the exist-
ing pavement structure. Details of the method for
interpretation of the information are contained in Part
III. A procedure for measuring or evaluating the con-
dition of a pavement is given in Appendix K and
Reference 1. It is beyond the scope of this Guide to
discuss further the merits of different methods and
equipment which can be used to evaluate the condition
of a pavement. However, it is considered essential that
a detailed condition survey be made before a set of
plans and specifications are developed for a specific
project. If at all possible, the designer should partici-
pate in the condition survey. In this way, it will be
possible to determine if special treatments or methods
may be appropriate for site conditions, specifically, if
conditions warrant consideration of detailed investiga-
tions pertinent to the need for added drainage features.

Part IV of this Guide provides a framework for
future developments for the design of pavement struc-
tures using mechanistic design procedures. The bene-
fits associated with the development of these methods
are discussed; a summary of existing procedures and a
framework for development are the major concerns of
that portion of the Guide.

1.2 DESIGN CONSIDERATIONS

The method of design provided in this Guide in-
cludes consideration of the following items:

(1) pavement performance,
(2) traffic,

(3) roadbed soil,

(4) materials of construction,
(5) environment,

(6) drainage,

(7) reliability,

(8) life-cycle costs, and

(9) shoulder design.

Each of these factors is discussed in Part 1. Parts II,
III, and IV carry these concepts and procedures for-
ward and incorporate each into a pavement structure
design methodology.

I-5

It is worth noting again that while the Guide de-
scribes and provides a specific method which can be
used for the determination of alternate design or reha-
bilitation recommendations for the pavement struc-
ture, there are a number of considerations which are
left to the user for final determination, e.g., drainage
coefficients, environmental factors, and terminal
serviceability.

The Guide by its very nature cannot possibly in-
clude all of the site specific conditions that occur
in each region of the United States. It is therefore
necessary for the user to adapt local experience to the
use of the Guide. For example, local materials and
environment can vary over an extremely wide range
within a state and between states.

The Guide attempts to provide procedures for eval-
uating materials and environment; however, in the
case where the Guide is at variance with proven and
documented local experience, the proven experience
should prevail. The designer will need to concentrate
on some aspects of design which are not always cov-
ered in detail in the Guide. For example, material
requirements and construction specifications are not
detailed in this Guide and yet they are an important
consideration in the overall design of a pavement
structure. The specifics of joint design and joint spac-
ing will need careful consideration. The effect of sea-
sonal variations on material properties and careful
evaluation of traffic for the designed project are de-
tails which the designer should investigate thoroughly.

The basic design equations used for flexible and
rigid pavements in this Guide are as follows:

Flexible Pavements

loglo(wls) = ZR X SO + 936 X loglo(SN + 1)

. APSI
L

1094
040 + —————
TN F 5

- 0.20 +

+ 2.32 x log;sMg) — 8.07  (1.2.1)

W,s = predicted number of 18-kip equivalent
single axle load applications,

Zg = standard normal deviate,

S, = combined standard error of the traffic
prediction and performance prediction,
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I-6
APSI = difference between the initial design
serviceability index, p,, and the design
terminal serviceability index, p,, and
My = resilient modulus (psi).

SN is equal to the structural number indicative of the
total pavement thickness required:

SN = alD, + azDzmz + a3D3m3

where
a, = i layer coefficient,
D; = i layer thickness (inches), and
m; = i layer drainage coefficient.
Rigid Pavements

loglo(wls) - ZR X SO + 7.35 % loglo(D + 1)

. APSI
B0 135 - 15

1.624 x 107
(D + 1)

+ (422 — 0.32 X p)

- 0.06 +

1+

' C 0.75 __ .
x logy Six Cyg x (D 18122)
215.63 x J | D97 — ‘—Tz—g
(E./k)™
(1.2.2)
where
W;s = predicted number of 18-kip equivalent

single axle load applications,

Zg = standard normal deviate,

Se = combined standard error of the traffic
prediction and performance prediction,

D = thickness (inches) of pavement slab,

APSI = difference between the initial design
serviceability index, p,, and the design
terminal serviceability index, p,,

S; = modulus of rupture (psi) for portland
cement concrete used on a specific
project,

J = load transfer coefficient used to adjust
for load transfer characteristics of a
specific design,

Cy = drainage coefficient,
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E. = modulus of elasticity (psi) for portland
cement concrete, and
k = modulus of subgrade reaction (pci).

The design nomographs presented in Part II solve
these equations for the structural number (SN) for
flexible pavements and thickness of the pavement slab
for rigid pavements.

The structural number is an abstract number ex-
pressing the structural strength of a pavement required
for given combinations of soil support (Mg), total
traffic expressed in equivalent 18-kip single axle
loads, terminal serviceability, and environment. The
required SN must be converted to actual thickness of
surfacing, base and subbase, by means of appropriate
layer coefficients representing the relative strength of
the construction materials. Average values of layer co-
efficients for materials used in the AASHO Road Test
are as follows:

Asphaltic concrete surface course —.44
—.14
—.11

Crushed stone base course
Sandy gravel subbase

The layer coefficients given in Part II are based on
extensive analyses summarized in NCHRP Report
128, “Evaluation of AASHTO Guide for Design of
Pavement Structures,” (1972). In effect, the layer co-
efficients are based on the elastic moduli My and have
been determined based on stress and strain calcula-
tions in a multilayered pavement system. Using these
concepts, the layer coefficient may be adjusted, in-
creased, or decreased in order to maintain a constant
value of stress or strain required to provide compara-
ble performance.

Part II details how each of the design consider-
ations are to be treated in selecting the SN value and
how to decompose SN into layers according to mate-
rial properties and function, i.e., surface, base,
subbase, and so forth. The pavement slab thickness, in
inches, is provided directly from the design nomo-
graphs.

It is important to recognize that equations (1.2.1)
and (1.2.2) were derived from empirical information
obtained at the AASHO Road Test. As such, these
equations represent a best fit to observations at the
Road Test. The solution represents the mean value of
traffic which can be carried given specific inputs. In
other words, there would be a 50-percent chance that
the actual traffic to terminal serviceability could be
more or less than predicted. In order to decrease the
risk of premature deterioration below acceptable
levels of serviceability, a reliability factor is included
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in the design process. An explanation of the reliability
factor is given in Chapter 4 of Part I. In order to
properly apply the reliability factor, the inputs to the
design equation should be the mean value without
adjustment. This will be discussed further in Chapter
4 of Part I and in sections of Part I1. The designer must
remember to use mean values for such factors as soil
support, traffic, layer coefficients, drainage coeffi-
cients, etc. Increased reliability will be obtained by
adjustments which are based on uncertainty in each of
the design variables as well as traffic.

Each of the terms used in the design equations is
discussed as necessary in Parts I and II of this Guide.
It is pertinent to note that a few changes have been
made in the design equations when compared with the
1972 Interim Guide (2). The soil support value has
been replaced with My, (flexible) and a drainage coef-
ficient has been added to the rigid equation. For the
flexible equation, the structural number (SN) has been
modified by the addition of drainage coefficients and
the regional factor (R) has been deleted. Lastly, both
the rigid and flexible equations have been modified to
consider both total serviceability loss (p, — p,), and
terminal serviceability.

There are two important factors to consider con-
cerning these equations: (1) the equations are predic-
tors of the amount of traffic that can be sustained
before deteriorating to some selected terminal level of
serviceability and (2) the basic prediction equations
were developed empirically from field observations at
the AASHO Road Test with modifications considered
necessary to improve the Guide based on research
completed during the past 20 years.

There are a number of alternate procedures which
can be used for the design of pavement structures. In
fact, all 50 states have adopted their own design proce-
dures, many of which are based on past AASHTO
Guide methods. A list of other suitable pavement de-
sign procedures is presented in Appendix C.

1.3 PAVEMENT PERFORMANCE

Current concepts of pavement performance include
some consideration of functional performance, struc-
tural performance, and safety. This Guide is primarily
concerned with functional and structural perform-
ance. Information pertinent to safety can be found in
appropriate publications of NCHRP, FHWA, and
AASHTO. One important aspect of safety is the fric-
tional resistance provided at the pavement/tire inter-
face. AASHTO has issued a publication, Guidelines
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for Skid Resistant Pavement Design, which can be
referred to for information on this subject.

The structural performance of a pavement relates to
its physical condition; i.e., occurrence of cracking,
faulting, raveling, or other conditions which would
adversely affect the load-carrying capability of the
pavement structure or would require maintenance.

The functional performance of a pavement con-
cerns how well the pavement serves the user. In this
context, riding comfort or ride quality is the dominant
characteristic. In order to quantify riding comfort, the
““serviceability-performance” concept was developed
by the AASHO Road Test staff in 1957 (3, 4). Since
the serviceability-performance concept is used as the
measure of performance for the design equations in
this Guide, an explanation of the concept herein seems
worthwhile.

The serviceability-performance concept is based
on five fundamental assumptions, summarized as
follows (5):

(1) Highways are for the comfort and convenience
of the traveling public (User).

(2) Comfort, or riding quality, is a matter of sub-
jective response or the opinion of the User.

(3) Serviceability can be expressed by the mean of
the ratings given by all highway Users and is
termed the serviceability rating.

(4) There are physical characteristics of a pave-
ment which can be measured objectively and
which can be related to subjective evaluations.
This procedure produces an objective service-
ability index.

(5) Performance can be represented by the serv-
iceability history of a pavement.

The serviceability of a pavement is expressed in
terms of the present serviceability index (PSI). The
PSI is obtained from measurements of roughness and
distress, e.g., cracking, patching and rut depth (flex-
ible), at a particular time during the service life of the
pavement. Roughness is the dominant factor in esti-
mating the PSI of a pavement. Thus, a reliable method
for measuring roughness is important in monitoring
the performance history of pavements.

The specific equations developed at the Road Test
to calculate the present serviceability index have been
modified by most users of the AASHTO Guide. These
changes reflect local experience and are assumed to
represent results from the Road Test; i.e., the PSI
values continue to represent ride quality as evaluated
at the Road Test. Because of the relatively small con-
tribution to PSI made by physical distress, and the
difficulty in obtaining the information, many agencies
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“rely only on roughness to estimate ride quality. It is

“acknowledged that physical distress is likely to influ-

“ence a decision to initiate maintenance or rehabilita-
“tion. For purposes of this Guide, it is assumed that the
amount of distress associated with the terminal PSI is
acceptable.

Because roughness is such an important consider-
ation for the design of pavements, the change in
roughness will control the life cycle of pavements. In
this regard, the quality of construction will influence
performance and the life cycle of the designed pave-
ment. The initial pavement smoothness is an impor-
tant design consideration. For example, the life cycle
of a pavement initially constructed with a smoothness
or PSI of 4.5 will have a significantly longer life cycle
than one constructed to a PSI of 4.0. Thus, quality
control in the construction of a pavement can have a
beneficial impact on performance (life cycle).

The scale for PSI ranges from O through 5, with a
value of 5 representing the highest index of service-
ability. For design it is necessary to select both an
initial and terminal serviceability index.

The initial serviceability index (p;) is an estimate
by the user of what the PSI will be immediately after
construction. Values of p; established for AASHO
Road Test conditions were 4.2 for flexible pavements
and 4.5 for rigid pavements. Because of the variation
of construction methods and standards, it is recom-
mended that more reliable levels be established by
each agency based on its own conditions.

The terminal serviceability index (p,) is the lowest
acceptable level before resurfacing or reconstruction
becomes necessary for the particular class of highway.
An index of 2.5 or 3.0 is often suggested for use in the
design of major highways, and 2.0 for highways with a
lower classification. For relatively minor highways,
where economic considerations dictate that initial
expenditures be kept low, at p, of 1.5 may be used.
Expenditures may also be minimized by reducing the
performance period. Such a low value of p, should
only be used in special cases on selected classes of
highways.

The major factors influencing the loss of service-
ability of a pavement are traffic, age, and environ-
ment. Each of these factors has been considered in
formulating the design requirements included in this
Guide. However, it should be recognized that the sep-
arate or the interacting effects of these components are
not clearly defined at the present time, especially with
regard to age. It is known that the properties of materi-
als used for pavement construction change with time.
These changes may be advantageous to performance;

Design of Pavement Structures

however, in most cases, age (time) is a net negative
factor and works to reduce serviceability.

An effort has been made in the Guide to account for
the effects of environment on pavement performance
in situations where swelling clay or frost heave are
encountered. Thus, the total change in PSI at any time
can be obtained by summing the damaging effects of
traffic, swelling clay, and/or frost heave, as shown in
Equation 1.3.1 and illustrated in Figure 1.2.

APSI

A PSITrafﬁc + A PSISwell/Frost Heave (1 3. 1)

where

APSI = total loss of serviceability,

APSIp . = serviceability loss due to traffic
(ESAL’s), and

APSIsyensFrost Heave = Serviceability loss due to
swelling and/or frost heave of roadbed
soil.

It can be noted in Figure 1.2 that the effect of
swelling soils or frost heave is to reduce the predicted
service life of the pavement. The Guide does not rec-
ommend increasing pavement structural thickness to
offset the serviceability loss due to swelling soils;
but it is feasible, however, to control frost heave by
increasing the thickness of non-frost-susceptible
material.

In many swelling situations, it may be possible to
reduce to acceptable limits the effect of swelling soil
by stabilization of the expansive soil or by replace-
ment of these soils with nonexpansive material. When
experience indicates this is a viable procedure, it is
not necessary to estimate the effect of swelling soil on
the life cycle.

The predicted effect of frost heave is based on a
limited amount of information available in the litera-
ture. If agency design procedures include provisions
to mitigate the detrimental effects of frost, the service-
ability loss due to frost heave should be ignored, i.e.,
assumed to be zero. The most accepted procedure to
minimize the effect of frost heave is to replace the
frost-susceptible material with non-frost-susceptible
material to a depth of one-half or more of the frost
depth.

A further discussion of the influence of environ-
ment will be found in Section 1.7 of this chapter.
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Figure 1.2. Pavement Performance Trends
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I-10
1.4 TRAFFIC

Traffic information required by the design equa-
tions used in this Guide includes axle loads, axle con-
figuration, and number of applications.

The results of the AASHO Road Test have shown
that the damaging effect of the passage of an axle of
any mass (commonly called load) can be represented
by a number of 18-kip equivalent single axle loads or
ESALs. For example, one application of a 12-kip
single axle was found to cause damage equal to ap-
proximately 0.23 applications of an 18-kip single axle
load, and four applications of a 12-kip single axle
were required to cause the same damage (or reduction
in serviceability) as one application of an 18-kip sin-
gle axle. This concept has been applied to the design
equations and nomographs in Part II. The determina-
tion of design ESAL’s is a very important consider-
ation for the design of pavement structures using this
Guide, as it is in previous versions of the Guide.

1.4.1 Evaluation of Traffic

The procedure used in this Guide to convert a
mixed traffic stream of different axle loads and axle
configurations into a design traffic number is to con-
vert each expected axle load into an equivalent num-
ber of 18-kip single axle loads and to sum these over
the design period. The procedure for converting
mixed traffic to ESAL’s is discussed in Appendix D.

There are four key considerations which influence
the accuracy of traffic estimates and which can signifi-
cantly influence the life cycle of a pavement: (1) the
correctness of the load equivalency values used to esti-
mate the relative damage induced by axle loads of
different mass and configurations, (2) the accuracy of
traffic volume and weight information used to repre-
sent the actual loading projections, (3) the prediction
of ESAL'’s over the design period, and (4) the interac-
tion of age and traffic as it affects changes in PSI.

The available load equivalency factors are consid-
ered the best available at the present time, represent-
ing information derived from the AASHO Road Test.
The empirical observations on the Road Test covered a
range of axle loads from 2 to 30 kips on single axles
and 24 to 48 kips on tandem axles. No tridem axles
were included in the Road Test experiment; load
equivalency values for tridem axles are included in
Appendix D, but they are the result of research carried
out since completion of the Road Test. Load equiva-
lency values for single and tandem axles which exceed

Design of Pavement Structures

the loads given above are also extrapolations of the
basic data from the Road Test.

1t should be noted that load equivalency factors are,
to a minor degree, functions of pavement type (rigid
or flexible), thickness, and terminal serviceability (p,)
used for design. For designing composite pavements
(rigid base with flexible wearing surface), the use of
load equivalency values for rigid pavements is recom-
mended.

State DOT’s accumulate traffic information in the
format of the Federal Highway Administration W-4
truck weight tables, which are tabulations of the num-
ber of axles observed within a series of load groups
with each load group covering a 2-kip interval. Traffic
information relative to truck type, i.e., axle configu-
ration, is provided in W-2 tabulations (distribution of
vehicles counted and weighed). As illustrated in Ap-
pendix D, these tabulations can be used to estimate the
number of equivalent single axle loads associated with
mixed traffic at the particular reporting loadometer
station. From this information it is possible to obtain
average load equivalency factors for all trucks or for
trucks by configuration, i.e., the averages for singles,
tandems, or tridems.

Most states have taken the information from the
W-4 tables and converted it into relatively simple mul-
tipliers (truck equivalency factors) which represent
each truck type in the traffic stream. These multipliers
can be used to convert mixed streams of traffic to
ESAL’s. It must be realized that such conversions rep-
resent estimates when applied to highways other than
those from which the data were obtained. Weigh sta-
tion information represents only a sample of the total
traffic stream with weighings at a limited number of
locations and for limited periods of time. Such infor-
mation must be carefully interpreted when applied to
specific projects. Results from different weigh sta-
tions in one state have been reported to produce truck
factors which vary by a factor of 6. Thus, one source
of error in ESAL predictions is the use of estimated
truck equivalency factors for various classes of high-
ways based on a relatively small sample. Increased
sampling of this type of information is necessary in
order to reduce the error of the estimate due to insuffi-
cient information on a specific project. Users of this
Guide are urged to gather the best possible traffic data
for each design project.

Since pavements, new or rehabilitated, are usually
designed for periods ranging from 10 years to 20 years
or more, it is necessary to predict the ESAL’s for this
period of time, i.e., the performance period. The
performance period, often referred to as the design
period, is defined as the period of time that an initial
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(or rehabilitated structure) will last before reaching its
terminal serviceability. Any performance period may
be used with the Guide since design is based on the
total number of equivalent single axle loads; however,
experience may indicate a practical upper limit based
on considerations other than traffic. The ESAL’s for
the performance period represent the cumulative num-
ber from the time the roadway is opened to traffic to
the time when the serviceability is reduced to a termi-
nal value (e.g., p, equal 2.5 or 2.0). If the traffic is
underestimated, the actual time to p, will probably be
less than the predicted performance period, thereby
resulting in increased maintenance and rehabilitation
cOsts.

The maximum performance period to be used in
designing for a particular pavement type, i.e., flex-
ible, rigid, or composite, should reflect agency ex-
perience.

The performance period and corresponding design
traffic should reflect real-life experience. The per-
formance period should not be confused with pave-
ment life. The pavement life may be extended by
periodic rehabilitation of the surface or pavement
structure.

The equivalent loads derived from many traffic
prediction procedures represent the totals for all lanes
for both directions of travel. This traffic must be dis-
tributed by direction and by lanes for design purposes.
Directional distribution is usually made by assigning
50 percent of the traffic to each direction, unless avail-
able measured traffic data warrant some other distri-
bution. In regard to lane distribution, 100 percent of
the traffic in one direction is often assigned to each of
the lanes in that direction for purposes of structural
design if measured distributions are not available.
Some states have developed lane distribution factors
for facilities with more than one lane in a given direc-
tion. These factors vary from 60 to 100 percent of the
one-directional traffic, depending on the total number
of lanes in the facility. Part II and Appendix D provide
more details pertinent to this lane distribution factor.

Traffic information is often provided to the de-
signer by a Planning or Traffic group. The designers
should work closely with traffic personnel to be sure
the proper information is provided and that the conse-
quences of poor estimates of present and future traffic
are understood by all personnel involved.

Predictions of future traffic are often based on past
traffic history. Several factors can influence such pre-
dictions.

For purposes of pavement structure design, it is
necessary to estimate the cumulative number of 18-kip
equivalent single axle loads (ESAL’s) for the design
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(performance) period. The number of ESAL’s may or
may not be proportional to the average daily traffic.
Truck traffic is the essential information required to
calculate ESAL’s; it is therefore very important to
correctly estimate future truck traffic for the facility
during the design period.

Traffic may remain constant or increase according
to a straight line or at an accelerating (exponential)
rate. In most cases, highways classified as principal
arterial or interstate will have exponential growth
(comparable to compound interest on investments).
Traffic on some minor arterial or collector-type high-
ways may increase along a straight line, while traffic
on some residential streets may not change because
the use remains constant. Thus, the designer must
make provision for growth in traffic from the time of
the last traffic count or weighing through the perform-
ance period selected for the project under consider-
ation. Appendix D provides appropriate information
for estimating future traffic growth based on an as-
sumed exponential compounded growth rate. If zero
or negative growth in traffic is anticipated, a zero or
negative growth factor can be used. In most cases,
appropriate growth factors can be selected from the
table in Appendix D. For major arterials and interstate
highways, the growth rate should be applied by truck
class rather than to the total traffic since growth in
truck traffic may differ from the total traffic stream.

The percent trucks for the design period is often
assumed to be constant; yet on some sections of the
interstate system, the truck traffic in rural areas has
been reported to increase from an estimated 6 percent
to 25 to 30 percent over a 10- to 20-year period.

The load equivalency factor increases approxi-
mately as a function of the ratio of any given axle load
to the standard 18-kip single axle load raised to the
fourth power. For example, the load equivalency of a
12-kip single axle is given as 0.19 (Appendix D),
while the load equivalency for 20-kip single axle is
1.51. Thus, the 20-kip load is 8 times as damaging as
the 12-kip load, i.e., (20/12)*. This relationship will
vary depending on the structural number and terminal
serviceability; however, it is generally indicative of
load effects. Thus, it is especially important to obtain
reliable truck weight information for each truck class
and especially for the multi-axle trucks since these
vehicles will constitute a high percentage of the total
ESAL’s on most projects.

Calculation of future ESAL’s is often based on
truck factors by truck class. For example, based on
truck weight information for five-axle tractor and
trailer units, it is possible to develop an average multi-
plier for each five-axle truck. Thus, if the designer
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can estimate the number of five-axle trucks over the
design period, it is possible to calculate the cumula-
tive ESAL’s due to this particular truck class. A simi-
lar procedure is described in Appendix D for most of
the truck classes on the highways at the present time.

In regard to the use of truck factors, it will be
important to use truck weight information representa-
tive of the truck traffic on the designed facility. Some
truck weight data indicate that truck weights can vary
by a factor of six or more between weigh stations.
Thus, it is very important to obtain information as
nearly site specific as possible when estimating
ESAL’s per truck for each truck classification.

Procedures described in Appendix D may be
applied to stage-construction design, i.e., where the
initial design (performance) period is varied in order
to consider alternative designs for economic com-
parisons.

It should be clear from this discussion that the esti-
mate or prediction of future traffic (ESAL’s) is not a
trivial problem. Poor estimates of traffic can produce
pavement performance significantly different than
that expected and cause a major increase in the cost of
the specific project. This increased cost, when applied
to all sections being designed by an agency, will ad-
versely affect the overall programming of highway
projects and reduce the work which can be done.

Future deregulation or relaxation of truck loads
could also result in changes in the load distributions
by truck class, possibly resulting in an increased per-
centage of five-axle (or more) vehicles being used.
Also, inflation pressures used in truck tires are in-
creasing as tire manufacturers improve their technol-
ogy and the truck industry evaluates the potential
advantage of using higher inflation tires. It is not
known exactly what the net effect of higher tire infla-
tion is; however, pavement engineers and designers
need to keep apprised of possible changes which can
influence pavement performance.

In summary, reliable information concerning cu-
mulative ESAL’s is important for the determination of
pavement structure requirements for both new con-
struction and for rehabilitation. Continuous monitor-
ing of traffic on selected routes to compare predicted
and actual traffic loadings is an important and vital set
of information needed to produce reliable designs.

The reliability factor included in the Guide (Part I,
Chapter 4 and Volume 2, Appendix EE) has been
developed to provide consideration of uncertainties in
both traffic predictions and performance predictions.
Investigations by several states and industry have pro-
vided some information concerning the uncertainties
in traffic predictions, i.e., comparison of predicted
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ESAL’s and actual ESAL’s. The standard deviation of
the relationship between predicted and actual traffic
has been reported (27) to be on the order of 0.2. In
effect, the actual traffic may be 1.6 (one standard
deviation) to 4.0 times (three standard deviations) as
much as predicted. It should be clear that improve-
ments in traffic loading information and predictions
will contribute significantly to the precision which
can be achieved in thickness design.

Detailed information and procedures for calculat-
ing ESAL'’s are given in Appendix D. Designs in Part
IT take into consideration the uncertainty in traffic
estimates. The designer must use the best estimate for
traffic without any adjustment based on his or her
interpretation of the accuracy of such information.
Provision has been made in the treatment of reliability
in Part II to accommodate the overall effect of vari-
ances in the cumulative axle load predictions and
other design- and performance-related factors.

1.4.2 Limitations

It is pertinent to note that the load equivalency fac-
tors used in this Guide are based on observations at
the AASHO Road Test in Ottawa, Illinois. In this re-
gard some limitations should be recognized, such as
(1) limited pavement types, (2) loads and load applica-
tions, (3) age, and (4) environment.

The pavement types at the AASHO Road Test,
from which load equivalency values were derived,
included conventional flexible construction, i.e., sur-
face, base and subbase, and rigid pavements with and
without reinforcement but always with load transfer
devices (dowels). The same load equivalency factors
are being applied in this Guide to (1) flexible pave-
ments with stabilized base and subbase, (2) rigid pave-
ments without dowels in the transverse joints, and
(3) continuously reinforced concrete pavements. Mod-
ifications to the load equivalency values can only
come through controlled experiments. The values
used in this Guide are considered the best available at
the present time.

The experimental design at the AASHO Road Test

included a wide range of loads as previously discussed
(Section 1.4.1); however, the applied loads were lim-
ited to a maximum of 1,114,000 axle applications for
those sections which survived the full trafficking per-
iod. Thus, the maximum number of 18-kip equivalent
single axle loads (ESAL’s) applied to any test section -
was approximately one million. However, by applying

the concept of equivalent loads to test sections sub-
jected to only 30-kip single axle loads, for example, it
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is possible to extend the findings to 8 x 10°® ESAL’s.
Use of any design ESAL’s above 8 X 10° requires
extrapolation beyond the equations developed from
the Road Test results. Such extrapolations have, how-
ever, provided reasonable results, based on applica-
tion of the Guide since 1972.

The AASHO Road Test, from which the basic de-
sign equations were derived, was completed after 2
years of traffic testing. The prediction models repre-
sented by equations (1.2.1) and (1.2.2) do not include
a term for age, i.e., an interactive term for age and
traffic. For the present state of knowledge there is very
little information available to quantify the effect of
aging on performance as expressed in terms of PSI or
axle load applications. There is a need for more infor-
mation regarding the combined effect of traffic and
aging on performance. If a user agency has such infor-
mation it may be possible to modify the performance
model accordingly. However, this Guide makes no
direct evaluation of aging effects. Evaluation of aging
factors along with traffic (ESAL’s) should be a high
priority for long-term monitoring of pavement per-
formance.

Only one set of materials and one roadbed soil were
included in the AASHO Road Test for each pavement
type. A small experiment also included performance
observations of stabilized base materials under asphal-
tic surfaces. Use of alternate construction materials
represents an extrapolation of the basic data. How-
.ever, as previously indicated, such extrapolations are
based on investigations using analytical techniques
and are considered reasonable pending results from
field investigations.
© The weather at the Road Test in Ottawa, Illinois, is
representative of a large portion of the United States,
subject to freezing temperatures during the winter and
‘medium to high rainfall throughout the year. An effort
has been made in Part II of this Guide to provide a
procedure for estimating the effects of seasonal condi-
tions and modifying these for site specific locations.
More information on environment is provided in a
later section of Part I as well as in Part II of the Guide.

A number of new concepts have been included in
these Guides, e.g., reliability, drainage coefficients,
use of resilient modulus to estimate layer coefficients,
remaining life estimates for overlays, and NDT meth-
ods to estimate in situ resilient modulus. These con-
cepts have limited documentation based on actual field
observations; however, they are based on an extensive
evaluation of the present state of the knowledge. To the
extent possible, explanations are provided in the
Guide in either this volume or Volume 2. It is hoped
that these concepts will find sufficient usage in order

13

to evaluate and eventually modify and improve the
design procedures and effectiveness of using the
Guide.

1.4.3 Special Cases

This Guide is based on performance equations
from the AASHO Road Test which may not apply
directly to some urban streets, county roads, park-
ways, or parking lots. For city streets, the major traf-
fic loads will be generated by service vehicles, buses,
and delivery trucks. Load equivalency values for such
vehicles are not generally well-estimated by truck load
equivalency factors from truck weighing stations. If
the Guide is used for design of urban streets, an effort
should be made to obtain information on actual axle
loads and frequencies typical of vehicles operating on
those streets. If this is done, the Guide can be used at a
selected level of reliability.

For parkways, i.e., highways which limit the use of
heavy trucks, it may be necessary to adjust the design
based on a combination of traffic factors, environmen-
tal factors, and experience. Use of load equivalency
factors as given in Appendix D may result in an under-
designed pavement and premature deterioration.

1.5 ROADBED SOIL

The definitive material property used to character-
ize roadbed soil for pavement design in this Guide is
the resilient modulus (Mg). The procedure for deter-
mination of Mg is given in AASHTO Test Method
T 274.

The resilient modulus is a measure of the elastic
property of soil recognizing certain nonlinear charac-
teristics. The resilient modulus can be used directly
for the design of flexible pavements but must be con-
verted to a modulus of subgrade reaction (k-value) for
the design of rigid or composite pavements. Direct
measurement of subgrade reaction can be made if
such procedures are considered preferable to the de-
sign agency.

The resilient modulus was selected to replace the
soil support value used in previous editions of the
Design Guide for the following reasons:

(1) It indicates a basic material property which
can be used in mechanistic analysis of multi-
layered systems for predicting roughness,
cracking, rutting, faulting, etc.
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(2) Methods for the determination of Mg are de-
scribed in AASHTO Test Method T 274.

(3) It has been recognized internationally as a
method for characterizing materials for use in
pavement design and evaluation.

(4) Techniques are available for estimating the Mg
properties of various materials in-place from
nondestructive tests.

It is recognized that many agencies do not have
equipment for performing the resilient modulus test.
Therefore, suitable factors are reported which can be
used to estimate Mg from standard CBR, R-value, and
soil index test results or values. The development of
these factors is based on state of the knowledge corre-
lations. It is strongly recommended that user agencies
acquire the necessary equipment to measure Mg. In
any case, a well-planned experiment design is essen-
tial in order to obtain reliable correlations. A range of
soil types, saturation, and densities should be in-
cluded in the testing program to identify the main
effects. Guidelines for converting CBR and R-value to
My are discussed in this chapter. These correlations
are used in Part II of this Guide pending the establish-
ment of agency values.

Heukelom and Klomp (6) have reported correla-
tions between the Corps of Engineers CBR value,
using dynamic compaction, and the in situ modulus of
soil. The correlation is given by the following rela-
tionship:

Mg(psi) = 1,500 x CBR (1.5.1)

The data from which this correlation was developed
ranged from 750 to 3,000 times CBR. This relation-
ship has been used extensively by design agencies and
researchers and is considered reasonable for fine-
grained soil with a soaked CBR of 10 or less. Methods
for testing are given in Appendix E. The CBR should
correspond to the expected field density.

Similar relationships have also been developed by
the Asphalt Institute (7) which relate R-value to My, as
follows:

Mg(psi) = A + B x (Rvalue) (1.5.2)

where

>
|

= 772 to 1,155 and
= 369 to 555.

v~
|

Design of Pavement Structures

For the purposes of this Guide, the following corre-
lation may be used for fine-grained soils (R-value less
than or equal to 20) until designers develop their own
capabilities:

Mp = 1,000 + 555 X (R-value) (1.5.3)

This discussion summarizes estimates for convert-
ing CBR and R-values to a resilient modulus for road-
bed soil. Similar information is provided for granular
materials in Section 1.6, Materials of Construction.

Placement of roadbed soil is an important consider-
ation in regard to the performance of pavements. In
order to improve the general reliability of the design,
it is necessary to consider compaction requirements.
For average conditions it is not necessary to specify
special provisions for compaction. However, there are
some situations for which the designer should request
modifications in the specifications.

(1) The basic criteria for compaction of roadbed
soils should include an appropriate density
requirement. Inspection procedures must be
adequate to assure that the specified density
is attained during construction. If, for any rea-
son, the basic compaction requirements cannot
be met, the designer should adjust the design
Mg, value accordingly.

(2) Soils that are excessively expansive or resilient
should receive special consideration. One
solution is to cover these soils with a sufficient
depth of selected material to modify the detri-
mental effects of expansion or resilience.
Expansive soils may often be improved by
compaction at water contents of 1 or 2 percent
above the optimum. In some cases it may be
more economical to treat expansive or resilient
soils by stabilizing with a suitable admixture,
such as lime or cement, or to encase a substan-
tial thickness in a waterproof membrane
to stabilize the water content. Information con-
cerning expansive soil is covered in Reference
8. Methods for evaluating the potential conse-
quences of expansive roadbed soils are pro-
vided in Appendix G.

(3) In areas subject to frost, frost-susceptible soils
may be removed and replaced with selected,
nonsusceptible material. Where such soils are
too extensive for economical removal, they
may be covered with a sufficient depth of suit-
able material to modify the detrimental effects
of freezing and thawing. Methods for evaluat-
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ing the consequences of frost heave are pro-
vided in Appendix G and have been reviewed
previously in this chapter. Methods for com-
pensating for seasonal thaw-weakening are
provided in Part II.

I-15

content. Measures used to alleviate such con-
struction problems include: (1) blending with
granular materials, (2) adding suitable admix-
tures to sands to provide cohesion, (3) adding
suitable admixtures to clays to hasten drying or

(4) Problems with highly organic soils are related increase shear strength, and (4) covering with
to their extremely compressible nature and are a layer of more suitable selected material to act
accentuated when deposits are nonuniform in as a working platform for construction of the
properties or depth. Local deposits, or those of pavement.
relatively shallow depth, are often most eco- L
nomically excavated and replaced with suitable Reslh.ent Modulus (Mg) values for pavement struc-
select material. Problems associated with t}"e design should normally be based on.the proper-
deeper and more extensive deposits have been ties of the compact layer of thc? roadbed 501}. It may, in
alleviated by placing surcharge embankments some cases, be necessary. to }nclude .con.mderatlor? of
for preconsolidation, sometimes with special the uncon}pacted founda-tlo.n if these in situ materials
provisions for rapid removal of water to hasten are especially weak. It is important to note that the
consolidation. design of the pavement structure by this Gl.lldf:.ls

(5) Special provisions for unusually variable soil based on the average Mg value. Although reliability
types and conditions may include: scarifying cqn51der§ the. Yarlatlon of mz.my'factors as§oc1ated
and recompacting; treatment of an upper layer with design, it is treated by 2.1d_|ust1ng tl'le design traf-
of roadbed soils with a suitable admixture; fic. (See Chapter 4) Th.e dgs1gn trafﬁq is the §xpected
using appreciable depths of more suitable vah.Je of 18-kip ESAL’s during .the design period. The
roadbed soils (select or borrow); over-excava- demgner. "_’”‘" not select a de§1gn MR \'ralue ba§ed on
tion of cut sections and placing a uniform layer some minimum or conservatlee cr}terla as this will
of selected material in both cut-and-fill areas; mtroduce. increased copse'r\'ratlsm in design beyond
or adjustment in the thickness of subbase at that provided by the reliability factor.
transitions from one soil type to another.

(6) Although the design procedure is based on the
assumption that provisions will be made for 1.6 MATERIALS OF CONSTRUCTION
surface and subsurface drainage, some situa-
tions may require that special attention be Materials used for construction of the pavement
given to design and construction of drainage structure can be divided into two general classes; (1)
systems. Drainage is particularly important those for flexible pavements and (2) those for rigid
where heavy flows of water are encountered pavements. Materials used for composite pavements
(i.e., springs or seeps), where detrimental include those for roadbed preparation, for a subbase,
frost conditions are present, or where soils are and for a portland cement concrete slab with an as-
particularly susceptible to expansion or loss of phalt concrete wearing surface. An asphalt concrete
strength with increase in water content. Spe- overlay on a rigid pavement is considered a composite
cial subsurface drainage may include provision pavement.
of additional layers of permeable material be- In order to complete the design requirements for
neath the pavement.for interception and collec- flexible pavements, it may be necessary to convert
tion of water, and pipe drains for collection and CBR or R-value information to resilient modulus, Mg.
transmission of water. Special surface drainage In the absence of agency correlations, the following
may require such facilities as dikes, paved correlations are provided for unbound granular mate-
ditches, and catch-basins. rials (base and subbase):

(7) Certain roadbed soils pose difficult problems

in construction. These are primarily the cohe-

sionless soils, which are readily displaced un- 0 (psi) Mg (psi)
i d t truct th t
and wet clay soile, which cannot be compaied 190 740 x CBRor 1,000 + 780 x R
at high water cont’ents because of displacement 30 440 x CBR or 1,000 + 450 x R
under rolling equipment and which require 20 340 x CBR or 1,000 + 350 x R
10 250 x CBR or 1,000 + 250 x R

long periods of time to dry to a suitable water
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where 8 = sum of the principal stresses, 6, + 6, +
03; referring to AASHTO T 274, this corresponds to
64 + 3065 when 64 = 6; — O3.

The strength of the granular base or subbase is
related to the stress state which will occur under oper-
ating conditions. The sum of the principal stresses, 6,
is a measure of the stress state, which is a function of
pavement thickness, load, and the resilient modulus of
~each layer. As an agency becomes increasingly famil-
jar with these parameters, it will be possible to deter-
-mine the stress state from a layered system ‘analysis
following, procedures given in Part IV of the Guide.
However, ‘if such information is not available, esti-
mates of resilient modulus values prov1ded in Part ITof
this Guide may be used.

1.6.1 Flexible Pavements

As shown in Figure 1.1, flexible pavements gener—",j
ally consist of a prepared roadbed underlying layers of :

subbase, base, and surface courses. In some cases the

subbase and/or base will be stabilized to maximize the

use of local materials. The engineering literature con-
tains a good deal of information relative to soil and
aggregate stabilization 9, 10).

. References 9 and 10 provide a state of the knowl-
edge description of procedures for selecting the stabi-
lizing agents appropriate to various soil types and
construction methods. Pavement design examples in
Reference 9 refer to the 1972 Interim Guide; however,

the examples can still be used to illustrate design con-

cepts appropriate for use with stabilized materials.

Prepared Roadbed. The prepared roadbed is a
layer of compacted roadbed soil or select borrow.
material which has been compacted to a specified
density.

Subbase Course. The subbase course is the por-
tion of the flexible pavement structure between the
roadbed soil and the base course. It usually consists of
a compacted layer of granular material, either treated
or untreated, or of a layer of soil treated with a suit-
able admixture. In addition to its position in the pave-
ment, it is usually distinguished from the base course
material by less stringent specification requirements
for strength, plasticity, and gradation. The subbase
material should be of significantly better quality than
the roadbed soil. For reasons of economy, the subbase
is often omitted if roadbed soils are of high quality.

'

Design of Pavement Structures

When roadbed soils are of relatively poor quality -
and the design procedure indicates that a substantial
thickness of pavement is required, several alternate
designs should be prepared for structural sections
with and without subbase. The selection of an alter-
nate may then be made on the basis of availability and -
relative costs of materials su;table for base and sub- -
base. Because lower quality materials may be used.in
the lower layers of a flexible pavement structure, the
use of a subbase course is often the most economical
solution for construction of pavements over poor road- .
bed soils.

Although no specific quality requirements for sub-
base material are presented in this Guide, .the
AASHTO Construction Manual for Highway- Con—
struction can be used as a gu1de Many different mate—
rials have been used successfully for subbase. Localv ,
experience can be used as the basns for selectlon For- -
use in this design procedure, "subbase .material, if
present, requires the use of a layer coefficient (a;), in
order to convert its actual thickness to a structural

 number (SN). Special consideration must be given to.
-/ determining the minimum thickness of base and sur-
~ facing required over a given subbase material. Proce-

dures that may be used for this purpose are given in -
Part I1. Procedures for assigning appropriate layer co-
efficients based on expected My are given in Part II.
Untreated aggregate subbase should be compacted
to 95 percent of maximum laboratory density, or
higher, based on AASHTO Test T 180, Method D, or
the equivalent. In addition to the major function as a
structural portion of the pavement, subbase courses
may have additional secondary functions, such as:

(1) Preventing the intrusion of fine-grained road-
bed soils into base courses—relatively dense-
graded materials must be specified if the
subbase is intended to serve this purpose.

.(2) Minimize the damaging - effects of frost
action—materials not susceptible to detrimen- -
tal frost action must be specified if the subbase
is intended for this purpose.

(3) Preventing the accumulation of free water
within or below the pavement structure—a
relatively free-draining material may be speci-
fied for the subbase if this is the intention.
Provisions must also be made for collecting
and removing the accumulated water from the
subbase if this layer is to be included as part of
the drainage system. If the subbase is to be
designed as a drainage layer, it will be neces-
sary to limit the fraction passing the No. ‘8
sieve to a very small percent
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Introduction and Background
4) Providing a working platform for construction
equipment-—important-~when roadbed soil
cannot provide the necessary support.

Base Course. The base:course is the portion of
the pavement striicture immediately beneath the sur-
face course. It is" constructed on the subbase course,
or, if no subbase i is used, direétly on the roadbed soil.
Its major function in the pavement is structural sup-
port. It usually consists of aggregates such as crushed
stone, crushed slag, crushed gravel and sand, or com-
binations of these materials. It may be used untreated
or treated with. sditable{stﬂlii\lizing admixtures, such as
portland cement, asphalt;, lime, cement-flyash and
lime-flyash, i.e., pozzolonic stabilized bases. Specifi-
cations for base course materials are generally consid-
erably more stringent than for subbase materials in
requirements for ‘strength, plastlclty, and gradation.
Guidélines for stabilization- can be found in Refer-
encés 9 and 10. S N

Whén utilizing pozzolonic stab nzed bases under a
relatlvely thin asphaltic wearmg surface it can usually
be expected that uncontrolled transversé réflection
cracks will occur in the surface in a relatively short
period of time, e.g., 1: to 3 years. Sawed and sealed
joints (through the asphalt concrete into the base) ‘may
be utilized to minimize thé adverse effects on appear-
ance and to provide for better future sealing opera-
tions. Joint spacing may vary from 20 to 40 feet
depending on local-experience with past uncontrolled
crack-spacing problems.

Although no specific quality requirements for base
courses are presented in this Guide, the specifications
included in AASHTO’slManyal Jor Highway Con-
struction or in ASTM Specification D 2940, ““Graded
Aggregate Material for Bases or Subbase for High-
ways and Airports,” are often used. Materials varying
in gradation and quality. from these specifications have
been used in certdin areas and have provided satisfac-
tory performance. Additional requirements for quality
of base materials, based on-test procedures used by the
constructing agency, may also be included in materials
or construction specifications.

Untreated aggregate base should be compacted to
at least 95 percent of maximum laboratory density
based on AASHTO Test T 180,"Method D, or the
equivalent.’ A wide variety of materials unsuitable for
use as untreated base course have given satisfactory
performance when improved by addition of a stabiliz-
ing admixture, such as portland cement, asphalt, or
lime. Consideration should be given to the use of such
treated materials for base courses whenever they are
economically feasible, particularly when suitable un-

W12 and 13,
O Thie' cross sectron shown in Figure 1.3 is 1llustrat1vef; :
* only ‘The location of - the longitudinal drain with
respect to the traveled.way can vary depending on-

L7

treafed materlals are in short supply. Economic advan- "
tages:may result not only from the use of low- cost:,
aggregates but also from possible reduction in’the :

total- thickness, of  the pavement structure that’ ‘may, -

result from the use of treated materials. Careful study"~
is requlred in the selection of the type and amount of .-
admixture t& be used for optimum performance and

economy. |

For use in this" design procedure, base materral
must be represented by a layer coefficient (a,) iti order
that its actual - thickness may be converted to a struc- .

tural number. Procedures for the determination of -

layer coefﬁcrents based on Mg are given in Part IL.

Dramage Layer
considering or constructing pavements with a dralnage
COurse; or layer as s_hown in Figure 1.3 (11). Figure

A number of agencies are fow

B

1.3 illustrates one COnﬁ‘guration alternate designs are:,
shown in Appendlx AA'of Volume 2 and in References-fi

designer preference ‘and local experience. Also, this

figure does not show the collector systems and outlet

requiréments for a ‘total drainage design. Reference - . =
should be made to Appendix AA of Volume 2 and "~
References 11, 12, 13, 22, and 23 for additional infor- -

mation regarding the design of drainage systems.

The designer should give some consideration to the
preferred construction sequence when specifying a

drainage system, e.g., excavation and installation after
the travel lane paving has been completed. Local prac-
tice should be followed; however, the designer should

be aware that special provisions to the specifications

may be necessary. Additional information concerning

the design of the drainage layer is provided in Section

1.8 of Part I and in Appendix AA of Volume 2.

Tables 1.1, 1.2, and 1.3 provide some background -

information for estimating the permeability of various
types of material.

Table 1.1 provides general relationships between
coarse-graded unstabilized materials and their coeffi-
cients of permeability (/7).

Table 1.2 provides guidelines for the gradation of
asphalt-treated permeable material (/7). At least one
state agency has reported the same gradation for
porous concrete used as a drainage layer.

Table 1.3 summarizes information relative to the .~ .5
permeability of graded aggregates as a function of the °
percent passing the No. 200 mesh sieve. Additional -

information concerning materials to be used for the
drainage course is.provided in Reference 12.

Copyright American Association of State Highway and Transporta‘tlon Officials
Provided by IHS under license with AASHTO
No reproduction or networking permitted without license from IHS

Licensee=CH2M Hill Worldwide/5960458046, User=Ostermann, Benjamin
Not for Resale, 03/10/2015 08:43:50 MDT



1-18 Design of Pavement Structures

A. Base is used as the drainage layer.

Base and subbase material
must meet filter criteria

AC or PCC /

Material must meet
filter criteria

Drainage layer
as a base

B. Drainage layer is part of or below the subbase.

Base and subbase material
must meet vertical drainage
permeability criteria

AC or PCC |l

ZDrainage layer

as part of or .
below the subbase Material must meet

filter criteria

Material must meet filter criteria if base or
subbase adjacent to drainage layer does not
meset filter criteria

Note: Filter fabrics may be used in lieu of filter material, soil,
or aggregate, depending on econormic considerations.

Figure 1.3. Example of Drainage Layer in Pavement Structure (11)
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Table 1.1. Permeability of Graded Aggregates (11)

Sample Number

Percent Passing 1 2 3 4 5 6
3/a-inch sieve 100 100 100 100 100 100
1/2-inch sieve 85 84 83 81.5 79.5 75
3/s-inch sieve 77.5 76 74 72.5 69.5 63
No. 4 sieve 58.5 56 52.5 49 43.5 32
No. 8 sieve 42.5 39 34 29.5 22 5.8
No. 10 sieve 39 35 30 25 17 0
No. 20 sieve 26.5 22 15.5 9.8 0 0
No. 40 sieve 18.5 13.3 6.3 0 0 0
No. 60 sieve 13.0 7.5 0 0 0 0
No. 140 sieve 6.0 0 0 0 0 0
No. 200 sieve 0 0 0 0 0 0
Dry density (pcf) 121 117 115 111 104 101
Coefficient of permeability

(ft. per day) 10 110 320 1,000 2,600 3,000

NOTE: Subsurface drainage systems should be capable of removing.

The approximate coefficient of permeability of the Specifications, for both design and construction, of
asphalt-treated permeable material is 3,000 feet or drainage courses are under development; hence, mate-
more per day when treated with 2-percent asphalt and rial requirements should be referenced to the latest
8,000 feet per day with no asphalt. guide specifications of AASHTO, ASTM, or the ap-

propriate state agency responsible for developing
statewide criteria and requirements. Information in

Table 1.2. Gradation for Asphalt Treated Tables 1.1, 1.2, and 1.3 provides some guidelines for
Permeable Layer (11) estimating permeability.
The N.J. Department of Transportation has devel-
Sieve Size Percent Passing oped specifications for bituminous stabilized and non-
17 100 stabilized open-graded mixes for drainage layers. The
3/, 90-100 gradation requirements used by the NJDOT are:
3/g" 30-50
No. 4 0-5
No. 8 0-2 Sieve Size Percent Passing
1.5 in. 100
1.0 in. 95-100
Table 1.3. Effect of Percentage Passing 200 (1113 1:' 28:?5)
Mesh Sieve on Coefficient of No. M 5-25
Permeability of Dense Graded No. 16 0-8
Aggregate, Feet Per Day (11) )
No. 50 0-5
Types of Percent Passing No. 200 Sieve
Fines 0 5 10 15
Silica or This material can be made with a 50/50 blend of
limestone 10 0.07 0.08 0.03 No. 57 and No. 9 stone of a crushed stone. The target
Silt 10 0.08 0.001 0.0002 permeability suggested by NIDOT is 1,000-3,000 ft.
Clay 10 0.01 0.0005 0.00009 per day. Laboratory testing for permeability is recom-

mended prior to approval of the porous layer material.
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A “cookbook” approach to the internal drainage
problem is given by G.S. Kozloo in Transportation
Record 993.

The measurement of subsurface drainage is gener-
ally based on the time required for 50-percent of the
unbound water to be removed from the layer to be
drained. The Casagrande flow equation for estimating
the 50-percent drainage time is expressed as:

tso = Me X L)/[2 x K x (H + L X tan )]

(1.6.1)
where
tsg = time for 50 peréent of unbound water
to drain (days),
e = effective porosity (80 percent of
absolute porosity),
L = length of flow path (feet),

K = permeability constant (ft./day), and
tan o = slope of the base layer.

Filter Material. A detailed description of filter
layers is contained in Appendix AA, Volume 2.
Ridgeway (/1) provides the following general com-
ments:

The drainage layer and the collector system
must be prevented from clogging if the system
is to remain functioning for a long period of
time. This is accomplished by means of a filter
between the drain and the adjacent material.
The filter material, which is made from select
aggregates or fabrics, must meet three genéral
requirements: (1) it must prevent finer mate-
rial, usually the subgrade, from piping or mi-
grating into the drainage layer and clogging it;
(2) it must be permeable enough to carry water
without any resistance; and (3) it must be
strong enough to carry the loads applied and,
" for aggregate, to distribute live loads to the
- subgrade,

Surface Course. The surface course of a flexible
-structure consists of a mixture of mineral aggregates
and bituminous materials placed as the upper course
and usually constructed on a base course. In addition

_to its major function as a structural portion of the

pavement, it must also be designed to resist the abra-
sive forces of traffic, to reduce the amount of surface

Design of Pavement Structures

water penetrating the pavement, to provide a skid-
resistance surface, and to provide a smooth and uni-
form riding surface.

The success of a surface course depends to a degree
on obtaining a mixture with the optimum gradation of
aggregate and percent of bituminous binder to be
durable and to resist fracture and raveling without be-
coming unstable under expected traffic and climatic
conditions. The use of a laboratory design procedure
is essential to ensure that a mixture will be satis-
factory.

Although dense-graded aggregates with a maxi-
mum size of about 1 inch are most commonly speci-
fied for surface courses for highways, a wide variety
of other gradatio_ns, from sands to coarse, open-
graded mixtures, have been used and have provided
satisfactory performance for specific conditions. Sur-
face courses are usually prepared by hot plant mixing
with an asphalt cement, but satisfactory performance
has also been obtained by cold plant mixing, or even
mixing, in-place, with liquid asphalts or asphalt emul-
sions. Hot plant mixes, e.g., asphalt concrete, are
recommended for use on all moderate to heavily traf-
ficked highways.

Construction specifications usually require that a
bituminous material be applied on untreated aggregate
base courses as a prime coat, and on treated base
courses and between layers of the surface course to
serve as a tack coat.

No specific quality requirements for surface
courses are presented in this Guide. It is recognized
that each agency will prepare specifications that are
based on performance, local construction practices,
and the most economical use of local materials.
ASTM Specification D 3515 provides some guidelines
for designing asphalt concrete paving mixes.

It is particularly important that surface courses be
properly compacted during construction. Improperly
compacted surface ¢ourses are more likely to exhibit a
variety of types of distress that tend to reduce the life
and overall level of performance of the pavement.
Types of distress that are often related to insufficient
compaction during construction include rutting result-
ing from further densification under traffic, structural
failure resulting from excess infiltration of surface
water through the surface course, and cracking or rav-
eling of the surface course resulting from embrittle-
ment of the -bituminous binder by exposure to air and
water in the mixture. Specific criteria for compaction
must be established by each highway agency based on
local experience. Theoretical maximum densities of
92 percent or more are sometimes specified for dense-

graded mixes..” ,
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Introduction and Background
1.6.2 Rigid Pavements

As shown in Figure 1.1, rigid pavements generally
consist of a prepared roadbed underlying a layer of
subbase and a pavement slab. The subbase may be
stabilized or unstabilized. In cases of low volume road
design where truck traffic i is low, a subbase layer may
not be necessary between the prepared roadbed and
the pavement slab.

A drainage layer can be 1ncluded in’ rrgrd pavements
in much the same manner described for flexible pave-
ments as shown in Figure 123. Alternate drainage de-
signs are shown in Appendix AA, Volume 2.

Subbase. The subbase of a rigid pavement struc-
ture consists of one or more compacted layers of
granular or stabilized material placed between the
subgrade and the rigid slab for the following pur-
poses:

(1) to provide uniform, stable, and permanent

: support,
~(2) to increase the modulus of subgrade reaction
ﬁ k),
'(3) to minimize the damaging effects of frost
: action, . .

“(4) to prevent pumprng of fine-grained soils at

3 joints, eracks, and edges of the rigid slab, and

(5) to provide a working platform for construction
equipment.

If the roadbed soils are of a quality equal to that of
a subbase, or in cases where design traffic is less than
1,000,000 18-kip ESAL’s, an additional subbase layer
may not be needed.

A number of different types of subbases have been
used successfully. ‘These include graded granular
materials and materrals stablllzed with suitable admix-
tures. Local experience may also provide useful crite-
ria for the selection of subbase type. The prevention of
water accumulations on or in roadbed soils or sub-
bases is essential if satisfactory performance of the
pavement structure is to be attained. It is recom-
mended that the subbase layer be carried 1 to 3 feet
beyond the paved roadway width’ or to the inslope if
required for drainage. -

Problems with the erosion: of subbase materral
under the pavement slab at joints and at the pavement
edge have led some designers to use a lean concrete or
porous layers for subbase. While the use of a porous

layer is encouraged it should be noted that design- .
criteria for such materials are still in the development . -
stage and the designer should 'review the literature or "
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contact agency personnel famrhar with current re-
quirements. -

Pavement Slab. The basic materials in the pave-
ment slab are portland cement concrete, reinforcing
steel, load transfér devices, and joint sealing materi-
als. Quality control on the project to ensure that the
materials conform to AASHTO or the agency specifi-
cations will minimize distress resulting from distor-
tion or disintegration. :

Portland Cement Concrete. ‘Thé mix design and
material specifications for the concrete should be in
accordance with, or equivalent to, the requirements of
the AASHTO Guide Specifications for Highway
Construction and the Standard Specifications for
Transportation Materials. Under the given conditions
of a specific project, the minimum cement factor
should be determined on the basis of laboratory tests
and prior experience of strength and durability.

Air-entrained concrete should be used whenever it
is necessary to provide resistance to surface deteriora-
tion from freezing and thawing or from salt or to
improve the workability of the mix. :

Reinforcing Steel. ' The reinforcing steel used in
the slab should have surface deformations adequate to
bond and develop the workmg stresses in the steel. For
smooth wire mesh, this bond i is developed through the
welded cross wires. For deformed wire fabric, the
bond is developed by deforinations.on the wire and at
the welded intersections. '

Joint Sealing Materials. Three basic types of
sealants are presently used for sealing joints:

(1) Liquid sealants. These include a wide variety
of materials including: asphalt, hot-poured
rubber, elastomeric compounds, silicone, and
polymers. The materials are placed in the joint
in a liquid form-and allowed to set. When using
liquid sealants, cate should be taken to provide
the proper shape factor for the “movement
expected.

(2) Preformed elastomeric seals These are ex-
truded neoprene seals having internal webs
that exert an outward force against the joint
face. The size and installation width depend on
the amount of’ movement expected at the joint.

(3) Cork expanswn joint filler. There are two
types of cork fillers: (a) standard .€xpansion
joint filler, and (b) self-expanding (SE) type.
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Longitudinal Joints. Longitudinal joints are
needed to form cracks at the desired location so that
they may be adequately sealed. They may be keyed,
butted, or tied joints, or combinations thereof. Longi-
tudinal joints should be sawed or formed to a mini-
mum depth of one-fourth of the slab thickness. Timing
of the sawcutting is critical to the crack formation at
the desired location. The maximum recommended
longitudinal joint spacing is 16 feet.

Load-Transfer Devices. Mechanical load-trans-
fer devices for transverse joints should possess the
following attributes:

(1) They should be simple in design, be practical
to install, and permit complete encasement by
the concrete.

(2) They should properly distribute the load
stresses without overstressing the concrete at
its contact with the device.

(3) They should offer little restraint to longitudinal
movement of the joint at any time.

(4) They should be mechanically stable under the
wheel load weights and frequencies that will
prevail in practice.

(5) They should be resistant to corrosion when
used in those geographic locations where cor-
rosive elements are a problem. (Various types
of coatings are often used to minimize corro-
sion.)

A commonly used load-transfer device is the plain,
round steel dowel conforming to AASHTO Designa-
tion M 31-Grade 60 or higher. Specific design re-
quirements for these relative to diameter, length, and
spacing are provided in Part II. Although round
dowels are the most commonly used, other mechani-
cal devices that have proven satisfactory in field instal-
lations may also be used.

Consideration may also be given to omitting load
transfer devices from transverse weakened plane
joints in plain jointed concrete pavement when sup-
ported on a treated permeable base.

Tie Bars. Tie bars, either deformed steel bars or
connectors, are designed to hold the faces of abutting
slabs in firm contact. Tie bars are designed to with-
stand the maximum tensile forces required to over-
come subgrade drag. They are not designed to act as
load-transfer devices.

Deformed bars should be fabricated from billet or
axle steel of Grade 40 conforming to AASHTO M 31
or M 53. Specific recommendations on bar sizes,

Design of Pavement Structures

lengths, and spacings for different pavement condi-
tions are presented in Part II.

Other approved connectors may also be used. The
tensile strength of such connectors should be equal to
that of the deformed bar that would be required. The
spacing of these connectors should conform to the
same requirements given for deformed tie bars in
Part II.

Consideration should be given to the use of corro-
sion-resistant materials or coatings for both tie bars
and dowels where salts are to be applied to the surface
of the pavement.

1.6.3 Shoulders

Shoulders have often in the past been constructed of
a flexible base with an asphalt surfacing or of a stabi-
lized base with an asphalt surfacing. The combination
of a dissimilarity between the outside lane and shoul-
der and the encroachment of heavy wheel loads onto
the shoulder have sometimes resulted in joint prob-
lems between the travel lanes and the shoulder.
Research has shown that strengthening of the shoulder
and adding special sealants have helped to alleviate
this problem. The use of tied concrete shoulders or
3-foot monolithic widening of the outside PCC lane
has also proven beneficial (1.5-foot monolithic widen-
ing is acceptable if a rumble strip is provided as a
deterrent to edge encroachment). Thickening the out-
side edge of the travel lane or using a monolithic curb
(where appropriate) also strengthens the pavement
edge and reduces the shoulder-joint problem. Provi-
sion for slab design which incorporates tied shoulders
and widened outside lanes is provided in Part II of this
Guide.

Additional information pertinent to shoulder design
is given in Section 1.9.

1.7 ENVIRONMENT

Two main environmental factors are considered
with regard to pavement performance and pavement
structure design in this Guide; specifically, these are
temperature and rainfall.

Temperature will affect (1) the creep properties of
asphalt concrete, (2) thermal-induced stresses in as-
phalt concrete, (3) contraction and expansion of port-
land cement concrete, and (4) freezing and thawing of
the roadbed soil. Temperature and moisture differen-
tial between the top and bottom of concrete slabs in
jointed concrete pavements creates an upward curling
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Introduction and Background

and warping of the slab ends which can result in
pumping and structural deterioration of undrained
sections.

Rainfall, if allowed to penetrate the pavement struc-
ture or roadbed soil, will influence the properties of
those materials. This section of the Guide covers
problems associated with temperature. Section 1.8
covers drainage requirements as related to rainfall.

Freezing and thawing of roadbed soil has tradition-
ally been a major concern of pavement designers. The
major effect is with regard to the thaw-weakening
which can occur during the spring thaw period. Figure
1.4 illustrates the seasonal effects which can occur in
many regions of the United States. A second effect of
freezing is the occurrence of frost heaving, causing a
reduction in the serviceability of the pavement.

Procedures for calculating the damage during vari-
ous seasons of the year as a function of thaw-weaken-
ing and frost heaving are given in Part II. It is beyond
the scope of the Guide to describe in detail the mecha-
nism related to frost susceptibility, thaw-weakening,
and frost heaving. The user is referred to Reference 14
for more information on this subject. A few of the
more pertinent considerations from Reference 14
which relate to pavement structure design in frost
areas are reproduced in this section of the Guide.

Frost heaving of soil within or beneath a pavement
is caused by the accumulation of ice within the larger
soil voids and, usually, a subsequent expansion to
form continuous ice lenses, layers, veins, or other ice
masses. The growth of such distinct bodies of ice is
termed ice segregation. A lens grows in thickness in
the direction of heat transfer until the water supply is
depleted, as by formation of a new lens at a lower
level, or until freezing conditions at the freezing inter-
face will no longer support further crystallization.
Investigations (12, 13, 16) have shown that ice segre-
gation occurs only in soils containing fine particles.
Such soils are said to be frost susceptible; clean sands
and gravels are nonfrost-susceptible soils. The degree
of frost susceptibility is principally a function of the
percentage of fine particles and, to a lesser degree, of
particle shape, distribution of grain sizes, and mineral
composition.

The following three conditions of soil, tempera-
ture, and water must be present simultaneously in
order for ice segregation to occur in the subsurface
materials: ‘

(1) Soil. The soil must be frost susceptible.

(2) Temperature. Freezing temperatures must pen-
etrate the soil. In general, the thickness of a
particular layer or lens of ice is inversely pro-
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portional to the rate of penetration of freezing
temperature into the soil.

(3) Water. A source of water must be available
from the underlying groundwater table, infil-
tration or gravitational flow, an aquifier, or the
water held within the voids of fine-grained
soil.

Periods of thawing are among the most critical
phases in the annual cycle of environmental changes
affecting pavements in seasonal frost areas. Such
thawing cycles are in many cases very disruptive, de-
pending on the rapidity of the thaw and the drainage
capabilities of the pavement system. During thaw per-
iods considerable melting of snow may occur, with
melt water filling the ditches and infiltrating into the
pavement from the shoulders and through surface
cracks in the pavement itself. During thawing periods,
the bearing capacity of the roadbed soil may be se-
verely reduced, and frost heaving frequently is more
severe after midwinter thaw periods. In areas of deep
frost penetration, the period of complete thawing of
thicker pavement structures in the spring is usually the
most damaging type of thaw period because it affects
the roadbed as well as subbase and base layers. The
severity of the adverse effect on the supporting capac-
ity of a given roadbed is largely dependent on the
temperature distribution in the ground during the
thawing period.

Thawing can proceed from the top downward, from
the bottom upward, or both. The manner of thawing
depends on the pavement surface temperature. During
a sudden spring thaw, melting will proceed almost
entirely from the surface downward. This type of
thawing leads to extremely adverse drainage condi-
tions. The still-frozen soil beneath the thawed layer
traps the water released by the melting ice lenses so
that lateral and surface drainage are the only means of
egress. In granular soils, lateral drainage may be re-
stricted by still-frozen shoulders resulting from the
insulating effect of snow and/or different thermal con-
ductivity and surface reflectivity characteristics. If air
temperatures in the spring remain cool and frosty at
night, upward conduction of heat stored in the ground
from the previous summer and of heat from the inte-
rior of the earth will produce thawing, principally
from the bottom upward. Such thawing permits soil
moisture from melted ice lenses to drain downward
while the material above it remains frozen.

The climatic factors of air temperature, solar radia-
tion received at the surface, wind, and precipitation
are major parameters that effect the severity of frost
effects in a given geographical area. The first three
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Introduction and Background

mainly affect the temperature regime in the pavement.
structure, including the important parameters of depth .

of frost penetration, number of freeze-thaw cycles,

and duration of the freezing and thawing periods. Pre-
cipitation. affects mainly the moisture regime but

causes changes in the thermal properties of the soil
and interacts with the other climatic variables deter-
mining ground temperatures as well.

Investigators who have endeavored to calculate the

depth of frost penetration have found it convenient to ,

make use of a freezing index (I5), which expresses
the cumulative effect of intensity and duration of sub-
freezing air temperatures. The freezing index is ex-

pressed .in degree days and represents the difference
‘between  the highest and lowest points on a curve of

cumulative degree days versus time for one freezing

season. The degree days for any one day equals the

difference between the average daily air temperature

and 32°F. Degree days are plus when the average daily-.

temperature is below 32°F (freezing degree days) and

minus when above 32°F (thawing degree days). Thus,
an average daily temperature of 31°F is equal to one

degree ‘day, 33°F is equal to minus one degree day,
and 22°F is equal to 10 degree days.

The freezing index for a given year and site loca—
tion can be calculated from average daily air tempera-
ture records, which should be obtained from a station
situated close to the construction site. This is neces-

' $ary because differences in elevation and topography, -
and nearness to centers of population or bodies.of

water (rivers, lakes, seacoast) and other sources.of

heat, are likely to cause considerable variations in the _

value of the freezing index over short distances. Such
variations may be of sufficient magnitude to affect a
pavement design based on depth of frost penetration,

particularly in areas where the freezing index used in
the calculation is more than about 100 degree days

Table 1.4 provides an indication of the depth of frost
based on the penetration of the 32°F (0°C) isotherm
: be_loi_v the surface of 12 inches of portland cement

Table 1.4. . Frost Penetration under Portland
Cement Concrete Pavement (11)

A‘ir-Freezing Index Frost Penetration

(degree days) (feet)
200 1.8
400 3.0
600 4.0
"800 5.0

1,000 6.0

25

concrete. Variations due to pavement type, soil type,

’. duration of low temperature, and water content may
* affect the actual frost penetration; however, it is clear

that frost penetration can extend well into the roadbed
soils during sustained perlods of freezing tempera-
tures.

Most studies have shown that a soil is frost suscep-
tible only if it contains fine particles. Soils free of
material passing the 200 mesh sieve generally do not
develop significant ice segregation or frost heave.

A reliable method for recognizing a frost suscept-

" ible material for site specific conditions has not, as

yet, been identified. Some guidelines are available in

- “the 'literature and are described'by Johnson, et al.

(14).- The U.S. Corps of Engineers have reported that
most inorganic soils containing 3 percent (by weight)
or more of grains finer than 0.02 mm in diameter are
considered frost susceptible for pavement design pur-
poses (16). :

In summary, frost’ action due to freezing tempera-
tures in soil, can cause both heavmg and thaw-weak-
ening. However, thaw- -weakening 'is not necessarily
directly proportional to heaving since field experience
shows that thaw-weakened but well- drained sandy or
gravelly materials recover bearmg strength quite rap-

“idly, whereas clayey soils may show little heave but
recover their stability very slowly (/4). The design
“procedure in Part II of this Guide _provides for both

- frost heave and thaw-weakening. .

The period of thaw- weakemng ¢can be estimated
from deflection measurements, as shown in Figure
1.5. These data were obtained at the AASHO Road
Test and indicate that the thaw-weakening period can
range from a few weeks to a few months, with varying
degrees of reduction in structural capacity. Further

. guidelines relative to thaw-weakening periods are

given in Part II of this Guide; however, user agencies
are encouraged to develop these relationships based
on site specific measurements within their areas and
" to compare such experlence w1th other agencies na-
tionally.
~ Laboratory tests and field evaluations indicate that
the retained modulus during the thaw-weakening per-
iod may be 20 to 50 percent of the normal modulus
"obtained during the summer and fall periods.

It should be noted that the resilient modulus for
roadbed soils may also vary by season even when no
thaw-weakening period is experienced. For example,

_during the heavy rainy periods it might be.expected
" that some seasonal variation in bearing capacity will
occur. There may be other situations in which no sea-
sonal variations occur and a'constant modulus can be

) used forl the roadbed soil. Note that the modulus is

+
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Introduction and Background

related to CBR, R-value, or plate bearing value and,
hence, experience with these types of strength tests
can be used to infer the seasonal effects on the
modulus.

While information is generally lacking with regard
to the effects of thaw-weakening or water saturation on
untreated aggregate base and subbase, some research
does suggest that a reduced modulus can occur during
certain - critical seasons. Reference 18, based on
results of spring deflection measurements at the
AASHO Road Test, indicates that the retained modu-
lus ranged from 80 to 85 percent of the normal
modulus obtained during the summer and fall. If these
layers had been well drained no reduction in modulus
would be anticipated.

In order to compensate for thaw-weakening effects
on pavement performance, provision has been made in
Part II to calculate an effective annual roadbed soil

. resilient modulus. The effective modulus used for a
full 12 months will produce the same change in PSI as
would be obtained by calculating the change with the
respective seasonal moduli.

The design for frost areas included in this Guide
depend to a large extent on the performance of rigid
and flexible pavements at the AASHO Road Test. It is

: recognized that experience in some northern tier states
and Alaska may indicate that alternate procedures can
be used. For example, some state agencies require a
12- to 24-inch granular layer over frost susceptible
roadbed soils. Other agencies require full or partial
replacement of frost susceptible materials (16). Such
requirements could increase the total thickness of the
pavement structure when compared with requirements
of this Guide. Careful review of the cost and benefit
(performance) of such design policies should be con-
sidered; however, if field data indicate that life-cycle
costs can be reduced by following such a procedure
there should be no problem in justifying this type of
design and construction.

In addition to the seasonal effect on the subgrade
and granular materials, temperature will also influ-
ence the characteristics of the asphalt concrete.
Performance will be affected in three ways: (1) low
temperature cracking, (2) fatigue cracking, and (3)
rutting. It is not clear from research studies just how
much these factors will influence PSI (19). However,
low temperature cracking and fatigue cracking will
increase maintenance costs, and rutting is a safety
consideration related to potential hydroplaning as well
as a maintenance problem.

Reference 20 summarizes information concerning
premature cracking in asphalt concrete due to low
temperature induced stresses and fatigue due to traf-

127

fic. The recommendations from this study indicate
that the softer grades of asphalt, i.e., AC-5 or equiva-
lent, should be used in cold climates (when the mean
annual air temperature is less than 45°F); and harder
grades, i.e., AC-20 or equivalent, in hot climates
(when the mean annual air temperature is greater than
75°F). The specific selection of asphalt grade will be
a function of local experience; however, it is recom-
mended that consideration be given to the above
guidelines.

For thick, full-depth asphalt concrete, there are in-
dications from research that fatigue cracking can be
significantly affected by temperature (2/). In general,
these findings suggest that the harder grades of asphalt
will provide improved performance in terms of fatigue
cracking. Thus, an AC-40 would be appropriate in
warm climates for thick (7 inches or more) pavements.

It should be noted that the selection of the grade of
asphalt, per se, will not solve all of the problems of
premature cracking. The designer must also give care-
ful attention to all of the factors which can influence
performance, e.g., structural design, drainage, con-
struction, thaw-weakening, etc.

1.8 DRAINAGE

Drainage of water from pavements has always been
an important consideration in road design; however,
current methods of design have often resulted in base
courses that do not drain well. This excess water com-
bined with increased traffic volumes and loads often
leads to early pavement distress in the pavement
structure.

Water enters the pavement structure in many ways,
such as through cracks, joints, or pavement infiltra-
tion, or as groundwater from an interrupted aquifier,
high water table, or localized spring. Effects of this
water (when trapped within the pavement structure)
on pavements include:

(1) reduced strength of unbounded granular
materials,

(2) reduced strength of roadbed soils,

(3) pumping of concrete pavements with subse-
quent faulting, cracking, and general shoulder
deterioration, and

(4) pumping of fines in aggregate base under flexi-
ble pavements with resulting loss of support.

Less frequently noticed problems due to entrapped
water include (but are not limited to):

(1) stripping of asphaltic concrete,
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(2) differential heaving over swelling sorls and
(3) frost heave.

Prior editions of the AASHTO Guide for Deszgn of
Pavement Structures have not treated the effects of =~ .

:,dramage on pavement performance. In this Guide,

drainage effects are directly considered in terms of the -'

effect of moisture on roadbed soil and :base strength

(for flexible pavements) and the effect of moisture on

subgrade strength and on base erodability (for con-
crete pavements). Though consideration for stripping

of asphalt concrete is not directly considered, the ef- .

" fects of swelling soils and frost heave are.

1.8.'1 General Design Considerations .

Methods for treating water in pavements have gen-
erally con51sted of:

preventmg water from entering the pavement

L@

NN
" (2) providing drainage to remove excess water‘u a
. quickly, and o
(3) Dbuilding the pavement strong enough to restst'

the combined effect of load and water

When all possible sources of water are consldered .
protection. of the pavement structural section. from'f’_. -

. water entry requires interception of groundwater as
. well as’ seahng of the pavement surface. Considerable
- attention. has generally been given to mterceptmg

”seahng the surface to exclude infiltration from rain

. and snow melt..As a result, a considerable amount of
fjwater ‘often enters the pavement substructure, restlt-"

:@ mg in a need for some type of drainage.

- To . obtam adequate pavement drainage, the de-

s1gner ‘should consider providing three types of drain-

‘age systems:, (1) surface drainage, (2) groundwater -

-;f}dramage “and’ (3) structural drainage. Such systems;
~however, are only effective for “free water”” Water

held by caprllary forces in soils and in fine aggregates

“cannot be drained. The effects of this “bound” mois-
ture must be considered in the design of pavement
structures through its effect on the pavement material
‘properties. Most existing pavements do not include
drainage systems capable of quickly removing free
water.
~ Most existing design methods have relied on the
practice of building pavements strong enough to resist
the combined effects of load and water. However, they
" do not always account for the potential destructive
effects of water within the pavement structure. As a
result, increased emphasis is needed to exclude water

B .
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from the pavement and provide for rapid drainage.
While both approaches are extremely difficult, this
Guide will emphasize only the latter treatment. How-
ever, maintenance policies should recognize the bene-
fits and necessity of maintaining the joint sealant and
thus preventing water from leaking into the subbase
layer.

1.8.2 Design of Pavement Subsurface Drainage

Two general types of pavement subsurface design
criteria have been proposed for'use in pavements {n.
These include:

criterion for-the time of drainage of the base or

1)
' subbase beginning with the flooded condition
and continuing to an established acceptable
level, and i
an inflow-outflow crrtenon by whrch drainage

occurs at a rate greater than or equal to the
inflow rate, thus avoiding saturatron

Removal of the free water ‘can be accomplished by

draining the free water vertically into the subgrade, or

laterally through a drainage layer into a system of pipe

“gollectors. Generally, the actual process will be a

combination of the two. . - Lo

. . 1.8.3 Incorporation of Drainage Into Guide
groundwater :whereas less attention has been givento ™ .

Drainage effects on pavement performance have
been considered in this Guide. Drainage is treated by

B cons1der1ng the effect of water on the. propertles of the
pavement layers anid thé consequences to the structural

capacity of the pavement. Addrtlonal work is needed
life.
For new design (Part II), the effect of dramage is
considered by modlfymg the structural layer coeffi-
cient (for flexible pavements) and .the load transfer
coefficient (for rigid pavements) as a function of

(1) the quality of drainage (e.g., the time required
for the pavement to drain), and -

the percent of time the pavement structure is
exposed to moisture levels approaching satur-

ation,

2

For rehabilitation of existing pavements, additional
questions need to be asked. These include (22):

(H

Is the original drainage design adequate for the
existing road?
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Intfodu,ction and Background

(2) What changes are necessary to ensure that
drainage inadequacies, which may contribute

~ to structural distress, are corrected?

(3) If the original drainage system design was
adequate, have environmental or structural
changes taken place since it was built that re-
quire reconstruction of the system?

(4) Does the present or projected land use in areas

" adjacent to the road indicate that surface drain-
age flow patterns have changed or are likely to
change, thus rendering existing drainage facili-
ties madequate‘? '

Detalls of the design of subsurface drainage sys-
tems are important and, therefore, Appendix AA of
Volume 2 has been provxded to assist the engineer in
th1s effort. - ) o

1. 9 SHOULDER DESIGN

As. deﬁned by AASHTO a hlghway shoulder is the
*“portion of roadways contiguous -with the traveled
way for accommodation of stopped -vehicles for emer-
gency” use and for lateral support of base and subbase
courses.’ The shoulder 'is also consxdered by some
agencies as a temporary detour to be used during reha-
bilitation of the usual traveled® way.
~ No specifi¢ design criteria are provided in this
_Guide for the determination of the pavement structure
for shoulders. An AASHTO posmon ‘paper on shoul-
Eder des1gn is 1ncluded herein, as. Appendlx E.

129

A number of agencies have developed specific de-
sign criteria for shoulders. Where such criteria are
available within specific governmental jurisdictions it -
is recommended that such criteria be followed pend-
ing the development of more specific recommenda—
tions by AASHTO.

If design criteria for shoulders are based on pave—
ment structure requirements similar to those used for
the traveled way, the design and rehabilitation proce-
dures included in Parts II and III of this Guide are-
considered applicable.

The use of tied shoulders or a widened width of
paving in the lane adjacent to the shoulder has proven
to be beneficial to overall performance of rigid pave-
ments. Provision has been made in both Parts II and
II to recognize the beneﬁts to be derived from thlS
type ‘of design. ‘

It.is recognized that paved shoulders adjacent to
flexible pavements will provide lateral support for the -

base and surface courses. No provision is made inthis

Guide to modify the desxgn of flexible pavementsas a- -
function of shoulder design. Local practice, experi-
ence, and cost analysis should, in all cases, be con's_i/_d:-? -
ered as prime factors in shoulder design. The benefits'f:;»
of a paved shoulder will be enhanced if the traffic is’
concéntrated in'the traffic lanes. The use of a contrast- .-

ing shoulder color or, texture (seal coats) will help.* -

achieve this objective. Truck encroachment onto the
shoulder is a major cause of shoulder distress; hence,
any treatment which will minimize operations on the
shoulder will benefit the performance of pavements in
the traveled way and on the shoulder.
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CHAPTER 2
DESIGN-RELATED PROJECT LEVEL
PAVEMENT MANAGEMENT

Pavement management in its broadest sense encom-
passes all the activities involved in the planning,
design, construction, maintenance, evaluation, and
rehabilitation of the pavement portion of a public
works program. A pavement management system
(PMS) is a set of tools or methods that assist decision-
makers in finding optimum strategies for providing,
evaluating, and maintaining pavements in a service-
able condition over a given period of time. The
function of a PMS is to improve the efficiency of deci-
sion-making, expand its scope, provide feedback on
the consequences of decisions, facilitate the coordina-
tion of activities within the agency, and ensure the
consistency of decisions made at different manage-
ment levels within the same organization.

In this sense, pavement ‘‘design,”’ as covered by
this design Guide, and “rehabilitation,” as covered in
Part III of the Guide, are vital parts of the overall
pavement management process. The purpose of this
chapter is to show more clearly the interrelations of
design and rehabilitation with pavement management
and with existing or potential pavement management
systems.

The detailed structure of a PMS depends on the
organization of the particular agency within which it
is implemented. Nevertheless, an overall, generally
applicable framework can be defined or established
without regard to any particular detailed departmental
organization. Other reports outline rather complete,
long-term concepts of pavement management, and
provide guidelines for immediate application based on
existing technology (29), and thus it is not our pur-
pose here to include such guidelines.

It is convenient to describe pavement management
in terms of two generalized levels: (1) the network
management level, sometimes called the program
level, where key administrative decisions that affect
programs for road networks are made, and (2) the
project management level, where technical manage-
ment decisions are made for specific projects. Early
formal pavement management systems development
occurred at the project level. More recently, extensive
development in maintenance management and data

management methodologies provides opportunities
for development of more comprehensive pavement
management systems, where more activities can be
included and explicitly interfaced with each other at
the network level.

Pavement management systems can provide several
benefits for highway agencies at both the network and
project levels. Foremost among these is the selection
of cost-effective alternatives. Whether new construc-
tion, rehabilitation, or maintenance is concerned,
PMS can help management achieve the best possible
value for the public dollar.

At the network level, the management system pro-
vides information pertinent to the development of a
statewide or agencywide program of new construc-
tion, maintenance, or rehabilitation that will optimize
the use of available resources. This relationship is
illustrated on the left side of Figure 2.1.

Considering the needs of the network as a whole, a
total PMS provides a comparison of the benefits and
costs for several alternative programs, making it pos-
sible to identify that budget or program which will
have the least total cost, or greatest benefit, over the
selected analysis period. The benefits of using such a
system have been proven in practice.

At the project level, detailed consideration is given
to alternative design, construction, maintenance, or
rehabilitation activities for a particular roadway sec-
tion or project within the overall program. Here again,
by comparing the benefits and costs associated with
several alternative activities, an optimum strategy is
identified that will provide the desired benefits or
service levels at the least total cost over the analysis
period.

2.1 RELATIONSHIP OF DESIGN TO
PAVEMENT MANAGEMENT

From Figure 2.1 we see that “design” is primarily
a project level activity since design is normally not
done until budgets are allotted and programs are set.
Figure 2.2 illustrates the better known relationships
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', Figure 2.2. Major Classes of Activities in a Pavement Management System
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between design and other typical project level activi-
ties once a project or roadway section is selected for
construction, and design activities begin.

Too often in the past, design alternatives have con-
sidered only those structural sections or design strate-
gies which are expected to last the entire predicted
service life or selected performance period. It is vital
to note that pavement management provides an orga-
nized approach to correcting these deficiencies. It is
apparent in Figure 2.3 that the life-cycle economics
and the interaction of initial construction and subse-
quent overlay were often not included in past design
analyses.

More explicitly, a pavement management system
(PMS) provides an organized coordinated way of han-
dling the pavement management process. The amount
of data involved and the number of calculations re-
quired to check the available alternatives clearly indi-
cate the need to have some type of device to assist the
engineer. Normally a computer, either micro or main-
frame, fills this need very well.

Currently then the design function as defined
covers new design (Part II of the Guide) as well as
rehabilitation (Part III of the Guide). Pavement man-
agement also provides a straightforward mechanism
for comparing the advantages of various pavement
types and selecting the best pavement type for a given
situation or set of circumstances. It is also essential,
of course, that construction provide the as-built pave-
ment as designed. This is noted in Section 4.1.2.

It should be reiterated here that a PMS does not
make decisions but provides a method for processing
data and making comparisons which then permit the
designer or decision-maker to sort out the results and
compare alternate possibilities based on practical real-
istic decision criteria.

How then does the design process as outlined in
Parts II and III of this Guide relate to project level
pavement management? Simply put, the solution from
the Guide methodology for a single fixed set of inputs
is only one alternative way of fulfilling the require-
ment of the design. Figure 2.4 illustrates this aspect of
the broader pavement concern.

Given the inputs, which can, of course, be the same
as the inputs to be used in the Guide, the Guide equa-
tions or nomographs become one of the “models of
pavement structure” shown near the top of Figure 2 4.
There are several models involved, of course, illus-
trated by the fact that there are different models for
flexible pavements and rigid pavements. Using one of
these models will produce an estimate of the design
life related to a particular set of inputs tested on a first
or second trial for example. This may or may not

Design of Pavement Structures

meet, with sufficient reliability, the performance per-
iod or required design period constraints set forth. If a
given design trial satisfies these constraints, then it
moves on to the economic evaluation block of the pro-
cess. That means that the particular combination of
inputs used for that trial, including the thicknesses and
materials used, satisfy the constraints imposed and
provide a serviceability history which survives for the
entire performance period or design life, as illustrated
in Figure 2.5 for Trial B.

Trial A on the other hand is not acceptable as a
“total” design since it does not reach the designated
design life T4. Trial A, however, is not dead yet;
although unacceptable as a total design, it may be
economically acceptable if combined with an ade-
quate overlay applied at or before time T,. The deci-
sion will involve life-cycle costs, including user costs
and benefits.

Many possibilities arise from adding overlays; two
of these are illustrated by Trials A1 and A2 in Figure
2.5. Thus, Trial A1l is rejected because it still does not
meet life and traffic constraints. The design developed
in Trial A2 on the other hand is acceptable structurally
and now passes on to the economic evaluation subsys-
tem for comparison with the total economics of other
acceptable trial designs. Figure 2.6 illustrates the
more complete design concept, which allows Trials
A-A, and A-A, to be tested as overall economic de-
signs. The results will depend on the economic analy-
sis. The details of the economic evaluation or
life-cycle costing are presented in Chapter 3.

2.2 THE GUIDE AS STRUCTURAL
SUBSYSTEM FOR A STATE PROJECT
LEVEL PMS

The contents of this Guide can be used very effec-
tively as the structural model or subsystem for a state
project level PMS. It will work most effectively, of
course, when the models (equations and nomographs)
are properly set up for rapid comparative solutions of
subsequent trials, such as on a computer or calculator.

The process can begin for new construction or for
reconstruction as rehabilitation as long as the proper
relationships and input value requirements are com-
bined into the process. Any state with an existing pro-
ject level pavement management system would be well
advised to examine the modification of its PMS to
make use of the new guides. States using a network
level PMS but no formal project level system, should
consider early development of a PMS addition which
uses the Guide models combined with life-cycle cost
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Figilre 2.4. Flow Diagram of a Pavement Management System
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calculations and optimization routines to provide
an ordered set of economical designs from which
a “final” design can be selected and implemented.
AASHTO has prepared a written guideline on pave-
ment management which is presented in Appendix
BB, Volume 2.

2.3 PAVEMENT TYPE SELECTION

The process of selecting the proper pavement type
is complex and hard to define. In the final analysis the
selection process is an economic decision, although
all engineering factors must be properly and carefully

‘considered in such an analysis. If all engineering fac-
“tors could be properly modeled and all costs properly
~compared and discounted to present value the ultimate
lowest cost pavement of whatever type or design
~would be the proper pavement type to construct. Or,
~depending on economy and the models chosen, the
pavement type yielding the highest benefit/cost ratio
would be the proper choice. Unfortunately, the models
used to compare pavement types are often not as good
as they should be. Lack of long-term pavement obser-
vations has limited our ability to model the perform-
ance of various pavement types on a common basis,
particularly with respect to long-term environmental
effects, and the effect and relative costs of mainte-
nance.

In the face of these imperfections in models, errors
can result and be transmitted between the network and

I-39

project phases of the PMS process. Thus, if the cost
estimates used for each pavement section in the net-
work reflects a proper estimate of pavement strength
made using the Guide models, the resulting funding
allocation to each respective project will more directly
meet the actual needs of the final project level de-
signs, also made using the Guide and its models.

Pavement type selection guidelines are reproduced
in Appendix B. Currently, the most realistic pavement
type selection process can result by obtaining 5 to 10
most nearly optimal cost solutions for each pavement
type being considered and examining these options
qualitatively in the light of the factors outlined in the
selection guidelines.

2.4 NETWORK LEVEL PAVEMENT
MANAGEMENT

Pavement management is an important process at
the network level, but this Guide is not concerned
with pavement management at this level. The relation-
ship is much less direct than for project level PMS.
However, any network level PMS must have some esti-
mate of pavement condition and related pavement per-
formance and cost predictions as a function of time
and expected traffic. A simplified version of the
models and equations presented in this Guide could be
used for this purpose. The benefits of such a process
would include improved interaction and cost esti-
mates, as outlined above.
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CHAPTER 3
ECONOMIC EVALUATION OF ALTERNATIVE
PAVEMENT DESIGN STRATEGIES

3.1‘ 'INTRODUCTION

The apphcatlon of principles of engineering econ-
omy to pavement projects occurs generally at two
levels. First, there-are the management decisions re-
quired to determine the feasibility and programming
of a project; second, there is the requirement to
" achieve the maximum economy within that project if

the project is economically feasible as a whole. The
‘second level might be considered suboptimization
with respect to the first level, but it is more important
to the designer. _

Project feasibility is determined at the network
-level, by comparison with other potential projects,
whereas within-project economy is achieved by con-
sidering a variety of alternatives capable of satisfying
the overall project requirements.

‘'The major difference in economic evaluation be-
tween these two levels of pavement management con-
cerns the amount of detail and information required.
Otherwise, the basic principles involved are the same.
This chapter considers both these principles and their
incorporation into methods of economic evaluation.
Such models then become a vital part of the pavement
des1gn process.

3.2 LIFE-CYCLE COSTS

It'is essential in economic evaluation that all costs
occurring during the life of the facility be included.
When making economic comparisons this has not al-
ways been carefully practiced or even understood by
pavement designers because comparisons were often
made over a fixed, equal design period. Thus, design-
ers assumed that first-cost comparisons were adequate

for economic studies. This is not true, and, in order to .
emphasize the need for a complete cost analysis, the

term “life-cycle costs” was coined about 1970 for use
with pavements.

Life-cycle costs refer to all costs (and, in the com-
plete sense, all benefits) which are involved in the
provision of a pavement during its complete life cycle.

These include, of course, construction costs, mainte-
nance costs, rehabilitation costs, etc. In order to
compare the costs and value of two automobiles for
purchase we all realize the need to include (1) pur-
chase price, (2) gasoline ‘and operating costs, such as
buying tires, (3) repairs (maintenance), (4) trade-in
value (salvage), etc. The same kind of comparison
should be recognized for pavements.

Also required, of course, is a consideration of the
useful life of the car. An inexpensive car may last
4 years while an expensive one, carefully selected,
may last 15 years. Since all of these costs do not occur
at the same time, it is useful to determine -the amount
of money which could be invested at a fixed time
(usually the beginning) and would earn enough money
at a specific interest rate to permit payment of all costs
when they occur. Thus, an interest rate or time value
of money becomes important in the calculations.

“Life-cycle costs” then is a term coined to call
special attention to the fact that a complete and current
economic analysis is needed if alternatives are to be
truly and correctly compared to each other.

3.3 BASIC CONCEPTS

A gr_eat deal has been written on the basic princi-
ples of engineering economy and methods of eco-
nomic evaluation. Those principles that are applicable

~ to pavement des‘i‘g"n can be summarized as follows:

(1) The level of management at which the evalua-
tion is to be performed should be clearly
identified; this can range from the planning or
programming (network) level (i.e., project-to-
‘project comparison) to a sublevél of design
where one element, such as surface type, is
‘being considered within a project.

(2) Economic analysis provides the basis for deci-
sion but does not provide a decision. Criteria
for such decisions must be separately formu-
lated before the results of the economic evalua-
tion can be applied. Moreover, the economic
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evaluation itself has no relationship to the
method or source of financing a project.

(3) An economic evaluation should consider many
possible alternatives within the constraints of
time and design resources. This includes the
need for comparing alternatives, not only with
an existing situation, but with each other.

(4) Alternatives should be compared over the
same time period. This time period should be
chosen so that the factors involved in the
comparison can be defined with reasonable
accuracy.

(5) The economic evaluation of pavements should
include agency costs and user costs and bene-
fits if possible.

Principle 5 is not normally stated for transport pro-
jects because it is an accepted requirement. However,
in the pavement field, the usual practice has been to
consider only capital and maintenance costs, with the
implied assumption that user costs do not vary. This
approach is inadequate because, as demonstrated by
McFarland (30) and by Kher, et al. (31), user costs
can vary significantly with these factors. Benefits can
then be considered as cost reductions (32).

3.4 DEFINITIONS RELATED TO
ECONOMIC ANALYSIS

The definitions that follow include the principal
technical terms used in text of the AASHTO economic
analysis manual (37). The listing is broken down into
two categories: economic analysis concepts or con-
stants, and highway traffic characteristics. The defini-
tions have been simplified in some cases for use with
pavement projects.

3.4.1 Transportation Improvement Costs

This refers to the sum of highway investment cost,
highway maintenance cost, and highway user cost as-
sociated with a given highway improvement. That is,
for purposes of economic analysis, only transporta-
tion costs that are the direct result of the studied
improvement should be considered. The components
of transportation improvement costs are defined as
follows:

Highway or Facility Investment Cost. Total in-
vestment required to prepare a highway improvement
for service, including engineering design and supervi-

Design of Pavement Structures

sion, right-of-way acquisition, construction, traffic
control devices (e.g., signals and signs), and land-
scaping.

Highway Maintenance Cost. The cost of keeping
a highway and its appurtenances in serviceable condi-
tion. Changes in administrative costs that can be allo-
cated to a particular improvement should also be
included.

Highway User Costs. The sum of (1) motor
vehicle running cost, (2) the value of vehicle user
travel time, and (3) traffic accident cost.

Motor Vehicle Running Cost. The mileage-de-
pendent cost of running automobiles, trucks, and
other motor vehicles on the highway, including the
expense of fuel, tires, engine oil, maintenance, and
that portion of vehicle depreciation attributable to
highway mileage traveled. Operating and ownership
costs that do not vary with mileage are excluded from
running cost; e.g., license and parking fees, insurance
premiums, the time-dependent portion of deprecia-
tion, and any other costs of off-highway use.

Value of Travel Time. The result of vehicle travel
time multiplied by the average unit value of time.

Vehicle Travel Time. The total vehicle-hours of
time traveled by a specific type of vehicle.

Unit Value of Time. The value attributed to
1 hour of travel time, usually different for passenger
cars and trucks.

Traffic Accident Costs. The cost attributable to
motor vehicle traffic accidents, usually estimated by
multiplying estimated accident rates by the average
cost per accident.

User Costs. The sum of highway user costs.

3.4.2 User Benefits

This refers to the advantages, privileges, and/or
cost reductions that accrue to highway motor vehicle
users (drivers or owners) through the use of a particu-
lar transportation facility constructed a particular way
as compared with the use of another. For pavement, at
the project level, the comparison is between two pave-
ment strategies. Benefits are generally measured in
terms of a decrease in user costs.
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Incremental Cost. The net change in dollar costs
directly attributable to a given decision or proposal
compared with some other alternative (which could be
the existing situation, or the ‘“do-nothing” alterna-
tive). This definition includes cost reductions that
result in negative incremental costs or, equivalently,
incremental benefits. To illustrate, if the existing, do-
nothing situation calls for no capital (investment) ex-
penditures and the particular improvement proposed
would require a $1 million capital outlay, the incre-
mental capital cost would be $1 million. If, on the
other hand, we are comparing two improvement alter-
natives, A and B, where A costs $1 million and B
costs $3 million, then the incremental cost of proposal
B compared to A would be $2 million. As another
illustration, if current user costs associated with a
given highway facility are $100 per thousand vehicle
miles and a highway improvement would result in a
unit user cost of $80 per thousand vehicle miles, then
the incremental unit user cost would be minus $20 per
thousand vehicle miles (equivalent to a $20 per thou-
sand vehicle mile benefit). The only costs that are
relevant to a given proposal are incremental future
costs, in contrast to sunk costs of the past, which are
irrelevant to future decisions.

Present Value (PV). An economic concept that
represents the translation of specified amounts of costs
or benefits occurring in different time periods into a
single amount at a single instant (usually the present).
Another name for present value is “‘present worth.”
The term ““net present value” (NPV) refers to the net
cumulative present value of a series of costs and bene-
fits stretching over time. It is derived by applying to
each cost or benefit in the series an appropriate dis-
count factor, which converts each cost or benefit to a
present value. Two related considerations underlie the
need for computing present values: (1) the fact that
money has an intrinsic capacity to earn interest over
time (known as the time value of money) due to its
productiveness and scarcity, and (2) the need in an
economic study for comparing or summing incre-
mental outlays or savings of money in different time
periods.

Equivalent Uniform Annual Cost (or Benefit).
A uniform annual cost (or benefit) that is the equiva-
lent, spread over the entire period of analysis, of all
incremental disbursements or costs incurred on (or
benefits received from) a project. Equivalent annual
cost (or benefit) is an obverse form of present value.
That is, the present value of the uniform series of
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equivalent annual costs equals the present value of all
project disbursements.

Discount Rate (Interest Rate, Time Value of
Money). A percentage figure—usually expressed as
an annual rate—representing the rate of interest money
can be assumed to earn over the period of time under
analysis. A governmental unit that decides to spend
money improving a highway, for example, loses the
opportunity to ‘“‘invest” this money elsewhere. That
rate at which money could be invested elsewhere is
sometimes known as the ‘“Opportunity Cost of Capi-
tal” and is the appropriate discount rate for use in
economic studies. Discount factors derived as a func-
tion of the discount rate and time period relative to the
present can be used to convert periodic benefits and
costs for a project into present value or into equivalent
uniform annual cost. However, calculating benefits in
constant dollars and using market rates of interest is
an error because the market rate of return includes an
allowance for expected inflation. Hence, if future ben-
efits and cost are calculated in constant dollars, only
the real cost of capital should be represented in the
discount rate used. The discount rate assumes annual
end-of-year compounding, unless otherwise specified.
The sum of $100 in cash today is equivalent, at a
10-percent discount rate, to $110 a year from now,
$121 at the end of the second year, and $259.37 at the
end of the tenth year. Correspondingly, a commitment
to spend $259.37 in the tenth year discounted at
10 percent has a present value of $100.

Analysis Period. The length of time (usually the
number of years) chosen for consideration and study
of incremental benefits and costs in an economic anal-
ysis. The final year of construction is usuvally desig-
nated year 0 (zero). Subsequent years are designated
year 1, year 2, and so on. Projects entailing stage
construction that extends over more than 4 or 5 years
should, where possible, be divided into separate pro-
jects for separable stages (for which separable benefits
can be ascertained). Where such is not possible, the
final year of construction for the first major stage
should be used as year 0. Prior capital outlays should
be compounded to their present equivalent value in
year 0.

Residual or Salvage Value. The value of an in-
vestment or capital outlay remaining at the end of the
study or analysis period.

Project. Any relatively independent component
of a proposed highway improvement. By this defini-
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tion, independent links of a large improvement pro-
posal can be evaluated separately. Where alternative
construction improvements are being considered,
separate projects can be defined.

Project Alternatives. Any variatiens to a basic
project plan that (1) entail 51gn1ﬁcantly different
costs, (2) result in significantly dlfferent levels of

service or demand, or (3) incorporate dlfferent route
locations or other distinctive design features such as

surfacing type.

3.5 FACTORS INVOLVED IN PAVEMENT
COSTS AND BENEFITS "

The major initial and recurring costs that should be
considered in the economic evaluation of alternative
pavement strategies include the following:

(1) Agency costs

(@) Initial construction costs -

(b) Future construction or rehabilitation costs
(overlays, seal coats, rec"o‘nstruction,
etc.) '

(c) Maintenance costs, recurrmg throughout
the design period

(d) Salvage return or residual value at the
end of the design period (which may be a
“negative cost”)

(e) Engineering and administration costs

(f) Traffic control costs if any are involved

(2) User costs :

(a) Travel time S

(b) Vehicle operation

(¢) Accidents

(d) Discomfort

(¢) Time delay and extra vehicle operating
costs during resurfacmg or major main-
tenance :

3.6 INITIAL CAPITAL COSTS
(INVESTMENT COSTS)

Computing the initial cost of construction involves
the calculation of material quantities to be provided in
each pavement structure and multiplication by their
unit prices. Material quantities are generally direct
functions of their thicknesses in the structure. They
are also functions of thicknesses of other layers and
the width of pavement and shoulders.

3.6.1 Mgintenaﬁee Cost S

Design of Pavement Structures

The cost of in-place material in a pavement. struc-
ture is not directly proportional to the volume re-
quired. Unit material price is dependent on material
quantity to be provided, construction procedure em-
ployed, length of project, etc. Therefore, care should

be taken to estxmate quantities and true expected costs iy
‘ carefully A 2-1nch layer for example,- may not be
*twice ' as expensxve as’'a 1-inch layer because the labor:
1nvolved in each operatlon is the same. Engineering
sand administrative costs associated w1th the design .
. should also be mcluded Sh

The estimation of all costs which are ~'essential to

maintaining pavement investment at a desirable speci- . '::

fied level of serv1ce or at a specified rate of deterio-"
rating . service, is essential to a proper . economic
analysis. The level of maintenance, i.e.,-the type and -
extent of maintenance operations, determines the rate
of loss of riding quality or serviceability index.
There are various maintenance operations which
are carried out for a highway. Maintenance of pave-
ment, shoulders, drainage, erosion, vegetation, and
structures, plus snow and ice control, are some of the

" major categories. For pavement economic analysis,

only those categories of maintenance which directly

- affect the - performance of a pavement should be

considered. This normally includes maintenance of -
pavement surface, shoulders, and related drainage.
Some agencies refer to a category of ‘“‘major main-
tenance’’; we have chosen to stay with only two cate-
gories, maintenance and rehabilitation, which include
all activities carried out subsequent to construction.

B

)

3.6.2 Rehabilitation and Resurfacing Cost

Rehabilitation cost includes future overlays and/or
upgrading made necessary when the riding quality of
a pavement decreases to a certain minimum level of
acceptability, for example, a present serviceability
index (PSI) of 2.5. For purposes of this repott, resur-

facing costs.are included in the rehabilitation category. |

_ Maintenance. As defined in Section 101’ of
Title 23, U.S. Code, “The preservation of the entire
roadway, including . surface, shoulders, roadside,

structures, and such traffic-control devices as are nec- -

essary for its safe and efficient utilization.” Pavement
maintenance then involves the preservation of the
pavement including shoulders and related ‘drainage.

'
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" Economic Evaluation of Alternative Pavement Design Strategies.

 Pavement Rehabilitatio't'z.w, Work undertaken to
extend the service life of an eXisting facility. This in-
cludes placement of additional, surfacing material

Aand/or other work necessary to return an existing

‘roadway, including shoulders, to a condition of struc-
" tural or functional adequacy. Thls could, include the

: partial removal and replaceme‘nt of the pavement

structure

‘Pavement rehabilitation work shall not include’ o

normal periodic maintenance: acnvmes Periodic

maintenance is interpreted to include such items as’ - ¢
resurfacing less than K-inch in thickness or of short™ . . - PEREE N .
%eng(tn} P atch1'ng, ﬁlnng P o.tho\les., s.ealmg craCk.s and: - ' 3.6.3 Salvage or-',R'esidual Value

joints or repair of minor failures, arid undersealing of - * i _

concréte slabs other than as an-essential part of -

rehabilitation; and other work intended primarily for '

preservation of the existing roadway

Pavement rehabilitation projects should substan-. o
tlally increase the service life of a significant length of -
roadway The following are a few' examples of possible.
pavément rehabilitation work approprlate for major

highway projects:

(1)-‘ resurfacing to provide 1mproved structural - .
" capacity or serviceability (including in some

-~ cases cracking and seating);. "
(2) replacing or restoring malfunctioning joints;

(3) substantial pavement underseahng when essen-“' L ‘
: + - ‘i-contamination, age or durability, anticipated use at the

. tial for stabilization;
@) grinding or grooving of pavements to restore
smoothness or skid resistance, providing ade-
- qate structural thickness remains; .

(5) removing and replacing deteriorated materials;
(6) reworking or strengthening of bases or sub- -

bases;
(7) recycling of existing materlals

“(8) " cracking and seating of PCC pavements with

AC overlays; and
(9) adding underdrains.

This list is not all-inclusive. There are.other items -

that could be added which satisfy the above definition.
However, it is imperative that the definition be apphed
con51stently nationwide.

The common practice of selecting a rehabilitation
technique only because it has the lowest initial con-
struction cost is a poor engineering practice and can
lead to serious future pavement problems. The consid-
eration of life-cycle costs is recommended in selecting
- the preferred alternative. The various costs of the
pavement rehabilitation alternatives are the major con-
sideration in selecting the preferred alternative. Life-
cycle costs include (1) costs to the highway agency of
initial design and construction, future maintenance

Copyright American Association of State Highway and Transportation Officials
Provided by IHS under license with AASHTO
No reproduction or networking permitted without license from IHS

145

~ and rehabilitation, and salvage value; and (2) costs to

the highway user including travel delays from lane

“closures and rough pavements, vehicle operation, ac-
; cidents, and discomfort. Although difficulties exist in

estimating these costs, it is believed that this approach
will provide the best pavement for the lowest annual

-cost. While available funding may not always permit
the lowest user cost-improvement to be constructed,
‘it is a good tool to use in evaluatmg the feasible al-
»ternatlves A

Salvage or residual value is used by some agencies
in economic evaluation. It can be significant in the
case of pavements ‘because it involves the value of

_ - feusable materials-at the end of the design period.
_ . With the depletion of .resources, such materials can
" ‘become mcreasmgly important in the future, espe-

cially when used in‘a new pavement by reworking or
reprocessing. The :practice of recycling pavements
provides a dramatic’ and recognizable illustration of
the reasons for usmg salvage value, as well as a basis
for determining it.

Salvage value of a material depends on several fac-
tors, such as volume -and position of the material,

end of the design period, etc. It can be represented as
a percentage of the original cost.

Salvage value can be relatively easy to calculate;
however, the choice of values to be assigned will pose

- a problem for the analyst. For example, what value to
.assign to a 15-year-old base or a moderately damaged
~ asphalt concrete which is 10 years old. Such questions
‘must be left to each agency until such time as objective

methods based on structural analysis are developed.

'3.6.4 User Cost

Each alternative pavement strategy is associated

-'with a number of indirect or nonagency (soft) costs
:which accrue to the road user and must be considered

for a rational economic analysis. Such costs cannot be
ignored because, similar to pavement costs, user costs
are related to the roughness or serviceability history of
the pavement. A pavement strategy which provides an
overall high level of roughness over a larger time per-
iod will result in a hlgher user cost than a strategy
which carries the traffic on a relatively smooth surface
for most of the time. .’
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Three major types of user costs associated with a
pavement’s performance are as follows:

(1) Vehicle operating cost
(a) Fuel consumption
(b) Tire wear
(¢) Vehicle maintenance
(d) Oil consumption
(e) Vehicle depreciation
(f) Parts replacement
(2) User travel time cost
(3) Accident cost
(a) Fatal accidents
(b) Nonfatal accidents
(c) Property damage

Each of the costs given above is a function of
roughness level as well as vehicle speed resulting
from such roughness level. As a pavement becomes
rougher, the operating speeds of vehicles are generally
reduced (41). Lower speeds and rough pavements
result in higher travel time, discomfort, and other user
costs. This is alleviated to some degree by lower fuel
costs at the lower speeds (42). Since level of rough-
ness for a pavement strategy depends, among other
things, on its initial construction thicknesses and
materials provided, the extent and times of rehabilita-
tions, and the extent of major and minor maintenance
provided during its service life, user cost is inter-
related with all of these factors.

3.6.5 Traffic Delay Cost To User

Major maintenance or overlay placement is gener-
ally accompanied by disturbance to normal traffic
flow and even lane closure. This results in vehicle
speed fluctuations, stops and starts, and time losses.
The extra user cost thus incurred can in certain cases
become a significant factor in choice of designs and
may warrant its inclusion in the economic cost calcu-
lations. Though this indirect (nonagency) cost is
sometimes considered to be a “soft’ cost, (i.e., nota
part of the actual spending of an agency), it is cer-
tainly borne by the road users and this justifies its
inclusion in the economic analysis.

Broadly, traffic delay cost is a function of traffic
volume, road geometrics, time and duration of overlay
construction, road geometrics in the overlay zone, and
the traffic diversion method adopted. Cost is com-
prised of vehicle operating and user time values for
driving slowly, fluctuating speeds, stopping, acceler-
ating, idling, and vehicle accidents.

Design of Pavement Structures
3.6.6 Identification of Pavement Benefits

Pavement benefits accrue primarily from direct re-
ductions in transportation costs of the user, as listed in
the preceding section. It is also possible to consider
benefits in terms of additional road user taxes gener-
ated by a project, but this has several deficiencies and
is not recommended for pavement projects.

In order to measure or calculate pavement benefits,
it is necessary to define those pavement characteristics
that will affect the previously noted user costs to
vehicle operation, travel time, accidents, and dis-
comfort. These could include roughness, level of
serviceability, slipperiness, appearance, color, light
reflection characteristics, and so on. However, two
factors, serviceability (as it affects vehicle operating
costs, travel time costs, accident costs, and discomfort
costs) and slipperiness (as it affects accident costs)
have the major influence.

(1) As serviceability decreases, travel time costs
increase because drivers slow down and aver-
age travel speed decreases (in a nonlinear
manner).

(2) When rehabilitation occurs (i.e., there is ma-
jor maintenance, resurfacing, or reconstruc-
tion), high travel time costs can occur because
of traffic delays during the construction.

(3) User benefits are not usually considered in
making economic analyses for new construc-
tion or comparisons between alternative reha-
bilitation or treatments of pavements. In most
economic analyses, user costs are considered
as an added cost to the user as a pavement
deteriorates and, thus, are added to mainte-
nance and construction cost. However, when
establishing priorities, user benefits may be
considered. For example, in evaluating two
pavements to determine which pavement to
correct, user benefits could be included in the
decision criteria for a pavement management
system. In effect, a benefit-cost ratio approach
could be considered as the basis for prioritiz-
ing the expenditure of funds for rehabilitation
or reconstruction.

3.6.7 Analysis Period

The aralysis period refers to the time for which the
economic analysis is to be conducted. The analysis
period can include provision for periodic surface re-
newal or rehabilitation strategies which will extend
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Economic Evaluation of Alternative Pavement Design Strategies

the overall service life of a pavement structure to 30 or
50 years before complete reconstruction is required.

3.7 METHODS OF ECONOMIC
EVALUATION

There are a number of methods of economic analy-
sis that are applicable to the evaluation of alternative
pavement design strategies.

(1) Equivalent uniform annual cost method, often
simply termed the “‘annual cost method”
(2) Present worth method for:
(@) costs,
(b) benefits, or
(c) Dbenefits minus costs, usually termed the
“net present worth” or ‘‘net present
value method”
(3) Rate-of-return method
(4) Benefit-cost ratio method
(5) Cost-effectiveness method

A common feature of these methods is the ability to
consider future streams of costs (i.e., methods 1, 2a,
and 5) or of costs and benefits (i.e., methods 2¢, 3,
and 4), so that alternative investments may be com-
pared. Differences in the worth of money over time, as
reflected in the compound interest equations used,
provide the means for such comparisons.
 There are several basic considerations in selecting
the most appropriate (but not necessarily the best)
method for economic evaluation of alternative pave-
ment strategies. It is useful to present these prior to
discussing details of the methods themselves and
their advantages and limitations. They include the
following:

(1) How important is the initial capital expenditure
in comparison to future expected expendi-
tures? Often, public officials and private inter-
ests (say in the case of paving a large parking
lot) are concerned primarily with initial costs.
An economic analysis may indicate, for exam-
ple, that a low capital expenditure today can
result in excessive future costs for a particular
alternative (of course, the opposite could also
occur). Yet the low capital expenditure is per-
haps the only consideration of relevance to
decision-making officials, especially if they do
not know what funds they will have available
several years hence. Such situations may not
represent good economy to the analyst, but
they do often represent reality.
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(2) What method of analysis is most understand-
able to the decision-maker? This consideration
again represents reality. For example, consider
an agency that has used a benefit-cost ratio
method for some years, with a good degree of
subjective grasp of the results of the analysis.
It may well be that this is not the best overall
method for their situation; however, changing
to a better method could be quite difficult and
lengthy.

Another aspect of this consideration is the
level of decision-making involved (i.e., at the
network level or the project level). It is possi-
ble, for example, that a highway agency could
use the rate-of-return method for analyzing
its proposed investments over the network,
whereas a net present value analysis is used by
the pavement designer at the project level.

(3) What method best suits the requirements of the
particular DOT involved? Although the net
present value method is preferable for provid-
ing pavements, an annual cost method might
be more suitable for a privately provided pave-
ment (such as a large shopping complex).

(4) Are benefits included in the analysis? Any
method that does not consider the differences
in benefits between pavement alternatives is
basically incomplete for use by a public
agency. However, for the previously mentioned
private situation, an implicit assumption of
equal benefits for various alternatives may be
satisfactory.

3.8 DISCUSSION OF INTEREST RATES,
INFLATION FACTORS, AND
DISCOUNT RATE

Many authors have considered the effects of infla-
tion and interest rates on economic analyses, includ-
ing Winfrey (32), Grant and Ireson (40), Wohl and
Martin (34), and Sandler (38).

Of particular value is the lucid discussion pre-
sented by the last listed author (38) in his 1984 Trans-
portation Research Board paper, which is presented
here for its applicable insight.

3.8.1 Discounting and the Opportunity Cost
of Capital

The concept of life-cycle costing (LCC) should be
understood to represent an economic assessment of
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competing design alternatives, considering all signifi-
cant costs over the life of each alternative, expressed
in equivalent dollars (39). A significant key to LCC is
the economic assessment using equivalent dollars. For
example, assume one person has $1,000 on hand, an-
other has $1,000 promised 10 years from now, and a
third is collecting $100 a year for 10 years. Each has
assets of $1,000. However, are the assets equivalent?
The answer is not so simple because the assets are
spread across different periods of time. To determine
whose assets are worth more, a baseline time refer-
ence must first be established. All dollar values are
then brought back to the baseline, using proper eco-
nomic procedures to develop an equivalent dollar
value. Money invested in any form earns, or has the
capacity to earn, interest; so that a dollar today is
worth more than the prospect of a dollar at some
future time. The same principle applies when compar-
ing the cost of various pavement design alternatives
over time. Each alternative may have a different
stream of costs which must be transformed into a
single equivalent dollar value before a meaningful
comparison can be made. The rate at which these
alternative cost streams are converted into a single
equivalent dollar value is referred to as the discount
rate.

The discount rate is used to adjust future expected
costs or benefits to present day value. It provides the
means to compare alternative uses of funds, but it
should not be confused with interest rate which is
associated with the costs of actually borrowing
money.

The time value of money concept applies far be-
yond the financial aspects of interest paid on borrowed
money. First of all, money is only a medium of
exchange which represents ownership of real re-
sources—land, labor, raw materials, plant, and equip-
ment. Second, the most important concept in the use
of a discount rate is the opportunity cost of capital (32,
33). Any funds expended for a pavement project
would not otherwise stand idle. They are funds col-
lected from the private sector, either by taxation or by
borrowing, or from the government itself by diverting
funds from other purposes. If left in the private sector,
they can be put to use there and earn a return that
measures the value society places on the use of the
funds. If the funds are diverted to government use, the
true cost of the diversion is the return that would
otherwise have been earned. That cost is the oppor-
tunity cost of capital and is the correct discount rate to
use in calculating the LCC of various pavement design
alternatives.

Design of Pavement Structures

3.8.2 Inflation

The issue of how to deal with inflation in LCC
studies is important because the procedure adopted for
the treatment of inflation can have a decided effect on
the results of an analysis. First, one must carefully
identify the difference between two types of price
changes: general inflation and differential price
changes. The former may be defined as an increase in
the general level of prices and income throughout the
economy. Differential price change means the differ-
ence between the price trend of the goods and services
being analyzed and the general price trend. During the
period of analysis, some prices may decline whereas
others remain fairly constant, keep pace with, or ex-
ceed the general trend in prices.

Distortions in the analysis caused by general infla-
tion can be avoided by appropriate decisions regarding
the discount rate and the treatment of future costs. The
discount rate for performing present value calcula-
tions on public projects should represent the opportu-
nity cost of capital to the taxpayer as reflected by the
average market rate of return. However, the market or
nominal rate of interest includes an allowance for ex-
pected inflation as well as a return that represents the
real cost of capital. For example, a current market rate
of interest of 12 percent may well represent a 7-per-
cent opportunity cost component and a 5-percent in-
flation component. The practice of expressing future
costs in constant dollars and then discounting these
costs using the market, or nominal, rate of interest is
in error and will understate the LCC of an alternative.
Similarly, the practice of expressing future costs in
inflated, or current dollars and then discounting the
costs using the real cost of capital would overstate the
LCC of an alternative.

The distortion caused by general inflation may be
neutralized in two ways. One is to use the nominal rate
of interest (including its inflation premium) for dis-
counting, while all costs are projected in inflated or
current dollars. The other is to adjust the nominal rate
of interest for inflation, discounting with the real rate
component only, while measuring the cost stream in
terms of constant dollars.

Because of the uncertainty associated with predict-
ing future rates of inflation and in view of the similar
results achieved by following either method, Sandler
et al., elected to use a discount rate which represents
the real cost of capital while calculating LCC in terms
of constant dollars. Because it avoids the need for
speculation about inflation in arriving at the economic
merit of a project, this is the generally accepted proce-
dure used in the engineering profession and is recom-
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mended by the U.S. Office of Management and
Budget.

The final choice of discount rate, interest, or infla-
tion and the method of interpretation is left to each
analyst or decision-maker. Consultation with agency
authorities and familiarity with policy will help pro-
vide appropriate values to use. It should be empha-
sized that the final determination of the discount rate
will have a significant impact on the results of the
analysis.

Although the distortions caused by general price
inflation can be easily neutralized, the issue of incor-
porating differential, or real, price changes into an
economic analysis is an extremely complex matter.
Authorities, such as Winfrey (32), and Lee and Grant
(33, 40), have recommended the use of differential
prices only when there is overwhelming or substantial
evidence that certain inputs, such as land costs, are
expected to experience significant changes relative to
the general price level. Such circumstances seldom
relate to pavement costs and thus differential cost
analysis should not be used with the Guide.

3.9 EQUATIONS FOR
ECONOMIC ANALYSIS

For this report only the annual cost and present
worth methods of analysis are presented because of
their wide applicability and acceptance. The material
has been adapted from Haas and Hudson (5), who
also present details of the remaining methods of eco-
nomic analysis for those who desire to compare meth-
ods. The AASHTO Manual on User Benefit Analysis
also presents comprehensive details for those desiring
more information (37).

3.9.1 Equivalent Uniform Annual
Cost Method

The equivalent uniform annual cost method com-
bines all initial capital costs and all recurring future
expenses into equal annual payments over the analysis
period. In equation form, this method may be ex-
pressed as (5):

AC, . = crf, (ICC), + (AAMO),, + (AAUC),,
— orf, o(SV)x, 0 (3.9.1)

where
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equivalent uniform annual cost for
alternative x,, for a service life or
analysis period of n years,

capital recovery factor for interest
rate i and n years,

il +Hva + )" - 1,

initial capital costs of construction
(including actual construction costs,
materials costs, engineering costs, etc.),
average annual maintenance plus
operation costs for alternative x;,
average annual user costs for
alternative x; (including vehicle
operation, travel time, accidents
and discomfort if designated), and
= salvage value, if any, for

alternative x; at the end of n years.

AC, .

crf; ,

i

(ICQC),,

(AAMO),,

(AAUC),,

V)0

Equation (3.9.1) considers annual maintenance
and operating costs, and user costs, on an average
basis. This can be satisfactory for many purposes.
Where such costs do not increase uniformly, however,
an exponential growth factor can easily be applied.

3.9.2 Present Worth Method

The present worth of costs method is directly com-
parable to the equivalent uniform annual cost method
for comparable conditions, e.g., costs, discount rates,
and analysis periods. The present worth method can
consider either costs alone, benefits alone, or costs
and benefits together. It involves the discounting of all
future sums to the present, using an appropriate dis-
count rate. The factor (5) for discounting either costs
or benefits is:

pwh, = 1/ + i) (3.9.2)

where

pwf; , = present worth factor for a particular i
and n,
i = discount rate, and
= number of years to when the sum will
be expended, or saved.

=

Published tables for pwf, or the crf of equation
(3.9.1), are readily available in a wide variety of refer-
ences, including Winfrey (32).

The present worth method for costs alone can be
expressed in terms of the following equation (5):
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t=1
TPWC,, , = (ICC),, + 2 pwfi,
t=0

* [(CC)y, e + MO), + (UC)y, (]
— (SV)y,.nPWfi g 3.9.3)
where

TPWC,, , = total present worth of costs for
alternative x,, for an analysis period

of n years,

(ICC),, = initial capital costs of construction,
etc., for alternative x,,

(CC),« = capital costs of construction, etc.,

for alternative x,, in year t, where
t is less than n,

pwii ¢ = present worth factor for discount
rate, i, for t years,
= /(1 + )Y,
(MO),,; = maintenance plus operation costs for

alternative x; in year t,

(UC),,. = user costs (including vehicle
operation, travel live, accidents, and
discomfort if designated) for
alternative x,, in year t, and

(SV),,n = salvage value, if any, for alternative
X,, at the end of the design period,
n years.

Although the present worth of costs method is di-
rectly comparable to the equivalent uniform annual
cost method, it is only in recent years that it has begun
to be applied to the pavement field.

The present worth of costs is used in the equivalent
uniform annual cost method when additional capital
expenditures occur before the end of the analysis
period, i.e., when the service life is less than the
analysis period; and future rehabilitation, such as
overlays or seal coats, is needed. The equation (5) for
this situation, as modified from that suggested by Bal-
dock (35) to include user costs, is:

AC,, . = crf J(ICC),, + R,pwf , + Rypwf,,,

+ -+ ijwfmj + (AAMO),,

+ (AAUQ),, — crf; ,(SV)y, ol (3.9.4)
where

AC,, » = equivalent uniform annual cost for
alternative x;, for an analysis period of
n years,

Design of Pavement Structures

R, Ry, oL Ry
= costs of first, second, . . . , j"
resurfacings, respectively, and
a, ay, .« . . ,aj
= ages at which the first, second, . . .,

j™ resurfacings occur, respectively.

All other factors are as previously defined.

The present worth of benefits can be calculated in
the same manner as the present worth of costs using
the following equation (5):

TPWB, , = 2, pwf,,

t=0

* [(DUB),,, + (IUB),, + (NUB),,,] (3.9.5)

where

TPWB,, , = total present worth of benefits for
alternative x, for an analysis period
of n years,

(DUB),, . = direct user benefits accruing from
alternative x, in year t,

(IUB),,: = indirect user benefits accruing from

alternative x; in year t, and

= non-user benefits accruing from

project x, in year t.

(NUB)y,,¢

It is questionable, for pavements, whether or not
non-user benefits and indirect user benefits can be
measured adequately. Consequently, it is perhaps rea-
sonable to consider only direct user benefits until such
time as the state of the art is sufficiently advanced to
allow the other factors to be measured.

The net present value method follows from the
foregoing methods because it is simply the difference
between the present worth of benefits and the present
worth of costs. Obviously, benefits must exceed costs
if a project is to be justified on economic grounds.
The equation (5) for net present value is:

NPV, = TPWB, , — TPWC,, (3.9.6)

where

NPV,, = net present value of alternative x, (and
TPWB,, , and TPWC,  , are as
previously defined).

However, for a pavement project alternative, X,
equation (3.9.6) is not applicable directly to x, itself
but rather to the difference between it and some other
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suitable alternative, say x,. Considering only direct
user benefits, these are then calculated as the user
savings (resulting from lower vehicle operating costs,
lower travel time costs, lower accident costs, and
lower discomfort costs) realized by x; over X,.

Thus, the net present value method can be applied
to pavements only on the basis of project comparison,
where the project alternatives are mutually exclusive.
When a project alternative is evaluated, it needs to be
compared not only with some standard or base alter-
native but also with all the other project alternatives.
In the case of pavements, the base alternative may be
that of no capital expenditures for improvements
(where increased maintenance and operation costs are
required to keep it in service). The equation form of
the net present value method for pavements (5) may
then be expressed as:

NPV,, = TPWC, , — TPWC, , (3.9.7)

where

NPV,, = net present value of alternative x,,
and

TPWC, , = total present worth of costs, for
alternative x, (where x, can be the
standard or base alternative, or any
other feasible mutually exclusive
alternative x,, X,, . . . , X;) for an
analysis period of n years, and
TPWC,, , is as previously defined.

The net present value method is preferred for the
transportation field by some writers, such as Woht and
Martin (34). Others, such as Winfrey (32), consider
that it has no particular advantage in economic studies
of highways. Although there are certain limitations to
the method, the advantages outweigh the disadvan-
tages. Thus, it is the preferred approach for evaluating
alternative pavement strategies when public invest-
ments are involved. Moreover, with increasing use of
this approach in the overall transport planning field,
its application to pavements will undoubtedly find
much greater acceptance in the next decade.

In many cases, and for most agencies, however,
only equation (3.9.3) is used, without the user costs
term, either because the data are unavailable to relate
user costs to pavement factors or because the policy is
to consider only agency costs. The comparison be-
tween alternatives is conducted in such cases on the
basis of least total present worth of costs.

I-51

There are a number of advantages inherent in the
net present value method that make it perhaps the
most feasible for the highway field in comparison to
the “traditional” annual cost and benefit-cost
methods. These advantages include the following:

(1) The benefits and costs of a project are related
and expressed as a single value.

(2) Projects of different service lives, and with
stage development, are directly and easily
comparable.

(3) All monetary costs and benefits are expressed
in present-day terms.

(4) Nonmonetary benefits (or costs) can be evalu-
ated subjectively and handled with a cost-
effectiveness evaluation.

(5) The answer is given as a total payoff for the
project.

(6) The method is computationally simple and
straightforward.

There are several disadvantages to the net present
value method, including the following:

(1) The method cannot be applied to single alter-
natives where the benefits of those single
alternatives cannot be estimated. In such
cases, each alternative must be considered in
comparison to the other alternatives, including
the standard or base alternative.

(2) The results, in terms of a lump sum, may not
be easily understandable to some people as a
rate of return or annual cost. In fact, the sum-
mation of costs in this form can tend to act as a
deterrent to investment in some cases.

Wohl and Martin (34) have extensively considered
these advantages and disadvantages not only for the
net present value method, but also for other methods
of economic analysis. They conclude that the net
present value method is the only one that will always
give the correct answer. The other methods may,
under certain situations, give incorrect or ambiguous
answers.

3.9.3 Summary

Either the net present worth value or the equivalent
uniform annual cost may be used to determine life-
cycle costs for comparisons of alternate pavement de-
sign or rehabilitation strategies. In either case, it is
essential that comparisons only be made for analysis
periods of equal length.
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CHAPTER 4
RELIABILITY

4.1 DEFINITIONS

This section provides general definitions for the
concept of pavement design reliability and specific
definitions that are required for the evaluation of
reliability.

4.1.1 General Definition of Reliability

The following are general definitions that have
been selected from the highway research literature;

(1) ““Reliability is the probability that service-
ability will be maintained at adequate levels
from a user’s point of view, throughout the
design life of the facility” (25).

(2) “Reliability is the probability that the load
applications a pavement can withstand in
reaching a specified minimum serviceability
level is not exceeded by the number of load
applications that are actually applied to the
pavement” (26).

(3) “Reliability is the probability that the pave-
ment system will perform its intended function
over its design life (or time) and under the
conditions (or environment) encountered dur-
ing operation” (27).

Definitions 1, 2, and 3 above are stated in terms of
serviceability (PSI). An analogous definition for other
measures of pavement condition might be stated as
follows:

(4) Reliability is the probability that any particular
type of distress (or combination of distress
manifestations) will remain below or within
the permissible level during the design life.

A final summary description of the reliability con-
cept is given by the following definition:

(5) The reliability of a pavement design-perform-
ance process is the probability that a pavement
section designed using the process will per-
form satisfactorily over the traffic and environ-
mental conditions for the design period.*
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Evaluation of reliability requires specific defini-
tions for each of the elements of definition 5. The
necessary definitions are given in Sections 4.1.2-
4.1.3.

[*NOTE: Design period in this chapter, as in other
locations in this Guide, refers to the performance
period or period of time elapsed as initial or rehabili-
tated pavement structure deteriorates from its initial to
its terminal serviceability.]

4.1.2 Definition of Designed Pavement Section

Design Equation. For the purpose of this discus-
sion, a designed pavement section is defined to be a
section that is designed through the use of a specific
design equation. The equation is assumed to be an
explicit mathematical formula for predicting the num-
ber of ESAL that the section can withstand (W,) be-
fore it reaches a specified terminal level of
serviceability (p,). Predictor variables (design factors)
in the equation can be put in one or another of four
categories:

(1) pavement structure factors (PSF), such as sub-
base thickness,

(2) roadbed soil factors (RSF) such as roadbed soil
resilient modulus,

(3) climate-related factors (CRF) such as drainage
coefficients, and

(4) pavement condition factors (PCF), such as
terminal PSI.

The design equation may be written in the form:

W, = f(PSF, RSF, CRF, PCF) (4.1.1)

wherein every design factor and the mathematical
form of the function “f”’ are completely specified.
Such design equations for flexible and rigid pave-
ments are given in Chapter 1, Section 1.2.

Initial Substitutions. Use of the design equation
to arrive at a structural design involves the following
steps:
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(1) insertion of nominal values for the pavement
condition factors, (PCF),

(2) use of local climatic data to estimate values for
the climate-related factors (CRF) and insertion
of these values,

(3) use of on-site roadbed soil data to estimate vai-
ues for roadbed soil factors (RSF) and inser-
tion of these values,

(4) use of relevant traffic and loadometer data, and
specified equivalence factors to predict the
total number of ESAL’s, wy, that the section
will receive over the design period of T years,
and

(5) multiplication of the traffic prediction, wr, by
a reliability design factor, Fg, that is greater
than or equal to one, and substitution of
Fr X wy for W, in the design equation.

Wt = FR X wr or FR = Wt/wT (4.12)

Thus, the design equation may be written as follows:

Fr X wy = f(PSF, RSF, CRF, PCF) (4.1.3)

where all italicized factors and variables now have
specific numerical values. Further discussion and de-
tails for the reliability factor, Fg, are given in Sec-
tion 4.2.

Selection of Pavement Structure Design. Equa-
tion (4.1.3) or its nomograph may now be used to
identify one or more combinations of materials and
thicknesses (PSF) that will satisfy the reduced design
equation. Selection of a final design from the identi-
fied alternatives is based on engineering and eco-
nomic analysis.

Final Specifications for the Designed Pavement
Section. It is assumed that fixed values have been
specified for all relevant factors, such as shoulder and
traffic lane features, that are not accounted for di-
rectly by the design equation.

It is also assumed that materials and construction
specifications have been prepared for all design fac-
tors in the equation and for all supporting factors such
as material quality. Use of quality control measures
will then produce a degree of compliance between the
as-constructed values and the input design values of
all controlled factors.

Design of Pavement Structures

4.1.3 Definition of Pavement Condition,
Accumulated Axle Loads, and
Pavement Performance Variables

This section defines three types of variables that
are essential to the definition of reliability. The vari-
ables represent (1) pavement condition, (2) axle load
accumulations, and (3) pavement performance. The
discussion includes variables that were necessarily in-
troduced in Section 4.1.2 so that the designed pave-
ment section could be completely defined.

Definition of Pavement Condition and Accumu-
lated Axle Load Variables. The only measure of
pavement condition that will be considered here is a
present serviceability index, denoted by PSI or p,
whose value at a particular time depends upon the
extent of surface roughness and manifestations of dis-
tress such as cracking, rutting, and faulting over the
length of the design section. Formulas for flexible and
rigid pavement indexes are given in References 3
and 4.

The measure of axle load applications that will be
used is the number of 18-kip equivalent single axle
loads (ESAL) that have accumulated from the start to
some point during the design period. This accumula-
tion is denoted by N.

The serviceability history of a pavement section is
represented by the plot of p versus N as shown in
Figure 4.1 for two sections, A and B. A design period
of T years is also indicated.

For design purposes and reliability calculations,
only three points on the (p, N) serviceability curve are
of concern:

(1) At the start of the design period:

p: (generally somewhat greater than 4.0)

p
N=20

(2) When the section’s serviceability reaches a
terminal or minimum allowable level and must
be overlaid or reconstructed:

p = p., generally assumed to be 2.0 or 2.5 for
design,

N = N,

As shown in Figure 4.1, Section A reaches its
terminal serviceability (p,) before (and Section
B after) the end of the design period.
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(3) At the end of the design period for sections
whose serviceability index still exceeds p;:

P = P2
N=NT

In this case, p; — p. is the extent of service-
ability loss over the design period, T, rather
than p; — p,.

As was explained in Section 4.1.2, the pavement
design process requires a prediction, wr, of design
period ESAL, Np. Thus,

wr(predicted) = g X Nr(actual)

where g represents prediction uncertainty which,
based on past experience, may range from less than /2
to more than 2 (28); i.e., the actual traffic may range
from /2 to 2 times the predicted traffic as measured in
terms of ESAL.

Definition of Pavement Performance. There are
two elements to the definition of pavement perform-
ance:

(1) Actual Performance Relative to Specified
lerminal Serviceability. When PSI (p) is used
as a measure of pavement condition, there are
at least two indicators that might be used to
represent total performance of the pavement
section. One would be based on the total area
between the serviceability curve and the line
p = p.. The other indicator would be based
only upon the actual number, N,, of applica-
tions “‘withstood” by the section before its
serviceability reached p,. All ensuing discus-
sion of reliability will be based on the latter
indicator. Specifically, performance relative to
a specified terminal serviceability level:

Actual Performance (to PSI = p,)
- loglo Nl (4. 1 .4)

The logarithm is used to induce normality in
the probability distributions for the analysis to
be discussed in Section 4.2.2.

(2) Predicted Performance. The pavement design
equation (4.1.1) gives a predicted value, W,,
for N, when specific values are substituted for
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all other design factors in the equation. Thus,
performance as predicted by the design equa-
tion is:

Predicted Performance (to PSI = p,)
= log W, = Predicted log N,

In the design process discussed in Section 4.1.2,
W, is replaced by a multiple (Fg) of wp, where wris a
predicted value for Ny, the actual number of design
period ESAL. This means that the pavement section is
designed to have

Predicted Performance = log W,

= log (Fr X wr) = log wy + log Fx (4.1.5)

where

and

log Fg = 0

Thus log Fy is a positive *“spacing factor” between
log wr and log W, i.e.,

log Fr = (log W, — log wy) = 0 (4.1.6)

4.2 VARIANCE COMPONENTS AND
RELIABILITY DESIGN FACTOR

4.2.1 Components of Pavement
Design-Performance Variability

As far as reliability is concerned, the pavement
design-performance process involves three major
steps:

(1) Prediction, wr, of actual design period ESAL,
NT’

(2) Multiplication of wy by a selected reliability
design factor, Fy = 1, and

(3) Prediction of actual pavement performance,
N,, by W, = wy X Fg through a design
equation that expresses W, as a function of
pavement design factors.
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The three steps involve four basic points and inter-
vals on ESAL and log ESAL scales as shown in Figure
4.2. The first point is for actual design period traffic
(Nt and log Ny); the second is for predicted traffic
(wr and log wy). The third and fourth points are for
pavement performance, predicted (log W) and actual
(log N,). The actual performance of a single pavement
section is shown at the top of the figure.

The three (log ESAL) intervals formed by the four
basic points are shown as basic (level 1) deviations
and are as follows:

(1) Prediction error in design period traffic:
(log wy — log Ny) = *=8(Ny, wy)
(2) Reliability design factor (Jog):

(log W, — log wg) = +log Fy

(3) Prediction error in pavement performance:
(log N; — log W,) = =8(WN,)

The fourth basic deviation is the sum of the first
three, both geometrically and algebraically:

(4) Overall deviation of actual section perform-
ance from actual design period traffic:

(log N, — log Np) = *3,

At the design stage, the designer has control over
log Fg but cannot know either the size or the direction
(sign) of the other deviations. For ease of presenta-
tion, only positive deviations are shown in Figure 4.2,
but each of the remaining (+ or —) combinations are
equally likely. For example, it might turn out that all
of N,, wy, and W, are to the left of N;. The only
guarantee is that W, will equal or exceed wr since Fg
is equal to or greater than one by definition. Thus, log
Fg is a controlled variation, the remaining deviations
are all “chance” variations.

The overall deviation, §,, will be positive when-
ever the actual performance (log N,) of a pavement
section exceeds the corresponding actual design per-
iod traffic (log Np), i.e., for all sections that
“survive” the design period traffic by having p greater
than p, at the end of T years. As will be explained, the
reliability design factor is used to provide probabilis-
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tic assurance that log N, will exceed log Nr, i.e., that
the overall deviation will be positive.

4.2.2 Probability Distributions of
Basic Deviations

It is assumed that the set of all possible outcomes
for each of the chance deviations would produce a
normal probability distribution as shown in Figure
4.3. The distribution for 8(Nw,) is shown at upper
left and represents all traffic prediction errors that can
be generated by repeated predictions for a given N,
and for a wide range of Ny values. If the prediction
procedure is unbiased, then the set of all possible
deviations, 8 (Nywy) will have mean value zero and
variance S2 (say). Thus S, is an average (root
mean square) or ‘‘to be expected” value of 3(Nywr)
and is called the standard error of design period traffic
prediction.

The probability distribution for 6 (WN,) is shown
at upper right and represents all performance predic-
tion errors that can be generated by construction of
many pavement sections for a given log W, = log wy
+ log Fg, and for a wide range of W, values. Again, if
the prediction procedure is unbiased, then the set of
all possible deviations, §(W,N,) will have mean value
zero and (root mean square) average value Sy (say).
Thus, Sy is the standard error of performance predic-
tion, and S} is the variance of the distribution of
all possible deviations of performance predictions
(log W,) from corresponding actual performances
(log N,) of pavement sections.

The probability distribution for &,, shown at the
bottom of Figure 4.3, represents the set of all possible
overall deviations that arise from corresponding pairs
of 8(Nwq) and 8 (W,N,). Since §, = (Nywy) + log
Fr + 8(W,N)) for every such pair, §, is composed one
fixed deviation (log Fg) and two chance deviations
that are each normally distributed. For this situation,
the laws of probability are that &, also follows a nor-
mal probability distribution whose mean is the sum of
the three deviate means and whose variance is the sum
of the three deviate variances. Thus,

8, = 0(Nw,) + log Fx + 8(W,N)

0 + log Fr + 0 = log Fy

and
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S2 =82 + 0+ Sk

since log Fy is fixed by design and has no chance
variation. Of particular interest is the point where
8, = 0. Since 8, = (log N, — log Nyp), this point is
where actual performance (log N,) equals actual de-
sign period traffic (log Nt). All points having &, > 0
correspond to pavement sections that survive (p > p,)
the design period traffic.

4.2.3 Formal Definition of Reliability Level and
Reliability Design Factor

The probability distribution for the overall design-
performance deviation (§,) is repeated in greater de-
tail in Figure 4.4 and is the basis for formal definitions
of design-performance reliability and the reliability
design factor.

The stippled area above the range §, = O corres-
ponds to the probability that N, = N, i.e., that a
pavement section will survive the design period traffic
with p = p,. This probability is defined to be the
reliability level, R/100, of the design-performance
process, where R is expressed as a percent. Thus, the
formal definition of reliability is given by:

R (percent) 100 X Prob[N, = Nyl

= 100 X Prob[5, = 0] (4.2.1)

To calculate R and to evaluate the reliability design
factor (log Fy) it is necessary to change the §, scale to
the corresponding Z-scale for a standard normal devi-
ate by the relationship:

Z=(5 — 5,)/S,

= (8, — log Fg)/S, 4.2.2)

At the point where 8, = 0, Z becomes Zg (say) where

Zz = (—log FR)/S, (4.2.3)

For a given reliability level, say R equal 90 percent,
Zg can be found in standard normal curve area tables
and corresponds to the tabulated tail area from — oo to
(100 — R)/100. If R equal 90 percent, the tables show
Zy = —1.28 for 10-percent tail area. (For conven-
ience, Table 4.1 is provided here to allow the selection
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of Zy values corresponding to specific levels of relia-
bility). Algebraic manipulation of equation (4.2.3)
gives:

log Fg = —Zx X S, 4.2.4)
or
Fp = 107 %%

4.2.5)

either of which may be regarded as an algebraic defi-

- nition for the reliability design factor. Values for Fy

are tabulated in Table EE.9 of Appendix EE, Volume
2 for a wide range of reliability levels (R) and overall
variances, S2.

The following summary paragraphs bring out or
emphasize salient features of the reliability design
process that has been presented.

(1) Some level of reliability is implicit in every
pavement design procedure. The methods pre-
sented simply make it possible to design at a
predetermined level of reliability. If, for exam-
ple, the designer substitutes the traffic predic-
tion (wr) directly into the design equation for
W,, then Fg = 1 and log Fy = 0. Figure 4.4
shows that the distribution of 8, will then be
centered over 30 = 0, and that R will then
be 50 percent. The designer is thereby taking
a 50-50 chance that the designed sections
will not survive the design period traffic with
P =P

(2) Log Fy is the positive part of &, (see Figure
4.3) that ““counteracts’ negative errors in both
the traffic prediction, 8(Ntwy), and perform-
ance prediction, 8(WN,). Geometrically, log
Fp is a ““spacer” that governs how much of the
left tail of the 8(WN,) distribution will aver-
age to extend past N;. For convenience, Fy is
applied as a multiplier of the traffic prediction
(wr), but the value of Fg depends (see equation
4.2.5) both on the reliability level (R) that is
selected and the value of S,,,, the overall stand-
ard deviation. Since S, = S2 + S%, Fg ac-
counts not only for chance variation in the
traffic prediction (S%) but also for chance vari-
ation in actual performance (S%). Moreover,
S2 and S% by definition account for all chance
variation in the respective predictions. Thus,
S2 and log Fy provide for all chance variation
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Normal Curve | Variance. = 5;

25 Rrob [ 8, 20]

= Prob L Nt-}- NT]
= Prob [ Survival of
Dc.sisn Period Traffic]

- Dcsbn ~-FRrformance.

Relia bilH-\( Level

= R / 100

'/ Prob C 20 < 0]

= Prob CM < NTJ
= Prob C_Non-Survival
of Design Feried Trafts

= (100-KR %)/ 100

+ > 2,
$,=0 g,-’a FR
(103 Nt""jN‘r) So=(los N¢ ‘loa N:)
(~loa F) /S : 2-0 >z
- o = % - -
Eh R 2 = (5o 5.)/5.
loa Fe = “Z: Do

Fg =~ IO “2xSe o ﬁdiabili’ry Design Factor

NOTE 1. The value of Z¢ is determined by the value ot R,
and is obtained $rom stondard normal curve area
tables by er-rkrinj (100-Ref0) /100 for +the il

area from =—oo to Zg.

NOTE 2. T# logFr=0, Zg =0, Fe=l,and R=80%. Thus
the probability for design period survival is 50%.
i+ the traffic predichon (w3)is substituted
directly for Wy in the performance. prediction (dcsiﬁn)

uation.

NOTE 3 For fixed R (hence fixed Zg), Frncreases (or
decreases) as So={S%ut S5y increases (or decreases).
Fr accounts For +he total chance wariation in
traffic predictions and performance predctions.

Figure 4.4. Definition of Reliability and Evaluation of Reliability Design Factor
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Table 4.1. Standard Normal Deviate (Zy) Values
Corresponding to Selected Levels of

Reliability
Reliability, Standard Normal
R (percent) Deviate, Zy
50 —0.000
60 —0.253
70 —-0.524
75 —-0.674
80 —0.841
85 —1.037
90 —1.282
91 —1.340
92 —1.405
93 —1.476
94 —1.555
95 —1.645
96 —1.751
97 —1.881
98 —-2.054
99 -2.327
99.9 —3.090
99.99 —3.750

in the design-performance process and at a
known level of reliability.

Finally, the (level 1) variances S2 and S} can be
decomposed, respectively, into hierarchies of variance
components at levels 2, 3, and 4. The decompositions
are given in Appendix EE, Volume 2, where numeri-
cal estimates are given in Table EE.4 for flexible pave-
ments, in Table EE.5 for rigid pavements, and in
Table EE.6 for traffic predictions. For example, level
4 components are measures of chance variation in in-
dividual design factors such as surfacing thickness
and roadbed soil modulus. The appendix gives guid-
ance for user estimation of each component at each
level. Thus, the user may make new estimates for any
component and finally arrive at a new estimate for S2
that is applicable to local conditions. Nomographs for
the design equations (see Part II, Chapter 3) provide
for a range of S, values at any reliability level, R.

4.3 CRITERIA FOR SELECTION OF
OVERALL STANDARD DEVIATION

As just discussed, Appendix EE of Volume 2 pro-
vides the guidance necessary for any user to develop
levels of overall variance (S2) or overall standard devi-
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ation (S,) suitable to his own specific conditions. In
doing so, the appendix identifies variance estimates
for each of the individual factors associated with the
performance prediction models (including the vari-
ance in future traffic projections) and subsequently
arrives at overall variance and standard deviation esti-
mates which may be used as interim criteria.

(1) The estimated overall standard deviations for
the case where the variance of projected future
traffic is considered (along with the other vari-
ances associated with the revised pavement
performance models) are 0.39 for rigid pave-
ments and 0.49 for flexible pavements.

(2) The estimated overall standard deviations for
the case when the variance of projected future
traffic is not considered (and the other vari-
ances associated with the revised pavement
performance models are 0.34 for rigid pave-
ments and 0.44 for flexible pavements).

(3) The range of S, values provided in Part II (Sec-
tion 2.1.3) are based on the values identified

above:
0.30-0.40 Rigid Pavements
0.40-0.50 Flexible Pavements

The lower end of each range, however, corresponds
roughly to the estimated variances associated with the
AASHO Road Test and the original pavement per-
formance models presented in the previous (1972 and
1981) Design Guides.

NOTE: It is useful to recognize that inherent in the
S, values identified in (1) and (2) above is a means for
the user to specify an overall standard deviation (S,)
which better represents his ability to project future 18-
kip ESAL traffic. If, because of an extensive traffic
count and weigh-in-motion program, one state is ca-
pable of projecting future traffic better and therefore
has a lower traffic variance (than that identified in
Appendix EE of Volume 2), then that state might use
an S,-value somewhere between the values identified
in (1) and (2). For example, for rigid pavements,
where S, (low) is 0.34 and S, (high) is 0.39, a value of
0.37 or 0.38 could be used.

4.4 CRITERIA FOR SELECTION OF
RELIABILITY LEVEL

The selection of an appropriate level of reliability
for the design of a particular facility depends primar-
ily upon the projected level of usage and the conse-
quences (risk) associated with constructing an initially
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thinner pavement structure. If a facility is heavily traf-
ficked, it may be undesirable to have to close or even
restrict its usage at future dates because of the higher
levels of distress, maintenance, and rehabilitation as-
sociated with an inadequate initial thickness. On the
other hand, a thin initial pavement (along with the
heavier maintenance and rehabilitation levels) may be
acceptable, if the projected level of usage is such that
fewer conflicts can be expected.

One means of identifying appropriate design relia-
bility levels is to evaluate the reliability inherent in
many of the current pavement design procedures. This
approach was used to develop the suggested levels of
reliability presented in Part II (Section 2.1). They
were derived by surveying the inherent reliability of
many current state DOT design procedures consider-
ing the functional class of the facility and whether its
environment was rural or urban (see Volume 2, Ap-
pendix II). Although this approach is sound in that it
is based on a considerable amount of past experience,
it does not provide a means for selecting a unique level
of reliability for a given project. This requires a more
detailed consideration of usage and the risk of prema-
ture failure.

Figure 4.5 provides a graph illustrating the concept
behind this detailed approach to identifying an opti-
mum level of reliability for a particular design project.
Three curves are shown in the figure. The first, curve
(A), represents the effects of reliability on the cost
" (expressed in net present value or equivalent uniform
annual cost) of the initial pavement structure; as de-
sign reliability increases, so does the required initial
pavement thickness and its associated cost. The sec-
ond, curve (B), represents the effects of reliability on
the future distress-related costs (maintenance, rehabil-
itation, user delay, etc.). The third, curve (C), repre-
sents the sum total of the first two curves. Since the
objective is to minimize the total overall cost, the opti-
mum reliability for a given project corresponds to the
minimum value on curve (C).

It should be recognized that this optimum reliabil-
ity is applicable only to the level of usage and conse-
quences (risk) of failure associated with a particular
project. Although other design projects may have the
same level of usage, varying soil and environmental
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conditions may affect the level of risk and, therefore,
the optimum reliability.

4.5 RELIABILITY AND STAGE
CONSTRUCTION ALTERNATIVES

When considering reliability in stage construction
or “planned rehabilitation” design alternatives, it is
important to consider the effects of compound relia-
bility. Unless this is recognized, the overall reliability
of say a 2-stage strategy (each stage designed for a
90-percent reliability level) would be 0.90 x 0.90 or
81 percent. Such a strategy could not be compared
equally with a single-stage strategy designed for
90-percent reliability.

Referring to the formal definition in Section 4.2.3,
reliability is basically the probability that a given
pavement structure will survive the design (perform-
ance) period traffic with p = p,. This definition is
applicable to the fundamental case where the design
period for the initial structure is equivalent to the anal-
ysis period. For cases where the initial design period
is less than the desired analysis period, stage con-
struction or planned rehabilitation is required (for the
design strategy to last the analysis period) and the
definition of reliability must be expanded to include
the uncertainty associated with the additional stage(s).
Assuming that the probability of one stage lasting its
design period is independent of that of another stage,
the probability or overall reliability that all stages will
last their design periods (or that the strategy will last
the entire analysis period) is the product of the indi-
vidual stage reliabilities.

Thus, in order to achieve a certain overall design
reliability (R,..) in a particular design strategy, the
following equation should be applied to establish the
individual reliability (Ry,,.) required to design each
stage:

Rstage = (Roveral])”n (451)

where n is equal to the number of stages including that
of the initial pavement structure.
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Figure 4.5. Illustration of Approach to Identifying the Optimum Reliability Level for a Given Facility
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CHAPTER 5
SUMMARY

This chapter concludes Part I of the Guide, the part
which explains general concepts related to pavement
design and performance. Every attempt has been
made to provide the potential users of the Guide with
useful background information related to (1) design
inputs, (2) pavement management, (3) economics, and
(4) reliability. Of course, it is not possible to give
complete details on any of these subjects in this Guide,
and the users of the Guide are encouraged to examine
the Appendices and to review important references
which are cited herein for explicit detail for their spe-
cific needs.

This Guide can, and hopefully will, be used by
many pavement agencies ranging from the federal
level through the states to counties and cities. For this
reason, flexibility has been provided to adapt the
Guide to your use. However, many new developments
and concepts are also presented in the Guide. Please
consider carefully these new aspects before you dis-
card them or modify them in favor of existing meth-
ods. Change is not easy, but nationwide experience
has shown the need to modify this Guide, and its ap-
plication to your agency probably also deserves some
changes or at least serious consideration of change.

Chapter 1 of Part I addresses the detailed design
factors and inputs required for using the Guide. The
application and determination of final design details
will be accomplished by using the methodologies
which are presented in Part II for New Design and in
Part III for Rehabilitation Design. It is important that
you carefully review Chapter 1 and Parts II and III of
the Guide before you undertake any specific design
activities.

Chapter 2 of the Guide describes the relationships
between pavement design and pavement management
with particular attention to the pavement management
system (PMS) at the project level. The users of the
Guide should continue to study the relationship of
design to pavement management and consider using
the Guide’s nomographs and equations as the appro-
priate models for the design subsystem of PMS in
their agencies.

Chapter 3 examines the economic aspects of pave-
ment design and rehabilitation. The design activities

outlined in Part II and Part IIT do not include eco-
nomics per se. After alternative designs are developed
with the Guide, they should be compared with a true
economic analysis, as outlined in Chapter 3. This, of
course, includes the comparisons of life-cycle costs
and is best done in the context of a good complete
project level PMS methodology, such as SAMP-6 (36)
and FPS-13 (5), to name a few.

Chapter 4 covers the very important area of relia-
bility and its application in pavement design. The
users of the Guide should remember that much of the
misunderstanding of pavement design, and the result-
ing pavement failures for the past 20 years, have been
associated with uncertainty and the resulting lack of
reliability in design. Any design method based on
average conditions has only a 50-percent chance of
fulfilling its required performance life. The associated
appendices present a rational and straightforward ap-
proach to this problem. We realize this is complex
material, but users of the Guide should try to under-
stand and use this section of the Guide. The reliability
methodologies discussed here are used in Parts II
and III.

Having completed the reading and studying of Part
I, the user will move on to Part [I—New Design, and
Part ITI—Rehabilitation in the Guide. Care should also
be exercised in the proper review of the related Ap-
pendices, which provide additional background mate-
rial. Good pavement design is not simple. It cannot be
done on the back of an envelope. Please realize that a
reasonable degree of complexity is involved, but the
Guide can be used successfully with study, training,
and careful application of engineering expertise.

Part IV of the Guide provides more detail concern-
ing the background of pavement theory and the possi-
ble application of such mechanistic methods to future
pavement design or to special cases of difficult design
requiring more detailed study. Reading and study of
Part IV can be very useful to the serious pavement
designer. A second volume resulting from the efforts
is also being made available. Volume 2 will provide
detailed background on how the Guide and the design
equations were developed, including the analytical
and empirical basis thereof.

I-65
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PAVEMENT DESIGN PROCEDURES
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OR RECONSTRUCTION
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CHAPTER 1
INTRODUCTION

This chapter first discusses the background relative
to the development of pavement design procedures for
new construction and reconstruction. This is followed
by a brief discussion of the scope of Part II. Next, the
limitations of the design procedures are discussed
followed by the concluding section, which briefly dis-
cusses the organization of this Part.

It is assumed in this text that the reader has studied
Part I, “Pavement Design and Management Prin-
ciples” prior to applying the design procedures de-
scribed herein. The basic principles are contained in
Part 1.

1.1 BACKGROUND

One of the major objectives of the AASHO Road
Test was to provide information that could be used in
developing pavement design criteria and pavement de-
sign procedures. Accordingly, following completion
of the Road Test, the AASHO Design Committee,
through its Subcommittee on Pavement Design Prac-
tices, developed the AASHO Interim Guide for the
Design of Rigid and Flexible Pavements. The Guide
was based on the results of the AASHO Road Test
supplemented by existing design procedures and, in
the case of rigid pavements, available theory.

After the Guide was used for a few years by the
states, the AASHTO Design Commiittee, in 1972, is-
sued the AASHTO Interim Guide for Design of Pave-
ment Structures that incorporated experience that had
accrued since the original issue of the Guide. In 1981,
the rigid pavement portion of the Guide (Chapter III)
was revised.

This issue of the Guide contains the following mod-
ifications to the 1981 version, which were defined by
the Subcommittee on Pavement Design Practices:

(1) The following modifications are included in
the flexible pavement design procedures:

(a) The soil support number is replaced by
the resilient modulus to provide a ra-
tional testing procedure that may be used
by an agency to define the material prop-
erties.
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(b) The layer coefficients for the various
materials are defined in terms of resilient
modulus as well as standard methods
(CBR and R-value).

(¢) The environmental factors of moisture
and temperature are objectively included
in the Guide so that environmental con-
siderations could be rationally accounted
for in the design procedure. This ap-
proach replaced the subjective regional
factor term previously used.

(d) Reliability is introduced to permit the de-
signer to use the concept of risk analysis
for various classes of roadways.

(e) Stage construction (i.e., planned re-
habilitation) design procedures are
incorporated.

(2) The following modifications are made in the
design procedures for rigid pavements:

(a) Reliability concepts identical to those
used for the flexible pavements are in-
troduced.

(b) The environmental aspects of design are
introduced in the same format as for
flexible pavements.

(¢) The design procedure is modified to in-
clude such factors as tied shoulders, sub-
base erosion, and lean subbase designs.

The material from the 1972 version is reorganized
and presented in a new format, as described in Part I
of this Guide. Basically, the approach is to describe
the input, present the design equation (nomographs,
etc.), and, finally, describe the results of the design
process.

1.2 SCOPE

The procedure contained herein is basically an ex-
tension of the algorithms originally developed from
the AASHO Road Test. The extensions provide the
designer with the opportunity to use the latest state of
the art techniques. If all the inputs of the AASHO
Road Test are entered into the design procedures, the
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results will be the same as from those equations devel-
oped at the AASHO Road Test.

The material contained in this Part deals with the
design of a new roadway or reconstruction of an exist-
ing one. The concepts of stage construction are also
presented to provide the designer with the option of
examining numerous alternatives for selection of an
optimum pavement design strategy for a facility.

Part II also permits the designer to account for
pavement serviceability loss resulting from both traf-
fic loads and environment. The environmental aspects
are considered in terms of both their direct and indi-
rect effects on the serviceability index. The direct
environmental effects are in terms of swelling and
frost heave of the roadbed soil, while the indirect ef-
fects are in terms of the seasonal variation of material
properties and their impact on traffic load associated
serviceability loss. The designer has the option of not
considering either of these environmental factors, if
so desired.

1.3 LIMITATIONS

The limitations inherent in the original AASHO
Road Test equations are still applicable:

(1) specific set of pavement materials and one
roadbed soil,

(2) single environment,

(3) an accelerated procedure for accumulating
traffic (a 2-year testing period extrapolated to a
10- or 20-year design), and

(4) accumulating traffic on each test section by
operating vehicles with identical axle loads

Design of Pavement Structures

and axle configurations, as opposed to mixed
traffic.

These basic limitations are reduced to some extent
by experiences of various agencies which have been
incorporated into this edition of the Guide, as well as
into previous editions.

1.4 ORGANIZATION

Basically, the material contained herein is pre-
sented in a modular form. First, the procedures for
major highways are presented. These are then fol-
lowed by the design procedures for low-volume roads.

Although this Guide is not intended to be a user’s
manual for computer application, the material is
presented in a format suitable for utilization with the
computer. Computer programs are available for solv-
ing the basic equations and generating multiple design
strategies so that the designer may select an optimum
economical solution. These programs are not, how-
ever, documented in this Guide. Thus, the designer
must refer to other AASHTO documents for user man-
uals. The version presented in this Part is basically a
simplified approach in which nomographs are used to
solve the basic equations. If the designer solves an
extensive array of problems, he will arrive at the same
optimum solution as the computer approach.

In addition to the design chart procedure, a simpli-
fied approach is provided for the design of low-
volume roads. Basically, it consists of a catalog of
designs which requires a minimum of user input. This
is intended to be used as a guideline by those agencies
with minimal available funds for design. It is not in-
tended to serve as a replacement for a rigorous design
procedure.
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CHAPTER 2
DESIGN REQUIREMENTS

This chapter discusses the preparation and/or
selection of the inputs required for new (or recon-
structed) pavement design. Since this chapter ad-
dresses the design requirements for several types of
pavement structures on both highways and low-
volume roads, only certain sets of inputs are required
for a given structural design combination. Table 2.1
identifies all possible design input requirements and
indicates the specific types of structural designs for
which they are required. A one (1) means that a par-
ticular design input (or set of inputs) must be deter-
mined for that structural combination. A two (2)
indicates that the design input should be considered
because of its potential impact on the results. Under
the “Flexible” heading, AC refers to asphalt concrete
surfaces and ST to surface treatments. Under
“Rigid,” JCP refers to plain jointed concrete pave-
ment, JRCP to jointed reinforced concrete pavement,
CRCP to continuously reinforced concrete pavement,
and PCP to prestressed concrete pavements. PCP is
not shown as a column in Table 2.1, however, since
detailed design input requirements are not available at
this time.

For ease of description these inputs are classified
under five separate categories:

Design Variables. This category refers to the set
of criteria which must be considered for each type of
road surface design procedure presented in this Guide.

Performance Criteria. This represents the user-
specified set of boundary conditions within which a
given pavement design alternative should perform,
e.g., serviceability.

Material Properties for Structural Design. This
category covers all the pavement and roadbed soil
material properties that are required for structural
design.

Structural Characteristics. This refers to certain
physical characteristics of the pavement structure
which have an effect on its performance.
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Reinforcement Variables. This category covers
all the reinforcement design variables needed for the
different types of rigid (PCC) pavements considered.

Important. Because of the treatment of reliability
in this Guide (as discussed in Part I and later in this
section), it is strongly recommended that the designer
use mean (average) values rather than “conservative
estimates” for each of the design inputs required by
the procedures. This is important since the equations
were developed using mean values and actual varia-
tions. Thus, the designer must use mean values
and standard deviations associated with his or her
conditions.

2.1 DESIGN VARIABLES
2.1.1 Time Constraints

This section involves the selection of performance
and analysis period inputs which affect (or constrain)
pavement design from the dimension of time. Consid-
eration of these constraints is required for both high-
way and low-volume road design. Time constraints
permit the designer to select from strategies ranging
from the initial structure lasting the entire analysis
period (i.e., performance period equals the analysis
period) to stage construction with an initial structure
and planned overlays.

Performance Period. This refers to the period of
time that an initial pavement structure will last before
it needs rehabilitation. It also refers to the perform-
ance time between rehabilitation operations. In the
design procedures presented in this Guide, the per-
formance period is equivalent to the time elapsed as a
new, reconstructed, or rehabilitated structure deterio-
rates from its initial serviceability to its terminal serv-
iceability. For the performance period, the designer
must select minimum and maximum bounds that are
established by agency experience and policy. It is im-
portant to note that in actual practice the performance
period can be significantly affected by the type and
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Table 2.1. Design Requirements for the Different Initial Pavement Types that can be Considered

Flexible Rigid A
ger.
Description AC ST JCP/JRCP CRCP Surf.
2.1 DESIGN VARIABLES
2.1.1 Time Constraints
Performance Period 1 1 1 1 1
Analysis Period 1 1 1 1 1
2.1.2 Traffic 1 1 1 i 1
2.1.3 Reliability 1 1 1 1
2.1.4 Environmental Impacts
Roadbed Swelling 2 2 2 2
Frost Heave 2 2 2 2
2.2 PERFORMANCE CRITERIA
2.2.1 Serviceability 1 1 1 1 1
2.2.2 Allowable Rutting 1
2.2.3 Aggregate Loss 1
2.3 MATERIAL PROPERTIES FOR STRUCTURAL DESIGN
2.3.1 Effective Roadbed Soil Resilient Modulus 1 1 1
2.3.2 Effective Modulus of Subgrade Reaction 1 1
2.3.3 Pavement Layer Materials Characterization 2 2 1 1 1
2.3.4 PCC Modulus of Rupture 1 1
2.3.5 Layer Coefficients 1 1
2.4 PAVEMENT STRUCTURAL CHARACTERISTICS
2.4.1 Drainage
Flexible Pavements 1 1
Rigid Pavements 1 1
2.4.2 Load Transfer
Jointed Pavements 1
Continuous Pavements 1
Tied Shoulders or Widened Outside Lanes 2 2
2.4.3 Loss of Support 1 1
2.5 REINFORCEMENT VARIABLES
2.5.1 Jointed Pavements
Slab Length 1
Working Stress 1
Friction Factor
2.5.2 Continuous Pavements
Concrete Tensile Strength 1
Concrete Shrinkage 1
Concrete Thermal Coefficient 1
Bar Diameter 1
Steel Thermal Coefficient 1
Design Temperature Drop 1
Friction Factor 1
AC—Asphalt Concrete CRCP—Continuously Reinforced Concrete Pavement
ST—Surface Treatment 1—Design input variable that must be determined
JCP—Jointed Concrete Pavement 2—Design variable that should be considered

JRCP—Jointed Reinforced Concrete Pavement
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level of maintenance applied. The predicted perform-
ance inherent in this procedure is based on the mainte-
nance practices at the AASHO Road Test.

The minimum performance period is the shortest
amount of time a given stage should last. For example,
it may be desirable that the initial pavement structure
last at least 10 years before some major rehabilitation
operation is performed. The limit may be controlled
by such factors as the public’s perception of how long
a “new” surface should last, the funds available for
initial construction, life-cycle cost, and other engi-
neering considerations.

The maximum performance period is the maximum
practical amount of time that the user can expect from
a given stage. For example, experience has shown in
areas that pavements originally designed to last 20
years required some type of rehabilitation or resurfac-
ing within 15 years after initial construction. This
limiting time period may be the result of PSI loss due
to environmental factors, disintegration of surface,
etc. The selection of longer time periods than can be
achieved in the field will result in unrealistic designs.
Thus, if life-cycle costs are to be considered accu-
rately, it is important to give some consideration to the
maximum practical performance period of a given
pavement type.

Analysis Period. This refers to the period of time
for which the analysis is to be conducted, i.e., the
length of time that any design strategy must cover. The
analysis period is analogous to the term “design life”
used by designers in the past. Because of the consider-
ation of the maximum performance period, it may be
necessary to consider and plan for stage construction
(i.e., an initial pavement structure followed by one or
more rehabilitation operations) to achieve the desired
analysis period.

In the past, pavements were typically designed and
analyzed for a 20-year performance period since the
original Interstate Highway Act in 1956 required that
traffic be considered through 1976. It is now recom-
mended that consideration be given to longer analysis
periods, since these may be better suited for the evalu-
ation of alternative long-term strategies based on
life-cycle costs. Consideration should be given to ex-
tending the analysis period to include one rehabilita-
tion. For high-volume urban freeways, longer analysis
periods may be considered. Following are general
guidelines:

-7

Highway Analysis Period
Conditions (years)
High-volume urban 30-50
High-volume rural 20-50
Low-volume paved 15-25

Low-volume aggregate

surface 10-20

2.1.2 Traffic

The design procedures for both highways and low-
volume roads are all based on cumulative expected
18-kip equivalent single axle loads (ESAL) during
the analysis period (W,g). The procedure for convert-
ing mixed traffic into these 18-kip ESAL units is
presented in Part I and Appendix D of this Guide.
Detailed equivalency values are given in Appendix D.
For any design situation in which the initial pavement
structure is expected to last, the analysis period with-
out any rehabilitation or resurfacing, all that is re-
quired is the total traffic over the analysis period. If,
however, stage construction is considered, i.e., reha-
bilitation or resurfacing is anticipated (due to lack of
initial funds, roadbed swelling, frost heave, etc.), then
the user must prepare a graph of cumulative 18-kip
ESAL traffic versus time, as illustrated in Figure 2.1.
This will be used to separate the cumulative traffic
into the periods (stages) during which it is encoun-
tered.

The predicted traffic furnished by the planning
group is generally the cumulative 18-kip ESAL axle
applications expected on the highway, whereas the
designer requires the axle applications in the design
lane. Thus, unless specifically furnished, the designer
must factor the design traffic by direction and then by
lanes (if more than two). The following equation may
be used to determine the traffic (w;g) in the design
lane:

wig = Dp X Dp X \i’lg

where

Dp = a directional distribution factor, expressed
as a ratio, that accounts for the
distribution of ESAL units by direction,
e.g., east-west, north-south, etc.,
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Figure 2.1. Example Plot of Cumulative 18-kip ESAL Traffic Versus Time
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D, = a lane distribution factor, expressed as a
ratio, that accounts for distribution of
traffic when two or more lanes are
available in one direction, and

the cumulative two-directional 18-kip
ESAL units predicted for a specific
section of highway during the analysis
period (from the planning group).

=
I

Although the Dy, factor is generally 0.5 (50 per-
cent) for most roadways, there are instances where
more weight may be moving in one direction than the
other. Thus, the side with heavier vehicles should be
designed for a greater number of ESAL units. Experi-
ence has shown that Dy, may vary from 0.3 to 0.7,
depending on which direction is “loaded” and which
is “unloaded.”

For the D, factor, the following table may be used
as a guide:

Number of Lanes
in Each Direction

Percent of 18-kip ESAL
in Design Lane

1 100
2 80-100
3 60-80
4 50-75

2.1.3 Reliability

Reliability concepts were introduced in Chapter 4
of Part I and are developed fully in Appendix EE of
Volume 2. Basically, it is a means of incorporating
some degree of certainty into the design process to
ensure that the various design alternatives will last the
analysis period. The reliability design factor accounts
for chance variations in both traffic prediction (w,g)
and the performance prediction (Wg), and therefore
provides a predetermined level of assurance (R) that
pavement sections will survive the period for which
they were designed.

Generally, as the volume of traffic, difficulty of
diverting traffic, and public expectation of availability
increases, the risk of not performing to expectations
must be minimized. This is accomplished by selecting
higher levels of reliability. Table 2.2 presents recom-
mended levels of reliability for various functional
classifications. Note that the higher levels correspond
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Table 2.2. Suggested Levels of Reliability for
Various Functional Classifications

Recommended
Level of
Functional Reliability
Classification Urban Rural

Interstate and Other Freeways 85-99.9 80-99.9
Principal Arterials 80-99 75-95
Collectors 80-95 75-95
Local 50-80 50-80

NoTE: Results based on a survey of the AASHTO Pavement
Design Task Force.

to the facilities which receive the most use, while the
lowest level, 50 percent, corresponds to local roads.

As explained in Part I, Chapter 4, design-perform-
ance reliability is controlled through the use of a relia-
bility factor (Fg) that is multiplied times the design
period traffic prediction (w,3) to produce design ap-
plications (W,g) for the design equation. For a given
reliability level (R), the reliability factor is a function
of the overall standard deviation (S,) that accounts for
both chance variation in the traffic prediction and nor-
mal variation in pavement performance prediction for
a given W 3.

It is important to note that by treating design uncer-
tainty as a separate factor, the designer should no
longer use “conservative” estimates for all the other
design input requirements. Rather than conservative
values, the designer should use his best estimate of
the mean or average value for each input value. The
selected level of reliability and overall standard devia-
tion will account for the combined effect of the varia-
tion of all the design variables.

Application of the reliability concept requires the
following steps:

(1) Define the functional classification of the facil-
ity and determine whether a rural or urban
condition exists.

(2) Select a reliability level from the range given
in Table 2.2. The greater the value of reliabil-
ity, the more pavement structure required.

(3) A standard deviation (S,) should be selected
that is representative of local conditions. Val-
ues of S, developed at the AASHO Road Test
did not include traffic error. However, the per-
formance prediction error developed at the
Road Test was .25 for rigid and .35 for flexible
pavements. This corresponds to a total stand-
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ard deviation for traffic of 0.35 and 0.45 for
rigid and flexible pavements, respectively.

2.1.4 Environmental Effects

The environment can affect pavement performance
in several ways. Temperature and moisture changes
‘can have an effect on the strength, durability, and
load-carrying capacity of the pavement and roadbed
‘materials. Another major environmental impact is the
direct effect roadbed swelling, pavement blowups,
frost heave, disintegration, etc., can have on loss of
riding quality and serviceability. Additional effects,
such as aging, drying, and overall material deteriora-
tion due to weathering, are considered in this Guide
only in terms of their inherent influence on the pave-
ment performance prediction models.

The actual treatment of the effects of seasonal tem-
perature and moisture changes on material propertics
is discussed in Section 2.3, ‘“Material Properties for
Structural Design.”” This section provides only the cri-
teria necessary for quantifying the input requirements
for evaluating roadbed swelling and frost heave. If
either of these can lead to a significant loss in service-
ability or ride quality during the analysis period,
then it (they) should be considered in the design
analysis for all pavement structural types, except
perhaps aggregate-surfaced roads. As serviceability-
based models are developed for such factors as pave-
ment blowups, then they may be added to the design
procedure.

The objective of this step is to produce a graph of
serviceability loss versus time, such as that illustrated
in Figure 2.2. As described in Part I, the service-
ability loss due to environment must be added to that
resulting from cumulative axle loads. Figure 2.2 indi-
cates that the environmental loss is a result of the
summation of losses from both swelling and frost
heave. The chart may be used to estimate the service-
ability loss at intermediate periods, e.g., at 13 years
the loss is 0.73. Obviously, if only swelling or only
frost heave is considered, there will be only one curve
on the graph. The environmental serviceability loss is
evaluated in detail in Appendix G, “Treatment of
Roadbed Swelling and/or Frost Heave in Design.”

2.2 PERFORMANCE CRITERIA
2.2.1 Serviceability

The serviceability of a pavement is defined as its
ability to serve the type of traffic (automobiles and

Design of Pavement Structures

trucks) which use the facility. The primary measure of
serviceability is the Present Serviceability Index
(PSI), which ranges from O (impossible road) to 5
(perfect road). The basic design philosophy of this
Guide is the serviceability-performance concept,
which provides a means of designing a pavement
based on a specific total traffic volume and a mini-
mum level of serviceability desired at the end of the
performance period.

Selection of the lowest allowable PSI or terminal
serviceability index (p,) is based on the lowest index
that will be tolerated before rehabilitation, resurfac-
ing, or reconstruction becomes necessary. An index of
2.5 or higher is suggested for design of major high-
ways and 2.0 for highways with lesser traffic volumes.
One criterion for identifying a minimum level of serv-
iceability may be established on the basis of public
acceptance. Following are general guidelines for mini-
mum levels of p, obtained from studies in connection
with the AASHO Road Test (/4):

Terminal
Serviceability Level

Percent of People
Stating Unacceptable

3.0 12
25 55
2.0 85

For relatively minor highways where economics
dictate that the initial capital outlay be kept at a mini-
mum, it is suggested that this be accomplished by
reducing the design period or the total traffic volume,
rather than by designing for a terminal serviceability
less than 2.0.

Since the time at which a given pavement structure
reaches its terminal serviceability depends on traffic
volume and the original or initial serviceability (p,),
some consideration must also be given to the selection
of p,. (It should be recognized that the p, values ob-
served at the AASHO Road Test were 4.2 for flexible
pavements and 4.5 for rigid pavements.)

Once p, and p, are established, the following equa-
tion should be applied to define the total change in
serviceability index:

APSI = p, — p,

The equation is applicable to flexible, rigid, and ag-
gregate-surfaced roads.

Copyright American Association of State Highway and Transportation Officials
Provided by IHS under license with AASHTO

Licensee=CH2M Hill Worldwide/5960458046, User=Ostermann, Benjamin
No reproduction or networking permitted without license from IHS

Not for Resale, 03/10/2015 08:43:50 MDT



Design Requirements 111

1.0
<] =
>
<
QO b
I /
I -
2
w 0.8
i) L~
c -
g - Total Loss, —=—1(0.73)
g - APSlgy ey
w -
£ |
" 0.6 /
@ [
o
S =
z N ‘
8 o .
% - / Frost Heave
3 0.4 7 Loss,
g I d A psl,
3
g i /
3 - / Swelling Loss,
/ A PSlgy,
1 1 1 1 1 ' A 1 1 1 l 1 i
10 13 15 20

Time (years)

Figure 2.2. A Conceptual Example of the Environmental Serviceability Loss Versus Time Graph that
may be Developed for a Specific Location
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2.2.2 Allowable Rutting

In this design guide, rutting is considered only as a
performance criterion for aggregate-surfaced roads.
Although rutting is a problem with asphalt concrete
surface pavements, no design model suitable for in-
corporation into this Guide is available at this time. It
is important to note that the rut depth failure predicted
by the aggregate-surfaced road model does not refer to
simple surface rutting (which can be corrected by nor-
mal blading operations), but to serious rutting associ-
ated with deformation of the pavement structure and
roadbed support. The allowable rut depth for an ag-
gregate-surfaced road is dependent on the average
daily traffic. Typically, allowable rut depths range
from 1.0 to 2.0 inches for aggregate-surfaced roads.

2.2.3 Aggregate Loss

For aggregate-surfaced roads, an additional con-
cern is the aggregate loss due to traffic and erosion.
When aggregate loss occurs, the pavement structure
becomes thinner and the load-carrying capacity is
reduced. This reduction of the pavement structure
thickness increases the rate of surface deterioration.

To treat aggregate loss in the procedure, it is neces-
sary to estimate (1) the total thickness of aggregate
that will be lost during the design period, and (2) the
minimum thickness of aggregate that is required to
keep a maintainable working surface for the pavement
structure.

Unfortunately, there is very little information avail-
able today to predict the rate of aggregate loss. Below
is an example of a prediction equation developed with
limited data on sections experiencing greater than
50 percent truck traffic (15, 16):

GL = 0.12 + 0.1223(LT)

where
GL = total aggregate loss in inches, and
LT = number of loaded trucks in thousands.

A second equation, which was developed from a
recent study in Brazil on typical rural sections, can be
employed by the user to determine the input for gravel
loss (15, 16):

Design of Pavement Structures

GL =
(B/25.4)/(.0045LADT + 3380.6/R + 0.467G)
where
GL = aggregate loss, in inches, during the
period of time being considered,
B = number of bladings during the period

of time being considered,
LADT = average daily traffic in design lane
(for one-lane road use total traffic in
both directions),
average radius of curves, in feet, and
absolute value of grade, in percent.

R
G

i

Another equation, developed through a British
study done in Kenya, is more applicable to areas
where there is very little truck activity and thus the
facility is primarily used by cars. Since this equation
(below) is for annual gravel loss, the total gravel loss
(GL) would be estimated by multiplying by the num-
ber of years in the performance period:

AGL = [T%/(T? + 50)]
x f(4.2 + .092T + 0.889R? + 1.88VC)

where

AGL = annual aggregate loss, in inches,

T = annual traffic volume in both directions,
in thousands of vehicles,

R = annual rainfall, in inches,

VC = average percentage gradient of the road,
and

f = .037 for lateritic gravels,

i

.043 for quartzitic gravels,
.028 for volcanic gravels, and
.059 for coral gravels.

i

It should be noted that there are serious drawbacks
with all the equations shown here; therefore, when-
ever possible, local information about aggregate loss
should be used as input to the procedure.

2.3 MATERIAL PROPERTIES FOR
STRUCTURAL DESIGN
2.3.1 Effective Roadbed Soil Resilient Modulus

As discussed previously in this Part and Part I, the
basis for materials characterization in this Guide is
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elastic or resilient modulus. For roadbed materials,
laboratory resilient modulus tests (AASHTO T 274)
should be performed on representative samples in
stress and moisture conditions simulating those of the
primary moisture seasons. Alternatively, the seasonal
resilient modulus values may be determined by corre-
lations with soil properties, i.e., clay content, mois-
ture, PI, etc. The purpose of identifying seasonal
moduli is to quantify the relative damage a pavement
is subjected to during each season of the year and treat
it as part of the overall design. An effective roadbed
soil: resilient modulus is then established which is
equivalent to the combined effect of all the seasonal
modulus values. (The development of the procedure
for generating an effective roadbed soil resilient mod-
ulus is presented in Appendix HH of Volume 2 of this
Guide.)

The seasonal moisture conditions for which the
roadbed soil samples should be tested are those which
result in significantly different resilient moduli. For
example, in a climate which is not subjected to ex-
tended sub-freezing temperatures, it would be impor-
tant to test for differences between the wet (rainy) and
.dry seasons. It would probably not be necessary, how-
ever, to test for the difference between spring-wet and
fall-wet, unless there is significant difference in the
average rainfall during spring and fall. If operations
make it difficult to test the roadbed soil for spring-
thaw or winter-frozen conditions, then, for these
extreme cases, practical values of resilient moduli of
20,000 to 50,000 psi may be used for frozen condi-
tions, and for spring-thaw conditions, the retained
modulus may be 20 to 30 percent of the normal modu-
lus during the summer and fall periods.

Two different procedures for determining the
seasonal variation of the modulus are offered as
guidelines. One method is to obtain a laboratory rela-
tionship between resilient modulus and moisture con-
tent. Then, with an estimate of the in situ moisture
content of the soil beneath the pavement, the resilient
modulus for each of the seasons may be estimated. An
alternate procedure is to back calculate the resilient
modulus for different seasons using the procedure de-
scribed in Part III using deflections measured on in-
service pavements. These may be used as adjustment
factors to correct the resilient modulus for a reference
condition.

Besides defining the seasonal moduli, it is also nec-
essary to separate the year into the various component
time intervals during which the different moduli are
effective. In making this breakdown, it is not neces-
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sary to specify a time interval of less than one-half
month for any given season. If it is not possible to
adequately estimate the season lengths, the user may
refer to Section 4.1.2, which provides criteria sug-
gested for the design of low-volume roads.

At this point, the length of the seasons and the
seasonal roadbed resilient moduli are all that is re-
quired in terms of roadbed support for the design of
rigid pavements and aggregate-surfaced roads. For the
design of flexible pavements, however, the seasonal
data must be translated into the effective roadbed soil
resilient modulus described earlier. This is accom-
plished with the aid of the chart in Figure 2.3. The
effective modulus is a weighted value that gives the
equivalent annual damage obtained by treating each
season independently in the performance equation and
summing the damage. It is important to note, however,
that the effective roadbed soil resilient modulus deter-
mined from this chart applies only to flexible pave-
ments designed using the serviceability criteria. It is
not necessarily applicable to other resilient modulus-
based design procedures.

Since a mean value of resilient modulus is used,
design sections with coefficient of variations greater
than 0.15 (within a season) should be subdivided into
smaller sections. For example, if the mean value of
resilient modulus is 10,000 psi, then approximately
99 percent of the data should be in a range of 5,500 to
14,500 psi.

The first step of this process is to enter the seasonal
moduli in their respective time periods. If the smallest
season is one-half month, then all seasons must be
defined in terms of half months and each of the boxes
must be filled. If the smallest season is one month,
then all seasons must be defined in terms of whole
months and only one box per month may be filled in.

The next step is to estimate the relative damage (uy)
values corresponding to each seasonal modulus. This
is done using the vertical scale or the corresponding
equation shown in Figure 2.3. For example, the rela-
tive damage corresponding to a roadbed soil resilient
modulus of 4,000 psi is 0.51.

Next, the u; values should all be added together
and divided by the number of seasonal increments
(12 or 24) to determine the average relative damage.
The effective roadbed soil resilient modulus (Mg),
then, is the value corresponding to the average relative
damage on the Mg u; scale. Figure 2.4 provides an
example of the application of the effective My estima-
tion process. Again, it is emphasized that this effec-
tive My value should be used only for the design of
flexible pavements based on serviceability criteria.
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Figure 2.3. Chart for Estimating Effective Roadbed Soil Resilient Modulus for Flexible Pavements
Designed Using the Serviceability Criteria
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Figure 2.4. Chart for Estimating Effective Roadbed Soil Resilient Modulus for Flexible Pavements
Designed Using the Serviceability Criteria
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2.3.2 Effective Modulus of Subgrade Reaction

Like the effective roadbed soil resilient modulus
for flexible pavement design, an effective modulus of
subgrade reaction (k-value) will be developed for rigid
pavement design. Since the k-value is directly propor-
tional to roadbed soil resilient modulus, the season
lengths and seasonal moduli developed in the previous
section will be used as input to the estimation of an
effective design k-value. But, because of the effects
of subbase characteristics on the effective design
k-value, its determination is included as a step in an
iterative design procedure. (See Part II, Chapter 3.)
The development of the actual procedure for generat-
ing this effective modulus of subgrade reaction is pre-
sented in Appendix HH of Volume 2 of this Guide.

2.3.3 Pavement Layer Materials
Characterization

Although there are many types of material proper-
ties and laboratory test procedures for assessing the
strength of pavement structural materials, one has
been adopted as a basis for design in this Guide. If,
however, the user should have a better understanding
of the ‘““layer coefficients” (see Section 2.3.5) that
have traditionally been used in the original AASHTO
flexible pavement design procedure, it is not essential
that the elastic moduli of these materials be character-
ized. In general, layer coefficients derived from test
roads or satellite sections are preferred.

Elastic modulus is a fundamental engineering prop-
erty of any paving or roadbed material. For those ma-
terial types which are subject to significant permanent
deformation under load, this property may not reflect
the material’s behavior under load. Thus, resilient
modulus refers to the material’s stress-strain behavior
under normal pavement loading conditions. The
strength of the material is important in addition to
stiffness, and future mechanistic-based procedures
may reflect strength as well as stiffness in the materi-
als characterization procedures. In addition, stabi-
lized base materials may be subject to cracking under
certain conditions and the stiffness may not be an indi-
cator for this distress type. It is important to note,
that, although resilient modulus can apply to any type
of material, the notation Mg as used in this Guide
applies only to the roadbed soil. Different notations
are used to express the moduli for subbase (Egg), base
(Egs), asphalt concrete (Exc), and portland cement
concrete (E¢).

Design of Pavement Structures

The procedure for estimating the resilient modulus
of a particular pavement material depends on its type.
Relatively low stiffness materials, such as natural
soils, unbound granular layers, and even stabilized
layers and asphalt concrete, should be tested using the
resilient modulus test methods (AASHTO T 274). Al-
though the testing apparatus for each of these types of
materials is basically the same, there are some differ-
ences, such as the need for triaxial confinement for
unbound materials.

Alternatively, the bound or higher stiffness materi-
als, such as stabilized bases and asphalt concrete, may
be tested using the repeated-load indirect tensile test
(ASTM D 4123). This test still relies on the use of
electronic gauges to measure small movements of the
sample under load, but is less complex and easier to
run than the triaxial resilient modulus test.

Because of the small displacements and brittle
nature of the stiffest pavement materials, i.e., port-
land cement concrete and those base materials stabi-
lized with a high cement content, it is difficult to
measure the modulus using the indirect tensile appa-
ratus. Thus, it is recommended that the elastic modu-
lus of such high-stiffness materials be determined
according to the procedure described in ASTM C 469.

The elastic modulus for any type of material may
also be estimated using correlations developed by the
state’s department of transportation or by some other
reputable agency. The following is a correlation rec-
ommended by the American Concrete Institute (4) for
normal weight portland cement concrete:

E. = 57,000(f;)">

E. = PCC elastic modulus (in psi), and

PCC compressive strength (in psi) as
determined using AASHTO T 22, T 140,
or ASTM C 39,

...,
o2
Il

2.3.4 PCC Modulus of Rupture

The modulus of rupture (flexural strength) of port-
land cement concrete is required only for the design of
a rigid pavement. The modulus of rupture required by
the design procedure is the mean value determined
after 28 days using third-point loading (AASHTO
T 97, ASTM C 78). If standard agency practice dic-
tates the use of center-point loading, then a correlation
should be made between the two tests.
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Because of the treatment of reliability in this
Guide, it is strongly recommended that the normal
construction specification for modulus of rupture
(flexural strength) not be used as input, since it repre-
sents a value below which only a small percent of the
distribution may lie. If it is desirable to use the con-
struction specification, then some adjustment should
be applied, based on the standard deviation of modu-
lus of rupture and the percent (PS) of the strength
distribution that normally falls below the specifi-
cation:

S!/(mean) = S, + z(SD;)

where
S. = estimated mean value for PCC modulus
of rupture (psi),
S, = construction specification on concrete

modulus of rupture (psi),

SD, = estimated standard deviation of concrete
modulus of rupture (psi), and

z = standard normal variate:

0.841, for PS = 20 percent,*

1.037, for PS = 15 percent,

1.282, for PS = 10 percent,

1.645, for PS = 5 percent, and

2.327, for PS = 1 percent.

*NOTE: Permissible number of specimens, ex-
pressed as a percentage, that may have strengths less
than the specification value.

2.3.5 Layer Coefficients

This section describes a method for estimating the
AASHTO structural layer coefficients (a; values)
required for standard flexible pavement structural de-
sign. A value for this coefficient is assigned to each
layer material in the pavement structure in order to
convert actual layer thicknesses into structural number
(SN). This layer coefficient expresses the empirical
relationship between SN and thickness and is a mea-
sure of the relative ability of the material to function
as a structural component of the pavement. The fol-
lowing general equation for structural number reflects
the relative impact of the layer coefficients (a;) and
thickness (D;):

SN = 2 aiDi
i=1

II-17

Although the elastic (resilient) modulus has been
adopted as the standard material quality measure, it is
still necessary to identify (corresponding) layer coeffi-
cients because of their treatment in the structural num-
ber design approach. Though there are correlations
available to determine the modulus from tests such as
the R-value, the procedure recommended is direct
measurement using AASHTO Method T 274 (subbase
and unbound granular materials) and ASTM D 4123
for asphalt concrete and other stabilized materials.
Research and field studies indicate many factors influ-
ence the layer coefficients, thus the agency’s experi-
ence must be included in implementing the results
from the procedures presented. For example, the layer
coefficient may vary with thickness, underlying sup-
port, position in the pavement structure, etc.

It should be noted that laboratory resilient modulus
values can be obtained that are significantly different
from what may exist for an in situ condition. For
example, the presence of a very stiff unbound layer
over a low stiffness layer may result in decompaction
and a corresponding reduction of stiffness. As a
guideline for successive layers of unbound materials,
the ratio of resilient modulus of the upper layer to that
of the lower layer should not exceed values that result
in tensile stresses in unbound granular layers.

The discussion of how these coefficients are esti-
mated is separated into five categories, depending on
the type and function of the layer material. These are
asphalt concrete, granular base, granular subbase,
cement-treated, and bituminous base. Other materials
such as lime, lime flyash, and cement flyash are ac-
ceptable materials, and each agency should develop
charts.

Asphalt Concrete Surface Course. Figure 2.5
provides a chart that may be used to estimate the struc-
tural layer coefficient of a dense-graded asphalt con-
crete surface course based on its elastic (resilient)
modulus (E,c) at 68°F. Caution is recommended for
modulus values above 450,000 psi. Although higher
modulus asphalt concretes are stiffer and more resist-
ant to bending, they are also more susceptible to
thermal and fatigue cracking.

Granular Base Layers. Figure 2.6 provides a
chart that may be used to estimate a structural layer
coefficient, a,, from one of four different laboratory
test results on a granular base material, including base
resilient modulus, Egg. The AASHO Road Test basis
for these correlations is:
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Structural Layer Coefficient, a,, for
Asphalt Concrete Surface Course

0.1

0.0 1 1 1 1 1
0 100,000 200,000 300,000 400,000 500,000

Elastic Modulus, EAC {psi), of
Asphalt Concrete (at 68°F)

Figure 2.5, Chart for Estimating Structural Layer Coefficient of Dense-Graded Asphalt Concrete
Based on the Elastic (Resilient) Modulus (3)
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Figure 2.6. Variation in Granular Base Layer Coefficient (a,) with Various Base Strength

Parameters (3)
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a; = 0.14
EBS = 30,000 pSl
CBR = 100 (approx.)
R-value = 85 (approx.)

The following relationship may be used in lieu of
Figure 2.6 to estimate the layer coefficient, a,, for a
granular base material from its elastic (resilient) mod-
ulus, Egg (5):

a = 0.249(]0g10EBs) - 0977

For aggregate base layers, Epg is a function of the
stress state (8) within the layer and is normally given
by the relation:

Egs = k;0k,
where
6 = stress state or sum of principal stresses
o, + o, + o3 (psi), and
k;, k, = regression constants which are a

function of material type.
Typical values for base materials are:

k,
k,

3,000 to 8,000
0.51t0 0.7

At the AASHO Road Test, modulus values (Egg in psi)
for the base were as follows:

Moisture Stress State (psi)
State Equation =5 0=10 6=20 6 =30

Dry 8,000006 21,012 31,848 48,273 61,569
Damp  4,0000°¢ 10,506 15,924 24,136 30,784
Wet 3,2000%% 8,404 12,739 19,309 24,627

Note, Egs is a function of not only moisture but also
the stress state (). Values for the stress state within
the base course vary with the subgrade modulus and
thickness of the surface layer. Typical values for use in
design are:
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Roadbed Soil

Concrl;sep’lll‘;litckness Resilient Modulus (psi)
(inches) 3,000 7,500 15,000

Less than 2 20 25 30

2-4 10 15 20

4-6 5 10 15

Greater than 6 5 5 5

For intermediate values of roadbed soil resilient mod-
ulus, interpolation can be used.

Each agency is encouraged to develop relationships
for their specific base materials (e.g., My = k;0k;)
using AASHTO Method T 274; however, in the ab-
sence of this data, values given in Table 2.3 can be
used.

Granular Subbase Layers. Figure 2.7 provides a
chart that may be used to estimate a structural layer
coefficient, a,;, from one of four different laboratory
results on a granular subbase material, including sub-
base resilient modulus, Eggz. The AASHO Road Test
basis for these correlations is:

0.11

a3

Eq = 15,000 psi
CBR = 30 (approx.)
R-value = 60 (approx.)

Table 2.3. Typical Values for k,; and k, for
Unbound Base and Subbase
Materials M; = k;0k;)
Moisture
Condition Kk * k,*
(a) Base
Dry 6,000-10,000 0.5-0.7
Damp 4,000-6,000 0.5-0.7
Wet 2,000-4,000 0.5-0.7
(b) Subbase
Dry 6,000-8,000 0.4-0.6
Damp 4,000-6,000 0.4-0.6
Wet 1,500-4,000 0.4-0.6

*Range in k; and k; is a function of the material quality.
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Figure 2.7. Variation in Granular Subbase Layer Coefficient (a;) with Various Subbase Strength
Parameters (3)
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The Egy versus a, relationship (5) similar to that
for granular base materials is as follows:

a; = 0.227(log,oEsg) — 0.839

For aggregate subbase layers, Egg is affected by
stress state (0) in a fashion similar to that for the base
layer. Typical values for k, range from 1,500 to 6,000,
while k, varies from 0.4 to 0.6. Values for the
AASHO Road Test subbase material were (/3):

Stress State (psi)
6=5 6=75 6=10

Damp Mg = 5,4000°¢ 14,183 18,090 21,497
Wet Mg = 4,6000%6 12,082 15,410 18,312

Moisture Developed
State Relationship

As with the base layers, each agency is encouraged
to develop relationships for their specific materials;
however, in lieu of this data, the values in Table 2.3
can be used.

Stress states (6) which can be used as a guide to
select the modulus value for subbase thicknesses be-
tween 6 and 12 inches are as follows:

Asphalt
Concrete Thickness Stress State
(inches) (psi)
Less than 2 10.0
2-4 7.5
Greater than 4 5.0

Cement-Treated Bases. Figure 2.8 provides a
chart that may be used to estimate the structural layer
coefficient, a,, for a cement-treated base material
from either its elastic modulus, Egg, or, alternatively,
its 7-day unconfined compressive strength (ASTM
D 1633).

Bituminous-Treated Bases. Figure 2.9 presents
a chart that may be used to estimate the structural
layer coefficient, a,, for a bituminous-treated base
material from either its elastic modulus, Egg, or,
alternatively, its Marshall stability (AASHTO T 245,
ASTM D 1559). This is not shown in Figure 2.9.

Design of Pavement Structures

2.4 PAVEMENT STRUCTURAL
CHARACTERISTICS

2.4.1 Drainage

This section describes the selection of inputs to
treat the effects of certain levels of drainage on
predicted pavement performance. Guidance is not
provided here for any detailed drainage designs or
construction methods. Furthermore, criteria on the
ability of various drainage methods to remove mois-
ture from the pavement are not provided. It is up to the
design engineer to identify what level (or quality) of
drainage is achieved under a specific set of drainage
conditions. Below are the general definitions corres-
ponding to different drainage levels from the pave-
ment structure:

Quality of Drainage Water Removed Within

Excellent 2 hours

Good 1 day

Fair 1 week

Poor 1 month

Very poor (water will not drain)

For comparison purposes, the drainage conditions at
the AASHO Road Test are considered to be fair, i.e.,
free water was removed within 1 week.

Flexible Pavements. The treatment for the ex-
pected level of drainage for a flexible pavement is
through the use of modified layer coefficients (e.g., a
higher effective layer coefficient would be used for
improved drainage conditions). The factor for modify-
ing the layer coefficient is referred to as an m; value
and has been integrated into the structural number
(SN) equation along with layer coefficient (a;) and
thickness (D;); thus:

SN = a]D| + a2D2m2 + a3D3m3

(The possible effect of drainage on the asphalt
concrete surface course is not considered.) The con-
version of the structural number into actual pavement
layer thicknesses is discussed in more detail in Part II,
Chapter 3.

Table 2.4 presents the recommended m; values as a
function of the quality of drainage and the percent of
time during the year the pavement structure would
normally be exposed to moisture levels approaching
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Figure 2.8. Variation in a for Cement-Treated Bases with Base Strength Parameter (3)
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Figure 2.9. Variation in a, for Bituminous-Treated Bases with Base Strength Parameter (3)
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Table 2.4.

1125

Recommended m; Values for Modifying Structural Layer Coefficients

of Untreated Base and Subbase Materials in Flexible Pavements

Percent of Time Pavement Structure is Exposed
to Moisture Levels Approaching Saturation

Quality of Less Than Greater Than
Drainage 1% 1-5% 5-25% 25%
Excellent 1.40-1.35 1.35-1.30 1.30-1.20 1.20
Good 1.35-1.25 1.25-1.15 1.15-1.00 1.00
Fair 1.25-1.15 1.15-1.05 1.00-0.80 0.80
Poor 1.15-1.05 1.05-0.80 0.80-0.60 0.60
Very poor 1.05-0.95 0.95-0.75 0.75-0.40 0.40

saturation. Obviously, the latter is dependent on the
average yearly rainfall and the prevailing drainage
conditions. As a basis for comparison, the m; value for
conditions at the AASHO Road Test is 1.0, regardless
of the type of material. A discussion of how these
recommended m; values were derived is presented in
Appendix DD of Volume 2.

Finally, it is also important to note that these values
apply only to the effects of drainage on untreated
base and subbase layers. Although improved drain-
age is certainly beneficial to stabilized or treated
materials, the effects on performance of flexible pave-
ments are not as profound as those quantified in
Table 2.4.

Rigid Pavements. The treatment for the expected
level of drainage for a rigid pavement is through the
use of a drainage coefficient, C4, in the performance
equation. (It has an effect similar to that of the load
transfer coefficient, J.) As a basis for comparison, the
value for C, for conditions at the AASHO Road Test is
1.0.

Table 2.5 provides the recommended C, values,
depending on the quality of drainage and the percent
of time during the year the pavement structure would
normally be exposed to moisture levels approaching
saturation. As before, the latter is dependent on the
average yearly rainfall and the prevailing drainage
conditions. A discussion of how these recommended
C, values were derived is also presented in Appendix
DD of Volume 2.

2.4.2 Load Transfer

The load transfer coefficient, J, is a factor used in
rigid pavement design to account for the ability of a
concrete pavement structure to transfer (distribute)
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load across discontinuities, such as joints or cracks.
Load transfer devices, aggregate interlock, and the
presence of tied concrete shoulders all have an effect
on this value. Generally, the J-value for a given set of
conditions (e.g., jointed concrete pavement with tied
shoulders) increases as traffic loads increase since ag-
gregate load transfer decreases with load repetitions.
Table 2.6 establishes ranges of load transfer coeffi-
cients for different conditions developed from experi-
ence and mechanistic stress analysis. As a general
guide for the range of J-values, higher J’s should be
used with low k-values, high thermal coefficients, and
large variations of temperature. (The development of
the J-factor terms is provided in Appendix KK of Vol-
ume 2.) Each agency should, however, develop crite-
ria for their own aggregates, climatic conditions, etc.

If dowels are used, the size and spacing should be
determined by the local agency’s procedures and/or
experience. As a general guideline, the dowel diame-
ter should be equal to the slab thickness multiplied by
/g inch (e.g., for a 10-inch pavement, the diameter is
11/4 inch. The dowel spacing and length are normally
12 inches and 18 inches, respectively.

Jointed Pavements. The value of J recommended
for a plain jointed pavement (JCP) or jointed rein-
forced concrete pavement (JRCP) with some type of
load transfer device (such as dowel bars) at the joints
is 3.2 (“protected corner” condition at the AASHO
Road Test). This value is indicative of the load transfer
of jointed pavements without tied concrete shoulders.

For jointed pavements without load transfer devices
at the joints, a J-value of 3.8 to 4.4 is recommended.
(This basically accounts for the higher bending
stresses that develop in undowelled pavements, but
also includes some consideration of the increased po-
tential for faulting.) If the concrete has a high thermal

Licensee=CH2M Hill Worldwide/5960458046, User=Ostermann, Benjamin
Not for Resale, 03/10/2015 08:43:50 MDT



1126

Design of Pavement Structures

Table 2.5. Recommended Values of Drainage Coefficient, C,, for Rigid

Pavement Design

Percent of Time Pavement Structure is Exposed
to Moisture Levels Approaching Saturation

Quality of Less Than Greater Than
Drainage 1% 1-5% 5-25% 25%
Excellent 1.25-1.20 1.20-1.15 1.15-1.10 1.10
Good 1.20-1.15 1.15-1.10 1.10-1.00 1.00
Fair 1.15-1.10 1.10-1.00 1.00-0.90 0.90
Poor 1.10-1.00 1.00-0.90 0.90-0.80 0.80
Very poor 1.00-0.90 0.90-0.80 0.80-0.70 0.70

coefficient, then the value of J should be increased.
On the other hand, if few heavy trucks are anticipated
such as a low-volume road, the J-value may be low-
ered since the loss of aggregate interlock will be less.
Part I of this Guide provides some other general crite-
ria for the consideration and/or design of expansion
joints, contraction joints, longitudinal joints, load
transfer devices, and tie bars in jointed pavements.

Continuously Reinforced Pavements. The value
of J recommended for continuously reinforced con-
crete pavements (CRCP) without tied concrete
shoulders is between 2.9 to 3.2, depending on the
capability of aggregate interlock (at future transverse
cracks) to transfer load. In the past, a commonly used
J-value for CRCP was 3.2, but with better design for
crack width control each agency should develop crite-
ria based on local aggregates and temperature ranges.

Tied Shoulders or Widened Outside Lanes. One
of the major advantages of using tied PCC shoulders
(or widened outside lanes) is the reduction of siab

stress and increased service life they provide. To ac-
count for this, significantly lower J-values may be
used for the design of both jointed and continuous
pavements.

For continuously reinforced concrete pavements
with tied concrete shoulders (the minimum bar size
and maximum tie bar spacing should be the same as
that for tie bars between lanes), the range of I is be-
tween 2.3 and 2.9, with a recommended value of 2.6.
This value is considerably lower than that for the de-
sign of concrete pavements without tied shoulders be-
cause of the significantly increased load distribution
capability of concrete pavements with tied shoulders.

For jointed concrete pavements with dowels and
tied shoulders, the value of J should be between 2.5
and 3.1 based on the agency’s experience. The lower
J-value for tied shoulders assumes traffic is not per-
mitted to run on the shoulder.

NoOTE: Experience has shown that a concrete
shoulder of 3 feet or greater may be considered a tied
shoulder. Pavements with monolithic or tied curb and
gutter that provides additional stiffness and keeps

Table 2.6. Recommended Load Transfer Coefficient for Various Pavement
Types and Design Conditions

Shoulder

Asphalt

Tied P.C.C.

Load Transfer

. Yes
Devices

No Yes No

Pavement Type

1. Plain jointed and
jointed reinforced 3.2
2. CRCP 2.9-3.2

3.8-44 2.5-3.1 3.6-4.2
N/A 2.3-29 N/A
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traffic away from the edge may be treated as a tied
shoulder.

2.4.3 Loss of Support

- This factor, LS, is included in the design of rigid
pavements to account for the potential loss of support
arising from subbase erosion and/or differential verti-
cal soil movements. It is treated in the actual design
procedure (discussed in Part II, Chapter 3) by dimin-
ishing the effective or composite k-value based on the
size of the void that may develop beneath the slab.
Table 2.7 provides some suggested ranges of LS de-
pending on the type of material (specifically its stiff-
ness or elastic modulus). Obviously, if various types
of base or subbase are to be considered for design,
then the corresponding values of LS should be deter-
mined for each type. A discussion of how the loss of
support factor was derived is present in Appendix LL
of Volume 2 of this Guide.

The LS factor should also be considered in terms of
differential vertical soil movements that may result in
voids beneath the pavement. Thus, even though a non-
erosive subbase is used, a void may still develop, thus
reducing pavement life. Generally, for active swelling
clays or excessive frost heave, LS values of 2.0 to 3.0

Table 2.7. Typical Ranges of Loss of Support
(LS) Factors for Various Types of
Materials (6)

Loss of
Support
Type of Material (LS)
Cement Treated Granular Base
(E = 1,000,000 to 2,000,000 psi) 0.0t0o 1.0
Cement Aggregate Mixtures
(E = 500,000 to 1,000,000 psi) 0.0t0 1.0
Asphalt Treated Base
(E = 350,000 to 1,000,000 psi) 0.0t0 1.0
Bituminous Stabilized Mixtures
(E = 40,000 to 300,000 psi) 0.0to 1.0
Lime Stabilized
(E = 20,000 to 70,000 psi) 1.0 to 3.0
Unbound Granular Materials
(E = 15,000 to 45,000 psi) 1.0t0 3.0
Fine Grained or Natural Subgrade Materials
(E = 3,000 to 40,000 psi) 2.0to0 3.0

NoOTE: E in this table refers to the general symbol for elastic
or resilient modulus of the material.
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may be considered. Each agency’s experience in this
area should, however, be the key element in the selec-
tion of an appropriate LS value. Examination of the
effect of LS on reducing the effective k-value of the
roadbed soil (see Figure 3.6) may also be helpful in
selecting an appropriate value.

2.5 REINFORCEMENT VARIABLES

Because of the difference in the reinforcement de-
sign procedures between jointed and continuous pave-
ments, the design requirements for each are separated
into two sections. Information is also provided here
for the design of prestressed concrete pavement. In
addition to dimensions, consideration should be given
to corrosion resistance of reinforcement, especially in
areas where pavements are exposed to variable mois-
ture contents and salt applications.

2.5.1 Jointed Reinforced Concrete Pavements

There are two types of rigid pavement which fall
under the “jointed” category: plain jointed pavement
(JCP), which is designed not to have steel reinforce-
ment, and jointed reinforced concrete pavement
(JRCP), which is designed to have significant steel
reinforcement, in terms of either steel bars or welded
steel mats. The steel reinforcement is added if the
probability of transverse cracking during pavement
life is high due to such factors as soil movement
and/or temperature/moisture change stresses.

For the case of plain jointed concrete pavements
(JCP), the joint spacing should be selected at values so
that temperature and moisture change stresses do not
produce intermediate cracking between joints. The
maximum joint spacing will vary, depending on local
conditions, subbase types, coarse aggregate types,
etc. In addition, the maximum joint spacing may be
selected to minimize joint movement and, conse-
quently, maximize load transfer. Each agency’s expe-
rience should be relied on for this selection.

Following are the criteria needed for the design of
jointed pavements which are steel reinforced (JRCP),
These criteria apply to the design of both longitudinal
and transverse steel reinforcement.

Slab Length. This refers to the joint spacing or
distance, L (feet), between free (i.e., untied) trans-
verse joints. It is an important design consideration
since it has a large impact on the maximum concrete
tensile stresses and, consequently, the amount of steel
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reinforcement required. Because of this effect, slab
length (joint spacing) is an important factor that must
be considered in the design of any reinforced or un-
reinforced jointed concrete pavement. The selection of
an appropriate value is covered in more detail in Part
II, Chapter 3.

Steel Working Stress. This refers to the allowable
working stress, f, (psi), in the steel reinforcement.
Typically, a value equivalent to 75 percent of the steel
yield strength is used for working stress. For Grade 40
and Grade 60 steel, the allowable working stresses are
30,000 and 45,000 psi, respectively. For Welded Wire
Fabric (WWF) and Deformed Wire Fabric (DWF), the
steel yield strength is 65,000 psi and the allowable
working stress is 48,750 psi. The minimum wire size
should be adequate so that potential corrosion does
not have a significant impact on the cross-sectional
area.

Friction Factor. This factor, F, represents the
frictional resistance between the bottom of the slab
and the top of the underlying subbase or subgrade
layer and is basically equivalent to a coefficient of
friction. Recommended values for natural subgrade
and a variety of subbase materials are presented in
Table 2.8.

2.5.2 Continuously Reinforced
Concrete Pavements

The principal reinforcement in continuously rein-
forced concrete pavements (CRCP) is the longitudinal
steel which is essentially ““continuous’ throughout the
length of the pavement. This longitudinal reinforce-
ment is used to control cracks which form in the
pavement due to volume change in the concrete. The

" Table 2.8. Recommended Friction Factors (7)
~ Type of Material

Friction Factor

Beneath Slab (13]
Surface treatment - 2.2
Lime stabilization 1.8
Asphalt stabilization 1.8
Cement stabilization 1.8
River gravel 1.5
Crushed stone 1.5
Sandstone 1.2
Natural subgrade 0.9

Design of Pavement Structures

reinforcement may be either reinforcing bars or de-
formed wire fabric. It is the restraint of the concrete
due to the steel reinforcement and subbase friction
which causes the concrete to fracture. A balance be-
tween the properties of the concrete and the reinforce-
ment must be achieved for the pavement to perform
satisfactorily. The evaluation of this interaction forms
the basis for longitudinal reinforcement design.

The purpose of transverse reinforcement in a CRC
pavement is to control the width of any longitudinal
cracks which may form. Transverse reinforcement
may not be required for CRC pavements in which no
longitudinal cracking is likely to occur based on ob-
served experience of concrete pavements with same
soils, aggregate types, etc. However, if longitudinal
cracking does occur, transverse reinforcement will
restrain lateral movement and minimize the deleteri-
ous effects of a free edge. Transverse reinforcement
should be designed based on the same criteria and
methodology used for jointed pavements.

The following are the requirements for the design
of longitudinal steel reinforcement in CRC pavements.

Concrete Tensile Strength. Two measures of
concrete tensile strength are used in separate sections
of this design procedure. The modulus of rupture (or
flexural strength) derived from a flexural beam test
(with third point loading) is used for determination of
the required slab thickness (see Section 2.3.4). Steel
reinforcement design is based on the tensile strength
derived from the indirect tensile test which is covered

" under AASHTO T 198 and ASTM C 496 test specifi-

cations. The strength at 28 days should be used for
both of these values. Also, these two strengths should
be consistent with each other. For this design proce-
dure, the indirect tensile strength will normally be
about 86 percent of concrete modulus of rupture.

Concrete Shrinkage. Drying shrinkage in the
concrete from water loss is a significant factor in the
reinforcement design. Other factors affecting shrink-
age include cement content, chemical admixtures,
curing method, aggregates, and curing conditions.
The value of shrinkage at 28 days is used for the de-
sign shrinkage value.

Both shrinkage and strength of the concrete are
strongly dependent upon the water-cement ratio. As
more water is added to a mix, the potential for shrink-
age will increase and the strength will decrease. Since
shrinkage can be considered inversely proportional to
strength, Table 2.9 may be used as a guide in selecting
a value corresponding to the indirect tensile strength
determined in Section 2.5.2.
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Table 2.9. Approximate Relationship Between
Shrinkage and Indirect Tensile
Strength of Portland Cement
Concrete (6)

Indirect Tensile Strength Shrinkage
(psi) (in./in.)
300 (or less) 0.0008
400 0.0006
500 0.00045
600 0.0003
700 (or greater) 0.0002

Concrete Thermal Coefficient. The thermal co-
efficient of expansion for portland cement concrete
varies with such factors as water-cement ratio, con-
crete age, richness of the mix, relative humidity, and
the type of aggregate in the mix. In fact, the type of
coarse aggregate exerts the most significant influence.
Recommended values of PCC thermal coefficient (as a
function of aggregate type) are presented in Table
2.10.

Bar or Wire Diameter. Typically, No. 5 and No.
6 deformed bars are used for longitudinal reinforce-
ment in CRCP. The No. 6 bar is the largest practical
size that should be used in CRCP to meet bond re-

Table 2.10. Recommended Value of the
Thermal Coefficient of PCC as a
Function of Aggregate Types (8)

Concrete Thermal

Type of Coarse Coefficient
Aggregate (10-5/°F)
Quartz 6.6
Sandstone 6.5
Gravel 6.0
Granite 5.3
Basalt 4.8
Limestone 3.8
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quirements and to control crack widths. The design
nomographs for reinforcement limit the bar selection
to a range of No. 4 to No. 7. The nominal diameter of a
reinforcing bar, in inches, is simply the bar number
divided by 8. The wire diameter should be large
enough so that possible corrosion will not signifi-
cantly reduce the cross section diameter. Also, the
relationship between longitudinal and transverse wire
should conform to manufacturers’ recommendations.

Steel Thermal Coefficient. Unless specific
knowledge of the thermal coefficient of the reinforcing
steel is known, a value of 5.0 x 10~%in./in./°F may
be assumed for design purposes.

Design Temperature Drop. The temperature
drop used in the reinforcement design is the difference
between the average concrete curing temperature and
a design minimum temperature. The average concrete
curing temperature may be taken as the average daily
high temperature during the month the pavement is
expected to be constructed. This average accounts for
the heat of hydration. The design minimum tempera-
ture is defined here as the average daily low tempera-
ture for the coldest month during the pavement life. If
not available, the needed temperature data may be
obtained from U.S. Government weather records. The
design temperature drop which is entered in the longi-
tudinal reinforcement design procedure is:

DTD = TH - TL

where

DTp = design temperature drop, °F,

Ty = average daily high temperature during
the month the pavement is constructed,
°F, and

T, = average daily low temperature during the

coldest month of the year, °F.

Friction Factor. The criteria for the selection of a
slab-base friction factor for CRC pavements is the
same as that for jointed pavements (see Section 2.5.1).
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CHAPTER 3
HIGHWAY PAVEMENT STRUCTURAL DESIGN

This chapter describes the application of design
procedures for both flexible and rigid highway pave-
ments. Flexible pavement design includes asphalt
concrete (AC) surfaces and surface treatments (ST).
Rigid pavement design includes plain jointed (JCP),
jointed reinforced (JRCP), and continuously rein-
forced (CRCP) concrete pavements. General criteria
are also provided for the design of prestressed con-
crete pavements (PCP). Pavements designed using
these procedures are expected to carry significant lev-
els of traffic and require a paved surface.

With the exception of prestressed concrete pave-
ments, the design procedures in this chapter are based
on the original AASHTO pavement performance
equations, which have been modified to include de-
sign factors not considered in the previous Interim
Design Guide. The design process relies exclusively
on the design requirements developed in Part II,
Chapter 2 and a series of nomographs which solve the
design equations. It should be noted that because of
the additional complexity, computer-based design
procedures for both rigid and flexible pavements need
to be treated in separate design manuals. It should also
be noted that the design chart procedures presented
here do have some inherent assumptions and simplifi-
cations which, in some cases, make their solution
somewhat less precise than that provided by the cor-
responding computer solution.

The design approaches for both flexible and rigid
pavements permit both traffic and environmental loss
of serviceability to be taken into account. If the de-
signer desires that only the serviceability loss due to
traffic be considered, then Sections 3.1.3 and 3.2.4
may be ignored.

The basic concept of design for both flexible and
rigid pavements is to first determine the required
thickness based on the level of traffic. The associated
performance period is then corrected for any environ-
mental-associated losses of serviceability. A stage
construction option is provided to allow the designer
to consider planned rehabilitation for either environ-
mental or economic reasons. Thus, numerous strate-
gies for original design thickness and subsequent
rehabilitation may be developed.
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Finally, it is strongly recommended that the life-
cycle cost economic analysis method described in Part
I be used as a basis to compare the alternate pavement
designs generated by this design chart procedure for a
given pavement type. Because of certain fundamental
differences between flexible and rigid pavements and
the potential difference in relative costs, it is recom-
mended that this life-cycle economic analysis be a
factor, but not be the sole criteria for pavement type
selection.

3.1 FLEXIBLE PAVEMENT DESIGN

This section describes the design for both asphalt
concrete (AC) pavements and surface treatments (ST)
which carry significant levels of traffic (i.e., greater
than 50,000 18-kip ESAL) over the performance per-
iod. For both the AC and ST surface types, the design
is based on identifying a flexible pavement structural
number (SN) to withstand the projected level of axle
load traffic. It is up to the designer to determine
whether a single or double ST or a paved AC surface is
required for the specific conditions. An example of
the application of the flexible pavement design proce-
dure is presented in Appendix H.

3.1.1 Determine Required Structural Number

Figure 3.1 presents the nomograph recommended
for determining the design structural number (SN) re-
quired for specific conditions, including

(1) the estimated future traffic, W3 (Section
2.1.2), for the performance period,

(2) the reliability, R (Section 2.1.3), which
assumes all input is at average value,

(3) the overall standard deviation, S, (Section
2.1.3),

(4) the effective resilient modulus of roadbed
material, Mg (Section 2.3.1), and

(5) the design serviceability loss, APSI = p, —
p. (Section 2.2.1).
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Highway Pavement Structural Design
3.1.2 Stage Construction

Experience in some states has shown that regard-
less of the strength (or load-carrying capacity) of a
flexible pavement, there may be a maximum perform-
ance period (Section 2.1.1) associated with a given
initial structure which is subjected to some significant
level of truck traffic, Obviously, if the analysis period
(Section 2.1.1) is 20 years (or more) and this practical
maximum performance period is less than 20 years,
there may be a need to consider stage construction
(i.e., planned rehabilitation) in the design analysis.
This is especially true if life-cycle economic analyses
are to be performed, where the trade-offs between the
thickness designs of the initial pavement structure and
any subsequent overlays can be evaluated. In such in-
stances, where stage construction alternatives are to
be considered, it is important to check the constraint
on minimum performance period (Section 2.1.1)
within the various candidate strategies. It is also im-
portant to recognize the need to compound the relia-
bility for each individual stage of the strategy. For
example, if each stage of 3-stage strategy (an initial
pavement with two overlays) has a 90-percent reliabil-
ity, the overall reliability of the design strategy is
0.9 x 0.9 x 0.9 or 72.9 percent. Conversely, if an
overall reliability of 95 percent is desired, the individ-
ual reliability for each stage must be (0.95)" or 98.3
percent. It is important to recognize compounding of
reliability may be severe for stage construction, and
later opportunities to correct problem areas may be
considered.

To evaluate stage construction alternatives, the user
should refer to Part III of this Guide which addresses
pavement rehabilitation. That Part provides not only a
procedure for designing an overlay, but also criteria
for the application of other rehabilitation methods that
may be used to improve the serviceability and extend
the load-carrying capacity of the pavement. The de-
sign example in Appendix H provides an illustration
of the application of the stage construction approach
using a planned future overlay.

3.1.3 Roadbed Swelling and Frost Heave

Roadbed swelling and/or frost heave are both im-
portant environmental considerations because of their
potential effect on the rate of serviceability loss.
Swelling refers to the localized volume changes that
occur in expansive roadbed soils as they absorb mois-
ture. A drainage system can be effective in minimizing

11-33

roadbed swelling if it reduces the availability of mois-
ture for absorption.

Frost heave, as it is treated here, refers to the local-
ized volume changes that occur in the roadbed soil as
moisture collects, freezes into ice lenses and produces
permanent distortions in the pavement surface. Like
swelling, the effects of frost heave can be decreased by
providing some type of drainage system. Another
effective measure is to provide a layer of nonfrost-
susceptible material thick enough to insulate the road-
bed from frost penetration. This not only protects
against frost heave, but may also significantly reduce
or even eliminate the thaw-weakening that occurs in
the roadbed soil during early spring.

If either swelling or frost heave are to be consid-
ered in terms of their effects on serviceability loss and
the need for future overlays, then the following proce-
dure should be applied. It does require the plot of
serviceability loss versus time that was developed in
Section 2.1.4.

The procedure for considering environmental serv-
iceability loss is similar to the treatment of stage con-
struction strategies because of the planned future need
for rehabilitation. In the stage construction approach,
the structural number of the initial pavement is se-
lected and its corresponding performance period
(service life) determined. An overlay (or series of
overlays) which will extend the combined perform-
ance periods past the desired analysis period is then
identified. The difference in the stage construction
approach when swelling and/or frost heave are consid-
ered is that an iterative process is required to deter-
mine the length of the performance period for each
stage of the strategy. The objective of this iterative
process is to determine when the combined service-
ability loss due to traffic and environment reaches the
terminal level. It is described with the aid of Table
3.1.

Step 1. Select an appropriate structural number
(SN) for the initial pavement. Because of the relatively
small effect the structural number has on minimizing
swelling and frost heave, the maximum initial SN rec-
ommended is that derived for conditions assuming no
swelling or frost heave. For example, if the desired
overall reliability is 90 percent (since an overlay is
expected, the design reliability for both the initial
pavement and overlay is 0.9 or 95 percent), the ef-
fective roadbed soil modulus is 5,000 psi, the initial
serviceability expected is 4.4, the design terminal
serviceability is 2.5, and a 15-year performance per-
iod (along with a corresponding 5 million 18-kip
ESAL application) for the initial pavement is as-
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Table 3.1. Example of Process Used to Predict the Performance Period of an Initial Pavement
Structure Considering Swelling and/or Frost Heave
Initial PST ___ 4.4
Maximum Possible Performance Period (years) 15
Design Serviceability Loss, APSI = p, — p; = 44 -25=19
@ &) @ ) ©)
Trial Total Serviceability Corresponding Allowable Corresponding
() Performance Loss Due to Swelling Serviceability Loss Cumulative Performance
Iteration Period and Frost Heave Due to Traffic Traffic Period
No. (years) APSIgw APSIg (18-kip ESAL) (years)
1 13.0 0.73 1.17 2.0 x 108 6.3
2 9.7 0.63 1.27 2.3 x 10° 7.2
3 8.5 0.56 1.34 2.6 x 108 8.2
Column No. Description of Procedures
2 Estimated by the designer (Step 2).
3 Using estimated value from Column 2 with Figure 2.2, the total serviceability loss
due to swelling and frost heave is determined (Step 3).
4 Subtract environmental serviceability loss (Column 3) from design total
serviceability loss to determine corresponding serviceability loss due to traffic.
-5 Determined from Figure 3.1 keeping all inputs constant (except for use of traffic
serviceability loss from Column 4) and applying the chart in reverse (Step 5).
6 Using the traffic from Column S, estimate net performance period from Figure 2.1
(Step 6).

sumed, the maximum structural number (determined
from Figure 3.1) that should be considered for swell-
ing/frost heave conditions is 4.4. Anything less than a
SN of 4.4 may be appropriate, so long as it does not
violate the minimum performance period (Section
2.1.1).

Step 2. Select a trial performance period that
might be expected under the swelling/frost heave con-
ditions anticipated and enter in Column 2. This num-
ber should be less than the maximum possible
performance period corresponding to the selected ini-
tial pavement structural number. In general, the
greater the environmental loss, the smaller the per-
formance period will be.

Step 3. Using the graph of cumulative environ-
mental serviceability loss versus time developed in
Section 2.1.4 (Figure 2.2 is used as an example), esti-
mate the corresponding total serviceability loss due to
swelling and frost heave (APSIgy py) that can be ex-
pected for the trial period from Step 2, and enter in
Column 3.
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Step 4. Subtract this environmental serviceability
loss (Step 3) from the desired total serviceability loss
(4.4 — 2.5 = 1.9 s used in the example) to establish
the corresponding traffic serviceability loss. Enter
result in Column 4.

APSITR = APSI - APSISW,FH

Step 5. Use Figure 3.1 to estimate the allowable
cumulative 18-kip ESAL traffic corresponding to the
traffic serviceability loss determined in Step 4 and
enter in Column 5. Note that it is important to use the
same levels of reliability, effective roadbed soil resil-
ient modulus, and initial structural number when ap-
plying the flexible pavement chart to estimate this
allowable traffic.

Step 6. Estimate the corresponding year at which
the cumulative 18-kip ESAL traffic (determined in
Step 5) will be reached and enter in Column 6. This
should be accomplished with the aid of the cumulative
traffic versus time plot developed in Section 2.1.2.
(Figure 2.1 is used as an example.)
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Step 7. Compare the trial performance period
with that calculated in Step 6. If the difference is
greater than 1 year, calculate the average of the two
and use this as the trial value for the start of the next
iteration (return to Step 2). If the difference is less
than 1 year, convergence is reached and the average is
said to be the predicted performance period of the
initial pavement structure corresponding to the se-
lected initial SN. In the example, convergence was
reached after three iterations and the predicted per-
formance period is about 8 years.

The basis of this iterative process is exactly the
same for the estimation of the performance period of
any subsequent overlays. The major differences in ac-
tual application are that (1) the overlay design meth-
odology presented in Part III is used to estimate the
performance period of the overlay and (2) any swell-
ing and/or frost heave losses predicted after overlay
should restart and then progress from the point in time
when the overlay was placed.

3.1.4 Selection of Layer Thicknesses

Once the design structural number (SN) for an ini-
tial pavement structure is determined, it is necessary
to identify a set of pavement layer thicknesses which,
when combined, will provide the load-carrying capac-
ity corresponding to the design SN. The following
equation provides the basis for converting SN into
actual thicknesses of surfacing, base and subbase:

SN = alD] + azDzmz + a3D3m3

where
a;, a,, 8, = layer coefficients representative of
surface, base, and subbase
courses, respectively (see Section
2.3.9),
D,, D,, D; = actual thicknesses (in inches)

of surface, base, and subbase
courses, respectively, and

m,, m; = drainage coefficients for base and
subbase layers, respectively (see
Section 2.4.1).

The SN equation does not have a single unique solu-
tion; i.e., there are many combinations of layer thick-
nesses that are satisfactory solutions. The thickness of
the flexible pavement layers should be rounded to the
nearest 1/2 inch. When selecting appropriate values for
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the layer thicknesses, it is necessary to consider their
cost effectiveness along with the construction and
maintenance constraints in order to avoid the possibil-
ity of producing an impractical design. From a cost-
effective view, if the ratio of costs for layer 1 to layer 2
is less than the corresponding ratio of layer coeffi-
cients times the drainage coefficient, then the opti-
mum economical design is one where the minimum
base thickness is used. Since it is generally impracti-
cal and uneconomical to place surface, base, or sub-
base courses of less than some minimum thickness,
the following are provided as minimum practical
thicknesses for each pavement course:

Minimum Thickness (inches)

Asphalt Aggregate
Traffic, ESAL’s Concrete Base
Less than 50,000 1.0 (or surface 4
treatment)
50,001-150,000 2.0 4
150,001-500,000 2.5 4
500,001-2,000,000 3.0 6
2,000,001-7,000,000 3.5 6
Greater than 7,000,000 4.0 6

Because such minimums depend somewhat on local
practices and conditions, individual design agencies
may find it desirable to modify the above minimum
thicknesses for their own use.

Individual agencies should also establish the effec-
tive thicknesses and layer coefficients of both single
and double surface treatments. The thickness of the
surface treatment layer may be neglectible in comput-
ing SN, but its effect on the base and subbase proper-
ties may be large due to reductions in surface water
entry.

3.1.5 Layered Design Analysis

It should be recognized that, for flexible pave-
ments, the structure is a layered system and should be
designed accordingly. The structure should be de-
signed in accordance with the principles shown in Fig-
ure 3.2. First, the structural number required over the
roadbed soil should be computed. In the same way, the
structural number required over the subbase layer and
the base layer should also be computed, using the
applicable strength values for each. By working with
differences between the computed structural numbers
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1) a, D, m and SN are as defined in the text and are minimum required values.

2) An asterisk with D or SN indicates that it represents the value actually used, which
must be equal to or greater than the required value.

Figure 3.2. Procedure for Determining Thicknesses of Layers Using a Layered Analysis Approach
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required over each layer, the maximum allowable
thickness of any given layer can be computed. For
example, the maximum allowable structural number
for the subbase material would be equal to the struc-
tural number required over the subbase subtracted
from the structural number required over the roadbed
soil. In a like manner, the structural numbers of the
other layers may be computed. The thicknesses for the
respective layers may then be determined as indicated
on Figure 3.2.

It should be recognized that this procedure should
not be applied to determine the SN required above
subbase or base materials having a modulus greater
than 40,000 psi. For such cases, layer thicknesses of
materials above the “high” modulus layer should be
established based on cost effectiveness and minimum
practical thickness considerations.

3.2 RIGID PAVEMENT DESIGN

. This section describes the design for portland
‘cement concrete pavements, including plain jointed
(JCP), jointed reinforced (JRCP), and continuously
reinforced (CRCP). As in the design for flexible pave-
ments, it is assumed that these pavements will carry
traffic levels in excess of 50,000 18-kip ESAL over the
performance period. An example of the application of
this rigid pavement design procedure is presented in
Appendix L.

The AASHTO design procedure is based on the
AASHO Road Test pavement performance algorithm.
Inherent in the use of the procedure is the use of dow-
els at transverse joints. Hence, joint faulting was not a
distress manifestation at the Road Test. If the designer
wishes to consider nondowelled joints, he may de-
velop an appropriate J-factor (see Section 2.4.2,
“Load Transfer””) or check his design with another
agency’s procedure, such as the PCA procedure (9).

3.2.1 Develop Effective Modulus of
Subgrade Reaction

Before the design chart for determining design slab
thickness can be applied, it is necessary to estimate
the possible levels of slab support that can be pro-
vided. This is accomplished using Table 3.2 and Fig-
ures 3.3, 3.4, 3.5, and 3.6 to develop an effective
modulus of subgrade reaction, k. An example of this
process is demonstrated in Table 3.3.

Since the effective k-value is dependent upon sev-
eral different factors besides the roadbed soil resilient
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modulus, the first step is to identify the combinations
(or levels) that are to be considered and enter them in
the heading of Table 3.2.

(1) Subbase types—Different types of subbase
have different strengths or modulus values.
The consideration of a subbase type in estimat-
ing an effective k-value provides a basis for
evaluating its cost-effectiveness as part of the
design process.

(2) Subbase thicknesses (inches)—Potential de-
sign thicknesses for each subbase type should
also be identified, so that its cost-effectiveness
may be considered.

(3) Loss of support, LS—This factor, quantified in
Section 2.4.3, is used to correct the effective
k-value based on potential erosion of the sub-
base material.

(4) Depth to rigid foundation (feet)—If bedrock
lies within 10 feet of the surface of the sub-
grade for any significant length along the pro-
ject, its effect on the overall k-value and the
design slab thickness for that segment should
be considered.

For each combination of these factors that is to be
evaluated, it is necessary to prepare a separate table
and develop a corresponding effective modulus of sub-
grade reaction.

The second step of the process is to identify the
seasonal roadbed soil resilient modulus values (from
Section 2.3.1) and enter them in Column 2 of each
table. As before, if the length of the smallest season is
one-half month, then all seasons must be defined in
terms of consecutive half-month time intervals in the
table. (The same seasonal roadbed soil resilient modu-
lus values used for the example in Section 2.3.1 are
used in the example presented in Table 3.3.)

The third step in estimating the effective k-value is
to assign subbase elastic (resilient) modulus (Egp)
values for each season. These values, which were dis-
cussed in Section 2.3.3, should be entered in Column
3 of Table 3.2 and should correspond to those for the
seasons used to develop the roadbed soil resilient
modulus values. For those types of subbase material
which are insensitive to season (e.g., cement-treated
material), a constant value of subbase modulus may be
assigned for each season. For those unbound materials
which are sensitive to season but were not tested for
the extreme conditions, values for Egy of 50,000 psi
and 15,000 psi may be used for the frozen and spring
thaw periods, respectively. For unbound materials,
the ratio of the subbase to the roadbed soil resilient
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Table 3.2. Table for Estimating Effective Modulus of Subgrade Reaction

Trial Subbase: Type Depth to Rigid Foundation (feet)
Thickness (inches) ____ Projected Slab Thickness (inches)
Loss of Support, LS

@) @ A @ ® )

k-Value (pci)
Roadbed Subbase Composite on Rigid Relative
Modulus, Modulus, k-Value (pci) Foundation Damage, u,
Month Mg (psi) Egy (psi) (Fig. 3.3) (Fig. 3.4) (Fig. 3.5)

Jan.

Feb.

Mar.

Apr.

June

July

Aug.

Sept.

Oct.

Nov.

Dec.

Zu, Summation: Xu, =

Average: U, = — =
n

Effective Modulus of Subgrade Reaction, k (pci) =
Corrected for Loss of Support: k (pci) =_____
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Example:

Dgg = 6 inches

Egy = 20,000 psi

Mg = 7,000 psi

Solution: k, = 400 pci
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Figure 3.3. Chart for Estimating Composite Modulus of Subgrade Reaction, k., Assuming a
Semi-Infinite Subgrade Depth. (For practical purposes, a semi-infinite depth is
considered to be greater than 10 feet below the surface of the subgrade.)
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Figure 3.5. Chart for Estimating Relative Damage to Rigid Pavements Based on Slab Thickness
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Table 3.3. Example Application of Method for Estimating Effective Modulus of Subgrade Reaction

Trial Subbase: Type Granular Depth to Rigid Foundation (feet) 5
Thickness (inches) 6 Projected Slab Thickness (inches) 9
Loss of Support, LS _ 10
@ 2) 3) @) ) 6)
k-Value (pci)
Roadbed Subbase Composite on Rigid Relative
Modulus, Modulus, k-Value (pci) Foundation Damage, u,
Month Mg (psi) Egg (psi) (Fig. 3.3) (Fig. 3.4) (Fig. 3.5)
20,000 50,000 1,100 1,350 0.35
Jan.
20,000 50,000 1,100 1,350 0.35
Feb.
2,500 15,000 160 230 0.86
Mar.
4,000 15,000 230 300 0.78
Apr.
4,000 15,000 230 300 0.78
May
7,000 20,000 410 540 0.60
June
7,000 20,000 410 540 0.60
July
7,000 20,000 410 540 0.60
Aug.
7,000 20,000 410 540 0.60
Sept.
7,000 20,000 410 540 0.60
Oct.
4,000 15,000 230 300 0.78
Nov.
20,000 50,000 1,100 1,350 0.35
Dec.
. Summation: Xu, = 7.25
Average: u, = 2L = 125 = 0.60
12
Effective Modulus of Subgrade Reaction, k (pci) 540
= 170

Corrected for Loss of Support: k (pci)
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modulus should not exceed 4 to prevent an artificial
condition. ’

The fourth step is to estimate the composite modu-
lus of subgrade reaction for each season, assuming a
semi-infinite subgrade depth (i.e., depth to bedrock
greater than 10 feet) and enter in Column 4. This is
accomplished with the aid of Figure 3.3. Note that the
starting point in this chart is subbase thickness, Dgg.
If the slab is placed directly on the subgrade (i.e., no
subbase), the composite modulus of subgrade reaction
is defined using the following theoretical relationship
between k-values from a plate bearing test and elastic
modulus of the roadbed soil:

k = Mr/19.4

NoTE: The development of this relationship is de-
scribed as part of Volume 2, Appendix HH.

The fifth step is to develop a k-value which in-
cludes the effect of a rigid foundation near the surface.
This step should be disregarded if the depth to a rigid
foundation is greater than 10 feet. Figure 3.4 provides
the chart that may be used to estimate this modified
k-value for each season. It considers roadbed soil re-
silient modulus and composite modulus of subgrade
reaction, as well as the depth to the rigid foundation.
The values for each modified k-value should subse-
quently be recorded in Column 5 of Table 3.2.

The sixth step in the process is to estimate the
thickness of the slab that will be required, and then
use Figure 3.5 to determine the relative damage, u,,
in each season and enter them in Column 6 of Ta-
bie 3.2.

The seventh step is to add all the u, values (Column
6) and divide the total by the number of seasonal in-
crements (12 or 24) to determine the average relative
damage, u,. The effective modulus of subgrade reac-
tion, then, is the value corresponding to the average
relative damage (and projected slab thickness) in Fig-
ure 3.5.

The eighth and final step in the process is to adjust
the effective modulus of subgrade reaction to account
for the potential loss of support arising from subbase
erosion. Figure 3.6 provides the chart for correcting
the effective modulus of subgrade reaction based on
the loss of support factor, LS, determined in Section
2.4.3. Space is provided in Table 3.2 to record this
final design k-value.

Design of Pavement Structures
3.2.2 Determine Required Slab Thickness

Figure 3.7 (in 2 segments) presents the nomograph
used for determining the slab thickness for each effec-
tive k-value identified in the previous section. The
designer may then select the optimum combination of
slab and subbase thicknesses based on economics and
other agency policy requirements. Generally, the layer
thickness is rounded to the nearest inch, but the use of
controlled grade slip form pavers may permit '/2-inch
increments. In addition to the design k-value, other
inputs required by this rigid pavement design nomo-
graph include:

(1) the estimated future traffic, W3 (Section
2.1.2), for the performance period,

(2) the reliability, R (Section 2.1.3),

(3) the overall standard deviation, S, (Section
2.1.3),

(4) design serviceability loss, APSI = p; — p,
(Section 2.2.1),

(5 concrete elastic modulus, E. (Section 2.3.3),

(6) concrete modulus of rupture, S; (Section
2.3.4),

(7) load transfer coefficient, J (Section 2.4.2),
and

(8) drainage coefficient, C, (Section 2.4.1).

3.2.3 Stage Construction

Experience in some states has shown that there may
be a practical maximum performance period (Section
2.1.1) associated with a given rigid pavement which is
subjected to some significant level of truck traffic. To
consider analysis periods which are longer than this
maximum expected performance period or to more
rigorously consider the life-cycle costs of rigid pave-
ment designs which are initially thinner, it is neces-
sary to consider the stage construction (planned
rehabilitation) approach in the design process. It is
also important to recognize the need to compound the
reliability for each individual stage of the strategy. For
example, if both stages of a two-stage strategy (an
initial PCC pavement with one overlay) have a 90-
percent reliability, the overall reliability of the design
strategy would be 0.9 X 0.9 or 81 percent. Con-
versely, if an overall reliability of 95 percent is
desired, the individual reliability for each stage must
be (0.95)'2 or 97.5 percent.

To evaluate secondary stages of such stage con-
struction alternatives, the user should refer to Part III
of this Guide which addresses the design for pavement
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rehabilitation. That part not only provides a procedure
for designing overlays, but also provides criteria for
the application of other rehabilitation methods that
may be used to improve the serviceability and extend
the load-carrying capacity of the pavement. The de-
sign example in Appendix I provides an illustration of
the application of the stage construction approach
using a planned future overlay.

3.2.4 Roadbed Swelling and Frost Heave

The approach to considering the effects of swelling
and frost heave in rigid pavement design is almost
identical to that for flexible pavements (Section
3.1.3). Thus, some of the discussion is repeated here.

Roadbed swelling and frost heave are both impor-
tant environmental considerations because of their
potential effect on the rate of serviceability loss.
Swelling refers to the localized volume changes that
occur in expansive roadbed soils as they absorb mois-
ture. A drainage system can be effective in minimizing
roadbed swelling if it reduces the availability of
moisture for absorption.

Frost heave, as it is treated here, refers to the local-
ized volume changes that occur in the roadbed as
moisture collects, freezes into ice lenses, and pro-
duces distortions on the pavement surface. Like swell-
ing, the effects of frost heave can be decreased by
providing some type of drainage system. Perhaps a
more effective measure is to provide a layer of non-
frost-susceptible material thick enough to insulate the
roadbed soil from frost penetration. This not only pro-
tects against frost heave, but also significantly reduces
or even eliminates the thaw-weakening that may occur
in the roadbed soil during early spring.

If either swelling or frost heave is to be considered
in terms of their effects on serviceability loss and the
need for future overlays, then the following procedure
should be applied. It requires the plot of serviceability
loss versus time developed in Section 2.1.4.

‘The procedure for considering environmental serv-
iceability loss is similar to the treatment of stage con-
struction strategies because of the planned future need
for rehabilitation. In the stage construction approach,
an initial PCC slab thickness is selected and the cor-
responding performance period (service life) deter-
mined. An overlay (or series of overlays) which will
extend the combined performance periods past the de-
sired analysis period is then identified. The difference
in the stage construction approach when swelling
and/or frost heave are considered is that an iterative
process is required to determine the length of the per-
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formance period for each stage of the strategy. The
objective of this iterative process is to determine when
the combined serviceability loss due to traffic and
environment reaches the terminal level. This is de-
scribed with the aid of Table 3.4.

Step 1. Select an appropriate slab thickness for
the initial pavement. Because of the relatively small
effect slab thickness has on minimizing swelling and
frost heave, the maximum initial thickness recom-
mended is that derived for conditions assuming no
swelling or frost heave. Referring to the example prob-
lem presented in Figure 3.7, the maximum feasible
slab thickness is 9.5 inches. Any practical slab thick-
ness less than this value may be appropriate for swell-
ing or frost heave conditions, so long as it does not
violate the minimum performance period (Section
2.1.1).

It is important to note here that for this example, an
overall reliability of 90 percent is desired. Since it is
expected that one overlay will be required to reach the
20-year analysis period, the individual reliability that
must be used for the design of both the initial pave-
ment and the overlay is 0.90!/2 or 95 percent.

Step 2. Select a trial performance period that
might be expected under the swelling/frost heave
conditions anticipated and enter in Column 2. This
number should be less than the maximum possible
performance period corresponding to the selected
initial slab thickness. In general, the greater the en-
vironmental loss, the smaller the performance period
will be.

Step 3. Using the graph of cumulative environ-
mental serviceability loss versus time developed in
Section 2.1.4 (Figure 2.2 is used as an example),
estimate the corresponding total environmental
serviceability loss due to swelling and frost heave
(APSIswrn) that can be expected for the trial period
from Step 2 and enter in Column 3.

Step 4. Subtract this environmental serviceability
loss (Step 3) from the desired total serviceability loss
(4.2 — 2.5 = 1.7 used in the example) to establish the
corresponding traffic serviceability loss. Enter in
Column 4.

APSITR = APSI - APSISW,FH

Step 5. Use Figure 3.7 to estimate the allowable
cumulative 18-kip ESAL traffic corresponding to the
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Table 3.4. Example of Process Used to Predict the Performance Period of an Initial Rigid Pavement
Structure Considering Swelling and/or Frost Heave

Slab Thickness (inches) ____ 95

Maximum Possible Performance Period (years) __ 2

Design Serviceability Loss, APSI = p;, — p, =

42 -25=1.7

() &) @ &) ©
Trial Total Serviceability Corresponding Allowable Corresponding
Q) Performance Loss Due to Swelling Serviceability Loss Cumulative Performance
Iteration Period and Frost Heave Due to Traffic Traffic Period
No. (years) APSIgwrn APSI;g (18-kip ESAL) (years)
1 14.0 0.75 0.95 3.1 x 108 9.6
2 11.8 0.69 1.01 3.3 x 106 10.2
3 11.0 0.67 1.03 3.4 x 108 10.4
Column No. Description of Procedures
2 Estimated by the designer (Step 2).
3 Using estimated value from Column 2 with Figure 2.2, the total serviceability loss
due to swelling and frost heave is determined (Step 3).
4 Subtract environmental serviceability loss (Column 3) from design total
serviceability loss to determine corresponding serviceability loss due to traffic.
5 Determined from Figure 3.5 keeping all inputs constant (except for use of traffic
serviceability loss from Column 4) and applying the chart in reverse (Step 5).
6 Using the traffic from Column 5, estimate net performance period from Figure 2.1
(Step 6).

traffic serviceability loss determined in Step 4 and
enter in Column 5. Note that it is important to use the
same levels of reliability, effective modulus of sub-
grade reaction, etc., when applying the rigid pave-
ment design chart to estimate the allowable traffic.

Step 6. [Estimate the corresponding year at which
the cumulative 18-kip ESAL traffic (determined in
Step S) will be reached and enter in Column 6. This
should be accomplished with the aid of the cumulative
traffic versus time plot developed in Section 2.1.2.
(Figure 2.1 is used as an example.)

Step 7. Compare the trial performance period
with that calculated in Step 6. If the difference is
greater than 1 year, calculate the average of the two
and use this as the trial value for the start of the next
iteration (return to Step 2). If the difference is less
than 1 year, convergence is reached and the average
is said to be the predicted performance period of
the initial pavement structure corresponding to the
selected design slab thickness. In the example, con-
vergence was reached after three iterations and the
predicted performance period is about 10.5 years.
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The basis of this iterative process is exactly the
same for the estimation of the performance period of
any subsequent overlays. The major differences in ac-
tual application are that (1) the overlay design meth-
odology presented in Part III is used to estimate the
performance period of the overlay, and (2) any swell-
ing and/or frost heave losses predicted after overlay
should restart and then progress from the point when
the overlay was placed.

3.3 RIGID PAVEMENT JOINT DESIGN

This section covers the design considerations for
the different types of joints in portland cement con-
crete pavements. This criteria is applicable to the de-
sign of joints in both jointed and continuous
pavements.

3.3.1 Joint Types

Joints are placed in concrete pavements to permit
expansion and contraction of the pavement, thereby
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relieving stresses due to environmental changes
(i.e., temperature and moisture), friction, and to facil-
itate construction. There are three general types of
joints: contraction, expansion, and construction.
These joints and their functions are as follows:

(1) Contraction or weakened-plane (dummy)
joints are provided to relieve the tensile
stresses due to temperature, moisture, and
friction, thereby controlling cracking. If con-
traction joints were not installed, random
cracking would occur on the surface of the
pavement.

(2) The primary function of an expansion joint is
to provide space for the expansion of the pave-
ment, thereby preventing the development of
compressive stresses, which can cause the
pavement to buckle.

(3) Construction joints are required to facilitate
construction. The spacing between longitudi-
nal joints is dictated by the width of the paving
machine and by the pavement thickness.

3.3.2 Joint Geometry

The joint geometry is considered in terms of the
spacing and general layout.

Joint Spacing. In general, the spacing of both
transverse and longitudinal contraction joints depends
on local conditions of materials and environment,
whereas expansion and construction joints are primar-
ily dependent on layout and construction capabilities.
For contraction joints, the spacing to prevent interme-
diate cracking decreases as the thermal coefficient,
temperature change, or subbase frictional resistance
increases; and the spacing increases as the concrete
tensile strength increases. The spacing also is related
to the slab thickness and the joint sealant capabilities.
At the present time, the local service records are the
best guide for establishing a joint spacing that will
control cracking. Local experience must be tempered
since a change in coarse aggregate type may have a
significant impact on the concrete thermal coefficient
and consequently, the acceptable joint spacing. As a
rough guide, the joint spacing (in feet) for plain con-
crete pavements should not greatly exceed twice the
slab thickness (in inches). For example, the maximum
joint spacing for an 8-inch slab is 16 feet. Also, as a
general guideline, the ratio of slab width to length
should not exceed 1.25.
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The use of expansion joints is generally minimized
on a project due to cost, complexity, and performance
problems. They are used at structures where pavement
types change (e.g., CRCP to jointed), with prestressed
pavements, and at intersections.

The spacing between construction joints is gener-
ally dictated by field placement and equipment capa-
bilities. Longitudinal construction joints should be
placed at lane edges to maximize pavement smooth-
ness and minimize load transfer problems. Transverse
construction joints occur at the end of a day’s place-
ment or in connection with equipment breakdowns.

Joint Layout. Skewing and randomization of
joints minimize the effect of joint roughness, thereby
improving the pavement riding quality.

Skewed transverse joints will improve joint per-
formance and extend the life or rigid pavements, i.e.,
plain or reinforced, doweled, or undoweled. The joint
is skewed sufficiently so that wheel loads of each axle
cross the joint one at a time. The obtuse angle at the
outside pavement edge should be ahead of the joint in
the direction of traffic since that corner receives the
greatest impact from the sudden application of wheel
loads. Skewed joints have these advantages:

(1) reduced deflection and stress at joints, thereby
increasing the load-carrying capacity of the
slab and extending pavement life, and

(2) less impact reaction in vehicles as they cross
the joints, and hence a smoother ride if the
joints have some roughness.

A further refinement for improving performance of
plain pavements is to use skewed joints at randomized
or irregular spacings. Randomized spacing patterns
prevent rhythmic or resonant responses in vehicles
moving at normal rural expressway speeds. Research
at a motor vehicle proving ground indicated that slab
spacing patterns of 7.5 feet should be avoided.

Joint Dimensions. The width of the joint is con-
trolled by the joint sealant extension and is covered in
Section 2.4.6, “Joint Sealant Dimensions.” The depth
of contraction joints should be adequate enough to
ensure that cracking occurs at the desired location
rather than in a random pattern. Normally, the depth
of transverse contraction joints should be Y/a of the
slab thickness, and longitudinal joints /3 of the thick-
ness. These joints may be developed by sawing, in-
serts, or forming. Time of sawing is critical to prevent
uncontrolled cracking, and joints should be sawed
consecutively to ensure all commence working to-
gether. The length of time from concrete placement to
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saw cutting will change throughout the day as slab
temperatures, curing conditions, and mix proportions
change.

3.3.3 Joint Sealant Dimensions

The joint sealant dimension guidelines are dis-
cussed for each joint type in the following sections.

Contraction Joints. Joint movement and the ca-
pabilities of the sealant material must be optimized. In
general, the quality of the joint sealant material should
increase as the expected joint movement increases.
Increased joint movement can be the result of longer
slab length, higher temperature change, and/or higher
concrete thermal coefficient.

Joint movement in pavements is influenced by fac-
tors such as slab length volume change characteristics
of the concrete, slab temperature range, and friction
between the slab and subbase (or subgrade). Note that
because of subgrade friction and end restraints,
changes in joint width are less than what would be
predicted by simple thermal contraction and expan-
sion.

In order to maintain an effective field-molded seal,
the sealant reservoir must have the proper shape factor
(depth-to-width ratio). Within the practical limitations
of minimum joint depth, the reservoir should be as
nearly square as possible and recessed below the sur-
face a minimum of /s inch. This means that a sealant
reservoir normally must be formed by increasing the
width and reducing the depth of the top portion of the
joint to hold the sealant. For narrow joints with close
joint spacing, the reservoir can be formed by inserting
a cord or other material to a predetermined depth to
define the reservoir. This method minimizes the
amount of joint sealant required. In general, the depth
to width of sealant ratio should be within a range of
1 to 1'/2, with a minimum depth of 3/s and !/2 inch for
longitudinal and transverse joints, respectively.

The joint width is defined as the maximum value
that occurs at the minimum temperature. Thus, the
maximum value includes the anticipated horizontal
movement plus residual width due to sealant proper-
ties. The horizontal movement can be calculated by
considering the seasonal openings and closings caused
by temperature cycles plus concrete shrinkage. The
amount of opening and closing depends on tempera-
ture and moisture change, spacing between working
joints or cracks, friction between the slab and base,
the condition of the joint load transfer devices, etc.
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For design purposes, the mean transverse joint
opening over a time interval can be computed approxi-
mately. The joint width must account for the move-
ment plus the allowable residual strain in the joint
sealant, and may be computed by the following:

_CLe x DTy +2)

AL S

00

where

AL = the joint opening caused by temperature
changes and drying shrinkage of the
PCC, in.,

S = allowable strain of joint sealant material.
Most current sealants are designed to
withstand strains of 25 to 35 percent,
thus 25 percent may be used as a
conservative value,

o, = the thermal coefficient of contraction of
portland cement concrete, °F,
Z = the drying shrinkage coefficient of the

PCC slab, which can be neglected for a
resealing project, in./in.,
L = joint spacing, in.,
DTy, = the temperature range, °F, and
= the adjustment factor due to subbase/slab
friction restraint. Use 0.65 for stabilized
subbase, 0.80 for granular base.

(@]
|

For premolded sealants, the material and the move-
ment must be optimized. The manufacturers generally
publish aids for selecting dimensions to suit their
product. The sealant should be compressed between
20 to 50 percent of its nominal width. The sealant
should be placed !/s to '/2 inch below the surface of the
pavement.

Expansion Joints. The movement at expansion
joints should be based on the agency’s experience. The
sealant reservoir dimensions should be optimized
based on movement and material capabilities. In gen-
eral, the dimensions will be much larger than for
contraction joints.

Construction Joints. The discussion pertaining
to transverse contraction joints is also applicable to
construction and other longitudinal joints.
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3.4 RIGID PAVEMENT
REINFORCEMENT DESIGN

The purpose of distributed steel reinforcement in
reinforced concrete pavement is not to prevent crack-
ing, but to hold tightly closed any cracks that may
form, thus maintaining the pavement as an integral
structural unit. The physical mechanism through
which cracks develop is affected by (1) temperature
and/or moisture-related slab contractions, and (2)
frictional resistance from the underlying material. As
temperature drops or moisture content decreases, the
slab tends to contract. This contraction is resisted by
the underlying material through friction and shear be-
tween it and the slab. The restraint of slab contraction
results in tensile stresses which reach a maximum at
midslab. If these tensile stresses exceed the tensile
strength of the concrete, a crack will develop and ail
the stresses are transferred to the steel reinforcement.
Thus, the reinforcement must be designed to carry
these stresses without any appreciable elongation that
would result in excessive crack width.

Because the longitudinal steel reinforcement re-
quirements between jointed reinforced (JRCP) and
continuously reinforced concrete pavement (CRCP)
are significantly different, the reinforcement designs
are treated separately. It should be recognized, how-
ever, that the design for transverse steel in CRCP is
exactly the same as the design for longitudinal and
transverse steel reinforcement in JRCP. In all cases,
the amount of reinforcement required is specified as a
percentage of the concrete cross-sectional area.

3.4.1 Jointed Reinforced Concrete Pavements

The nomograph for estimating the percent of steel
reinforcement required in a jointed reinforced con-
crete pavement is presented in Figure 3.8. The inputs
required include:

(1) slab length, L (Section 2.5.1),
(2) steel working stress, f; (Section 2.5.1), and
(3) friction factor, F (Section 2.5.1).

This chart applies to the design of transverse steel
reinforcement (Section 3.3.3) in both jointed and con-
tinuously reinforced concrete pavements, as well as to
the design of longitudinal steel reinforcement in JRCP.
Normally for joint spacing, less than 15 feet trans-
verse cracking is not anticipated; thus steel reinforce-
ment would not be required.
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3.4.2 Continuously Reinforced
Concrete Pavements

This section is for the design of longitudinal rein-
forcing steel in continuously reinforced concrete pave-
ments. The design procedure presented here may be
systematically performed using the worksheet in Table
3.5. In this table, space is provided for entering the
appropriate design inputs, intermediate results and
calculations for determining the required longitudinal
steel percentage. A separate worksheet, presented in
Table 3.6, is provided for design revisions. Although
the examples use reinforcing bars, the use of deformed
wire fabric (DWF) is also an acceptable alternative.

The design inputs required by this procedure are as
follows:

(1) concrete indirect tensile strength, f,
(Section 2.5.2),

(2) concrete shrinkage at 28 days, Z
(Section 2.5.2),

(3) concrete thermal coefficient, o,
(Section 2.5.2),

(4) reinforcing bar or wire diameter, ¢/
(Section 2.5.2),

(5) steel thermal coefficient, o, (Section 2.5.2),
and

(6) design temperature drop, DTp
(Section 2.5.2).

These data should be recorded in the space pro-
vided in the top portion of Table 3.5.

An additional input required by the procedure is the
wheel load tensile stress developed during initial load-
ing of the constructed pavement by either construction
equipment or truck traffic. Figure 3.9 may be used to
estimate this wheel load stress based on the design
slab thickness, the magnitude of the wheel load, and
the effective modulus of subgrade reaction. This value
should also be recorded in the space provided in
Table 3.5.

Limiting Criteria. In addition to the inputs re-
quired for the design of longitudinal reinforcing steel,
there are three limiting criteria which must be consid-
ered: crack spacing, crack width, and steel stress.
Acceptable limits of these are established below to
ensure that the pavement will respond satisfactorily
under the anticipated environmental and vehicular
loading conditions.

(1) The limits on crack spacing are derived from
consideration of spalling and punchouts. To
minimize the incidence of crack spalling, the
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Figure 3.8. Reinforcement Design Chart for Jointed Reinforced Concrete Pavements
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Table 3.5. Worksheet for Longitudinal Reinforcement Design

DESIGN INPUTS
Input Variable Value Input Variable Value
Reinforcing Bar/Wire Diameter, Thermal Coefficient Ratio,
¢ (inches) o,/0, (in./in.)
Concrete Shrinkage, Design Temperature Drop,
Z (in./in.) DTy, (°F)
Concrete Tensile Strength, Wheel Load Stress,
fi (psi) Oy (psi)
DESIGN CRITERIA AND REQUIRED STEEL PERCENTAGE
Crack Allowable Crack | Allowable Steel
Spacing, X Width, CW Stress, (6¢)max
(feet) (inches) (ksi)
o . Max. 8.0
Value of Limiting Criteria Min. 3.5
Minimum Required Steel
Percentage Pri)*
Maximum Allowable Steel
Percentage Prnax

*Enter the largest percentage across line.

**If Prax < Ppin, then reinforcement criteria are in conflict, design not feasible.

maximum spacing between consecutive cracks
should be no more than 8 feet. To minimize the
potential for the development of punchouts, the
minimum desirable crack spacing that should
be used for design is 3.5 feet. These limits are
already recorded in Table 3.5.

(2) The limiting criterion on crack width is based
on a consideration of spalling and water pene-
tration. The allowable crack width should not
exceed 0.04 inch. In final determination of
the longitudinal steel percentage, the predicted
crack width should be reduced as much as
possible through the selection of a higher steel
percentage or smaller diameter reinforcing
bars.

(3) Limiting criteria placed on steel stress are to
guard against steel fracture and excessive per-
manent deformation. To guard against steel
fracture, a limiting stress of 75 percent of the
ultimate tensile strength is set. The conven-
tional limit on Figure 3.9 steel stress is 75
percent of the yield point so that the steel does
not undergo any plastic deformation. Based
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on past experience, many miles of CRC pave-
ments have performed satisfactorily even
though the steel stress was predicted to be
above the yield point. This led to reconsidera-
tion of this criteria and allowance for a small
amount of permanent deformation (10).

Values of allowable mean steel working stress for
use in this design procedure are listed in Table 3.7 as a
function of reinforcing bar size and concrete strength.
The indirect tensile strength should be that determined
in Section 2.5.2. The limiting steel working stresses
in Table 3.7 are for the Grade 60 steel (meeting ASTM
A 615 specifications) recommended for longitudinal
reinforcement in CRC pavements (guidance for deter-
mination of allowable steel stress for other types of
steel provided in Reference 10). Once the allowable
steel working stress is determined, it should be en-
tered in the space provided in Table 3.5.

Design Procedure. The following procedure may
be used to determine the amount of longitudinal re-
inforcement required:
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Table 3.6. Worksheet for Revised Longitudinal Reinforcement Design

Change in Value from Previous Trial

Trial Trial Trial Trial Trial
Parameter 2 3 4 5 6

2Reinforcing Bar/Wire Diameter,
¢ (inches)

Concrete Shrinkage,
Z (in./in.)

2Concrete Tensile Strength,
f (psi)

Wheel Load Stress,
G, (psi)

'Design Temperature Drop,
DTp (°F)

Thermal Coefficient Ratio,
og/d,

Allowable Crack Width Criterion,
CW ...« (inches)

Allowable Steel Stress Criterion,
(os)max (kSi)

Required Steel % for min,
Crack Spacing max.

Minimum Required Steel %
for Crack Width

Minimum Required Steel %
for Steel Stress

Minimum % Reinforcement,
Pmin

Maximum % Reinforcement,
Pmax

!Change in this parameter will affect crack width criterion.
2Change in this parameter will affect steel stress criterion.
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Table 3.7. Allowable Steel Working Stress,
ksi (10)

Indirect Tensile
Strength of Concrete

Reinforcing Bar Size*

at 28 days, psi No.4 No.5 No.6
300 (or less) 65 57 54
400 67 60 55
500 67 61 56
600 67 63 58
700 67 65 59
800 (or greater) 67 67 60

*For DWF proportional adjustments may be made using the
wire diameter to bar diameter.

Step 1. Solve for the required amount of steel
reinforcement to satisfy each limiting criterion using
the design charts in Figures 3.10, 3.11, and 3.12.
Record the resulting steel percentages in the spaces
provided in the worksheet in Table 3.5.

Step 2. If Py, is greater than or equal to P;,,
go to Step 3. If P,,, is less than P,;,, then

(1) Review the design inputs and decide which
input to revise.

(2) Indicate the revised design inputs in the work-
sheet in Table 3.6. Make any corresponding
change in the limiting criteria as influenced by
the change in design parameter and record this
in Table 3.6. Check to see if the revised inputs
affect the subbase and slab thickness design. It
may be necessary to reevaluate the subbase and
slab thickness design.

(3) Rework the design nomographs and enter the
resulting steel percentages in Table 3.6.

(4 If P, is greater than or equal to P, go to
Step 3. If P, is less than P, repeat this step
using the space provided in Table 3.6 for addi-
tional trials.

Step 3. Determine the range in the number of
reinforcing bars or wires required:

Npin = 0.01273 X P, X Ws X D/¢/2, and
Npax = 0.01273 X Ppy X Wy X D//?

where

Npin = minimum required number of reinforcing
bars or wires,

Design of Pavement Structures

Npax = maximum required number of
reinforcing bars or wires,
P... = minimum required percent steel,

P... = maximum required percent steel,
Ws = total width of pavement section (inches),
D = thickness of concrete layer (inches), and
¢ = reinforcing bar or wire diameter

(inches), which may be increased if loss
of cross section is anticipated due to
corrosion.

Step 4. Determine the final steel design by select-
ing the total number of reinforcing bars or wires in the
final design section, Npcgg,, such that Npg,, is a
whole integer number between N, and N_,,. The
appropriateness of these final design alternatives may
be checked by converting the whole integer number of
bars or wires to percent steel and working backward
through the design charts to estimate crack spacing,
crack width, and steel stress.

Design Example. The following example is pro-
vided to demonstrate the CRCP longitudinal rein-
forcement design procedure. Two trial designs are
evaluated; the first considers 5/s-inch (No. 5) reinforc-
ing bars and the second trial design examines 3/a-inch
(No. 6) bars. Below are the input requirements se-
lected for this example. These values are also recorded
for both of the trial designs in the example worksheets
presented in Tables 3.8 and 3.9.

(1) Concrete tensile strength, f;: 550 psi. (This is
approximately 86 percent of the modulus of
rupture used in the slab thickness design exam-
ple, see Figure 3.7.)

(2) Concrete shrinkage, Z: 0.0004 in./in. (This
corresponds to the concrete tensile strength;
see Table 2.7.)

(3) Wheel load stress, 6,,: 230 psi. (This is based
on the earlier slab thickness design example,
9.5-inch slab with a modulus of subgrade reac-
tion equal to 170 pci; see Figure 3.9.)

(4) Ratio of steel thermal coefficient to that of
Portland Cement Concrete, o,/o.: 1.32 (For
steel, the thermal coefficient is 5 x 10-% in./
in./15°F. (See Section 2.5.2). Assume lime-
stone coarse aggregate in concrete, therefore,
the thermal coefficient is 3.8 x 107%in./in./
°F. (See Table 2.9.)

(5) Design temperature drop, DTp: 55°F. (As-
sume high temperature is 75°F and low is
20°F.)
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Figure 3.10. Percent of Longitudinal Reinforcement to Satisfy Crack Spacing Criteria
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Figure 3.11. Minimum Percent Longitudinal Reinforcement to Satisfy Crack Width Criterion
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Steel Stress, Og (ksi)
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Figure 3.12. Minimum Percent Longitudinal Reinforcement to Satisfy Steel Stress Criteria
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11-60 Design of Pavement Structures

Table 3.8. Example Application of Worksheet for Longitudinal Reinforcement Design

DESIGN INPUTS
Input Variable Value Input Variable Value
Reinforcing Bar/Wire Diameter, Thermal Coefficient Ratio,
o (inches) */s (No. 5) o, /0, (in./in.) 1.32
Concrete Shrinkage, Design Temperature Drop,
Z (in./in.) 0.0004 DTy (°F) 33
Concret_e Tensile Strength, 550 Wheel Lgad Stress, 230
f; (psi) Ow (psi)
DESIGN CRITERIA AND REQUIRED STEEL PERCENTAGE
Crack Allowable Crack | Allowable Steel Design
Spacing, X Width, CW,,,, Stress, (6;)max Steel
(feet) (inches) (ksi) Range**
L . Max. 8.0
Value of Limiting Criteria Min. 3.5 0.04 62
Minimum Required Steel 0.43%
Percentage <0.40% <0.40% 0.43% (P, )*
Maximum Allowable Steel 0.51% 0.51%
Percentage L Prax

*Enter the largest percentage across line.

**If Prax < Prin, then reinforcement criteria are in conflict, design not feasible.
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Highway Pavement Structural Design I1-61
Table 3.9. Example Application of Worksheet for Revised Longitudinal Reinforcement Design
Change in Value from Previous Trial
Trial Trial Trial Trial Trial
Parameter 2 3 4 5 6
2Reinforcing Bar/Wire Diameter, 5
¢ (inches) /4 (No. 6)
Concrete Shrinkage,
Z (in./in.) 0.0004
2Concrete Tensile Strength,
. 550
f; (psi)
Wheel Lgad Stress, 230
oy (psi)
'Design Temperature Drop, 550
DT, (°F)
Thermal Coefficient Ratio,
1.32
o /0
Allowable Crack Width Criterion, 0.04
CW,,..x (inches) )
Allowable Steel Stress Criterion, 57
(Os)max (ksi)
Required Steel % for min. | <0.04%
Crack Spacing max. 0.57%
Minimum Required Steel %
for Crack Width 0.43%
Minimum Required Steel %
for Steel Stress 0.47%
Milx)nfnum % Reinforcement, 0.47%
Me}x))umum % Reinforcement, 0.57%

!Change in this parameter will affect crack width criterion.
2Change in this parameter will affect steel stress criterion.
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I1-62

The limiting criteria corresponding to these design
conditions are as follows:

(1) Allowable crack width, CW: 0.04 inch for both
trial designs. (See Section 3.3.2, “Continu-
ously Reinforced Concrete Pavements; Limit-
ing Criteria.”)

(2) Allowable steel stress, o,: 62 ksi for 5/s-inch
bars (Trial 1) and 57 ksi for 3/a-inch bars. (See
Table 3.7 using tensile strength of 550 psi.)

Application of the design nomographs in Figures
3.10, 3.11, and 3.12 yields the following limits on
steel percentage for the two trial designs:

Trial Design 1: Py, = 0.43%, P = 0.51%
Trial Design 2: P, = 0.47%, Py, = 0.57%

The range (N, to Ny,,) of the number of reinforcing
bars requires (assuming a 12-foot-wide lane) for each
trial design is

Trial Design 1 (No. 5 bars): Ny, = 19.2,

N = 22.7
Trial Design 2 (No. 6 bars): N;, = 14.6,
Npax = 17.6

Using twenty No. 5 bars for Trial 1 (P = 0.45%) and
fifteen No. 6 bars for Trial 2 (P = 0.48%), the longi-
tudinal reinforcing bar spacings would be 7.2 and
9.6 inches, respectively. The predicted crack spacing,
crack width, and steel stress for these two trial designs
are:

Trial Design 1  Trial Design 2

Predicted (20 No. 5 Bars, (15 No. 6 Bars,

Response P = 0.45%) P = 0.48%)
Crack Spacing,

X (feet) 4.3 4.6
Crack Width,

CW (inches) 0.031 0.032
Steel Stress,

o, (ksi) 60 55

Inspection of these results indicates that there is no
significant difference in the predicted response of
these two designs such that one should be selected

Design of Pavement Structures

over the other. Thus, in this case, the selection should
be based on economics and/or ease of construction.

3.4.3 Transverse Reinforcement

Transverse steel is included in either jointed or
continuous pavements for conditions where soil vol-
ume changes (due to changes in either temperature or
moisture) can result in longitudinal cracking. Steel
reinforcement will prevent the longitudinal cracks
from opening excessively, thereby maintaining maxi-
mum load transfer and minimizing water entry.

If transverse reinforcement and/or tie bars are
desired, then the information collected under Sec-
tion 2.5.1, “Reinforcement Variables for Jointed Re-
inforced Concrete Pavements,” is applicable. In this
case, the ““slab length” should be considered as the
distance between free longitudinal edges. If tie bars
are placed within a longitudinal joint, then that joint is
not a free edge.

For normal transverse reinforcement, Figure 3.8
may be used to determine the percent transverse steel.
The percent transverse steel may be converted to spac-
ing between reinforcing bars as follows:

Ay

x 100
P.D

Y =

where

oY
|

= transverse steel spacing (inches),
A, = cross-sectional area of transverse
reinforcing steel (in.?2),

percent transverse steel, and
slab thickness (inches).

P
D

Figures 3.13 and 3.14 may be used to determine
the tie bar spacing for Y/2- and 5/s-diameter deformed
bars, respectively. The designer enters the figure on
the horizontal with the distance to the closest free
edge axis and proceeds vertically to the pavement
thickness obtained from Section 3.2.2, ‘“Determine
Required Slab Thickness.” From the pavement thick-
ness, move horizontally and read the tie bar spacing
from the vertical scale. These nomographs are based
on Grade 40 steel and a subgrade friction factor of
1.5.

Note that since steel stress decreases from a maxi-
mum near the center of the slab (between the free
edges) to zero at the free edges, the required minimum
tie bar spacing increases. Thus, in order to design the
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Spacings greater than 48"’ not recommended
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Example: Distance from free edge = 24 ft.
D = 10in.

Answer: Spacing = 16 in.

Figure 3.13. Recommended Maximum Tie Bar Spacings for PCC Pavements Assuming
1/>-inch Diameter Tie Bars, Grade 40 Steel, and Subgrade Friction Factor of 1.5
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= Spacings greater than 48" not recommended
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Example: Distance from free edge 24 ft.
D = 10in.

Answer: Spacing = 24 in.

Figure 3.14. Recommended Maximum Tie Bar Spacings for PCC Pavements Assuming
S/g-inch Diameter Tie Bars, Grade 40 Steel, and Subgrade Friction of 1.5
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Highway Pavement Structural Design

tie bars efficiently, the designer should first select the
layout of the longitudinal construction joints.

Finally, if bending of the tie bars is to be permitted
during construction, then to prevent steel failures, the
use of brittle (high carbon content) steels should be
avoided and an appropriate steel working stress level
selected.

3.5 PRESTRESSED CONCRETE PAVEMENT

This section is provided to give the user some gen-
eral guidelines on the design of prestressed concrete
pavement. No specific design procedure can be pro-
vided at this time.

A prestressed concrete pavement (PCP) is one in
which a permanent and essentially horizontal com-
pressive stress has been introduced prior to the
application of any wheel loads. Past experience has
indicated the potential of PCP in at least two signifi-
cant respects:

(1) more efficient use of construction materials;
and

(2) fewer required joints and less probability of
cracking, resulting in less required mainte-
nance and longer pavement life.

In conventional concrete pavement design, stresses
due to wheel loads are restricted to the elastic range of
the concrete. Thus, the pavement thickness is deter-
mined such that the extreme fiber tensile stress due to
applied loads does not exceed the flexural strength or
modulus of rupture of the concrete. In this conven-
tional design approach, the concrete between the ex-
treme top and bottom fibers of the slab is not fully
utilized to resist stresses due to applied loads, result-
ing in an inefficient use of construction materials.

With PCP, the effective flexural strength of the con-
crete is increased by the induced compressive stress
and is no longer limited in load-carrying capacity by
the modulus of rupture of concrete. Consequently, the
required pavement thickness for a given load is signif-
icantly less than that required for a conventional con-
crete pavement.

On most of the previously constructed PCP’s, one
of the following prestressed orientations was em-
ployed:

(1) Prestress is only applied parallel to the longitu-
dinal axis of the pavement. The pavement may
be either unreinforced or reinforced in the
transverse direction.

11-65

(2) Prestress is applied both parallel and perpen-
dicular to the longitudinal axis of the pave-
ment.

(3) Prestress is applied diagonally at an angle to
the longitudinal axis of the pavement. Desired
prestress levels both parallel and perpendicular
to the longitudinal axis of the pavement can be
obtained by merely adjusting the angle at
which the prestress is applied.

The particular prestress orientation that the designer
wants to employ on a given project may have a signifi-
cant influence on the prestressing method that is used.

The following factors have a direct influence on the
performance of a PCP and must be considered in any
rational PCP design approach: subbase support, slab
length, magnitude of prestress, tendon spacing, and
concrete fatigue. Each is discussed in the following
sections.

3.5.1 Subbase

Although it has been demonstrated that acceptable
performance of PCP can be obtained with low-
strength support if provisions are taken to prevent
pumping, virtually all previous subbases for PCP have
been fairly high-strength (usually 200 psi, or higher,
modulus of subgrade reaction). This is due primarily
to an unwillingness of the designers to risk failure of
the pavement if it is constructed on a low-strength
subbase. Although, soil cement and bituminous con-
crete bases have been used to increase the strength of
support, the most common method has been the use of
a layer of compacted granular material. The thickness
of the layer has generally been on the order of 6 to
12 inches, but as little as 4 inches and as much as
18 inches has been used.

3.5.2 Slab Length

Slab length refers to the distance between active
transverse joints and not to the distance between inter-
mediate inactive construction joints. There are two
main factors which must be considered when selecting
the optimum slab length for PCP. These are: (1) The
prestress force required to overcome the frictional re-
straint between the subgrade and the slab and to pro-
vide the desired minimum compressive stress at the
midlength of the slab so that it is proportional to the
slab length. The cost associated with providing the
prestress force is, in turn, proportional to the magni-
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tude of the required force. (2) The number of, and the
total cost for, transverse joints is inversely propor-
tional to the slab length. Since transverse joints are
probably the largest maintenance item for a pavement,
total cost for transverse joints should not be based
only on the initial cost, but should also include an
estimate of the maintenance cost over the life of the
facility. Generally, a compromise must be sought be-
tween these two factors. Based on PCP projects built
to date, a pavement length on the order of 400 feet
appears to strike a reasonable balance between these
two constraints. Slabs as long as 760 feet in length
have been built in the United States and some over
1,000 feet in length have been built in Europe; how-
ever, these are exceptions.

3.5.3 Magnitude of Prestress

The magnitude of the longitudinal and transverse
prestress must be great enough to provide sufficient
compressive stress at the midlength and possible
midwidth of the pavement slab during a period of con-
traction to sustain the stresses occurring during the
passage of a load. Many factors must be taken into
account to assure that the desired prestress level is
obtained including the magnitude of the frictional re-
straint between the slab and the subgrade, the slab
thickness, the slab length, and the maximum tempera-
ture differential anticipated during the life of the
pavement.

On some of the early PCP projects, relatively high
prestress levels were used so that sufficient prestress
was assured. However, it has been shown by means of
small-scale laboratory tests and full-scale field tests
that structural benefits do not increase in proportion to
increases in the prestress level. Therefore, more re-
cent projects have used prestress levels ranging from
100 to 300 psi longitudinally and from O to 200 psi
transversely.

3.5.4 Tendon Spacing

The main factors governing tendon spacing are
tendon size, magnitude of design prestress, allowable
concrete bearing stress at the tendon anchorages, and
permissible tendon anchoring stress. Although bar
and stranded cable tendon spacings have varied from a
minimum of two to a maximum of eight times the slab
thickness, more typically, spacings of two to four
times and three to six times the slab thickness have
been utilized for the longitudinal and transverse ten-

Design of Pavement Structures

dons, respectively. The allowable stress in the tendon
is set at 0.8 yield stress, and generally 0.6-inch
strands are used.

3.5.5 Fatigue

Since very little data exists for the relationship
between number of load repetitions and design re-
quirements, it is recommended the designer use con-
servative load repetition factors at the present time.
This is supported by the observation that little advance
warning accompanies the load failure of PCP, i.e., a
PCP may require only a few additional load repeti-
tions to go from a few initial signs of distress to com-
plete failure.

3.5.6 PCP Structural Design

At this time, the design of PCP is primarily the
application of experience and engineering judgment.
The designer should recognize the basic principle that
the greater the prestress level, the thinner the pave-
ment; however, full potential cannot be recognized
since adequate thickness must be maintained to pre-
vent excessive deflection and the resulting problems.
The basic steps to PCP design are as follows:

(1) Select a pavement thickness using the criteria
in the following section, and a practical magni-
tude of prestress to be achieved at the center of
slab.

(2) Using the selected joint spacing and subbase
friction, compute the loss due to subgrade re-
straint as outlined in a following section.

(3) Estimate the loss of prestress as described in a
following section.

(4) Add the desired magnitude of prestress from
Step 1 to the losses from Steps 2 and 3 to
obtain the prestress level that must be applied
at the slab end.

(5) The spacing of the tendons may be obtained by
the following formula:

_f‘XAf
‘"6, x D

where

Y, = spacing of tendons (in.),
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f, = allowable working stress in tendon
(psi),

A; = cross-sectional area of tendon (in.,),

D = selected pavement thickness (in.),
and

o, = prestress level at end from Step 4.

Pavement Thickness. Many factors of roadbed
strength, concrete strength, magnitude of prestress,
and expected traffic loads should be taken into ac-
count when determining the required thickness of
PCP. In the past, highway PCP pavement thickness
has generally been determined more on the basis of
providing the minimum allowable concrete cover on
the prestressing tendons than on the basis of load-
carrying considerations. This procedure has resulted
in PCP thicknesses on the order of 40 to 50 percent of
equivalent conventional concrete pavement. On pre-
vious projects, highway pavement thicknesses have
usually been on the order of 4 to 6 inches.

Subgrade Restraint. Differential movement of
PCP relative to the subbase occurs as a result of the
elastic shortening of the pavement at the time of
stressing, moisture/thermal changes in the pavement
and creep of the pavement. This movement is resisted
by the friction between the pavement and the subgrade
which induces restraint stresses in the pavement.
These restraint stresses are additive to the design pre-
stress during periods when the pavement is increasing
in length and subtractive from the design prestress
when the pavement is decreasing in length.

The magnitude of the restraint stresses is a function
of the coefficient of subgrade friction and the dimen-
sions of the slab, and is at maximum at the midlength
and midwidth of the slab. The maximum value of this
stress, from concrete having a unit weight of 144 pcf,
is given by the following equation:
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where
fgr = maximum subgrade restraint stress (psi),
pu = coefficient of subgrade friction, and
L = length of slab (feet).

PCP’s have generally been constructed on some
type of friction-reducing layer such as sand and build-
ing paper, or sand and polyethylene sheeting. When a
friction-reducing layer is provided, the coefficients of
subgrade friction usually range from 0.4 to 1.0.

Prestress Losses. Factors contributing to loss of
prestress include: (1) elastic shortening of the con-
crete; (2) creep of the concrete; (3) shrinkage of the
concrete; (4) relaxation of the stressing tendons;
(5) slippage of the stressing tendons in the anchorage
devices; (6) friction between the stressing tendons and
the enclosing conduits; and (7) hydrothermal contrac-
tion of the pavement.

Due to the above factors, prestress losses of ap-
proximately 15 to 20 percent of the applied prestress
force should be expected for a carefully constructed
pretensioned or post-tensioned PCP. For a post-
stressed PCP, all of the prestress may be lost unless
proper provision is made. These losses must be ac-
counted for in the design of a PCP in order to ensure
that the required prestress level is maintained over the
service life of the pavement.

Prestress losses for pretensioned and post-
tensioned PCP are generally expressed as a stress loss
in the tendons. Therefore, the prestress applied to the
pavement by means of the tendons must be increased
to counter the stress losses resulting from natural
adjustments in the materials during and after con-
struction.
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CHAPTER 4
LOW-VOLUME ROAD DESIGN

Pavement structural design for low-volume roads is
divided into three categories:

(1) flexible pavements,
(2) rigid pavements, and
(3) aggregate-surfaced roads.

This chapter covers the design of low-volume roads
for these three surface types using procedures based
on design charts (nomographs) and design catalogs.
These two procedures are covered in Sections 4.1 and
4.2, respectively. For surface treatment or chip seal
pavement structures, the procedures for flexible pave-
ments may be used.

Because the primary basis for all rational pavement
performance prediction methods is cumulative heavy
axle load applications, it is necessary in this Guide to
use the 18-kip equivalent single axle load (ESAL)
design approach for low-volume roads, regardless of
how low the traffic level is or what the distribution is
between automobiles and trucks.

Since many city streets and county roads that fall
under the low-volume category may still carry signifi-
cant levels of truck traffic, the maximum number of
18-kip ESAL applications considered for flexible and
rigid pavement design is 700,000 to 1 million. The
practical minimum traffic level that can be considered
for any flexible or rigid pavement during a given per-
formance period is about 50,000 18-kip ESAL appli-
cations. For the aggregate-surfaced (gravel) roads
used for many county and forest roads, the maximum
traffic level considered is 100,000 18-kip ESAL appli-
cations, while the practical minimum level (during a
single performance period) is 10,000.

4.1 DESIGN CHART PROCEDURES
4.1.1 Flexible and Rigid Pavements

The low-volume road design chart procedures for
flexible and rigid pavements are basically the same as
those for highway pavement design. The low-volume
road procedure basically relies on the set of design
requirements (developed in Chapter 2) as well as the
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basic step-by-step procedures described in Chapter 3.
The primary difference in the design for low-volume
roads is the level of reliability that may be used. Be-
cause of their relative low usage and the associated
low level of risk, the level of reliability recommended
for low-volume road design is 50 percent. The user
may, however, design for higher levels of 60 to 80
percent, depending on the actual projected level of
traffic and the feasibility of rehabilitation, importance
of corridor, etc.

If, in estimating an effective resilient modulus of
the roadbed material (Mg) or an effective modulus of
subgrade reaction (k), it is not possible to determine
the lengths of the seasons or even the seasonal road-
bed soil resilient moduli, the following suggestions
should be considered. \

Season Lengths. Figure 4.1 provides a map
showing six different climatic regions of the United
States and the environmental characteristics associ-
ated with each. Based on these regional characteris-
tics, Table 4.1 may be used to define the season
lengths needed for determining the effective roadbed
soil resilient modulus (Section 2.3.1) for flexible
pavement design or the effective modulus of subgrade
reaction (Section 3.2.1) for rigid pavement design.

Seasonal Roadbed Soil Resilient Moduli. Table
4.2 provides roadbed soil resilient modulus values that
may be used for low-volume road design if the user
can classify the general quality of the roadbed mate-
rial as a foundation for the pavement structure. If the
suggested values in this table are combined with the
suggested season lengths identified in the previous
section, effective roadbed soil resilient modulus val-
ues (for flexible pavement design only) can be gener-
ated for each of the six U.S. climatic regions. These
My, values are presented in Table 4.3.

4.1.2 Aggregate-Surfaced Roads

The basis for treating the effects of seasonal mois-
ture changes on roadbed soil resilient modulus, Mg, is
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REGION CHARACTERISTICS

I Wet, no freeze

o Wet, freeze - thaw cycling

o Wet, hard-freeze, spring thaw
nr Dry, no freeze

X Dry, freeze —thaw cycling

T Dry, hard freeze, spring thaw

Figure 4.1. The Six Climatic Regions in the United States (12)
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Table 4.1. Suggested Seasons Length (Months) for the Six U.S. Climatic Regions

Us Season (Roadbed Soil Moisture Condition)

Climatic Winter Spring-Thaw Spring/Fall Summer
Region (Roadbed Frozen) (Roadbed Saturated) (Roadbed Wet) (Roadbed Dry)

I 0.0* 0.0 7.5 4.5

i 1.0 0.5 7.0 35

HI 2.5 1.5 4.0 4.0

v 0.0 0.0 4.0 8.0

v 1.0 0.5 3.0 7.5

VI 3.0 1.5 3.0 4.5

*Number of months for the season.

Table 4.2. Suggested Seasonal Roadbed Soil Resilient Moduli, My (psi), as a Function of the
Relative Quality of the Roadbed Material

Season (Roadbed Soil Moisture Condition)

Relative
Quality of Winter Spring-Thaw Spring/Fall Summer
Roadbed Soil (Roadbed Frozen) (Roadbed Saturated) (Roadbed Wet) (Roadbed Dry)
Very good 20,000%* 2,500 8,000 20,000
Good 20,000 2,000 6,000 10,000
Fair 20,000 2,000 4,500 6,500
Poor 20,000 1,500 3,300 4,900
Very poor 20,000 1,500 2,500 4,000

*Values shown are Resilient Modulus in psi.

Table 4.3. Effective Roadbed Soil Resilient Modulus Values, My (psi), That May be Used
in the Design of Flexible Pavements for Low-Volume Roads. Suggested values
depend on the U.S. climatic region and the relative guality of the roadbed soil.

Cl‘ijl;nsa‘tic Relative Quality of Roadbed Soil
Region Very Poor Poor Fair Good Very
Good
I 2,800* 3,700 5,000 6,800 9,500
I 2,700 3,400 4,500 5,500 7,300
m 2,700 3,000 4,000 4,400 5,700
v 3,200 4,100 5,600 7,900 11,700
\% 3,100 3,700 5,000 6,000 8,200
VI 2,800 3,100 4,100 4,500 5,700

*Effective Resilient Modulus in psi.
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the same for aggregate-surfaced road design as it is for
flexible or rigid pavement design. Unlike the flexible
or rigid design procedures, however, the design chart-
based procedure for aggregate-surfaced roads requires
a graphical solution. It is important to note that the
effective modulus of the roadbed soil developed for
flexible pavement design should not be used in lieu of
the procedure described here.

The primary design requirements for aggregate-
surfaced roads (/7) include:

(1) the predicted future traffic, w;g (Section
2.1.2), for the period,

(2) the lengths of the seasons (Section 2.3.1; or
criteria in Section 4.1.1 may be used if better
information is not available),

(3) seasonal resilient moduli of the roadbed soil
(Section 2.3.1 or general criteria in Section
4.1.1 may be used if better information is not
available),

(4) elastic modulus, Egg (psi), of aggregate base
layer (Section 2.3.3),

(5) elastic modulus, Egg (psi), of aggregate sub-
base layer (Section 2.3.3),

(6) design serviceability loss, APSI (Section
2.2.1),

(7) allowable rutting, RD (inches), in surface layer
(Section 2.2.2), and

(8) aggregate loss, GL (inches), of surface layer
(Section 2.2.3).

These design requirements are used in conjunction
with the computational chart in Table 4.4 and the de-
sign nomographs for serviceability (Figure 4.2) and
rutting (Figure 4.3). An example of the application of
certain steps of this procedure is presented in Table
4.5.

Step 1. Select four levels of aggregate base thick-
ness, Dgg, which should bound the probable solution.
For this, four separate tables, identical to Table 4.4,
should be prepared. Enter each of the four trial base
thickness, Dgg, in the upper left-hand corner of each
of the four tables (Dgs = 8 inches is used in the
example).

Step 2. Enter the design serviceability loss as
well as the allowable rutting in the appropriate boxes
of each of the four tables.

Step 3. Enter the appropriate seasonal resilient
(elastic) moduli of the roadbed (My) and the aggregate
base material, Egg (psi), in Columns 2 and 3, respec-
tively, of Table 4.4. The base modulus values may be
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proportional to the resilient modulus of the roadbed
soil during a given season. A constant value of 30,000
psi was used in the example, however, since a portion
of the aggregate base material will be converted into
an equivalent thickness of subbase material (which
will provide some shield against the environmental
moisture effects).

Step 4. Enter the seasonal 18-kip ESAL traffic in
Column 4 of Table 4.4. Assuming that truck traffic is
distributed evenly throughout the year, the lengths of
the seasons should be used to proportion the total pro-
jected 18-kip ESAL traffic to each season. If the road
is load-zoned (restricted) during certain critical peri-
ods, the total traffic may be distributed only among
those seasons when truck traffic is allowed. (Total
traffic of 21,000 18-kip ESAL applications and a sea-
sonal pattern corresponding to U.S. Climatic Region
IIT was used in the example in Table 4.5.)

Step 5. Within each of the four tables, estimate
the allowable 18-kip ESAL traffic for each of the four
seasons using the serviceability-based nomograph in
Figure 4.2, and enter in Column 5. If the resilient
modulus of the roadbed soil (during the frozen season)
is such that the allowable traffic exceeds the upper
limit of the nomograph, assume a practical value of
500,000 18-kip ESAL.

Step 6. Within each of the four tables, estimate
the allowable 18-kip ESAL traffic for each of the four
seasons using the rutting-based nomograph in Figure
4.3, and enter in Column 7. Again, if the resilient
modulus of the roadbed soil is such that the allowable
traffic exceeds the upper limit of the nomograph, as-
sume a practical value of 500,000 18-kip ESAL.

Step 7. Compute the seasonal damage values in
each of the four tables for the serviceability criteria by
dividing the projected seasonal traffic (Column 4) by
the allowable traffic in that season (Column 5). Enter
these seasonal damage values in Column 6 of Table
4 4 corresponding to serviceability criteria. Next, fol-
low these same instructions for rutting criteria, i.e.,
divide Column 4 by Column 7 and enter in Column 8.

Step 8. Compute the total damage for both the
serviceability and rutting criteria by adding the sea-
sonal damages. When this is accomplished for all four
tables (corresponding to the four trial base thick-
nesses), a graph of total damage versus base layer
thickness should be prepared. The average base layer
thickness, Dgg, required is determined by interpolat-
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1I-75
Allowable 18-kip Equivalent
Single Axle Load Applications, W,g (thousands)
RUT
| Lo el g1 il L1l
Modulus of Aggregate /Base Layer, Egg (psi)
| p 1oy Vo babals) Exomple :
o 2 s 8§ 6§33 Dgs = 8 inches
8 8 e g 8838 RD = 2.5 inches
o ° o 8 o o o ]
Mg = 4,900 psi
Egs = 30,000 psi
Solution: w'anu‘r= 29,000
(18-kip ESAL)
=
Resilient Modulus of Roadbed
Material, M_ (psi)
=
Allowable Rut Depth, RD (inches)
o o » @ d = ) © ~ o o >
M7 77 1 1 T 1 T T 1 | 1 I | ]

Thickness of Aggregate Base Layer Considered
for Rutting Criteria, Dgg (inches)

Figure 4.3. Design Chart for Aggregate-Surfaced Roads Considering Allowable Rutting
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Low-Volume Road Design

ing in this graph for a total damage equal to 1.0.
Figure 4.4 provides an example in which the design is
controlled by the serviceability criteria: Dgs is equal
to 10 inches.

Step 9. The base layer thickness determined in
the last step should be used for design if the effects of
aggregate loss are negligible. If, however, aggregate
loss is significant, then the design thickness is deter-
mined using the following equation:

Dgs = Dgs + (0.5 x GL)

where

GL = total estimated aggregate (gravel) loss (in
inches) over the performance period.

If, for example, the total estimated gravel loss was
2 inches and the average base thickness required was
10 inches, the design thickness of the aggregate base
layer would be

Dgs = 10 + (0.5 x 2) = 11 inches

Step 10. The final step of the design chart proce-
dure for aggregate-surfaced roads is to convert a
portion of the aggregate base layer thickness to an
equivalent thickness of subbase material. This is ac-
complished with the aid of Figure 4.5. Select the final
base thickness desired, PBS; (6 inches is used in the
example). Draw a line to the estimated modulus of the
subbase material, Egg (15,000 psi is used in the exam-
ple). Go across and through the scale corresponding
to the reduction in base thickness, PBS; — PBS;
(11 minus 6 equal to 5 inches is used in the example).
Then, for the known modulus of the base material, Egg
(30,000 psi in the example), determine the required
subbase thickness, Dgg (8 inches).

4.2 DESIGN CATALOG

The purpose of this Section is to provide the user
with a means for identifying reasonable pavement
structural designs suitable for low-volume roads. The
catalog of designs presented here covers aggregate-
surfaced roads as well as both flexible and rigid pave-
ments. It is important to note, however, that although
the structural designs presented represent precise so-
lutions using the design procedure described in the
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previous section, they are based on a unique set of
assumptions relative to design requirements and envi-
ronmental conditions. The following specific assump-
tions apply to all three types of structural designs
considered:

(1) All designs are based on the structural require-
ment for one performance period, regardless
of the time interval. The range of traffic levels
for the flexible and rigid pavement designs is
between 50,000 and 1,000,000 18-kip ESAL
applications. The allowable range of relative
traffic for aggregate-surfaced road design is
between 10,000 and 100,000 18-kip ESAL
applications.

(2) All designs presented are based on either a 50-
or 75-percent level of reliability.

(3) The designs are for environmental conditions
corresponding to all six of the U.S. climatic
regions. (See map in Figure 4.1.)

(4) The designs are for five qualitative levels of
roadbed soil strength or support capability:
Very Good, Good, Fair, Poor, and Very Poor.
Table 4.2 indicates the levels of roadbed soil
resilient modulus that were used for each soil
classification. Table 4.1 indicates the actual
lengths of the seasons used to quantify the ef-
fects of each of the six climatic regions on
pavement performance.

(5) The terminal serviceability for the flexible and
rigid pavement designs is 1.5 and the overall
design serviceability loss used for aggregate-
surfaced roads is 3.0. (Thus, if the initial serv-
iceability of an aggregate-surfaced road was
3.5, the corresponding terminal serviceability
inherent in the design solution is 0.5.)

4.2.1 Flexible Pavement Design Catalog

Tables 4.6 and 4.7 present a catalog of flexible
pavement SN values (structural numbers) that may be
used for the design of low-volume roads when the
more detailed design approach is not possible. Table
4.6 is based on the 50-percent reliability level and
Table 4.7 is based on a 75-percent level. The range of
SN values shown for each condition is based on a
specific range of 18-kip ESAL applications at each
traffic level:

High 700,000 to 1,000,000
Medium 400,000 to 600,000

Low 50,000 to 300,000
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Figure 4.4. Example Growth of Total Damage Versus Base Layer Thickness for Both
Serviceability and Rutting Criteria
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Table 4.6. Flexible Pavement Design Catalog for Low-Volume Roads: Recommended Ranges of

Design of Pavement Structures

Structural Number (SN) for the Six U.S. Climatic Regions, Three Levels of Axle Load

Traffic and Five Levels of Roadbed Soil Quality—Inherent Reliability: S0 percent

Relative s .
Quality of Traffic U.S. Climatic Region
Roadbed Soil Level I 11 it} v v Vi
Very good High 2.3-2.5% 2.5-2.7 2.8-3.0 2.1-2.3 2.4-2.6 2.8-3.0
Medium 2.1-2.3 2.3-2.5 2.5-2.7 1.9-2.1 2.2-2.4 2.5-2.7
Low 1.5-2.0 1.7-2.2 1.9-2.4 1.4-1.8 1.6-2.1 1.9-2.4
Good High 2.6-2.8 2.8-3.0 3.0-3.2 2.5-2.7 2.7-2.9 3.0-3.2
Medium 2.4-2.6 2.6-2.8 2.8-3.0 2.2-2.4 2.5-2.7 2.7-2.9
Low 1.7-2.3 1.9-2.4 2.0-2.7 1.6-2.1 1.8-2.4 2.0-2.6
Fair High 2.9-3.1 3.0-3.2 3.1-3.3 2.8-3.0 2.9-3.1 3.1-3.3
Medium 2.6-2.8 2.8-3.0 2.9-3.1 2.5-2.7 2.6-2.8 2.8-3.0
Low 2.0-2.6 2.0-2.6 2.1-2.8 1.9-2.4 1.9-2.5 2.1-2.7
Poor High 3.2-34 3.3-3.5 3.4-3.6 3.1-3.3 3.2-34 3.4-3.6
Medium 3.0-3.2 3.0-3.2 3.1-34 2.8-3.0 2.9-3.2 3.1-3.3
Low 2.2-2.8 2.2-2.9 2.3-3.0 2.1-2.7 2.2-2.8 2.3-3.0
Very poor High 3.5-3.7 3.5-3.7 3.5-3.7 3.3-3.5 3.4-3.6 3.5-3.7
Medium 3.2-34 3.3-3.5 3.3-3.5 3.1-3.3 3.1-3.3 3.2-3.4
Low 2.4-3.1 2.4-3.1 2.4-3.1 2.3-3.0 2.3-3.0 2.4-3.1
*Recommended range of structural number (SN).
Table 4.7. Flexible Pavement Design Catalog for Low-Volume Roads: Recommended Ranges of
Structural Number (SN) for Six U.S. Climatic Regions, Three Levels of Axle Load
Traffic and Five Levels of Roadbed Soil Quality— Inherent Reliability: 75 percent
Relative — .
Quality of Traffic U.S. Climatic Region
Roadbed Soil Level I II I v v VI
Very good High 2.6-2.7* 2.8-2.9 3.0-3.2 2.4-2.5 2.7-2.8 3.0-3.2
Medium 2.3-2.5 2.5-2.7 2.7-3.0 2.1-2.3 2.4-2.6 2.7-3.0
Low 1.6-2.1 1.8-2.3 2.0-2.6 1.5-2.0 1.7-2.2 2.0-2.6
Good High 2.9-3.0 3.0-3.2 3.3-34 2.7-2.8 3.0-3.1 3.3-34
Medium 2.6-2.8 2.7-3.0 3.0-3.2 2.4-2.6 2.6-2.9 2.9-3.2
Low 1.9-2.4 2.0-2.6 2.2-2.8 1.8-2.3 2.0-2.5 2.2-2.8
Fair High 3.2-3.3 3.3-34 3.4-35 3.0-3.2 3.2-3.3 3.4-3.5
Medium 2.8-3.1 2.9-3.2 2.7-3.3 2.7-3.0 2.8-3.1 3.0-3.3
Low 2.1-2.7 2.2-2.8 2.3-2.9 2.0-2.6 2.1-2.7 2.3-2.9
Poor High 3.5-3.6 3.6-3.7 3.7-39 3.4-3.5 3.5-3.6 3.7-3.8
Medium 3.1-34 3.2-3.5 3.4-3.6 3.0-3.3 3.1-34 3.3-3.6
Low 2.4-3.0 2.4-3.0 2.5-3.2 2.3-2.8 2.3-2.9 2.5-3.2
Very poor High 3.8-3.9 3.8-4.0 3.8-4.0 3.6-3.8 3.7-3.8 3.8-4.0
Medium 3.4-3.7 3.5-3.8 3.5-3.7 3.3-3.6 3.3-3.6 3.4-3.7
Low 2.6-3.2 2.5-3.3 2.6-3.3 2.5-3.1 2.5-3.1 2.6-3.3

*Recommended range of structural number (SN).

Copyright American Association of State Highway and Transportation Officials
Provided by IHS under license with AASHTO
No reproduction or networking permitted without license from IHS

Licensee=CH2M Hill Worldwide/5960458046, User=Ostermann, Benjamin
Not for Resale, 03/10/2015 08:43:50 MDT



Low-Volume Road Design

Once a design structural number is selected, it is up to
the user to identify an appropriate combination of
flexible pavement layer thicknesses which will provide
the desired load-carrying capacity. This may be ac-
complished using the criteria for layer coefficients
(a;-values) presented in Section 2.3.5 and the general
equation for structural number:

SN = alDl + a2D2 + a3D3

where

a;, a,, a3 = layer coefficient for surface, base,
and subbase course materials,
respectively, and

D,, D,, D; = thickness (in inches) of surface,
base, and subbase course,
respectively.

4.2.2 Rigid Pavement Design Catalog

Tables 4.8a, 4.8b, 4.9a, and 4.9b present the cata-
log of portland cement pavement slab thicknesses that
may be used for the design of low-volume roads when
the more detailed design approach is not possible.
Tables 4.8a and 4.8b are based on a 50-percent relia-
bility level, without granular subbase and with granu-
lar subbase, respectively. Tables 4.9a and 4.9b are
based on a 75-percent level, without granular subbase
and with granular subbase, respectively. The assump-
tions inherent in these design catalogs are as follows:

(1) Slab thickness design recommendations
apply to all six U.S. climatic regions.

(2) If the option to use a subbase is chosen, it
consists of 4 to 6 inches of high quality
granular material.

(3) Mean PCC modulus of rupture (S;) is 600 or
700 psi.

(4) Mean PCC elastic modulus (E,) is
5,000,000 psi.
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(5) Drainage (moisture) conditions are fair

(Cs = 1.0).
(6) The 18-kip ESAL traffic levels are:
High 700,000 to 1,000,000
Medium 400,000 to 600,000
Low 50,000 to 300,000

(7) The levels of roadbed soil quality and
corresponding ranges of effective modulus of
subgrade reaction (k-value) are:

Very Good Greater than 550 pci
Good 400 to 550 pci

Fair 250 to 350 pci

Poor 150 to 250 pci

Very Poor Less than 150 pci

4.2.3 Aggregate-Surfaced Road Design Catalog

Table 4.10 presents a catalog of aggregate base
layer thicknesses that may be used for the design of
low-volume roads when the more detailed design
approach is not possible. The thicknesses shown are
based on specific ranges of 18-kip ESAL applications
at traffic levels:

High 60,000 to 100,000
Medium 30,000 to 60,000
Low 10,000 to 30,000

One other assumption inherent in these base thick-
ness recommendations is that the effective resilient
modulus of the aggregate base material is 30,000 psi,
regardless of the quality of the roadbed soil. This
value should be used as input to the nomograph in
Figure 4.5 to convert a portion of the aggregate base
thickness to an equivalent thickness of subbase mate-
rial with an intermediate modulus value between the
base and roadbed soil.
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Table 4.8(a). Rigid Design Catalog for Low-Volume Roads: Recommended Minimum PCC Slab
Thickness (Inches) for Three Levels of Axle Load Traffic and Five Levels of Roadbed

Soil Quality

Inherent reliability: 50 percent.
Without Granular Subbase

Load Transfer Devices No Yes
Edge Support No Yes No Yes
S: (psi) 600 700 600 700 600 700 600 700
Relative Quality
of Roadbed Soil Low Traffic
Very good & good 5.5 5 5 ] 5.25 5 5 5
Fair 5.5 5 5.25 5 5.25 5 5 5
Poor & very poor 5.5 5.25 5.25 5 5.5 S 5 5
~ Medium Traffic
Very good & good 6.25 5.75 5.75 5.25 6 5.5 5.5 5
Fair 6.25 5.75 5.75 5.25 6 5.5 5.5 5
Poor & very poor 6.25 5.75 5.75 5.25 6 5.5 5.5 5
High Traffic
Very good & good 7 6.25 6.25 5.25 6.5 6 5.75 5.25
Fair 7 6.25 6.25 5.75 6.5 6 6 5.5
Poor & very poor 7 6.5 6.5 6 6.5 6 6 5.5
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Table 4.8(b). Rigid Design Catalog for Low-Volume Roads: Recommended Minimum PCC Slab
Thickness (Inches) For Three Levels of Axle Load Traffic and Five Levels of Roadbed
Soil Quality

Inherent reliability: 50 percent.
With Granular Subbase

Load Transfer Devices No Yes

Edge Support No Yes No Yes

S¢ (psi) 600 700 600 700 600 700 600 700
Relative Quality
of Roadbed Soil Low Traffic
Very good & good 5 5 5 5 5 5 5 5
Fair 5.25 5 5 5 5 5 5 5
Poor & very poor 5.25 5 5 5 5 5 5 5

Medium Traffic
Very good & good 5.75 5.25 5.25 5 5.5 5 5 5
Fair 5.75 5.25 55 5 5.5 5 5 5
Poor & very poor 6 5.5 5.5 5 5.75 5.25 5 5
High Traffic

Very good & good 6.5 6 6 5.5 6 5.5 5.25 5
Fair 6.5 6 6 5.5 6 5.5 5.5 5
Poor & very poor 6.75 6 6 5.5 6.25 5.75 5.5 5
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Table 4.9(a). Rigid Design Catalog for Low-Volume Roads: Recommended Minimum PCC Slab
Thickness (Inches) for Three Levels of Axle Load Traffic and Five Levels of Roadbed
Soil Quality

Inherent reliability: 75 percent.
Without Granular Subbase

Load Transfer Devices No Yes

Edge Support No Yes No Yes

Si (psi) 600 700 600 700 600 700 600 700
Relative Quality
of Roadbed Soil Low Traffic
Very good & good 6 5.5 5.5 5 5.75 5.25 5.25 5
Fair 6 55 5.75 5.25 5.75 5.25 5.25 5
Poor & very poor 6 5.5 5.75 5.25 6 5.5 5.25 5

Medium Traffic
Very good & good 6.75 6.25 6.25 5.75 6.5 6 6 5.5
Fair 6.75 6.25 6.25 5.75 6.5 6 6 55
Poor & very poor 6.75 6.25 6.25 5.75 6.5 6 6 55
High Traffic

Very good & good 7.5 7 7 6.25 -7 6.5 6.5 6
Fair 7.5 7 7 6.25 7 6.5 6.5 6
Poor & very poor 7.5 7 7 6.5 7.25 6.5 6.5 6

Copyright American Association of State Highway and Transportation Officials
Provided by IHS under license with AASHTO
No reproduction or networking permitted without license from IHS

Licensee=CH2M Hill Worldwide/5960458046, User=Ostermann, Benjamin
Not for Resale, 03/10/2015 08:43:50 MDT



Low-Volume Road Design

Table 4.9(b).
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Rigid Design Catalog for Low-Volume Roads: Recommended Minimum PCC Slab

Thickness (Inches) for Three Levels of Axle Load Traffic and Five Levels of Roadbed
Soil Quality

Inherent reliability: 75 percent.
With Granular Subbase

Load Transfer Devices No Yes

Edge Support No Yes No Yes

S; (psi) 600 700 600 700 600 700 600 700
Relative Quality
of Roadbed Soil Low Traffic
Very good & good 5.5 5 5 5 5 5 5 5
Fair 5.75 5.25 5 5 5 5 5 5
Poor & very poor 5.75 5.25 5 5 5 5 5 5

Medium Traffic
Very good & good 6.25 5.75 5.75 5.25 6 5.5 5.5 5
Fair 6.5 5.75 6 5.5 6.25 5.5 5.5 5
Poor & very poor 6.5 6 6 5.5 6.25 5.75 5.5 5.25
High Traffic

Very good & good 7.25 6.5 6.5 6 6.75 6 6 5.5
Fair 7.25 6.5 6.5 6 6.75 6 6 5.5
Poor & very poor 7.25 6.75 6.75 6 6.75 6.25 6.25 5.5
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Table 4.10. Aggregate Surfaced Road Design Catalog: Recommended Aggregate Base
Thickness (in Inches) for the Six U.S. Climatic Regions, Five Relative
Qualities of Roadbed Soil and Three Levels of Traffic

Relative A .

Quality of Traffic U.S. Climatic Region
Roadbed Soil Level I I I v v VI
Very good High 8* 10 15 7 9 15
Medium 6 8 11 5 7 11
Low 4 4 6 4 4 6
Good High 11 12 17 10 11 17
Medium 8 9 12 7 9 12
Low 4 5 7 4 5 7
Fair High 13 14 17 12 13 17
Medium 11 11 12 10 10 12
Low 6 6 7 5 5 7
Poor High dk * ¥k Aok kK sk *¥k
Medium *k *k *ok 15 15 *ok
Low 9 10 9 8 8 9
Very poor High %k *k *k *k Ak *k
Medium k3K k% k¥ kk *k k%
Low 11 11 10 8 8 9

*Thickness of aggregate base required (in inches).
**Higher type pavement design recommended.
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PART II1
PAVEMENT DESIGN PROCEDURES
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EXISTING PAVEMENTS
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CHAPTER 1
INTRODUCTION

This chapter provides an overview to Part III of the
Design Guide which examines the rehabilitation of
existing pavement systems. A brief background
relative to the analysis procedures for rehabilitation is
first presented, followed by a discussion of the scope
of Part III. Assumptions and limitations associated
with this material are discussed, as well as the general
organization and objectives of the chapters compris-
ing Part III.

1.1 BACKGROUND

The 1981 edition of the Design Guide contained a
specific chapter dealing with overlay design proce-
dures, but no unigue AASHTO overlay method was
introduced. The Guide simply presented a brief sum-
mary overview of various overlay approaches and
noted that, “state highway agencies are encouraged to
develop procedures applicable to their specific condi-
tions and requirements.”

In recent years, the emphasis of highway construc-
tion has gradually shifted from new design and con-
. struction activities to maintenance and rehabilitation
- of the existing network. This critical change in project
 emphasis clearly necessitates the development of

guidelines for specific major rehabilitation procedures
- and their engineering consequences. Thus, Part III
~ has been developed to expand the previous treatment
- of rehabilitation in the AASHTO Design Guide for
- Pavement Structures.

The Guide methodologies presented in Part II
(Design of New/Reconstructed Pavements), coupled
with the methodologies of Part III (Rehabilitation),
afford the engineer with the means to develop a com-
prehensive approach to pavement performance analy-
sis on a project level management system framework.
When Parts II and IIT are used collectively, pavement
performance may be assessed within an analysis per-
iod that may encompass one or more rehabilitation
cycles. In addition, both of these Parts are flexible in
that they may be used independently to provide de-
tailed guidance relative to either new designs or major
rehabilitation.

1.2 SCOPE

The major objective of Part III is to present the
comprehensive framework of a method for selecting
the best major rehabilitation strategy (or strategies)
for use on a specific project. It is important to recog-
nize that major rehabilitation activities discussed in
Part IIT encompass not only structural overlay proce-
dures, but other major rehabilitation methods as well.
Of equal importance is the fact that no guidance is
presented in Part III for the use of overlays as a tool to
improve the skid-resistant qualities of a pavement
surface. Guidance on skid resistance is contained in
the 1976 AASHTO publication Guidelines for Skid
Resistant Pavement Design.

The overall philosophy of the rehabilitation ap-
proach is based upon the AASHTO design-service-
ability-performance concepts used in Part II for new
pavement designs. This performance-based frame-
work allows for a combined design-rehabilitation
strategy to be analyzed over a predefined analysis per-
iod. This, in turn, allows for a comprehensive frame-
work to be developed in order to estimate the probable
life-cycle costs of any given strategy within the analy-
sis period. Such an approach is necessary if economic
principles are to be applied as one of the decision
criteria for the eventual selection of the preferred re-
habilitation strategy from several possible (and techni-
cally feasible) solutions.

While Part III is intended to serve as a self-
contained solution method, the user will quickly dis-
cover the need to make direct use of the methodology
presented in Part II. This is necessary because the
structural overlay procedure presented here requires
new structural designs, found in Part II, as an integral
part of the rehabilitation analysis. Also noteworthy is
that the approach presented for the structural overlay
analysis of pavement systems lends itself to develop-
ing input for use with the more mechanistic overlay
approaches discussed in Part IV of the Guide.

The structural overlay analysis presented in Part III
is based, in part, on two relatively new concepts.
First, the role of nondestructive dynamic deflection
testing is emphasized as the key tool in evaluating
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characteristics of the existing pavement. In addition,
the concept of remaining pavement life is directly in-
corporated into the overlay methodology.

The rehabilitation methodology of Part III is appli-
cable to all major types of existing pavement systems.
Similarly, methods for both flexible and rigid overlays
are presented for any type of existing pavement sys-
tem. Also discussed within the overall approach is the
use of either new (virgin) or recycled material as the
sole source of material.

Finally, while Part III examines a comprehensive
approach to the rehabilitation of pavements, the
user will note that the philosophy of methodology is
broader in scope than the more well-defined, methodi-
cal solution of Part II. The major reason for this is that
significant differences exist between the current new
design-performance relationships and rehabilitation
performance knowledge. While analytical solutions to
portions of the rehabilitation methodology are pre-
sented, the engineer must recognize that it may be
impossible to accurately determine the optimal reha-
bilitation solution from a rigorous analytical model.
However, the user should not be discouraged from
employing this approach but rather feel encouraged to
use every available tool at his/her disposal to deter-
mine the problem cause, identify potentially sound
and economic solution alternatives, and then select
the most preferred rehabilitation strategy from sound
engineering experience.

1.3. ASSUMPTIONS/LIMITATIONS

Because the structural overlay method is based, in
part, on the AASHTO design-performance concepts
of Part II, the limitations and assumptions associated
with the new pavement design methodology are appli-
cable to the overlay portion of Part III. The fundamen-
tal approach used for all overlay-existing pavement
combinations is based on the “Thickness Deficiency”

overlay approach (i.e., the existing thickness is in-.

adequate for anticipated future traffic). This requires
evaluation of the existing pavement system, princi-
pally through the use of nondestructive testing (NDT),
to determine the effective structural capacity of the
existing pavement prior to overlay.

While the Thickness Deficiency approach has been
used in practice for many years, it lacks some degree
of field verification for design-performance prediction
when compared to the procedures for new pavement
designs. In addition, while the state of the art associ-
ated with the use/analysis of NDT deflection data is
considered good, changes and advancements in NDT

Design of Pavement Structures

technology are constantly improving the accuracy of
this methodology in practice. While the recognition of
possible future improvements should be a consider-
ation, the fundamental approach presented in Part III
can serve as the basic framework for structural overlay
evaluation for the foreseeable future.

Part I1I also incorporates the use of major rehabili-
tation methods other than overlays. In general, one of
the least understood areas of state of the art rehabilita-
tion concerns the ability to confidently and accurately
predict probable performance (e.g., serviceability-
traffic loading/time) for nonoverlay rehabilitation so-
lutions. This is one of the most significant limitations
of the rehabilitation guidelines, and user agencies
are strongly encouraged to build a continuous and
accurate performance data base to increase the over-
all accuracy and confidence level of performance pre-
dictions. In addition, while major nonoverlay reha-
bilitation methods are presented in Part III, the user
must not view these as being all-inclusive. As the state
of the art increases, future revisions of Part III will
incorporate additional nonoverlay rehabilitation
methods that have been successfully used in practice.

The overlay design procedure for flexible pavement
presented by these guidelines is considered to repre-
sent the state of the art with respect to the rehabilita-
tion of pavements with structural sections deficient
in strength and/or thickness for the traffic loadings
which have been applied, as evidenced by permanent
deformation. For those pavements in which the pri-
mary distress mechanism is fatigue cracking without
permanent deformation, other empirical or mechanis-
tic-empirical design procedures based on nondestruc-
tive testing may be more appropriate.

With respect to rigid pavements, the following pro-
cedures are considered applicable and appropriate for
those situations in which, based on visual observation
and the results of nondestructive tests, there exists a
structural section deficiency. In those cases where the
distress mechanism is due to causes other than a defi-
ciency in structural section thickness and/or strength,
avoidance of reflective cracking will control the de-
sign of the rehabilitation.

1.4 ORGANIZATION

Part III is organized into three major sections.
Chapter 2 presents the general fundamentals associ-
ated with pavement rehabilitation, rehabilitation
types, approaches to use, and the decision process for
selecting preferred rehabilitation treatment. Chapter 3
details guidelines for collecting information from both
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the field and historic records for use in the rehabilita-
tion process. This information then forms the basis for
the rehabilitation methodology presented. Chapters 4
and S discuss the specific rehabilitation methods. In
Chapter 4, rehabilitation approaches other than over-
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lays are examined, while Chapter 5 details the struc-
tural overlay method for all pavement types. Examples
are presented in both chapters to illustrate and clarify
procedure specifics.
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CHAPTER 2
REHABILITATION CONCEPTS

2.1 BACKGROUND

The main objective of Part III is to provide guid-
ance for major rehabilitation activities. In this Guide,
the term “‘rehabilitation” encompasses the activities
described in the 4R program—resurfacing, restora-
tion, rehabilitation, and reconstruction. In short, ma-
jor rehabilitation activities will be viewed as any work
that is undertaken to significantly extend the service
life of an existing pavement through the principles of
resurfacing, restoration, and/or reconstruction.

Major rehabilitation activities differ markedly
from periodic maintenance activities (sometimes
called normal, routine and/or preventive mainte-
nance) in that the primary function of the latter activ-
ity is to preserve the existing pavement so that it may
achieve its applied loading, while rehabilitation is un-
dertaken to significantly increase the functional life.
While periodic maintenance is a vital part of the over-
all performance cycle of any highway, this topic is not
discussed within Part III. Therefore, no guidance is
presented relative to the use of thin asphaltic overlays
(generally less than 3/4 inch), overlays of short (spot)
length, pavement patching, pothole repairs, routine
sealing of cracks and joints, miscellaneous repair of
minor pavement failures, slab sealing (other than as an
essential part of major rehabilitation), or any other
work designed to preserve the existing pavement
system.

2.2 REHABILITATION FACTORS
2.2.1 Major Categories

As noted, Part III of the Design Guide specifically
addresses major rehabilitation pavement activities.
For simplicity, major rehabilitation is subdivided into
two major categories:

(1) Rehabilitation Methods Other Than Overlay
(2) Rehabilitation Methods With Overlays

These categories will be discussed in Chapters 4
and 5, respectively. It should be recognized that some

methods discussed in Chapter 4 (Rehabilitation
Methods Other Than Overlay) may be used/required
as pre-overlay treatments in major rehabilitation
work.

2.2.2 Recycling Concepts

The broad category of material source is a primary
factor in the rehabilitation process for the engineer to
consider. Materials used in rehabilitation can be ob-
tained from new (virgin) sources (i.e., aggregates and’
binders), from recycled sources, or from a combina-
tion of the two. Cost should be the primary factor used
in deciding to use recycling.

Recycling of existing pavement materials for reha-
bilitation purposes offers promise as a partial solution
by offering the following benefits: conservation of
aggregates, binders, and energy; preservation of the
environment and existing pavement geometrics and
the benefits associated with a potential reduction in
project cost. Appendix 00 contains a more detailed
discussion of recycling in terms of definitions, types
of recycling, and design material properties for recy-
cled materials.

2.2.3 Construction Considerations

Another important factor in the major rehabilita-
tion process is the choice of construction method. The
engineer should view the full-depth reconstruction of
a pavement as the extreme opposite of a full overlay.
Obviously, a wide range of construction choices be-
tween these two limits is feasible (e.g., partial-depth
reconstruction with or without the application of an
overlay).

2.2.4 Summary of Major Rehabilitation Factors

The previous sections clearly indicate that major
rehabilitation strategies should be viewed in a broad
context with reference to three major factors. They
are:
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(1) the selection of a major rehabilitation category
that may or may not involve an overlay
(resurfacing).

(2) the decision to use new (virgin) materials, re-
cycled materials, or a combination of both (it
should be noted that recycled materials need
not be those obtained from the specific pave-
ment project being rehabilitated, but may be
obtained from a variety of other recycled mate-
rial stockpiles).

(3) the decision to employ full reconstruction
(i.e., complete removal/replacement), partial
reconstruction, a direct (full) overlay, or some
combination of reconstruction and overlay.

Since the major factors listed above may act in combi-
nation with each other, the engineer quickly realizes
that a complex combination of rehabilitation alterna-
tives exists for a single project. For example, rehabili-
tation of a structurally failed (cracked) PCC pavement
requires the analysis of several potential rehabilitation
strategies before the optimum or preferred strategy
can be selected. The optimum solution will be ob-
tained by a life-cycle cost analysis.

Many of the rehabilitation methods available are
presently being tried on an experimental basis and
lack full verification. Part III deals only with major
rehabilitation methods. Table 2.1 summarizes these
methods and cites their chapter location. This list sim-

Table 2.1.

Design of Pavement Structures

ply serves as a reminder of the potentially large num-
ber of initial strategies that may be investigated to
arrive at a final rehabilitation recommendation. It
should be noted that two major rehabilitation con-
cepts, recycling and break/seat approach for asphalt
overlays over existing rigid pavements, are directly
integrated into discussions/methodologies that deal
with the structural analysis of overlay systems.

2.3 SELECTION OF ALTERNATIVE
REHABILITATION METHODS

2.3.1 Overview

This section provides overall guidance for the se-
lection of pavement rehabilitation methods. Pavement
rehabilitation is as much an art as a science. With the
exception of the various overlay models presented in
Chapter 5, there are no definitive equations, guides,
or step-by-step procedures that one can use to *‘cook-
book™ a proper rehabilitation design. Therefore, a
considerable amount of both analysis and engineering
judgment must be applied to each project. Due to state
of the art limitations relative to the entire rehabilita-
tion process, a definite need exists for continuous
feedback from agencies on the performance of various
rehabilitation methods.

Major Rehabilitation Concepts in Guide

Description/Factor

Guide Location

Rehabilitation methods other than overlay

Full depth pavement repair
Partial depth pavement repair
Joint and crack sealing

Subdrainage design
Pressure relief

Voo kW=

Surface treatments
Rehabilitation methods with overlay

1. Flexible overlay/flexible existing

2. Flexible overlay/rigid existing

3. Rigid overlay/flexible existing

4. Rigid overlay/rigid existing
Special rehabilitation

1. Recycling

2. Break/seat

Subsealing of concrete pavements
Grinding/milling of pavements

Restoration of joint load transfer

Chapter 4

Chapter 5

Appendix OO; Chapter 5
Chapter 5
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Rehabilitation Concepts

Despite incomplete knowledge, the engineer must
make rehabilitation decisions based on the most ade-
quate information available. There are no “right” and
“wrong” solutions to pavement rehabilitation prob-
lems, but rather “better”” or “optimum” solutions.
The truly “optimum” solution, which maximizes
benefits while minimizing costs, is often not attainable
due to constraints imposed (i.e., limited funding).
However, there will be a “preferred” solution which
is cost-effective, has other desirable characteristics,
and meets the existing constraints. The engineer has a
responsibility to determine, to the best of his or her
ability, the most “preferred” rehabilitation method
given particular conditions and limitations.

While selection of the preferred solution is a very
complex engineering problem, rehabilitation analysis
is made easier by using a logical step-by-step ap-
proach. The fundamentals of the approach are based
on the necessity to: (1) determine cause of the dis-
tress(es) or pavement problems, (2) develop a candi-
date list of solutions that will properly address (cure
and prevent future occurrences) the problem, and (3)
select the preferred rehabilitation method given eco-
nomic and other project constraints. The principal
steps in this selection process are illustrated in Figure
2.1 and are described in detail in this section.

2.3.2 Problem Definition

Phase I of the pavement rehabilitation selection
process is problem definition. To avoid making an
inaccurate problem definition, the engineer must col-
lect and evaluate enough information about the pave-
ment to adequately comprehend the situation. The
premature failure of many rehabilitated pavements can
be traced to inadequate evaluation. In summary, the
first step is to identify/establish the condition of the
pavement.

Data Collection. Pavement evaluation requires
substantial data collection, which can be divided into
the following major categories:

pavement condition

shoulder condition

pavement design

geometric design

materials and soils properties
traffic volumes and loadings
climate conditions

drainage conditions

safety considerations

-9

Specific data collection items depend in part on the
type of rehabilitation being considered. For example,
if grinding of a concrete pavement is being consid-
ered, the pavement design, hardness of the large ag-
gregate in the concrete, traffic level, surface profile,
traffic control options, and magnitude of faulting must
be known. Figure 2.2 summarizes the data required
for specific rehabilitation alternatives.

Each agency should develop guidelines to detet-
mine what data to collect, as well as standard proce-
dures for collection.

Data Evaluation. During the data collection and
evaluation process, the engineer should acquire ade-
quate information to thoroughly define the problem.
Because limited time and funds are allotted to this
portion of the rehabilitation process, each agency
should develop a standard data collection/evaluation
procedure that best suits its information, personnel,
and equipment resources. A sample procedure is out-
lined below.

Step 1. Office Data Collection—includes infor-
mation such as location of the project, year con-
structed, year and type of major maintenance,
pavement design, materials and soils properties, traf-
fic, climate conditions, and any available performance
data.

Step 2. First Field Survey—includes items such
as distress, drainage conditions, subjective roughness,
traffic control options, and safety considerations. De-
tailed procedures for collecting pavement condition
data are given in Part ITI, Chapter 3.

Step 3. First Data Evaluation and the Determina-
tion of Additional Data Needs—based on this first
evaluation, a list of candidate rehabilitation alterna-
tives may be developed to aid in assessing additional
data needs.

Step 4. Second Field Survey—detailed measuring
and testing; includes such items as coring and
sampling, roughness measurement, deflection testing,
skid resistance, drainage tests, and vertical clear-
ances.

Step 5. Laboratory Testing of Samples—includes
tests such as material strength, resilient modulus,
permeability, moisture content, composition, density,
and gradations (if felt to be necessary).
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Figure 2.1. The Pavement Rehabilitation Selection Process
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Step 6. Second Data Evaluation—includes struc-
tural evaluation, functional evaluation, and determina-
tion of additional data requirements, if any.

Step 7. Final Field and Office Data Compila-
tion—preparation of a final evaluation report.

To some extent, project size dictates the amount of
time and money that may justifiably be spent on pave-
ment evaluation. Major highways and high traffic
volume roads certainly require a more thorough and
comprehensive evaluation than do low-volume roads.

The collected data must be carefully evaluated and
summarized in a systematic fashion. Figure 2.3
presents a comprehensive list of factors to examine in
an adequate pavement evaluation. Each agency should
adapt this list according to their own particular needs.
It is vital that the agency then develop procedures and
- guidelines for consistently answering the questions on
* their list. Many items can be obtained for evaluation
- from existing data routinely collected. Agencies hav-
" ing substantial pavement management systems will al-
© ready have a large block of information in their data
~ banks. Other items will require direct field testing for
" current or detailed information.

Identify Constraints. Constraints placed on a
pavement rehabilitation project should be identified
during the problem definition phase since they fre-
quently affect the choice of rehabilitation alternative.
Some constraints which may restrict alternative selec-
tion are:

limited project funding

traffic control problems (lane closure
availability)

minimum desirable life of rehabilitation

geometric design problems

utilities

clearances

right-of-way

available materials and equipment

contractor expertise and manpower

agency policies

A particularly difficult constraint to deal with in-
volves network considerations. When evaluating the
problems of a particular pavement and the possible
rehabilitation alternatives, an agency must consider
the needs and priorities of the entire network for
which it is responsible. The best rehabilitation ap-
proach for an individual project may not be in the best
interest of the network as a whole.

Project constraints often limit the number of reha-
bilitation alternatives available. Where possible, care-

Design of Pavement Structures

ful planning should be used to circumvent these
constraints; the more they are permitted to affect a
project, the less likelihood there is of obtaining the
best available solution.

2.3.3 Potential Problem Solutions

Phase 2 of the pavement rehabilitation selection
process, as outlined in Figure 2.1, is the identification
of potential problem solutions. The first step in this
phase is the identification of candidate solutions that
appear to be technically feasible in solving a pavement
deterioration problem. Next, candidate solutions are
subjected to the project constraints, and those that
meet the constraints are considered feasible rehabilita-
tion solutions.

Select Candidate Solutions. After completion of
Phase 1, Problem Definition, the design engineer
should be able to suggest several candidate rehabilita-
tion solutions. Candidate solutions are those which
address the causes of the deterioration and are effec-
tive in both repairing the existing distress and prevent-
ing, as much as possible, recurrence. After selecting
candidate solutions, the engineer must determine the
quantity of work required by each alternative, since
this will have a bearing on cost.

It is very easy, and very unwise, to perform a
“quick fix,” or worse yet, a cosmetic treatment, on a
deteriorated pavement. Funds spent on such super-
ficial repairs are funds wasted. If mechanisms which
cause distress are not treated, the distress will con-
tinue to appear and increase in severity. The short-
lived benefits achieved from superficial repairs never
justify the costs. The quick fix treatments are not
inherently bad; they are simply uneconomical.

In general, rehabilitation is considered only for
significantly damaged portions of a pavement. For in-
stance, if one mile of a three-mile pavement section is
badly distressed, usually only that one mile receives
rehabilitation. This does not mean that only high-
severity distress merits rehabilitation work. It may be
economically justifiable to spend additional funds re-
pairing some lower-severity distress at the same time
adjacent high-severity distress is being corrected. The
additional cost must be weighed against the benefit
obtained by “intercepting’’ distress at an earlier stage
in its development. Also, in terms of convenience, it
may be beneficial to carry out simultaneous repairs on
both high- and low-severity distress on a high-volume
road if major rehabilitation work creates significant
traffic-handling problems.
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STRUCTURAL EVALUATION
Existing distress:
Little or not load-associated distress
Moderate load-associated distress
Major load-associated distress
Structural Load-Carrying Capacity Deficiency:
Yes, No

FUNCTIONAL EVALUATION
Roughness:
Very Good, Good, Fair, Poor, Very Poor

Measurement:
Present Serviceability Index/Rating:

Skid Resistance:

Satisfactory, Questionable, Unsatisfactory
Rutting Severity:

Low, Medium, High

VARIATION OF CONDITION EVALUATION
Systematic variation along project:
Yes, No
Systematic variation between lanes:
Yes, No
Localized variation (very bad areas) along project:
Yes, No

CLIMATIC EFFECTS EVALUATION
Climatic Zone
Moisture Region: I Moisture throughout year
Il Seasonal moisture
Il Very little moisture
Temperature Region: A Severe frost penetration
B Freeze-thaw cycles
C No frost problems
Severity of moisture-accelerated damage:
Low, Medium, High
Describe (asphalt stripping, pumping,

Subsurface drainage capability-BASE:
Satistactory, Marginal, Unacceptable
Subsurface drainage capability-SUBGRADE:
Satisfactory, Marginal, Unacceptable
Surface drainage capability:
Acceptable, Needs Improvement
Describe:

PAVEMENT MATERIALS EVALUATION
Surface-Sound condition, Deteriorated
Describe:

Base-Sound condition, Deteriorated
Describe:

Subbase-Sound condition, Deteriorated
Describe:

Figure 2.3. Overall Pavement Evaluation Summary and Checklist
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SUBGRADE EVALUATION
Structural support:
Low, Medium, High
Moisture softening potential:
Low, Medium, High
Temperature problems:
None, Frost Heaving, Freeze-Thaw Softening
Swelling Potential:
Yes, No

PREVIOUS MAINTENANCE PERFORMED EVALUATION
Minor, Normal, Major
Has lack of maintenance contributed to deterioration?
Yes, No
Describe:

RATE OF DETERIORATION EVALUATION
Long Term:
Low, Normal, High
Short Term:
Low, Normal, High

TRAFFIC CONTROL DURING CONSTRUCTION
Are detours available so that facility can be closed?
Yes, No
Must construction be accomplished under traffic?
Yes, No
Could construction be done at off-peak hours?
Describe

GEOMETRIC AND SAFETY FACTORS
Current Capacity:
Adequate, Inadequate
Future Capacity:
Adequate, Inadequate
Widening Required Now:
Yes, No
List high-accident locations:
Bridge clearance problems:
Lateral obstruction problems:
Utilities problems:
Bridge pushing problems:

TRAFFIC LOADINGS
ADT(two-way):
AADT(two-way):
Accumulated 18-kip ESAL/year:
Current 18-kip ESAL/year:

SHOULDERS
Pavement Condition:
Good, Fair, Poor
Localized Deteriorated Areas:
Yes, No

Figure 2.3. Continued—Overall Pavement Evaluation Summary and Checklist
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Feasible Rehabilitation Solutions. As stated,
feasible rehabilitation solutions for a particular case of
pavement distress are obtained by weighing candidate
solutions against project constraints. A feasible alter-
native is defined as one that addresses the cause of the
distress and is effective in both repairing the existing
deterioration and preventing its recurrence, while sat-
isfying all the imposed constraints.

A feasible rehabilitation alternative may encom-
pass more than one repair technique. Combined reha-
bilitation techniques may be necessary to repair either
single- or multiple-distress types for a particular
project. It is the engineer’s responsibility, based on
project evaluation results, to determine the techniques
or combination of techniques to be considered as fea-
sible rehabilitation alternatives for a particular pave-
ment.

Development of Preliminary Designs. After all
feasible alternatives have been selected, preliminary
designs should be prepared. Preliminary design, in-
cluding such things as approximate overlay thickness
selection, requires only approximate cost estimates.
Design rehabilitation projects require as much techni-
cal expertise as new pavement design.

2.3.4 Selection of Preferred Solution

Phase 3 of the pavement rehabilitation selection
process, as illustrated in Figure 2.1, is the selection of
a preferred solution. There is no infallible method for
selecting the most *‘preferred” rehabilitation alterna-
tive for a given project. Rather, the selection process
requires considerable engineering judgment, creativ-
ity, and flexibility. Each agency should develop a pro-
cedure to select preferred solutions for their projects
using both monetary and nonmonetary considerations.

Cost Analysis. Cost of rehabilitation alternatives
is generally considered the most important decision
criteria when choosing the preferred solution. The
various types of costs incurred over the life of a pave-
ment are discussed in Part I of this Guide. Presented
here are a few important points about life-cycle cost
analysis as it pertains to the selection of a rehabilita-
tion method.

Life-cycle cost analysis requires inputs of both cost
and time. Unfortunately, both of these elements are
subject to a large degree of uncertainty. For instance,
the effective life of a rehabilitation technique is sub-
ject to the following influences:

mr-15

the skill and care with which the work is
performed

the quality of the materials used

environmental conditions prevalent in the
region where the pavement exists

the traffic which uses the pavement

other rehabilitation and maintenance work
being performed concurrently

Even the engineer familiar with the performance of
various rehabilitation methods in his or her local area
can appreciate the difficulty of selecting appropriate
inputs for use in the life-cycle cost analysis. To elimi-
nate as much uncertainty as possible, it is essential to
begin collecting rehabilitation performance data in the
pavement management data bank. This is crucial to
life-cycle cost analysis.

Another important consideration regarding life-
cycle cost analysis is that the same rehabilitation
techniques, when applied to different pavements, may
have variant effects. Furthermore, some methods may
keep a pavement at a consistently high-condition
level, while others may allow the condition of the
same pavement to fluctuate. Thus, discrepancy is of-
ten not revealed by the cost analysis if user costs are
not included in the calculations. It is therefore impor-
tant to include user costs in a cost analysis.

Nonmonetary Considerations. Several non-
monetary factors should be considered when deter-
mining the preferred rehabilitation method. Some of
these factors are:

service life

duration of construction

traffic control problems

reliability (proven design in region)
constructibility

maintainability

As with monetary considerations, the service life of a
rehabilitation method is an important factor. This is
particularly significant to agencies responsible for
high-volume roads, for which lane closures and traffic
delays pose considerable difficulties. The important
time parameter is years of pavement life extension
achieved by the rehabilitation methods and should be a
factor in almost any decision criterion used by the

agency.

Preferred Rehabilitation Alternative. The pre-
ferred rehabilitation alternative for a project is se-
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lected using, first, monetary and then nonmonetary
factors. Whenever the cost analysis does not indicate a
clear advantage for one of the feasible alternatives, the
nonmonetary factors may be used to aid in the selec-
tion process. A method for measuring several rehabil-
itation alternatives against criterion that cannot be
expressed in monetary units is depicted in Figure 2.4.
First, the relative importance of each criterion is as-
signed by the design team. Next, the alternatives are
rated according to their anticipated performance in the
criterion areas. Then, an alternative’s rating in an area
is multiplied by the assigned weight of that factor to
achieve a “score.” Finally, all of the scores for an
alternative are summed, and the alternative with the
highest score is the preferred solution. This procedure
has been used successfully on projects to select the
preferred pavement rehabilitation alternative.

Detailed Design. Once the preferred rehabilita-
tion method has been selected, detailed design plans,
specifications, and estimates are prepared. If a major
difference in design, cost, or condition occurs dur-
ing this phase, it may be necessary to reinvestigate
whether this alternative is still a cost-effective so-
lution.

Design of Pavement Structures
2.3.5 Summary

A logical procedure for selecting the preferred re-
habilitation method is presented in Figure 2.1. It pro-
vides the engineer with guidance in organizing and
evaluating the information available about the pave-
ment, identifying needs for further information and
evaluation, developing feasible rehabilitation alterna-
tives, and selecting the preferred alternative from
among these using sound engineering principles.

This step-by-step procedure can help the engineer
conserve time and money in selecting the rehabilita-
tion method which best meets the pavement’s needs,
satisfies all the project constraints, and reflects the
agency’s priorities concerning use of available funds,
performance demanded of the rehabilitation work, and
needs of the agency’s pavement network. If the proce-
dure is well-documented and tempered by good
engineering judgement, the selection of a particular
rehabilitation method for a project will be justifiable
to management and the public. Perhaps most impor-
tant, a systematic procedure for selecting rehabilita-
tion methods can move an agency away from the
traditional “‘standard fix”’ approach of rehabilitating
its pavements, toward a policy of custom designing
rehabilitation to truly meet the pavements needs.
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Illustrative Method of Selecting Rehabilitation Alternatives
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CHAPTER 3
GUIDES FOR FIELD DATA COLLECTION

3.1 OVERVIEW

This chapter provides guidance and background in-
formation relative to field data collection surveys and
measurements used in the rehabilitation process. Of
particular importance are:

(1) the interpretative techniques used with contin-
uously measured pavement variables along a
highway, such as deflection, serviceability in-
dex, skid number, etc., and the associated
methodologies that can be used to define the
boundary limits of relatively uniform analysis
units;

(2) the development and utilization of pavement
condition surveys;

(3) the development and utilization of drainage
surveys;

(4) the general considerations associated with
NDT (Nondestructive Testing) ~ deflections
(types of equipment, use and interpretation of
deflection results); and

(5) the use of destructive sampling and testing pro-
grams to augment field NDT.

3.2 THE FUNDAMENTAL ANALYSIS UNIT
3.2.1 General Background

When considering a major rehabilitation project,
pavement monitoring activities are undertaken to
obtain measurements, either continuous or discontin-
uous/point, which assess pavement response varia-
bles. Examples of pavement response variables are
deflection, serviceability index, friction number,
pavement condition indices, or even individual dis-
tress severities such as percent cracking, rut depth,
etc.

Figure 3.1 illustrates the typical plot of a response
variable as a function of distance along the highway
segment. Measurement of a response variable indi-
cates change from one location to another, with some
points experiencing changes of major magnitude. At
these points of significant change, the overall response

of the pavement segments on either side will be no-
ticeably different, as indicated in the figure.

The existence of deviation when measuring a pave-
ment can be traced to two major sources. The first
source of variation is termed ‘‘between unit variabil-
ity” and reflects the fact that statistically homogene-
ous units may exist within a given rehabilitation
project. The ability to delineate the general boundary
locations of these units is critical in rehabilitation be-
cause these units form the basis for the specific analy-
sis to be conducted. For instance, for the variable
response depicted in Figure 3.1, four separate rehabil-
itation studies may be warranted (i.e., four separate
overlay design thicknesses).

The other major source of variability is the inherent
diversity of the response variable within each unit,
thus called ““within unit variability.” Within unit varia-
bility is important because it relates to the eventual
rehabilitation design reliability obtained for a given
project.

Proper consideration of both between unit and
within unit variability has a positive impact on reha-
bilitation design which cannot be overemphasized. If
care is not exercised in the delineation of units and
their internal variation, gross inefficiencies in the re-
habilitation strategy will occur; every unit will either
be underdesigned (i.e., premature failure) or over-
designed (uneconomical use of materials).

3.2.2 Methods of Unit Delineation

Idealized Approach. In order to delineate a pave-
ment length, the engineer should isolate each unique
factor influencing potential pavement performance.
These factors are:

pavement type

construction history (including rehabilitation
and major maintenance)

pavement cross section (layer material
type/thickness)

subgrade (foundation)

traffic

pavement condition
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Under ideal circumstances, the engineer will use a
historic pavement data base to evaluate these factors.
Figure 3.2 illustrates how this information can be used
to determine analysis units that are characterized by a
unique combination of pavement performance factors.

The validity of the final units is directly related to
the accuracy of the historic pavement information

" available. If accurate records have been kept, this his-

torical data approach has more merit in delineating
unique units than a procedure which relies on current
observations of condition or performance indicators.
The reason for this is that changes in one or more
design factors (which indicate points of delineation)
are not always evident through observation.

When delineating pavement analysis units, the
most difficult factor to assess (without measurement)
is the subgrade (foundation) factor. While records may
indicate a uniform soil subgrade, the realities of cut-
and-fill earthwork operations, variable compactive ef-
fort drainage, topographic positions, and groundwater
table positions, often alter the in situ response of sub-
grades even along a “‘uniform soil type.”

Measured Pavement Response Approach. Fre-
quently, the engineer cannot accurately determine the
practical extent of the performance factors noted and
must rely upon the analysis of a measured pavement
response variable (e.g., deflection) for unit delinea-
tion. The designer should develop a plot of the mea-
sured response variable as a function of the distance
along the project. This can be done manually or
through computerized data analysis-graphic systems.

To illustrate this approach, Figure 3.3 is a plot of
friction number results, FN(40), versus station num-
ber along an actual highway system. While this exam-
ple uses deflection as the pavement response variable,
the procedure is identical for any type of pavement
response variable selected (i.e., pavement condition,
serviceability, rut depth, etc.).

Once the plot of a pavement response variable has
been generated, it may be used to delineate units
through several methods. The simplest of these is
visual examination to subjectively determine where
relatively unique units occur. In addition, several ana-
lytical methods are available to help delineate units,
with the recommended procedure being the *“‘cumula-
tive difference.”” This analytical procedure, readily
adaptable to computerized evaluation, relies on the
simple mathematical fact that when the variable Z,
(defined as the difference between the area under the
response curve at any distance and the total area devel-
oped from the overall project average response at the
same distance) is plotted as a function of distance

21

along the project, unit boundaries occur at the loca-
tion where the slopes (Z vs. X) change sign. Figure
3.4 is a plot of the cumulative difference variable (Z,)
for the data shown in Figure 3.3. For this example, 11
preliminary analysis units are defined. The engineer
must then evaluate the resulting length of each unit to
determine whether two or more units should be com-
bined for practical construction considerations and
economic reasons. The combination of units should be
done relative to the sensitivity of the mean response
values for each unit upon performance of future reha-
bilitation designs.

Appendix J describes the mathematical back-
ground and development of the cumulative difference
approach and uses the data presented in Figure 3.4 as
an example.

3.3 DRAINAGE SURVEY FOR
REHABILITATION

3.3.1 Role of Drainage in Rehabilitation

Distress in both rigid and flexible pavements is of-
ten either caused or accelerated by the presence of
moisture in the pavement structure. When designing
pavement rehabilitation, the engineer must investigate
the role of drainage improvements in correcting de-
clining pavement performance. It is also important to
recognize when a pavement’s distresses are not mois-
ture-related and, therefore, cannot be remedied by
drainage improvements.

The condition survey, an essential part of any
rehabilitation project evaluation, will often reveal
moisture-related distresses. Distress types in flexible
pavement which may be caused by or accelerated by
moisture in the pavement structure include stripping,
rutting, depressions, fatigue cracking, and potholes.
Moisture-related distresses in rigid pavements include
pumping, “D” cracking, joint deterioration, faulting,
and corner breaks.

Further, the condition survey may also show that a
pavement has suffered damage due to freezing and
subsequent thawing. Differential frost heave and
spring breakup (evidence of loss of support) both indi-
cate that the pavement structure retains excess mois-
ture in the winter months. In areas of the country
where cycling above and below freezing occurs
throughout the winter, pavements will often exhibit
distresses related to weakening of the support layers.
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SN({40) - Friction Number at 40 mph
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Figure 3.3. FN(40) Results Versus Distance along Project
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