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Abstract

The new Mechanistic-Empirical Pavement Design Guide (MEPDG) provides a stateof-the-art and practice pavement design procedure that eradicates the AASHTO 1993
empirical design procedure deficiencies. Huge advancements with respect to traffic
input, material characterization and environmental impact are incorporated in the
MEPDG.
The AASHTO 1993 design procedure is based on empirical equations derived from
the AASHO Road Test conducted in the late 1950’s in a test track in Ottawa, Illinois.
The test provided very useful information for the design of pavement at that time.
However, with the present advancement in materials and dramatic increase in traffic
volumes, this empirical design procedure started to show massive drawbacks.
The MEPDG is a more comprehensive design procedure that incorporates
sophisticated models for pavement response calculation, material properties variations
with respect to environmental conditions and pavement performance predictions. The
mechanistic part of the design procedure is the pavement response calculation and the
empirical part of the method is the pavement performance prediction. Incorporating
these models allows the MEPDG of producing pavement design sections that are costeffective and perform better than those designed using the AASHTO 1993 design
procedure for a given life span.
With the initial introduction of the MEPDG in 2004, almost every State Highway
Agency (SHA) in the United States and several road authorities around the world
exerted efforts to understand and plan to implement the MEPDG according to their
own local conditions. It was hence found necessary to explore the new design
procedure according to Egyptian local conditions. The objectives of the research is to
prepare a body of accurate and readily usable environmental data for Egypt for
MEPDG input, compare the effectiveness of both design methods and assess the
sensitivity of MEPDG predicted performance with respect to variations in inputs.
Weather data files for major Egyptian cities were extracted from available data
sources and prepared for direct input in the MEPDG. The preparation of data was
iii

done using a computer application especially developed in this research program to
comprehensively and rationally complete this task. A comparative study was then
done between the two design methods. Five pavement sections were designed using
the AASHTO 1993 design procedure and then evaluated using the MEPDG for three
traffic levels. These five sections were chosen to best represent the majority of Egypt.
A sensitivity analysis was then conducted to investigate the predicted behavior of
fatigue cracking and rutting with respect to variations in environmental conditions,
traffic levels, AC layer thickness and properties, granular base (GB) layer thickness
and subgrade strength.
Comparing both design methods revealed that pavements designed under the
AASHTO 1993 do not perform equally at the end of their design life. Terminal
Present Serviceability Index (PSI) values are different for different traffic levels and
locations. Predicted fatigue cracking and rutting showed a similar trend to terminal
PSI values. The AASHTO 1993 was also found to over-estimate pavement layers
thicknesses. Predicted fatigue cracking showed high sensitivity to design inputs under
the scope of the study. Environmental conditions and traffic loading were also found
to be the most influential input parameters on the selected pavement performance
indices. Unexpected results for predicted rutting lead to further investigation and
MEDPG rutting prediction model was evaluated with respect to an Egyptian rutting
prediction model. Rutting prediction model adopted by MEPDG produced lower
values for permanent strain compare to the Egyptian rutting model and further
calibration for the MEPDG rutting prediction model was found necessary.

Keywords: Pavement Design, MEPDG, AASHTO 1993, Comparative Study,
MEPDG Implementation in Egypt, Environmental Data, Serviceability, Sensitivity
Analysis, Fatigue cracking, Rutting
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Chapter 1: Introduction

1.1.

Flexible Pavement Structural Design in Egypt

Roads constitute an important element in the infrastructure of Egypt. Industry highly
depends on roads in several daily activities that build up the nation’s economy. In
order to serve its function, pavement should be designed to sustain the daily loads,
environmental conditions and at the same time provide the required performance for
its design life span.
In 1998, Housing and Building National Research Center (HBRC) issued the first
edition of the Egyptian Code for Urban and Rural Roads consisting of ten parts, of
which the sixth presents the pavement structural design for roads. The second edition
was issued 2008 having several enhancements and updates. The American
Association of State Highway and Transportation Officials (AASHTO) 1993
pavement design procedures for flexible pavement is the design method adopted by
the Egyptian code. The code splits Egypt into two regions: Northern Region and
Southern Region and provides typical design values for layer thicknesses for each of
the two zones with respect to different material properties and traffic loading (ECP
No.104, 2008).

1.2.

Limitations of the AASHTO 1993 Pavement Design Method

The AASHTO 1993 Pavement Design Method adopts an empirical approach to
design flexible pavement (ECP No.104, 2008). Layer thickness calculations are based
on empirical equations derived from the findings of the well-known AASHO Road
test conducted late 1950’s and early 1960’s in Ottawa, Illinois in the United States of
America. Due to its empirical nature, several limitations exist that lowers the
credibility of layers thicknesses produced by the method. Limitations emanate from
empirical equations that were developed according to one type of subgrade, a single
environmental condition and specific range of traffic loading and material
characterization. These factors are all directly related to the location of the AASHO
Road Test. Layer thicknesses calculated from inputs of values significantly beyond
1

those used for the AASHO Road test are highly questionable and inconsistent. A more
sophisticated generic design method was hence required to encounter for all possible
factors that may affect a pavement structure regardless of the location of the design
section.

1.3.

Introduction of MEPDG

In 2008, AASHTO issued an interim edition of the Mechanistic-Empirical Pavement
Design Guide (MEPDG): A Manual of Practice. The guide presents a state of the art
pavement design methodology based on mechanistic-empirical pavement design
principles. The issued guide was developed under the National Cooperative Highways
Research Program (NCHRP) project 1-37A and several projects afterwards. The
project was initially completed in 2004 when the guide was issued for public review
and evaluation. The main purpose for developing the guide was to eliminate
conceptual deficiencies present in current design procedures and provide an integrated
pavement design procedure (AASHTO, 2008).
A major successful component of the guide is the companion software that consists of
several sophisticated models that calculates pavement response and predicts pavement
performance. The software allows for three input levels depending on the availability
of input data as well as input for calibration coefficients for local pavement
performance conditions. The guide also provides design procedures for both flexible
and rigid pavement as well as restoration and overlay designs. Since its early issuance
in 2004, several State Highway Agencies (SHA’s) in the US started the evaluation
process of the guide, setting implementation plans and many studies were conducted
(AASHTO, 2008).

1.4.

Problem Statement

The newly introduced pavement design procedures by AASHTO, MEPDG, consists
of several sophisticated models and hence, requires much more and different inputs
than those required for the AASHTO 1993 design procedure. Major inputs are for
traffic, material characterization and environmental conditions. It is clear from the
literature that a vast number of studies were conducted by many highways agencies to
prepare these inputs and to understand the behavior of the MEPDG with respect to
2

their specific local conditions. Care should be taken in the use of the MEPDG so as
not to obtain misleading results. In other words, it was found necessary to explore the
MEPDG fully and prepare its detailed required inputs prior to implementation and to
make use of the advantages provided by the guide. In the light of such observation, it
was found necessary as well to explore the MEPDG through the attempt to prepare
the required inputs, understand the guide’s behavior and evaluate its pavement
performance prediction for implementation purposes in Egypt.

1.5.

Objectives of the Research

The objectives of this research are to:
1. Prepare a body of accurate environmental data for Egypt readily usable for input
in the MEPDG software,
2. Define comprehensively the conceptual differences between the AASHTO 1993
design procedure and the MEPDG, and
3. Assess the behavior of the MEPDG with respect to prediction of pavement
performance according to Egyptian conditions.

1.6.

Approach

The following studies are adopted to meet the objectives of the research:
1. Weather data for Egyptian weather stations is to be collected, prepared, and
formatted for input in the MEPDG software
2. Comparative study between the AASHTO 1993 and MEPDG
3. Sensitivity analysis for MEPDG major inputs to observe the influence of
variations on predicted pavement performance.
4. Evaluation of the rutting prediction model for Asphalt Concrete (AC) adopted by
the MEPDG in comparison with an Egyptian developed rutting model.
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Chapter 2: Overview of Flexible Pavement Design
Principles

2.1.

Introduction

Pavement design at its early beginnings before the 1920’s was dependent mainly on
providing pavement layer thicknesses to protect subgrade against shear failure.
Experience in previous projects played an important role in the evolution of several
design procedures based on shear strength. (Huang, 2004)
As time passed, important factors other than subgrade shear resistance came into the
picture and their evaluation was essential for optimum pavement design. That’s when
pavement performance was introduced through ride quality and the evaluation of
other surface distresses that increase the rate of deterioration of pavement structure.
Serviceability of pavement became the focus for pavement design procedures where
test tracks were used for experiments to quantify such measure. The AASHO road test
conducted in the late 1950’s provided the basis for the evolution of the AASHTO
design guide (Huang, 2004).
Empirical methods evolved from test track experiments to provide systematical
methods for pavement design based on field testing and findings. Such methods
provided results of good accuracy but are limited to the site conditions and the
materials used for the derived equations (Schwartz & Carvalho, 2007).
With the advancement in materials’ technology, new methods were introduced for
protecting the subgrade. The newly introduced materials came with their own failure
modes that had to be incorporated into the design procedures. The isotropic linear
elastic theory was not appropriate in that case and the presence of nonlinearities,
temperature and time dependency necessitated the introduction of advanced modeling
to predict pavement performance mechanistically. The introduction of a new design
procedure was of the essence. A design procedure based on theories of mechanics
that relates pavement structural behavior and performance to traffic loading and
environmental conditions seemed to be the suitable approach. In spite of the huge
4

efforts exerted with regards of producing a fully mechanistic performance procedure,
no such procedures are available for application.
However, a mechanistic-empirical approach was introduced to act as an intermediate
stage towards a fully mechanistic design procedure. Mechanistic-empirical approach
is a hybrid approach that uses empirical models to fill the gaps between the
mechanistic theory and the pavement performance. Mechanistic models function well
in calculating pavement responses to loading such as stresses and strains but cannot
predict pavement performance directly, and empirical transfer functions shall be used
for appropriate correlation.
The objective of this chapter is to have an overview on advancements in flexible
pavement design procedure where two major procedures are presented: empirical
methods and mechanistic-empirical methods.

2.2.

Empirical Methods

Empirical approaches are usually used when it is difficult to define the cause-andeffect relationships of a phenomenon. In an empirical design approach, observations
are used to relate inputs and outputs of pavement design and performance. It is hard to
find a rational scientific basis for the developed relationships; however engineering
reasonableness and logic must be met.
In the mid-1920’s, the first empirical methods were developed in conjunction with the
first soil classification. In 1929, a method using the California Bearing Ratio (CBR)
strength test was developed by the California Highway Department (Porter, 1950,
after Huang, 2004), where the material’s CBR value was related to the required
thickness to protect the subgrade against shear failure. Then, this method was
developed by U.S. Corps of Engineers (USCE) in World War II and later became the
most popular design method. The first soil classification system to be published was
the Public Roads authority (PR) (Hogentogler & Terzaghi, 1929, after Huang, 2004).
The Highway Research Board (HRB) modified this classification, where soils were
grouped in 7 categories (A-1 to A-7) with indexes to differentiate soils within each
group. The subbase quality and total pavement thickness were then estimated.
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With the introduction of new materials to improve the pavement performance and
smoothness and due to the increase in traffic loading and vehicle speed, shear failure
was no longer the governing criterion.
Measuring pavement surface deflection was the first attempt to consider a structural
response as a quantitative measure of pavement structural capacity. In 1947, Kansas
State Highway Commission used Boussinesq’s equation , along with limiting the
deflection of subgrade to 2.54mm (0.1in), to estimate the pavement layer thickness.
Later on, other methods were developed that incorporated strength tests. Given that
deflection is easy to measure in the field, it was attractive for practitioners to use it as
a failure criterion although failures in pavement are more likely to happen due to
excessive stresses and strains rather than deflection (Schwartz & Carvalho, 2007).
It was realized that pavement performance was of great importance to a pavement
system and the link between it and design inputs must be investigated. In the 1950’s,
experiments conducted in tracks gave a better perspective for linking design inputs to
performance data through regression models. The empirical AASHTO method based
on the AASHO road test is the most widely used method today. The AASHTO design
equation is a regression relationship between the number of load cycles, pavement
structural capacity and pavement performance measured in terms of serviceability.
The serviceability index is based on surface distresses commonly found in pavements.
In addition to test tracks, regression equations can also be developed using
performance data from existing pavements (AASHTO, 1993).
The main disadvantage of regression models is that they are limited for application in
conditions similar to those for which they were developed. Although they provide
better understanding for pavement performance, their limited consideration of
materials and construction data result in much uncertainty.

2.3.

Mechanistic-Empirical Methods

A step forward in the design of pavement is the mechanistic-empirical (M-E)
approach. The stresses and strains induced in pavement system due to traffic loadings
and environmental conditions are calculated using theories of mechanics. Empirical
transfer functions are then used to relate the calculated responses to the resulted
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distresses. To limit the permanent deformation on the top of the subgrade, Kerkhoven
& Dormon 1953 first suggested the use of vertical compressive strain on the top of
subgrade as a failure criterion. Similarly, Saal & Pell in 1960 published the use of
horizontal tensile strain at the bottom of asphalt layer to minimize fatigue cracking.
Dormon & Metcalf first used these concepts for pavement design in 1965. The Shell
method (Claussen, et al., 1977) and the Asphalt Institute (AI) method (Shook, 1982)
incorporated strain-based criteria in their mechanistic-empirical procedures. Most of
the work, however, was based on variants of the same two strain-based criteria
developed by Shell and the Asphalt Institute. Several Departments of Transportation
(DOT’s) in the United States developed their own M-E procedures such as
Washington State (WSDOT), North Carolina (NCDOT) and Minnesota (MNDOT).
NCHRP 1-26 project report, Calibrated Mechanistic Structural Analysis Procedures
for Pavements (1990), provided the basic framework for most of the efforts attempted
by state DOTs. WSDOT and NCDOT developed similar M-E frameworks
incorporating environmental variables (e.g., asphalt concrete temperature to determine
stiffness) and cumulative damage model using Miner’s Law with the fatigue cracking
criterion. MNDOT adopted a variant of the Shell’s fatigue cracking model developed
in Illinois and the Asphalt Institute’s rutting model (Schwartz & Carvalho, 2007).
The NCHRP 1-37A project (NCHRP, 2004) introduced a state-of-the-practice M-Ebased method that incorporates calibrated models to predict distinct distresses induced
by traffic load and environmental conditions. This state-of-the-practice methodology
also incorporates the use of load spectra instead of Equivalent Single Axle Load
(ESAL) adopted in previous design methods, eliminating vagueness and uncertainty
resulting from traffic loading. The effect of climate conditions on the material
characterization is incorporated in the method using climatic models and pavement
performance is done on seasonal basis to engage seasonal effects (NCHRP, 2004).
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Chapter 3: Pavement Design Procedures

3.1.

Introduction

Three methods for pavement design procedures are described in this chapter: AI
method, AASHTO 1993 method and MEPDG method. The three methods discussed
were chosen to provide an evolutionary perspective on the development of pavement
design procedures and touch on the main key engines for developing existing
methods. The AI Method in its ninth edition was of the first to incorporate
mechanistic-empirical procedures, where the strain-based concept was used.
AASHTO issued an empirical method for pavement design and analysis based
primarily on the AASHO road test conducted in the late 1950’s. Several amendments
have been made in developing the design method, where the latest version was
published in 1993. The 1993 AASHTO is considered the most widely used guide for
both flexible and rigid pavement design used across the United States as depicted in
the survey done by Newcomb and Birgisson in 1999 and Design Guide
Implementation Team (DGIT) in 2003 and 2007 surveys. This edition is the one to be
discussed hereafter (Newcomb & Birgisson, 1999).
With the discrepancies present in the 1993 AASHTO design guide, voices started to
become loud demanding the improvement of pavement design method and
incorporating mechanistic principles to be in line with the occurring variations. In
1996, Joint Task Force on Pavements (JFTP) underwrote the development of a
mechanistic – empirical design guide. NCHRP project 1-37A was then initiated to
fulfill such demand. In June 2004, an initial edition of MEPDG was released and it
was expected to be the new pavement design guide adopted by AASHTO (AASHTO,
2004).
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3.2.

Asphalt Institute Method (AI)

In the period between 1954 and 1969, Asphalt Institute published eight editions of
empirical asphalt pavement thickness design manuals (Manual Series No.1 (MS-1).
The procedures in the last two editions were based on data from AASHO Road Test,
the WASHO Road Test and a number of British test roads and on comparisons with
the design procedure from the U.S. Army Corps of Engineers and some state
agencies. The ninth edition published in 1981 provided design charts based on results
from DAMA software which is based on mechanistic-empirical methodology (Huang,
2004).
The philosophy behind this method is based on the consideration of the two most
critical strains to a pavement system: horizontal tensile strain at the bottom of asphalt
layer that causes fatigue cracking and the vertical compressive strain on the subgrade
surface, which causes permanent deformation or rutting. For fatigue criteria, the
allowable number of load repetitions to control fatigue cracking shall result in 20%
cracking of the total area. As for rutting criteria, the allowable number of load
repetitions shall not result in rutting greater than 0.5 in for the design traffic (Huang,
2004).
Load repetitions are expressed in ESAL for a structural number of 5 and terminal
serviceability of 2.5. Material properties to be used for analysis include the resilient
moduli and Poisson’s ratio of subgrade, granular base and asphalt layer. The effect of
monthly temperature changes throughout the year on the stiffness moduli of HMA
and emulsified asphalt mixtures was incorporated as well as freezing and thawing
effects on subgrade and granular materials (Huang, 2004).
The DAMA software was used to determine the minimum thicknesses required to
satisfy both fatigue cracking and rutting criteria. For any given material and
environmental conditions, two thicknesses are obtained and the bigger was used to
prepare design charts. Charts were developed for 3 Mean Annual Average
Temperatures (MAAT) 45ºF, 60ºF and 75ºF. The 60ºF charts more represent the
major part of the United States. The developed charts include charts for:


Full depth HMA
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HMA over emulsified asphalt base



HMA over untreated aggregate base



HMA and emulsified asphalt mix over untreated aggregate base (using
substitution ratio and the charts for full depth HMA ,emulsified asphalt mix and
HMA over untreated aggregate base)

The thickness is then obtained from the appropriate design chart using ESAL and
subgrade modulus (Huang, 2004).

3.3.

1993 AASHTO Guide

3.3.1.

Method Description

Based on the results of the AASHO Road Test conducted in the late 1950’s and early
1960s in Ottawa, Illinois, AASHTO published an interim design guide in 1961. The
main objective of the test was to find a relation between the number of axle load
repetitions and the performance of flexible and rigid pavement. It was revised several
times until issued in 1986 and then in 1993. The empirical performance equations
were developed under a given climatic setting with a specific set of pavement
materials and subgrade soils. Design variables for the design method include:


Time constraints



Effective roadbed soil resilient modulus



Structural number



Traffic



Reliability



Environmental effects



Serviceability

The selection of layer thicknesses is done by determining the structural number,
which is function of layer thicknesses, layer coefficients and drainage coefficients.
Using a nomograph developed for solution of the design equation with the available
design variables, layer thicknesses are determined.
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3.3.2.

Serviceability Concept

Serviceability can be defined as the ability of a specific section of pavement to serve
traffic in its existing condition (Huang, 2004). At the time of the AASHO road test,
there were no specific definitions for performance and relative performance was used
instead. Five assumptions were made for the development of the serviceability
concept (HRB, 1962):
1. Highways are for the comfort of the traveling users.
2. The user’s opinion as to how a highway should perform is highly subjective.
3. There are characteristics that can be measured and related to user’s perception o f
performance.
4. Performance may be expressed by the mean opinion of all users.
5. Performance is assumed to be a reflection of serviceability with increasing load
applications.
According to these five assumptions, a Present Serviceability Index (PSI) was
formulated to be the mathematical correlation pavement distresses observed during
visual surveys and profile measurements (roughness) with Present Serviceability
Ratings (PSR). This correlation is presented in Equation 3.1 for the AASHO Road
Test:
(3.1)
where,
= mean of slope variance in the wheel paths
= mean rut depth (in)
= cracking (ft2/1000 ft2)
= patching (ft2/1000 ft2)
3.3.3.

Traffic

The design procedures are based on the expectancy of the accumulation of the 18- kip
ESAL. An Equivalent Axle Load Factor (EALF) is determined for each load group
and mixed traffic is converted into ESALs.
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3.3.4.

Environmental Effects

The AASHO Road Test design equations were based on results of traffic test over a
two-year period. Long term effects of temperature and moisture on the loss of
serviceability were not considered. Environmental effects were considered in three
ways in the design method:
1. Drainage coefficients for unbound materials
2. Serviceability loss due to environmental conditions
3. Estimation of an effective subgrade resilient modulus that reflects seasonal
variations
3.3.5.

Procedures

The current design equation in the AASHTO 1993 design guide, Equation 3.2, is as
follows:

(3.2)
where,
= accumulated 18 kip equivalent single axle load for the design period
= reliability factor
= standard deviation
= structural number
= initial PSI – terminal PSI
= subgrade resilient modulus (psi)
The structural number (SN) is the parameter that represents the pavement structural
strength. It is given as the sum of the product of each layer thickness by its structural
layer coefficient, which is an empirical coefficient representing each layer’s relative
contribution to the pavement strength.
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(3.3)
where,
= structural layer coefficients for surface, base and subbase layers
= thicknesses for surface, base and subbase layers
= Drainage coefficients for base and subbase layers
Using a developed nomograph, the SN is calculated. The guide recommends a top-tobottom approach in which the upper layers are designed to provide adequate
protection for the bottom layers as shown in Figure 3.1. Steps for design are as
follows:
1. SN1 is calculated to protect the base layer using E 2 as MR in Equation 3.3
and AC layer thickness is to be calculated:

SN1

SN2

D1 E1 a1

AC

D2 E2 a2 m2

GB

MR

Subgarde

Figure 3.1: Design Parameters for Pavement Section

2. SN2 is calculated to protect the subbase layer using subgrade effective
modulus as MR in Equation 3.3 and Base layer thickness is to be
calculated:
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3.3.6.

Major drawbacks of 1993 AASHTO Guide

1. Traffic Characterization
ESAL was used to characterize the traffic loading and the equivalency factors
developed at the AASHO Road Test are highly doubtful to be applicable to today’s
traffic stream (combination of axle load, traffic levels and types of axles). The
AASHO road test pavements carried approximately 1 million axle loads, while
interstate roads in the US back then were designed for 5 to 10 million ESALs. Today,
interstate pavements are designed for 50 to 200 million or more axle load
applications. The original empirical pavement design models may not produce
realistic designs.
2. Materials Characterization
New, improved asphalt mixtures such as SuperPave™, stone matrix asphalt, polymermodified asphalt, etc., are not directly incorporated into the empirical design model.
On the durability side, there were few material durability problems, such as asphalt
stripping, over the 2-year AASHO Road Test period. Thus, the effect of long-term
material durability on performance was not considered.
3. Foundation Characterization
Pavements at the AASHO Road Test site were constructed over a single silty-clay
(AASHTO A-6) subgrade. The effect of this single subgrade was “built into” the
empirical design models.
4. Empirical Nature of Pavement Design Equations
Using 2 years of pavement performance data, a combination of graphical techniques
and least squares regression were used to develop the empirical pavement equations
using. No field verification was performed for the original models being extended
over time based on empirical methods. Serious design deficiencies are also found with
respect to calculation of layer thicknesses since the procedure solves only for SN and
not layer thickness.
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5. Climate
Two major limitations are found with respect to climate. The first is the single
environmental condition the empirical design equations were developed under, which
was for the AASHO Road Test site in northern Illinois. Equations have been
calibrated for just one climatic condition. The second limitation is the limited time
interval for the road test, being 2 years. These 2 years provided only 2 annual climatic
cycles, whereas pavement sections are normally designed for design lives up to 20
years or more.

3.4.

Mechanistic Empirical Pavement Design Guide (MEPDG)

3.4.1.

Introduction

According to the MEPDG, the objective of the developed design guide is “to provide
the highway community with a state-of-the-practice tool for the design of new and
rehabilitated pavement structures based on mechanistic-empirical principles’’.
Extensive research efforts and projects lead to the production of an integrated
pavement design procedures that are based on mechanistic-empirical concepts. These
procedures are compiled in the Design Guide. User friendly computer software is
another accomplishment of the objective of the design guide (NCHRP, 2004).
The design guide differs from other previous design procedures in the way pavement
thicknesses are obtained. The design in MEPDG is based on an iterative approach,
where the designer inputs a trial design for a new pavement and the performance of
the pavement section is checked against performance criteria, previously set
according to the type and characteristics of the design road. If the design does not
meet the criteria, another pavement configuration is checked and so on until the
criteria are met. After the criteria are met, predicted distress values and reliability
achieved are to be observed in order to avoid over-designed pavement structures and
reach an optimum design.
Figure 3.2 illustrates the design process for flexible pavements.
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Figure 3.2: MEPDG Design Process for Flexible Pavements (NCHRP, 2004)
A major advancement presented by the MEPDG is the characterization of design
inputs. The guide demands inputs for traffic loading, environmental conditions and
material characterization in detailed form to better simulate external factors that affect
a pavement system along its life span. Due to the complexity of such inputs, the guide
introduces a hierarchal approach for design inputs according to the availability and
quality of these inputs as follows:


Level 1 – Laboratory measured material properties are required (e.g., dynamic
modulus master curve for asphalt concrete, nonlinear resilient modulus for
unbound materials). Project-specific traffic data is also required (e.g., vehicle class
and load distributions);



Level 2 – Inputs are obtained through empirical correlations with other parameters
(e.g., resilient modulus estimated from CBR values);



Level 3 – Inputs are selected from a database of national or regional default values
according to the material type or highway class (e.g., soil classification to
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determine the range of resilient modulus, highway class to determine vehicle class
distribution).
According to the NCHRP 1-37A report, level 1 is recommended for heavily trafficked
highways where premature failure is economically undesirable. Level 2 can be used
for intermediate projects, while level 3 is recommended for minor projects, usually
low traffic roads. In addition, level 3 may be appropriate for pavement management
programs widely implemented in highway state agencies.
The incorporation of stresses, strains and displacements that occur in a pavement
system in the guide, formulates the core of the mechanistic concept of the design
guide. Values of each at critical locations in the pavement system are calculated
through response models. These responses are linked to damage models to accumulate
the damage over the whole design period. Distresses are then calculated from the
accumulated damages through transfer functions, which represent the empirical part
of the design procedure. Transfer functions are field calibrated cracking models that
are obtained from field tests and vary from a location to another based on the
difference in conditions. The philosophy of design procedures in MEPDG can be
described as a fast-track study for the pavement and observing the pavement
performance at the end of the design life to verify whether the pavement system will
serve satisfactory or not (NCHRP, 2004).
3.4.2.

How it works?

Pavements perform in response to three primary influences:


Traffic



Environment



Pavement (materials and thicknesses)

The MEPDG performs a time-stepping process, which is illustrated in Figure 3.3.
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Figure 3.3: MEPDG Philosophy
During the process, the following sequence of operations is undertaken. At time = t,
1. The temperature and moisture profiles through the pavement are generated for the
conditions at time = t (Environment)
2. The spectrum of traffic loadings in the next time increment (Δt) are defined
(Traffic)
3. The elastic properties and thickness of each layer (E, μ and h) are defined from
the initial input, the age since construction, the temperature and moisture profiles,
and the speed (duration or frequency) of each load (Materials)
4. The structural analysis is performed to estimate critical stresses and strains within
the structure (Mechanistic)
5. An additional analysis is performed to determine the non-load-related stresses and
strains (i.e., due to thermal conditions) (Mechanistic)
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6. The load-related and non-load-related critical stresses and strains are combined
(Mechanistic)
7. The incremental distresses are computed based on the critical stresses and strains
(or their increments). These include the basic set of distresses and are computed
based on calibrated empirical models (Empirical)
8. Changes in initial material parameters (E, μ) resulting from the computed
incremental damage are estimated.
9. The time scale is incremented to t = t0 + Δt, and the cycle is repeated
3.4.3.

Design Inputs

A huge advantage of the MEPDG is the sophisticated input approach that provides
more realistic representation of the factors that act on a pavement. This is provided
through the detailed level of inputs required. The MEPDG uses these inputs to
represent the interaction that occurs between the various inputs which simulates the
actual conditions that are expected to act on a pavement system throughout its life
span. Described below are the several inputs required for the MEPDG as well as an
illustration of their interaction.
3.4.3.1. Design Criteria
As mentioned in the previous introduction, the guide presents the design procedure in
an iterative process. A design section is analyzed and the predicted performance is
checked against a previously set design criteria. The design criteria are one of the
input values for the MEPDG. Limit values for the predicted distresses and reliability
are inserted and checked against after analysis of the pavement section. These criteria
include:


Terminal IRI (in/Mile)



AC Surface Down Cracking (Long. Cracking) (ft/mile)



AC Bottom Up Cracking (Alligator Cracking) (%):



AC Thermal Fracture (Transverse Cracking) (ft/mile)



Chemically Stabilized Layer (Fatigue Fracture)



Permanent Deformation (AC Only) (in)



Permanent Deformation (Total Pavement) (in)
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An initial value for IRI that defines the as-constructed smoothness of the pavement is
also required. Typical values for these criteria shall be defined by agencies according
to the road class, location, importance of the project, and economics (NCHRP, 2004).
3.4.3.2. Traffic
Traffic data is one of the key inputs for design of pavements structures. The MEDPG
adopts the use of load spectrum to encounter for traffic data acting on the pavement
section. The required traffic data is categorized into four major groups:
1.

Basic Information:


Average Annual Daily Truck Traffic for the base year



Percent truck in the design direction



Percent Truck in the design lane



Operational speed of vehicles

2. Traffic Volume Adjustment


Monthly adjustment factors



Vehicle class distribution



Hourly Truck traffic distribution



Traffic growth factors

3. Axle Load Distribution Factors


Percent of the total axle applications within each load interval for


Specific Axle Type: Single, Tandem, Tridem and Quad



Specific Vehicle Class : Classes 4 to 13 of the FHWA Classification

4. General Traffic Inputs


Mean Wheel Location



Traffic Wander Standard Deviation



Design Lane Width



Number of Axles per truck class



Axle configuration



Wheelbase
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The approach adopted in MEPDG of using load spectra allows for the simulation of
mixed traffic directly without the need of converting them to ESALs like the
AASHTO method. This allows for special vehicle analysis, overloaded trucks analysis
and weight limits analysis during critical environmental conditions (NCHRP, 2004).
3.4.3.3. Environment
Incorporating detailed climatic and environmental data for the designed pavement
section is another advantage. Data is fed into the Enhanced Integrated Climatic Model
(EICM) embedded in the MEPDG. The input data is a follows:


Hourly air temperature



Hourly precipitation



Hourly wind speed



Hourly percentage sunshine



Hourly relative humidity

The MEDPG issued contains a database of more than 800 weather stations that
contains the above mentioned data covering the United States. As part of this
research, a similar library of weather data is prepared for use and input in the
MEPDG. Additional environmental data required are:


Groundwater table depth



Drainage/surface properties:



Surface shortwave absorptivity



Infiltration



Drainage path length



Cross slope

The EICM uses the above mentioned data to calculate moisture and temperature
distributions within the pavement structure. Hence, variations of material properties
can be calculated. Properties such as asphalt concrete and unbound material stiffness
are sensitive to moisture variations (NCHRP, 2004).
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3.4.3.4. Material Properties
Three models in the MEPDG require material properties: climatic model, response
model and distress model. The EICM uses the material properties along with the
climate data to provide adjusted material properties taking into account the
environmental effects. The adjust material properties along with traffic loading are fed
into the response models, where stresses and strains are calculated at critical locations.
The calculated responses along with other material properties are fed into the distress
models to predict the pavement performance.
The MEDPG introduces a new philosophy in material input for flexible pavement
design. This new approach is the account for the dynamic modulus for asphalt
concrete and nonlinear stiffness model for unbound material. Time and temperature
dependency of asphalt mixtures is modeled by dynamic modulus.
The dynamic modulus master curve models the variation of asphalt concrete stiffness
due to rate of loading and temperature variation (hardening with low temperature/high
frequency and softening with high temperature/low frequency). The nonlinear elastic
behavior of unbound granular materials is modeled by a stress-dependent resilient
modulus included as level 1 input (NCHRP, 2004).
Table 3.1 illustrates inputs required for material properties for different models within
the MEPDG.
Table 3.1: Inputs required for MEPDG Models
Material Properties Required for Model Input

Material
Type

Climatic Models
Mixture:


Asphalt
Concrete




Surface shortwave
absorptivity
Thermal conductivity
Heat capacity

Response models



Dynamic modulus 
(E*) of HMA

mixture

Poisson’s ratio

Distress models
Tensile strength
creep compliance
Coefficient of
thermal expansion

Asphalt Binder:


viscosity (stiffness)
characterization to
account for aging
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Material Properties Required for Model Input

Material
Type

Unbound
Materials

Climatic Models








3.4.4.

Plasticity index
Gradation parameters
Effective grain sizes
Specific gravity
Saturated hydraulic
conductivity
Optimum moisture
content
Parameters to define the
soil-water characteristic
curve

Response models






Resilient modulus 
(MR) at optimum
density and
moisture content
Poisson’s ratio
Unit weight
Coefficient of
lateral pressure

Distress models
Gradation
parameters

Pavement Response Models

In order to calculate the structural responses generated in the pavement system, the
MEPDG uses three models. Stresses, strains and displacements due to traffic loading
are calculated using Multi-layer Elastic Theory (MLET) and the Finite Element
Method (FEM). The FEM is used when a non-linear behavior of unbound material is
desired through level 1 input; otherwise the load-related analysis is performed using
MLET. The third model is the EICM, which is used for non-load-related temperature
and moisture variations throughout the pavement system (NCHRP, 2004).
MLET is applied for multi-layered pavement systems of materials that have linear
elastic properties. Burmister’s layered theory is used for such materials following
basic assumptions (Huang, 2004):


Each layer is homogeneous, isotropic, and linearly elastic, characterized by
Young’s modulus of elasticity, E, and Poisson’s ratio, ν.



The material is weightless and horizontally infinite



The thickness of each layer is finite, and the subgrade is considered as infinite
layer.



The load is uniformly applied on the surface over a circular area.



Continuity conditions are satisfied at the layer interfaces.

The main disadvantage of MLET is its inability to consider nonlinearities often
exhibited by pavement materials.
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The FEM is a multipurpose tool that has the capability of structural modeling multilayer pavement systems having material properties that vary both vertically and
horizontally. The concept of FEM is to subdivide an element into small discrete units
forming a mesh, then calculating the stresses and strains across each unit. Equilibrium
requirements are then applied to combine the individual units and get the formulation
for the global problem in terms of a set of simultaneous linear equations. Although its
suitability for pavement structural evaluation and response prediction, it requires
longer computational time compared to MLET (NCHRP, 2004).
EICM is a mechanistic model of one dimensional heat and moisture flow that
simulates changes in the behavior and characteristics of pavement and subgrade
materials induced by environmental factors. EICM represents a powerful tool in the
MEPDG. The model takes into account the daily and seasonal variations of
temperature and moisture within the pavement structure, which are induced by the
location of the pavement system, and produces the relevant material properties
according to these factors. This is an important input for the structural response
models since different materials have different responses to environmental variations.
Asphalt concrete dynamic modulus varies with the variation of temperature as well as
unbound material have different properties under different moisture content (NCHRP,
2004).
Structural responses are identified at critical locations in plan and at different depths
of a pavement system based on maximum damage. Maximum responses calculated at
each of these locations are used to predict the pavement performance through the
calculation of various distresses. Variations in the material properties are tackled by
subdividing each pavement layer into several sub-layers. Each of these sub-layers has
its own properties. Critical pavement response variables include:


Horizontal Tensile strain at the bottom/top of AC layer (for AC fatigue cracking)



Vertical Compressive stresses and strains with AC layer (for AC rutting)



Vertical Compressive stresses and strains within the base/subbase layer (for
rutting of unbound layers)



Vertical Compressive stresses and strains at the top of the subgrade (for subgrade
rutting)
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3.4.5.

Incremental Distress and Performance Prediction

Performance prediction models use critical stresses and strains calculated from the
structural response models to predict distresses in a pavement system along its life
span. The primary distresses considered in MEPDG are:


Permanent deformation (Rutting)



Fatigue Cracking (Bottom-up and Top-down)



Thermal Cracking



Roughness

3.4.6.

Distress Prediction Models

3.4.6.1. Permanent Deformation in Asphalt Mixtures

(3.4)
where,
= Accumulated plastic strain at N repetitions of load (in/in)
= Resilient strain of the asphalt material as a function of mix properties,
temperature and time rate of loading (in/in)
(3.5)

where,
= function of total asphalt layers thickness ( , in) and depth (
, in)
to computational point, to correct for the confining pressure at different
depths
= Temperature (deg F)
= Number of load repetitions
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3.4.6.2. Permanent Deformation in Unbound Materials

(3.6)
where,
= Permanent deformation for the layer/sublayer (in)
= Number of traffic repetitions
= calibration factor for the unbound granular and subgrade materials
, , and = Material properties
= Resilient strain imposed in laboratory test to obtain the above listed
material properties, , , and (in/in)
= Average vertical resilient strain in the layer/sublayer as obtained from
the primary response model (in/in)
= Thickness of the layer/sublayer (in)
3.4.6.3. Permanent Deformation of Total Pavement Structures
(3.7)
3.4.6.4. Fatigue Cracking in Asphalt Mixtures
Fatigue Characterization:

(3.8)

where,
= number of repetitions to fatigue cracking
= tensile strain at the critical location
= laboratory to field adjustment factor
= stiffness of the material
= effective binder content (%)
= air voids (%)
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This resulted in the following final model:
(3.9)
In this equation, Equation 3.8, the parameter “ ” has been introduced to provide a
correction for different asphalt layer thickness (
a.

For the bottom-up cracking

b.

For the top-down cracking

) effects.

where,
= Total thickness of the asphalt layers, in
Bottom-Up cracking (% of total lane area):

(3.10)
where,
= bottom-up fatigue cracking, percent lane area

= 1.0

= 1.0
= bottom-up fatigue damage

27

Top-Down cracking (ft/mile):
For top-down cracking (feet/mile)

(3.11)
where,
= top-down fatigue cracking, ft/mile
= top-down fatigue damage
3.4.7.

Design Reliability

A large amount of uncertainty and variability exists in pavement design and
construction, as well as in the application of traffic loads and climatic factors over the
design life. In the mechanistic-empirical design, the key outputs of interest are the
individual distress quantities (e.g., rutting, fatigue cracking, and thermal cracking for
flexible pavements). Therefore, the predicted distress is the random variable of
interest in reliability design. Quantification of the distribution this variable assumes
for all possible estimates of the mean and its associated moments is of interest for
reliability estimation. In this Guide, the variability associated with the predicted
distress quantity is estimated based on calibration results, after a careful analysis of
the differences between the predicted versus actual distresses in the field. For design
purposes, the design reliability is established based on knowledge of variation of a
given performance around the mean prediction.
Design reliability for the individual pavement distress models (i.e., rutting, bottom-up
cracking, top-down cracking, and thermal cracking) are based on the standard error of
the estimates of each individual model obtained through the calibration process. These
estimates of error include a combined input variability, variability in the construction
process, and model or pure error (NCHRP, 2004).
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3.4.8.

Calibration to Local Conditions

As previously mentioned, the MEPDG constitutes to major concepts in pavement
design, the mechanistic and empirical concepts. The mechanistic concept is used to
calculate the pavement responses and the empirical is to relate the calculated
pavement responses to distresses and hence, predict the pavement performance. Using
large data sets from the national LTPP covering North America, the distress models
were calibrated. This calibration effort was a major iterative work effort that resulted
in distress prediction models with national calibration constants. However, it is found
necessary that each agency should provide its own calibration coefficients according
to its local conditions (NCHRP, 2004). The design guide identifies 5 major steps for
calibration and implementation of the guide:
1. Review all input data
2. Conduct sensitivity analysis
3. Conduct comparative studies
4. Conduct validation/calibration studies
5. Modify input defaults and calibration coefficients as needed

3.5.

Conceptual Differences: AASHTO 1993 vs. MEPDG

It is evident that there are conceptual differences between the AASHTO 1993 design
procedure and the MEPDG. The following are the conceptual differences (Schwartz
& Carvalho, 2007):
1. The 1993 AASHTO guide designs pavements to a single performance criterion,
the present serviceability index (PSI), while the MEPDG simultaneously considers
multiple performance criteria (e.g., rutting, cracking, and roughness – for flexible
pavements).
2. The 1993 AASHTO guide directly computes the layer thicknesses. The MEPDG
is an iterative procedure. A trial section is defined and evaluated by its predicted
performance against the design criteria. If the result is not satisfactory, the section
is modified and reanalyzed until an acceptable design is reached.
3. The MEPDG requires more input parameters, especially environmental and
material properties. It also employs a hierarchical concept in which one may
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choose different quality levels of input parameters depending upon the level of
information and resources available, technical issues, and the importance of the
project.
4. The 1993 AASHTO guide was developed based on limited field test data from
only one location (Ottawa, IL). The seasonally adjusted subgrade resilient
modulus, the layer drainage coefficients and serviceability index are the only
variables that account to some extent for environmental conditions. The MEPDG
utilizes a set of project-specific climate data (air temperature, precipitation, wind
speed, relative humidity, etc.) to adjust material properties for temperature and
moisture influences.
5. The 1993 AASHTO guide uses the concept of ESALs to define traffic levels,
while the MEPDG adopts the more detailed load spectra concept. Pavement
materials respond differently to traffic pattern, frequency and loading. Traffic
loading in different seasons of the year also has different effects on the response
of the pavement structure. These factors can be most effectively considered using
the load spectra concept.
A summary for such differences is presented by Bayomy, et al. (2012) in Table 3.2.
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Table 3.2: Conceptual Differences: AASHTO 1993 vs. MEPDG
Parameters
User Friendly Software
Pavement Type
New Pavement Design (Flexible or Rigid)
Rehabilitation: AC over Fractures Portland
Cement Concrete (PCC) Slab (Crack and Seat,
Break and Seat, Rubblized)
Inputs
Hierarchical Input levels
Traffic
Load Spectra
18-Kip ESALs
Hourly, Daily, Monthly Traffic Distribution
Traffic Lateral Displacement (Wander)
Traffic Speed (Rate of Loading)
Special Vehicle Damage Analysis
Climate
Wet-Freeze Climate
Mid-West Climate
Dry or Wet Warm Climate
High Elevation Climate
Coastal Climate
Deep Freeze Climate
Distress Predictions
AC and Unbound Materials Rutting
Alligator and Longitudinal Fatigue Cracking
Transverse Cracking
Smoothness
Allows Different Design Reliability for Each
Distress
Material Characterization
Nonlinear Unbound Material Characterization
Consider Short- and Long-Term Age Hardening
Hot Mix Asphalt Modulus at Different
Temperatures and Loading Frequencies
Unbound Material Resilient Modulus Adjusted
for Moisture Variation During Pavement Life
Binder Characterization
Models Calibration
Nationally Calibrated/Validated Models
Time length of Performance Data Used in the
Calibration
Traffic Repetition Used in Calibration

AASHTO 1993
No

MEPDG
Yes

Yes

Yes

No

Yes

No

Yes

No
Yes
No
No
No
No

Yes
Yes
Yes
Yes
Yes
Yes

Yes, Ottawa, Illinois
No
No
No
No
No

Yes
Yes
Yes
Yes
Yes
Yes

No
No
No
No

Yes
Yes
Yes
Yes

No

Yes

No
No

Yes
Yes

No

Yes

No, only seasonal variations
of the modulus considered
No
No, only data from AASHO
road test
Only 2 years of performance
data (Serviceability Index)
Only 1.1 million ESALs

Yes
Yes
Yes
Up to 14
years
Up to 27
years
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Chapter 4: Literature Review

Since its first issuance in the mid-2000s and even before that and during its
development, the topic of investigating and implementing the MEPDG has been a
very attractive topic for a vast of researchers in this field in the United States and
worldwide. Hundreds of publications, agency reports, and conference and journal
papers have been published covering this topic from several aspects.
Some states have committed to immediate implementation activities, such as new
testing programs for developing material properties and traffic data and establishment
of permanent calibration test sections. Some states claim to have already partially
calibrated current MEPDG software for local conditions. Others have apparently
decided to not implement the MEPDG or to postpone implementation until release of
AASHTO Pavement ME software (Baus & Stires, 2010).
According to Mallela, et al. (2009), the most popular topics for researchers regarding
MEPDG were found to be as follows:


Characterization of input parameters such as traffic loading, layer material and
subgrade foundation properties, climate, and other design features.



Sensitivity of performance models to agency specific inputs.



Validation and calibration of the pavement distress prediction models.



Agency business plans and strategies for local implementation of the MEPDG.

Since the topic is relatively new and fresh in the research business, plenty of
researches were conducted and it would be an exhaustive task to cover each and every
aspect of them within this research. Hence, this literature will only cover items of
interest related to using the MEPDG for flexible pavement design and related to
implementing the design procedure in Egypt.

4.1.

The Development of the Guide

In recognition of the limitations of the AASHTO 1993 design procedures, the
AASHTO Joint Task Force on Pavements (JFTP) initiated an effort to develop an
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improved pavement design guide in a workshop held in 1996 in Irvin, California
(AASHTO, 2004). The purpose of the workshop was to develop a framework for
improving the pavement design guide based on mechanistic- empirical principles with
numerical models calibrated with pavement performance data from Long Term
Pavement Program (LTPP). AASHTO then initiated two major projects NCHRP 137A and NCHRP 1-40 for the development of the guide. NCHRP project 1-37A
initiated February 1998 and ended February 2004 (TRB, 2013). The project produced
the MEPDG that includes (a) a Guide for M-E design and analysis, (2) companion
software with documentation and a user manual, and (3) implementation and training
materials (TRB, 2013). In June 2004, a research version of MEPDG was distributed
for interested users for review and evaluation as a result of NCHRP project 1-40A.
The MEPDG software has been subsequently updated under NCHRP Project 1-40D
from the original version to MEPDG software Version 1.0. Several versions of the
MEPDG software were released starting with the draft software Version 0.7 in June
2004, Version 0.9 in June 2006, Version 0.91 in September 2006, Version 1.00 in
April 2007, Version 1.10 in August 2009, and DARWin-ME which was released at
the end of April 2011. Version 1.0 was balloted and approved by NCHRP, FHWA,
and AASHTO as an interim AASHTO standard in October 2007 (Bayomy, et al.,
2012). In July 2008, AASHTO released an interim edition of Mechanistic-Empirical
Pavement Design Guide: A manual of practice (AASHTO, 2008). In June 2012,
AASHTO terminated the licensing and technical support for the AASHTO 1993
pavement design guide software DARWin and the transition of DARwin-ME to
AASHTOWare Pavement ME Design is expected to take place by the end of 2013
(AASHTOWare, 2013)..
NCHRP, FHWA, and others have undertaken a number of research studies related to
the MEPDG. Some examples are presented in Table 4.1. In addition to the projects
shown in this table, hundreds of papers and reports have been published on various
aspects of implementing the MEPDG (Mallela, et al., 2009).
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Table 4.1: Research Studies for MEPDG Review and Evaluation
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4.2.

Comparison with Previous Design Procedures

Several studies conducted comparative studies between the MEDPG and design
procedures adopted by different SHAs. The main purpose for such comparisons was
to identify the major differences between sections designed using different design
procedures.
In a survey conducted in 2007 by Design Guide Implementation Team (DGIT), the
AASHTO 1993 design procedure was found to be the most popular in the United
States. Some 63% of the states concurred that they are adopting the AASHTO 1993
design procedures. Figure 4.1 illustrates part of the results of the survey.

Figure 4.1: Design Procedures Adopted in the US – DGIT 2007
In the same survey, only 45% of the agencies participated in the survey confirmed
that actual performance of pavement is similar to the expected design life from the
design procedure they are adopting. Figure 4.2 summarizes the outcome.
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Figure 4.2: Concurrence of Actual Performance with Expectation – DGIT 2007
A comparative study was performed by The University of Maryland that aimed to
compare and evaluate pavement layers design using AASHTO 1993 design
procedures and those of MEPDG. Five sections representing different US climatic
conditions were designed by AASHTO 1993 design procedures using each state’s
local data. Sections were typical of an AC layer and a granular base layer on natural
subgrade. These sections were designed for three levels of traffic: low, moderate and
high representing different road classifications. Sections were then evaluated using
MEPDG and pavement performance was analyzed. The study concluded that
subgrade stiffness had no impact on AC layer calculation using the AASHTO 1993
design procedures and AC layer is a function of base layer properties only. Results
showed that states located in warm regions showed less performance than those in
mild to low temperature regions. Given that the AASHO road test was conducted in a
low temperature region, the study suggests that, in comparison with MEPDG, that
AASHTO 1993 underestimates required thicknesses for pavement layers at locations
having warmer temperatures than those of the AASHO road test location. The study
also concluded that AASHTO 1993 overestimates pavement performance for levels of
traffic exceeding two million ESAL, which was experienced under the AASHO Road
Test. The AASHTO 1993 was found to be less reliable for high traffic levels, more
than fifty five million ESAL, than those of low traffic levels. The study finally
concluded that although the same serviceability was achieved for the different
pavement sections using the AASHTO 1993 pavement design procedure, different
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performance for these sections were predicted using the MEDPG (Carvalho &
Schwartz, 2006).
Another comparative study was conducted in Alberta, Canada to compare the Alberta
Transportation Pavement Design (ATPD) with MEPDG. The ATPD method is based
mainly on the AASHTO 1993 Guide, with minor modifications, regarding the AC
mix design, structural layers coefficients and design reliability levels. Six different
design scenarios were defined with three different traffic levels and two different
subgrade materials on a mix and match basis. Sections were designed using the ATPD
and analyzed for performance using the MEPDG for a proposed design life of twenty
years. The study concluded that for sections of high traffic levels, pavement failed to
meet MEPDG although higher reliability is used in design done using ATPD. AC and
unbound layer thicknesses designed using the ATPD are underestimated especially at
higher levels of traffic regardless of subgrade strength. Designs done with poor
subgrade strength also showed more distresses compared to strong subgrades (Jhuma,
et al., 2012).
Furthermore, a comparative study was conducted for comparison of AASHTO 1993
design procedure and the MEPDG. Design data was collected from existing pavement
sections in Kansas. Layer thicknesses were obtained using AASHTO 1993 Design
procedures and used for analysis in the MEPDG. The methodology for analysis using
MEPDG was to use the sections designed by AASHTO 1993 design procedures and
check whether they meet IRI and distress values set in the performance criteria. If
meet then a reduction of half an inch was applied until the section fails the criteria.
The study concluded that for flexible pavement, the MEPDG allowed more distress
for the design life and produced thinner pavement sections. This implies that the
AASHTO 1993 overestimates loads acting on pavement (Mulandi, et al., 2006).
In a study in Idaho, the Idaho Transportation Department (ITD) design procedure was
compared to both AASHTO 1993 design procedure and MEPDG. The study
examined one or two pavement sections in each district of Idaho. The identified
section was redesigned using the AASHTO 1993 design procedure and MEPDG. The
performance of the pavement was then evaluated using MEPDG. The three design
procedures resulted in reasonably similar AC layer thickness at fifty percent
reliability. Thicker AC layer thickness was produced by MEPDG in comparison with
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the other methods in cases of higher reliability and very weak subgrade strength. For
unbound layer thicknesses, the ITD produced thicker layers of 2 to 4.5 times the
thicknesses produced using AASHTO 1993 design procedure and MEPDG. The main
conclusion of the study is that ITD design overestimates the pavement layers
thicknesses and is considered highly conservative compared to the other two
procedures (Bayomy & El-Badawy, 2011).
In Manitoba, a comparison was conducted between layers thicknesses designed by
AASHTO 1993 and MEPDG. Different designs were generated for different traffic
loadings and material properties. The study concludes that the MEPDG program
underestimates layer thicknesses for low traffic volume but overestimates them for
moderate to high truck volumes depending on the subgrade materials and types of
design (new versus rehabilitation) and types of pavement (flexible versus rigid)
(Ahammed, et al., 2011).

4.3.

Implementation of MEPDG in the US

A group was formed with 19 states (Lead States Group), in conjunction with
AASHTO, NCHRP, and FHWA, in order to promote and facilitate the refinement,
implementation, and evolution of the MEPDG. The lead states were: Arizona,
California, Florida, Kentucky, Maine, Maryland, Minnesota, Mississippi, Missouri,
Montana, New Jersey, New Mexico, New York, Pennsylvania, Texas, Utah, Virginia,
Washington, and Wisconsin (FHWA, 2013).
In December 2003, the US Federal Highway Administration (FHWA) formed a
Design Guide Implementation Team (DGIT) to support AASHTO and NCHRP with
implementation efforts. The purpose of DGIT is to support & educate State highway
agencies and industry in development & implementation of MEPDG. The mission of
the DGIT is “to raise awareness, assist, and support State Highway Agencies and
their industry partners in the development and implementation of the new
mechanistic-empirical Design Guide” (FHWA, 2013). The DGIT conducted an
MEPDG Survey in 2007 to identify the status and intentions of implementing the
design guide in the US. The survey concluded that 77% of the states in the US are
planning to use MEPDG. Figure 4.3 shows the status of MEPDG implementation in
the US with respect of having plans for implementation.
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Figure 4.3: MEPDG Implementation in US – DGIT 2007
This number has increased by a little less to a double comparing with a survey
conducted in 2003 also by DGIT. The 2003 survey showed that only 42% of the states
are planning to use MEPDG. The 2007 survey also presented that some 56% of the
states have plans to implement MEPDG within 7 years from the survey time. The
survey identified obstacles for implementation hereinafter listed according to
importance:


Material Characterization (50%)



Trained Staff (48%)



Traffic Data (35%)



Monitored Test Sections (35%)



Local Calibration (28%)

4.4.

Efforts on a Global Scale

Internationally, research was conducted at several countries to investigate the
MEPDG implementation taking into account the current design practices and local
conditions as well as the need and significance of implementing. This section will
present a brief on implementation efforts exerted in selected countries all over the
globe.
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A research study was conducted in 2012 in Egypt in an effort to study the mechanistic
empirical design method under the Egyptian conditions. Data for 5 major roads in
Egypt was collected and MEPDG was used to evaluate several design inputs. Due to
the lack of Egyptian detailed weather data, approximate climatic data for Cairo was
used in the analysis for all roads. According to the study, longitudinal cracking was
found not to be of significant importance to pavement performance in Egypt. The
study globally recommends the collection of detailed input data for further research
(Elbagalati, 2012).
In Canada, the Transportation Association of Canada (TAC) initiated a project to
provide guidance for Canadian agencies in implementing the MEPDG according to
the Canadian conditions. In 2004, the Project Steering Committee (PSC) started the
calibration process by developing a database for historical climatic data for Canada.
Short and long term requirements and resources needed for implementation were also
identified. A user group was formed in 2008 to determine further requirements and
share experience (Popik, et al., 2013).
Several studies were conducted in Canada to understand the behavior of MEDPG and
implementation and calibration requirements that include the comparison of MEPDG
with existing design procedures, conducting design trial using the Canadian climatic
data and implementation efforts in several Canadian research institutes. Further
details for these studies are illustrated below in their relevant sections.
A study conducted in 2007 identified several challenges to the implementation of
MEPDG in Canada. The study compares different computer mechanistic analysis
packages and says that choosing the most suitable one should be done with caution.
The study identifies several factors that influence the decision of implementing the
MEPDG design procedure, illustrated in Figure 4.4 (Haas, et al., 2007).
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OPTIONS

? .

Retain Existing
Empirical
Procedure

? .

Update Existing
Empirical
Procedure

? .

Adopt a New
Empirical
Procedure

? .

Retain Existing
Simplified M-E
Procedure

? .

? .

Phase Into New
Simplified M-E
Procedure

Phase Into New
MEPDG
Procedure

FACTORS
Ø Calibration requirements, update needs and frequency
Ø Implementation plan and schedule
Ø Inputs characterization / properties requirements (traffic data collection, materials
climate, etc.)
Ø Balancing complexity / comprehensiveness with understandability and practicality
Ø Resource needs (people, equipment, training, etc.) and costs
Ø Criteria for validation and / or assessing success of the implementation
Ø Comprehensiveness of the LCCA part of the total design procedure package
Ø Stability of the software

DECISION AND IMPLEMENTATION

Figure 4.4: Factors influencing M-E design Implementation
In Europe, a study was conducted in Italy to address the implementation of MEDPG
under the Italian conditions. The study emphasizes the need for updating the current
Italian Pavement Design Catalog produced in 1993. The Catalog provides a series of
standard pavement structures for 8 different types of road, in which the Italian road
network is subdivided for Catalog purposes. The Catalog is mainly based on data
from AASHTO 1972 and 1986 design procedures. Due to limitations of hypothetical
assumptions for climate, traffic and material properties, the study concludes that the
implementation of the MEDPG is deemed necessary to overcome issues related to the
uneconomic designs produced from the current Italian Catalog (Celauro &
Khazanovich, 2007).
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Another recent research was conducted in Italy in 2012 handling the calibration and
implementation of the MEPDG in Italy. Details and findings for such effort are
illustrated in Section 4.5 (Caliendo, 2012).
In Sweden, a research conducted in 2011 evaluated three mechanistic-empirical
rutting models (MEPDG, CalME and PEDRO) under Swedish conditions with respect
to traffic, climate and materials using accelerated pavement testing and long-term
pavement performance studies. The study concluded that M-E PDG results were more
accurate at the lowest material input data quality level (level 3) than at the highest
(level 1). The main cause was probably the demonstrated inaccuracy of the predicted
dynamic modulus at level 3 compared with measured level 1 results, and the M-E
PDG calibration at level 3. The CalME underestimated the permanent deformation in
the semi-rigid section due to its response modeling sensitivity to overall pavement
stiffness. Further, the results indicated that the relation between elastic and plastic
material properties may change throughout the pavement life. The PEDRO model
behavior due to lateral wander and observed field temperatures was reasonable. The
zero shear rate viscosity assessment method for asphalt concrete, utilized in PEDRO,
should be further evaluated. All models produced reasonable permanent deformation
results although further validation and calibration is recommended before
employment for pavement design purposes in Sweden (Oscarsson, 2011).
A research in New Zealand describes efforts exerted in calibrating performance
prediction models. The research presents the implication of such calibration on the
materials and cost of construction. The calibrated models produced an average of 26%
thinner asphalt layer thicknesses that resulted in an average of $70,000 cost saving for
one lane width per kilometer (Saleh, 2011).
In 1999, a study was conducted in India investigating the development of a
mechanistic-empirical pavement design procedures that correlate the performance
data at some locations in India with stress-strain parameters in a pavement structure
for flexible pavements. The study discussed proposed methods for analysis of
pavement structure, material characterization, performance prediction criteria and
climate incorporation according to Indian conditions. The study presents the
development of a computer program IITPAVE for the design of bituminous
pavements with granular bases incorporating the previous elements of research. The
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rutting and fatigue criteria calibrated from pavement performance data in India were
used in thickness computation (Das & Pandey, 1999).

4.5.

Validation and Calibration of MEPDG Models

Local validation and calibration of models is identified to be one of the important
challenges facing the implementation of MEPDG. Plenty of efforts are exerted by
State Highway Agencies (SHA) in the US and Internationally in this field tackling
this issue.
Mallela, et al., (2013) provided a description of work done to verify and calibrate, if
found required, distress prediction and smoothness models within MEPDG for
Colorado. The criteria for performing local calibration were based on (1) whether the
given global model exhibited a reasonable goodness of fit (between measured and
predicted outputs) and (2) whether distresses/IRI were predicted without significant
bias. Based on selection criteria, projects within the states were identified and data for
these road projects were used in the validation process. Alligator Cracking, Rutting,
Thermal Cracking and Smoothness prediction models were investigated. The study
identified three major steps for the verification process:
1.

Predict performance using MEPDG global models for the distress under study for
flexible pavement

2. Perform statistical analysis to determine goodness of fit with field-measured total
distress and bias in estimated distress
3. Evaluate goodness of fit and bias statistics and determine any need for local
calibration to Colorado conditions
Results for the verification process show that for the four models under investigation,
none predicted the performance to an acceptable level with respect to Colorado
conditions and local calibration for them was deemed necessary. Using data from
Colorado DOT (CDOT), calibration coefficients were developed for these models
using nonlinear model optimization tools available in the SAS statistical software and
tested for goodness of function and bias (Mallela, et al., 2013).
Kutay & Jamrah (2013) from Michigan investigated the MEPDG prediction of the
dynamic modulus (|E*|) of asphalt mixtures for level 1 input in the MEPDG. The
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MEPDG utilizes Witzack’s model which is based on the nationally calibrated
coefficients for estimating the master curve. The performance of Witczak’s model is
evaluated using two different approaches; goodness-of-fit statistics, and comparison of
measured and predicted values with line of equality (LOE) (visual inspection). Results
show significant differences between predicted and measured values of |E*| at high
temperature/low frequencies. The Matlab software was then used to calibrate Witzack’s
calibration coefficients. The calibrated Witzack’s model was then validated using data for
asphalt mixtures that was not used during the model calibration process. Results for the
predicted |E*| were very good compared to the laboratory measured values. The study
presented another model developed using Artificial Neural Networks (ANN) for the
estimation of |E*| and results for prediction were very good compared to laboratory
measured values (Kutay & Jamrah, 2013).

Caliendo (2012) in Italy conducted research efforts in investigating MEPDG
performance prediction models in comparison with local practices. Due to the
unavailability of pavement performance data in Italy, results of MEDPG performance
prediction models were compared to results of theoretical equations and/or
assumptions widely used in Italy. Performance was predicted initially using MEPDG.
Performance was firstly predicted using MEPDG and calibration coefficients within
the MEPDG were adjusted to reduce the differences in the predictions. The study
revealed that for fatigue cracking, the MEPDG underestimates the distresses predicted
and calibration coefficients were then adjusted. As for rutting and due to the absence
of a rutting model calibrated to Italy local conditions, recalibration of MEPDG
models was done in such a way that calibration coefficients found in literature were
used to limit the rut depth to values accepted in Italy based on experience. The
smoothness prediction model in the MEPDG was found satisfactory to Italy’s
conditions and no calibration was then required. Top-down cracking and thermal
cracking were found to be of minute importance given the very small value of the first
compared to fatigue cracking and the infrequent occurrences of the second due to
Mediterranean moderate non-severe climatic conditions (Caliendo, 2012).
North Carolina presented a three-step local calibration plan for performance
prediction models in MEPDG that includes 1) verification, 2) calibration and 3)
validation. Verification runs were performed on local pavement sections and a null
hypothesis test was performed on the results. Predicted performance data are
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compared to those of the local chosen sections and average of the residual errors
between them is identified. The test was done for fatigue cracking and rutting. Results
for the test indicated that performance prediction for both distresses failed the test and
recalibration effort must be done. Calibration coefficients for both distresses were
varied using Microsoft Excel Solver to minimize the bias between predicted and
measured data. Using road sections data not used in calibration, the calibrated
performance prediction models were validated and checked for bias using a Chisquare test (Muthadi & Kim, 2008).
In 2009, Ohio conducted its own calibration research. The study’s purpose was to
validate and recalibrate MEPDG performance prediction models to best suit Ohio’s
local conditions. The IRI smoothness model was tested statistically and nonstatistically and found to be inadequate to implementation in Ohio. Recalibration of
the model was deemed necessary. On the other hand, the transverse thermal cracking
model was found adequate and results of predicted performance were satisfactory
compared to test sections data. However, it was expressed in the study that literature
showed that the MEPDG default creep compliance and tensile strength estimates
overestimated the true creep compliance of HMA mixes and underestimated thermal
cracking. Reassessment from Ohio DOT is recommended before closing this issue.
HMA rutting model was also validated in the study and results revealed that MEPDG
over-estimates rutting values. Recalibration was conducted to eliminate the existing
bias. The study also mentioned that the fatigue cracking model was not validated due
to presence of noise data where it was difficult to separate the bottom-up fatigue
cracking from top-down construction cracking (Glover & Mallela, 2009).
In a seven-step procedure, a study conducted by Iowa State University (Ceylan, et al.,
2013) identified the way towards calibration. The 7 steps are:
Step 1: Select typical pavement sections around the state.
Step 2: Identify available sources to gather input data and determine the desired level
for obtaining each set of input data.
Step 3: Prepare an MEPDG input database from available sources including the Iowa
DOT Pavement Management Information System (PMIS), material testing records,
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design database, and research project reports relevant to MEPDG implementation in
Iowa.
Step 4: Prepare a database of performance data for the selected Iowa pavement
sections from the Iowa DOT PMIS.
Step 5: Assess local bias from national calibration factors.
Step 6: Identify local calibration factors (sensitivity analysis and optimization of
calibration factors).
Step 7: Determine adequacy of local calibration factors.
Following the above seven-step approach, the key findings for flexible pavements
were as follows:


The identified local calibration factors increase the accuracy of rutting predictions
and longitudinal (top-down) cracking predictions for Iowa HMA



The nationally-calibrated alligator (bottom-up) cracking model provides
acceptable predictions for new Iowa HMA pavement



Little or no thermal cracking is predicted when using the proper binder grade for
Iowa climatic conditions, but significant thermal cracking is observed in Iowa
HMA



Good agreement is observed between the IRI measures for Iowa HMA pavement
and the MEPDG predictions from the nationally-calibrated IRI model as well as
the IRI model of locally-calibrated distress inputs with nationally-calibrated
coefficients.

4.6.

Sensitivity Analyses and Parametric studies

A powerful tool to understand the MEPDG is sensitivity analysis. Sensitivity analysis
is the process of varying model input parameters over a practical range and observing
the relative change in model response. Two main methodologies for sensitivity
analyses are Local Sensitivity Analysis (LSA) and Global Sensitivity Analysis (GSA).
The one-at-time (OAT) method is the most common type of LSA. In OATs, baseline
cases are identified and each input is varied independently in turn. In the GSA
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approach, all input parameters are varied simultaneously and sensitivity is assessed
over the entire parameter space (Schwartz, et al., 2013).
The significance of sensitivity analysis is to understand the level of importance of
each data item needed for pavement design and analysis using the MEPDG and to
develop strategies for data collection activities. A successful implementation plan
usually contains a sensitivity analysis. Enormous number of implementation research
studies conducted includes sensitivity analysis of which the OAT was the most
popular due to its simplicity. A selective number of studies were chosen to be
included in this section.
Mallela, et al. (2009) conducted a sensitivity analysis for a typical flexible pavement
section. A baseline section is design according to the state’s specifications and
manuals, as well as LTTP data. Input parameters are varied to values above and below
their corresponding baseline values and the effect on pavement performance is
observed. Performance is observed through monitoring the following:


Longitudinal “top down” fatigue cracking.



Alligator “bottom-up” fatigue cracking.



Rutting



Transverse “low temperature” cracking.



Smoothness (IRI).

By keeping all inputs constant and varying each parameter at a time, conclusions of
MEPDG performance are represented, Table 4.2, as follows:
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Table 4.2: Summary of Sensitivity Analyses – Ohio 2009

Distress/IRI

Base
Type

Effect of Parameter under study
HMA
SubVehicle
HMA
HMA % Volumetric
Climate
grade
Class and Mix Type
Thick-ness
Air Voids
Binder
Type
ALS
Content
High for
None
thickness <
None
None
None
None
None
8in

Longitudinal
Fatigue Cracking

None

Transverse
Cracking

High

High

Moderate

Alligator Fatigue
Cracking

High

Low

High

Moderate Moderate

Rutting

High

Moderate

High

Moderate

IRI

Moderate

Low

High

Low

None

Low to Moderate to
Moderate
High

None

Low

High

Moderate

Low

Low

High

High

Low

Low

Low

Low

Low

The study concludes that MEPDG predictions for rutting and fatigue cracking are the
most sensitive to inputs and HMA thickness is the input parameter of the highest
influence on MEPDG predictions. According to the study, inputs of the least influence
are subgrade type, HMA % air voids and HMA mix type. Longitudinal cracking,
according to the study, was the most insensitive distress to any of the input
parameters. Further illustration on the effect of climate can be found below in Section
4.7 .

Bayomy, et al. (2012) conducted a sensitivity analysis to evaluate the use of MEDPG
in Idaho. A pavement section representing medium conditions of Idaho was studied
using ITD design procedures. Key variables identified for investigation in the study
are:


HMA and base layer thicknesses.



HMA material properties.



Subgrade soils properties.



Traffic



Environment
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The sensitivity runs were conducted by varying one input at a time while keeping all
other inputs at the medium level. Table 4.3 summarizes the outcomes of the analyses.
Table 4.3: Summary of Sensitivity Analyses – Idaho 2012
Performance Models
Input
Parameter

Cracking

Rutting
IRI

Longitudinal

Alligator

AC

Base

AC Thickness

ES

ES

VS

ES

VS

ES

LS

AC Mix
Stiffness

ES

S

ES

LS

I

S

I

Effective
Binder
Content

ES

ES

LS

I

I

I

I

Mix Air Voids

ES

ES

S

LS

VS

S

LS

Base Layer
Thickness

ES

ES

I

ES

ES

LS

I

Subgrade
Modulus

ES

LS

LS

I

VS

VS

LS

Climate

VS

S

ES

LS

I

LS

I

GWT Level

VS

I

I

I

I

I

I

ALS

ES

ES

LS

LS

LS

LS

I

Truck Traffic
Volume

ES

ES

ES

ES

ES

ES

VS

Traffic Speed

LS

LS

LS

I

I

I

I

-

Subgrade Overall

ES: Extremely Sensitive
VS: Very Sensitive
S: Sensitive
LS: Low Sensitivity
I: Insensitive

The sensitivity level of each distress was evaluated according to Distress Ratio (DS)
which is the ratio of the highest to the smallest distress or IRI. The criteria used for
defining the level of sensitivity are shown in Table 4.4.
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Table 4.4: Level of Sensitivity Criteria
Sensitivity Level

Criteria

ES: Extremely
Sensitive

DS ≥ 2.0

VS: Very Sensitive

1.6 ≤ DS < 2.0

S: Sensitive

1.3 ≤ DS < 1.6

LS: Low Sensitivity

1.10 ≤ DS < 1.3

I: Insensitive

DS < 1.1

Results from the above summary are in some part in contrary to those of the study
conducted in Ohio. Results show that longitudinal cracking is the most sensitive
distress to inputs parameters followed by alligator cracking. IRI was found to be of
very low sensitivity to any of the input parameters. The input parameter that was
found to have the highest influence on performance predicted and smoothness is truck
traffic volume, while the least was found to be GWT level.
In a research conducted by The University of Maryland (Schwartz & Carvalho, 2007),
a sensitivity analysis is presented. Variables selected for analysis were:


Asphalt Layer thickness



Base Layer thickness



Traffic



Environment



Material properties



Performance model parameters



Design criteria

Methodology for the analysis was typical, where a typical pavement section for
Maryland for low traffic was designed and values for parameters under study were
varied by percentage above and below their reference values. When percentage
variation was not possible, distinct cases were chosen. Only Alligator “bottom-up”
fatigue cracking and permanent deformation were evaluated under this study. Below
is a summary of findings of the study.
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AC Layer Thickness: Increasing the AC thickness reduces the tensile strains at the
bottom of the AC layer and vertical compressive strain in all layers underneath. This
consequently mitigates bottom-up fatigue cracking and reduces rutting in all layers.
Base Layer Thickness: Bottom-up fatigue cracking slightly decreases with increased
base thickness, while the permanent deformation variation was negligible.
Traffic: Two distinct cases were identified for traffic analysis; the use of full load
spectrum and using ESAL. The full traffic load spectrum, although having the same
equivalent number of ESALs, induces more rutting than the ESALs-only traffic. On
the contrary, fatigue cracking sensitivity was negligible.
Environment: Three different climate zones were chosen for the analysis.
Performance decreased with increasing temperature and precipitation (for a fixed
binder grade). The variation of GWT level showed negligible effect on the
performance predictions.
AC Binder Grade: Both Bottom-up fatigue cracking and rutting values decreases
with the increase of binder grades.
Binder Content: Increasing the binder content has a positive impact on pavement
performance against cracking were bottom-up fatigue cracking was observed to
decrease with the increase of binder content. Although it was expected to have poor
rutting resistance for higher binder contents, such phenomenon was not clearly
observed.
Percentage Air voids: The increase in % air voids were shown to increase the
bottom-up fatigue cracking. No clear trend was found for rutting with respect to
change in % air voids.
Mix Gradation: Three gradations were evaluated and mixtures of coarser gradation
showed better performance in terms of fatigue cracking resistance. No significant
trends were found for rutting.
Base Layer Resilient Modulus: Increasing the base layer resilient modulus was
proven to decrease the bottom-up fatigue cracking and showed little influence on
rutting.
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Subgrade Strength:

The analysis show that fatigue cracking and rutting decrease

with increasing subgrade stiffness, which comes along with expectations.
General Conclusions for the sensitivity analysis are as follows:


The thickness analysis for AC and base layer shows that the MEPDG emphasizes
the structural contribution of the asphalt layer, a direct consequence of the
multilayer linear elastic theory analysis. It also shows that large granular base
layer thickness did not allow for much reduction in the asphalt layer thickness to
meet the same performance criterion.



Pavement performance evaluated by MEPDG is very sensitive to traffic input data
and the use of equivalent traffic is not adequate for presenting traffic load for
pavement analysis and design.



MEPDG performance is very sensitive to environmental changes expected for
GWT table level.



The MEPDG predicted performance trends agree with expected fatigue cracking
performance for the variations in input parameters considered and the expected
trends for permanent deformations could not be clearly observed in the MEPDG
predictions.



The parametric study of unbound material properties shows that the MEPDG
performance predictions are generally consistent with expectations. The results are
also consistent with the implications of multi-layer linear elastic theory for
pavement responses. The MEPDG performance predictions are sensitive to basic
unbound material properties.

Schwartz, et al. (2013) used GSA to evaluate MEPDG sensitivity. The study covered
75 bases cases which were (5 pavements x 5 climates x 3 traffic levels). The OAT
local sensitivity was conducted initially to refine the list of sensitive design inputs to
be considered in the GSA. GSA varied design inputs simultaneously and the results
were used to evaluate the mean and variability of the sensitivities as well as any
potential interaction effects among design inputs. Artificial Neural Network (ANN)
Response Surface Models (RSMs) were fit to the GSA results to permit evaluation of
design input sensitivities across the entire problem domain. The key findings from the
study are based on the GSA results A normalized sensitivity index (NSI) was adopted
as the quantitative metric. The NSI is defined as the average percent change of
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predicted distress relative to its design limit caused by a percent change in the design
input For the GSA simulation inputs, Latin Hypercube Sampling (LHS), which is a
widely used variant of the standard or random Monte Carlo method, was adopted. The
LHS approach reduces by a factor of 5 to 20 the required number of simulations as
compared with the conventional Monte Carlo method. The GSA simulations provided
predictions of pavement performance at random discrete locations in the problem
domain; these were fitted with continuous RSMs that provided a means for computing
derivatives for sensitivity indices. The primary metrics selected to quantify sensitivity
of model outputs to model inputs were a point-normalized sensitivity index for the
OAT analyses and the regression coefficients from normalized multivariate linear
regression and a point-normalized sensitivity index for the GSAs.
Conclusions of the analysis are summarized below:


Only the HMA properties were most consistently in the highest sensitivity
categories: the E* master curve and parameters, thickness, surface shortwave
absorptivity, and Poisson’s ratio.



Poisson’s ratio was an unexpectedly sensitive input for HMA and, to a lesser
extent, for the subgrade. Poisson’s ratio is conventionally thought to have only
minor effect on pavement performance and consequently its value is usually
assumed for design. Further investigation is warranted.



HMA unit weight was also an unexpectedly sensitive input. Although it is true
that density is correlated with performance in reality, in the MEPDG models the
unit weight input has only a minor influence on the calculated stresses and strains
on the mechanistic side and is not used at all in any of the distress models on the
empirical size. The reasons for the high sensitivity of predicted distresses on unit
weight are unclear. The study suggests that it may be that HMA unit weight is
included in an obscure way in some of the secondary models in the MEPDG.
Further investigation is warranted. None of the base, subgrade, or other properties
(e.g., traffic volume) was as consistently in the two highest sensitivity categories
for the majority of distresses.



Longitudinal and alligator fatigue cracking were very sensitive to the granular
base thickness and resilient modulus and subgrade resilient modulus inputs.
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The magnitudes of the sensitivity values for longitudinal cracking, AC rutting, and
alligator cracking were consistently and substantially higher than the values for
IRI and thermal cracking.



The sets of sensitive design inputs for longitudinal cracking, alligator cracking,
AC rutting, total rutting, and IRI had very little overlap with the set of sensitive
design inputs for thermal cracking. This is most likely because the former are
primarily load-related distresses while thermal cracking is exclusively
environment-driven.



Little or no thermal cracking was predicted when using the correct binder grade
recommended by LTPPBind (98% reliability). The low temperature binder grade
had to be shifted 2 to 3 grades stiffer (warmer) in order to generate sufficient
thermal cracking distress for evaluating the sensitivity metrics.

It is evident from sensitivity analyses and parametric studies presented here and
through literature that the trends of MEPDG prediction are not always constant and
exhibits high variability. This variability is a direct consequence of variety of inputs to
MEPDG. Thus it was found quite necessary to conduct such analyses to Egyptian
local conditions, where possible, to have a better understanding of MEPDG upon
implementation in Egypt.

4.7.

Sensitivity

of

MEPDG

Predictions

to

Environmental

Conditions
Several researches investigated the behavior of MEDPG towards environmental
conditions. Being one of the major advancements added to pavement design, the topic
of understanding the influence environmental data input on MEDPG results has been
quite attractive. The MEPDG uses detailed site specific climatogical data to encounter
the environmental factors on material properties for response calculation. The issue
that was not addressed carefully in previous pavement design procedures as
mentioned earlier. Researchers found that it is quite important to investigate the effect
of such input on the newly introduced pavement design procedure. A powerful tool to
assess such influence is conducting sensitivity analysis.
A study conducted by Breakah, et al. (2011) investigated the influence of using
accurate weather site specific data has on pavement performance in Iowa state. The
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Iowa Environmental Mesonet (IEM) along with data from cooperative observer
program (COOP) network was used to generate the climatic data files for counties of
Iowa State. The climatic data files generated using IEM were assumed to be more
accurate and site specific as data files were generated for each of the 99 counties of
Iowa, unlike the climatic data files available in the MEPDG which provides weather
data files for the state in 9 locations only. Data from 24 counties of Iowa were used to
represent the state’s climate. Three pavement cross sections were used to represent
different traffic loading conditions. Performance for these pavement sections was
predicted using the MEPDG and results using different climate data sources were
compared. The study concluded that distresses calculated using both types of data are
statistically different. Low temperature distresses were found to be more by 17% and
high temperature distresses were found to be less by 10%. The study recommends the
usage of more comprehensive climatic data for use in MEPDG. (Breakah, et al.,
2011)
Another study investigated the effect environmental data has on pavement
performance in New Jersey. A test section was chosen from LTPP and performance
was analyzed using the eight closest weather stations available in the MEPDG.
Results show that the expected service life in terms of top–down cracking, bottom–up
cracking, and rutting ranged from 2 to 20 years, 3 to 10 years, and 6 to 20 years,
respectively. The results were found to be illogic given that New Jersey is a small
state and such huge variations were not expected. The study also investigated
analyzing the same section but using level 1 for traffic input instead of level 3.
Expected service life increased significantly. The interaction between traffic and
environmental data and their influence was hence found to be of great significance on
MEPDG performance predictions (Zaghloul, et al., 2006).
In a study in Wyoming, two binder grades were used along with eight weather
stations covering Wyoming to investigate the sensitivity of predicted performance to
environmental factors. The study showed that except for thermal cracking, distresses
predicted using MEPDG had minimal variability. Thermal cracking was identified to
be more sensitive to weather data. Alligator cracking was found to be insensitive to
the binder type and weather station. The reason for that, according to the study, is that
alligator cracking is a load-related distress and the load was held constant during the
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study. Generally the pavement performance predicted improved with the use of a
higher asphalt grade except for thermal cracking and it was concluded that the thermal
cracking model needs calibration (Dzotepe & Ksaibati, 2011).
In an evaluation study of the MEPDG in Maryland, performance prediction sensitivity
for climatic effects was analyzed for three different locations representing the
different climatic regions within the state. A reference designed section was analyzed
for each of the three locations and performance predictions were compared. All other
inputs were kept constant, including the binder grade, and only the climatic data was
varied. Fatigue cracking and permanent deformation were distresses to be analyzed
within the scope of the study. Results show that for locations of high temperature and
precipitation values, the predicted performance decreased. The study also investigated
the sensitivity to variations in the ground water table (GWT). Results showed that the
GWT has a negligible impact on the performance prediction of the distresses under
investigation and not considered as a significant input. (Schwartz & Carvalho, 2007)
The effect of climate on MEPDG performance predictions was presented in a study
conducted in Ohio (Mallela, et al., 2009). The purpose of the study was to investigate
the variability in the predicted performance across the state with respect to change in
climatic factors. Results of the analysis show that the effect of climate on alligator
cracking and rutting was moderate. On the other side, values for thermal cracking
showed high variability. Locations of high temperature exhibit higher values of
fatigue cracking and rutting, while areas of low temperature exhibit the highest values
for thermal cracking. Low levels of thermal cracking in Cleveland, north of Ohio,
were unexpected due to the low temperature of this location. The study strongly
recommends reevaluation of the quality of climate data provided through NCDC.
Table 4.5 shows a summary of the results of the effect of climate on distresses in Ohio

56

Table 4.5: Summary of Results of the Effect of Climate on Distresses in Ohio
Distress/IRI

Effect of Climate on Distress/IRI

Top-down fatigue (longitudinal) cracking

None

Bottom-up fatigue (alligator) cracking

Low

Thermal (transverse) cracking

High

Rutting

Moderate

IRI

Low

In a sensitivity analysis study in Iowa, two flexible pavement structures were
analyzed for the sensitivity of the performance predictions to design inputs (Kim, et
al., 2005). Five performance measures were evaluated for sensitivity:
1.

Longitudinal cracking

2. Alligator cracking,
3. Thermal cracking
4. Rutting
5. Smoothness
Twenty-three input parameters were investigated in the study. The sensitivity was
conducted by either changing one or two input parameters at a time. Sentivities were
graded in three levels: very sensitive, sensitive and insensitive. Two climate
conditions were chosen for the investigation representing locations of the two
pavement sections in the study and accordingly two types of PG binder grades were
used with respect to the location. The sensitivity results show that longitudinal and
thermal cracking as well as rutting and smoothness are sensitive to climatic factors.
However, alligator cracking showed to be insensitive to climatic factors. A general
conclusion was drawn out of the study that none of the input parameters was sensitive
to all performance measures which indicates that an optimum pavement structure that
resists all distress will be a difficult goal.
The literature conducted within this research presents the impact of environmental
conditions on performance predictions of MEPDG. Different conclusions presented in
literature imply that the environmental impact on performance predictions is location
specific and that evaluation studies should be conducted for each region to identify
the behavior of pavement performance predictions in this region. Another important
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conclusion was the importance of the quality of the climatic data which was proven to
have great influence on the performance prediction using MEPDG.
The effort exerted in this research comes in line with such conclusions. The research
presents a weather database prepared for major Egyptian cities to be used in the
MEPDG. User friendly computer application was specially developed to generate
climatic data files required for inputs in the MEPDG. A sensitivity study was then
conducted to understand the behavior of pavement performance in Egypt with respect
to the most influential measures of effectiveness identified through the conducted
literature.
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Chapter 5: Environmental Data for Egypt

5.1.

Introduction

Environmental conditions are deemed to have a significant implication on pavement
performance. Several studies and researches investigated this implication and results
show that the impact is significant as stated previously through the literature. External
factors such as precipitation, temperature and depth to water table directly affect
pavement layers properties as well as subgrade properties and hence predicted
distresses and pavement performance. In a pavement structure, moisture and
temperature are the two most significant environmental variables that have impact of
pavement performance (NCHRP, 2004). The objective of this part of the study is to
prepare a detailed weather database for input in the MEPDG for Egypt. This section
presents efforts undertaken to create this database.

5.2.

Status

The MEPDG has an available database of more than 800 weather stations covering
the United States and Canada. For each weather station, weather data is provided on
hourly basis for temperature, wind speed, percentage sunshine, precipitation and
relative humidity for approximately 60 to 66 months. The EICM embedded within the
MEPDG requires at least 24 months of actual weather station data for computational
purposes (NCHRP, 2004). No such detailed data exists for weather stations in Egypt
for use in the MEPDG. In a study conducted in Egypt in 2012, average weather data
for Cairo was used to represent different locations of Egypt (Elbagalati, 2012).

5.3.

Approach

The goal is to acquire the hourly weather data for Egypt’s major cities for the creation
of hourly climatic data (.hcd) files. Acquired data is to be sorted, checked for
errorness, formatted and validated to be accepted by MEPDG as an input. A user
friendly application (Weather ME©) is developed under this study especially for this
process. Raw weather data on hourly basis is obtained from the internet from
www.wunderground.com.
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5.4.

Data Source

www.wunderground.com provides detailed real-time weather information for
locations all over the world. The website was firstly originated 1991 at the University
of Michigan and is run by a group of academic and professional meteorologists. In
1995 the website was launched on the internet and in 2012 it became part of The
Weather Channel Companies. The website has developed the world's largest network
of Personal Weather Stations (PWSs) of almost 42,000 stations in the US and over
29,000 across the rest of the world. It provides users with the most localized weather
conditions available. Weather stations around the globe include:


About 6,000 automated weather stations (AWSs) operating at airports. Typically
these stations are owned by government agencies and international airports and
data is updated at 1, 3, or 6 hour intervals, depending upon the station.



Over 8,000 PWS's



About 16,000 Meteorological Assimilation Data Ingest System stations (MADIS)s

The website provides detailed weather data for Egypt from 26 AWSs at airports in
METARs (wunderground, 2013).

5.5.

Aviation Routine Weather Report (METAR)

Weather data available on www.wunderground.com are reported in Aviation Routine
Weather Report (METAR) format. METAR is defined according to US NCDC as “
the international standard code format for hourly surface weather observations which
is analogous to the Surface Aviation Observation (SAO) coding currently used in the
US” (NOAA, 2013). METAR code is regulated by the World Meteorological
Organization (WMO) in consort with the International Civil Aviation Organization
(ICAO). It is predominantly used by pilots in fulfillment of a part of a pre-flight
weather briefing, and by meteorologists, who use aggregated METAR information to
assist in weather forecasting.
According to Federal Meteorological Handbook Number 1, FCM-H1-2005, METAR
contains a report of wind, visibility, runway visual range, present weather, sky
condition, temperature, dew point, and altimeter setting (OFCM, 2005). Data required
for MEPDG climatic input are extracted from METAR and processed to be used as
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input for MEPDG. The following example presents a typical METAR for one hour
and its decryption to a human-readable form:
METAR: (wunderground, 2013)
METAR KMCO 031753Z 20008KT 10SM SCT029 BKN250 28/17 A3017 RMK
AO2 SLP215 T02780172 10278 20183 58021
Decrypted Data: (metarreader, 2013)


Airport: Orlando International Airport, United States (KMCO)



Report time: Issued on the 3rd of the month, at 17:53 UTC



Winds: Wind from 200°(south) at 8 knots



Visibility: 10 statute miles (16 km)



Clouds :
o Scattered clouds at 2,900 feet (900 meter)
o Broken clouds at 25,000 feet (7.600 meter)



Temperatures: Temperature 28°C (82°F), dew point 17°C (63°F)



Pressure: 30.17 in Hg (1022 hPa)



Remarks:
o Station automated with a rain/snow precipitation sensor
o Pressure at sea level is 1021.5hPa (30.16 in Hg)
o Temperature 27.8°C (82°F), dew point 17.2°C (63°F)
o Max temperature in last 6 hours was 27.8°C (82°F)
o Min temperature in last 6 hours was 18.3°C (65°F)
o Pressure tendency is 1002.1hPa (29.59 in Hg)
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Table 5.1: Summary of Decrypted METAR Data
Time
EST
12:53 PM

Temperat
ure
(F)
82

Dew
Point
(F)
63

Humidity
(%)
52

Sea Level
Pressure
(Inch)
30.17

Visibility
(mph)
10

Wind
Direction
SSW

Gust Speed
(mph)

Precipitation
(inch)

Events

Conditions

Wind
Direction
(Degrees)

Date
UTC

-

0

-

Mostly
Cloudy

200

12/3/2006
17:53

5.6.

Wind
Speed
(mph)
9.2

Weather ME©

Due to the huge amount of data and processing required, it was found necessary to
develop a computer application for weather files generation. The application, named
Weather ME©, provides a complete weather file for input in MEPDG for any given
weather station. The application is user friendly and a snap shot for the application
graphical user interface (GUI) is illustrated in Figure 5.1.

Figure 5.1: Graphical User Interface for Weather ME
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5.7.

Data Preparation

The website provides raw weather data on hourly basis for each day in the format
shown in the previous example and an effort must be exerted to formalize such data
into a specific format to be ready as input in the MEPDG. The MEPDG accepts
weather files in Hourly Climatic Database Files (*.hcd). The hourly climatic files are
files that contain weather data on hourly basis. Data are comma separated and must be
provided in the following format:
YYYYMMDDHH, Temperature, Wind speed, %Sunshine, Precipitation, Relative
humidity
An example for data provided in a finalized (*.hcd) file:
2013090100,87.8,11.5,100,0,19
2013090101,86,6.9,100,0,23
2013090102,84.2,5.8,100,0,27
2013090103,84.2,5.8,100,0,27
2013090104,82.4,6.9,100,0,30
2013090105,80.6,5.8,100,0,32
2013090106,80.6,6.9,100,0,32
2013090107,82.4,5.8,100,0,32
2013090108,87.8,9.2,100,0,29
2013090109,91.4,13.8,100,0,28
2013090110,95,11.5,100,0,25
In order to generate weather files in the required format, the following operations
were performed:
1. Raw data is checked to have unique data for each hour. Sometimes raw data
contains more than a data for an hour, data in between hours or missing hours.
Redundant hours were deleted and missing data was obtained from the nearest
complete hour for a limit of two hours above and below the missing hour. If
data is not available, data for this missing hour is estimated by taking an
average of the data for this hour a day before and a day after. After this
process the in between hours are deleted
2. Temperature, wind speed, percentage sunshine, precipitation and humidity
data are extracted from the raw data

63

3. All data are directly extracted from the raw data except for the percentage
sunshine. METAR provides cloud cover data and percentage sunshine is
extracted accordingly according to Table 5.2. Percentage sunshine is found to
be the complement to 100 % to the cloud cover condition according to FCMH1-2005 (OFCM, 2005). In the case of the presence of more than a cloud
cover condition, the higher in altitude is used to calculate percentage sunshine.
Table 5.2: Percentage Sunshine Calculation Criteria
Reportable
Cloud Condition
SKC

Sky Clear

Cloud
Cover
0

Percentage
Sunshine
100

NSC

No Significant Clouds

0

100

CAVOK

Ceiling And Visibility Okay

0

100

CLR

Clear

0

100

FEW

Few

25

75

SCT

Scattered

50

50

BKN

Broken

75

25

OVC

Overcast

100

0

VV

Vertical Visibility

100

0

Explanation

4. Precipitation data was not present for some weather stations on hourly basis
but on daily basis. In that case, the amount of daily precipitation was equally
distributed on hours that had rain events
5. Extracted data are checked for completeness and for outlier values
6. Checked data are added to (*.hcd) in the required format and validated

5.8.

Data Validation

Data validation is an important step in preparing the final files to be used as inputs for
MEPDG. In order to validate the data, the developed application was used to create an
hourly climatic data file (*.hcd) for a station that exist in the NCDC climate database
accompanying the MEPDG. Comparison was then conducted between both sets of
data. Weather station 03144 at Imperial County Airport in California was chosen
given the similar weather conditions to Egypt.
Linear regression analysis was also conducted on the two sets of data. Analysis results
for the five weather parameters range between 0.983 and 1.11 for the slope of the
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straight line, 0.181 to 3.29 for the intercept and 0.9 to 0.994 for R-squared. Minitab 15
statistical package was used for the analysis. Values were found acceptable given the
unusual large number of data points for each parameter (48,912). Statistical output of
regression for the frequency of data points having residuals of zero for temperature
and humidity is illustrated in Figure 5.2 and Figure 5.3. Along with the values of
regression straight line slope, intercept and R2, data generated by the developed
application was then found satisfactory.

Histogram

(response is Weather ME)

40000

Frequency

30000

20000

10000

0

-17.0

-8.5

0.0

8.5
17.0
Residual

25.5

34.0

42.5

Figure 5.2: Regression Residuals Histogram for Temperature Data
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(response is Weather ME)
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34

51

Figure 5.3: Regression Residuals Histogram for Humidity Data

5.9.

Collected Data for Egypt

Under this research, prepared weather data for Egyptian cities are as shown in Table
5.3:
Table 5.3: Prepared Weather Data for Egyptian Cities
City
Sharm El Sheikh
Cairo
Alexandria
Assiut
Hurghada
Aswan

Number of Months
93
93
93
93
93
93
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Chapter 6: Investigation of MEPDG: Comparative Study

6.1.

Objective

This research presents the investigation of the conceptual differences between 1993
AASHTO design procedures adopted by the HRBC Egyptian Code and MEPDG
design method. The objective of the research is to present such differences and
investigate effect of significant design inputs on MEPDG performance predictions.
The evaluation of MEPDG is done through two studies: Comparative study and
sensitivity analysis. This chapter reports the comparative study and Chapter 7 reports
the sensitivity analysis.

6.2.

Methodology

The methodology adopted in this research for the investigation of the MEPDG is
presented in Figure 6.1.
Comparative Study
Design pavement sections using AASHTO 1993

Analyze the performance of the designed sections using
MEPDG
Compare predicted performance for the analyzed sections and observe compatibility of the
two design procedures

Sensitivity Analysis
Conduct OAT sensitivity analysis for MEPDG design inputs

Environmental
Condition

AC Layer
Thickness

Traffic

Effective Binder
Content

% Air Voids

Subgrade Strength

GB Layer
Thickness

Figure 6.1: Research Methodology
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Due to the conceptual differences between AASHTO 1993 design procedures and
MEPDG, specifically the iterative design approach adopted by MEPDG, direct
comparison between the two methods is difficult. In an effort to overcome such
difficulty and to pursue better knowledge about MEPDG, it is found more practical to
design pavement sections using the AASHTO 1993 and then analyze the predicted
performance using MEPDG. It is worth noting that inputs for both design procedures
should be the same in order to have a meaningful comparison and conclusions.
MEPDG version 1.003 is used for evaluation in this research.
According to AASHTO 1993, pavement condition, which is presented as a function of
distresses, is represented by one single index which is the PSI. Pavement sections
designed with the same serviceability condition and period are expected to perform
equally through their design life span, according to AASHTO 1993 design procedure.
It is expected that sections designed using AASHTO 1993 would perform equally at
the end of the design life under different traffic loadings and environmental conditions
if AASHTO 1993 correctly incorporates the influence of those factors.
In order to assess the predicted performance of the designed sections, it was found
necessary to compute the PSI at the end of the design life of the designed sections.
Using a developed relationship between the International Roughness Index (IRI) and
PSI, these values are obtained and then compared for compatibility.
According to literature, bottom-up fatigue cracking and rutting were found to be the
most important distresses acting on pavement. These two distresses were used, along
with the terminal PSI at the end of the design, for pavement performance evaluation
throughout this study.
A typical three layer pavement section, as shown in Figure 6.2, is considered for the
study consisting of an AC layer on top of a Granular Base (GB) and subgrade.
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AC
GB
Subgrade

Figure 6.2: Pavement Structure
According to Egyptian Code for Pavement Design, Egypt is divided into two major
regions: Northern and Southern Regions. The Northern region represents all cities
north to Assiut, while the Southern Region represents Assiut and cities south to it
(ECP No.104, 2008). Figure 6.3 shows a map for Egypt in which six major cities
chosen for the study. Cities were chosen for this study to best represent the two
climatic regions adopted by Egyptian code.
PALESTINE
Alexandria
JORDAN
Cairo
Sharm El

SAUDIA

Sheikh

LIBYA
Hurghada

ARABIA

Assiut
EGYPT

Aswan

SUDAN
Figure 6.3: Egyptian Cities under Investigation
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6.3.

Design Inputs for Comparative Study

For consistency of the comparison, design inputs to be used for MEPDG evaluation
must represent those used for pavement section design done using AASHTO 1993
design procedures. Hence, care was taken in choosing and setting inputs for AASHTO
1993. A description of how this is achieved is explained in the following section.
Design inputs for both design procedures can be grouped as follows:
1.

Traffic

2. Pavement Structure Properties
3. Environment
4. General Inputs for AASHTO 1993
5. General Inputs for MEPDG
Screen shots for software input are presented in Appendix A.
6.3.1.

Traffic

Three different traffic conditions are selected for this study, which are low, medium
and high. The different traffic levels represent local, collector and arterials roads
according to Egyptian Code Part 3 functional classifications (ECP No.104, 2008).
Values for AADT and % trucks are according to Egyptian Code – Part 6 table 2-3
(ECP No.104, 2008). MPEDG default values are used for the remaining required
design traffic inputs due to the lack of data. It is worth mentioning that FHWA vehicle
classes adopted by the MEPDG are different that those adopted by the Egyptian Code.
Figure 6.4 and Figure 6.5 illustrates both types of vehicle classification
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Figure 6.4: Vehicle Classes Adopted by Egyptian Code (ECP No. 104, 2008)
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Figure 6.5: FHWA Vehicle Classes Adopted by MEPDG (FHWA,2013)
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Given its deficiencies, the ESAL concept applied for traffic data input in AASHTO
1993 design procedure was replaced by ALS in MEPDG. As previously mentioned,
consistency in inputs for both design procedures must exist for the sake of a
meaningful comparison. Using a developed user friendly spreadsheet, the following
steps were applied to guarantee such consistency for traffic data input:
1.

Representable values for AADT and % trucks were identified as previously stated
according to each traffic level

2. A Truck Traffic Classification (TTC) was selected from MEPDG defaults values
to represent truck traffic stream composition for each traffic level according to
FHWA truck classification. TTCs 12, 9 and 1 were used to represent low, medium
and high traffic streams respectively.
3. Default values from MEPDG were used for number of axles per truck class for
each axle type(single, tandem, tridem and quad)
4. Default values for load distribution for each vehicle class, ALS, were used from
MEPDG for each axle type
5. Number of axles for each load group was calculated for each axle type
6. AASHTO Equivalency Axle Load Factor (EALF) was then calculated for each
load group for each axle type
7. Initial ESAL was then calculated for each load group for each axle type
8. The total initial ESAL was then calculated by summing up all ESALs for each
axle type
Using these steps, the ESAL to be used for design using AASHTO 1993 design
procedures is calculated using inputs that would be used for traffic data input in
MEPDG. The input values used for the calculation are illustrated below as well as an
illustration of ESAL calculation.
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Table 6.1: Traffic Characteristics
Traffic Levels
Low

Medium

High

Initial Two-way AADT

4,000

10,000

25,000

% Trucks

10%

20%

30%

Directional Distribution

50%

50%

50%

Lane Distribution

90%

80%

80%

2%(linear)

2%(linear)

2%(linear)

Annual Growth

Table 6.2: Vehicle Distribution
Distribution by Traffic
Vehicle Class

Low

Medium

High

Class 4

3.9%

3.3%

1.3%

Class 5

40.8%

34.0%

8.5%

Class 6

11.7%

11.7%

2.8%

Class 7

1.5%

1.6%

0.3%

Class 8

12.2%

9.9%

7.6%

Class 9

25.0%

36.2%

74.0%

Class 10

2.7%

1.0%

1.2%

Class 11

0.6%

1.8%

3.4%

Class 12

0.3%

0.2%

0.6%

Class 13

1.3%

0.3%

0.3%
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Table 6.3: Axle Load Spectra for Single Axles (MEPDG defaults)
Load Group
(kip)

Class
4

Class
5

Class Class
6
7

Class Class
8
9

Class Class
10
11

Class
12

Class
13

3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
Total

%
1.8
0.96
2.91
3.99
6.8
11.47
11.3
10.97
9.88
8.54
7.33
5.55
4.23
3.11
2.54
1.98
1.53
1.19
1.16
0.66
0.56
0.37
0.31
0.18
0.18
0.14
0.08
0.05
0.04
0.04
0.04
0.03
0.02
0.02
0.01
0.01
0.01
0.01
0
100

%
10.05
13.21
16.42
10.61
9.22
8.27
7.12
5.85
4.53
3.46
2.56
1.92
1.54
1.19
0.9
0.68
0.52
0.4
0.31
0.31
0.18
0.14
0.15
0.12
0.08
0.05
0.05
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.01
0.01
0
0
0
100

%
2.47
1.78
3.45
3.95
6.7
8.45
11.85
13.57
12.13
9.48
6.83
5.05
3.74
2.66
1.92
1.43
1.07
0.82
0.64
0.49
0.38
0.26
0.24
0.13
0.13
0.08
0.08
0.05
0.03
0.03
0.03
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0
100

%
11.65
5.37
7.84
6.99
7.99
9.63
9.93
8.51
6.47
5.19
3.99
3.38
2.73
2.19
1.83
1.53
1.16
0.97
0.61
0.55
0.36
0.26
0.19
0.16
0.11
0.08
0.05
0.04
0.04
0.12
0.01
0.02
0.02
0.01
0.01
0
0.01
0
0
100

%
3.64
1.24
2.36
3.38
5.18
8.35
13.85
17.35
16.21
10.27
6.52
3.94
2.33
1.57
1.07
0.71
0.53
0.32
0.29
0.19
0.15
0.17
0.09
0.05
0.03
0.02
0.03
0.02
0.03
0.01
0.02
0.01
0.01
0
0.01
0
0.01
0.04
0
100

%
6.68
2.29
4.87
5.86
5.97
8.86
9.58
9.94
8.59
7.11
5.87
6.61
4.55
3.63
2.56
2
1.54
0.98
0.71
0.51
0.29
0.27
0.19
0.15
0.12
0.08
0.09
0.02
0.03
0.01
0.01
0.01
0
0
0.01
0.01
0
0
0
100

%
8.88
2.67
3.81
5.23
6.03
8.1
8.35
10.69
10.69
11.11
7.32
3.78
3.1
2.58
1.52
1.32
1
0.83
0.64
0.38
0.52
0.22
0.13
0.26
0.28
0.12
0.13
0.05
0.05
0.08
0.06
0.02
0.01
0.01
0.01
0.01
0.01
0
0
100

%
2.14
0.55
2.42
2.7
3.21
5.81
5.26
7.39
6.85
7.42
8.99
8.15
7.77
6.84
5.67
4.63
3.5
2.64
1.9
1.31
0.97
0.67
0.43
1.18
0.26
0.17
0.17
0.08
0.72
0.06
0.03
0.03
0.02
0.02
0.01
0.01
0.01
0.01
0
100

%
1.74
1.37
2.84
3.53
4.93
8.43
13.67
17.68
16.71
11.57
6.09
3.52
1.91
1.55
1.1
0.88
0.73
0.53
0.38
0.25
0.17
0.13
0.08
0.06
0.04
0.03
0.02
0.01
0.01
0.01
0.01
0.01
0
0.01
0
0
0
0
0
100

%
3.55
2.91
5.19
5.27
6.32
6.98
8.08
9.68
8.55
7.29
7.16
5.65
4.77
4.35
3.56
3.02
2.06
1.63
1.27
0.76
0.59
0.41
0.25
0.14
0.21
0.07
0.09
0.06
0.03
0.04
0.01
0
0
0
0
0.02
0.01
0.02
0
100
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Table 6.4: Number of Axle per Truck Class
Axle Type

Vehicle
Class

Single

Tandem

Tridem

Class 4

1.62

0.39

0.00

Class 5

2.00

0.00

0.00

Class 6

1.02

0.99

0.00

Class 7

1.00

0.26

0.83

Class 8

2.38

0.67

0.00

Class 9

1.13

1.93

0.00

Class 10

1.19

1.09

0.89

Class 11

4.29

0.26

0.06

Class 12

3.52

1.14

0.06

Class 13

2.15

2.13

0.35

Illustration of ESAL calculation for high traffic level:


Total Number of Trucks = AADT x % trucks



Total Number of Trucks = 25,000 x 0.3 = 7,500 truck



Number of trucks in each vehicle class = Vehicle distribution x Total number of
trucks

E.g.: Number of trucks in Class 7= 0.3/100 x 7500 = 22.5 Truck
Truck traffic composition as well as the number of trucks in each vehicle class is
reported in Table 6.5.
Table 6.5: Number of Trucks per Vehicle Class
Vehicle Class

Vehicle
Distribution

Number of
Trucks

Class 4
Class 5
Class 6
Class 7
Class 8
Class 9
Class 10
Class 11
Class 12
Class 13

1.3%
8.5%
2.8%
0.3%
7.6%
74.0%
1.2%
3.4%
0.6%
0.3%

97.5
637.5
210
22.5
570
5550
90
255
45
22.5
7,500

Total
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Number of Axles in each class = Number of axles/truck x Number of trucks
E.g.: Number of Single Axles in Class 7 = 1 x 22.5 = 22.5 Axles
Number of axles in each vehicle class is reported in Table 6.6 below.
Table 6.6: Number of Axles per Axle type for Vehicle Class
Number of Axles

Vehicle
Class

Single

Tandem

Tridem

Class 4

157.95

38.025

0

Class 5

1275

0

0

Class 6

214.2

207.9

0

Class 7

22.5

5.85

18.67

Class 8

1356.6

381.9

0

Class 9

6271.5

10711.5

0

Class 10

107.1

98.1

80.1

Class 11

1093.95

66.3

15.3

Class 12

158.4

51.3

2.7

Class 13

48.375

47.925

7.87

Number of Axles/Load Group/ Axle type for Class 7 are reported in Table 6.7.
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Table 6.7: Number of Axles for Load Groups of Different Axle Types
Single Axle

Quad Axle

12

Tridem Axle
No.
of
%
Axle
s
5.89 1.10

0.39

15

2.18

6.50

0.38

18

12

3.46

0.20

0.72

14

7.07

5.81

1.31

16

9

5.26

1.18

10

7.39

11

Load
Group
(kip)

%

3

Tandem Axle

No. of
Axles

Load
Group
(kip)

%

No.
of
Axles

2.14

0.48

6

13.76

0.80

4

0.55

0.12

8

6.72

5

2.42

0.54

10

6

2.70

0.61

7

3.21

8

Load
Group
(kip)

%

No. of
Axles

5.89

0.00

0.41

2.18

0.00

3.32

0.62

3.32

0.00

21

2.98

0.56

2.98

0.00

0.41

24

3.27

0.61

3.27

0.00

4.83

0.28

27

4.26

0.80

4.26

0.00

18

4.97

0.29

30

4.48

0.84

4.48

0.00

1.66

20

4.58

0.27

33

5.11

0.95

5.11

0.00

6.85

1.54

22

4.26

0.25

36

7.01

1.31

7.01

0.00

12

7.42

1.67

24

3.85

0.23

39

6.77

1.26

6.77

0.00

13

8.99

2.02

26

3.44

0.20

42

7.21

1.35

7.21

0.00

14

8.15

1.83

28

6.03

0.35

45

7.18

1.34

7.18

0.00

15

7.77

1.75

30

3.68

0.22

48

6.63

1.24

6.63

0.00

16

6.84

1.54

32

2.98

0.17

51

5.84

1.09

5.84

0.00

17

5.67

1.28

34

2.89

0.17

54

6.20

1.16

6.20

0.00

18

4.63

1.04

36

2.54

0.15

57

6.91

1.29

6.91

0.00

19

3.50

0.79

38

2.66

0.16

60

4.34

0.81

4.34

0.00

20

2.64

0.59

40

2.50

0.15

63

2.94

0.55

2.94

0.00

21

1.90

0.43

42

1.57

0.09

66

2.13

0.40

2.13

0.00

22

1.31

0.29

44

1.53

0.09

69

1.42

0.27

1.42

0.00

23

0.97

0.22

46

2.13

0.12

72

1.96

0.37

1.96

0.00

24

0.67

0.15

48

1.89

0.11

75

0.63

0.12

0.63

0.00

25

0.43

0.10

50

1.17

0.07

78

0.46

0.09

0.46

0.00

26

1.18

0.27

52

1.07

0.06

81

0.28

0.05

0.28

0.00

27

0.26

0.06

54

0.87

0.05

84

0.24

0.04

0.24

0.00

28

0.17

0.04

56

0.81

0.05

87

0.12

0.02

0.12

0.00

29

0.17

0.04

58

0.47

0.03

90

0.09

0.02

0.09

0.00

30

0.08

0.02

60

0.49

0.03

93

0.08

0.01

0.08

0.00

31

0.72

0.16

62

0.38

0.02

96

0.02

0.00

0.02

0.00

32

0.06

0.01

64

0.24

0.01

99

0.02

0.00

0.02

0.00

33

0.03

0.01

66

0.15

0.01

102

0.03

0.01

0.03

0.00

34

0.03

0.01

68

0.16

0.01

Total

35

0.02

0.00

70

0.06

0.00

36

0.02

0.00

72

0.13

0.01

18.67

0
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Single Axle

Quad Axle

12

Tridem Axle
No.
of
%
Axle
s
5.89 1.10

0.39

15

2.18

6.50

0.38

18

3.32
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0.06

0.00

0.00

76

0.06

0.00

0.01

0.00

78

0.02

0.00

40

0.01

0.00

80

0.02

0.00

41

0.00

0.00

82

0.00

0.00

22.5

Total

Load
Group
(kip)

%

3

Tandem Axle

No. of
Axles

Load
Group
(kip)

%

No.
of
Axles

2.14

0.48

6

13.76

0.80

4

0.55

0.12

8

6.72

5

2.42

0.54

10

37

0.01

0.00

38

0.01

39

Total

Load
Group
(kip)

%

No. of
Axles

5.89

0.00

0.41

2.18

0.00

0.62

3.32

0.00

5.85

Based on SN = 5, Initial Serviceability = 4.2 and Terminal Serviceability = 2.5,
AASHTO EALF values are reported in Table 6.8.
Table 6.8: AASHTO EALFs for Single, Tandem and Tridem Axles
Single Axle
Load
Group (kip)
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

EALF
0.00072
0.00210
0.00501
0.01043
0.01966
0.03428
0.05623
0.08769
0.13110
0.18911
0.26447
0.36001
0.47857
0.62294
0.79586
1.00000
1.23800
1.51250
1.82619
2.18190

Tandem Axle
Load Group
(kip)
6
8
10
12
14
16
18
20
22
24
26
28
30
32
34
36
38
40
42
44

EALF
0.00099
0.00288
0.00689
0.01435
0.02704
0.04716
0.07734
0.12061
0.18033
0.26012
0.36378
0.49521
0.65829
0.85687
1.09473
1.37554
1.70292
2.08051
2.51201
3.00130

Tridem Axle
Load Group
(kip)
12
15
18
21
24
27
30
33
36
39
42
45
48
51
54
57
60
63
66
69

EALF
0.00348
0.00830
0.01729
0.03258
0.05683
0.09320
0.14535
0.21731
0.31346
0.43837
0.59674
0.79326
1.03257
1.31920
1.65758
2.05209
2.50710
3.02707
3.61669
4.28096
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23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

2.58265
3.03171
3.53270
4.08959
4.70677
5.38907
6.14180
6.97073
7.88213
8.88277
9.97990
11.18128
12.49518
13.93033
15.49601
17.20198
19.05851
21.07638
23.26690

46
48
50
52
54
56
58
60
62
64
66
68
70
72
74
76
78
80
82

3.55254
4.17025
4.85938
5.62540
6.47436
7.41289
8.44830
9.58853
10.84221
12.21862
13.72777
15.38032
17.18764
19.16175
21.31541
23.66204
26.21578
28.99145
32.00459

72
75
78
81
84
87
90
93
96
99
102

5.02532
5.85575
6.77884
7.80187
8.93285
10.18056
11.55458
13.06531
14.72395
16.54254
18.53393

ESAL for each load group is then calculated by multiplying the number of axles for
that load group by its corresponding EALF. The total initial ESAL is obtained by
summing all ESALs.
The final ESAL is calculated using data in Table 6.9:
Table 6.9: ESAL Calculation Data
Traffic Level

Low

Medium High

Directional Distribution

D

0.5

0.5

0.5

Lane Distribution

L

0.8

0.8

0.9

Annual Growth

G

1.15

1.15

1.15

Design Life Span (years)

Y

20

20

20

ESAL = ESALi x D x L x G x Y x 365

(6.1)

ESAL for Low Traffic= 900,000
ESAL for Medium Traffic = 4.3 Million
ESAL for High Traffic= 22.1 Million
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6.3.2.

Pavement Structure Properties

As previously mentioned, the pavement structure depicted for this study is a simple
three layer flexible pavement. Properties for each of this layer are presented in this
section.
6.3.2.1. AC Layer Material Properties
The AASHTO 1993 design procedure requires the layer coefficient (a1) as a material
property for AC layer. On the other hand, the MEDPG requires more sophisticated
properties for AC layer in order to calculate the dynamic modulus E* used in response
calculation models. It was then decided to obtain the layer coefficient (a1) backcalculated from MEPDG input data used for AC characterization. Input data required
for input level 3 are as follows:
Asphalt Mix:
1.

Aggregate Gradation:


Cumulative % Retained 3/4 in Sieve



Cumulative % Retained 3/8 in Sieve



Cumulative % Retained #4 Sieve



% Passing #200 Sieve

2. Asphalt Binder: SuperPave™ binder grading
3. Asphalt General


Reference temperature (F°)



Volumetric properties
1.

Effective Binder Content (%)

2.

Air voids (%)

3.

Total unit weight (pcf)



Poisson Ratio



Thermal Properties
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Studies conducted by Khedr & Breakah (2011) , Breakah, et al. (2009), and Breakah
(2010) investigated several asphalt mixes used in Egypt. Aggregate gradation and
SuperPave™ binder grade for commonly used materials in Egypt were studied and
the corresponding MR values were evaluated in The American University in Cairo
laboratories. Accordingly, these data are used in this study in order to maintain
consistency of inputs between AASHTO 1993 and MEDPG. Data used for Egypt’s
Northern and Southern regions are presented in Table 6.10.
Table 6.10: AC Layer Material Properties
AC property
Gradation Band
Binder Performance Grade (PG)

Value
3B
64-16

Cumulative % Retained 3/4 in Sieve

0

Cumulative % Retained 3/8 in Sieve

27.5

Cumulative % Retained #4 Sieve

55

% Passing #200 Sieve

5

Air voids (%)

4

Effective Binder Content (% by volume)
Lab. measured MR (psi)

8.1
290,000

Layer coefficient (a1)

0.35

Total unit weight (pcf)

149

Poisson ratio

0.35

Reference Temperature (F°)

70

6.3.2.2. GB and Subgrade layers material properties
Typical values for subgrade and granular base from Egyptian Code and contractors
are used. Correlation of MR and CBR values were done according to equations used in
Egyptian Code. Material properties for both GB and Subgrade are shown below in
Table 6.11 and Table 6.12.
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Table 6.11: Granular Base Material Properties
Type

Crushed Stone

CBR (%)

80

MR(psi)

51,800

Layer coefficient (a2)

0.133

Drainage Coefficient (m2)

All cities=1, Alexandria =0.8

Poisson Ratio

0.35

Coefficient of Lateral Pressure (ko)

0.5

Table 6.12: Subgrade Material Properties
Type

A-2-4

CBR (%)

15%

MR(psi)

17,500

Poisson’s Ratio

0.35

Coefficient of Lateral Pressure (ko)

0.5

The MEPDG level 3 input allows for user input modulus as a representative (design)
value. The above mentioned values were directly used as inputs for MEPDG.
6.3.3.

Environment

The AASHTO 1993 design procedures allow seasonal variations in subgrade strength
and layer coefficient. According to interviews done with some pavement designers in
experts design houses, contractors and governmental authorities in Egypt, no such
consideration was taken during design. Accordingly, the subgrade strength in this
study was kept constant during the design life span of the pavement. Literature shows
that the MEPDG was found to be very sensitive to environmental conditions. As
previously mentioned, part of this research is to create a weather database for Egypt
for use in MEPDG and weather data files created are used as inputs for the evaluation
of pavement. The weather data file for each city was then used. As for GWT level,
literature showed that pavement performance is not sensitive to such input. A typical
value of 4m (13ft) was used for all locations. Figure 6.6 illustrates the software input
screen showing Egypt’s weather stations added to the MEPDG software database.
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Figure 6.6: Egypt’s Weather Station in MEPDG Database
6.3.4.

AASHTO 1993 General Inputs

Listed in Table 6.13 are the remaining general inputs used for AASHTO 1993 design
procedures:
Table 6.13: AASHTO 1993 General Inputs

6.3.5.

Reliability %

R

95%

Standard Normal Deviate

ZR

-1.645

Standard Deviation

So

0.45

Initial Serviceability Index

Pi

4.2

Terminal Serviceability Index

Pt

2.5

MEPDG General Inputs

The remaining general inputs used for evaluation of pavement performance using
MEPDG are shown in Table 6.14:
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Table 6.14: MEPDG General Inputs
Vehicle operational speed:

30,50,60 mph (low, medium, high traffic levels)

Mean wheel location:

18 in from lane marking

Traffic wander standard deviation:

10 in

Average axle width:

8.5 ft. from edge to edge

Average axle spacing:

51.6 in (tandem), 49.2 in (tridem)

Dual tire spacing:

12 in

Tire pressure:

120 psi

Distress models were used as per their US national calibration coefficients and
performance criteria used are taken as MEPDG default values. Values used for
performance criteria are shown in Table 6.15:
Table 6.15: Performance Criteria
Initial IRI (in/mile)

63

Terminal IRI (in/mile)
AC Longitudinal (top-down) Fatigue Cracking
(ft/mile)
AC Alligator (bottom-up) Fatigue Cracking (%)

172

AC Thermal Cracking (ft/mile)

1000

Rutting - Total Pavement (in)

0.75

Rutting - AC Layer only (in)

0.25

6.4.

2000
25

Sections Designed using AASHTO 1993

Values for layers thicknesses, in inches, as designed using AASHTO 1993 are listed
in Table 6.16:
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Table 6.16: Summary of AASHTO 1993 Designed Pavement Sections
Traffic Level

Southern Egypt

Northern Egypt

City

6.5.

Sharm
Sheikh

Layer

Low

Medium

High

El AC
GB

5.1

6.6

8.6

6.1

9.0

11.3

AC

5.1

6.6

8.6

GB

6.1

9.0

11.3

AC

5.1

6.6

8.6

GB

7.7

11.3

14.1

AC

5.1

6.6

8.6

GB

6.1

9.0

11.3

AC

5.1

6.6

8.6

GB

6.1

9.0

11.3

AC

5.1

6.6

8.6

GB

6.1

9.0

11.3

Cairo
Alexandria
Assiut
Hurghada
Aswan

Analysis of Results

The above designed sections were evaluated using MEPDG for predicted
performance. PSI values for each location and traffic level was calculated using a
relationship developed by Al-Omari & Darter (1994) shown in Equation 6.2 below:
(6.2)
where,
Present Serviceability Rating
International Roughness Index (m/km)
PSI values are taken to be the same as PSR values due to the close correlation
between both indices (Huang, 2004). Figure 6.7 to Figure 6.10 show terminal PSI
values for different locations and traffic levels in Egypt.
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Figure 6.7: PSI at End of Design Life for Pavement Sections under Low Traffic
Loading
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Figure 6.8: PSI at End of Design Life for Pavement Sections under Medium
Traffic Loading
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Figure 6.9: PSI at End of Design Life for Pavement Sections under High Traffic
Loading
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Figure 6.10: Summary for PSI at End of Design Life for Pavement Sections under Different Traffic Loading
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Results illustrated in Figure 6.7 to Figure 6.10 show that terminal PSI values at the
end of design life for pavement sections are not the same for different locations and
traffic levels. Terminal PSI values decreased with the increase of traffic level for the
same location. Also, locations of higher temperature had lower terminal PSI values
than those of lower temperature for the same traffic level. Excessive decrease in
terminal PSI values is noticed for high traffic levels than for medium and low traffic
levels. All terminal PSI values are greater than the design serviceability PSI, 2.5, used
for designing the pavement sections using AASHTO 1993. Different terminal PSI
values, for the same location, come in contradiction to expectations of equal
performance at the end of the design life. Minimal variations were expected if
AASHTO 1993 and MEPDG are compatible. Terminal PSI values were expected to
be very close to the design serviceability value, which implies that AASHTO 1993
produces over-estimated layers thicknesses and layers with less thickness than
produced by AASHTO 1993 are believed to perform normally.
Results for fatigue cracking and rutting showed the same trend as PSI but with higher
variability. Figure 6.11 to Figure 6.14 show the variability of performance for the
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Figure 6.11: MEPDG Performance Predictions for Low Traffic
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Figure 6.13: MEPDG Performance Predictions for High Traffic
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Figure 6.12: MEPDG Performance Predictions for Medium Traffic
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Figure 6.14: Summary for MEPDG Performance Predictions for Egyptian Cities under Different Traffic Loading
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Results show that rutting increased with the increase in traffic level and in cities of
relatively higher temperature values (Aswan, Assiut, Sharm El Sheikh and Hurghada),
as expected. Fatigue cracking showed a different trend, where it showed lower values
for sections designed under medium and high traffic loading. This implies that
sections designed under medium and high traffic loading, as per AASHTO 1993,
perform better than those designed under low traffic conditions with respect to fatigue
cracking. It can be suggested here that AASHTO 1993 under-estimates fatigue
cracking for cases of medium and high traffic loadings. It is worth noting that medium
and high traffic loadings both exceed the traffic loading used for the AASHO Road
Test. This may suggest here that AASHTO 1993 design procedure produces unstable
results for conditions beyond that of the AASHO Road Test.
The outcome of this comparative study is that AASHTO 1993 is proven not be a
consistent design method. Sections are over-estimated when design using AASHTO
1993, which is considered an economic loss. The design method doesn’t encounter for
environmental variations and produce inconsistent layer thicknesses for conditions
beyond those of the AASHO road test. It is implicitly assumed here that the MEPDG
is a comprehensive design procedure that has been developed using sophisticated
models for response calculation and distress prediction. MEPDG is hence expected to
produce more accurate results and relatively close to actual field conditions.
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Chapter 7: Sensitivity Analysis for Measures of
Effectiveness

7.1.

Objective

Understanding the behavior of MEPDG predictions is identified from literature to be a
very important step in adopting the implementation of MEPDG according to local
conditions. A powerful tool to achieve such goal is conducting sensitivity analyses.
This study comprises the second part of investigating the MEPDG and the objective
of this study is to understand the behavior of MEPDG in Egypt with respect to
measures of effectiveness identified from literature.

7.2.

Methodology

According to literature and previous studies, several inputs were identified to be
measures of effectiveness for MEPDG performance. Although not all studies reached
the same conclusions for some of these measures, a common trend can be identified.
Measures of effectiveness chosen to be included in this sensitivity analysis are those
which consensus was found among different studies on their high influence on
performance predictions of MEPDG. These measures are:
1.

Environmental Condition

2. Traffic
3. AC Layer Thickness
4. % Air Voids
5. Effective Binder Content
6. GB Layer Thickness
7. Subgrade Strength
The sensitivity analysis conducted in this study is performed on OAT basis, in which
for each measure under investigation, all other measures are kept constant while the
measure under study is varied above and below its reference value. MEPDG
performance predictions are then observed with these variations in terms of alligator
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fatigue cracking and rutting. Reference values for this study are chosen to be the
pavement structure for Cairo under medium traffic conditions. Table 7.1 shows the
reference values as well as departures above and below.
Table 7.1: Reference and Departure values for Sensitivity Analyses
Measure of Effectiveness

Reference value

Environmental Condition

Cairo Weather

Variations

Medium Traffic
(4.3 Million ESAL)

Traffic
AC Layer Thickness (in)

6.6

% Air Voids (%)

4

Effective Binder Content
(% by volume)

8.1

GB Layer Thickness (in)

9

Subgrade Strength (psi)

17,500

Weather for Aswan, Alexandria, Hurghada,
and Assiut
Low Traffic (900,000 ESAL) and High
Traffic (22.1 ESAL)
± 10 and 20% (5.3 , 5.9, 7.3and 8)
3, 5, 6 ,7
± 10 and 20% (6.5, 7.3, 8.9 and 9.7)
6, 7.2, 8.1, 9.9,10.8, 12, 15, 17, 20
7,500,
13,400,
21,000
and
24,000
(corresponds to CBR values of 5%, 10%, 20%
and 25% respectively)

Sensitivity evaluation criteria adopted by Bayomy, et al. (2012) is used in this study.
The sensitivity of measures of effectiveness for each parameter is evaluated according
to the Distress Ratio (DS) between the highest and lowest value of the evaluated
distress. DS = Highest Distress Value/ Lowest Distress value
Table 7.2 shows the evaluation criteria.
Table 7.2: Sensitivity Evaluation Criteria
Sensitivity Level

Criteria

Extremely Sensitive

DS ≥ 2.0

Very Sensitive

1.6 ≤ DS < 2.0

Sensitive

1.3 ≤ DS < 1.6

Low Sensitivity

1.10 ≤ DS < 1.3

Insensitive

DS < 1.1
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7.3.

Analysis of Results

7.3.1.

Environmental Condition

Figure 7.1 illustrates results of the sensitivity of predicted performance to
environmental conditions compared to the reference value.
6
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0.4
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0

0
Aswan

Alexandria

Hurghada

Cairo

Assiut

Sharm El
Sheikh

Cities of Egypt
Reference Value

Fatigue Cracking (%)

Rutting (in.)

Figure 7.1: Predicted Performance Sensitivity to Environmental
Conditions
Results for pavement performance and distress ratio are summarized in Table 7.3 and
Table 7.4.
Table 7.3: Predicted Performance for Different Egyptian Cities
Aswan

Alex

Hurghada

Cairo

Assiut

Sharm
El Sheikh

Alligator Fatigue Cracking (%):

4.9

3

4

3.6

3.9

4.3

Rutting (AC Only) (in):

1.12

0.5

0.74

0.71

0.8

0.82

Rutting (Total Pavement) (in):

1.47

0.83

1.08

1.05

1.15

1.17

96

Total Rutting (in)

1.4

5

Table 7.4: DS for Predicted Performance for Different Egyptian Cities
DS

Sensitivity

Alligator Fatigue Cracking (%):

1.63

Very Sensitive

Rutting (AC Only) (in):

2.24

Extremely Sensitive

Rutting (Total Pavement) (in):

1.77

Very Sensitive

Although variations in environmental conditions in Egypt are not as significant as
those of the US, results in this study come in line with conclusions of similar studies
conducted in the US. Results show that both rutting and fatigue cracking are
significantly sensitive with respect to changes in environmental conditions.
7.3.2.

Traffic

Figure 7.2 illustrates results of the sensitivity of predicted performance to traffic
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loading conditions compared to the reference value
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Reference Value

Fatigue Cracking (%)

Rutting (in.)

Figure 7.2: Predicted Performance Sensitivity to Traffic Loading
Results for pavement performance and distress ratio are summarized in Table 7.5 and
Table 7.6.
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Table 7.5: Predicted Performance under Traffic Loading Conditions
Low traffic

Reference value

High traffic

Alligator Fatigue Cracking (%):

1.6

3.6

12.4

Rutting (AC Only) (in):

0.53

0.71

1.25

Rutting (Total Pavement) (in):

0.85

1.05

1.62

Table 7.6: DS for Predicted Performance under Traffic Loading Conditions
DS

Sensitivity

Alligator Fatigue Cracking (%):

7.75

Extremely Sensitive

Rutting (AC Only) (in):

2.36

Extremely Sensitive

Rutting (Total Pavement) (in):

1.9

Very Sensitive

Results show that predicted performance deteriorated with the increase of traffic
loading conditions. It is highly noticeable for fatigue cracking in high traffic loading
rather than low and medium traffic loading. This is expected since the gap in AADT
between high traffic and medium traffic is bigger than the gap in AADT between
medium and low traffic. Rutting values show less sensitivity to traffic loading.
Fatigue cracking is reported to be significantly sensitive to traffic loading conditions.
7.3.3.

AC Layer Thickness

Figure 7.3 and Figure 7.4 illustrate results of the sensitivity of predicted performance
to variations in AC layer thickness compared to the reference value.
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Figure 7.3: Predicted Performance Sensitivity to AC Layer Thickness
Rutting in AC layer only is reported in Figure 7.4.
1
0.9
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0.4
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0
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7.3 in.
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Figure 7.4: Predicted Rutting in AC Layer Sensitivity to AC Layer Thickness
Results for pavement performance and distress ratio are summarized in Table 7.7 and
Table 7.8.
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Table 7.7: Predicted Performance for Various AC layer Thicknesses

Alligator Fatigue Cracking (%):
Rutting (AC Only) (in):
Rutting (Total Pavement) (in):

5.3 in
(-20% RV)
9
0.75
1.14

5.9 in
(-10% RV)
5.9
0.73
1.09

6.6 in
(RV)
3.6
0.71
1.05

7.3 in
(+10% RV)
2.2
0.68
1.01

8 in
(+20%)
1.4
0.66
0.97

Table 7.8: DS for Predicted Performance for Various AC layer Thicknesses
DS

Sensitivity

Alligator Fatigue Cracking (%):

6.4

Extremely Sensitive

Rutting (AC Only) (in):

1.13

Low Sensitivity

Rutting (Total Pavement) (in):

1.17

Low Sensitivity

Results show that both rutting and fatigue cracking decrease with the increase of AC
layer thickness. Fatigue cracking is found to be significantly sensitive to variations in
AC layer thickness. This was expected since thicker AC layer for the same loading
conditions reduces horizontal tensile stresses at the bottom of AC layer and hence
reduces initiation of bottom-up cracks. However, rutting in AC layer and for total
pavement was found to be of low sensitivity to variation in AC layer thickness. This
was expected to be of higher sensitivity.
7.3.4.

% Air Voids

Figure 7.5 illustrates results of the sensitivity of predicted performance to variations
in % air voids compared to the reference value.
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Figure 7.5: Predicted Performance Sensitivity to % Air Voids
Results for pavement performance and distress ratio are summarized in Table 7.9 and
Table 7.10:
Table 7.9: Predicted Performance for various % Air Voids values

Alligator Fatigue Cracking (%):

3
1.7

4
3.6

5
6.8

% Air Voids
6
7
11.8
18.5

Rutting (AC Only) (in):

0.69

0.71

0.74

0.78

0.84

0.9

0.99

1.09

Rutting (Total Pavement) (in):

1.03

1.05

1.08

1.13

1.19

1.26

1.35

1.45

8
26.9

9
36.5

10
46.2

Table 7.10: DS for Predicted Performance for various % Air Voids values
DS

Sensitivity

Alligator Fatigue Cracking (%):

27.2

Extremely Sensitive

Rutting (AC Only) (in):

1.57

Sensitive

Rutting (Total Pavement) (in):

1.4

Sensitive

Results for variations in % air voids show that fatigue cracking is extremely sensitive
to such variations. On the other hand, rutting is observed to be sensitive. Results are
expected for fatigue cracking since the increase of % air voids increases the likelihood
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of initiation of bottom-up cracking under horizontal tensile stresses at the bottom of
the AC layer and its propagation to the surface. Although results show a slight
increase in rutting for % air voids greater than 7%, further investigation is found
necessary.
7.3.5.

Effective Binder Content

Figure 7.6 illustrates results of the sensitivity of predicted performance to variations
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Figure 7.6: Predicted Performance Sensitivity to Effective Binder Content
Results for pavement performance and distress ratio are summarized in Table 7.11
and Table 7.12:
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Table 7.11: Predicted Performance for various effective binder content values
Effective Binder Content (% by volume)
6.5
7.3
8.1
8.9
9.7
(-20% RV) (-10% RV)
(RV)
(+10% RV) (+20% RV)
Alligator Fatigue Cracking (%):

5.9

4.5

3.6

3

2.5

Rutting (AC Only) (in):

0.64

0.67

0.71

0.74

0.76

Rutting (Total Pavement) (in):

0.97

1.01

1.05

1.08

1.11

Table 7.12: DS for Predicted Performance for various effective binder content
values
DS

Sensitivity

Alligator Fatigue Cracking (%):

2.36

Extremely Sensitive

Rutting (AC Only) (in):

1.19

Low Sensitivity

Rutting (Total Pavement) (in):

1.14

Low Sensitivity

Effective binder content is identified to be a significant property that affects the
estimated dynamic modulus |E*| of an AC mixture (Schwartz & Carvalho, 2007)
(Schwartz, 2005). Results show that higher effective binder contents enhances the
performance of the pavement with respect to resistance to fatigue cracking due to
better tensile strength achieved. On the other hand poor rutting resistance is observed
with the increase of effective binder content. A suggestion here is that higher binder
content reduces |E*| resulting in higher compressive strain values and consequently
more rutting.
7.3.6.

GB Layer Thickness

Figure 7.7 illustrates results of the sensitivity of predicted performance to variations
in GB layer thickness compared to the reference value.
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Figure 7.7: Predicted Performance Sensitivity to GB Layer Thickness
Results for pavement performance and distress ratio are summarized in Table 7.13
and Table 7.14.
Table 7.13: Predicted Performance for Various GB Layer Thicknesses

Alligator Fatigue Cracking (%):
Rutting (AC Only) (in):
Rutting (Total Pavement) (in):

7.2 in
(-20% RV)
4
0.7
1.04

8.1 in
(-10% RV)
3.8
0.7
1.05

9 in
(RV)
3.6
0.71
1.05

9.9 in
(+10% RV)
3.5
0.71
1.05

Table 7.14: DS for Predicted Performance for Various GB Layer Thicknesses
DS

Sensitivity

Alligator Fatigue Cracking (%):

1.2

Low sensitivity

Rutting (AC Only) (in):

1.01

Insensitive

Rutting (Total Pavement) (in):

1.01

Insensitive

In the light of the above results, variations in GB layer thickness have no significant
impact on investigated predicted performance. Fatigue cracking is found to be of low
sensitivity and rutting is found to be insensitive.
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0.71
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7.3.7.

Subgrade Strength

Figure 7.8 illustrates results of the sensitivity of predicted performance to variations
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Figure 7.8: Predicted Performance Sensitivity to Subgarde Strength
Results for pavement performance and distress ratio are summarized in Table 7.15
and Table 7.16.
Table 7.15: Predicted Performance for various Subgrade Strength values

Alligator Fatigue Cracking (%)

7,500
(-20%)
5.2

13,400
(-10%)
4

MR (psi)
17,500
(RV)
3.6

21,000
(+10%)
3.4

24,000
(+20%)
3.2

Rutting (AC Only) (in)

0.68

0.70

0.71

0.71

0.71

Rutting (Total Pavement) (in)

1.28

1.1

1.05

1.01

0.99

Table 7.16: DS for Predicted Performance for various Subgrade Strength values
DS

Sensitivity

Alligator Fatigue Cracking (%)

1.63

Very Sensitive

Rutting (AC Only) (in)

1.04

Insensitive

Rutting (Total Pavement) (in)

1.29

Low Sensitivity
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Results for predicted performance for variations in subgrade MR values indicate that
weaker subgrade experience higher distress levels. It can be noticed that rutting in AC
layer is not sensitive to subgrade MR values unlike rutting in the total pavement. This
is expected since rutting in AC is mainly affected by AC and GB layers properties
rather than subgrade properties. It was unexpected though to observe fatigue cracking
to have higher sensitivity than that of rutting to variations in subgrade MR values.

7.4.

Summary of Results

Table 7.17: Summary of Results for Sensitivity Analyses

Alligator
Fatigue
Cracking
(%)
Rutting
(AC
Only)
(in):
Rutting
(Total
Pavement)
(in):

7.5.

Measures of Effectiveness
Effective
AC Layer
% Air
Binder
Thickness
Voids
Content

Environment

Traffic
Loading

Very
Sensitive

Extremely
Sensitive

Extremely
Sensitive

Extremely
Low
Low
Sensitive Sensitivity Sensitivity

Low
Insensitive Insensitive
Sensitivity

Very
Sensitive

Very
Sensitive

Low
Insensitive
Sensitivity

Extremely
Sensitive

Extremely
Sensitive

Low
Low
Sensitivity Sensitivity

Extremely
Sensitive

GB Layer
Thickness

Subgrade
Strength

Low
Sensitivity

Very
Sensitive

Low
Sensitivity

Evaluation of MEPDG Rutting Model

Results of the sensitivity analysis show that rutting in AC only has relatively low
sensitivity to variations in inputs. An approach to understand such behavior is to
compare the rutting predication model in MEPDG with a rutting prediction model
developed for Egypt. Ohio State Model is a rutting prediction model investigated by
Khedr (1986), Khedr & Shehata (1997) and Khedr & Breakah (2011). Khedr &
Breakah (2011) investigated the model parameters for different AC mix gradation
bands. Using regression results for 3B mix gradation, rutting prediction equation,
Equation 7.1, can be written as:
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(7.1)
The MEPDG rutting in AC prediction model, Equation 7.2, is as follows

(7.2)
Calculating k1 using Equation 3.5 from Section 3.4.6.1 with depth of 3.3 in and hAC of
6.6in and using MR and σd from the Traffic-Simulated Dynamic Loading Test
conducted by Khedr & Breakah (2011) to calculate

, the MEPDG rutting in AC

layer prediction model can be represented by the following equation, Equation 7.3:

(7.3)
Models were compared and illustrated as shown in Figure 7.9.
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Figure 7.9: Comparison of Rutting in AC Layer Models
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The comparison shows that the rutting model developed adopted by the MEPDG
under-estimates the permanent strain, which results in low rutting values compared to
the Egyptian model. This might be direct reason for the low sensitivity observed for
rutting in AC layer. It is also noticeable that permanent strain values lie in the
secondary stage in the permanent deformation behavior, which normally shows a
small change in permanent strain values. Figure 7.10 shows the different permanent
deformation behavior stages.

Figure 7.10: Permanent Deformation Behavior Stages (NCHRP, 2004)
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Chapter 8: Conclusions and Recommendations

Based on the results of both the comparative study and the sensitivity analyses and
within the scope of the study, conclusions and recommendations are as follows:

8.1.

Conclusions

1. Sections designed using AASHTO 1993 design procedures for the same
serviceability and life span do not perform equally, being evaluated by MEPDG
2. AASHTO 1993 produces over-designed pavement sections
3. AASHTO 1993 under-estimates fatigue cracking for high traffic loadings
4. Alligator bottom-up fatigue cracking is reported to be the most sensitive distress
to variations in investigated design inputs for MEPDG.
5. Environmental conditions and traffic loading are reported to be the most
influential design inputs for pavement performance for inputs under investigation
6. Granular Base thickness is reported to be the least influential design input for
pavement performance for inputs under investigation
7. MEPDG rutting in AC layer prediction model under-estimates permanent strain
and subsequently low sensitivity for rutting in AC to variations in AC layer
related inputs.
8. MEPDG is a comprehensive pavement design procedure that addresses
comprehensively factors acting on pavements sections and is expected to produce
more economic/cost effective pavement sections
9. Using MEPDG for design is not recommended for the time being in Egypt and
further research and input data preparation is required prior implementation.

8.2.

Recommendations for Future Research

1. Calibration of the rutting prediction model adopted by MEPDG to best represent
the Egyptian conditions
2. Investigation of fatigue cracking model according to Egyptian conditions
3. Explore rutting predictions for Granular Base and subgrade layers
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4. Investigation of other design inputs such as AC mix gradation, Binder
Performance Grade, GB properties and subgrade types
5. Investigation of other pavement performance indices such as IRI and longitudinal
cracking
6. Continue preparation of a comprehensive climatic database for Egypt as well as
the development of a tool for interpolating climatic conditions at locations that
don’t have weather data in Egypt. Such feature is available in the MEPDG only
for locations in the US and Canada
7. Conducting GSA for MEPDG design inputs to understand the interaction between
design inputs and their effect on predicted performance
8. Preparation of Egyptian pavement material database on spatial basis to be used for
further research and study of MEPDG
9. Development of design failure criteria for MEPDG according to Egyptian
conditions for design purposes
10. Conduct comparative study of vehicles classes in Egypt with those of the FHWA
used in MEPDG, for accurate traffic input.
11. Development of vehicle classification distributions with respect to various road
classifications in Egypt as well as hourly and monthly adjustment factors
12. Development of optimization tools to assist in the iterative design approach
adopted by MEPDG for designing optimum pavement sections
13. Investigate drainage inputs for locations of high precipitations in Egypt using
DRIP (drainage design software embedded in the MEPDG).

8.3.

Recommendations for Implementation

Almost every SHA in the United States and a few internationally investigated the
implementation of the MEDPG. Studies were conducted to understand the behavior of
MEPDG with respect to each agency’s local condition. This section presents a
synthesized summary of findings and recommendations concluded out of a vast of
research conducted for implementation of MEPDG. Implementation plans set by each
agency differ according to the level of preparation, data availability; budget and
knowledge of the agency. The details of each implementation procedure vary
accordingly. Implementation studies’ findings and recommendation usually comprise
the following procedures:
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1. Formation of a local MEPDG Implementation Team to develop and implement a
communication plan with various agencies in order to raise the awareness towards
implementing MEPDG. Activities conducted by implementation team may
include:


Conduct workshops and training for agencies staff



Create user groups for sharing experiences and feedback issues with practice



Identify knowledge gaps and research needs



Share successes and challenges of implementation with highways agencies
and communities

2. Development of an implementation plan, that includes:


Responsibilities, timelines



Resource allocation (people, lab and field equipment, computers and software,
training, etc.) and cost estimates/budgets



Calibration tasks/activities and schedule

3. Development of implementation criteria, that includes:


Objectively based performance indicators



Oversight or steering committee



Audit process



Update and/or improvement needs assessment

4. Preparation of detailed traffic data to be used for MEDPG input through the
development of monthly, vehicle class, and axle load distributions data using
WIM/AVC collected data and other data such as lane distributions, volume
variations and tire pressures.
5. Preparation of a local paving materials database to be used for MEPDG. This is to
be done through:


Identification of specific material properties to be measured



Decide on the most effective testing protocols for measuring material
properties
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Execution of material properties testing programs to generate the information
necessary to create a local material properties database

6. According to literature, high priority efforts might be focused on testing to
determine HMA complex modulus, coefficient of thermal expansion, and base
materials moduli.
7. Investigation of local subgrade properties to determine in-situ modulus values for
local subgrade soils and to provide comprehensive information on seasonal
variations.
8. Preparation of accurate site specific climatic database for weather data to be used
for MEPDG inputs with continuous update and refinement
9. Establishment of in-service pavement test sections to locally calibrate and validate
MEPDG performance predictions. In situ instrumentation, periodic testing and
pavement performance surveys are recommended to provide sufficient data for
local calibration and validation.
10. Creation of pavement performance criteria for each distress type and functional
class of highway using measured performance data from test sections an
evaluation
11. Verification, validation, and calibration of MEPDG performance prediction
models with local collected performance data to remove bias (consistent over- or
under-prediction) and improve accuracy of prediction of distress and IRI models.
12. Development of local Pavement Design Manual procedures for using the MEPDG
to design new, reconstructed, and rehabilitated pavement structures in order to
provide guidance on design procedures, obtaining proper design inputs, validation
and calibration procedures and provide a set of recommendations to enable the
pavement designer to make adjustments to the design to meet performance
criteria. The manual shall also include a catalog of representative traffic load
spectra for different road functional classes and climatic regions for use in routine
design.
Figure 8.1 illustrates a proposed M-E pavement design implementation framework for
Egypt divided into packages.
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Figure 8.1: M-E Pavement Design Implementation Framework for Egypt
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APPENDIX A: MEPDG Software Input Screen Shots

Software Welcome Screen

Home Screen
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General Information Screen

Analysis Parameters Screen
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General Traffic Data Screen

Traffic Volume Adjustment Factors – Monthly Adjustment Screen
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Traffic Volume Adjustment Factors – Vehicle Class Distribution Screen

Traffic Volume Adjustment Factors – Hourly Distribution Screen
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Traffic Volume Adjustment Factors – Traffic Growth Factors Screen

Axle Load Distribution Factors – Single Axle Screen
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General Traffic Inputs – Number of Axles/Truck Screen

General Traffic Inputs – Axle Configuration Screen
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General Traffic Inputs – Wheelbase Data Screen

Climate Input Screen
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Pavement Structure Input Screen

Layer 1 – Asphalt Material Properties – Asphalt Mix Input Screen
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Layer 1 – Asphalt Material Properties – Asphalt Binder Input Screen

Layer 1 – Asphalt Material Properties – Asphalt General Data Input Screen
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Layer 2 – Crushed Stone Material Properties –Data Input Screen

Layer 3 –Subgrade Material Properties –Data Input Screen

129

Distress Model Calibration Settings – AC Fatigue Input Screen

Distress Model Calibration Settings – AC Rutting Input Screen
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Distress Model Calibration Settings – Thermal Fracture Input Screen

Distress Model Calibration Settings – CSM Fatigue Input Screen
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Distress Model Calibration Settings – Subgrade Rutting Input Screen

Distress Model Calibration Settings – AC Cracking Input Screen

132

Distress Model Calibration Settings – CSM Cracking Input Screen

Distress Model Calibration Settings – IRI Input Screen
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APPENDIX B: Weather ME© v1.0 User Manual
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Revision Sheet

Release No.
1.0

Date
15/12/2013

Revision Description
Initial Release
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1.

General Information

1.1.

System Overview

Weather ME© application is developed to assist pavement designers in preparing
weather data files for input in the new pavement design software issued for the
Mechanistic-Empirical Pavement Design Guide (MEPDG). The application generates
Hourly Climatic Data (.hcd) files for a given weather station for the required period
for direct input into the MEPDG software. The ability of the application to generate
the required data files depends mainly on the availability of the weather data on the
weather data source. Weather data source is www.wunderground.com.

1.2.

Authorized Use Permission

Usage of this application and data generated is intended for research purposes only.
Weather ME© is wholly owned by the author of this research and permission shall be
acquired from the owner of the application prior to use. Usage and handling of the
data

must

be

in

compliance

with

Terms

and

Conditions

of

Use

of

www.wunderground.com detailed in the following link:
http://www.wunderground.com/members/tos.asp

1.3.

Points of Contact

For additional information and request, contacts are as follows:
§

Dr. Safwan A. Khedr
Professor, Construction and Architectural Engineering Department, The
American University in Cairo
Email: safkhedr@aucegypt.edu

§

Eng. Ashraf A. Aguib
Graduate

Student,

Construction

and

Architectural

Engineering

Department, The American University in Cairo
Email: ashraf.aguib@aucegypt.edu
Mobile No.: 00201223924346
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2.

System Summary

2.1.

System Configuration

HCD
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2.2.

Function Flows
2.2.1. Flow chart for Processes in the Application
START

User Input
(Weather Station, Start & End Dates)

Create Output
Folders

Data Preparation

Web Format Data

Output Folders

Current Day = Start Date

Download Raw
Weather Data

Raw Weather
Data

Remove Invalid Data &
Unwanted Weather Parameters

Create 24 Lines
(a line for each hour)

Filtered Raw
Weather Data

Checking the Exact Hourly
Data Line

Available?

Search for Nearest Data Line
within Allowed Range
(± 1 hour)

Available?

Generate Average Value for the
Required Hour
(± 1 hour)
(± 1 day up to 7 days)

Okay?

Fill the Required
Hour

Current Day’s
Weather Data

Report Missing
Hour Data Line

HCD Format Data

report sunshine 50%

Convert the Temp, Humidity and
Wind Speed to Appropriate Units

missing or corrupt?

report calculated %
sunshine

Obtain % sunshine from cloud cover
values

Check for Rain Events in the Current
Day

Fill precipitation value divided by the
number of rain events for the rainy hours

Request Precipitation from Web

Print HCD Values to the Output Folder

Next Day

Current Day =
End Date

Last Weather
Station?
Next Weather Station
END

Figure B.1: Flowchart for the Application Processes
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3.

Getting Started

3.1.

System Recommended Requirements

It is recommended to run Weather ME© for Windows® under the following
specifications:
1. Windows®7 64-bit
2. 50 MB of hard drive space for installation
3. 512MB of RAM
4. Internet connection 512 Kbps

3.2.

Installing the Application

The application is installed by running setup.exe

3.3.

Usage Instructions

1
2

3
4

5
6
7
8
Graphical User Interface Components
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1

Required locations are chosen from the drop down menu or the ICAO code is

entered in the “ICAO Code” box. ICAO Code box doesn’t accept numerical values,
special characters or codes less than 4 characters. Care shall be taken in inserting the
ICAO code. If a code is entered in a wrongly manner or ICAO code is provided for a
weather station that the website doesn’t provide data for, no data will be downloaded.
Exact ICAO code must be inserted in the box.
2

The “Add” button is used to add required locations to the download list.

Multiple locations can be downloaded in the same run
3

Added locations can be removed from the list using the “Remove from list”

button
4
5
6

Shows the final list for chosen locations
Start and end dates for the required weather data are specified.
Location for output files is specified. A default location is created: C:\WEDA.

Separate folders named with ICAO codes are created in case of generating hcd files
for multiple locations for each location.
7

Check the “Get full precipitation “to download daily precipitation data in a

separate file for checking purposes.
8

Start button is used to run the application
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4.

Application Output

Data generated from the program is organized in 3 folders:
1. HCD
2. Validation files
3. Web Data
4. WEDA
HCD folder contains hcd files for each day of the specified period and a compiled file
named FULL HCD that contains all data. The FULL HCD file is the file to be used in
the MEPDG software for the specified station.
Data validation folder contains files for missing hours where the program was not
able to estimate. This happens if weather data is not provided by the website for more
than 7 days. The folder contains also data for hours that were found missing or
corrupted and alternative data was generated by the program for those hours.
Web data folder contains raw data downloaded from the website in text format. Data
is presented in hourly files and in a compiled file that contains all downloaded data
for the specified period.
WEDA folder contains data download from in text format after being filtered for
unwanted weather data. Data is presented in hourly files and in a compiled file that
contains all downloaded data for the specified period.
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5.

Data handling Instructions

The quality of data generated by the application depends mainly on the quality of data
present in the website and its availability. Missing data is estimated by the application
to a limit of 7 days and any further missing data is to be estimated and added
manually to the file. Hours of missing data that was not estimated is list in a file in
Data Validation folder as mentioned earlier. Some downloaded data was found to be
illogic and out of normal ranges such as temperature values higher than 70º C and
wind speeds of 300 kph. Those were replaced with data of the previous or subsequent
hours. It is necessarily recommended to check the data after being generated by the
application for completeness and unreasonable values for weather parameters.
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