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English

Metric

1 inch, in

1 foot, ft

1 yard, yd

I mile (U.S.)
1 mil

1 inch square, in’

1 foot square, ft®

1 yard square, yd*

I mile square (U.S.)

1 pound mass, Ibm or Ib
1 ton = 2000 Ib
1 slug

1 pound-force, 1bf
1 ton-force

1 pound per square inch, psi
1 kip per square inch, ksi
1 pound-force/square foot, psf

1 pound-mass per cubic foot, pcf
For asphalt overlays

100 pounds per square yard =
170 pounds per square yard =

2544 mm = 2.544 cm = 0.0254 m
304.8 mm = 30.48 cm = 0.3048 m
9144 mm = 91.44 cm = 0.9144 m
1,609 m = 1.609 km

0.0254 mm = 0.0000254 m = 0.0254 um
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CHAPTER 1

EXECUTIVE SUMMARY

The Michigan ADepartment of Transportation is the primary manager of the largest asset
investment made by the taxpayers in the State of Michigan, the transportation infrastructure.
An effective highway asset management requires proper control of the various highway

components (pavements, bridges, signs) and activities (design, construction, rehabilitation,
and maintenance).

Pavement design is one of the most important activities in providing a good pavement
structure at a minimum cost. Based on a critical review of both national and MDOT practice,
this report scrutinizes the MDOT flexible pavement design procedures and presents
recommendations and an implementation plan for improvement.

Pavements must provide two characteristic functions: good ride quality and adequate
structural capacity to resist deterioration due to traffic and the natural elements. In general,
the restoration of the pavement ride quality can be accomplished with a relatively cheap fix.
Restoration of the structural capacity is rather expensive. Therefore, pavements should be
designed to have good structural capacity and must be constructed to have a good ride
quality.

The AASHTO 1993 software (DARWIN) for the design of flexible and rigid pavements was
recently installed on PCs in all MDOT’s Regions and in Lansing office. MDOT uses a
version of the AASHTO procedure for the design of flexible and rigid pavements. The
AASHTO procedure is based on providing pavement with smooth ride. The structural
integrity of the pavement may not be assured. Based on a review of the AASHTO .
procedures, several shortcomings are cited and documented by the project team and various
state highway agencies. For all pavement materials (roadbed soil, sand subbase, aggregate
base, and asphalt concrete), the MDOT design engineers must assume or judgmentally assign
the values of the material properties (modulus and layer and drainage coefficients) which are
required as input to the AASHTO procedure. The main reason for these assumptions and/or
assignments is that MDOT lacks a comprehensive program whereby the properties of the
materials needed in the design procedure can be measured and verified.

Results of the evaluation of the current MDOT practice regarding flexible pavement design,
construction, and quality control indicate that the practice is based on several procedures,
standards, and specifications that are not necessarily compatible and/or complete nor do they
fully address pavement performance. Based on the evaluation, it was concluded that
improvement in the pavement design practice is long over due and the following
recommendation was made:



The various flexible pavement design procedures
and the design of asphalt overlays used by MDOT
be consolidated into a comprehensive and unified
process. The main objective of the new process
would be to optimize the life and performance of

the pavement and to minimize the life cycle costs.

The objectives of the recommended process include:

1.

A

Standardizing and unifying the MDOT practice regarding the design of flexible
pavements and flexible overlays.

Measuring and cataloging the engineering properties of the roadbed soils and the
paving materials.

Enhancing pavement management.

Improving the technical capabilities of MDOT.

Implementing the principles of total quality and teamwork.

Providing pavement structures with good ride quality and adequate structural
capacity.

Based on the objectives, an implementation plan was recommended so that the pavement is:

Designed on the basis of the measured engineering properties of the materials.
Constructed on the basis of providing the measured engineering properties and good ride
quality.

Monitored to detect differences between the assumed and the actual pavement life and
performance. ‘

Analyzed to provide feedback for improving the design process.

Managed to provide the maximum services to the users at the least possible cost.

The implementation plan consists of four components:

[wery

Continuing Education and Training;

Material Characterization including laboratory and field testing and inventory data;
Total Quality Teamwork including standards, specifications, and quality assurance/
quality control; and

Pavement Management including design procedures, pavement performance models,
and feedback.

A fully implemented mechanistic-based design process would result in MDOT measuring the
engineering properties of the materials and applying engineering principles to enhance its
ability to manage the transportation system and provide the users with better pavements at



reduced overall cost. However, the implementation of a mechanistic-based design process is a
long-term operation in that it cannot be accomplished by simply issuing an executive order or

by adoption. The successful implementation requires several short- and long-term steps
including:

Endorsement and continuous support
Commitment from all parties
Minimum initial investment in terms of resources and budget
Continuing investment in terms of
e continuing education (seminars, short courses, and training)
e increasing technical capability
e Standardization of the design, maintenance, rehabilitation, and material design processes
o Characterization of the various paving materials and roadbed soils to support decisions
regarding pavement design, maintenance, rehabilitation, and reconstruction
e Full utilization of the PMS data bank
e Possible organizational changes
o Utilizing QC/QA specifications to measure design parameters during and after
construction

The implementation of these steps may require additional costs in the short-term. The long-
term benefits however, should be cost saving, higher quality pavements, and enhanced
. capability of pavement management.



CHAPTER 2
RESEARCH PLAN

1.0 BACKGROUND

In 1985, the Michigan Department of Transportation (MDOT) recognized the need to assess
the advantages and disadvantages of changing its flexible pavement and overlay design
practices from an empirical-statistical method (i.e., AASHTO) to a mechanistic-based
approach. The change could provide more accurate predictions of the pavement design
service life (DSL) and better control of pavement performance relative to its design criteria.

Two important steps have been taken toward implementing a mechanistic-based design
method. The first was accomplished in 1990 when Michigan State University (MSU), under’
a contract, provided MDOT a linear and nonlinear finite element pavement design program
called MICHPAVE. MICHPAVE has gained notice nationally and internationally, but some
user-confidence concerns developed during trial use in MDOT. MSU is aware of these user’s
concerns and has developed a proposal to correct them. In 1995, MSU completed another
research project for MDOT that investigated causes and corrective measures for pavement
rutting. This contract also produced a backcalculation computer program, called
MICHBACK, to calculate layer modulus values using falling weight deflectometer (FWD)
deflection data. It is intended that MICHPAVE and MICHBACK will be the cornerstones for

any computer-based design and analysis of asphalt pavements and overlays in the forthcoming
mechanistic-based design era.

2.0 PURPOSE
The purposes of this report are to:

1. Summarize the problems encountered in the existing flexible pavement design practice
based on results of interviews conducted with engineers in the districts (regions) and
main office.

2. Summarize the advantages, disadvantages and, when possible, the benefits of
empirical and mechanistic-based methods for the design of flexible pavements and
asphalt overlays.



2. Present a plan for the implementation of mechanistic-based design process of flexible
pavements and overlays.

The report is organized in five chapters as follows:

e Chapter 1 - Executive Summary

e Chapter 2 - Research Plan

e Chapter 3 - Overview of National Practice Regarding Flexible Pavement and Flexible
Overlay Designs

e Chapter 4 - Evaluation of Michigan Practice Regarding the Design of Flexible Pavements
and Flexible Overlays

e Chapter 5 - Implementation Plan

3.0 TERMINOLOGY

Empirical design methods - An empirical pavement design method is a procedure based on a
statistically developed correlation equatidn between pavement layer thicknesses and traffic
volume. All empirical design procedures are based on a set of pavement data that is limited
to certain materials, environment, and traffic load factors. Empirical pavement design
methods are often modified based upon experience and opinions. The AASHTO design
method is one empirical design method.

Catalog-based design methods - Catalog-based design methods are procedures by which
pavement cross-sections (layer thicknesses) are tabulated according to various combination of
traffic volume, roadbed soil type, and environment. The design catalog could be generated
using empirical or mechanistic-based pavement design procedures.

Mechanistic-based design methods - Mechanistic-based design methods are used to determine
the cross-section (layer thicknesses) of asphalt pavements and/or the thickness of asphalt

overlays based on the mechanical properties (their responses to loads) of the paving materials
and subgrade soil.

Mechanistic-based design process - A mechanistic-based design process, on the other hand,
consists of a comprehensive and systematic set of procedures that address the various
practices and issues affecting pavement performance including pavement design, material
characterization, quality control', construction, and feedback.



Mechanistic-based processes for the design of flexible pavements and flexible overlays are an
integral and crucial part of good asset management. The relationship between good asset
management and mechanistic-based design processes is discussed in the next section.

40 PAVEMENT DESIGN PROCESS AND ASSET MANAGEMENT

The Michigan Department of Transportation is the primary manager of the largest asset
investment made by the taxpayers in the State of Michigan, the transportation infrastructure.

Asset management is a comprehensive and systematic process of designing, constructing,
maintaining, rehabilitating, upgrading, and operating physical assets in a cost effective
manner. This implies that asset management must combine engineering principles, sound
economic theory, and healthy business practices to provide tools to facilitate more organized
and logical approaches to both short- and long-term decision making.

Asset management requires sound, reasonable, and appropriate decisions based on solid facts.
To ensure resource optimization, good asset management must provide the decision makers

ready access to quantitative and qualitative data drawn from good engineering, accounting,

economics, services, risk, past data, and safety management systems. Asset optimization can
be achieved with:

1. Accurate estimation of needs (Pavement Conditions).
2. Complete knowledge of the various components of the asset (Inventory Data).
3. A factual prediction of future funding needs (Cost Data).

4, A state-of-the-art knowledge and application of engineering principles and technology

(The Design Process).
5. Complete knowledge of the required material properties (Material Characterization).
6. Efficient and sufficient resource allocation based on accurate and detailed data
(Program Strategy).



Thus, a good and comprehensive highway asset management requires proper control of
various highway components and activities. This may be achieved through the
implementation of compatible management systems such as Pavement Management System
(PMS), Bridge Management System (BMS), Maintenance Management System (MMS), etc.
Each of these systems must be based on accurate and sufficient data to aid the decision-

makers to arrive at accurate and balanced decisions. For example, an effective PMS must
include:

1. Complete Knowledge of the various physical components of the asset (i.e., asset

inventory).
2. An asset monitoring program.
3. A state-of-the-art assessment of the material properties used in the design of the

various physical components of the asset.

4, A comprehensive design process based on complete knowledge of the characteristics
of the materials and on the mechanics and causes of deterioration.

5. Preventive maintenance, rehabilitation, and reconstruction programs that are based
on proper management systems.

A mechanistic-based design process would be an important component of pavement
management and it would improve the overall asset management. To this end, a plan for the
implementation of balanced and comprehensive mechanistic-based design process for flexible
pavements and asphalt overlays was developed and is presented in Chapter 5 of this report.

5.0 PROBLEM STATEMENT

The Michigan Department of Transportation (MDOT) is evaluating a process to change its
design procedures for flexible pavements and overlays from one based on the AASHTO
Guide to a mechanistic approach. A formal comprehensive implementation plan is needed to
identify the steps necessary for the change to take place and be acceptable to all participants.
The plan would be presented to the Michigan Asphalt Paving Association (MAPA) for
endorsement and requires approval by the Department Engineering Operations Committee
(EOC).



6.0 PROJECT OBJECTIVES

The ultimate objective of this study is to formulate an implementation plan to produce a
design process that will provide the most economical (lowest life/cycle cost) pavement
structure or overlay that meets the design criteria. The design process should be based on
"mechanistic principles” that include the material's engineering properties and the actual
performance of the pavement over time. The modeling of historical pavement performance
data would provide the relationships (answers) as to how to adjust material properties to
achieve the desired results in performance. Such relationships (fatigue life and rut prediction
models), however preliminary, were developed and they are a part of the MICHPAVE
computer program. In a parallel project through the Pavement Research Center of Excellence
(PRCE), MSU will improve the accuracy of these relationships by using historical pavement
performance data. Nevertheless, the success and/or accuracy of any mechanistic-based design
process depend upon how well the department tracks the pavement performance and measure
its relationships to the pavement design process.

To optimize the benefits of the above objectives, the implementation plan must be designed
with the following aspects in mind:

1. Acceptability - The plan must be generally acceptable to MDOT and the pavement
construction industry.

2. Comprehensiveness - The plan must address the entire flexible pavement design
process and its impacts, if any, on existing policy and the working structure of the
department.

3. Flexibility - The plan must be flexible to incorporate new and unforeseen changes

such as new tests or new materials.

4. Congruity - The plan must be continuous but dynamic in nature to respond to the
changing needs of the various MDOT regions and the respective TSCs..

To this end, the implementation plan was developed through scheduled meetings with
engineers from MDOT (i.e., various Design Squads, Material Engineers, Bituminous

Engineers, Maintenance Engineers), and from industry (e.g., MAPA). The plan must
include:



A summary of the existing MDOT pavement design practices.

Short lectures/discussion regarding the AASHTO 1993 Design Guide and the
AASHTO DNPS86 and DARWIN computer programs (DNPS was used by MDOT
until 1996 where it was replaced by DARWIN). These may include:

a)

b)

d)

Discussion regarding the types and roles of the input parameters to the
AASHTO DNPS86 and DARWIN computer programs.

The sensitivity of the AASHTO outputs (layer thicknesses) to the range of
values of the input variables.

The role of ESAL and the load equivalency factors in the AASHTO Design
Guide.

The role and impact of the values of the AASHTO drainage coefficients on the
output (layer thicknesses) of asphalt pavement design.

The AASHTO performance model (the pavement serviceability index and the
pavement serviceability rating) and its relationships to the various input
parameters of the design process.

The reliability and accuracy of the AASHTO performance model and the
AASHTO design process.

Training seminars regarding the design steps, the various concepts, the advantages,
the benefits and costs, and the shortcomings of mechanistic-based design procedures.
The training topics include:

a)

b)

The required inputs in terms of traffic, material properties, drainage, design
and performance periods, and environmental factors.

The types of tests that must be conducted to properly measure the required
material properties.

The implication of the mechanistic design outputs (deflection, stresses, and



7.0

strains) and their acceptable limiting values (threshold values).
d) The sensitivity of the outputs (including layer thicknesses) to the range of
values of the input parameters.

Design examples whereby several actual pavement cross-sections will be redesigned
by using the existing pavement design practices, the developed pavement design
process and mechanistic-based design methods. This objective however, was not fully
realized because of the difficulties encountered in obtaining the engineering properties
of the roadbed soil and pavement materials.

Discussion sessions to compare the differences, advantages, benefits, costs, and
shortcomings of the AASHTO Design and the mechanistic-based design processes.

Deliverable

'The deliverable of this study is a comprehensive implementation plan that outlines the steps

necessary to achieve the project objectives. The plan focuses on the "why(s)" changes are
necessary and “how(s)” these changes can be implemented. The plan includes:

8.0

The needs and reasons for MDOT to study, develop, and adopt a comprehensive
flexible pavement design process (not only a design procedure) whereby the values of
the input parameters needed in the design procedure reflect the material quality that
would be used in the field.

The impacts of the actions of various offices and divisions of MDOT (e.g., design,
materials, construction, maintenance, traffic, etc.) on the pavement design process, in

general, and on the pavement life, in particular.

The benefits and costs of converting from a empirical to a mechanistic-based design
procedure.

Research Plan

The project objectives and the deliverables of this study were achieved through the execution
of several tasks that are presented below.
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Task 1 - Review, Plan Development, and Approval

In this task, a thorough review was made of the existing MDOT pavement design procedure
and its relationships to other MDOT activities (e.g., asphalt mix design, traffic, maintenance,
etc.). The capabilities of MDOT to obtain the proper material properties that are needed in
the AASHTO and in a mechanistic-based design procedure were also reviewed. The synopsis
of the review included:

-

1. A short summary of MDOT's existing and past design practices, and what has been
accomplished thus far to institute a changeover to a mechanistic-based pavement
design process.

2. Assessment of the perception of the MDOT design engineers of the current design
process and its advantages and disadvantages.

3. Evaluation of the current practices by which the required inputs to the design process
are obtained and/or specified.

4. Appraisal of the MDOT capabilities to measure the material properties that are needed
as inputs to the AASHTO and to the mechanistic-based design processes.

5. Estimation of the additional cost and/or saving that will be incurred by changing to a
mechanistic-based design process.

Task 2 - Implementation

Based on the results of Task 1 and coordination with the members of the Technical Advisory
Group (TAG) of this study, the steps that need to be taken by MDOT to achieve a full
implementation of a comprehensive design process and to realize its objectives were identified

and studied. These include:

1. Providing educational seminars on engineering principles relative to pavements,
‘pavement performance, and life/cycle cost analysis.

2. Instituting organizational changes as to how work is performed or decided.

11



3. Evaluating the relationships between the department's PMS and the pavement design
process and the impact of the changeover on the PMS and other activities of MDOT

such as asphalt mix design, maintenance, rehabilitation, and the project development
processes.

4. Determining the necessary modifications to MICHPAVE and MICHBACK computer
programs. Note that, MICHBACK in its current form is not able to do overlay

design.
5. Establishing trial projects to compare design methods.
6. Conducting additional research to develop performance models for calibrating

predicted service life with actual pavement service life values including the inclusion
of non-load related factors that cause pavement deterioration.

Task 3 - Cost Assessment

Costs and benefits for instituting the change to mechanistic design and analysis were assessed.
This assessment was based on cost information obtained from MDOT and the pavement
construction industry.

Task 4 - Reports

Throughout the project duration, quarterly reports were submitted to the TAG members. The
final draft final report was submitted for review and comments.

12



CHAPTER 3

OVERVIEW OF THE NATIONAL PRACTICE REGARDING
FLEXIBLE PAVEMENT AND FLEXIBLE OVERLAY DESIGNS

1.0 INTRODUCTION

Pavement performance is a measure of how well a pavement serves the users over time.
Hence, as shown in figure 3.1, pavement performance can be defined by the area between
the performance curve and the threshold value of the distress index (MDOT considers a
surface distress index of 50 as the threshold value). This implies that, although two
pavement sections may have the same performance life of 20 years, as shown in figure 3.1,
they may have substantially different performance levels, with the pavement having the
lower distress index over time providing better performance. Further, pavement
performance can be classified as functional performance which is based on the ride quality,
and structural performance which is based on the structural capacity (e.g., cracking and
rutting). In general, functional performance of a pavement section can be restored at a
* much lower cost than the restoration of its structural performance. Empirical pavement
design methods (such as the AASHTO method) address the functional performance of the
pavement. Mechanistic-based design methods, on the other hand, address the structural
performance of the pavement as well as the ride quality.

In order to assure reliable pavement performance, the design and construction of flexible
pavements and flexible overlays must be based on a comprehensive pavement design
process that addresses the various factors affecting the pavement performance. These
include: material characterization, the asphalt mix design and the pavement design
procedures, the quality assurance/quality control and construction practices, the as-
constructed pavement properties, the monitoring program, and feedback.

A successful pavement designer must be familiar with the various procedures, publications,
standards, and specifications relevant to pavement performance. For example, the designer
must be knowledgeable of the relationship between the asphalt mix design procedure and
specifications and the as-constructed asphalt concrete properties. If such relationship is not
known, reliable pavement performance cannot be assured and an important link in the
pavement design process is missing.
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In the next sections, general review of empirical and mechanistic design procedures is
summarized. As most State Highway Agencies (SHA) including MDOT use modified
versions of the AASHTO procedure for the design of flexible pavements and flexible
overlays, the basic AASHTO design procedure is summarized in section 3 of this chapter.

20 FLEXIBLE PAVEMENT DESIGN PROCEDURES

In general, the various available methods for the design of flexible pavement structures and
flexible overlays can be divided into two broad categories, empirical and mechanistic.
Although some engineers consider catalog design as a third category, in reality, all design
catalogs are based on either an empirical or a mechanistic method. Nevertheless, each
design category has its advantages and disadvantages and each can lead to erroneous

results. Some important considerations regarding each design category are presented in the
next two subsections.

2.1 Empirical Flexible Pavement Design Procedures

Empirical pavement design procedures are derived from experience or observation alone,
often without detailed consideration of system behavior or pavement theory. Empirically
derived relationships relating performance, load, and pavement thickness for a given
geographical location and climatic condition are the basis for many empirical design
methods. These methods or models are generally used to determine the required pavement
layer thicknesses, the number of load applications required to cause failure or the
occurrence of distress due to pavement material properties, subgrade type, and
environmental and traffic conditions (1 through 6).

One advantage in using empirical models is that they tend to be simple and easy to use.
Unfortunately, they are usually only accurate for the exact range of conditions for which
they have been developed. They may be invalid outside the range of variables used in the
_ development of the method. In addition, the engineering interpretations of most purely
empirical equations are-meaningless and/or misleading. The AASHTO, Corps of
Engineers, Louisiana, and Utah design methods are among a large family of empirical
pavement design methods that were primarily developed on the basis of observed field
performance (1). Since MDOT uses a modified version of the AASHTO design method,
its advantages and disadvantages are summarized in section 3.0 below.
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Some SHA developed catalogs for the design of flexible pavements and flexible overlays.
The development of the catalog was based on experience and observation of paver‘nént
behavior. In such catalog, the thicknesses of the various pavement layers and the type of
the asphalt mix to be used are selected on the basis of traffic volume, subgrade type, and
geographical location (environment). For example, a design catalog may specify a total
pavement thickness (the thickness of the subbase, aggregate base, and asphalt layers) equals
to the depth of frost penetration. This assures the protection of the roadbed soil against
frost heave and potholes. In a few design catalogs (such as the Asphalt Institute) the
pavement cross-section is determined on the basis of mechanistic concepts: traffic volume,
subgrade type, materials, and environment. Similarly, several empirical procedures exist
for the thickness design of flexible overlays. For example, the AASHTO overlay thickness

- design method requires the estimation of the remaining life factor of the existing pavement.

This factor can be estimated using various procedures presented in the 1993 AASHTO
design guide. However, the experience of many state highway agencies has indicated the
inadequacy of the overlay design procedure due to the lack of sufficient guidance to
estimate the remaining life factor (1, 5, 8).

2.2  Mechanistic-Based Flexible Pavement Design Procedures

Most existing mechanistic-based design procedures use two types of analysis, mechanistic
and empirical. The mechanistic analysis is typically based on a theory (e.g., the elastic
theory, the viscoelastic theory) and the engineering properties of the paving material. The
empirical analysis is based on observations of pavement performance correlated to one or
more of the mechanistic behaviors of the pavement structures. Thus, the basic differences
among existing mechanistic-based design procedures are:

1. The type of theory employed in the mechanistic analysis.

2. The empirical (statistical) models used to predict pavement performance or
pavement life.

A proper pavement performance prediction model that yields reasonable engineering
interpretations is typically based on the mechanistic responses (stresses, strains, and
deflections) of the pavement structure due to a passing wheel load. The performance
models can be obtained using two approaches, statistical and theoretical. The statistical
approach consists of relating the calculated pavement mechanistic responses to the observed
pavement distresses (These are called mechanistic-empirical models) (1). The theoretical
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approach, on the other hand, models the pavement structure and its boundary values, and
the load related distresses (e.g., rutting and alligator cracking) using various available
theories (1, 5). The main disadvantage of the theoretical approach is that it tends to be
complicated and it requires substantial material and boundary value inputs that are not
available or are not measured by most state highway agencies (SHAs). The main
advantage of the mechanistic-empirical models, on the other hand, is that the required
inputs are readily available in most SHAs. Hence, such models can be developed using data
from the pavement management system (PMS) data bank that contains pavement distress
data and the necessary material properties to calculate the mechanistic pavement responses.

For any pavement section, the mechanistic response due to an applied load cannot be
determined unless data relative to the pavement section in question, the engineering
properties of the paving materials, the environment, and loads are known. Unfortunately,
some of these data are not available in most SHA files. Consequently, procedures need to
be developed and adopted to determine the values of the necessary but missing data
elements. Such procedures must be comprehensive in nature and must address the
pavement structure as an integral structural system not as separate and independent layers.

Currently, mechanistic-based pavement performance prediction models have certain
limitations. For example, no models are available where the pavement roughness,

stripping, or raveling can be accurately predicted. Such models need to be developed based
on the PMS distress data.

3.0 THE 1993 AASHTO FLEXIBLE PAVEMENT DESIGN PROCEDURE

The AASHTO pavement design method for flexible pavements is based on results obtained
from the AASHO Road Test conducted in the late 1950's and early 1960's in northern
Illinois. The method is purely empirical and relates pavement performance measurements
and the loss of serviceability directly to traffic volume and loading characteristics, the soil
support value (SSV) of the subgrade or roadbed soil', layer coefficients, and environmental
factors that were present at the road test. The methods (design equations) have been

!'The 1993 AASHTO design procedure replaced the soil support value (SSV) by the resilient modulus of the
roadbed soil. The resilient modulus can be defined as the ratio of the applied repeated stress (cyclic stress) to
the recoverable strain of the sample. Hence, the resilient modulus of a material is equivalent to its elastic

modulus. The former is typically obtained using a repeated load (simulating traffic action) and the latter using
a static load.

17



generalized to make them applicable to broader sets of design variables (1, 5). Recently,
the AASHTO design equations were enhanced to include design reliability, the resilient
modulus' of the roadbed soil, material variability and drainability, and construction quality.
Furthermore, the pavement performance limits can be adjusted for environmentally-
induced losses of serviceability such as frost heave. It should be noted that the AASHTO
design Guide expresses pavement performance in terms of the initial (after construction)
and terminal Present Serviceability Indices (PSI).

The pavement structure can be designed by using two evaluation periods: a performance
period and an analysis period. The performance period is that period of time between
construction and the first rehabilitation (e.g., overlay). The analysis period may include
several performance periods. Thus, the analysis period is either equal to or longer than the
performance period. The proper use of the performance and analysis periods depends on
the agency policy. For example, if the agency practice is to build pavements for a 20-year’
period and then overlay the pavement for another 8 years, then a performance period of 20
years and an analysis period of 28 years should be used. Otherwise, if the state practice is
to reconstruct the pavement after the 20-year period, then the performance and analysis
periods should be set at 20 years.

The working of the 1993 AASHTO design procedure can be summarized in two steps:

Step 1 - The Required Structural Number (SN) - In this step, the 1993 AASHTO main
flexible pavement design equation (equation 1) is used to calculate the structural
number (SN) of the pavement. According to the 1993 AASHTO Design Guide, the
calculated structural number (SN) represents the structural capacity of the pavement
that is required to protect the roadbed soil from damage due to the given traffic
(ESAL). The form of the AASHTO equation is stated below. It can be seen that the
required structural number (SN) of the AASHTO design procedure is affected by 5
variables: the number of ESALS, the design reliability, the standard deviation, the loss
of serviceability, and the resilient modulus of the roadbed soils).

Equation 1
APSI
B22-15
log, ( ESAL) = Z, * S, +936*log,,(SN +1)—02+ T +232*logy M, 807
0.40+—5—15
(SN +1)*
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where: log,, = base 10 logarithm;
ESAL = the number of total equivalent single axle load that is
expected to travel the pavement in the specified design

period;

Zy = standard normal deviate corresponding to a selected level
of reliability;

S, = overall standard deviation;

APSI = serviceability loss during the design period;

My = the resilient modulus of the roadbed soil (psi); and

SN = the required structural number of the pavement.

Step 2 - Layer Thicknesses - In this step, the AASHTO procedure uses the following
equation to obtain the required layer thicknesses for the given SN from step 1.

SN = alDlml + a2D2m2 + a3D3m3- ’ - (2)
OR

SN = SN, + SN, + SN,

where: a;, a,, and a, = the layer coefficients of the asphalt concrete, aggregate
base, and subbase layers;
D,, D,, and D, = the thicknesses of the asphalt concrete, aggregate base, and
subbase layers;
m,, m,, and m, = the drainage coefficients of the asphalt concrete, aggregate
base, and subbase layers; and
SN, SN,, and SN; = the structural numbers of the asphalt concrete, aggregate

base, and subbase layers.
Thus, SN, = a,D;m,; SN, = a,D,m,; and SN; = a,D,m,

In a typical pavement design exercise, the pavement designer must know the values
of the layer and drainage coefficients of each pavement layer; the thickness of each
layer, however, is unknown. Since the equation has three unknowns (D,, D,, and
D), the AASHTO procedure uses layer analysis in three substeps to calculate the
thickness of each layer. The working of the three substeps is explained below.
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Substep 2.1 - The Thickness of the Asphalt Concrete (D,) Layer - In this substep,
the AASHTO procedure uses the main design equation (equation 1)
where the resilient modulus of the roadbed soil is replaced by the
resilient modulus of the aggregate base. This assumes that the
aggregate base is the roadbed soil and the pavement consists of asphalt
concrete (AC) layer only. Thus, the main equation produces the
required structural number of the AC (SN)) or (a,D;m,) to protect the
aggregate base from the given traffic. Knowing SN, the thickness of
the AC (D,) can be calculated.

Substep 2.2 - The Thickness of The Aggregate Base (D,) Layer - In this substep,
the AASHTO procedure uses the main design equation (equation 1)
where the resilient modulus of the roadbed soil is replaced by the
resilient modulus of the subbase layer. This assumes that the subbase
layer is the roadbed soil and the pavement consists of AC and
aggregate base layers. Thus, the main equation produces the required
structural number of the AC and aggregate base layers (SN, + SN,)
or (a,;Dym,+ a,D,m,) to protect the subbase layer from the given
traffic. Knowing D, from the previous substep, the thickness of the
aggregate base (D,) can be calculated.

Substep 2.3 - The Thickness of The Subbase (D;) Layer - In this substep, the
AASHTO procedure uses the main design equation (equation 1) along
with the value of the resilient modulus of the roadbed soil. The
equation produces the required structural number (SN = SN, + SN,
+ SN,) or (;D;m, + a,D,m, + a,D;m,) of the AC, aggregate base,
and subbase layers that is needed to protect the roadbed soil from the
given traffic. Knowing D, and D, from the previous two substeps, the
thickness of the subbase layer (D,) can be calculated.

For each pavement layer, the values of the resilient modulus and the layer coefficient are
inputs into the AASHTO procedure. The AASHTO Design Guide provides several charts
that correlate the values of the resilient modulus of each layer to the layer coefficient. In

addition, the AASHTO guide provides the following three equations for the calculation of
the layer coefficients.

For the AC layer: a, = 0.4{log,((E,c/435)] + 0.44
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For the aggregate base layer:  a, = 0.249[log,,(E,,..)] - 0.977

For the subbase layer: a; = 0.227[log,o(Equppase) - 0.839
where- E,c = the resilient modulus of the AC measured at 68°F (ksi);
E,,. = the resilient modulus of the base-material (psi); and

Eimase = the resilient modulus of the subbase material (psi).

Furthermore, the 1993 AASHTO Design Guide provides detailed guidelines relative to
estimating the value of the drainage coefficient (m;) of each layer based upon two pieces of
information:

1. A descriptive assessment (excellent, good, fair, poor, and very poor) of the quality
of drainage of the layer. The assessment is based on the time it takes for water to -
drain out of the layer.

2. The percent of time during the year that the layer in question or the pavement
structure would normally be exposed to moisture levels approaching saturation
(e.g., spring condition).

It should be noted that the value of the drainage coefficient (m,) for conditions at the
AASHO Road Test is 1.0, regardless of the type of material.

One very important observation must be noted: because of the mathematical nature of the
structural number equation (SN = a,Dym, + a,D,m, + a,D,m,), lower values of the
drainage coefficient results in greater layer thickness. From the engineering point of view,
the quality of drainage cannot be substituted by increasing layer thickness. The decision of
whether or not to improve material drainability must be based on the cost and benefits of
such improvement. The cost includes the higher cost of better material or the cost of
installing edge drain. The benefits include better pavement performance, longer service
life, and reduced user costs by decreasing the frequency of pavement closure due to
maintenance and/or rehabilitation actions.

4.0 OBSERVATIONS REGARDING THE AASHTO DESIGN EQUATIONS

Although the 1993 ASHTO design procedure is empirical in nature and is easy to use, the
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user (the pavement designer) must be very experienced and must possess very detailed
knowledge regarding pavement performance and behavior. The reason is that the AASHTO
design procedure often yields misleading results or conveys a misleading message. To aid

the pavement designer, several observations regarding the use of the 1993 AASHTO design
procedure are presented below. |

The structure (the two steps presented in the previous section) and the working of the
AASHTO design procedure have several very serious implications. These include:

1. The total structural number (SN) of the pavemeht calculated by using the AASHTO
main design equation (equation 1) is the SN required to protect the roadbed soil and
to carry the traffic during the design period for a certain serviceability loss. That is,
according to the AASHTO procedure, the required SN is independent of the
properties of the pavement materials. Stated differently, the AASHTO procedure
suggests that any pavement structure built using any equivalent combinations of
materials and layer thicknesses will provide the same pavement performance over
the design period provided that the SN of the pavement is the same as that
determined by using equation 1. Unfortunately, field data from the State of
Michigan and other states do not support this assumption.

For example, it is well known that an asphalt concrete with 3 percent air voids will
perform much better than the same mix but with 12 percent air voids (low
compaction). The latter will most likely experience severe premature rutting,
stripping, and raveling. The AASHTO procedure compensates for the high air voids
by increasing the thickness of the AC. Experience dictates that such a solution is
not reasonable and does not work.

2. The AASHTO structural number equation and the working of the layer analysis to
calculate layer thicknesses lead to the following:

a) An AC thickness that is independent of the type, quality, and drainability of
the subbase layer and the roadbed soil. It depends on the traffic volume

(number of ESAL), and the resilient modulus values of the aggregate base
and AC layers.

b) A base thickness that is independent of the type and quality of the AC layer
and the roadbed soil. It depends on the traffic volume and the resilient
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modulus values of the subbase layer and the aggregate base and on the
drainability of the aggregate base.

c) A subbase thickness that is independent of the type and quality of the -
-aggregate base and AC layers. It depends on the traffic volume, and on the
resilient modulus of the subgrade and the modulus and drainability of the
subbase layer.

3. The AASHTO procedure suggests that the total structural number of any
flexible pavement section is the sum of the structural numbers of its layers (SN =
SN, + SN, + SN,). For each layer, the structural number is simply the product of
its thickness, layer coefficient, and drainage coefficient (SN; = aD;m;). Thus, no
interaction between the pavement layers is considered. Further, any pavement layer
influences the layer directly above it. It does not affect the layer directly below it.
The distribution of an axle load applied at the pavement surface to the lower layers
is a function of the material thickness, stiffness, degree of saturation, and quality.
For example, a truck could be driven on a dry roadbed soil without much difficulty.
When the same roadbed soil is saturated (spring thaw), the wheel of the truck may
penetrate the soil up to the axle regardless of the thickness of the roadbed soil.
Similaﬂy, a 4-inch thick and stiff asphalt concrete layer will spread the load to a
much wider area than a 4-inch thick and soft asphalt concrete layer. Hence, the
aggregate base under the former will be subjected to a lower stress than under the
latter. The higher stress will result in a lower performance. Stated differently, the
AASHTO design procedure treats the pavement layers as “equal but independent”
entities rather than one integral system. Experience dictates that defects in lower
layers are reflected through upper ones and that defects in the upper layers cause
premature deterioration in the lower ones. The pavement designer must have
substantial experience and must use engineering judgement to decide whether or not
the AASHTO procedure is producing an adequate or an optimum pavement cross-
section for the given cost.

To overcome this problem, several State Highway Agencies have established, for
each traffic category or pavement class, a standard flexible pavement cross-section.
Although standard cross-sections alleviated one problem, they created a much larger
one. Since standard cross-section are based on the experience of those individuals
who designed, constructed, and observed pavement performance over an extended
period of time, the practice deprives new pavement engineers of the challenge of
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engineering the pavements. Because new engineers are not adequately trained on
the fundamentals and principles on which standard pavement cross-sections are
established, the problem is compounded when the experienced individuals retire

from the agency or when one of the fundamentals or principles change (e.g., new
material).

As stated in equation 1, the AASHTO main design equation is written in terms of
the expected 18-kips ESAL, design reliability and standard deviation, the
serviceability loss, the required structural number (SN), and the resilient modulus of
the roadbed soil. The value of the constant in front of the resilient modulus is
“2.32”. This value remains the same when the layer analysis (substeps 2.1 through
2.3) is carried out. That is the constant is equally applied to the resilient modulus of
the aggregate base, sand subbase, and clay subgrade. Furthermore, if the subgrade
material is drainable or not, the value of the constant does not change. For this
reason, the AASHTO procedure will produce unreasonably large subbase thickness
for a low value of the roadbed modulus. For example, for a roadbed modulus of 10
psi (practically water), the required thickness of the subbase is about 20-feet. Thus,
the AASHTO method implies that pavement can be build on a 10-psi material. For
such modulus value, a proper or rational design procedure should produce a
warning not a 20-feet thick subbase.

One important point that should be noted here is that the AASHTO flexible
pavement design procedure is empirical in nature. Its inherent distress mode is
serviceability (ride quality). Hence, the use of the AASHTO method to produce rut
and fatigue cracking resistance pavements is problematic and costly. In general,
when the ride quality of a pavement decreases, it could be restored using a low-cost
fix. However, when the structure of the pavement is weakened (fatigue cracking or
rutting), the options to restore the structural capacity are much more expensive.
Thus, engineering common sense dictates that the pavements should be designed
with adequate structural capacity to resist load-related distress such as fatigue
cracking and rutting and then constructed to provide good ride quality.

Finally, the effect of the drainage coefficient on the total structural number is
inadequate. For example, one can assign a drainage coefficient to the subbase of 0.8
and a drainage coefficient to the aggregate base of 1.2 or vice versa. In reality, the
two values must be dependent. A saturated subbase layer will also cause full or
partial saturation of the aggregate base. Thus, the pavement designer must be
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aware of this issue because the AASHTO Design Guide does not provide any
guidance relative to the assignment of the drainage coefficient. Finally, despite the
AASHTO message that the problem of poor drainage can be resolved by using
thicker layer, higher layer thickness is not and must not be taken as a solution for
bad drainage.

Because of the nature of the AASHO Road Test experiment, the present AASHTO model
contains several deficiencies and limitations. These include:

1. The AASHTO model may be narrowly applicable to the northern Illinois climate
and the specific subgrade and paving materials used at the AASHO Road Test.

2. The AASHTO model is based on an accelerated procedure for accumulating
traffic, which includes only two years of environmental effects in conjunction with
several years of traffic load.

3. The AASHTO model is based on the ride quality (roughness or serviceability) of
the pavement surface. The model does not address the structural capacity of the
pavement or its response to load.

4, The AASHTO procedure cannot be used to estimate the potentials for rutting and
fatigue cracking or other types of structural distress.

5. The AASHTO model allows the substitution of good quality materials by inferior
ones.

The above deficiencies and other problems associated with the implementation of the
AASHTO flexible pavement design procedures have been recognized by State Highway
Agencies (SHA). To overcome the problems, some SHAs adopted standard cross sections
for flexible pavements based on past experience. Others developed roadbed soil catalogues
to estimate the soil support value (SSV). Still others established pavement sections based on
highway classification and the average daily truck traffic (ADTT). These actions resulted in
a state-of-the-practice that is different from one SHA to another. The differences stem from
the fact that the material properties used by the various states are different and that the
pavements are subjected to different load and climatic conditions.

For overlays, the state-of-the-practice for most SHAs consists of assigning the thickness of
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the flexible overlay based on experience and available resources. Recently, some agencies
(including Arizona, California and Illinois) have adopted mechanistic-based procedures to
determine the thickness of the overlays using nondestructive deflection test data. These
agencies have also reported that mechanistic-based design of overlays has resulted in an
increase in the pavement se